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ARTICLE INFO ABSTRACT

Keywords: The discovery of SARS-CoV-2 virus in the water bodies has been reported, and the risk of virus transmission to
Wastewater based epidemiology human via the water route due to poor wastewater management cannot be disregarded. The main source of the
SARS'C(’Y 2 virus in water bodies is the sewage network systems which connects to the surface water. Wastewater-based
g?;;ri‘;lrrus epidemiology has been applied as an early surveillance tool to sense SARS-CoV-2 virus in the sewage
Polymer-chain-reaction network. This review discussed possible transmission routes of the SARS-CoV-2 virus and the challenges of the
Wastewater existing method in detecting the virus in wastewater. One significant challenge for the detection of the virus is

that the high virus loading is diluted by the sheer volume of the wastewater. Hence, virus preconcentration from
water samples prior to the application of virus assay is essential to accurately detect traceable virus loading. The
preparation time, materials and conditions, virus type, recovery percentage, and various virus recovery tech-
niques are comprehensively discussed in this review. The practicability of molecular methods such as Polymer-
Chain-Reaction (PCR) for the detection of SARS-CoV-2 in wastewater will be revealed. The conventional virus
detection techniques have several shortcomings and the potential of biosensors as an alternative is also
considered. Biosensing techniques have also been proposed as an alternative to PCR and have reported detection
limits of 10pg/pl. This review serves to guide the reader on the future designs and development of highly
sensitive, robust and, cost effective SARS-CoV-2 lab-on-a-chip biosensors for use in complex wastewater.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a
highly contagious virus with exceeding 200 million reported cases
worldwide in 2021 [1]. Efforts have been carried out to identify the
routes of virus transmission and the stability of the viruses in specific
environments [2-4]. It is essential that the modes of transmission for the
coronavirus are established and identified to facilitate rapid detection
and prevention of the disease spread. The main route of transmission for
SARS-CoV-2 is the exposure of human to droplet sprays or aerosols that

could last for hours in the air [4]. Although unprecedented, there also
exist a risk of this virus being transmitted through the faecal-oral route;
as the virus has already been detected in the urine and faecal discharge
of coronavirus disease 2019 (COVID-19) patients [5-7]. Interestingly,
prior to the COVID-19 pandemic, waterborne transmission of corona-
viruses have rarely been given attention to, since it was believed that the
enveloped viruses are not capable of surviving in water for extended
period of time [8]. However, as pre-cautionary, attention should be
given to the detection of SARS-CoV-2 in water since there is a possibility
of waterborne SARS-CoV-2 transmission to humans and animals.
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The ongoing COVID-19 pandemic has brought adverse impact to the
health, economy, and social well-being of the general population. Pre-
vious studies [9,10] have shown that these impacts are not equally
distributed among the population with marginalized communities being
more likely to suffer the brunt of the impact due to unsanitary housing
conditions, overcrowding, insufficient testing, and ineffective outbreak
management strategies that cause them to be more susceptible to dis-
eases. Clinical and home-based test kits are expensive when periodic
testing is required, and low-income families often forego medical tests in
lieu of more pressing needs such as shelter and food. More efficient
testing methods, such as mass testing, is needed to better monitor and
prevent any outbreaks from occurring in densely populated areas and
especially in marginalized communities.

Recently, wastewater-based epidemiology (WBE) has received
attention as a potential surveillance tool to complement both clinical
and home-based testing [11]. The basic principle of WBE is to collect
biological samples excreted by the human bodies via the local sewage
network of the housing area of interest. These biological samples can be
used to infer the size of the shedding population and provide
community-level health information [6]. WBE data is especially
powerful as it can create an early warning system that can inform the
authorities of a possible outbreak. WBE data is a non-intrusive method of
gathering data and finding asymptomatic virus carriers that have not
undergone testing. Circulation of the virus in a particular community
can be detected early when there is a sudden increase in the water. Using
this information, public health measures such as individual testing,
isolation of cases, and adequate warning to the community can be car-
ried out to control the outbreak. Recent studies performed in Europe
[12], China [13], India [7] and Middle East [14] have demonstrated the
potential of WBE methods as they were able to detect positive COVID-19
samples in wastewater about a week prior to the reporting of actual
cases in the region.

Despite its apparent advantages, WBE is not widely applied in the
community as its implementation is fraught with challenges. The two
main difficulties pertaining to pathogen detection using WBE are: i) The
sewage samples are often in the form of complex matrix that requires
pre-treatment before the main pathogen can be detected; ii) Low con-
centrations of virus particles in samples that require the use of bio-
sensors with low limits of detection (LOD). To overcome these
challenges, polymerase chain reaction-based assays (PCR) are often
employed because the viral nucleic acids can be amplified and detected
rapidly in a single step [15]. Various modified PCR techniques such as
digital PCR (dPCR) [16], generation sequencing [17], CRISPR [18] and
loop-mediated isothermal amplification (LAMP) [19] have been re-
ported to improve detection in the complex wastewater matrix. These
PCR methods, however, are costly, tedious, prioritised for testing human
samples during the peak of infections and require a long assay time,
making them unsuitable for wastewater detection [15]. Biosensors on
the other hand, provide rapid results, are cost-effective and allow par-
allel sample testing, making them more ideal for use to test for the virus
in wastewater. However, the possible presence of proteins inhibitor in
the complex wastewater may impede the operation of the biosensors.

To the best of our knowledge, this is the first review paper that
associate virus preconcentration method to the development of
biosensor for rapid detection of SARS-CoV-2 in wastewater. The aim of
this review is to identify the transmission routes of SARS-CoV-2 in
wastewater, possible interfering compounds to biosensors, and virus
preconcentration. It is of paramount that the researchers have insights
on the characteristics of the wastewater being studied and, comprehend
the difficulties of measuring low shedding of virus in a large volume of
wastewater. Hence, the objectives of this review paper are to: i) shed
light on the characteristics of SARS-CoV-2, transmission route and
contents of the sewage water environment containing the virus; ii)
identify the virus recovery techniques prior to application of biosensor
detection; and iii) discuss recent development of biosensors for SARS-
CoV-2 detection. This review also highlights the pre-requisites and
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criteria in designing a robust biosensor for rapid detection of viruses
extracted from polluted wastewater.

2. Research methodology

The outbreak of SARS-CoV-2 was found in late 2019, hence, the
publication in WBE associated with SARS-CoV-2 are still limited. Based
on the pre-selected terms, the metadata as shown in Fig. 1 on the
quantity of research articles published associated with wastewater
contamination by SARS-CoV-2 and detection was obtained from Science
Direct between year 2020 to 2022. Initial search of research articles of
relevant information related to this review were based on the search
terms such as “wastewater and Covid-19 detection”, “wastewater and
Covid-19 biosensor”, “wastewater and Covid-19 nanosensor”, and
“wastewater-based epidemiology and Covid-19”. The search results
from Science Direct are as shown in Fig. 1. After reviewing and short-
listing suitable articles, the information was collected and deliberated
with suitable examples for the preparation of this review.

