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A novel passive sampling approach for SARS-CoV-
2 in wastewater in a Canadian province with low
prevalence of COVID-19†

E. K. Hayes, a C. L. Sweeney, a L. E. Anderson, a B. Li, a G. B. Erjavec,a

M. T. Gouthro,a W. H. Krkosek,b A. K. Stoddart a and G. A. Gagnon *a

The overall objective of this work was to develop a simple and effective passive sampling protocol for the

detection of SARS-CoV-2 in sewer catchments at targeted institutional-level sampling sites in a region of

low COVID-19 prevalence. We developed a new 3D-printed sampling cage and assessed four

commercially-available materials (cotton gauze, cotton cheesecloth, cellulose sponges, and

electronegative filters) for RNA adsorption in the cage. We determined that cheesecloth and

electronegative filters provided an effective approach for collecting and measuring SARS-CoV-2 in

wastewater. We also compared the performance of three elution mixtures (a commercially-available lysis

buffer, a Tween®20-based buffer, and a 1:1 acetonitrile:water mixture) for detection of heat-inactivated

SARS-CoV-2 reference material (HI-SCV-2) spiked into municipal wastewater at 1.0 × 103 genomic units

per millilitre (GU mL−1). The highest mean RNA concentrations were achieved using the cheesecloth (7.0 ×

104 ± 3.7 × 104 GU per eluate) and electronegative filters (2.3 × 104 ± 2.5 × 104 GU per eluate) in

combination with the Tween®20-based buffer with positive detections in all three biological replicates for

both material types. We deployed passive samplers at two sewer catchments (locations A and B) to

compare the performance of each passive sampler material type in the field. Over 15 sampling events at

each site, we demonstrated that both cheesecloth (location A) and electronegative filters (location B)

coupled with a Tween®20-based elution technique could be utilized for the reliable detection of SARS-

CoV-2. These results have demonstrated a quick and effective passive sampling approach for SARS-CoV-2

detection in targeted locations in wastewater collection systems, which may have long-term applicability

as global vaccination programs evolve.

1 Introduction

Since the onset of the coronavirus 2019 (COVID-19)
pandemic, the novel severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has been identified in both
respiratory and gastrointestinal tracts,1 with viral shedding

reported in faeces and urine of both symptomatic and
asymptomatic individuals through all stages of infection.2

The global spread of COVID-19 has led to the progression
of wastewater-based epidemiology (WBE) as a macro-scale
surveillance tool that is sought to aid in public health
decision making.3–9 The WBE approach is relatively new
and was developed based on the analysis of biomarkers and
pollutants in wastewater to obtain both quantitative and
qualitative data on the activity of individuals in a
wastewater catchment area.10–14 For example, recent studies
have shown that SARS-CoV-2 RNA was detected in sewage
samples before any reported cases, suggesting that virus
monitoring could be feasible before cases are documented
through the health surveillance system.8,15–17 This approach
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Water impact

This study demonstrated the effectiveness of an innovative 3D-printed passive sampling device with new extraction techniques for SARS-CoV-2 detection in
municipal wastewater in a region with low COVID-19 prevalence. When collected alongside grab samples, the passive sampling approach was more
sensitive. Therefore, this approach has global implications as it can provide targeted monitoring as vaccination programs expand.
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also offers a broader viral surveillance method within the
populous at a relatively low cost compared to individual
clinical laboratory tests.

Although the WBE approach has been applied for SARS-
CoV-2 monitoring, much is yet to be understood surrounding
sampling methods. Conventionally, samples for WBE have
been taken through grab or 24 hour composite sampling
techniques.18 Grab sampling, although simple and
convenient, provides only a snapshot of representation for a
population's wastewater system. Similarly, composite
sampling offers a final volume that is more representative of
a given population over time but can be time consuming and
costly. Further, composite sampling may not be a reliable
monitoring approach in areas of low COVID-19 prevalence as
composite samples can dilute SARS-CoV-2 signals.19,20

