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Development of a rapid pre-concentration
protocol and a magnetic beads-based RNA
extraction method for SARS-CoV-2 detection in
raw municipal wastewater†

A. L. Parra-Guardado, ‡a C. L. Sweeney, ‡a E. K. Hayes, a B. F. Trueman, a

Y. Huang, a R. C. Jamieson, a J. L. Rand, b G. A. Gagnon a and A. K. Stoddart *a

In this work, a rapid and simplified method for extracting SARS-CoV-2 RNA from whole wastewater using a

magnetic beads-based protocol is presented. The described method involves the centrifugation of a 50-mL

aliquot of raw wastewater influent for 5 min to obtain a 500-μL pellet, which is eluted with 2 mL of a

Tween®20-based elution buffer; 1 mL of the elute is extracted for RNA using a direct magnetic bead-based

extraction method. RNA recovery was examined in several bench-scale experiments using heat-inactivated

SARS-CoV-2 (HI-SCV-2) spiked into raw wastewater to assess the effects of different solids pellet : buffer

ratios, inhibition mitigation strategies, and varying levels of total suspended solids. When the method was

assessed using an influent wastewater sample known to contain SARS-CoV-2, the viral signal was detected

in all five biological replicates, whereas direct extraction of 1-mL aliquots of the raw wastewater resulted in a

40% viral detection rate. The experimental method limit of detection (MLOD) using HI-SCV-2 spiked into

raw wastewater was 50 GU mL−1 with a 95% limit of detection. Using the described protocol, the presence

of SARS-CoV-2 RNA was verified in wastewater collected from wastewater treatment facilities (WWTFs) in

Atlantic Canada over a period of 15 weeks during the rise and fall of a COVID-19 outbreak. This method is

effective and rapid and could provide potential application for laboratories with limited resources. Of

approximately 50 methods that have been developed for measuring SARS-CoV-2 in wastewater referenced

in the literature, this is the first to advance a robust magnetic beads-based RNA extraction technique from

whole wastewater without extensive sample pre-treatment. The novel application of this method in the rapid

extraction of SARS-CoV-2 RNA from municipal wastewater is an indispensable tool to potentially understand

COVID-19 infection occurrence within communities.

1. Introduction

The coronavirus disease 2019 (COVID-19) caused by the novel
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
continues to spread worldwide and has claimed the lives of

over four million people as of July 2021.1 SARS-CoV-2 is an
enveloped, positively charged, single-stranded ribonucleic
acid (RNA) virus (60 to 140 nm) of the beta coronavirus
genus.2,3 Although COVID-19 is characterized as a respiratory
illness, many infected patients also present with
gastrointestinal distress.4 Data from faecal and respiratory
specimen analyses suggest that SARS-CoV-2 virus particles
survive longer in the gastrointestinal tract than in the
respiratory tract.2 Moreover, SARS-CoV-2 RNA has been
detected in feces of both symptomatic and asymptomatic
infected individuals.5 As such, the monitoring of wastewater
for SARS-CoV-2 occurrence to investigate the prevalence of
COVID-19 infections in a given population is an approach
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Water impact

Wastewater surveillance is currently being explored around the world as a tool for monitoring SARS-CoV-2 to better understand COVID-19 prevalence in our
communities. This study provides a simple and transferable method that allows rapid identification of SARS-CoV-2 RNA in whole wastewater without the
need for extensive sample pre-treatment, thus offering advantageous application for laboratories that may have limited resources.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

/2
8/

20
24

 1
1:

04
:4

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ew00539a&domain=pdf&date_stamp=2021-12-21
http://orcid.org/0000-0003-0066-4467
http://orcid.org/0000-0002-6479-7683
http://orcid.org/0000-0003-2299-4125
http://orcid.org/0000-0002-1539-3092
http://orcid.org/0000-0003-4113-0912
http://orcid.org/0000-0003-3170-3203
http://orcid.org/0000-0003-3383-6923
http://orcid.org/0000-0001-5925-2294
http://orcid.org/0000-0001-8092-0226
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ew00539a
https://pubs.rsc.org/en/journals/journal/EW
https://pubs.rsc.org/en/journals/journal/EW?issueid=EW008001


48 | Environ. Sci.: Water Res. Technol., 2022, 8, 47–61 This journal is © The Royal Society of Chemistry 2022

that has been rapidly adopted worldwide as the pandemic
continues to spread.6–13

Reliable tests for SARS-CoV-2 infections target the viral
genome through quantitative reverse transcription PCR (RT-
qPCR).14,15 The use of RT-qPCR led to the first report of
SARS-CoV-2 RNA detection in untreated wastewater in a
proof-of-concept study that demonstrated the applicability of
wastewater surveillance for COVID-19 as a tool to understand
infection rates within communities.5 To effectively monitor
SARS-CoV-2 occurrence in wastewater, the development of an
efficient and reliable methodology for viral fragment recovery
from this complex matrix is paramount.

Several methods have been reported for measuring SARS-
CoV-2 RNA in raw wastewater and are generally comprised of
a combination of procedures for sample pre-treatment,
concentration, extraction, and molecular analysis.16–18 For
most techniques, SARS-CoV-2 analysis in wastewater requires
pre-concentration of the sample. The most common methods
of virus concentration in wastewater are ultrafiltration,
polyethylene glycol (PEG) precipitation, and
ultracentrifugation.5,15,19–23 Other methods include skimmed
milk flocculation,24 glass wool filtration,25 and monolithic
affinity filtration.26 The selection of a reliable and effective
virus concentration method has a major impact on detection
sensitivity, but many RNA concentration methods are cost-
ineffective, time-consuming, and labour-intensive.19

Moreover, information on the recovery efficiencies of
methods for measuring SARS-CoV-2 in wastewater is
limited,19,27 as most studies use surrogates (e.g., murine
hepatitis virus (MHV), MS2 (an F-specific RNA phage), and
other coronaviruses), to study recovery efficiency.28

In the last decade, several studies have demonstrated the
use of magnetic beads to extract nucleic acids from a variety
of matrices, including serum,29 urine,30 sputum,31 whole
blood,32 tissue,33 and wastewater.34,35 While conventional
approaches involve both pre-concentration and extraction
using commercially available kits, this work proposes a novel
methodology for the extraction of SARS-CoV-2 RNA from
wastewater using magnetic beads without the need for
extensive sample preparation. The advantages of RNA
extraction via magnetic beads are that the procedure is rapid,
simple to perform, and does not require the use of
specialized equipment. The sensitivity of the direct magnetic
beads-based method was further increased by adding a
simple step to recover SARS-CoV-2 from the solids fraction of
a 50-mL wastewater sample using a buffer containing the
surfactant, Tween®20. Indeed, surfactant compounds are
commonly used in virology to separate viral aggregates and
enhance the release of the viral particles attached to solids
by reducing the hydrophobic interactions with the
adsorbent.36,37 Recently, the use of a Tween®20-based elution
buffer was reported in the elution of SARS-CoV-2 from
passive sampling materials.38 This pre-extraction approach
has been adapted to municipal wastewater samples which
allows processing of larger volumes, potentially bridging
the gap between pre-concentration sample volumes and

traditional RNA extraction sample volumes. Such advantages
allow for greater diversity in monitoring applications, which
is valuable for laboratories with limited resources. This study
advances the application of magnetic bead extraction
approaches through the development of a new method for a
rapid and simple extraction of SARS-CoV-2 RNA from whole
wastewater samples.

