
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



journal of environmental sciences 130 (2023) 139–148 

Available online at www.sciencedirect.com 

w w w . e l s e v i e r . c o m / l o c a t e / j e s 

An efficient method to enhance recovery and 

detection of SARS-CoV-2 RNA in wastewater 

Teresa Kumblathan 

1 , Yanming Liu 

1 , Yuanyuan Qiu 

2 , Lilly Pang 

2 , 3 , 
Steve E. Hrudey 

1 , X. Chris Le 

1 , Xing-Fang Li 1 , ∗

1 Division of Analytical and Environmental Toxicology, Department of Laboratory Medicine and Pathology, Faculty of 
Medicine and Dentistry, University of Alberta, Edmonton, Alberta, T6G 2G3, Canada 
2 Division of Diagnostic and Applied Microbiology, Department of Laboratory Medicine and Pathology, Faculty of 
Medicine and Dentistry, University of Alberta, Edmonton, T6G 2G3, Canada 
3 Public Health Laboratory, Alberta Precision Laboratories, Edmonton, Alberta, T6G 2G3, Canada 

a r t i c l e i n f o 

Article history: 

Received 3 September 2022 

Revised 29 September 2022 

Accepted 4 October 2022 

Available online 12 October 2022 

Keywords: 

Wastewater 

Virus 

Viral RNA 

Environmental monitoring 

Pathogens 

Surveillance 

a b s t r a c t 

Wastewater surveillance (WS) of SARS-CoV-2 currently requires multiple steps and suffers 

low recoveries and poor sensitivity. Here, we report an improved analytical method with 

high sensitivity and recovery to quantify SARS-CoV-2 RNA in wastewater. To improve the 

recovery, we concentrated SARS-CoV-2 viral particles and RNA from both the solid and 

aqueous phases of wastewater using an electronegative membrane (EM). The captured vi- 

ral particles and RNA on the EM were incubated in our newly developed viral inactivation 

and RNA preservation (VIP) buffer. Subsequently, the RNA was concentrated on magnetic 

beads and inhibitors removed by washing. Without eluting, the RNA on the magnetic beads 

was directly detected using reverse transcription quantitative polymerase chain reaction 

(RT-qPCR). Analysis of SARS-CoV-2 pseudovirus (SARS-CoV-2 RNA in a noninfectious viral 

coat) spiked to wastewater samples showed an improved recovery of 80%. Analysis of 120 

wastewater samples collected twice weekly between May 2021 and February 2022 from two 

wastewater treatment plants showed 100% positive detection, which agreed with the re- 

sults independently obtained by a provincial public health laboratory. The concentrations 

of SARS-CoV-2 RNA in these wastewater samples ranged from 2.4 ×10 2 to 2.9 ×10 6 copies per 

100 mL of wastewater. Our method’s capability of detecting trace and diverse concentra- 

tions of SARS-CoV-2 in complex wastewater samples is attributed to the enhanced recovery 

of SARS-CoV-2 RNA and efficient removal of PCR inhibitors. The improved method for the 

recovery and detection of viral RNA in wastewater is important for wastewater surveillance, 

complementing clinical diagnostic tests for public health protection. 
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he Severe Acute Respiratory Syndrome Coronavirus 2 (SARS- 
oV-2) that caused the COVID-19 pandemic has created un- 
recedented impacts worldwide. SARS-CoV-2 is continuously 
utating, and at least five variants of concerns (VOCs) (Al- 

ha, Beta, Gamma, Delta, and Omicron) have been reported 

y World Health Organization ( WHO, 2022a ). The WHO has re- 
orted over 584 million total cases of SARS-CoV-2, and over 6.4 
illion deaths, with cases continuing to rise and new Omicron 

ub-variants dominating globally ( WHO, 2022b ). The emer- 
ence of these VOCs in combination with waning population 

mmunity and risk of re-infection create a need for efficient 
ommunity surveillance ( Hrudey et al., 2022 ). 