Alternatively, sampling upstream of WWTPs at sewershed
pump stations, manholes, or institution-level sites (e.g.,
commercial properties, airports, university campuses, etc.)
can target specific areas of interest. Consideration of the
challenges of each sampling approach is critical for
developing effective wastewater monitoring programs, which
could become increasingly more relevant as vaccination
programs begin to take shape globally.21,22

A passive sampling approach provides a cost effective and
relatively easy option to grab and composite sampling. This
approach involves the use of a passive sampling device which
is deployed at a location in the sewershed for a
predetermined period, and contaminants in the wastewater
are allowed to interact with an adsorbent material housed
inside the device,23,24 which results in the concentration of
the virus. A passive sampling technique commonly referred
to as the “Moore swab” has been previously used to extract
enteric pathogens from cotton gauze in water.25,26 Recently,
the Moore swab approach was used for passive sampling of
SARS-CoV-2 in wastewater and it was determined that passive
samplers were at least as sensitive as conventional sampling
for detecting SARS-CoV-2 in wastewater.24 Another benefit of
the passive sampling approach for WBE is that these devices
can be deployed at smaller scales at sewer locations or pump
stations for targeted monitoring at a specific location or
building where grab or composite sampling may not be
feasible.

The Moore swab method involves the use of cotton gauze
as a swab and has been used in the collection of
microorganisms in water and wastewater, including
poliovirus,27 and human norovirus.28 Sikorski and Levine
(2020) noted that the type of materials that have been used
range from cheesecloth to cotton gauze.25 Specific to SARS-
CoV-2 monitoring, Schang et al. (2020) tested medical gauze,
laboratory grade electronegative filter paper and cotton buds
for passive sampling of viruses in wastewater.24 Additionally,
Liu et al. (2020) have successfully used cotton gauze in the
passive sampling of wastewater to measure SARS-CoV-2.29 A
more recent study successfully implemented the use of
tampon swabs in the detection SARS-CoV-2 RNA in
wastewater.30 Although these materials have proven to be

effective, there is opportunity to further optimize the
selection of adsorbent material for passive sampling for
SARS-CoV-2 in wastewater. Schang et al. (2020) also stated
that further research is needed for laboratory methods,
particularly with respect to elution and extraction of the virus
from the various adsorbent materials.24 For example, a mixed
elution buffer consisting of phosphate buffer solution, Tween
80 and antifoam emulsion was used for the recovery of SARS-
CoV-2 RNA from adsorbent material, but it is recognized that
there are a number of chemical agents that could be used to
increase elution from specific swabbing materials. Thus,
there is a need to comparatively evaluate elution efficacy of
the various buffers or mixtures that have been considered in
the literature.

The overall objective of this work was to develop a simple
and effective passive sampling protocol for the detection of
SARS-CoV-2 in sewer catchments at targeted institutional-
level sampling sites in a region of low COVID-19 prevalence.
Our specific aims were to 1) design and construct a 3-D-
printed passive sampling device that protects the enclosed
adsorbent material from being lost, torn, or obstructed by
larger wastewater debris; 2) assess four materials for
maximum recovery of heat-inactivated SARS-CoV-2 reference
material from deionized water and wastewater; 3) compare
the performance of three elution mixtures for maximum
recovery of SARS-CoV-2 surrogate RNA (heat-inactivated SARS-
CoV-2) from spiked wastewater; and 4) conduct field-scale
testing at an institutional level using this passive sampling
protocol to monitor SARS-CoV-2 in a region of low COVID-19
prevalence.