2. Materials and methods
2.1 Reagents

Deionized (DI) water was produced by a Milli-Q system
(Reference A+, Millipore) and had a total organic carbon
(TOC) concentration <5 μg L−1 and a resistivity of 18.2 MΩ

cm−1. Dispersive solid-phase extraction (dSPE) salts
(SELECTRASORB™ endcapped octadecyl (C18) and ENVIRO-
CLEAN primary secondary amine (PSA)) were obtained from
Chromatographic Specialties (Mississauga, ON, CA). An
elution buffer was made by adding 75 μL of Tween®20 and
250 μL of a 0.1 M Tris-HCl intermediate (both sourced from
Sigma Aldrich, Ottawa, ON, CA) to DI water for a total volume
of 100 mL. Ethanol (EtOH) and acetonitrile (ACN) were
purchased from Fisher Scientific (Ottawa, ON, CA). Magnetic
binding beads (50 g L−1), RNA isolation kits, and SARS-CoV-2
assay kits were obtained from LuminUltra Technologies Ltd
(Fredericton, NB, CA). Bovine serum albumin (BSA), used to
reduce inhibition in RT-qPCR reactions, was purchased from
Alfa Aesar by Thermo Fisher Scientific (Tewksbury, MA, US)
to make a 1 mg mL−1 BSA solution (10 mg lyophilized BSA in
10 mL DI water).

Two viral surrogates were used for the development and
validation of the methods described in this work. The
surrogates were selected based on their availability and
suitability (e.g., required sample concentration) for the
different experiments. Accuplex SARS-CoV-2 positive
reference material (ASCV-2) containing non-replicative
recombinant virus particles with sequences from the SARS-
CoV-2 genome (ORF1a, RdRp, E gene, and N gene) was
purchased at ∼5000 copies per mL from Seracare Life
Sciences Inc (Milford, MA, USA). Heat inactivated SARS-CoV-2
(HI-SCV-2) (ATCC® VR-1986HK™) was obtained at a
concentration of ∼3.75 × 105 copies per mL from American
Type Culture Collection (Virginia, USA). The HI-SCV-2 is a
non-replicative preparation of the SARS-CoV-2 strain 2019-
nCoV/USA-WA1/2020 that has been inactivated by incubation
at 65 °C for 30 min.

2.2 Wastewater sample collection for method development

Influent 24-h composite wastewater samples were obtained
from a wastewater treatment facility (WWTF) in a
municipality located in Atlantic Canada during a period of
low COVID-19 prevalence. Wastewater samples were collected
in volumes of at least 250 mL and transported to Dalhousie
University on ice. For preliminary RNA extraction method
development, the wastewater matrix was spiked with
Accuplex SARS-CoV-2 Positive Reference Material to a final
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theoretical concentration of 1 × 103 genomic units per mL
(GU mL−1). The spiked sample was mixed thoroughly and
incubated at 4 °C for 30 min prior to RNA extraction. For
subsequent bench-scale experiments carried out to improve
the sensitivity of the RNA extraction method, 50-mL aliquots
of wastewater were spiked to 1 × 103 GU mL−1 with HI-SCV-2
RNA and stirred continuously at room temperature for 60
min prior to sample processing and analysis. Additional
water quality parameters measured (e.g., total suspended
solids (TSS), temperature, flow, biological oxygen demand
(BOD), and ammoniacal nitrogen (NH 3-N)) are listed in
Table S1 of the ESI.†

2.3 Determination of preliminary RNA extraction conditions

A screening statistical design was used to select the
preliminary conditions for the direct magnetic beads-based
RNA extraction method. Information regarding the statistical
design and evaluation of the method recovery efficiency using
the ASCV-2 RNA are detailed in the ESI.† All RNA extractions
were performed with reagents provided by LuminUltra
Technologies Ltd (Fredericton, NB, CA) according to the
manufacturer's instructions. Briefly, in a 15-mL centrifuge
tube, 6 mL of a lysis buffer concentrate and 250 μL of Lysis
Supplement 1A were added to 1 mL of wastewater sample.
The mixture was gently inverted five times and immediately
incubated at 30 °C for 10 min. After incubation, 3.5 mL EtOH
was added to the lysed sample; the tube was gently inverted
five times to mix thoroughly and then spiked with 40 μL of
magnetic beads. The mixture was gently inverted five times
and incubated again at 30 °C for 10 min. The magnetic beads
were precipitated by applying a magnet, and the supernatant
was discarded.

The magnetic beads were washed three times with 1 mL
of wash I solution. A second wash step using 1 mL of wash II
solution was carried out twice, followed by a final wash with
1 mL of EtOH. For each wash, the magnetic beads were
swirled 10 times to mix, and the supernatant was discarded
after magnet precipitation of the beads (a free magnet or
magnetic stand may be utilized). Once the beads were
washed, excess EtOH was pipetted from the tubes, and the
samples were placed at room temperature with the caps off
for at least 2 min to evaporate residual EtOH. Then, 50 μL of
elution buffer (preheated to 60 °C) was added to the
magnetic beads. The tube was swirled 10 times and
incubated at 60 °C for 5 min. Finally, the magnet was applied
to ensure separation, and the elution buffer was collected
into a sterile tube for analysis. The experimental setup for
the magnetic beads-based RNA extraction method is shown
in ESI† Fig. S2.

2.4 Enhanced extraction protocol to increase the analytical
sensitivity of the direct RNA extraction method

To increase the analytical sensitivity of the direct magnetic
bead extraction protocol, experiments were carried out with a
larger volume of wastewater that was concentrated prior to

RNA extraction. For bench-scale experiments, 500 mL of an
influent wastewater sample (that tested negative for SARS-CoV-
2 RNA using the optimized RNA extraction method) was spiked
to a theoretical concentration of 1 × 103 GU mL−1 with HI-SCV-
2 and mixed continuously on a stir plate at room temperature
for 1 h. Three biological replicates of 50 mL were centrifuged
for 5 min at 5000 rpm and the supernatant discarded, leaving
approximately 500 μL of solids-rich sample. The pellet was
resuspended in 2 mL of the Tween®20-based buffer. The
sample tube was shaken by hand for 5 s and allowed to sit at
room temperature for 5 min to allow most of the solids to
settle. From the uppermost layer of the sample, 1 mL was
transferred to a new tube for RNA extraction using the
magnetic bead-based protocol. Three 1-mL biological replicates
were also collected from the spiked 500-mL wastewater sample
and directly extracted for RNA using the magnetic bead-based
protocol to compare RNA recovery efficiency as an indicator of
increased analytical sensitivity.

2.4.1 Assessing effects on RNA recovery using different
volumes of Tween®20-based elution buffer. Different
volumes of the Tween®20-based buffer were tested to
investigate the effects of the ratio of the buffer to the solids-
rich wastewater pellet on recovery of HI-SCV-2 RNA. Three
50-mL biological replicates were prepared from wastewater
spiked to a theoretical concentration of 1 × 103 GU mL−1 with
HI-SCV-2 for each experimental group: 0.5, 1, and 2 mL of
elution buffer (1 : 1, 1 : 2, and 1 : 4 pellet : buffer ratio,
respectively). Sample processing was carried out as described
in section 2.4 Enhanced extraction protocol to increase the
analytical sensitivity of the direct RNA extraction method prior
to RNA extraction using magnetic beads; RNA was analyzed
via RT-qPCR.

