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Abstract

As there is a considerable number of virus particles in wastewater which cause numerous
infectious diseases, it is necessary to eliminate viruses from domestic wastewater before it is
released in the environment. In addition, on-site detection of viruses in wastewater can provide
information on possible virus exposures in the community of a given wastewater catchment. For
this purpose, the pre-detection of different strains of viruses in wastewaters is an essential
environmental step. Epidemiological studies illustrate that viruses are the most challenging
pathogens to be detected in water samples because of their nano sizes, discrete distribution, and
low infective doses. Over the past decades, several methods have been applied for the detection
of waterborne viruses which include polymerase chain reaction-based methods (PCR), enzyme-
linked immunosorbent assay (ELISA), and nucleic acid sequence-based amplification (NASBA).

Although they have shown acceptable performance in virus measurements, their drawbacks such



as complicated and time-consuming procedures, low sensitivity, and high analytical cost call for
alternatives. Although biosensors are still in an early stage for practical applications, they have
shown great potential to become an alternative means for virus detection in water and
wastewater. This comprehensive review addresses the different types of viruses found in water

and the recent development of biosensors for detecting waterborne viruses.

Keywords: antibody; biorecognition element; biosensor; waterborne virus

1. Introduction

Pathogens are classified as bacteria, protozoan parasites, fungi, worms, viruses, and any other
microorganism that could cause a disease. One of the great threats to public health is the water
and foodborne pathogens. Based on previous reports published by the United States (U.S.)
Centers for Disease Control and Prevention (CDC), 1,000 cases of disease outbreaks, and
approximately 48 million illnesses are originated by foodborne pathogens annually in the U.S.
[1, 2]. The Economic Research Service (ERS) of the U.S. Department of Agriculture (USDA)
has announced that the annual cost of illness by Salmonella disease which is a bacterial infection
is approximately $2.7 billion [3]. Various virus particles may infiltrate from animal and human
excreta to aquatic environments via leachate from septic systems, runoff from agricultural lands,
and effluent discharge. Studies report that more than 150 types of enteric viruses have been
identified in domestic wastewater [4]. The majority of the identified enteric viruses are
rotaviruses (RVs), noroviruses (NVs), enteroviruses (EVSs), hepatitis A virus (HAV),
adenoviruses (AdVs), and astroviruses (AVs) [4]. Epidemiological studies illustrate that viruses

are the most challenging pathogens to be detected in aquatic environments. It is because of their



nano sizes, discrete distribution, and low infective doses which makes them the major source of

infectious diseases [5-7].

Common methods for wastewater disinfection are chlorination, ozonation, and UV
irradiation before effluent discharge. However, some of the methods have low efficiency in
eliminating viruses from wastewater for certain viruses. For instance, inactivation of poliovirus
in municipal wastewater requires the residual chlorine with a concentration of 9.0 mg Cl,/L (with
a contact time of 30 min), while the lower concentration of chlorine (1.0-2.0 mg CI,/L) is
sufficient for sewage disinfection of bacteria Salmonella [8]. It is a crucial necessity to eliminate
or track viruses from domestic wastewater before it is released in the environment. For this
purpose, the pre-detection of virus particles in wastewaters is an essential step and it is
imperative to develop novel techniques to detect different strains of viruses in wastewater

environments during the processes.

Over the past decades, several methods have been applied for virus detection in medical
diagnosis, and some of them are modified to be used for virus detection in environmental
samples as well. The conventional methods of virus detection in water and wastewater include
polymerase chain reaction (PCR)-based methods such as quantitative PCR (q-PCR) and real-
time (RT) g-PCR, enzyme-linked immunosorbent assay (ELISA), and nucleic acid sequence-
based amplification (NASBA). Other analytical methods for the detection of virus species
include transmission electronic microscopy (TEM), epifluorescence microscopy, pulsed-field gel
electrophoresis (PFGE), flow cytometry, immunofluorescence assay (IFA), traditional cell-
culture, and molecular methods. Some of them can only provide qualitative data while others can

also present quantitative information regarding the virus particles in environmental samples. For



instance, a TEM method, an imaging technique with nanometer-scale resolution, allows
identification and quantification of viruses based on the morphology of viral species in samples
[9]. Epifluorescence microscopy can provide quantitative data by counting fluorescent dots
generated by staining the nucleic acids in the virus particles by a fluorescent dye [10]. The IFA
method offers a great advantage over other quantitative analytical methods due to its ability to
analyze the infectivity of detected viruses [11]. In the PFGE method, the separation of high
molecular weight DNA fragments (based on their molecular sizes) is enabled by a pulsating

electric field [12].

Nevertheless, it should be mentioned that these methods have some disadvantages such as
low sensitivity (ELISA method) and time-consuming (PCR based techniques) [13]. These flaws
hinder them to become a practical method for the real-time detection of viruses in environmental
samples. Virus detection in aquatic environments such as wastewater, sewage, and drinking
water requires techniques that fulfill all needed factors such as high sensitivity, rapid detection,
reliability, reproducibility, representativeness, and being cost-effective. Recently, biosensors
have become a popular technique for the pre-screening of viruses in environmental samples.
Although biosensors are still in their infancy, they have great potential to become the main

method for the pre-detection of viruses in aquatic samples.

This review article aims to address different types of viruses found in water and wastewater
and their characteristics in the water environment, summarize conventional methods for virus
detection, and present recent advance on biosensors and their application in the detection of

waterborne viruses in wastewater.



2. Viruses and their Characteristics in Water Environment

Viruses generally consist of a virus particle (virion 10-100 nm) containing nucleic acid (DNA or
RNA genome) surrounded in a protein capsid [14]. Viruses tend to reproduce and require host
cell structures for viral replication. The viral nucleic acid and the capsid are the fundamental
structure for viral replication. The capsid protects the nucleic acid from nucleases and aids in the
attachment of the virus to the host cell, while the nucleic acid carries the required genetic
information to stimulate the synthetic machinery of the host cell [15]. Viruses are intercellular
pathogenic microorganisms unable to reproduce outside of the host cells. After infection of the
host organism, viruses initiate their reproduction which leads to the excretion of virus progeny
by an infected organism. This would cause a threat to other healthy organisms and would even

result in an outbreak [16].