2 Materials and methods
2.1 Reagents and materials

Heat inactivated SARS-CoV-2 (HI-SCV-2) (ATCC®
VR1986HK™) was sourced from American Type Culture
Collection (Virginia, USA). DI water was obtained from a
Milli-Q system (Reference A+, Millipore) and contained a total
organic carbon (TOC) concentration <5 μg L−1 and a
resistivity of 18.2 MΩ cm. Ethanol (EtOH) and acetonitrile
(ACN) were purchased from Fisher Scientific (Ottawa, ON,
CA). Cellulose sponges, cotton gauze, and cheesecloth were
acquired from a local pharmacy, and electronegative filter
membranes (4.7 cm, 0.1 μm or 9.0 cm, 0.22 μm cellulose
nitrate membrane filters) were purchased from Fisher
Scientific (Ottawa, ON, CA) and Sigma-Aldrich (St. Louis, MO,
USA). For preliminary work, a premade elution buffer
comprised of 0.075% Tween®20 + 25 mM Tris HCl was
obtained from Innovaprep Technologies (Drexel, MO, USA).
For subsequent experiments, this mixture was made using
Tween®20 and Tris-HCl sourced from Sigma Aldrich (Ottawa,
ON, CA); 75 μL of Tween®20 and 250 μL of a 0.1 M Tris-HCl
intermediate was added to DI water for a total volume of 100
mL. Magnetic binding beads (20 g L−1), RNA extraction kits,
and SARS-CoV-2 assay kits were obtained from LuminUltra
Technologies Ltd (Fredericton, NB, CA). Samples were stirred
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on a Fisherbrand™ Isotemp™ magnetic plate stirrer (Fisher
Scientific, Ottawa, ON, 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).

2.2 The passive sampling device: COVID-19 sewer cage
(COSCa)

To build upon the Moore swab concept as a passive sampling
approach for SARS-CoV-2 in low prevalence areas, the COVID-
19 Sewer Cage (COSCa) (ESI† Fig. S1) was developed to
minimize over-saturation of solids on the adsorbent material
(e.g., swab) and to prevent loss or damage of the adsorbent
material itself. The COSCa is a 10 cm diameter hollowed
sphere with 26 holes, with each hole having a 1.5 cm
diameter to foster non-restrictive flow. The COSCa was
designed and exported from Fusion 360 software (2018) and
sent to a material jetting 3D printer (AnyCubic Mega Zero
2.0) and was printed with acrylonitrile butadiene styrene
(ABS) plastic, an engineered thermoplastic with a high
melting point that can withstand high autoclave
temperatures. The COSCa was printed with solid walls to
provide sufficient mass for complete submersion in stagnant
waters or in moderate flow catchments.

2.3 Wastewater collection for method development

Four 1 L wastewater samples (24 h influent composite) were
collected from a wastewater treatment facility (WWTF) in
Moncton, New Brunswick, Canada on different calendar days
in November and December 2020. Six 1 L wastewater samples
(24 h influent composite) were collected from two WWTFs in
Halifax and Dartmouth, Nova Scotia, Canada between March,
and April 2021. Samples were transported to Dalhousie
University on ice and kept at 4 °C for up to 24 h prior to
initial RNA extraction to determine background levels of
SARS-CoV-2. Remaining sample volumes were stored at −20
°C until used in passive sampling experiments.

2.4 Bench-scale experimental set-up for HI-SCV-2 RNA
recovery in DI water and wastewater

For each bench-scale experiment, 500 mL samples were
prepared. DI water and wastewater samples were spiked with
HI-SCV-2 (1 × 103 GU mL−1) in triplicate and left stirring
continuously at 100 rpm at room temperature for 30 min to
equilibrate before adsorbent material was added. To simulate
deployment in sewer catchments, adsorbent material was
placed inside each COSCa, which were then suspended in the
prepared water samples from a biohazard waste bag holder
and continuously stirred on a stir plate at 100 rpm for 24 h
at room temperature. After 24 h, the material was extracted
from the COSCa and placed into 50 mL falcon tubes for
subsequent RNA extraction. For each sample batch, a single
matrix sample was left unspiked to serve as a blank.

2.4.1 Bench-scale evaluation of swab materials for SARS-
CoV-2 detection in different water matrices. Four swab
materials were assessed for SARS-CoV-2 absorbance: 100%
cotton gauze, 100% cotton cheesecloth, cellulose sponges,
and electronegative filter membranes. The gauze,
cheesecloth, and sponges were chosen as passive sampling
materials as these inexpensive materials were readily
available from a local pharmacy. The materials were
evaluated for HI-SCV-2 RNA concentration in laboratory
experiments in two different water matrices: DI water, and
municipal wastewater that previously tested negative for
SARS-CoV-2 using the LuminUltra magnetic bead-based
protocol (described below). All samples in this section were
eluted using a lysis buffering agent (lysis buffer concentrate,
LuminUltra Technologies Ltd) and extracted for SARS-CoV-2
RNA using the magnetic bead-based protocol. The lysis buffer
was selected for preliminary experiments as it was a readily-
available component in the RNA extraction kit used in this
study.