In the past 3 years, there were a total of 423 research articles on
COVID-19 detection in wastewater reported (Fig. 1) which was searched
using keywords “Wastewater” and “COVID-19 detection”. Most of these
articles were based on the polymer chain reaction (PCR) techniques
performed in the laboratory. The number of publications is compara-
tively low which indicates that the understanding of the contamination
of the SARS-CoV-2 viruses in the wastewater sampled from sewage or
wastewater plant is still scarce. Till date, the research for the in-situ
detection of SARS-CoV-2 in wastewater using biosensor or nanosensor
was found considerably less with a total published articles of 57 and 3,
respectively. This indicates a vast opportunity and research gap to
develop biosensor that could detect SARS-CoV-2 in complex wastewater
on site. However, there are great challenges from translating the
application of SARS-CoV-2 sensing technique applied for human sam-
ples to the application on wastewater samples. Various challenges had
been identified and will be addressed in this review manuscript.

3. General morphology of SARS-CoV-2

The name “Coronavirus” stems from the appearance of crown-like
thorns on the outer surface of the virus’ structure [20]. Coronaviruses
are enveloped and contain positive, single-stranded RNA with lengths
ranging from 27 to 32 Kb, and with this length their genome is deemed
to be one of the largest RNA viruses [20,21]. The viral particles are
spherical with diameters between 60 and 140 nm with distinctive 9-12
nm-long spikes on the outer surface, volumes between 10° nm® and mass
of 10° MDa [22,23]. A coronavirus genome contains around 30,000
nucleotides and encodes four major proteins that are important for
virus-host cell binding, virus morphogenesis and release of viral parti-
cles [21]. These proteins are the nucleocapsid (N), membrane (M), en-
velope (E) and spike (S) proteins [24]. The N-protein is a binding protein
that is encoded with the virus that forms the RNA polymerase complex,
which is crucial for the replication and transcription of the virus [25].
The M-protein is a positively-charged, basic transmembrane glycopro-
tein, and is the most abundant protein in the virus [24,25]. The E-pro-
tein is a small membrane protein that is mainly localised to the
endoplasmic reticulum and Golgi body of the host cell [21]. Small
portion of the E-protein is also integrated in the virion envelope [26].
The N-, M- and E-proteins are primary proteins for virus assembly and
virus-like particle formation [21]. The S-protein, is a glycoprotein which
decorates and are protruding on the outer surface of the virus, is
responsible for early steps of viral infection that mediates virus entry
into host cells [20].

The structure of SARS-CoV-2 has been well studied in several reports.
On the surfaces of certain human cells, there are the angiotensin-
converting enzyme 2 (ACE2) receptors which can attach to the S-pro-
tein of coronavirus [20,24]. These ACE2 receptors are dominantly
expressed in lungs, oral mucosa and small intestine [27]. Upon entry of
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Fig. 1. Number of research articles on the detection of SARS-CoV-2 in the wastewater.

Source: ScienceDirect.com, 2020 to 2022.

virus into the human host cell (also known as endocytosis), the S-protein
complex rearranges itself to be able to merge into the host cell mem-
brane [8]. Inside the host cell, the outer envelope of the virus dissociates
and reveals the RNA genome, which will then attach to the ribosome and
undergoes RNA translation to produce viral polymerase. The viral RNA
genome also undergoes replication and transcription, which will
generate more viral RNA and viral proteins and will ultimately form
more virus cells that will be released outside the host cell [8]. It is worth
noting that the ACE2 receptors are common in other mammalian species
as well, and therefore, this explains why the coronaviruses have been
observed in a wide range of animal hosts [8].

4. Transmission routes of SARS-CoV-2

4.1. The potential transmission routes of SARS-CoV-2 in the general
environment

The survival and transmission of viral particles largely depend on the
humidity, surrounding temperature, and contaminated surfaces [28].
These environmental factors are crucial for the viruses or pathogens to
be viable outside the host; the period of viability of the virus in outer
surroundings is dependent on the effects of various biotic and abiotic
stresses on the viruses [29]. As mentioned, viral infections typically
spread via aerosol production and direct contact between an infected
patient and a healthy person. Aerosol transmission has been proven to be
the main mode of transmission for SARS-CoV-2 [30], which involves
generation of virus-infected aerosols or droplets from basic bodily
mechanisms, voluntarily or involuntarily, such as talking, exhaling,
coughing [31]. These mechanisms or actions can produce pm to mm-
sized droplets and later evaporate to release suspended viral particles
in the atmosphere [31]. For SARS-CoV-2, low humidity and temperature
in closed environments are very conducive for droplet transmission, and
small but loaded viral particles (> 5 pm) may travel up to 10 m from the
infected host [32,33]. Virus transmission can also occur through fomites
(inanimate objects/surfaces), and this transmission is believed to be
quite dangerous since virus tends to have prolonged survival rate on
plastic/metal surfaces compared to in air or droplets [34].

Previous research on transmission routes of SARS-CoV-2 have been

mainly about transmissions via droplets and surface contaminations,
however only a few studies have been focused on viral transmission in
the water media [8,27,35,36]. The possibility of waterborne trans-
mission of coronaviruses has been well debated since there are evidences
on survival of coronaviruses in water bodies, especially in wastewater
[24]. One confirmed route of viral contamination in water is by faecal
matter of infected COVID-19 patients [8,36]. Reports of soil and
groundwater contaminations from previous epidemics (from SARS-CoV
and MERS-CoV) suggested that excretions of urine and faeces were the
main contaminants [37,38]. Other than direct faecal elimination, ver-
tical soil stacks may be contaminated with aerosols containing the virus
upon toilet flushing; this happened during the 2002 SARS pandemic in a
large community in Hong Kong, where a flawed sewage-disposal system
led to aerosolization of infected wastewater, resulting in a cluster
outbreak [39,40]. These findings suggest that the main pathway for
virus contamination in water is via infected faecal matters existing in
sewages and wastewater, and may infect our urban water cycle through
untreated wastewater, leaked sewage pipes and surface water contam-
ination [9]. Community with less hygienic sewage facilities or poor
sanitation are potentially prone to the risk of waterborne transmission.
Hence, the past studies [39,40] should be and have served as a basic
guideline on what and where to look for when examining the virus
contamination of water and the possibility of waterborne virus
transmission.

4.2. Reported transmission route of SARS-CoV-2 from human to the
water bodies

Since the beginning of the current pandemic, there are growing
concerns over potential contamination of SARS-CoV-2 on surface water
bodies, an area that is still not being well-studied. Well-known water-
borne viruses such as Hepatitis A, Hepatitis E, adenovirus and rotavirus
mainly affects people from developing countries, and these viruses
normally spread in water environment through human faecal-oral
contamination, and most of these viruses’ outbreaks began and spread
through the wastewater [8]. Also, certain viruses from aquatic lives (for
example, from fish and crustaceans) are viable and temporarily virulent
in both freshwater and wastewater [41]. Based on the studies of these
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waterborne viruses, it is also possible for SARS-CoV-2 to be virulent in
water bodies, hence studies on virus existence and concentrations in
untreated and under-treated wastewater is crucial in understanding the
epidemiological risks of the infected surface waterways as shown in
Fig. 2 [42]. Just like most waterborne viruses, the primary contamina-
tion of SARS-CoV-2 in wastewater is through viral shedding in patients’
faecal matter, while other contaminations include hand washing, vom-
iting and urination [43,44]. Most viral infected water systems are caused
by sewage discharges from hospitals and quarantine centres [43,45], but
contamination of sewage pipes in urban areas (for example, residential
areas) occupied with infected people is also possible [13,46]. Although
this virus has not been detected in any drinking water source and water
treatment plants to date, these water sources can still be contaminated
within areas of non-point discharges, mainly in third-world countries
where they normally urinate and defecate in open pit toilets and can
possibly contaminate the soil and groundwater [7,47]. However, the
virus loading in the sludge collected from water treatment plant can be
reduced by treatment before disposal and anaerobic digestion in the
earth [48].