Enteric viruses that are associated with water and foodborne diseases could infiltrate the
general water supply systems through agricultural activities, sewage waste, wastewater
discharge, and landfill run-off. The enteric viruses are capable of contaminating recreational
waters, irrigation waters, and drinking water sources [17, 18]. The most known waterborne
viruses that could cause human diseases are hepatitis A, hepatitis E, adenovirus, norovirus, and
rotavirus. Enteric viruses are extremely persistent in aquatic environments and could survive in
wastewaters for long periods. Moreover, they are highly resistant to acidic conditions,
disinfectants, high temperatures, and pressure. They are also infectious at low doses, indicating
that only a few virion particles can infect the host cells. The characteristics of most common

waterborne viruses are summarized in Table 1 [4, 19-26]. Studies indicate that approximately



13% of the global population lack access to safe, sanity drinking water which evidently would

result in millions of deaths caused by waterborne diseases annually [24, 27, 28].

The detection and removal of threatening microbiological agents from the water supply
system are critically important to increase global access to safe drinking water. There have been
numerous studies on the detection and inactivation of different types of harmful bacteria in
wastewaters which resulted in the developing bacterial standards for water disinfection [29-32].
On the other hand, viruses could not be easily investigated because of numerous waterborne
virus strains that could not be cultured in vitro. The inability to culture waterborne viruses
hinders the researchers to identify the viral behavior of them to be inactivated [33]. It should also
be mentioned that the detection of waterborne viruses through molecular diagnostic techniques is
challenging compared to other types of viruses because waterborne viral nucleic acids contain
RNA rather than DNA genomes which makes them more dynamic, complex, and genetically
variable [34-36]. Consequently, guidelines and regulations for microbiological quality of water
mainly use bacteriological indicators such as fecal coliforms, total coliforms, fecal streptococci,
and E.coli. Hence, the correlation between indicator bacteria and waterborne viruses in
municipal surface water and secondary effluents may not be substantially reliable [37].
Currently, there is no diagnostic method that could assure a sample is completely free of viruses

[38].

Aside from waterborne viruses, there is another crucial reason to pursue the detection of
viruses in wastewaters and more specifically in municipal sewage water. In particular, the
emergence of the COVID-19 pandemic in early 2020 has put unprecedented stress on the public

health infrastructure across the world. While the current human biomonitoring (HBM) of clinical



testing is expensive and time-consuming and may be limited to those who have symptoms,
tracking the disease-causing coronavirus in sewage samples offers the opportunity to monitor
outbreaks at a community level. For example, the genetic material (RNA) behind the coronavirus
which causes COVID-19, known as SARS-CoV-2, can be tracked in sewage water to reflect the
severity of the outbreak in the area it came from [39] since an infected individual could excrete
10° to 10™ virus particles per gram of feces [40, 41]. Although the viral infections are hard to
diagnose before the outbreak, a prescreening method for virus presence qualitatively or
quantitatively in the sewage water could potentially estimate the severity of the outbreaks in the
population of the community which could facilitate the decision of lockdown or release

measures.
3. Conventional Methods for Virus Detection in Water Environment

Several methods have been used for virus detection in medical diagnosis and are modified to be
used for virus detection in environmental samples. The current traditional methods for virus
detection include g-PCR [42], RT-PCR [43], ELISA [44], enzyme-linked immunospotting
(ELISPOT) [45], NASBA [46], fluorescent microscopy [47], microarray technique [48], and
flow cytometry [49]. Some of these methods have been combined to improve their response in
detecting viruses. For instance, PCR combines with plaque-forming units (PFU) tests [50]. Table
2 shows a summary of conventional methods for virus detection in the water environment [14,
51-64]. ELISA and ELISPOT methods are relatively popular for virus detection in water samples
as they could be applied for high-throughput analysis of multiple samples. However, they are
becoming obsolete due to their time-consuming procedures (6 hrs to run) and lack of sensitivity

which would result in false-negative results under low virus concentration.



PCR-based methods have recently become the most popular choice for virus detection in
water samples. This is because PCR-based techniques can collect epidemiological information
about the viruses and genotype data which can be applied in vaccination programs [65, 66].
Another benefit of using PCR-based methods is that viral nucleic acids can be amplified and
detected in a single step by nucleic acid amplification, reducing the required time for virus
detection (e.g., 3 hrs) compared to enzyme-based methods (e.g., ELISA and ELISPOT).
However, they are relatively expensive and only usable for detecting organisms that are already
known by designing a specific primer. Moreover, they are not always able to amplify and detect
the viral nucleic acids particularly in low concentrations of viruses [67]. To improve sensitivity,
sample preparation techniques such as preconcentration, immunomagnetic separation (IMS), and
nucleic acid purification of pathogens have been used to extract the required amount of viral
genome to improve the sensitivity of PCR and immunoassay. [68-70] Recently, microfluidic
platforms were combined with the PCR reaction to reduce the required time and costs of the
assay. For this purpose, a specific target amplification (STA) reaction was used to increase the
number of target genes prior to detection. STA reaction is especially necessary when a small
amount of target molecules is to be quantified by the microfluidic quantitative PCR (MFQPCR)

platform.

4. Virus Detection in Water Environment using Biosensors

Biosensors could become an emerging alternative to the traditional virus measurements as they
can offer the fast detection of viruses (e.g., 7-16 min using a lab-on-a-chip), reduced detection
cost, reduction of sample volume and volume of reagents, and high sensitivity [71, 72]. There are

several factors to be considered for the characterization and evaluation of virus detection



performance, including LOD, specificity/selectivity, sensitivity, detection rage, sample volume,
assay time, and sample matrix (Table 3) [73-75]. For decades, biosensors have shown great
potential for practical applications of continuous monitoring and/or prescreening [76-78].
However, their evaluations are mostly limited to the well-controlled laboratory setups and still
need more validation for the use in real systems. The associated protocols of sample collections

and pretreatment of the samples are also required to be developed for target viruses.

Biosensor technology has been initiated with the concept of using a biorecognition element
(e.g., enzyme) for detecting various biological components (e.g., glucose) [50] and expanded to
the applications in the field of food, water [79], bioprocess [80], and environmental monitoring
[81], agricultural process [82], and clinical diagnostics [83]. One of the most significant
advances in biosensors is pathogen detection. A biosensor consists of two fundamental parts, a
biorecognition element (bioreceptor) and a physical or physicochemical transducer. The
biorecognition element interacts with the analyte biologically and the physicochemical
transducer detects the interaction between the analyte and the bioreceptor which causes changes
in the transducer which could be optical, electrical, thermal, and thermodynamic properties of the
transducer. Then, the transducer converts this change to electrical signals (e.g., pA or mV). The
transduced signal can be further amplified and converted from analogue into digital form for
display [84]. Biosensors can be categorized based on their biorecognition elements or their
transduction mechanisms (Fig. 1) [85, 86]. The biorecognition element could be an antibody,
nucleic acid (DNA, RNA, Peptide nucleic acid [PNA], and aptamer), enzyme, phage, and whole
cells/microorganisms based on the genome of the analyte [87-89]. Transduction mechanisms of

the biosensors used for pathogen detection are predominantly optical, piezoelectric, and



electrochemical. Accuracy, sensitivity, robustness, and LOD are main features that are highly

dependent on the type of transducers used in biosensors [90].