The conventional approach for community surveillance 
f SARS-CoV-2 heavily relies on clinical testing using na- 
opharyngeal swab (NPS) sample collection followed by re- 
erse transcription quantitative polymerase chain reaction 

RT-qPCR) detection. However, using the clinical diagnos- 
ic tests alone for public health surveillance can become 
verwhelmed during a pandemic situation. Furthermore, to 
anage the demand for testing and shortages in diagnos- 

ic resources, healthcare systems on a global scale are of- 
en limited to only testing symptomatic patients and close 
ontacts. Thus, pre-symptomatic, asymptomatic, and mild 

ymptomatic cases, which can significantly contribute to 
he spread of SARS-CoV-2, are often undetected by clini- 
al diagnostics. As a result, clinical testing of SARS-CoV- 
 alone underestimates the true scale of the pandemic,
nd public health officials must make decisions on com- 
unity quarantine guidelines with inadequate surveillance 

ata. 
Wastewater surveillance has become a useful public health 

ool for assessing the status of community infections, and 

any organizations are adopting WS for national surveillance 
rograms ( Hrudey et al., 2022 ). For example, the U.S. Centers 
or Disease Control and Prevention ( CDC, 2022 ), the Interna- 
ional Water Association ( IWA, 2022 ), the Global Institute for 

ater Security (2022) , the Public Health Agency of Canada 
 NCCID, 2022 ), and the Canadian Water Network ( CWN, 2022 ) 
ave adopted WS to complement clinical testing for monitor- 

ng the status and trends of the COVID-19 pandemic in the 
ommunity. 

Wastewater is a composite sample of the entire com- 
unity, containing fecal, urine, and other biological prod- 

cts from individuals in the community. Several studies have 
emonstrated that up to 89% of infected patients shed SARS- 
oV-2 viral particles and RNA into feces as early as one- 
ay post-infection ( Wolfel et al., 2020 ; Zhang et al., 2020 ; 
upta et al., 2020 ; CDC, 2022 ). Additionally, respiratory secre- 

ions of SARS-CoV-2 through bath, shower, and laundry wa- 
er are also captured in wastewater. Several studies have even 

eported successful detection of SARS-CoV-2 and variants in 

astewater up to 14 days prior to clinically reported cases 
 Karthikeyan et al., 2022 ; Vo et al., 2022 ; Xie et al., 2022 ). Sen-
itivity analysis showed that the viral RNA could be detected 

n wastewater at 99% probability if there were higher than 38 
ew cases (range 17-97) per 100,000 people in the community 
 Le, 2023 ; Li et al., 2023 ). 
Because of the need to respond rapidly to the COVID-19 
andemic, current WS of SARS-CoV-2 is based on individu- 
lly accessible laboratory methods without national or inter- 
ational standardized procedures. WS of viruses generally in- 
olves multiple steps, including sample collection, viral parti- 
le concentration, RNA extraction, and RT-qPCR detection. To 
etect SARS-CoV-2 RNA accurately and sensitively in wastew- 
ter, a WS process with a high overall recovery is required.
owever, multi-laboratory studies have found poor recoveries 
f surrogates (enveloped viruses) or SARS-CoV-2 from wastew- 
ter, with recoveries ranging from 0.08% to 66% amongst the 
articipating laboratories ( Chik et al., 2021 ; Kantor et al., 2021 ;
umblathan et al., 2021, 2022 ; Pecson et al., 2021 ). Four major

actors contribute to the poor recoveries and large variations: 
1) the use of only the aqueous phase of wastewater samples 

hile discarding the solid phase; (2) incomplete concentration 

f viral particles and viral RNA from wastewater; (3) inefficient 
NA extraction and inadequate removal of RT-qPCR inhibitors; 
nd (4) insufficient sample volume used for analysis, espe- 
ially when viral loads are very low. The poor reproducibility 
ithin the studies can also be attributed to sample-to-sample 
atrix differences. Insufficient removal of matrix interference 

uring the concentration and RNA extraction steps can con- 
ribute to inaccurate and inconsistent RT-qPCR results. There- 
ore, we aimed to develop a method for enhanced recovery 
nd detection of viral RNA in wastewater. To achieve this, we 
ill focus on three main components: (1) efficient capture and 

oncentration of viral particles and RNA from both liquid and 

olid phases, (2) efficient removal of the sample matrices, par- 
icularly RT-qPCR inhibitors while ensuring efficient extrac- 
ion of viral RNA, and (3) capability of handling large volume 
f samples. 

Here we report an improved analytical method that can 

rovide consistent and highly efficient concentration of vi- 
al particles, extraction of RNA, and removal of inhibitors for 
T-qPCR detection, resulting in highly sensitive detection of 
ARS-CoV-2 RNA in wastewater. The method involves concen- 
ration of viral particles and RNA from the whole wastewater 
ample using electronegative membrane (EM) filtration, fol- 
owed by viral inactivation and RNA preservation (VIP), mag- 
etic capture of RNA, and RT-qPCR detection of the N1 gene 
f SARS-CoV-2 (VIP-Mag-RT-qPCR). The EM filtration used in 

his method allows for the concentration of viruses from a 
arge volume of sample. Our improved method, EM-VIP-Mag- 
T-qPCR, allows for enhanced recovery and detection of RNA 

f SARS-CoV-2 and variants in wastewater. The EM-VIP-Mag- 
T-qPCR method is also inexpensive and broadly accessible,
herefore it can be widely used for the detection of viral RNA 

n wastewater samples containing both high and low concen- 
rations of SARS-CoV-2 viral particles and RNA. 