2.4.2 Strategies to mitigate RNA inhibition during sample
preparation. Bench-scale experiments were conducted with
wastewater spiked to 1 × 103 GU mL−1 with HI-SCV-2 to explore
options for reducing inhibition in downstream analysis
through pre-extraction treatment. Three treatment processes
were assessed; 1) dilution of wastewater with DI water; 2)
centrifugation of the processed sample to remove excess solids;
and 3) clean-up of the sample using a dSPE salt mixture, which
is commonly used to remove interfering contaminants in the
analysis of organic compounds.39 All samples in this
experiment were processed using the enhanced extraction
protocol with additional steps. For the first treatment process,
2 mL of the Tween®20-based buffer was added to the 500-μL
pellet. After the sample tube was shaken and allowed to settle,
500 μL from the uppermost layer was diluted 1 : 1 with DI water
for a total volume of 1 mL, which was used for RNA extraction
with the magnetic bead-based protocol. For the second group
of samples, the 500-μL pellet was resuspended in 2 mL of the
buffer and centrifuged for 1 min at 5000 rpm. A 1-mL aliquot
of the supernatant was extracted for RNA. For the dSPE clean-
up group, a salt mixture containing 135 mg of both PSA and
C18, was added to each sample prior to RNA extraction. The
samples were vortexed for 10 s, shaken by hand for 1 min, and
centrifuged at room temperature for 5 min at 5000 rpm.
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Without disturbing the dSPE salts, 1 mL of the supernatant
was transferred to a clean tube and used for RNA extraction.
For each experimental group, three biological replicates were
processed and analyzed via RT-qPCR following RNA extraction.

2.5 Assessing method performance in municipal wastewater
with varying levels of total suspended solids

To assess the impact of total suspended solids (TSS) on the
recovery of HI-SCV-2 RNA from wastewater using the
enhanced extraction protocol, three different wastewater
matrices with varying levels of total suspended solid
concentrations were selected (ESI† Fig. S1). TSS
concentrations were measured by filtering each wastewater
sample through a standard glass fiber filter and drying the
residue retained on the filter at 103 to 105 °C for 12 h.40 The
increase in the filter mass represented the amount of
suspended solids in each sample. TSS concentrations of the
three different wastewater samples used in this study were
measured as 77, 175, and 332 mg L−1. Each of the three
wastewater matrices was spiked to a theoretical concentration
of 1 × 103 GU mL−1 with HI-SCV-2 and analyzed in biological
triplicates.

2.6 Method limit of detection (MLOD) determination

The method limit of detection (MLOD) of the enhanced
extraction protocol was evaluated using HI-SCV-2 spiked into
raw influent wastewater. Prior to spiking, the wastewater
matrix was analyzed for SARS-CoV-2 RNA to ensure
background levels of the virus were not detected. After
seeding, the wastewater was mixed continuously on a stir
plate at room temperature for 1 h. HI-SCV-2 RNA was spiked
into the wastewater samples at six different theoretical
concentrations ranging from 1 × 101 to 1 × 103 GU mL−1. For
each concentration level, six biological replicates were
processed using the enhanced extraction protocol and
analyzed by RT-qPCR. To mitigate inhibition, extracted RNA
samples that resulted in non-detects were diluted and
analyzed via RT-qPCR. The fraction of replicates resulting in
a positive detection was related to the corresponding spiked
virus concentration via a logistic regression model.41 The
concentration yielding positive detections in an estimated
95% of replicates was designated as the MLOD.

2.7 RT-qPCR assay

RNA samples were processed by RT-qPCR on a GeneCount®
Q16 instrument (LuminUltra Technologies Ltd, Fredericton,
CA). The sequences for primers and probes published by US
CDC used in this study are shown in the ESI† (Table S3).42

For the detection of SARS-CoV-2, the RT-qPCR amplifications
were performed in 20-μL reactions using the GeneCount
SARS-CoV-2 Screening kit (LuminUltra Technologies Ltd,
Fredericton, CA), which contained 15 μL of Master Mix (667
nM of forward primer, 667 nM of reverse primer and 167 nM
of probe) and 5 μL of template RNA. Thermal cycling
reactions were carried out as follows: a pre-denaturation step

at 55 °C for 10 min followed by a second pre-denaturation
step at 95 °C for 1 min; 45 cycles of 95 °C for 10 s and 55 °C
for 45 s; and a final hold step at 50 °C for 1 min. Due to the
limited capacity of the GeneCount® Q16 instrument (16
wells), all RT-qPCR analyses included at least one no-
template control (NTC) containing molecular grade water. For
bench-scale experiments, samples were analyzed in a least
three replicates. RNA samples for the wastewater monitoring
program were assayed without replication. For samples that
resulted in non-detects, RNA dilution (1 : 1, 1 : 5 and 1 : 10)
using a 1 mg mL−1 BSA solution was utilized to help alleviate
inhibition and exclude the occurrence of false-negative
results. Reactions were considered positive when cycle
threshold (Ct) values were below 40, and the levels of SARS-
CoV-2 in wastewater were reported in GU mL−1. The upper Ct
value detection threshold for the RT-qPCR was 40 cycles
corresponding to 1.4 copies per reaction.

The LuminUltra Q-16 qPCR system utilizes a master
standard curve incorporated into the software based on the
average of six standard curves. The standard curves ranging
from 1 × 104 to 1 × 101 copies per reaction (each 10-fold
dilution points run in duplicate) were constructed using
SARS-CoV-2 RNA reference material (ZeptoMetrix, Buffalo,
USA) to convert Ct values to GU per reaction. The R2 value of
the standard curve utilized in this work is 0.948 and the
efficiency is ∼85%. Due to factors like lyophilization, the
qPCR efficiency may be impacted. However, the Q-16 assay
has shown consistent sensitivity and reproducible findings
that would indicate its effectiveness.

2.8 Comparing the performance of the direct and enhanced
RNA extraction protocols using wastewater samples known to
contain SARS-CoV-2

The performance of the direct and enhanced RNA extraction
protocols was evaluated with influent composite wastewater
known to contain of SARS-CoV-2 collected from a region with
high COVID-19 prevalence in Ontario. A 24-h composite
influent wastewater sample was collected at a WWTF into an
HDPE bottle and shipped to Dalhousie University on ice. TSS
was measured as 103.7 mg L−1. The sample was stored at
4 °C prior to RNA extraction. Five 1-mL biological replicates
were processed using the direct RNA extraction protocol. Five
50-mL aliquots were collected and processed using the pre-
concentration step in combination with the magnetic bead
extraction protocol. Following RNA extraction, all samples
were analyzed via RT-qPCR.