Since faecal contamination of SARS-CoV-2 is prominent in waste-
water, studies of faeces of COVID-19 patients discharged into the sewage
were reported [49,50]. In addition to the main symptom of respiratory
problems, many COVID-19 patients have suffered from gastrointestinal
symptoms such as diarrhoea, which is an initial indication of our
digestive system being a potential route of infection [51]. In fact, it was
suggested that these viruses can replicate in the human gastrointestinal
tract and can infect the gastrointestinal glandular epithelial cells
[52,53]. Approximately 2-10% confirmed COVID-19 cases were asso-
ciated with diarrhoea, and many studies have reported the detection of
SARS-CoV-2 RNA in stool samples of infected patients [51,54,55].
Interestingly, there are studied cases [53,56] of recovering patients
obtaining negative respiratory swab tests but there was still presence of
the viral particles in their stool samples. A study [53] reported that 53%
of tested faecal samples (39 out of 73) were tested positive with SARS-
CoV-2, and it was found later that 23% of recovering patients still had
traces of the virus in their faeces, although no virus was detected in their
respiratory systems. This indicates that the virus may still survive in the
human body for a longer time, and some clinical studies reported that
the virus is viable in human faeces between 7 and 33 days after a
negative swab test [57,58]. High viral RNA antibodies in stool samples
were present during the early stages of COVID-19 infection, with the
highest presence in the first week of the infection [59]. The concentra-
tions of the viral RNA in human faecal matter can be up to 108 copies per
gram of faeces [59]. In addition to faeces, SARS-CoV-2 can also be
observed in urine samples of infected patients. It was suggested that the
virus is more stable in urine compared to faeces, and a few studies
recorded around 10° to 108 RNA copies per litre found in patients’ urine

Black and grey water loaded
with coronavirus

Water treatment plant

Contaminated
sewage disposed
into the river
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samples [3,51,60]. However, only an insignificant number of COVID-
positive cases reported the detection of the virus in urine, hence clin-
ical studies on this topic is very limited [3,61].

Although there are no official reports of COVID-19 patients being
infected by sewage or drinking water, this virus still has the potential of
waterborne transmission from untreated water since they can live on
water surfaces for days. Extensive studies of the virus in sewage and
untreated water have been done, and several studies [12,62,63] re-
ported that this virus is viable up to 2 days in dechlorinated tap water in
both hospital and domestic areas, and could endure low temperature of
4 °C for 14 days in wastewater. These data indicate the importance of
wastewater and surface water monitoring, albeit there is still no human
health risk related with virus exposure from environmental samples
[42]. The studies on the challenges in the detection of SARS-CoV-2 in
wastewater will be discussed in the next section.

5. Challenges of existing techniques for the detection of viruses
in water

Virus detection in water media is critical for creating mitigation
strategies and health and safety procedures [64,65], hence, rigorous
studies on SARS-CoV-2 detection in various water media and wastewater
have been reported. Additionally, the detection of virus is very useful for
our health and government officials as an epidemiological indicator to
determine the rate and magnitude of virus spreading, since the presence
of virus in water media poses a huge risk as it can spread uncontrollably
[66]. Hence, understanding the state-of-the-art on methods for detect-
ing, quantifying, and determining virus infectivity in aqueous matrices
is critical. It is also worth noting that the infectivity (ability to infect/
transmit) of a virus is not directly related to its detection, thus differing
analysis on determining the viral infectivity is also necessary [66].
Generally, the existing virus detection methods in water media are
designed for detecting waterborne and non-enveloped viruses such as
adenovirus and norovirus [67,68]. As mentioned, CoVs are protected
with outer envelopes, so these viruses and other enveloped viruses have
different physical and biochemical features from those traditional
waterborne viruses, the typical detection methods will not yield the
same recovery efficiency [69]. Therefore, many different methods for
detection of virus have been studied for various infected water samples.

Unlike blood or saliva or blood samples, sewage water is a highly
complex fluid, and the contents of sewage water are as indicated in
Fig. 3. Detecting the presence of virus in sewage water is not as
straightforward as some may expect; there are processes involved prior
to actual virus detection that are vital, such as sample preparation and
pre-treatment of samples (Fig. 3). Proper preparation and/or pre-
treatment of virus samples will increase the virus detection accuracy,
and these parameters depend on the volume of virus sample, extraction/

Treated sludge collecticn

Effluent

The DNA of virus
may be present
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Fig. 2. The routes of transmission for coronavirus to the water bodies.
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Fig. 3. The workflow in detecting virus loaded in complex wastewater in the laboratory and using in-situ test instrument.

concentrated yield and sample purity [70]. It has been reported that the
concentration of nucleic acids (for nucleic acid-based methods) and the
type of the extraction procedures have a substantial impact on the
overall results of the community composition, specificity and pathogen
detection of the viruses [63]. Hence, pre-treatment, virus recovery and
detection methods must be selected accordingly to achieve the best re-
sults. Concentrating the samples is by far the most common and effective
pre-treatment method for virus detection, especially for aqueous sam-
ples [71]. Since untreated (unconcentrated) samples are taken from
large water bodies, the virus concentration is initially very dilute, so
concentrating water samples is important to increase the results yield
above the detection limit [49,71]. Various approaches for concentrating
viruses obtained from any water media have been developed; however,
it should be noted that the majority of those concentration methods were
established for non-enveloped enteric viruses which are generally
waterborne [72]. The details of various methods for concentrating the
viruses to increase the efficacy of detection would be discussed in the
following section.

5.1. Virus recovery methods from water samples prior to virus detection

In addition to the sample processing, the origin of water samples
from different environments can largely impact the virus detection ac-
curacy. For example, flowing water bodies or influents usually have
higher virus concentration compared to other water samples [72]. Also,
small volumes of sludge and wastewater (< 100 mL) samples tend to
have higher virus concentration compared to larger volumes of surface,
recreational and drinking water (> 10 L) with much lower viral con-
centrations [72]. Furthermore, the presence of significant levels of
heavy metals and organic acids in influent wastewater may impede virus
detection that involves molecular methods or nucleic acid-based de-
tections [73]. Untreated wastewater samples also have more suspended
solids, greater concentration of organic matter and higher turbidity
compared to other environmental water samples [73,74]. These are
examples of environmental factors that have a huge impact on the
detection accuracy, which can be improved by concentrating the sam-
ples. Although research on virus concentration methods have been
broadly developed and established, there is still no definite method that

is considered as reliable for all virus detection [75,76]. This is because a
significant number of viral particles can still be lost after pre-treatment
of the samples [75,76].