. Materials and methods 

.1. Reagents 

roteinase K and Buffer RLT lysis buffer were purchased from 

IAgen (Germantown, MD, USA). TaqPath 1-Step RT-qPCR 

aster Mix, CG, UltraPure guanidine isothiocyanate, Gibco 
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Beef Extract Powder, RNA-grade glycogen, and THE RNA
Storage Solution were bought from ThermoFisher Scientific
(Carlsbad, CA, USA). Polyethylene glycol (PEG) Bio Ultra
8000, glycine (electrophoresis grade), magnesium chloride
hexahydrate, and the proteinase K Inhibitor (tetrapeptidyl
chloromethyl ketone) were bought from MilliporeSigma
(Oakville, Ontario, Canada). SPRIselect magnetic beads
were bought from Beckman Coulter (Brea, CA, USA). 2-
Mercaptoethanol (2-ME), biotechnology grade, was bought
from BioShop Canada (Burlington, Ontario, Canada). RNasin
Plus Rnase Inhibitor was bought from Promega (Madison, WI,
USA). Pseudovirus (SARS-CoV-2 RNA targets in a noninfec-
tious viral coat) solution, AccuPlex SARS-CoV-2 Verification
Panel-Full Genome, was bought from Sera Care, LGC (Mil-
ford, MA, USA). Purified SARS-CoV-2 RNA was provided by
our colleagues in the Department of Medical Microbiology
and Immunology at the University of Alberta. CDC N1 and N2
primer-probes 2019-nCoV RUO kit was bought from Integrated
DNA Technologies (Coralville, IA, USA). 

1.2. Wastewater sample collection 

Using appropriate personal protective equipment, wastewa-
ter samples were collected from two wastewater treatment
plants (WWTPs) in Calgary and Edmonton, Alberta, Canada.
Five hundred milliliters of post-grit raw influent wastewater
samples from a 24 hr composite sampler were collected twice
a week from May 2021 to October 2021. After October 2021,
sampling frequency was increased to three times per week. All
the samples were stored at 4 °C after collection and shipped to
Dr. Lilly (Xiaoli) Pang’s research laboratory on a weekly basis.
We refer to Dr. Pang’s laboratory as the reference laboratory in
the following discussion as they participate in the Pan Alberta
WS program. An aliquot of the same sample was analyzed by
Pang’s lab using their method ( Hasing et al., 2021 ; Qiu et al.,
2022 ) and another aliquot was analyzed using our in-house
method described in detail below. 

1.3. Concentration of SARS-CoV-2 from wastewater 
samples 

An aliquot of 80 mL of sample was transferred into a ster-
ile DNase free and RNase free conical tube and centrifuged
at 1510 ×g for 30 min. This allowed for the separation of the
aqueous and solid phase. The resulting supernatant of the
aqueous phase was transferred into another DNase and RNase
free sterile conical tube and the solid pellet was re-suspended
in beef extract solution (3% W/V beef extract in 0.05 mol/L
glycine (pH 9.0)) at a ratio of 1:5. The pellet suspension was ag-
itated at 800 r/min for 30 min at room temperature on a shaker
followed by centrifugation at 1510 ×g for 10 min. The resulting
supernatant was transferred into a new tube, neutralized with
HCl and then was combined with the aqueous phase. Then
MgCl 2 (1 mol/L) was added into each sample to reach the fi-
nal concentration of 25 mmol/L. The treated wastewater sam-
ple was then filtered through an electronegative membrane
(EM) using a vacuum filtration set-up. The mixed cellulose es-
ter (MCE) membrane filter had a diameter of 47 mm and a pore
size of 0.45 μm (Millipore Sigma). 
1.4. Extraction of viral RNA from wastewater samples 
using the Viral Inactivation and Preservation (VIP) buffer 

The EMs containing the captured SARS-CoV-2 particles were
directly used to extract viral RNA. The viral inactivation and
preservation (VIP) buffer, developed in-house ( Liu et al., 2022 ),
was used for RNA extraction. The EMs were vortexed thor-
oughly in 600 μL of the VIP buffer, placed on a heating block
for 10 min at 55 °C, centrifuged for 2 min at 13,000 ×g , and the
final supernatant was transferred to a new tube. 