Bulk samples of gauze and cheesecloth were cut to
approximately 7.6 × 183 cm and folded four times, based on
the approach described by Sikorski and Levine (2020).25 The
sponge was cut into pieces of approximately 1 × 2.5 × 4 cm.
Due to the fragility of electronegative filter papers, filter
holders were designed and 3D-printed for each device. Filters
were inserted between two attachments and placed inside the
COSCas to allow contact with the wastewater while
maintaining the integrity of the filter. For each laboratory-
controlled sample, three filters were placed adjacent to each
other within a 3D-printed electronegative filter holder inside
a COSCa device. The placement of different adsorbent
materials inside the COSCa passive sampler and
experimental set-up are shown in Fig. 1.

2.4.2 Bench-scale evaluation of elution mixtures for
maximum concentration of SARS-CoV-2 from swabs. For
assessing different materials in the detection of SARS-
CoV-2 in different water matrices, swabs were eluted
with a lysis buffer, as described. Two materials from the
previous experiment (cheesecloth and electronegative
filters) were used to compare the elution efficacy of the
lysis buffer with that of two additional mixtures: a
Tween®20-based buffer and a 1 : 1 acetonitrile : water
mixture. Following a 24 h stirring period, each sample
(cheesecloth or filter) was immediately eluted by adding
2 mL of elution mixture, shaking vigorously by hand for
1 min, and incubating for 1 min at room temperature.
Residual liquid was pressed out of the adsorbent
material by kneading, and the eluate was transferred to
a separate falcon tube. This process was repeated twice
more for a total elution volume of 6 mL, 1 mL of
which was used for RNA extraction using the magnetic
bead-based method described in section “1.8 RNA
extraction”. This 6 mL elution volume was determined
using a scaled down approximation of elution buffer
volume used in a Moore swab processing method
described by Liu et al. (2020).29
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2.5 Comparing the performance of cheesecloth and
electronegative filters in COSCa passive samplers at two
sewer catchments

Two sewer catchments at targeted institutional-level sampling
sites were chosen for this study: location A, a university
residence and location B, a business center comprised of five
adjacent buildings (ESI† Fig. S2). These sites were selected
after news releases indicated that there was at least one
known case of COVID-19 at a university residence on the
same campus as location A, as well as known cases amongst
the five buildings that service location B. Multiple COSCas
were not deployed at the same sewer location as we did not
want to lose sampling equipment in the sewer system and
harm sewer infrastructure. To compare the performance of
cheesecloth (7.6 × 183 cm) and electronegative filters (9.0 cm
diameter) in the detection of SARS-CoV-2 in wastewater using
a passive sampling device, location A was regularly sampled
using a COSCa containing cheesecloth swabs and location B
was sampled using a COSCa containing filters. Fifteen
sampling events were conducted at each location between
January and May 2021.

For each sampling event, a COSCa was deployed for 24, 48
or 72 h, depending on site accessibility. A paired grab sample
(125 mL) was collected with most COSCa samples at location
A; however, grab samples were not feasible at location B due

to manhole depth restrictions. Following each deployment
period, the COSCa was retrieved, and the swab or filter was
immediately placed inside a sterile 50 mL Falcon tube and
transported to the lab on ice for analysis. All COSCa samples
obtained through field experiments were eluted with a
Tween®20-based elution buffer. To conserve reagents, single
aliquots for each field sample eluate were extracted for SARS-
CoV-2 RNA and analyzed via RT-qPCR. In cases when
inhibition was expected (e.g., sample eluate with high solids
content), extracted RNA was diluted 1 : 1 with BSA. For
cheesecloth samples containing a large amount of solids, the
eluate was diluted (up to 5-fold) to facilitate RNA extraction.
Sample eluate and RNA dilutions for each sampling event are
summarized in ESI† Tables S1 and S2. For redeployment, the
COSCa was disinfected with EtOH, a new swab or filter was
placed inside, and the COSCa was then lowered and placed
directly into the wastewater flow.