2.9 Application of the enhanced RNA extraction protocol for
the detection and quantification of SARS-CoV-2 in wastewater

The improved magnetic beads-based RNA extraction method
which includes the pre-concentration step was evaluated for
the detection of SARS-CoV-2 using raw wastewater samples
from four locations with low COVID-19 prevalence in Atlantic
Canada. Influent 24-h composite wastewater samples were
collected from WWTFs in four communities in Nova Scotia,
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Canada over a 15-week sampling period, during which the
province experienced a third wave of COVID-19 cases. The
WWTFs located in Halifax, Dartmouth, Mill Cove, and
Eastern Passage serve estimated populations of 117 000,
64 000, 55 000, and 35 211, respectively.43 The four WWTFs
are part of a combined sewer system that collects the
discharged wastewater from households as well as
commercial and industrial buildings located in the service
area. The mean influent flow rate for the Halifax, Dartmouth,
Mill Cove, and Eastern Passage WWTFs is approximately
108 000, 58 000, 33 000, and 30 000 m3 per day, respectively.
From each WWTF, samples were collected at least three times
per week in volumes of at least 250 mL and transported to
Dalhousie University on ice. Within 24 h, a 50-mL aliquot
from each sample was processed using the enhanced
extraction protocol and analyzed via RT-qPCR.

All wastewater used in this monitoring program were
collected from WWTFs located in the central zone, one of the
Nova Scotia Health Authority's four management zones.
Census data from 2016 show that the population in the
central zone was 424 037.43 Daily new and active COVID-19
case data for the central zone were obtained by Health
Canada.44 At the beginning of this sampling period (April
1st, 2021), there were 19 active COVID-19 cases in the central
zone. The number of active cases peaked at 1415 by May
10th, 2021, and gradually decreased to less than 100 at the
end of the study period. Moreover, a vaccination program in
the province began in mid-December 2020. At the time of this
publication, approximately 60% of the province's population
had received one dose of a COVID-19 vaccine and
approximately 5% had received both doses.

2.10 Quantitative analysis of HI-SCV-2 and SARS-CoV-2 RNA
concentrations for the enhanced RNA extraction protocol

RNA concentrations that reflect the amount of viral RNA
recovered from the original 50-mL wastewater sample (total
genomic units per mL) were calculated using eqn (1), where
sample concentration (GU mL−1) refers to the RNA copies
quantified by RT-qPCR in the 1-mL sample taken from the
Tween®20-based buffer eluate for RNA extraction. The buffer
volume (mL) is the volume of the Tween®20-based buffer
added to the solids-rich wastewater pellet for samples
processed using the enhanced extraction protocol. Recovery
of HI-SCV-2 was calculated using eqn (2), where the spiked
concentration (GU mL−1) is the theoretical viral RNA gene
units of HI-SCV-2 seeded in the 50-mL wastewater aliquot.

RNA concentration GU per mLð Þ≈ sample concentration GU mL−1ð Þ ×buffer volume mLð Þ
sample aliquot volume 50 mLð Þ

(1)

RNA recovery %ð Þ≈ 100 × sample concentration GU mL−1ð Þ ×buffer volume mLð Þ
spiked concentration GU mL−1ð Þ × sample aliquot volume 50 mLð Þ

(2)

2.11 Quality control

To minimize contamination, RNA extraction and RT-qPCR
assays were carried out in separate laboratories and were
performed in a Thermo Scientific 1300 Series A2 biosafety
cabinet. A method blank consisting of 1 mL DI water was
included during RNA extraction to account for any
contamination during sample processing. All extraction
blanks evaluated during the method development stages and
monitoring program did not present detectable levels of
SARS-CoV-2. Extracted RNA samples were stored at −76 °C
and analyzed via RT-qPCR within the same day of extraction.
Standards outlined in minimum information for publication
of quantitative real-time PCR experiments (MIQE)
guidelines45 and environmental microbiology minimum
information (EMMI) guidelines46 were consulted for
evaluating RT-qPCR experiments. For instance, all RT-qPCR
assays contained passing NTCs. The RT-qPCR master mix
contains the MS-2 bacteriophage as an internal amplification
control (IAC) that serves as an additional indicator for results
validation. SARS-CoV-2 results were accepted if the IAC for
each individual sample passed, which was verified by
observing the amplification curve plot amplifying properly
with Ct values ranging from 20 to 36. In the case of IAC
failure, results for samples that were below the limit of
detection would be considered invalid and the samples
would be re-analyzed by RT-qPCR.

2.12 Statistical analysis

All analyses for method development were performed using
at least three biological replicates. Results were expressed as
mean RNA concentrations ± standard deviation (eqn (1)). To
evaluate the statistical significance between mean RNA
concentrations obtained from experiments carried out under
different conditions, two-sample t-tests on mean Ct values
(two-tailed, α = 0.05; 95% confidence level) were carried out
as per MIQE guidelines.45 For statistical analysis of
experiments involving spiked viral surrogates, replicates that
resulted in non-detects were assigned a Ct value of 40, as per
Goni et al. (2009).47 All statistical analyses were performed
using Microsoft® Excel for Mac version 16.50 (2021).48 The
MLOD was defined here as the analyte concentration that
yielded a positive detection in 95% of replicates. It was
estimated using a logistic regression model, with the fraction
of replicates yielding detections as the response and known
spiked HI-SCV-2 concentrations in a series of test wastewater
samples as the predictor. This approach is detailed in

(1)

(2)
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Forootan et al. (2017),41 and the logistic regression curve is
described by eqn (3), where ŷ is the prediction and the i are
model parameters. The model was fit via iteratively
reweighted least squares using the glm.fit() function in R.48

All statistical analyses were performed using R v. 3.6.2 (and
the tidyverse family of packages).48,49

ŷ ¼ 1

1þ e−β
̂
0 − β ̂1x

(3)

3. Results and discussion
3.1 Assessing the performance of the enhanced RNA
extraction protocol in preliminary bench-scale experiments

In the first of this series of preliminary experiments to assess
the increase in sensitivity of the direct RNA extraction
method (ESI†), influent 24-h composite wastewater samples
were spiked with HI-SCV-2 to 1 × 103 GU mL−1 (theoretical
concentration) and analyzed using the magnetic bead-based
RNA extraction protocol with and without the pre-
concentration step in biological triplicates to determine
whether RNA detection rate and recovery were higher using
the enhanced extraction protocol. HI-SCV-2 was detected in
only one of three replicates at a concentration of 3.02 × 102

GU mL−1 using the direct extraction protocol. In contrast, HI-
SCV-2 was detected in all three biological replicates processed
using the enhanced extraction protocol with a mean RNA
concentration of 8.77 × 101 ± 7.65 × 101 GU mL−1 (mean HI-
SCV-2 RNA recovery = 8.8%). Comparisons of mean recovery
between methods were difficult to make as viral RNA was
detected in only one of three replicates for the direct
extraction method. These preliminary results demonstrate
that the pre-concentration step in combination with the
magnetic beads-based RNA extraction method (3/3
detections) was more effective than the direct extraction
method (1/3 detections) in detecting spiked viral HI-SCV-2 in
the influent wastewater samples. This improvement in
method performance was anticipated, as the enhanced
extraction protocol (50 mL initial wastewater volume and 2
mL Tween®20 elution buffer) offers a 25-fold concentration
factor over the direct extraction method and incorporates
pre-treatment of the solids-rich fraction of wastewater to
which SARS-CoV-2 partitions.