Most studies have been applied biosensors for virus detection in field water samples (e.g.,
tap water, reclaimed water, or virus-spiked wastewater) [91-93] and the direct use of the
biosensors in the fields are still rare. Chung et al. (2019) developed a microfluidic paper analytic
device (LPAD) for effective detection of norovirus in field water samples (tap water and
reclaimed wastewater) without any sample concentration or nucleic acid amplification steps [91].
For this purpose, the antibody-conjugated fluorescent submicron particles were added to the
MPAD structure. The correlation between the concentration of virus particles and the number of
aggregated particles (formed by antibody-antigen binding) played the key role in the
functionality of the detection device. The biosensing platform was able to achieve detection
limits of 1 genome copy/pL and 10 genome copy/pL in DI water and reclaimed wastewater

samples, respectively.

Paper-based biosensors have shown great potential for rapid and in situ detection of SARS-
CoV-2 in wastewater samples [94], however, it is extremely challenging due to the complexity of
water matrix. An extensive clean up step to remove the matrix interferences from wastewater
samples (prior to biosensor detection) could potentially bolster the accuracy and practicality of a
paper-based biosensor method [94, 95]. For the current efforts of tracking COVID-19 using
wastewater [96, 97] although many researchers have extensively conducted studies on this, the
technique and its application to responses and preventions to viral threats are very preliminary

and the research is still in an early stage to connect levels of virus in sewage mapping to levels of

10



infection in humans. There are still several questions to be addressed with regard to sample

collection and test methods of the wastewater samples.

One of the biggest challenges in virus detection in water matrix is the relatively low
concentrations of virus particles in water. In general, samples are treated to concentrate and
extract RNA from the pre-concentrated samples [98, 99]. The current virus concentration
methods include electronegative membrane, ultrafiltration (UF), and molecular imprinting
polymers (MIP) method combined with magnetic nano particles [100, 101]. A recent study on
tracking COVID-19 in wastewater shows that although the SARS-CoV-2 virus is very dilute in
wastewater, it was still detectable and that the viral signal can be measured using RNA markers
[102]. However, it is critical to develop quicker and cheaper virus concentration methods and to

develop standardized protocols for uniform benchmarking and adaptation.

The type of sample matrix is another factor that can significantly influence the detection
and quantification of viruses in wastewater samples. For instance, the influents are generally
composed of higher humic acids and heavy metals compared to other environmental samples
[103]. Raw wastewater samples, on the other hand, have shown higher turbidity [104, 105] with
higher concentrations of suspended solids [106], and organic matters [107] than other wastewater
samples. Moreover, sludge samples, another wastewater sample that could be used for virus
detection, are extremely heterogeneous sample matrices, in which viruses are adsorbed on the
surface of flocs [108]. These characteristics could potentially interfere with the molecular
methods of assaying for viruses [106, 109]. It has been reported that applying an ultra-high
affinity probe for specific targets can minimize the challenging matrix effects of the wastewater

samples [110]. Based on the fact that environmental samples pose a great number of challenges
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to assay development, appropriate sample pre-treatments and concentration steps can amplify the

accuracy of virus detection methods especially through molecular methods.

The biosensor platform and other molecular methods, used for the detection and
quantification of viruses in water media, are only able to assess the presence of segments of the
genetic materials (DNA or RNA) of the viruses in the wastewater sample. Therefore, the viral
species will be identified even when the viral capsid is compromised, or when the genetic
material of the target virus is fragmented. The viability of a virus is generally determined by
immunological and cell-culture based methods, in which the cytopathogenic effect of the

infected sample in suitable cell lineages is investigated [9].
4.1. Piezoelectric biosensors

Piezoelectric sensors are mass sensitive detectors consisting of a crystal surface layered with the
biorecognition element. After being exposed to the analyte, a change happens in the resonant
frequency (MHz) of the crystal which relates to the mass change at the crystal surface.
Piezoelectric transducers are vastly used in acoustic wave biosensors since they generate acoustic
waves in a frequency-dependent manner. Quartz (SiO,) and lithium niobate (LiNbO3) are the
most popular materials used in piezoelectric transducers [111]. Quartz crystal microbalance
(QCM) is the most recognizable piezoelectric sensor which could be considered as the simplest
acoustic wave device in operation. The structure of QCM sensors is comprised of parallel
electrodes located on a thin cut piece of the crystal (e.g., 1-inch diameter) which would be
deformed when a periodic electric field (V/m) is applied. As expected, the physical properties of
the crystal, such as density (g/cm®) and size (mm), highly affect the vibrational frequency (Hz)
[112]. A schematic view of a typical QCM biosensor is illustrated in Figure 2 [113].

12



Piezoelectric biosensors have been broadly used for clinical virus detections such as hepatitis B
virus (HBV) [114-116], African swine fever virus [117], Herpes simplex [118-120], Ebola virus
[121], and Dengue virus [122-125]. However, there are only a few publications regarding the

detection of waterborne viruses via piezoelectric sensors [126, 127].

Konig and Grétzel (1993) studied the detection of rotavirus and adenovirus through
piezoelectric immunosensors with the application of three different antibody immobilization
methods to a gold (Au) electrode [126]. For this purpose, the protein A, y-amino propyltriethoxy
silane, and polyethyleneimine were coated to the Au electrode for the immobilization. The goat
anti-Rotavirus antibody was coated to the crystal surface as the biorecognition element for the
detection of rotavirus in a purified rotavirus sample. Goat anti-Rotavirus antibody reacts with
rotavirus and is specific for infected cell proteins (ICPs) and late structural (virion) antigens. It is
a known antibody for rotavirus that demonstrates 90% cross-reactivity with human rotavirus and
does not react with human epithelial type 2 (HEp-2) cells in immunofluorescence [128]. Results
indicated that protein A generated the most satisfactory frequency changes (AF= 77510 Hz) for
the detection of rotavirus [126]. With regards to immobilization methods, similar results were
obtained for the detection of adenovirus with the application of antibody-coated crystal surface
(AF = 782+10 Hz). Moreover, the optimal value of incubation time and the antibody solution
concentration was 45 min and 5 mg/L respectively [126]. They also worked on the detection of
hepatitis viruses type A and type B with the application of a piezoelectric immunosensor [126].
A 16-MHz (as a basic resonance frequency) AT-cut crystal was coated with the specific virus
antibodies immobilized via protein A. A linear frequency change was achieved for the virion

concentrations of 10° to 10'° viruses in the solution with the detection limit of 10° virions [127].
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The protein A was used to immobilize the anti-virus antibodies onto the gold surface of the
crystal. The coated crystal was stable for four weeks (n=10) when stored dry over silica gel blue

at room temperature, without detectable loss of activity [127].