2.6 RNA extraction

RNA extraction for raw wastewater and passive sampler swabs
was carried out using a magnetic bead-based RNA extraction
procedure.31 A volume of 1 mL of sample (wastewater or
COSCa eluate) was used to perform this extraction protocol,
resulting in a total of 50 μL of eluted RNA for RT-qPCR
analysis. This RNA extraction method was selected for several

Fig. 1 Placement of different adsorbent materials inside the COVID-19 sewer cage (COSCa) passive sampler. a) Arrangement of three 4.7 cm
electronegative filters; b) filters secured inside the COSCa insert; c) 9.0 cm filter inside a COSCa insert for field sample collection; d) gauze/
cheesecloth and e) cellulose sponge placement inside the COSCa; and f) laboratory bench-scale COSCa passive sampling experimental set-up.
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reasons: A. the LuminUltra GeneCount SARS-CoV-2
Wastewater RT-qPCR Assay Kit utilizes a commercially-
available patent-pending method based on a simple and
rapid extraction that produces results within a couple of
hours; B. this magnetic bead-based extraction protocol was
used in our regular wastewater surveillance program and
offered direct comparison between sampling approaches; C.
the passive sampling swabs required a direct RNA
extraction method that could process low-volume
particulate-laden samples, as other commonly used RNA
extraction method involve large sample volumes and
extensive sample pre-processing (i.e., preconcentration,
filtration, etc.). The RNA extraction protocol was followed
according to manufacturer's instruction and are
summarized in the ESI.†

2.7 RT-qPCR analysis

All RNA samples were processed by RT-qPCR on a
GeneCount® Q-16 instrument (LuminUltra Technologies Ltd,
Fredericton, CA). The primers and probes sequences used
were published by the US CDC as shown in Table 1.32 For the
analysis of SARS-CoV-2, 20-μL reactions were prepared using
the GeneCount SARS- CoV-2 Screening kit (LuminUltra
Technologies Ltd, Fredericton, CA), containing 15 μL of

Master Mix and 5 μL of template RNA. When inhibition was
expected, 2.5 μL template RNA was diluted with 2.5 μL BSA
solution. 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. The
two pre-denaturation steps were followed by 45 cycles of 95
°C for 10 s and 55 °C for 45 s, along with a final hold step at
50 °C for 1 min. Positive detections were indicated by cycle
threshold (Ct) values under 40. The RT-qPCR upper Ct value
detection threshold being 40 cycles, which corresponds to 1.4
copies per reaction.

2.8 Quantitative analysis of SARS-CoV-2 from passive
sampling material

In this work, quantitative analysis is carried out to assess the
relative performance of each swab material type and elution
mixture. RNA concentrations that reflect the amount of viral
RNA eluted from the adsorbent material (total genomic units
per 6 mL eluate) were calculated using eqn (1). Recovery of
HI-SCV-2 was calculated using eqn (2). A flowchart showing
both calculations is shown in ESI† Fig. S3.

RNA concentration (GU per eluate)
≈ sample concentration (GU mL−1) × 6 mL eluate (1)

Fig. 2 Mean concentrations (bold-coloured bars) and recovery of HI-SCV-2 RNA (lightly-coloured bars) from bench-scale passive sampler
experiments using four different adsorbent materials: cotton gauze, cheesecloth, sponge, and electronegative filters in spiked DI water (1.0 × 103

GU mL−1) and spiked wastewater (1.0 × 103 GU mL−1) that previously tested negative for SARS-CoV-2. Each material was incubated for 24 h and
eluted with 6 mL of lysis buffer. Number of detections for each material type is shown at the top of each bar (n = 3).