Prior to concentration of samples, samples also undergo initial pre-
treatments that includes filtration, centrifugation, and settling time to
remove suspended solids and debris [66]. Inactivation of virus can also
be done by pasteurization at around 60 °C for over 1 h, this is to ensure
safe handling of tested samples. As mentioned above, pre-treatments of
the water samples should be chosen and done attentively since they can
drastically alter the quantification of virus. The exclusion of viral par-
ticles adsorbed onto particulate in the pre-treatment process may
decrease the detection accuracy [66]. As for the actual concentration
methods, there are many ways to concentrate viral water samples, most
common methods include adsorption extraction method, ultracentrifu-
gation, ultrafiltration, and precipitation (Tablel). These techniques
have been widely tested on numerous enteric viruses and some CoVs in
the past in the control process for concentrating the virus, however only
limited studies were reported for SARS-CoV-2. Hence, this manuscript
will put emphasis on reviewing these virus concentration methods as
process control methods specifically on SARS-CoV-2.

a) Adsorption extraction method

Virus adsorption extraction is a simple method begins with the
acidification of samples to pH 4-6.9, followed by an addition of MgCl2.
Subsequently, the pre-treated samples pass through electronegative
membranes with a pore size of 0.45 pm. The electronegative retains the
electronegative viral capsids [75]. The membrane is then inserted into a
beating tube ready for RNA extraction. This method was demonstrated
with relative high level of MHV recovery (65.7 + 23%). Alternatively,
aluminum-based adsorption-precipitation is a popular method to
concentrate virus samples. This method requires the adjustment of
sample pH to 6.0, shaking, extraction and the centrifugation [77]. Then,
the pellet is resuspended in buffer solution. However, the virus recovery
percentage (0.02-30%) derived from this method is lower compared to
the use of electronegative membrane technique (Table 1).

b) Centrifugation
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Table 1
Virus recovery using different methods for concentrating virus from wastewater.
Method Sample type Materials/condition Time Virus Virus recovery Ref
percentage
Adsorption extraction Wastewater e pH 4-6.9 < 30 min Murine Hepatitis Virus (MHV) 26.7 +£15.3% [49,75,99]
method Inoculated with virus o Addition of MgCly Seeded into wastewater (Acidification of
e 0.45 pm Electronegative sample)
membrane 65.7 + 23%
(pre-treatment
with MgCl,)
Wastewater e Aluminum based adsorption- <2h SARS-CoV2 30.2 +£17.7% [91]
Inoculated with virus precipitation Mengovirus (MgV) 6.8 + 4.8%
o Beef extraction solution PEDV strain CV777 <2%
o Centrifugation
Influent wastewater e pH6.0 <2h MgV 0.02-4.3% [77,100]
collected from e Aluminum hydroxide
wastewater plant (AIOH3) precipitation
e Beef extraction solution
o Centrifugation
Biobanked influent water e pH 6.0 <2h Porcine epidemic diarrhea virus PEDV: [771
samples inoculated with e Aluminum hydroxide (PEDV) strain CV777, enveloped 11 + 3.5%
viruses (AIOH3) precipitation virus (Influent water)
e Beef extraction solution Non-enveloped virus, 3.3+ 1.6%
e Centrifugation Mengovirus (MgV) (Effluent water)
MgV:
11 +£2.1%
(Influent water)
6.2 +1.0%
(Effluent water)
Ultracentrifugation Influent wastewater Centrifugation <5h Non-enveloped virus, MgV 8.04-25.72% [77]
collected from 140,000 xg for 2 h 20 min
wastewater plant 120,000 xg for 30 min
229,600 xgfor1h
Wastewater 150,000 xg at 90 min <2h SARS-CoV-2 12% [35,80]
From water treatment
plant
Wastewater Centrifugation <2h Murine Hepatitis Virus (MHV) 35.5+12.1% [76]
100,000 xgfor 1 h Seeded into wastewater
12,000 xg for 15 min
Raw sewage water from 100,000 xgfor1h <2h Rotavirus (RV-A) Range 34%-67% [101]
sewage treatment plant 12,000 xg for 15 min Bacteriophasge (PP7) Mean: 47%
100,000 xgfor 1 h
Ultrafiltration Wastewater 10, 30 and 100 kDa membrane CoV 33-42% [81,82]
filter
PEG precipitation
Wastewater CP-Select (Concentration pipette <2h Bacteriophage MS2 CP-Select [81]
From water treatment ultrafiltration tips, InnovaPrep) Murine hepatitis coronavirus MS2: 27.72 +
plant seeded with viruses Centricon® Plus 70 centrifugal (MHV) 24.4%
ultrafiltration devices (CeUF) MHV: 7.51 +
6.14%
CeUF
MS2: 26.34 +
22.71%
MHV: 24.07 +
14.48%
Wastewater influent from  Centricon® Plus 70 centrifugal ~1h Mengovirus 17.5-100.5% [83]
water treatment plant ultrafiltration devices (CeUF)
Wastewater CP-Select (Concentration pipette <1h Bovine CP-Select: 5.5 + [102]
ultrafiltration tips, InnovaPrep) Coronavirus 2.1%
Electronegative membrane (EM) EM:
4.8 + 2.8%
Wastewater Americon Ultra-15(30 K) <1lh Murine Hepatitis Virus (MHV) 56.7 + 32.3% [49,103]
Centricon plus-70 Seeded into wastewater 28.0 £ 9.1%
Precipitation Wastewater 10% PEG8000 <1lh Murine Hepatitis Virus (MHV) 44.0 + 27.7% [84]
Inoculated with virus 2% NaCl w/v Seeded into wastewater
Grab wastewater PEG8000(20%) Overnight SARS-CoV2 52.8 +18.2% [91]
Inoculated with virus 25 mL of Tris Glycine-Beef incubation Mengovirus (MgV) 11.1 £ 4.9%
Extract buffer (TGEB) PEDV strain CV777 2.6%
NaCl 0.3 M
Grab wastewater from PEG8000 and NaCl, <24h F-phage ~10% [871
wastewater treatment
plant
Grab wastewater from Pre-centrifugation Overnight Bacteriophage 27.5% -77.6% [88]
wastewater treatment PEG8000 and 10%NaCl, incubation MS2 29.8%-49.8%
plant <24h Pseudomano
Phage
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Centrifugation is a very straightforward process, where the sample
mixture can be separated/concentrated through high-speed spinning
motion [78]. Ultracentrifugation is generally a rapid method for
concentrating wastewater samples, and it is the most common concen-
tration technique used. Centrifugation method is usually used on sludge
samples, and the American Society for Testing Materials (ASTM) has
established a protocol on pre-treatment of sludge samples (ASTM D449-
19). This protocol promotes virus concentration onto sludge flocs by
adsorption and subsequent elution [70]. Promotion of virus adsorption
to the flocs to the optimum level is done by increasing the acidity of
sample (to pH 3.5) by adding aluminium chloride (AlCl3) solution. After
that, the mixture is centrifuged to separate the liquid phase from the
solid phase. To desorb the viruses, the solids are rinsed with an eluent
solution, and the eluate is centrifuged again. The pelleted solids are then
discarded, and the supernatant is filtered to eliminate bacteria and other
particles using a 0.22 m filter [78,79]. This protocol was tested on
enteric viruses (for example, Rotavirus A, HAV, HAdV and NoV GII)
recovered from primary sewage sludge samples, and it was found that
only less than 7.5% of mean recovery was recorded for all viruses. This
means that the concentration protocol was unable to increase the virus
recovery, which hampered subsequent molecular-based detections [73].
This experiment involved adding inactivated SARS-CoV-2 into waste-
water samples, and after ultracentrifugation the mean recovery was
approximately 12% [80]. Despite the low mean recovery of targeted
analyte from ultracentrifugation, these numbers are enough for
amplification-based nucleic acid detection, whereas for more sensitive
environmental detection and surveillance, further optimisation of pre-
treatment methods and virus detection should be investigated [35].