Kim et al (2015) have worked on detecting canine parvovirus (CPV) by measuring
frequency changes associated with antigen-antibody interaction using the QCM biosensor and
ProLinker™ B which facilitates the attachment of antibodies to a gold-coated quartz surface in a
regular pattern and the correct orientation for antigen binding [93]. 261 field fecal samples were
tested and results were compared to PCR. The QCM biosensor showed 95.4% sensitivity
(104/109 as positive) and 98.0% specificity (149/152 as negative) with a cut-off value of -205 Hz

[93].

The piezoelectric biosensor has also been applied for the detection of norovirus based on
the shift in the resonance frequency that is proportional to the deposited mass [129]. Neumann et
al (2018) conducted experiments to detect G11.4 Sydney norovirus virus-like particles (NorVVLPs)
using a localized QCM (L-QCM) biosensor of a 10 MHz TC-cut quartz crystal with a 100 nm
thick gold layer that was deposited on a 60 nm adhesive titanium layer [129]. To achieve
extremely low LOD of down to one molecule, rolling circle amplification (RCA)-based assay
methods were combined with a QCM. In particular, proximity ligation assay (PLA) which is an
RCA-based method for protein-based method was evaluated on an L-QCM platform for
NorVLPs detection. It is known that RCA, as an isothermal amplification method, offers
excellent specificity due to its padlock probes (PLPs), linear oligonucleotides that are ligated in a
strictly sequence-dependent manner to form a circle that can be amplified subsequently [129].

When PLA probes (specific secondary antibodies) which are bound to a primary antibody

14



specific to the protein of interest, are in close proximity, connector oligonucleotides hybridize to
the probes, get circularized, then can be amplified via RCA process [129]. That is why the PLA
method offers a high degree of specificity [130, 131]. The applied PLA consisted of an aptamer
(100 pg/mL) and a primary antibody for norovirus (1 pg/mL). This study showed that the QCM
biosensor utilized with an adequate PLA could exceptionally increase the efficiency of virus

detection [129].

Rydell et al (2009) used a QCM with dissipation (QCM-D) for detecting NorVVLPs (0-20
ug/mL, Norwalk (Gl.1) and Dijon (Gl1.4) strains) [132]. For this purpose, an H type 1 and Lewis
a pentaglycosylceramides incorporated in laterally fluid supported lipid bilayers were used as
biorecognition elements. The objective of the study of norovirus detection through QCM-D
[132] was to evaluate and compare the efficiency of bioreceptors in binding with the target
analytes and it was found that only H type 1 was able to display binding with both target analytes
(Gl.1 and GII.4). That is because the structure of H type is more suitable for binding with the
distinct binding sites of G1.1 and GII.4 strains. This study also demonstrated that the GI.1 and
GI1.4 were not able to bind with the H type 1 at low concentration levels (1 wt% and 2-4 wt%,

respectively).

In a study by Imai et al (2011), a gene of an enteric virus-binding protein (EVBP) derived
from the GroEL (bacterial chaperon protein) was applied for binding with the NorVVLPs (GI.7
and GI1.4) strains, group A rotavirus, and poliovirus type 1 [133]. Based on the QCM method,
the equilibrium dissociation constants of the EVBP candidate with G1.7 and Gl1.4 strains were
found out to be 240 nM (standard deviation [SD]=60, n=4) and 210 nM (SD=50, n=4)

respectively. The study showed that viral particles with rugged structure, viruses with rugged

15



topography of capsid protein, could more effectively bind with the small hydrophobic protein

molecule of EVBP [133].

Aptamers are relatively novel biorecognition elements synthesized specifically to identify
and bind with the analyte target in nucleic acid-based biosensors. Aptamers have been used in
piezoelectric biosensors as well. Wang and Li (2013) studied the detection of avian influenza
virus (AIV H5N1) by developing a novel hydrogel-based QCM coated with a synthesized
aptamer with high affinity [134]. The binding between the aptamer and the ssDNA of AlV H5N1
formed a crosslinker in the polymer hydrogel which caused the dissolution of the linkage
between the aptamer and sSDNA, resulting in the abrupt swelling of the hydrogel which
activated the QCM sensor. Three different ratios of polymeric hydrogels (100:1 hydrogel I, 10:1
hydrogel I1, 1:1 hydrogel I11) were examined for AlV H5N1 detection and the study indicated
that hydrogel 111 obtained the highest sensitivity with the detection limit of 0.0128 hemagglutinin
unit (HA unit). The QCM aptasensor used by Wang and Li (2013) shortened the detection time
(30 min) previously obtained by an anti-H5 antibody-coated QCM immunosensor (1 h) [134].
That is due to the fact that aptamers are single-chain, redox-insensitive, and self-refolding that do
not aggregate since they lack the large hydrophobic cores of proteins. Moreover, they are more
resistant to harsh physical and chemical conditions compared to proteins. In a similar coating
amount, antibodies were found to partially lost their activities during the chemical covalent

bonding procedure which resulted in a decrease of sensitivity.

Although piezoelectric biosensors have many advantages (e.g., being label-free, cost-
effective, and easy to use), relatively long incubation times, difficulties in regenerating crystal

surfaces, and multiple washing and drying steps are drawbacks of the piezoelectric biosensors.
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Moreover, immobilization of antibodies on the crystal surface is challenging as each receptor
pair requires a unique optimized immobilization technique, indicating more compact and simple

immobilization steps need to be developed for sensor preparation [135].

4.2. Optical biosensors

Optical changes in the properties of the surface caused by the interaction between the
biorecognition element and the target analyte can be used to detect various viruses (Fig. 3) [136].
These optical changes are mostly physico-chemical properties such as refractive index,
fluorescence (expressed as relative fluorescence unit [RFU])/phosphorescence,
bio/chemiluminescence (expressed as a relative light unit [RLU]), simple light absorption
(expressed as absorbance unit [Au]), and reflectance. Optical biosensors are generally
categorized into surface plasmon resonance (SPR) biosensors, evanescent field-based fiber-optic
biosensors, fluorescence, and chemiluminescence biosensors, and colorimetric biosensors. SPR
and fiber-optic biosensors are popular optical biosensors in detecting pathogens [137]. They are
particularly popular in food safety since they are capable of detecting analytes in complex
matrices with minimal sample treatment. Moreover, using fiber optic cables for the detection of
optical signals offers advantages such as low loss of signal, low noise, and less interference

[138].