1.5. Concentration of extracted viral RNA on magnetic 
beads 

The supernatant containing the extracted SARS-CoV-2 RNA is
then incubated with the in-house developed magnetic beads
mixture. The details on the preparation and optimization of
the magnetic beads buffer can be found in our previous pub-
lication ( Liu et al., 2022 ). 400 μL of the magnetic beads sus-
pension and 200 μL of 100% ethanol (RNA grade) were added
into the extracted RNA supernatant, vortexed, and incubated
on a shaker at room temperature for 10 min. Samples were
then centrifuged to collect the magnetic beads and the result-
ing beads were washed three times with 0.8 mL of 75% ethanol
containing sodium citrate. The magnetic beads containing the
extracted RNA were air-dried and resuspended in a solution
containing 25 μL of RNase-free water, 4 μL proteinase K in-
hibitor, and 1 μL RNase inhibitor. 

1.6. RT-qPCR analysis of concentrated viral RNA directly 
from magnetic beads 

The TaqPath 1-Step RT-qPCR Master Mix (Thermo Fisher Sci-
entific) and CDC N1 primer-probes from the 2019-nCoV RUO
kit (IDT) were used according to the manufacturers’ instruc-
tions. The RT-qPCR assay for the N1 segment of the SARS-
CoV-2 RNA was optimized as described previously ( Liu et al.,
2022 ). RT-qPCR was performed on a QuantStudio 3 Real-Time
PCR System (Applied Biosystems, Thermo Fisher Scientific)
using the QuantStudio Design and Analysis Software v1.5.1.
The 1/6 portion of the extracted RNA was used as template
in each RT-qPCR reaction. The RT-qPCR standard curve of
the N1 gene segment (Appendix A Fig. S4) was used to con-
vert the Ct values to viral RNA copies. The number of SARS-
CoV-2 RNA copies per 100 mL of original wastewater sample
was obtained using the following equation: RNA copies/100
mL = RNA copies × 6 × 100 mL/80 mL. 

1.7. Recovery experiments 

The recovery experiments were performed using a non-
infectious SARS-CoV-2 pseudovirus solution containing both
viral particles and free viral RNA (purchased from Sera Care,
LGC, Milford, MA, USA). The copy number of total RNA in
the solution was determined in our previous study ( Liu et al.,
2022 ). An aliquot of this solution containing 50200 copies of
the viral RNA was spiked in two sets of wastewater samples for
recovery experiments. In the first set of recovery experiments,
three previously determined SARS-CoV-2 negative wastewa-
ter samples (1 L each) were pooled together. Aliquots of 80 mL
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Fig. 1 – Schematic showing steps of wastewater sample processing and analysis, including sample collection, concentration 

of viral particles and RNA using an electronegative membrane (EM), extraction of RNA onto magnetic beads along with viral 
inactivation and RNA preservation (VIP-Mag), and direct RT-qPCR detection of RNA on magnetic beads. 
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f the pooled negative samples were used for spiking. In the 
econd set of recovery experiments, six positive wastewater 
amples containing low SARS-CoV-2 RNA copies were pooled.
liquots of 80 mL were spiked with the SARS-CoV-2 pseu- 
ovirus. The two sets of recovery experiments were repeated 

wice on different days with triplicate sample aliquots ana- 
yzed in each set of repeats. For spiked negative samples, the 
ecovery of SARS-CoV-2 RNA in each sample was calculated 

s the amount of SARS-CoV-2 RNA measured divided by that 
f pseudovirus SARS-CoV-2 RNA spiked into the sample. For 
piked wastewater samples with low concentrations of SARS- 
oV-2 RNA, the amount of previously determined SARS-CoV- 
 RNA was subtracted from the total SARS-CoV-2 RNA. The 
et measured amount divided by the amount of pseudovirus 
ARS-CoV-2 RNA spiked into the sample yielded the recovery 
alue. 