¢) Ultrafiltration

Another common concentration method is ultrafiltration, which is a
size-exclusion based method. Samples will be passed through membrane
filters with different pore sizes that are smaller than the viral particles,
and membrane filters with 10, 30 and 100 kDa weight cut-offs are
typically used to concentrate CoVs in water samples [35]. Compared to
centrifugation, there is no need for pH altering of samples and long
precipitation time prior to ultrafiltration [81]. Fores et al. recently
evaluated two different types of ultrafiltration devices (Centricon® and
CP-Select™) on spiked viral wastewater, which can rapidly concentrate
the viral samples. The size of filters used was 30 kDa to favour viral
retention overall and avoid retention of smaller molecules that can act as
enzymatic inhibitors. It was reported that the highest concentration of
SARS-CoV-2 detected in supernatant, from nine tested viral samples, was
77%, and the remaining 23% was adsorbed to the solid fraction. Another
study comparing different types of concentration methods were done on
untreated wastewater spiked with SARS-CoV-2 [82]. The two methods
were centrifugal ultrafiltration and polyethylene glycol (PEG) precipi-
tation. For ultrafiltration using Vivaspin columns, the mean recovery
rates were between 33 and 42.6%, while the PEG precipitation reported
mean recovery rates of 59.4-63.7%. Although the ultrafiltration method
yielded lower mean recovery rates, both methods are still deemed
effective for concentrating enveloped viruses. A study of stability of
virus RNA biomarkers in wastewater influent were done by prolonging
the storage time and verifying the storage temperatures of different vi-
ruses of SARS-CoV-2, SARS-CoV-1 and norovirus GII [83]. From this
study, they used mengovirus to determine the rate of virus recovery for
ultrafiltration and reported recovery efficiencies from 17.5% to 100.5%
in the supernatant fractions. It is very common for researchers to use
different types of less harmful, non-pathogenic viruses to determine the
mean recovery rates of concentration methods due to the stringent
biosafety requirements for handling SARS-CoV-2, in which, this explains
the limited studies that do not provide information for the percentage of
virus recovery rates [84].

d) Precipitation
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Precipitation of viral samples is normally done by adding chemicals
such as aluminium hydroxide AI(OH3s) or polyethylene glycol (PEG) to
induce the precipitation process [85]. This method is perhaps the most
used concentration method since it does not need any advanced or fancy
equipment. PEG precipitation is generally applied for proteins’ precip-
itation since PEG can act as an “inert solvent sponge” that can break the
solvation layer that surrounds the outer protein shell of a virus [86].
Without the solvation layers, the interactions between viruses will
greatly increase, which will then precipitate to the bottom. This pre-
cipitation method was also suggested to be effective for concentrating
enveloped viruses in surface water and wastewater samples [84,87,88].
A study by Kumar et al. suggested that detection of genetic material of
SARS-CoV-2 can potentially be used in wastewater surveillance in India
[7]. After precipitation, the concentrated viral samples were mixed with
MS2 bacteriophages that act as a molecular process inhibition (MPC)
control [72]. This step was taken to assess the efficiency of nucleic acid
extraction and PCR inhibition, and it was found that the recovery of
spiked MS2 in the tested samples had stable Ct (threshold cycle) values
(22.2-22.46), indicating efficient removal of wastewater matrix that
may inhibit RNA extraction and detection. Note that samples are
considered positive with SARS-CoV-2 with Cr values below 40 [89].
Quantification of naturally occurring bacteriophages in viral wastewater
samples is a practical indicator of efficient virus recovery. Another
example, Hata et al. quantified the recovery efficiency of F-phages that
are abundant in wastewater, and they reported a solid 45% geometric
mean recovery of the F-phages, which can also indicate an efficient re-
covery for SARS-CoV-2 using PEG precipitation [87]. A mean recovery
efficiency of >10% can be considered amply high and stable [72]. In
addition to the use for precipitating agent for pathogens, AI(OH)s has
the ability to destabilise fine particulate particles (viruses and bacteria),
and the viral particles will adsorb to the hydroxide and thus settle out as
a precipitate [90]. Randazzo et al. employed the Al(OH)3 adsorption-
precipitation to detect SARS-CoV-2 RNA in wastewater located in low
prevalence area [77]. They validated this method using porcine coro-
navirus (Porcine Epidemic Diarrhoea Virus, PEDV) and mengovirus
prior to applying it for SARS-CoV-2 detection and reported average re-
coveries of 11 + 3.5% and 11 + 2.1% in influent water samples for
PEDV and mengovirus respectively. They repeated this study by
comparing this method with PEG precipitation, in addition of using
inactive (gamma-irradiated) SARS-CoV-2 [91]. With these precipitation
methods, they managed to obtain mean recovery rates of 42.9 + 9.5%,
27.5 £+ 14.3% and 9.0 + 2.2% for SARS-CoV-2, PEDV and mengovirus
respectively.

Other concentration methods that have been investigated for
detecting SARS-CoV-2 in wastewater include adsorption-extraction,
electronegative membrane vortex (EMV) and skimmed milk floccula-
tion and many more [71,84,88,92-94]. Although there are various types
of concentration methods available, the effectiveness of these methods,
especially for the detection of SARS-CoV-2 and other enveloped viruses
in any water body, required further investigation and optimisation.

5.2. Feasibility of molecular based methods for the detection of SARS-
CoV-2 detection in water

Virus detection in water bodies requires methods that are sensitive,
rapid, cost-effective and high accuracy. By far, no specific method fulfils
all these requirements, hence, more optimisation of the detection
methods is required. Although many detection methods of pathogens in
water bodies have been studied [105], most of them are established for
non-enveloped enteric viruses that are structurally and chemically very
different from enveloped CoVs, hence many studies on SARS-CoV-2
detection usually include modifications of the conventional methods.
Before molecular analysis methods were popularized, cell culture
methods were the gold standard for virus isolation since they give more
accurate results [95]. Cell culture studies of different CoVs have been
done on spiked wastewaters to determine the longevity and infectivity of
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the virus in different aqueous matrices [96]. These studies determined
that the inactivation of CoVs greatly depends on the surrounding tem-
perature, content of organic matter and presence of antagonistic bac-
teria [97]. Also, RNA of virus was found to be more persistent in sewage
and different water bodies compared to the entire infectious virus
themselves [98].

Currently, molecular methods, specifically polymerase chain reac-
tion (PCR) are becoming more favoured due to their high sensitivity and
specificity, and able to detect non-culturable viruses [72]. By PCR, a tiny
sample of DNA can be rapidly replicated or amplified to billions of
copies that are more than enough for qualitative and quantitative ana-
lyses of target study [66]. Because of high specificity of the technique,
PCR has been regularly adopted for many years for detection of viruses
in the environment, especially enteroviruses and hepatitis A virus (HAV)
[104-106]. Although regularly used, PCR-based methods do have
several disadvantages. It is important to note that these methods are
highly susceptible to inhibition, and the inhibitory substances such as
humic acids that are abundantly present in wastewater, are often inad-
vertently concentrated together with the target viruses [72]. Other
known inhibitor of RNA are mostly organic compounds such as, urea,
polysaccharides, sodium dodecyl sulphate, tannic acid, ethanol, urea,
bile salts, melanin, collagen, myoglobin and haemoglobin [107]. These
are the compounds commonly present in the wastewater (Fig. 2). Hence,
the inhibitors will partially or totally decrease the sensitivity or giving
false negative which is depending on the concentration of the inhibitor.
In addition, PCR can only detect single virus type, and the sensitivity and
specificity of the method is highly dependent on the efficiency of virus
recovery [106].