Ashiba et al (2017) developed an SPR-assisted fluoroimmunosensor and optimized the
sensor using CdSe-ZnS-based quantum dots (QDs) for the norovirus detection [139]. A V-
shaped trench sensor chip was fabricated by injection molding of polystyrene. An Al film,
formed by sputtering (CFS-4EP-LL) with an RF power of 200 W, was applied as the SPR
excitation layer. The vertex length, angle, and opening width of the VV-trench were set to be 10

17



mm, 52.9°, and 0.3 mm, respectively. An anti-norovirus monoclonal antibody was applied as the

biorecognition element for binding with the analyte while the SPR was stimulated by an
excitation wavelength (390 nm). The results demonstrated that the detection region of the V-tech
corresponds to 100 norovirus virus-like particles (VLPs) with a LOD of 0.01 ng/mL [139]. In
Fahmida et al (2018), a localized surface plasmon resonance (LSPR) was tested with gold
nanoparticles (AuNPs) and fluorescent CdSeTeS QDs were used to detect norovirus [63].
Exposing the norovirus particles to the CdSeTeS QDs/AuNPs nanocomposites caused the

stimulation of the fluorescence enhancement of QDs in proportion to the concentration of the

target norovirus particles with 12.1x10™° g/mL of LOD [63].

Weerathunge et al (2019) applied a colorimetric biosensor technique for the detection of
murine norovirus particles [140]. The biorecognition element used for targeting the analyte was
an enzyme-mimic catalytic activity of gold nanoparticles with high target specificity of a murine
norovirus aptamer (NanoZyme aptasensor) which generates a blue color (with different intensity
depending on concentrations) in the presence of the norovirus particles. This method has
obtained the LOD of 30 viruses/mL in 10 min which is the most sensitive biosensor method
applied for the detection of norovirus to date. Moreover, the NanoZyme aptasensor is capable of
detecting the norovirus particles in complex matrixes in the presence of non-target

microorganisms and others (e.g., human serum and shellfish homogenate) [140].

Gu et al. (2013) tested the detection of adenovirus in adenovirus-spiked wastewater
samples (200 and 2000 pfu/mL) by using an evanescent wave optical immunosensor [92]. They

found that there is no significant interference from different wastewater matrix on antibody-
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based fiber optic biosensor analysis even without any sample pre-treatments. The overall sensing
process was completed in less than an hour with a detection limit of 100 pfu/mL. Optical
biosensors have also been used for clinical diagnosis of human adenovirus DNA by Jin et al
(2018) [141]. They investigated the detection of human adenovirus DNA samples by optical
biosensors with the application of adenovirus primer DNA as the biorecognition element. This
study showed that the optical biosensor could detect ten copies of adenovirus particles in clinical
samples in only 30 min which could potentially provide a fast and sensitive diagnostic platform

for future applications [141].

Kim et al. (2020) have studied the detection of bovine viral diarrhea virus (BVDV) by a
peptide-based optical biosensor utilized with BVDV-specific bioreceptors anchored on the
AuNPs to produce seeding sites for effective signaling [142]. The copper polyhedral nanoshell
(CuP) growth on the surface of AuNPs was used to amplify the optical signal reflecting the
amount of BVDV in the sample with a detection limit of 4.4 copies/mL. A detection of Dengue
virus (DENV) was visualized using a reverse transcription loop-mediated isothermal
amplification (RT-LAMP) method under UV light at 365 nm with high selectivity toward DENV

RNA with a detection limit of 3.5 copies/mL [143].

Prabowo et al (2017) studied the label-free detection of enterovirus 71 (EV71), another
waterborne virus, using a portable SPR biosensor [144]. The main objective of their study was to
shorten the required detection time to several minutes from 6 days using the conventional viral
plague assay. For this purpose, the crystal structure of EV71 was coated by capsid proteins (VP1,
VP2, VP, and VP4) which contained amino acid chains [144]. Based on previous studies, the

amino acid can be attached to gold particles due to strong binding between them [145, 146]. This
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direct detection method was utilized a rich variety of amino acid structures in EV71 to
immobilize the viral particle to the gold metal sensing component. They were able to
successfully detect the virus particles in approximately 20 min with the application of major
capsid protein of enterovirus particles (VP1) as the biorecognition element. The portable SPR
biosensor was able to obtain an approximate detection limit of 4.8 pg/mL in the PBS buffer
[144]. More recently, Liu et al (2017) developed a novel thermosensitive surface-imprinted
polymer coating SiO, for a resonance light scattering (RLS) thermosensitive virus-affinity sensor
to detect the hepatitis A virus (HAV) through the application of thermal control process at 40 °C
[147]. The temperature-sensitive element applied in the study was N-isopropylacrylamide. It was
reported that the biosensor successfully monitored the HAV with a LOD of 1.1 pM. The RLS
intensity of the thermosensitive HAV-MIPs at 555nm had excellent linearity with the increase of

HAYV concentration in the range of 5-25 pM [147].

4.3. Electrochemical biosensors

Electrochemical biosensors operate by measuring the biological changes (at biosensor surface)
that occur because of the interaction between the biorecognition element and the analyte. The
biological changes could be in conductance (S/m), current (A), resistance (Q2), or capacitance (F)
at the sensing surface. In electrochemical biosensors, an electrode is immobilized with a
biorecognition element that would interact with the analyte that would generate signals that
could further be amplified for the detection of virus particles (Fig. 4) [148]. Enzyme-catalyzed
reactions are the main mechanism of generating current/potential difference which is detected in
electrochemical biosensors [149]. This type of sensor is generally categorized into voltammetric,

amperometric, and potentiometric.
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The electrochemical biosensor was first developed in 1962 for the determination of glucose
levels [50]. At the early stages, amperometric electrochemical biosensors were applied to detect
small analytes metabolites such as urea and lactate [150]. The applications of electrochemical
biosensors have been developed to detect larger macromolecules such as pathogens and proteins
in the past decades [151, 152]. Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) have been used to detect Epstein Barr virus, cytomegalovirus, Herpes simplex virus
(HSV), and hepatitis B virus (HBV) with an application of DNA-based biorecognition elements
[153]. lonescu et al (2007) developed an amperometric immunosensor through the
electropolymerization of T7 bacteriophage for the detection of the West Nile virus (WNV) [154].
The T7 phages were modified by an additional peptide sequence taken from the virus and used as
an antigen [154]. The amperometric biosensor successfully detected the WNV antibody. A
calibration curve was created based on different WNV-antibody dilutions in the range between
1:10 and 1:10° with an extremely sensitive detection titer (1:10") which indicated the great

potential of amperometric sensors for pathogen detection.