Table 1 Sequences for primers and probes of viral surrogates used in this study

Organism Sequence type Sequence (5′ – 3′)

SARS-CoV-2 N2 gene N2 forward primer TTACAAACATTGGCCGCAAA
N2 reverse primer GCGCGACATTCCGAAGAA
N2 probe FAMACAATTTGCCCCCAGCGCTTCAG ZEN/3IABkFQ/

Environmental Science: Water Research & TechnologyPaper
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RNA Recovery %ð Þ≈ 100 × sample concentration GU mL−1ð Þ × 6 mL eluate
Spiked concentration 1000 GU mL−1ð Þ × Sample volume 500 mLð Þ

(2)

2.9 Quality control

All passive sampling experiments, and RNA extractions
were performed in a Thermo Scientific 1300 Series A2
biosafety cabinet, with RT-qPCR assays being prepared in
a separate laboratory to minimize contamination. All
materials were sterilized in an autoclave to eliminate any
pre-contamination, and blank samples were run with all
RNA assays to ensure no contamination occurred during
sample extractions and preparation. Extracted RNA was
analyzed with the RT-qPCR immediately after extraction,
with all experiments being performed in triplicate.
Standards outlined in MIQE guidelines were consulted for
evaluating qPCR-based experiments. Internal positive and
negative controls were implemented in each RNA
extraction and qPCR assay. The LuminUltra qPCR system
utilizes a master standard curve incorporated into the
software. Mean Ct values are provided for each assay. To
assess sampling efficacy in bench-scale experiments,
biological replicates were performed in triplicate while
technical replicates were omitted to conserve reagents and
materials.

The method limit of detection (MLOD) determined by
Parra et al. (2021) for the direct extraction of SARS-CoV-2
RNA from raw wastewater was experimentally determined
as 40 GU mL−1, and the method recovery efficiency for
Accuplex, a SARS-CoV-2 surrogate, from wastewater was
reported as ∼12%.31 However, these values for MLOD and
recovery efficiency are not directly applicable to this passive
sampling approach for two reasons: A) a representative
MLOD requires calculations of recovery efficiencies based
on adsorption kinetics data, which are beyond the scope of
this work; and B) a different surrogate was used to
determine recovery efficiency and MLOD for the direct
magnetic beads extraction method. To compare the
performance of each method parameter, relative recovery
was calculated for each adsorbent material type and elution
mixture using the HI-SCV-2 surrogate, as shown in ESI†
Fig. S3.

2.10 Statistical analysis

A Welch two-sample t-test (two-tailed, α = 0.05) was
performed to evaluate the statistical significance between
mean HI-SCV-2 RNA concentrations obtained from
experiments carried out using different adsorbent materials
and elution buffers in both DI water and wastewater. All
experiments were performed using three biological replicates
and standard deviation was used to determine error bars. All
statistical analyses were performed using R (version 4.0.4)
software.33

3 Results and discussion
3.1 Comparison of adsorbent materials for the detection and
recovery of HI-SCV-2 from different water matrices

A controlled bench-scale experiment was conducted using
four adsorbent materials and two different water matrices (DI
water and municipal wastewater, both spiked with HI-SCV-2)
to evaluate the detection and recovery of HI-SCV-2. RNA
concentrations (GU per 6 mL eluate), recoveries (%), and
percent positive detections are shown in Fig. 2. In the
controlled experiment using DI water spiked to 1.0 × 103 GU
mL−1, HI-SCV-2 RNA was recovered from all four materials.
The electronegative filters resulted in the highest mean RNA
concentration (8.0 × 102 ± 3.7 × 102 GU per eluate) followed
by cheesecloth (4.6 × 102 ± 6.3 × 101 GU per eluate). The
sponge resulted in the lowest mean RNA concentrations (3.2
× 101 ± 5.6 × 101 GU per eluate). Ct values for RNA extracted
from cheesecloth, gauze, and electronegative filters in DI
water ranged from 36.8 to 37.2, 36.8 to 37.5, and 35.6 to 37.3
respectively. The Ct value for the single positive detection in
the sponge replicates was 39.5, which is approaching the
qPCR limit of detection.