Despite the 100% detection rate for the enhanced extraction
protocol in this experiment, the co-concentration of inhibitors
present in the wastewater sample during the added
centrifugation step may impact RNA recovery through qPCR
inhibition. There is an intrinsic trade-off between recovery and
initial sample volume; while the enhanced extraction protocol
offers an increase in sensitivity with its 25-fold concentration
factor, it produces RNA extracts susceptible to RT-qPCR
amplification inhibition, which may result in false-negative
results or inaccurate quantitation. In contrast, while the direct
extraction method is less prone to inhibitory effects, it has
reduced sensitivity due to its limited volume. As with any
method, dilution of RNA extracted from wastewater may
increase the viral signal, as it reduces the concentration and

impact of inhibitors that may be present in the complex
sample.50 The effect of RNA dilution on maximum viral
recovery was assessed in subsequent experiments.

3.1.1 Effects on RNA recovery using different volumes of
Tween®20-based elution buffer. The ratio of the Tween®20-
based buffer to the solids-rich wastewater pellet on RNA
recovery using the enhanced extraction protocol was assessed
in bench-scale experiments at 1 : 1, 1 : 2, and 1 : 4 pellet : buffer
ratios (Fig. 1). For the 1 : 1 pellet : buffer ratio, HI-SCV-2 was
detected in all three biological replicates at a mean RNA
concentration of 8.38 × 100 ± 6.45 × 100 GU mL−1 (mean RNA
recovery <1%). At a pellet : buffer ratio of 1 : 2, HI-SCV-2 was
detected in all three biological replicates (one of which
required a 1 : 1 BSA dilution) at a mean RNA concentration of
5.28 × 100 ± 4.25 × 100 GU mL−1. As with the 1 : 1 pellet : buffer
ratio, mean RNA recovery for this experimental group was less
than 1%. Although there were no significant differences in Ct
values between the 1 : 1 and 1 : 4 ratios (p = 0.286) and the 1 : 2
and 1 : 4 ratios (p = 0.228), all subsequent analyses were carried
out using 2 mL buffer with a 500-μL pellet, as the highest HI-
SCV-2 RNA concentration (8.77 × 101 ± 7.65 × 101 GU mL−1) was
achieved with the 1 : 4 pellet : buffer ratio.

In a recent study comparing approaches to quantifying
SARS-CoV-2 in wastewater using RT-qPCR, it was reported that
some viral surrogates were generally detected in supernatants
rather than solids phases, indicating that they may not
partition to solids as SARS-CoV-2 does in real samples.51 If a
majority of the surrogate used in this study remains in the
liquid fraction, a significant quantity of HI-SCV-2 spiked into
these samples would be discarded in the supernatant following
the centrifugation step. At the lowest buffer volume, the
remaining HI-SCV-2 in the pellet would be less diluted but
most impacted by inhibitory compounds in the sample. In
contrast, the larger buffer volume would result in a lower viral
recovery due to greater dilution of the pellet but would be less
susceptible to inhibition. It is also possible that the lower viral
RNA recoveries in the 1 : 1 and 1 : 2 pellet : buffer ratios were
caused by a reduction in viral elution from the solids-rich
pellet. The buffer volume in these experimental groups may
have been too low to ensure sufficient saturation, mixing, and
elution of the pellet. Although increasing the elution buffer
volume to a 1 : 4 pellet : buffer ratio showed highest HI-SCV-2
recoveries, greater elution buffer volumes were not explored, as
adding larger volumes of the buffer would further dilute viral
RNA in the sample. Depending on wastewater sample
characteristics, the pellet volume and composition is expected
to vary among different wastewater matrices and could impact
SARS-CoV-2 RNA recovery.

3.1.2 Investigating strategies to mitigate RNA inhibition
during sample preparation. Three pre-extraction treatment
processes for reducing inhibition were carried out in bench-
scale experiments with wastewater spiked to a theoretical
concentration of 1 × 103 GU mL−1 with HI-SCV-2 (Fig. 2). In
the first treatment group, dilution of wastewater with DI
water at a 1 : 1 ratio prior to the addition of the buffer in the
enhanced extraction protocol resulted in both the highest
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detection rate (3/3 detections) and recovery (∼3%). This
marked decrease in recovery compared to that achieved
without dilution in preliminary experiments (∼9%) is likely
attributed to the dilution of the solids-rich pellet prior to
RNA extraction. When using dilution as a strategy to mitigate
inhibition, dilution after RNA extraction allows amplification
of the viral signal more effectively by harnessing the
sensitivity of the qPCR, as the concentration of inhibitors
relative to nucleic acid is reduced.50

For the second treatment group, none of the biological
triplicates that were centrifuged for 1 min at 5000 rpm after
the addition of the buffer in the enhanced extraction protocol
resulted in detection of HI-SCV-2. This may be a result of
centrifugal forces pulling viral particles adsorbed to the
solids down into the pellet, which was not incorporated into
the sample aliquot used for RNA extraction. Generally,
ultracentrifugation is required for sufficient gravitational
force to pellet free viruses,52,53 and the time and force
required to sediment free virus from water samples are much
higher than those used in this study. Therefore, it is unlikely
that a significant proportion of the surrogate in its free form
was left behind in the pellet after centrifugation.

In the experimental group that tested the clean-up of the
1-mL elute prior to RNA extraction using a dSPE salt mixture,

only one of three replicates resulted in a positive detection
for HI-SCV-2 RNA. Although dSPE (using PSA and C18) has
been successful in the clean-up of complex wastewater
matrices for the analysis of antibiotic residues54 and illicit
drugs,55 PSA may have interfered with the HI-SCV-2
surrogate. For example, murine norovirus has been found to
adhere to beads coated with PSA, and the degree of adhesion
varied with pH.56 Moreover, the use of dSPE salts in
combination with vortexing may have caused physical and/or
chemical disruption of the viral envelope,57 resulting in
premature lysis and subsequent release of HI-SCV-2 RNA.
The release of viral RNA makes it vulnerable to RNases
readily present in the sample and shearing forces caused by
vortexing and centrifugation. Therefore, it is reasonable to
assume that the low recovery observed in the dSPE
experiment may be due to the degradation of viral RNA in
samples following premature cell lysis.

In general, pre-extraction methods for combatting
inhibition are favoured based on the rationale that the viral
capsid of SARS-CoV-2 will protect the nucleic acids while
removing unwanted inhibitory compounds.27 However, the
results presented in this experiment suggest the contrary, as
pre-extraction sample dilution yielded a lower mean HI-SCV-2
RNA recovery while centrifugation after the addition of the
elution buffer and dSPE clean-up resulted in fewer RNA
detections and diminished recoveries. Another method of
assessing inhibition is the addition of a pre-extraction process
control. However, Kantor et al. (2021) discontinued the use of a
foreign spike-in RNA control for analyzing wastewater samples
when inhibition of the control did not correlate with the

Fig. 1 Median concentrations (bold-coloured bars) and recovery
(lightly-coloured bars) of HI-SCV-2 RNA in bench-scale experiments
that compared different volumes of the Tween®20-based buffer used
in the enhanced extraction protocol. Volumes of 0.5, 1, and 2 mL
correspond to pellet : buffer ratios of 1 : 1, 1 : 2, and 1 : 4, respectively.
Experiments were performed in triplicate using wastewater that
previously tested negative for SARS-CoV-2 and spiked to a theoretical
concentration of 1.0 × 103 GU mL−1 with HI-SCV-2. Number of
detections for each experimental group is shown at the top of each
bar. Error bars indicate the data range.