Manzano et al (2018) developed an electrochemical biosensor based on DNA hybridization
to effectively detect the hepatitis A virus (HAV) in contaminated food and water samples [155].
The sensor was utilized with a disposable gold electrode which was functionalized with a
specific capture probe for the detection of HAV single-strand DNA (5°-
GGTAACAGCGGCGGATATTGGTGAGTTGTTAAGACAAAAACCATTCAACG-3) and
complementary DNA (5°-ThiC6-AAAAATCTTAACAACTCACCAATATCCGC-3") [155].
The cyclic voltammetry (CV) technique was applied to monitor the oxidative hybridization of

the indicator tripropylamine. The biosensor successfully detected the HAV ssDNA and cDNA
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with the detection limit of 0.65 pM and 6.94 fg/uL, respectively [155]. In another attempt to
simultaneously detect the hepatitis viruses (types A-E), Tang et al (2010) designed a novel
integrated automatic electrochemical immunosensor platform [156]. A self-made
electrochemical sensor array was utilized with nanogold particles and protein A as matrices.
Then, 5-type hepatitis virus antibodies were immobilized onto the sensor for binding with their
corresponding antigens from the sample solution. The antigens/antibodies were dissolved in a
PBS at pH 7.4 containing Tween 20 (0.1 mL/L) at 4 °C. The developed electrochemical
biosensor was able to simultaneously detect all 5-type hepatitis viruses using a two-electrode
system based on the antigen-antibody reaction. Detection time was only 5 min, while LOD was
<1.0 ng/mL for most analytes [156]. For further validation, the results were compared with the
data obtained from the ELISA method and the results of the two methods were relatively similar

[156].

Several studies showed a possible electrochemical detection of human norovirus using
peptides as biorecognition elements [157, 158]. A NoroBP-nonFoul-(FlexL);-coated Au-SPE
biosensor showed highly selective detection of human norovirus with a detection limit of 1.7
copies/mL for a potential use in food samples [157]. Another human norovirus detection was
tested using a peptide functionalized AuNPs decorated tungsten disulfide nanoflower
(WS,NF/AuNP) by measuring impedances which are elevated by hindering charge transfer

between the working electrode and redox species ([Fe(CN)e]>™*

) without significant interference
with other viruses (e.g., rotavirus and dengue virus), but with a low detection limit of 2.37

copies/mL [158].
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The electrochemical biosensor has also been used to detect rotavirus. Liu et al (2011)
designed a highly sensitive graphene-based electrochemical biosensor [159]. They synthesized a
graphene oxide (GO) film from GO colloidal suspensions and generated a reduced GO film as a
working electrode in a three-electrode system. An Ag/AgCl electrode and a platinum (Pt) wire
were used as the reference electrode, and the counter electrode, respectively. The synthesized
GO with a great electron transfer property was then modified with pyrene derivatives and was
covalently linked with rotavirus antibodies. The reduced GO film significantly improved the
capture of virus cells caused by antibody-antigen interactions. A 10° pfu/mL of input cells was
measured with the anodic current peaks of ca. 30.7% sensitivity while 10° pfu/mL of input cells

was detected with ca. 1.3% sensitivity.

Liu et al (2013) designed a micropatterned reduced GO field-effect transistor (MIRGO-
FET) which displays a typical p-type semiconducting behavior [160]. The rotavirus samples
were injected into the biosensor with a concentration ranged from 10 to 10° pfu/mL. LOD of 10?
pfu/mL was reported for the detection of rotavirus cells which is superior to the conventional

ELISA method [160, 161].

Cayagill et al (2012) developed a novel impedimetric based assay platform to detect and
quantify human adenoviruses (Ads) [162]. The polyclonal antibodies were synthesized against
the human Ad (Ad5) capsid protein as biorecognition elements. Furthermore, the antibody
fragments were immobilized onto the polyaniline and 2-aminobencylamine copolymer matrix.
The fabricated sensors were incubated with different serotypes (Ad, Ad5, and Ad3) in the virial
concentration of 10 to 10" virus particles/mL. The results from the electrochemical impedance

spectroscopy indicated that the impedimetric based assay platform was able to detect each
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human Ad serotype specifically with the detection limit of 10° virus particles/mL. Several
researchers have investigated the detection of waterborne viruses through biosensor platforms
and a summary of these studies including LOD is presented in Table 4 [63, 126, 127, 139-141,

144, 147, 155, 156, 159, 160, 162, 163].

5. Future Direction and Challenges of Biosensors for Virus Detection in Wastewaters

5.1. Biosensors modified with nanomaterials

The immobilization matrix has a crucial role in bolstering the performance of different
biosensors (piezoelectric, optical, and electrochemical) for the detection of pathogenic viruses.
Recently, nanomaterials have become extremely popular among researchers as they have
exceptional optical and electrical properties due to their electron and phonon confinement,
modified surface work function, high surface reactivity, high surface-to-volume ratio, strong
adsorption ability, and high catalytic efficiency [164, 165]. Major advantages of nanomaterials in
fabricating sensors include their size, morphology, functionality, adsorption ability, effective
surface area, and great electron-transfer properties [86, 166]. Different nanomaterials such as
nanoparticles [167], nanorods [168], nanowires [169], carbon nanotubes [170], hybrid materials
[171], and nanocomposite materials [172, 173] have been applied to improve the selectivity,
sensitivity, and generally the performance of biosensors for detection of pathogens. Lee et al
(2018) utilized nanoparticle (NP)-carbon nanomaterial hybrid structures to detect norovirus DNA
[163]. Gold (au)/iron-oxide magnetic NP-decorated CNTs (Au/MNP-CNT) were synthesized for
norovirus DNA sensing channels. Then a thiol-group-functionalized probe DNA was attached to
the gold nanoparticle surface that was obtained by aligning a platinum (Pt)-interdigitated