The genetic material for CoVs and viruses in general is the ribonu-
cleic acid (RNA), hence, to apply PCR, reverse-transcription (RT) from
RNA to complementary DNA strand is compulsory. Till date, most of the
SARS-CoV-2 detection in water bodies applies RT-PCR or RT-qPCR (q —
quantitative) techniques [14,49,93]. For wastewater samples, the ab-
solute limit of detection (ALOD) should be low since the concentration of
viruses is usually diluted in water bodies. However, most RT-qPCR as-
says do not display ALOD data since these assays are designed to do
rapid screening tests [6]. Hence, RT-qPCR assays that display <10 RNA
copies per reaction could be useful for wastewater samples tests for
SARS-CoV-2 [108,109]. Sequencing analysis is usually done to confirm
the positive RT-qPCR signals in viral wastewater before the assay
specificities have been confirmed against environmental samples. This is
due to the design of current RT-qPCR assays that is first tailored made for
clinical diagnosis instead of environmental surveillance. The study of
sequence analysis for SARS-CoV-2 detection in wastewater has been
done by sequencing after regular PCR or direct sequencing of the qPCR
products [110,111]. To date, a standard assay for SARS-CoV-2 detection
in water bodies has yet to be established; there are several studies that
target different protein regions of SARS-CoV-2 for detection, such as the
nucleocapsid N-protein, spike S-protein, envelope E-protein, membrane
M-protein, ORFlab and RNA-dependent RNA polymerase (RdRP), and
employ different types of assays that contain different types of
mentioned genes to determine the limit of detection of each assay with
respective protein gene [22,49,102,108,112-114]. Among these
screened encoding genes, ORF1ab is the most sensitive region for RNA
amplification, although N- and E- genes coding can also be applied for
SARS-CoV-2 detection [108,115]. Some of the established RT-PCR/
gPCR assays for SARS-CoV-2 detection include CDC N1, N2, N3, E_Sar-
beco, N_Sarbeco, and NIID_2019-nCOV_N assays. Buonerba et al. has
written an in-depth review that summarizes these studies [66]. A study
by Ahmed et al. employed the N_Sarbeco and NIID_2019-nCOV assays to
study two different virus concentration methods, and recorded incon-
sistent results for both assays [49]. Even the positive samples were
below RT-qPCR quantification level. Only N_Sarbeco assays provided
two positive samples, indicating that this assay is more sensitive than the
NIID_2019-nCOV assay to a certain extent. Medema et al. employed four
different primer/probe sets; CDC N1-N3 and E_Sarbeco assays, to detect
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SAR-CoV-2 RNA in several wastewater samples in Netherlands [12,108].
All the wastewater samples tested with all four assays recorded positive
results at 26-1800 gc/mL, taken on 25th March 2020. The CDC N1-N3
assays managed to yield similar quantitative results. Wu et al. studied
the concentration of SARS-CoV-2 titers in wastewater using the three N
assays, and reported that both N1 and N3 assays recorded positive for 3
out of 5 different samples each (Cr < 40) while the N2 assay only
recorded positive for only 1 out of 5 samples [116]. Sherchan et al.
studied two different concentration methods for SARS-CoV-2 RNA in
wastewater, and they used N1 and N2 assays to perform RT-qPCR tests
[93]. Only 13% of the wastewater samples prepared with ultrafiltration
were tested positive. Referring to some of the assay studies, La Rosa et al.
tested the new assays for SARS-CoV-2 detection in influent sewage
samples taken from several wastewater plants [117]. Out of the 50%
samples that tested positive for SARS-CoV-2, they reported that the
assay targeting for RARP gene is more sensitive than the assay that
targets the S-gene, although no quantitative analysis was provided.
Kumar et al. reported the detection of ORFlab, N- and S-genes in
influent water samples that were tested with readily available RT-PCR
kits (TagPath™ COVID-19 RT-PCR Kit) [7]. The estimated maximum
concentration of the SARS-CoV-2 genes was 3.5 x 102 copies/L. A study
by Tanhaei et al. was conducted by testing wastewater samples in Iran
[92]. They reported the detection of SARS-CoV-2 in 8 out of 10 effluent
wastewater samples using RT-qPCR Kkits also detected ORFlab and N-
genes. The Cr range values for ORFlab and N-genes were 29.62-34.45
and 27.60-30.53, respectively.

Digital PCR (dPCR) is a newly emerging approach for SARS-CoV-2
detection and quantification. Compared to RT-qPCR, dPCR has been
reported to have down to 10 times lower detection limit, indicating that
dPCR is a more sensitive method [118]. Another version of dPCR is the
droplet dCPR (ddPCR), and this method has reported a detection limit of
500 times lower than RT-qPCR, which is deemed suitable for detecting
low concentrations of SARS-CoV-2 in wastewater in low COVID-19
prevalence area [118]. Other advantages of using dPCR/ ddPCR
include less affected by PCR inhibitors and quantification without cali-
bration curve [119,120]. Since dPCR does not rely on external calibra-
tion, it can be used to calibrate reference standards for qPCR [119].
Despite these advantages, only a few studies have been done to detect
and quantify SARS-CoV-2 in water bodies. One notable study is a one-
step ddPCR by Graham et al., and they found that this method is very
sensitive in detecting SARS-CoV-2 in settled solids from wastewater due
to the reduced effect of PCR inhibitors [50]. On the contrary, a study by
D’Aoust et al. reported a superior quantification of SARS-CoV-2 using
RT-qPCR compared to RT-ddPCR [121]. Several disadvantages of dPCR
include lower specimen throughput and limited sample volume per re-
action [119]. Another interesting PCR method is the integrated cell
culture PCR (ICC-PCR), which, integrates the cell culture method into
the PCR-based methods. ICC-PCR was found useful in differentiating
infectious viruses from non-pathogenic viruses [122]. However, no re-
ports have been published on SARS-CoV-2 detection by ICC-PCR.

6. Biosensors for the detection of coronavirus in wastewater

A biosensor typically consists of a biorecognition element (bio-
receptor) and a physical transducer such as electrochemical, optical, and
piezoelectric as shown in Fig. 4. The bioreceptor could be antibodies,
nucleic acids, enzymes, phage, or whole cells and microorganisms. In-
teractions between the bioreceptor and the target analyte are converted
into electrical signals by a transducer. Readout circuits then process
these signals and transmit them either into a computer or smart device,
making it easily accessible to the user. The use of biosensors allows rapid
detection of viruses, at low sample volumes and reagents, making it an
ideal candidate for WBE systems that require a cost effective, yet
continuous monitoring method of SARS-CoV-2 detection [123,124].
Correlation between wastewater viral load and the number of infected
individuals can be made to infer the extent of the outbreak.
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Fig. 4. Existing biosensors (electrochemical [134], optical [135], and piezoelectric [136]) suitable for in-situ COVID-19 monitoring through WBE.