Fig. 2 Bench-scale experiments with wastewater spiked to 1 × 103 GU
mL−1 (theoretical concentration) with HI-SCV-2 were conducted to
explore options for reducing inhibition in downstream analysis through
pre-extraction treatment: dilution of wastewater with DI water;
centrifugation of the processed sample to remove excess solids; and
clean-up of the sample using a dSPE salt mixture. Median
concentration (GU mL−1) is represented with bold-coloured bars and
recovery (%), with lightly-coloured bars. Three biological replicates
were analyzed for each experimental group, and the number of
detections per group is shown at the top of each bar. Error bars
indicate the data range.
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inhibition of the SARS-CoV-2 N1 target; as such inhibition was
subsequently accounted for by running undiluted and five-fold
diluted RNA for all samples.58 From this point forward, the
mitigation of inhibitory compounds was carried out using post-
extract RNA dilutions with BSA for RT-qPCR reactions.

3.2 Method limit of detection (MLOD)

The MLOD was evaluated by spiking HI-SCV-2 RNA in raw
wastewater over a theoretical concentration range of 1 × 101 to
1 × 103 GU mL−1 and estimated using a logistic regression
model (Fig. 3). The enhanced extraction protocol was able to
detect 100% of the replicates when the virus was present in
concentrations at or above 7.5 × 101 GU mL−1. However, the
percentage of positive replicates decreased as HI-SCV-2 RNA
concentration decreased. The experimentally determined
MLOD for the detection of HI-SCV-2 RNA in wastewater was
approximately 5 × 101 GU mL−1. This value is within the range
of theoretical limits of detection (100 to 103 GU mL−1) reported
for 36 different methods used to quantify SARS-CoV-2 in raw
wastewater.18 The theoretical LOD reported by Pecson et al.
(2021) is calculated by correlating the PCR instrument
detection limit, method concentration factor, and recovery
efficiency of a surrogate spike detected by the method.18 Using
the same approach, the theoretical LOD of the enhanced
magnetic beads-based RNA extraction method is 2.3 GU mL−1,
considering the assay detection limit of 5 copies per reaction, a
25-fold concentration factor, and a maximum recovery
efficiency observed of 86.9%. The theoretical LOD is about 22
times lower than the experimentally determined MLOD and
closer to the lowest range reported for the 36 methods
evaluated in Pecson's work.

3.3 Assessing method performance in municipal wastewater
with varying levels of solids

The performance of the direct RNA extraction method (using
a 1-mL sample volume) and the enhanced extraction
protocol, which includes the pre-concentration step, was
assessed using wastewater with low, moderate, and high
solids content (Fig. 4). The enhanced extraction protocol was
carried out using a 50-mL sample volume centrifuged for 5
min at 5000 rpm to obtain a 500-μL pellet, which was eluted
with 2 mL of the Tween®20-based buffer. To mitigate the
effects of inhibition, all extracted RNA samples for both
methods were analyzed undiluted via RT-qPCR and at the
following dilutions with 1 mg mL−1 BSA: 1 : 1; 1 : 5; and 1 : 10.
Mean RNA concentrations for each experimental group (e.g.,
direct (1 mL); moderate solids content) were calculated from
the highest concentration reported for each sample among
the four RNA dilutions.

The recovery of HI-SCV-2 RNA was notably higher using
the enhanced extraction protocol in all three wastewater
matrices. In the low solids matrix (TSS = 77 mg L−1), both
methods resulted in positive detections in two of three
biological replicates. However, RNA concentrations were
higher using the pre-concentration step prior the RNA
extraction method (66.8 ± 110.6 GU mL−1; Ct values 34.15
and 37.01) than for the direct method (1.5 ± 1.4 GU mL−1; Ct
values 38.23 and 39.04). There was no significant difference
in mean Ct values between the two approaches (p = 0.300).
Similarly, there was a noticeable difference in the
performance of the methods in the moderate solids matrix
(TSS = 175 mg L−1); the enhanced extraction protocol resulted
in three of three positive detections and a mean
concentration of 868.8 ± 484.1 GU mL−1 (Ct values ranged
from 30.10 to 32.27) with an increase in RNA recovery from
6.7 (low solids matrix) to 86.9% (moderate solids matrix). In
contrast, the direct method resulted in a viral detection in
only two of three biological replicates, with a mean RNA
concentration of 72.3 ± 121.4 GU mL−1 (Ct values 34.00 and
37.53) and a recovery of 7.2%. As with the low solids matrix,
there was no significant difference in mean Ct values
between the two approaches for the moderate solids matrix
(p = 0.116). For the high solids matrix (TSS = 332 mg L−1), the
enhanced extraction protocol resulted in detections in all
three biological replicates, a mean RNA concentration of
529.3 ± 678.0 GU mL−1, and a recovery of 52.9% (Ct values
ranged from 30.07 and 35.74). HI-SCV-2 RNA was not
detected in any of the biological replicates using the direct
method in the matrix with high solids content. Similar to
findings by Feng et al. (2021), samples with higher TSS did
not consistently result in higher viral RNA concentrations.59

It is widely known that the recovery of SARS-CoV-2 may be
impacted by the presence of solids in wastewater, which can
inhibit qPCR reactions, decrease assay sensitivity, and
produce false negative results.60 However, the inclusion of
the solids fraction of wastewater is a common approach to
SARS-CoV-2 wastewater surveillance, as the virus tends to

Fig. 3 Experimental estimation of the method limit of detection
(MLOD) of the enhanced magnetic beads-based RNA extraction
protocol using a logistic regression model (0 = −39.7; 1 = 0.8) with a
95% limit of detection.

Environmental Science: Water Research & TechnologyPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

/2
8/

20
24

 1
1:

04
:4

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ew00539a


Environ. Sci.: Water Res. Technol., 2022, 8, 47–61 | 55This journal is © The Royal Society of Chemistry 2022

partition to solids in the wastewater.28,61,62 The detection of
HI-SCV-2 in wastewater matrices with varying degrees of
solids demonstrates that although the enhanced extraction
protocol involves a concentration factor of 25, the co-
concentration of inhibitors does not impede the detection of
HI-SCV-2 RNA in these matrices. However, as mentioned
earlier, it is unlikely that viral surrogates partition to solids
as does SARS-CoV-2 in real wastewater samples.51 It is
possible that a significant proportion of the HI-SCV-2
surrogate used in these experiments remained in the liquid
fraction to be discarded in the supernatant following the
centrifugation step of the enhanced extraction protocol, as
the centrifugation force and time used in the method is
insufficient to pellet free viruses.52,53 As such, follow-up
experiments using wastewater known to contain SARS-CoV-2
were carried out to compare the performance of the methods
in real world samples.