electrode with the CNTs. The synthesized hybrid structure was applied for the detection of the
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target DNA with a concentration ranged from 1 pM to 10 nM. The sensor was able to
specifically detect the norovirus DNA with a LOD of 8.8 pM [163]. Perez et al (2003) developed
novel magnetic nanoparticles conjugated with virus-surface-specific antibodies for the detection
of adenovirus particles in complex biological media. The fabricated magnetic nanosensors were
able to specifically detect the adenovirus particles, with a LOD of 10° pfu/mL, without the need
for extensive sample preparation. Moreover, it was found that magnetic nanosensors are
independent of optical properties of the suspension which is a significant advantage of this

technique [174].
5.2. The use of biosensors for virus detection in sewage water

Although there are numerous infectious diseases caused by different viruses that are present in
wastewaters, to the best of our knowledge, there are no clear guidelines or standard methods for
monitoring of viruses present in raw wastewater [175]. The RT-gPCR method is the currently
popular practice for detecting viruses with high sensitivity from wastewater samples [99].
However, the volume of the environmental sample is usually too large for PCR reaction, thus
requiring sample concentration (e.g., direct RNA extraction from electronegative membranes and
ultrafiltration) [99]. In addition, the method may not distinguish between infectious viruses and
noninfectious ones in the sample. Moreover, the PCR-based methods are only able to detect a
specific type of virus in wastewater samples based on the specifically designed primers while
there could be several types of infectious viruses in the sample. Besides, the PCR-based methods
are known to be time-consuming and complex with high-cost procedures [51, 59]. Therefore, it
is vital to develop an alternative method to overcome the previously mentioned drawbacks of the

PCR method for the detection of viruses in wastewater samples. One possible solution would be
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a combination of different methods such as a combination of molecular biology techniques (e.g.,
PCR) with cell cultures (e.g., plaque-forming tests) and a combination of atomic force
microscopy (AFM) with protein microarray technology [175]. Along with appropriate
biorecognition elements selection for target analytes and optimized immobilization techniques,
the platform of the biosensor can be used for pre-detection or pre-screening purposes due to their

time-saving and cost-effectiveness [51, 161].

Infectious viruses are present in human feces in large quantities and could survive in
human feces for up to several days after exciting the human bodies [176]. While the current
human biomonitoring (HBM) of clinical testing is expensive, time-consuming, and may be
limited to those who have symptoms, the sewage tracking can keep monitoring all cases. With
this context, biosensors could be further modified to be applied for the prescreening of viruses in
the sewer systems and can be used as an early warning sign of disease outbreak in the
community of a given wastewater catchment (Fig. 5). Recently, paper-based analytical devices
have been developed to filter the genetic material of pathogens from wastewater samples through
a biochemical reaction with preloaded reagents that can detect whether the genetic material of
SARS-CoV-2 is present [177]. The cost is relatively cheap less than $1.25 and the detection time
is short about 30 minutes. The results are visible to the naked eye as a green circle indicating
positive and a blue circle negative [177]. Although the developed paper-based sensors are rapid
and easy to use, such devices tend to have lower sensitivity, accuracy, and specificity compared

to PCR methods.

Rapid detection, ease of operation, and portability are major advantages of biosensors

which make them suitable for further application in virus detection in sewage water samples.
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Further modifications of biosensors combined with automated and portable methods could
potentially make them excellent candidates for virus detection in wastewater samples. For the
future development of biosensors, it is recommended that the research focus on signal
enhancement by novel nanomaterials, improved selectivity and sensitivity through modified
recognition elements such as synthesized aptamers, and miniaturized detection platforms for

simultaneous detection of various viruses.

6. Conclusion

A considerable number of infectious diseases are caused by waterborne viruses that could easily
enter wastewater treatment systems or water supply systems. Hence, cautionary measures and
regulations should be developed for the detection and removal of virus particles in water and
wastewater. Currently, the ELISA, PCR-based methods, and biosensors are the most known
methods for virus detection. Although each method has its limitations, biosensors seem to be a
more attractive method as an early monitoring tool for unknown and asymptomatic carriers in
communities as they are cost-effective, easy to use, and less-time required compared to
conventional methods. Among many biosensing techniques, electrochemical biosensors can
provide the most feasible options among other types of biosensors including sample preparation-
free detection of pathogens in various matrices, rapid detection, low-cost sensor design, in situ
detection of viruses on the surfaces of objects, multiplexed detection of pathogens in practical
sample matrices, and detection of pathogens via wireless actuation and data acquisition formats
[178]. Moreover, in the case of any viral pandemic, not only are electrochemical biosensors able
to detect the virus but also they are capable of estimating the concentration of the target analyte

which would facilitate the estimation of the infected population from wastewater. However, the
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biosensor technology for the application in wastewater is still in its infancy and there is still more

research required to bring the technology to the field.

It is crucial to identify the highly sensitive biorecognition elements of the biosensor (e.g.,
antibodies, aptamers, and imprinted polymers) to monitor and detect the target analyte in a
complicated water matrix. Nucleic acid and antibodies are the most reported choices for the
detection of waterborne viruses. With regards to nucleic acid-based biosensors, aptamers are
promising bioreceptors since they could be designed specifically for each target virus,
particularly, novel viruses with no known antibodies. Nevertheless, other types of bioreceptors
should not be neglected because with a given time and by conducting enough research, there may
be an enzyme, cell, or other microorganisms that could react with a specific virus and facilitate
the detection of it. Moreover, novel developments in nanotechnology and materials science can
be advantageously used to obtain engineered nanomaterials that could improve the
immobilization of biorecognition elements which could lead to the development of useful and

reliable biosensor devices.
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Figure 1. A schematic diagram of a typical biosensor system configuration and the classification
of biosensors with various bioreceptors or transducers [85, 86].
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Figure 2. A quartz crystal microbalance (QCM) biosensor (left), the quartz crystal (top right), and
the sensor chip with the quartz crystal (bottom right) [113].
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Figure 4. A single-walled carbon nanotubes (SWCNTSs)-based electrochemical biosensor for
detection of pathogenic microorganisms [148].
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Table 1. Characteristics of most common waterborne viruses [4, 19-26]