. Results and discussion 

.1. Development of an EM-VIP-Mag-RT-qPCR method for 
nhanced detection of SARS-CoV-2 in wastewater 

ig. 1 shows the major steps of our method for the detection of
ARS-CoV-2 in wastewater, including EM concentration of vi- 
al particles and RNA from the combined aqueous phase and 

upernatant collected from the solids pellet of each sample,
NA extraction and removal of inhibitors using the VIP-Mag 
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Fig. 2 – Separate analysis of the aqueous and solid phases 
of wastewater samples collected from two wastewater 
treatment plants in the cities of Calgary ( a ) and Edmonton 

( b ). NC indicates negative control and ND indicates not 
detectable. All wastewater samples collected from both 

wastewater treatment plants have detectable SARS-CoV-2 
RNA in both the aqueous phase and solid phase. The 
relative amounts of SARS-CoV-2 RNA in the aqueous phase 
and solid phase vary with the samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

method, and direct detection of RNA on magnetic beads by RT-
qPCR. The methods and reagents for each step were carefully
selected and optimized to improve recovery of SARS-CoV-2.
The following sections describe the rationale and improve-
ments of our method for the enhanced wastewater analysis
of viral RNA. 

2.2. Variable distribution of viral RNA in solid and 

aqueous phase of wastewater samples 

To improve the efficiency and reproducibility of the concen-
tration of viral particles and RNA from wastewater samples,
we aimed to collect all SARS-CoV-2 viral particles and RNA
from both the solid and aqueous phases of the wastewater.
We separately analyzed the aqueous and solid phases of three
representative wastewater samples collected from WWTPs in
Calgary and Edmonton (Appendix A Table S1). Fig. 2 presents
the RNA copies detected in both the solid and aqueous phases
of these three samples. These results show that significant
amounts of viral RNA were detected in both the solid phase
(402 – 159,226 RNA copies/100 mL) and aqueous phase (4,049
– 71,100 RNA copies/100 mL) of the samples. The detected
copies of the viral RNA in the aqueous and solid phases varied
between samples even when the samples were collected from
the same sewer system. The percentage of SARS-CoV-2 RNA
present in the solid phase varied from1%-23% in the Calgary
samples and 24%-97% in the Edmonton samples. Three of the
Calgary wastewater samples had higher viral RNA concentra-
tions in the aqueous phase than in the solid phase ( Fig. 2 a). In
the Edmonton wastewater samples, two samples had higher
viral RNA concentrations in the solid phase than aqueous
phase. The variable distribution of viral RNA in both solid and
aqueous phases demonstrates that discarding either the solid
or liquid phase of wastewater can result in large variations,
lower recoveries, and falsely decreased or even negative re-
sults. Therefore, the use of both the solid and aqueous phase
is important to improve recoveries and reduce variations re-
sulting from unpredictable composition of wastewater. 

The results in Fig. 2 clarify one of the major contributors to
low recovery with large variations in previous WS of SARS-
CoV-2 studies, as many of these studies excluded the solid
phase and analyzed only the aqueous phase ( Balboa et al.,
2021 ; Chik et al., 2021 ; Hata et al., 2021 ; LaTurner et al., 2021 ;
Pecson et al., 2021 ). While discarding solids may reduce in-
hibitors for the subsequent RT-qPCR analysis, this practice
could underestimate the overall SARS-CoV-2 concentrations
in wastewater samples. Several studies have demonstrated
that SARS-CoV-2 particles could be detected in 2-3 magni-
tude higher concentrations in solids and sludge of some
wastewater samples than in the aqueous phase ( Peccia et al.,
2020 ; D’Aoust et al., 2021 ; Graham et al., 2021 ; Carrillo-Reyes
et al., 2021 ; Westhaus et al., 2021 ; Buonerba et al., 2021 ).
Roldan-Hernandez et al. (2022) have shown persistence of
SARS-CoV-2 in solids with a slower rate of decay than in the
wastewater influent, further suggesting the importance of in-
cluding the solid phase which can adsorb the viral particles
and RNA. Our results suggest the need for a simple and effi-
cient procedure for concentration of viral particles and RNA
from the entire sample. 

To achieve highly efficient and reproducible recovery, we
designed our method using the 3% beef extract solution to
release the viral particles from the solids. The resultant su-
pernatant was then re-combined with the aqueous phase for
subsequent concentration of viral particles and RNA ( Fig. 1 ).
This approach facilitates the efficient concentration of viral
particles and RNA from wastewater samples, reduces loss of
viral particles and RNA adsorbed on solids, and minimizes in-
terference of solid matter on subsequent concentration and
extraction steps. 