3.4 Performance of the direct and enhanced RNA extraction
protocols using wastewater samples known to contain SARS-
CoV-2

Influent composite wastewater known to contain SARS-CoV-2
was analyzed to assess the performance of the enhanced
extraction protocol. As with the bench-scale experiments in
wastewater with varying levels of solids, all extracted RNA
samples for both methods were analyzed undiluted via RT-

qPCR and at the following dilutions with BSA: 1 : 1; 1 : 5; and
1 : 10. Mean RNA concentrations for each experimental group
were calculated from the highest concentration reported for
each sample among the four RNA dilutions (Fig. 5).

SARS-CoV-2 was detected in all five biological replicates
processed using the enhanced extraction protocol, with Ct
values ranging from 28.05 to 34.94. Maximum RNA
concentrations using this method were achieved through
either 1 : 5 or 1 : 10 RNA dilution with BSA. In contrast, the
viral signal was detected in only two of five replicates (RNA
diluted with 1 : 1 BSA) using the 1-mL direct extraction
method and both detections showed Ct values >38. SARS-
CoV-2 was not detected in any of the five biological replicates
when undiluted RNA was analyzed or when diluted at 1 : 5
and 1 : 10 BSA.

The mean SARS-CoV-2 concentrations detected in the
wastewater samples were 3.11 × 103 ± 3.26 × 103 GU mL−1

using the enhanced extraction protocol and 2.41 × 101 ± 3.54
× 101 GU mL−1 for the direct extraction method. These
marked differences in RNA concentrations (over two orders
of magnitude) and detection rates demonstrate that the pre-
concentration step in combination with the magnetic beads-
based RNA extraction method is more sensitive and reliable
than the direct extraction method for monitoring SARS-CoV-2
in wastewater. The higher detection rate (100%) observed
with the enhanced extraction protocol in this experiment is
critical, as composite samples collected from WWTFs are not

Fig. 4 Median concentrations (bold-coloured bars) and recovery (lightly-coloured bars) of HI-SCV-2 RNA in bench-scale experiments that
compared the performance of the enhanced RNA extraction protocol (pre-concentration of 50-mL sample volume) and the direct RNA extraction
method (1-mL sample volume). Experiments were carried out using wastewater with low, moderate, and high solids content. Each wastewater
sample, which previously tested negative for SARS-CoV-2, was spiked to 1.0 × 103 GU mL−1 (theoretical concentration) with HI-SCV-2, and
experiments were performed in triplicate. Number of detections for each experimental group is shown at the top of each bar. Error bars indicate
the data range.
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always homogeneous and SARS-CoV-2 detection may vary
among smaller sample aliquots. While the 1-mL sample
volume required for the direct extraction method is practical
and amenable to high-throughput, the inconsistent detection
and lower RNA concentration yields demonstrated in this
experiment suggests that the direct extraction method may
not be suitable for wastewater surveillance without the
addition of the rapid pre-concentration step, especially
during periods of low COVID-19 prevalence.

This experiment highlights several important features of
the improved magnetic beads-based RNA extraction method
with the addition of the pre-concentration step. First, the 25-
fold concentration factor allows sufficient concentration of
SARS-CoV-2 for reliable detection and quantitation without
impacting RT-qPCR analysis through increased inhibition.
Second, the larger initial sample volume (50 mL) is more
representative of a larger composite sample than is the 1-mL
aliquot used in the direct extraction method. Third, the low
Ct values achieved by the method (<30) may present an
opportunity for different applications such as environmental
genomic sequencing. The results of this experiment suggest
that the implementation of the enhanced extraction protocol
may be a rapid and effective approach for the consistent and
accurate routine monitoring of SARS-CoV-2 in wastewater.

3.5 Application of the enhanced RNA extraction protocol for
the detection and quantification of SARS-CoV-2 in wastewater
from four communities in Nova Scotia

A total of 165 influent 24-h composite wastewater samples
were collected from four WWTFs in Nova Scotia over a 15-
week study period during which the province experienced a

third wave of COVID-19 cases. The detection levels of SARS-
CoV-2 for the WWTFs monitored are shown in Fig. 6. The
results of this monitoring program show the clear persistent
signal about two weeks in advance of the spike in COVID-19
cases at the Halifax WWTF. It is unknown if the viral signal
was present in the wastewater between April 17th and 20th,
2021, as samples were not collected from any of the WWTFs
during that time. A persistent viral signal was observed in
wastewater from at least two of the WWTFs located within
the central zone during the rise in COVID-19 caseloads from
April 26th to May 10th, 2021, when the number of active
COVID-19 cases peaked at 1415. Similarly, the signal was
consistently present in wastewater samples from at least two
of the WWTFs for the remainder of the study period even
though caseloads decreased to 253 at the end of the study
period. Moreover, the SARS-CoV-2 signal in the wastewater
peaked on April 30th, while the reported case data peaked
nine days later on May 9th, 2021. Although the location of
the reported COVID-19 cases in the catchment areas within
the central zone during the study period are unknown, our
data provide information about the catchment areas that
appeared to be contributing to the wastewater signal at
different points in time throughout the third wave.

There are several reasons why the wastewater data do not
more closely match the COVID-19 case data for the central
zone. First, the combined contributing population of the four
WWTFs is approximately 271 000 people, about 64% of the
total population in the central zone. It is possible that active
cases that may have been present in the remaining 36% of
the population in the central zone were not contributing to
the viral signal in the wastewater collected at the four
WWTFs sampled in the study. Second, there were days within
the sampling period when no samples were collected at any
of the WWTFs (e.g., April 2 to 6, 8, 13, 17 to 20, and 25) and
other days on which samples were collected, but not from all
WWTFs (Fig. 6). Third, in our bench-scale experiments,
different SARS-CoV-2 concentrations were observed for the
same sample at different RNA dilution factors, and it is
unknown if higher concentrations could have been achieved
in the monitoring program at different dilution factors. In
addition, hospitalizations and transfer of patients out of the
central zone during the study period may have also affected
the relationship between the wastewater viral signal and
number of cases in the area. Moreover, while it is possible
that prolonged shedding may be contributing to the
persistent viral signal observed in the WWTF samples after
caseloads decreased, further research is required to better
understand shedding rates of infected individuals. Careful
consideration of these factors is important when comparing
the raw wastewater data presented here to the COVID-19 case
data for the central zone.

Of the 165 samples analyzed, there were 144 detections,
96 of which were below the experimentally determined MLOD
of 50 GU mL−1, and the method allowed the detection of
SARS-CoV-2 RNA as low as 1.7 GU mL−1. The experimentally
determined MLOD of the enhanced extraction protocol using

Fig. 5 Median concentrations (bold-coloured bars) and detection
frequency (lightly-coloured bars) of SARS-CoV-2 RNA in a composite
influent wastewater sample that was known to have high viral levels.
This experiment compared the performance of the enhanced
extraction protocol (pre-concentration of 50-mL sample volume) and
the direct RNA extraction method (1-mL sample volume) using five
biological replicates for each method. Number of detections for each
experimental group is shown at the top of each bar. Error bars indicate
the data range.
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HI-SCV-2 is likely an overestimation of the MLOD for SARS-
CoV-2 (as suggested by the calculated theoretical LOD), which
may be attributed to a difference in partitioning behaviour of
the surrogate when spiked into wastewater compared to that
of SARS-CoV-2 in real wastewater samples. As with the series
of bench-scale experiments carried out in this study, the 25-
fold concentration step does not appear to increase
inhibition to the point where detection and quantitation of
SARS-CoV-2 is hindered in raw wastewater samples. This
feature is a critical advantage and highlights the potential of
applying this simple and rapid method to wastewater
surveillance of SARS-CoV-2 RNA as a predictive tool for
subsequent waves of infection in communities. These results
demonstrate that the enhanced extraction protocol is an
effective approach for the wastewater surveillance of SARS-
CoV-2 in communities with low COVID-19 prevalence.