Size Infectious
Virus Genome (nm) Shape Symptoms and Diseases | dose (viral
particles)
Diarrhea, vomiting,
Norovirus SSRNA* | 35-40 | Spherical nausea, dehydratlor_1, fever, 10-100
abdominal pain,
gastroenteritis
Gastroenteritis,
Adenovirus dsDNA** | 60-90 | Icosahedral | conjunctivitis, respiratory 1-100
disease
hepatitis A Virus Abdominal cramps and
P sSRNA | 27-32 | Icosahedral | anorexia, jaundice, fever, 1-100
(HAV) A
nausea, fatigue
Inflammation of the liver
heatitis E Virus which causes severe pain,
P SSRNA 27-32 | Icosahedral fever, vomiting, N/A****
(HEV) : e
incapacitation of the
patient
Rotavirus dsRNA*** | 50-65 | Icosahedral | Diarrhea, gastroenteritis 1-10
Astrovirus SSRNA 28 Spherical Gastroenteritis 1-100
Polyomavirus dsDNA | 35-40 | Icosahedral Sarcoma, cancer N/A
Coxsackievirus sSRNA | 20-30 | Icosahedral Memngg_ls, respiratory 10-100
isease
Poliovirus | sSRNA | 20-30 | Icosahedral Fever, paralysis, 100-500

meningitis, poliomyelitis
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*ssRNA: single stranded RNA, **dsRNA: double stranded RNA, ***dsDNA: double stranded
DNA, ****N/A: not available

Table 2. Summary of conventional methods for virus detection in water environment

Virus detection

methods Advantages Disadvantages Ref.
e Two amplification steps which are
highly susceptible to contamination by
inhibitors
Nucleic acid-based |e Possible interference with humic acids
method e Sample pretreatment concentration are
Molecular required [51-
RT-gPCR amplification e Not satisfactory in terms of limit of 54,
approach detection (LOD) (10* PFU/mL for 64]
Great specificity, in |  hepatitis A virus [HAV])
particular toward  |o Relatively time-consuming detection
enteric viruses time (e.g., 3 hrs for detection of
hepatitis E virus [HEV])
e Lack of specificity
e Sample pretreatment concentration are
required
¢ Inefficient detection performance when
Protein detection bacteria is present in the sample and if | [55-
ELISA method the epitopes are hidden in protein 57,
Cost effective structure 62,
Relatively simple e Time-consuming (6 hrs for detection of | 63]
procedure rotavirus in wastewater sample)
e Not satisfactory in terms of LOD (10*—
10° virus particles/mL for norovirus)
e Expensive (~$400 per analysis)
Capable of o Difficult_ies asspciated with plaque [14,
Plague forming recognizing observation (arlsgn plaques can be 52
assay pathogenic from hooded by b_acterlal colqny) 58,
non-pathogenic e Extremely time-consuming (3 to 14 61]

viruses

days)
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e Sample pretreatment concentration are

e Sensitivity required ,
e Simplicity ¢ Relatively low LOD (4x10° PFU/mL
NASBA compared to RT- for hepatitis A virus [HAV]) [59,
qPCR e Relatively time-consuming (e.g., 3.5 hrs | 60]

e Resistant to sample
contamination

for detection of hepatitis A virus
[HAV])

Table 3. Important factors for characterizing and evaluating biosensor performance [73-75]

Factor/parameters

Description

Limit of detection

Lowest quantity of pathogen that can be detected by a biosensor

(LOD)

The ability of the biosensors to distinguish a specific strain from

I . another; low interference with other chemical and biological
Specificity/Selectivity ) . i
compounds; low impact by other environmental parameters (e.g.,
temperature, pH, etc.)
The ability to detect very few organisms in a sample (influenced by

Sensitivity affinity of the biorecognition element as well as the transduction

method)

Detection range

The concentration range which the sensor operates

Sample volume

Total volume required for one analysis

Assay time

Total time necessary to prepare the sample, analyze it and read out the
results; sample pretreatment requirement (e.g., concentration and RNA
extraction)

Sample matrix

Type of the solution in which detection takes place
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Table 4. Summary of waterborne virus detection using biosensors

Tem .
Target | Biorecepto | Buffer | P- DEEEL Repeatab | Ref
Type . LOD on 1
virus r / pH time ility (n)
(‘C)
. Roo
. . . Goat anti - *
Plezoslectrl RO;ZVII’ rotavirus (PE'S7) tenr; N/A 45 min 12 [é]z
antibody | P P
Anti- ROO ]
Piezoelectri | hepatitis hePa‘.““S A PBS m . 2 [12
c AVirus virus (PH7) | tem viruses/m NA 10 7
antibody & P P L
protein A
Thermosens | Britton
hepatitis itive \ 40 ° [14
Optical Ap : surface- Robins 1.1pM | 30 min N/A
virus | T C 7]
imprinted | on (pH
polymer 3.5)
Anti- Roo
. Norovir | norovirus PBS/ m 0.01 . [13
Optical us monoclonal | N/A | temp ng/mL 20 min N/A 9]
antibody
Norovir | NanoZyme 30 [14
Optical y N/A | N/A | viruses/m | 10 min N/A
us aptasensor L 0]
Adenovi . . 10
Optical rus Pé',ilnir N/A 56 copies/rea | 30 min N/A [i]4
DNA C ction
Optical Enter701v i capsid Acetate | Roo 67 N/A N/A [14
us proteinof | (pH5), | m viruses/m ]
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enterovirus and | temp L
particles PBS
PBS
contain
. Norovir | Norovirus | ing 0.1 12.1 x 10 [63
Optical us antibody % N/A 15 y/mL N/A N/A 1
Tween
20
Anti- 3
: . PBS 10
EIecFroche Adenovi | adenovirus (pH N/A | viruses/m | 20 min N/A [16
mical rus polyclonal 2]
. 7.4) L
antibody
Electroche hepatitis |  Specific PBS Rn20 [15
mical A virus capture (pH tem 0.65 pM N/A N/A 5]
SSDNA probes 7.4) P
Electroche hepatitis |  Specific PBS Rn20 [15
mical A virus capture (pH tem 6.94 fg/uL | N/A N/A 5]
cDNA probes 7.4) P
PBS
(pH
hepatitis Anti- 7.4)
EIecFroche virus hepatltls contain | 37 <1.0 5 min N/A [15
mical (types virus ing0.1 | ¢ ng/mL 6]
A-E) antibody mL/L
Tween
20
. Anti- .
Electroche | Rotavir | oviris | pBs | 37 N/A N
mical us . C 9]
antibody
Electroche | Rotavir Anti- PBS | Rao 10? N/A N/A [16
rotavirus (PH m
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mical us antibody 8.4) |temp| pfu/mL 0]
Electroche | Norovir [16
mical us DNA DNA N/A | N/A 8.8 pM N/A N/A 3]
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Highlights

e It is urgent to develop an effective early monitoring tool for virus detection in water.

e Electrochemical biosensors can provide rapid-detection, low-cost sensor design, and in situ
detection.

¢ Biosensors have shown great potential as an alternative tool for rapid virus detection.

e The challenges and future recommendations of virus detection sensor are also discussed.
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