2.3. EM filtration of wastewater and concentration of 
viral particles and RNA 

A challenge of analyzing wastewater is the low abundance of
target viral particles and RNA and complicated sample matrix
that may inhibit RT-qPCR. Therefore, our objective is to effi-
ciently concentrate the viral particles and RNA from wastew-
ater while minimizing co-concentration of the inhibitory ma-
trix. We chose to use filtration with electronegative mem-
branes (EM) for the concentration of viral particles and RNA
to achieve cost-effective, fast, and large volume sample pro-
cessing. It is expected that co-concentration of inhibitors is
minimal, compared to other wastewater processing methods
( Lu et al., 2020 ). 
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Fig. 3 – Analysis of undiluted and five-time diluted sample extracts. Monitoring of the presence of RT-qPCR inhibitors by 

monthly analyzing two samples. Two wastewater samples were analyzed every month from May 2021 to February 2022 
alongside regular wastewater sample analysis using the EM-VIP-Meg-RT-qPCR protocol. Prior to RT-qPCR analysis, magnetic 
beads samples were diluted 5x and run simultaneously alongside the undiluted sample. The differences ( �C t ) in the C t 

Values of the 5x diluted and undiluted beads samples are summarized in Appendix A Table S2 and range from 0.8 to 2.5. 
The mean �C t was 1.7 ± 0.6. Our results demonstrate that our VIP-Mag method allows for sufficient removal of RT-qPCR 

inhibitors without the need for dilution. 
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The principle of EM capture is based on the idea that SARS- 
oV-2 viral particles and RNA is negatively charged. The EM 

llows small particulate matter and debris smaller than the 
.45 μm pore size to pass through the membrane while cap- 
uring viral particles and RNA on the membrane via charge 
nteractions. Adding MgCl 2 allows for Mg 2 + to serve as salt 
ridge to facilitate the adsorption of negatively charged vi- 
al particle and RNA to the EM ( Shi et al., 2017 ). This tech-
ique is widely accessible as only a vacuum filtration set-up 

s needed. We tested two common types of EMs (Millipore R ©): 
ixed cellulose ester (MCE) membrane filters and sterilely 

acked (SPAK) gridded mixed cellulose ester membrane fil- 
ers. We first prepared triplicate spiked samples containing 
n equivalent of 1941 RNA copies of SARS-CoV-2 pseudovirus 
olution into deionized water (diH 2 O). These spiked samples 
ere analyzed to evaluate the capture of viral particles and 

NA on the SPAK and MCE membranes. As shown in Appendix 
 Fig. S1, the MCE membranes captured more spiked SARS- 
oV-2 RNA (1823 ± 131), while the SPAK membranes captured 

ower copies of RNA (849 ± 218). To better understand the per- 
ormance of the membranes with real wastewater samples,
e spiked SARS-CoV-2 pseudovirus solution (containing 1941 
NA copies) into previously confirmed SARS-CoV-2 negative 
astewater samples and analyzed the samples in triplicate 
sing both the SPAK and MCE membrane. The MCE mem- 
ranes again captured more spiked SARS-CoV-2 RNA than 

PAK, supported by RNA copies of 1560 ± 226 and 1063 ± 139 
nd recoveries of 80% and 55%, respectively in the wastewater 
amples (Appendix A Fig. S1). Thus, the MCE EM was used for 
ll the subsequent experiments. Furthermore, Ahmed et al.,
020 has used MCE EM to concentrate Murine Hepatitis Virus,
 surrogate of SARS-CoV-2, from wastewater and obtained a 
ecovery of 65% ± 23%, indicating that EM are appropriate for 

oncentration of viruses from wastewater. b
.4. VIP-Mag-RT-qPCR for efficient removal of RT-qPCR 

nhibitors and ultra-sensitive in-situ amplification on beads 

etection of SARS-CoV-2 by RT-qPCR is highly impacted by 
he purity and integrity of the RNA template extracted. En- 
ymes involved in the RT-qPCR can be partially or com- 
letely inhibited by the residual sample matrix components 
resent in the RNA extract, possibly leading to false-negative 
esults ( Schrader et al., 2012 ; Graham et al., 2021 ; Kitajima
t al., 2020 ). Wastewater contains a variety of compounds,
uch as ions, bile salts, urea, alcohols, and numerous proteins 
e.g., collagen, myoglobin, hemoglobin, and RNases). Many 
f these can inhibit RT-qPCR while the RNases can degrade 
NA ( Kumblathan et al., 2021 ). We overcame this challenge 
y designing efficient steps of removing inhibitors while suffi- 
iently degrading RNases. During the first solid phase separa- 
ion step, we removed most of the RT-qPCR inhibitors, where 
he viral particles were released into the beef extract solution,
nd the remaining solids were discarded to remove the as- 
ociated RT-qPCR inhibitors. Secondly, we used our in-house 
eveloped VIP-Mag method, which concentrated pure RNA 

ith high integrity. Our VIP buffer, which includes reagents 
uch as 2-Mercaptoethanol, guanidinium isothiocyanate, Tri- 
on X-100, proteinase K, and glycogen, effectively lysed the 
ARS-CoV-2 viral particles and denatured RNases ( Liu et al.,
022 ; Ramón-Nu ́nez et al., 2017 ). The extracted RNA was then
aptured on magnetic beads, and any remaining RT-qPCR in- 
ibitors were removed through repeated washing of the beads 