Pre-concentration of wastewater samples does not always
result in higher viral recoveries. For example, Gonzalez et al.,
(2020) compared the recovery efficiency of bovine coronavirus
(BCoV) and bovine respiratory syncytial virus (BRSV) from
concentrated and unconcentrated wastewater samples.8 Two
concentration techniques were used: concentrating pipette
with centrifugation and electronegative filtration.
Interestingly, recoveries of the surrogates without
concentration were 59 and 75% for BCoV and BRSV,
respectively, while neither concentration technique resulted
in recoveries above 7.6% for either surrogate. Moreover,

Green et al. (2020) reported only a 12% recovery of inactive
SARS-CoV-2 from 20 mL samples of wastewater using
ultracentrifugation.63 In a survey of surveillance methods for
SARS-CoV-2 detection in wastewater released by the Water
Research Foundation, 127 respondents from 35 countries
participated; 71.4% of respondents indicated that they
removed solids from the wastewater samples, 86.5%
performed a pre-concentration step, and 46.9% incorporated
a secondary concentration step.64 Of the vast array of
methods reviewed, this is the first to advance a robust
magnetic beads-based RNA extraction technique from whole
wastewater without extensive sample pre-treatment such as
ultracentrifugation or ultrafiltration.

SARS-CoV-2 concentrations may be normalized to
wastewater flow, human fecal markers, or recovery of
surrogates in wastewater surveillance programs.59 One of the
limitations of this study is that the SARS-CoV-2
concentrations generated from the monitoring program were
not normalized. However, Kantor et al. (2021) illustrated that
the application of a normalization factor does not account
for losses during RNA extraction and recommended reporting
directly measured SARS-CoV-2 concentrations while stating
the method's recovery efficiency instead of attempting to
correct the RNA concentration for recovery efficiency.65

Moreover, Feng et al. (2021) demonstrated decreased
correlations of SARS-CoV-2 concentrations in influent
wastewater to COVID-19 case data when normalizing to

Fig. 6 SARS-CoV-2 RNA detections in wastewater collected from four WWTFs (Halifax, Dartmouth, Mill Cove, and Eastern Passage) in low
prevalence communities in Nova Scotia's central zone (log scale). An X on the x-axis denotes dates on which no samples were collected at any of
the WWTFs. In addition, samples were not collected on the following dates: April 15, 22–24 at the Halifax WWTF; April 9–12, 16, and 24 at the
Dartmouth WWTF; April 9–12, 15–16, 22–24, and 26 at the Mill Cove WWTF; and before April 22, April 26, May 1–2, June 12–13, 19–20, and 26–27 at
the Eastern Passage WWTF. Sample collection frequency was reduced to three times per week between July 5–14 at all WWTFs.
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wastewater flow, fecal indicators (pepper mild mottle virus
and human Bacteroides HF183), and a spiked recovery control
(bovine coronavirus).59 Another limitation of this study was
that the HI-SCV-2 RNA may not represent the true behaviour
of SARS-CoV-2 in wastewater. As such, experimentally
determined MLOD and recovery efficiency values using the
surrogate may not be representative of SARS-COV-2 in
wastewater. Furthermore, as there is high variability in
wastewater composition among samples and aliquots, the
extent of how SARS-CoV-2 RNA recovery efficiency varies with
different water quality parameters is largely unknown.
Although recoveries of up to 87% were observed for HI-SCV-2
in one of the matrices of the bench-scale experiments in this
study, overall recovery of SARS-CoV-2 from wastewater
appears to be dependent on matrix characteristics and RNA
dilution factor needed to overcome inhibition.

The 25-fold concentration step added to the magnetic
beads-based RNA extraction protocol is required to detect low
viral concentrations present in wastewater. This feature is
especially important as SARS-CoV-2 concentrations may
decrease as vaccinations programs roll out and COVID-19
prevalence diminishes in communities. Many viral
concentration methods typically involve many tedious, time
consuming and expensive steps for the analysis of wastewater
samples. A simple and sensitive approach such as the sample
pre-concentration step in combination with the magnetic
beads-based RNA extraction method would therefore be highly
favourable for a SARS-CoV-2 wastewater monitoring programs
for the early detection of COVID-19 outbreaks in communities.

4. Conclusions

This work outlines the development of a rapid and effective
pre-concentration protocol and a magnetic bead-based
extraction method in the detection of SARS-COV-2 in complex
wastewater samples. In bench-scale experiments, the enhanced
extraction protocol (with an additional pre-concentration step)
was more effective than the direct extraction method in
recovering spiked viral HI-SCV-2 RNA from influent wastewater
samples containing varying levels of solids. In an assessment
of the optimal volume of the Tween-based buffer, the highest
HI-SCV-2 RNA recovery was obtained with the 1 : 4 solids pellet :
buffer ratio. In experiments carried out to mitigate inhibition,
pre-extraction sample dilution yielded a lower mean HI-SCV-2
RNA recovery while centrifugation after the addition of the
elution buffer and dSPE clean-up resulted in fewer RNA
detections and diminished recoveries. In field experiments, the
pre-concentration step in combination with the magnetic
beads-based RNA extraction method was consistently
more effective than the direct extraction method in detecting
SARS-CoV-2 RNA in influent wastewater known to contain
SARS-CoV-2 and resulted in a 100% detection rate.

When implemented into a wastewater surveillance
program, the enhanced extraction protocol provided a clear
persistent signal approximately two weeks in advance of a
spike in COVID-19 cases in the region. In addition, a

constant viral signal was observed in wastewater during the
rise and fall in COVID-19 caseloads during the study period.
Over half of the SARS-CoV-2 detections in wastewater samples
were below the experimentally determined MLOD, indicating
that the actual SARS-CoV-2 detection limit is likely lower than
the experimentally determined value using the HI-SCV-2
surrogate. This study shows that the enhanced extraction
protocol is an effective approach for the wastewater
surveillance of SARS-CoV-2 and may be used as an early
warning tool in communities with low COVID-19 prevalence.
Although magnetic beads have previously been employed in
the extraction of nucleic acids from a variety of matrices
including wastewater, this work advances previous research
through the development of a magnetic beads-based protocol
for the rapid extraction of SARS-CoV-2 RNA from raw
municipal wastewater. The described method is simple,
transferable, and rapid, producing results in under three
hours from receiving the sample. These features provide an
advantageous application of the enhanced magnetic beads-
based RNA extraction protocol for laboratories that may have
limited resources.

5. Research ethics statement for
wastewater surveillance studies

In consultation with the Research Ethics Board (REB) at
Dalhousie University, it was determined that REB review was
not required for research that involves analysis of anonymous
human biological materials (such as municipal waste)
without generating identifiable information. This research
complies with article 2.4 described in the Tri-Council Policy
Statement: Ethical Conduct for Research Involving Humans
(TCPS 2, 2018).
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