Selected biosensors that employ these three mechanisms (bio-
receptor-analytes interactions, signals conversion and digital readout)
and are commonly used for the detection of pollutants and infectious
diseases in WBE are listed in Table 2. The suggested advantages and
disadvantages of each method can be considered for the development of
COVID-19 WBE-based in-situ monitoring. For WBE applications, in
which samples are a complex matrix and may be contaminated, elec-
trochemical sensors perform better as a detection tool as compared to
the optical methods which have poorer LOD [125]. Other advantages of
electrochemical biosensors are fast response times, low cost, and ability
to be miniaturized with other portable devices [126]. However, purifi-
cation process and virus concentration methods as discussed earlier on
may improve the LOD of electrochemical biosensors. Optical detection
methods such colorimetry and fluorescence are more suitable for
discrete, pure and clean samples as these techniques are easily disrupted

by the coloured and turbid samples of the wastewater [125]. Higher end
optical techniques such as surface plasmon resonance (SPR) [127,128]
and resonant mirror [129,130] have been reported to be sensitive and
selective enough to detect virus detection in turbid samples. Function-
alized metal nanomaterials such as gold nanoparticles can be used in
both colorimetry [131] and Raman spectroscopy [132] to further
enhance the sensitivities of these biosensors. While optical biosensors
show a lot of potential in terms of sensitivities, these high-end systems
are expensive both to purchase and maintain, making it less practical to
be implemented in low-income communities. From the latest literature,
it is interesting to note that Kumar et al. 2021 [133] reported an
improved electrochemical DNA sensor using printed circuit board (PCB)
electrodes integrated with portable PCR instruments for SARS-CoV-2
wastewater-based monitoring. This finding can be the way forward for
the incorporation of electrochemical sensor for WBE SARS-CoV-2

Table 2
Selected biosensors of various signal detection methods that are commonly used in WBE to detect various pathogens and infectious diseases.
Signal detection methods Advantages Limitations Infectious diseases / Ref
pathogens
Electrochemical e Low LOD, Potentiometric has issues related to e Hepatitis A virus (HAV) [144-146]
(Voltammetric, e High sensitivity, immobilization, poor linear range, low e Hepatitis viruses (types A-
Amperometric, o Fast response time, Low cost, can be miniaturized  reproducibility potential E)
Potentiometric) with other portable devices e Rotavirus
Optical (Fluorescence, o Selective, High sensitivity, Real-time, Complex, High cost, Bulky equipment (not e Adenovirus [147-149]
Luminescence, portable), relatively high LOD e Enterovirus 71 (EV71)
Colorimetry) e Bovine viral diarrhoea
virus
Piezoelectric e Label-free, Long incubation times, difficulties in e Rotavirus and adenovirus [139,140]
e Rapid, Simple, Low cost, regenerating crystal surfaces, multiple e Hepatitis viruses type A
e High sensitivity washing and drying steps, difficult to and type B
immobilize the antibodies on quartz crystal
Microfluidics e Multiple biosensings (LAMP, PCR), Relatively Requires in-depth study on functional e RNA viruses [141,150,151]

Paper-Based Devices

high sensitivity, Portable, Can be combined with
many detection tools (optical, electrochemical),

Can be integrated with paper-based devices and
functional nanomaterials

Simple process,
Low cost, Portable, can be integrated with
microfluidic system and functional nanomaterials

materials to simplify device, not miniaturize
enough

Challenge to deal with complex WBE matrix

E. coli

Bacteria (E. coli,
Salmonella, and
Pseudomonas) and
viruses (MS-2 and
Echovirus)
Norovirus

E.Coli

Malaria

[152-154]
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monitoring by overcoming the limitations related to pre-treatment and
concentration methods. In addition, it is important to note that the
possible interference from the compounds present in the complex
wastewater needs to be considered when interpretating the results ob-
tained using these techniques.

Another promising detection method for SARS-CoV-2 in WBE is the
piezoelectric sensors. A piezoelectric biosensor is a mini weighing scale
that detects changes mass on top of the sensor by measuring resonant
frequency changes in the crystal. The mass change is associated with the
interaction of bioreceptors immobilized on the crystal surface and bio-
molecules from the samples [137]. Due to its high sensitivities,
simplicity and rapid detection, the piezoelectric-based biosensor has
been employed in large screening operations such as HIV, Influenza and
SARS. However, as reported by Mohsen et al. [138], only few piezo-
electric sensors have been reported for wastewater-based detection
[139,140]. This is probably due to difficulties in immobilization of an-
tibodies on the crystal surface [138].

A comprehensive COVID-19 WBE system requires sensing, readout
and sample or fluid handling. All these lab processes can be miniaturized
into a single ‘micro total analysis system’ (uTAS) or lab-on-chip (LOC)
device using microfluidic channels and reaction chambers. LOC devices
provide advantages of low fluid volume consumption (less reagents,
samples, and waste), which also result in faster analysis and response
times. Multiple biosensing techniques such as PCR, electrochemistry,
optical and loop mediated isothermal amplification (LAMP) for DNA can
be integrated in a single device and for virus detection [141]. These
microfluidic devices have been reported to reliably and precisely
quantify antibodies and protein biomarkers [142]; detect pollutants
such as copper, nitrite, aromatic amines, sulphide and ammonium [143]
in WBE systems. Most importantly, uTAS are cost-effective, easily
deployed on-site and can be placed in hostels or low-cost flats, which are
the target areas of these WBE systems.

While in-situ WBE biosensors have been widely tested for infectious
diseases such as Hepatitis A [144-146], commercially available COVID-
19 biosensors have not yet been used in WBE. Most WBE testing rely of
PCR data [50,121]. Promising development has been shown in this di-
rection where a low-cost in-situ COVID-19 sensor in WBE has been
successfully developed by a team of researchers from the University of
Strathclyde, Glasgow, and the Indian Institute of Technology (IIT),
Bombay [133]. The fabricated electrochemical-based biosensor utilizes
easy-to-clean printed circuit board electrodes which enables reusability
and, therefore, have a long shelf life, making the test even more cost-
effective. The sensors are used to detect SARS-CoV-2 virus using sam-
ples collected from a sewage treatment plant based in Mumbai, India.
Another significant in-situ COVID-19 WBE biosensor development is
paper-based biosensor as it offers simple detection process where all
processes required for nucleic acid testing include extraction, enrich-
ment, purification, elution, amplification, and visual detection can be
integrated onto an inexpensive paper through wax printing [155]. The
testing process involves simple methods such as paper-folding and naked
eye detection. Hydrophilic/hydrophobic microchannel networks are
also easily placed on paper-based devices for detection of various pol-
lutants/pathogens making them a simple, low cost and portable solution
for in-situ monitoring when coupled with smartphone image processing
[156]. An example of such system was a paper analytical device (pPAD)
that detects norovirus in field water samples using antibody-conjugated
fluorescent submicron particles [152]. Park and Jeong, 2015 [153]
showed another application of a multichannel, cellulose-based chro-
matographic paper sensor used for E. coli detection.