Appendix A Fig. S2). Thirdly, final addition of the RNase in- 
ibitor and proteinase K inhibitor to the extracted RNA mini- 
ized any degradation of RNA and protein enzymes. 
To confirm that there was no RT-qPCR inhibition, we an- 

lyzed both undiluted and five-fold diluted RNA on magnetic 
eads ( Fig. 3 ). If RT-qPCR inhibition were present, the five-time 
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Fig. 4 – Recovery of viral RNA from wastewater samples. A 

previously confirmed SARS-CoV-2 negative wastewater 
sample and a wastewater sample with a low concentration 

of SARS-CoV-2 RNA were analyzed. RNA of SARS-CoV-2 
pseudovirus (10 4 copies) was added to an aliquot of each 

sample. The N1 gene of SARS-CoV-2 was detected using 
RT-qPCR. The recovery was 80% ±4% and 76% ± 4% from 

the analysis of these wastewater samples spiked with 10 4 

copies of the viral RNA. NC indicates negative control and 

ND indicates not detectable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

dilution would minimize the inhibition, leading to a lower Ct
for positive detections. Appendix A Table S2 shows that the
differences ( �C t ) in the C t values between the 5 × diluted and
undiluted beads samples ranged from 0.8 to 2.5. The mean �C t

was 1.7 ±0.6, which is close to the excepted �Ct value of 2.3
from a 5 × dilution, suggesting that no apparent inhibitors are
present in the undiluted magnetic beads suspension. These
results demonstrate that our VIP-Mag method achieved suffi-
cient removal of RT-qPCR inhibitors. 

2.5. Improved recovery of viral RNA 

Having optimized our EM-VIP-Mag-RT-qPCR method, we eval-
uated the overall recovery of SARS-CoV-2 by analyzing two
sets of wastewater samples spiked with SARS-CoV-2 pseu-
dovirus. Prior to these spiking experiments, the two sets of
the wastewater samples were confirmed to be negative or pos-
itive with low copies of SARS-CoV-2 RNA by the Alberta Pub-
lic Health Laboratory. In the first set of recovery experiments
using negative wastewater samples, the recovery was 80% ±
4% ( Fig. 4 ). In the second set of recovery experiments using
positive samples with low copies of RNA, the recovery was
76% ± 4% ( Fig. 4 ). The second set experiment was performed
to account for sample-to-sample variation. The recovery was
calculated by taking the detected RNA copies and subtract-
ing the RNA copies detected in the corresponding unspiked
samples, and then dividing by the spiked amount. These re-
sults demonstrate that our method constantly provided high
recovery of viral RNA in wastewater samples. 

The EM-VIP-Mag-RT-qPCR method achieved consistently
higher recovery than those previously reported. Several WS
of SARS-CoV-2 studies using enveloped surrogate viruses
have reported largely variable recoveries ranging from 0.08%
to 66% between studies and even within the same study
( Kumblathan et al., 2021 ). Furthermore, our method achieved
higher recoveries than those of the previous studies (0.96%-
65.7%) that also used EM for viral particle and RNA concentra-
tion ( Ahmed et al., 2020 , LaTurner et al., 2021 , Gonzalez et al.,
2020 ). The improved recovery provided by the EM-VIP-Meg-
RT-qPCR method can be attributed to several strategies we
incorporated. To maximize viral particle concentration and
minimize RNA loss we released and isolated SARS-CoV-2 and
RNA from solids using beef extract solution, efficiently ex-
tracted and maintained RNA integrity using the VIP buffer,
and utilized magnetic beads to concentrate and directly de-
tect RNA without an elution step. Additionally, to minimize co-
concentration of RT-qPCR inhibitors we removed inhibitors by
separating the solid and aqueous phase prior to the EM filtra-
tion step and used the VIP-Mag method with three wash steps.
Thus, we successfully developed a method with enhanced re-
covery. 

2.6. Blind test of composite wastewater samples with 

diverse SARS-CoV-2 RNA concentrations 

In a blind inter-laboratory comparison format, we analyzed
a set of composite wastewater samples previously collected
from a long-term care facility (SARS-CoV-2 negative) and from
the Edmonton WWTP (SARS-CoV-2 positive). Alberta Public
Health Laboratory (APHL) diluted the SARS-CoV-2 positive
wastewater sample with the SARS-CoV-2 negative wastewa-
ter sample by 10, 100, and 1000 folds. We received the undi-
luted and diluted composite wastewater samples without
prior knowledge of the sample characteristics or their vi-
ral RNA concentrations. Composed of wastewater from two
sources, these samples appeared to have a very dirty and com-
plex matrix. Using our EM-VIP-Mag-RT-qPCR method, we were
able to quantify the SARS-CoV-2 RNA concentrations in these
composite wastewater samples. Our analyses showed that the
concentrations of the SARS-CoV-2 RNA ranged from 1.9 ×10 2

copies per 100 mL to 4.1 ×10 5 copies per 100 mL wastewater.
These results are consistent with the expected dilution factors
and the concentrations in the composite wastewater samples,
despite that this information was blind to us prior to our anal-
ysis. 

Also in a blind inter-laboratory comparison format, we
analyzed the composite wastewater sample that APHL pre-
pared by diluting 0.1 mL Edmonton WWTP wastewater sample
(SARS-CoV-2 positive) with 100 mL long-term care wastewa-
ter sample (SARS-CoV-2 negative). Our analysis showed that
the concentration of SARS-CoV-2 RNA was 190 copies per 100
mL of wastewater. For comparison, APHL diluted 0.1 mL of the
same Edmonton WWTP wastewater sample (SARS-CoV-2 pos-
itive) with 100 mL distilled deionized water (ddH 2 O) and an-
alyzed this relatively clean sample using its routine method.
APHL detected 102 copies per 100 mL of this diluted sample
(mostly in ddH 2 O). Our results of detecting 190 copies of the
SARS-CoV-2 RNA per 100 mL of wastewater, in agreement with
APHL’s result of detecting 102 copies per 100 mL of ddH 2 O,
demonstrate the ability of our EM-VIP-Mag-RT-qPCR method
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Fig. 5 – Pearson correlation analysis of results obtained 

using the EM-VIP-Mag-RT-qPCR method with the results 
provided by the reference laboratory from the analysis of 
120 wastewater samples. The samples were collected from 

two wastewater treatment plants in Calgary and Edmonton. 
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or detecting trace and diverse concentrations of SARS-CoV-2 
NA in wastewater. 

.7. Detection of SARS-CoV-2 in 120 wastewater samples 
sing EM-VIP-Mag-RT-qPCR 

e successfully applied our EM-VIP-Mag-RT-qPCR method to 
etect SARS-CoV-2 in wastewater samples collected from two 
WTPs in Calgary and Edmonton over a period of ten months 

May 2021 to February 2022). Fig. 5 shows Ct values from the 
nalysis of 120 samples (60 samples from each city) using 
ur EM-VIP-Mag-RT-qPCR method and the results obtained in- 
ependently by APHL (reference lab). Pearson correlation be- 
ween the two sets of Ct values was r = 0.81 and p < 0.0001, indi-
ating that our results are significantly correlated with those 
f the reference lab. 

Appendix A Fig. S3 shows the SARS-CoV-2 RNA concen- 
rations in representative wastewaters collected from Calgary 
nd Edmonton WWTPs. These results show that our EM-VIP- 
ag-RT-qPCR method was able to detect the viral RNA in all 

20 wastewater samples, with the lowest concentrations be- 
ng 2.4 ×10 2 copies per 100 mL and the highest concentrations 
eing 2.9 ×10 6 copies per 100 mL of wastewater. These results 
emonstrate excellent sensitivity and wide dynamic range of 
ur method. 

. Conclusions 

e successfully developed the EM-VIP-Mag-RT-qPCR method 

hat enhanced the recovery and detection of SARS-CoV-2 in 

astewater samples. The main features that contribute to 
he improvement include: recovery of SARS-CoV-2 viral parti- 
les and RNA from both solids and aqueous phase, processing 
ith a large volume (80 mL) of wastewater, efficient RNA ex- 

raction and preservation using the VIP solution, removal of 
ample matrix and inhibitors using magnetic beads, and di- 
ect RT-qPCR detection on magnetic beads. This method pro- 
ides reproducible recovery of (76%-80% ± 4%), representing 
 significant improvement compared to the previous studies 
0.96%-65.7%). This method uses accessible equipment and 

eagents and is cost-effective. It can be applied for moni- 
oring of SARS-CoV-2 in wastewater for community surveil- 
ance, complementing clinical testing. This method can also 
e adapted for detection of other pathogens in wastewater. 
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