Microfluidic paper-based devices combined with various sensing
platforms including isothermal amplification, LAMP, PCR and thermal
lysis have also been considered as the future candidate for in-situ SARS-
CoV-2 detection in WBE as reported by [157]. While biosensors have
lower sensitivities than PCR, nanomaterials such as nanoparticles,
nanorods, nanowires, carbon nanotubes and nanocomposites can also be
incorporated in biosensors to improve the sensors’ sensitivity and LOD
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to counteract the low concentration of virus particles’ in WBE. An
example of a paper-based microfluidic device has been developed by
Cranfield University researchers who reported test results in less than
one hour through the detection of nucleic acids specific to COVID-19
[158]. This biosensor was developed as part of the UK National
Wastewater Epidemiology Surveillance Programme (N-WESP) to
develop an early COVID-19 detection system by testing samples from
wastewater treatment plants. In more recent development, these re-
searchers have discussed the feasibility of coupling the biosensors with
mobile health technology creating a rapid, comprehensive, internet-of-
thing (IOT) system that provides early warning, allowing effective
public health interventions to manage the epidemic [159].

In summary, biosensors coupled with fluidics have the potential to be
used as a rapid, real-time, low-cost, and portable solution for in-situ
SARS-CoV-2 detection in WBE. Combination of various detection tech-
nologies (optical, electrochemical, PCR), with functional nanomaterials,
LAMP and low-cost microfluidics may pave the way forward for rapid in-
situ SARS-CoV-2 monitoring in WBE. Coupled with data analytics, this
system can be an early indicator of the onset of a COVID-19 outbreak
and can be used by public health officials to warn the spread of the
disease and employ appropriate interventions.

7. Challenges and outlook

Improving the efficiency of COVID-19 virus detection and an
improvement of the quantification techniques in the highly complex
wastewater are still challenging. Although various molecular techniques
are extensively utilized for detecting viruses in wastewater, it should be
ensured that a wider range of viruses and analysis of the viability of
viruses are available. To implement countermeasures and mitigate the
public health outbreak risk, the application of biomarkers (pathogens,
chemicals, and metabolites) is immensely important. Two major chal-
lenges of biomarkers are high sensitivity and low detection limits. Bio-
sensors with nanobiotechnology with exact recognition features have a
specific affinity towards target pathogens [160]. Nanobiotechnology-
assisted sensors are advantageous due to their low cost, fast detection,
and facile application. Thus, the biosensors can feasibly be used for real-
time field monitoring in wastewater. Table 3 summarizes the possible
application and challenges of various biosensor detection techniques.

As the COVID-19 pandemic has caused total disruption of public
health, early detection and diagnosis are necessary. To maximize the
benefits of WBE, improved development and monitoring of biosensors
have great potential for real-time implementation. However, there are
several challenges to optimizing the methods with improved efficacy,
flexibility, and functionality in the application of complex systems of
wastewater consisting of various types of biomarkers. Stability of the
biomaterials and nanomaterials needed for the design of the sensor
should be guaranteed in every circumstances. Reproducible and reliable
techniques should be developed. Standardized analytical methods are
required to detect the analytes. To overcome the drawbacks of existing
diagnostic methods, robust approaches with widespread availability,
low cost, rapid testing response and consistency are essential to detect
SARS-CoV-2 viruses in the complex wastewater. A full risk assessment
for the personnel is essential due to the potential risks of infection from
exposure to live coronavirus.

The reproducibility, repeatability, and reliability of COVID-19 WBE
biosensors can be determined by comparing the wastewater surveillance
data utilizing the developed biosensors with the PCR-based sensors as
previously reported by Xiao et al. [161]. PCR-based WBE data was
compared to the gold standard clinical surveillance data by considering
significant quantitative metrics including time lag and transfer function
between wastewater and clinical reporting. Another significant finding
is that by coupling WBE with targeted clinical testing, presence of
COVID-19 cases in the community can be isolated and used to control
potential outbreaks. This method was implemented in University of
Arizona to detect the presence of COVID-19 in dormitories upon student
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Table 3
Promising applications and challenges of various biosensor detection techniques
for WBE.
Detection technique Applications in Challenges Ref
WBE
Indirect (PCR, CRISP, Commonly used Require trained [163-166]
and genome sensing) technique to personnel
detect nucleic otherwise false
acids; Precise and negative;
sensitive detection specialized
of SARS-Cov-2 equipment to
RNA; examine interpret results
complex for disease
wastewater or circulation;
biofluids. human health
risks;
inconsistency of
sample strains vs.
reference.
Surface-enhanced Raman  Highly sensitive, SERS substrate [167,168]
scattering (SERS) low cost, rapid; heterogeneity;
based biosensors detect at weak SERS
(liquid, paper-based, environmentally signals; require
microfluidic, relatable additional data
magnetic) concentrations; analysis;
wastewater reproducibility;
monitoring due to challenge in
active SERS detecting in
substrates; complex
handheld systems wastewater at
appropriate for nano
field analysis. concentrations.
Electrochemical and Simple lab on a Non-specific [169,170]
field-effect transistor chip integration; adsorption of
(FET) sensors detect at interfering
environmentally molecules and
relatable electrochemical
concentrations; signals in
portable; unstable
compatible for on-  physiological
site analysis; conditions in
simple operation. operation for the
complex
wastewater
analysis.
Spectroelectrochemical Capable of Device [171,172]
(SEC) sensors detecting single- reproducibility
molecule; feasible with EC-SERS
in using in substrates;
complex complexity in
wastewater media data analysis and
as complementary interpretation;
data allows to appropriate

resolve
overlapping
signals coming
from interfering
molecules.

design needed for
on-site analysis.

re-entry to campus [162]. Detection of viral DNA in wastewater samples
were followed by clinical testing in affected dorms, allowing identifi-
cation, isolation, and containment of potential outbreaks. Similar data
comparison can be done for COVID-19 WBE biosensors, only with faster
turnaround times as biosensors can produce faster results compared to
PCR. Community sewage biosensors coupled with clinical testing is a
promising early-warning tool to detect the presence of COVID-19 pres-
ence in high density areas.

8. Conclusion

Although aerosol transmission of SARS-CoV-2 is well described,
waterborne transmission by the human excreta (faecal matter and urine)
is less understood. It was reported that the sewage sludge typically
contains high virus load compared to the sewage runoff. In fact, the
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viruses have been found surviving in aquatic species and hence, can be
virulent in the surface water or untreated wastewater. Unlike human
biological samples, the wastewater consists of various substances that
differ in composition depending on the sewage system of interest. This
pose a significant challenges to the development of the biosensor for
virus detection. The polar and non-polar chemicals found in the
wastewater samples may interfere and influence the measurement of the
biosensor. Hence, pre-treatment procedures such as purification,
extraction and concentration of viruses are essential and should be
carefully selected to ensure a good detection limit for SARS-CoV-2. The
protocol and equipment for these pre-requisite preparations must sim-
ple, portable and have good efficacy for onsite test. Adsorption-
extraction, ultrafiltration, ultracentrifugation, and precipitation are
common techniques used for virus recovery. Among these techniques,
ultrafiltration and precipitation techniques seem to be delivering
reasonable virus recovery percentage, acceptable preparation time and
portability. PCR based molecular techniques targeting the S-proteins,
nucleocapsids, and ACE-2 receptors for virus detection are tedious and
highly skill dependent. Alternatively, a combination of various detection
techniques (optical, electrochemical, PCR), with functional nano-
materials, LAMP and low-cost microfluidics have great potential to be
implemented as a rapid SARS-CoV-2 biosensor. However, the accuracy,
specificity and sensitivity of these sensors to detect SARS-CoV-2 in a
complex water system is still lacking and should be improved.
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