To further explore the performance of each material in
recovering HI-SCV-2, the experiment was carried out in
municipal wastewater that previously tested negative for
SARS-CoV-2 and was spiked to 1.0 × 103 GU mL−1 with HI-
SCV-2. In this matrix, the highest mean HI-SCV-2 RNA
concentration was recovered from the cheesecloth (1.7 × 103

± 3.1 × 102 GU per eluate). The electronegative filters resulted
in the second highest mean RNA concentrations (1.4 × 103 ±
3.6 × 102 GU per eluate), but there was no statistically
significant difference ( p = 0.331) in the recovered
concentrations from the cheesecloth and filters. Although the
use of a cellulose sponge was promising due to its
absorbance capacity, the surrogate was not detected in any of
the sponge replicates. Ct values for RNA extracted from
cheesecloth, gauze, and electronegative filters in wastewater
ranged from 34.6 to 35.2, 35.3 to 35.6, and 34.8 to 35.5
respectively. In these initial experiments, recoveries were
below 1% for all passive sampling material types eluted with
the lysis buffer in both matrices.

The recovery of SARS-CoV-2 may be impacted by the
presence of solids in wastewater. Retention of solids can
improve RNA recovery, as SARS-CoV-2 partitions to solids,34–36

which can act as a vehicle for viral transport. In contrast,
excessive retention of solids can impede recovery by inhibiting
the RNA extraction process. The optimal passive sampling
material should balance the benefit of retaining virus-laden
particles and the negative impact of solids on efficient RNA
extraction. The cheesecloth and gauze samples retained more
solids from wastewater than did the filters. The

(2)
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concentration of HI-SCV-2 RNA recovered using cheese cloth
and gauze was not significantly different in DI water ( p =
0.373) nor in the wastewater matrix ( p = 0.091). The
comparable performance of these two readily-available
materials suggest that either may be used as an alternative
when laboratory-grade materials (e.g., electronegative filters)
are not available, which may be relevant for wastewater
surveillance programs in remote areas. In some sampling
locations where solids content is expected to be high, a filter
may be a preferred choice for passive sampling to allow
efficient RNA extraction. As such, the solids content of
wastewater should be considered when selecting passive
sampling material.

The affinity of the solids in the wastewater to the passive
sampling material also plays a role in the adsorption of the
virus. While COVID-19 virion sizes range from 0.07 to 0.09
μm,37 researchers have found that cellulose nitrate
membranes were capable of recovering viruses despite pore
sizes exceeding that of the viruses.38 This phenomenon is
understood to be the result of multiple reactive sites covering
the filters causing viral adhesion or the adsorption of the
virus-laden particles that may adhere to the membrane's
surface. Consequently, due to the nature of wastewater
matrices, high solid content is often observed, which may
result in preferential adsorption of organics to the filter
membrane thus reducing viral adsorption efficiencies.
However, the quantity of solids retained over a 24 h period
did not impact RNA extraction processes in bench-scale
experiments.

The results of these experiments indicate that
electronegative filters and cheesecloth resulted in the highest
mean HI-SCV-2 RNA concentrations in spiked DI water and

wastewater, respectively. Although cheesecloth may be used
as a quick and effective passive sampling material for SARS-
CoV-2 detection in municipal wastewater, particularly when
electronegative filters may not be readily available, the use of
laboratory grade materials provides reproducibility and
consistency in results that household materials may not. The
cheesecloth and the electronegative filters were selected for
further investigation in subsequent bench-scale experiments
and field studies because of the comparable performance of
these materials in both matrices.

3.2 Comparison of three elution techniques in the analysis of
SARS-CoV-2

To optimize laboratory methods for this passive sampling
approach, two other elution mixtures in addition to lysis
buffer were tested, including a Tween®20-based elution
buffer and a 1 : 1 acetonitrile : water mixture. All samples were
run in biological triplicates for cheesecloth swabs and
electronegative filters in municipal wastewater spiked to 1.0 ×
103 GU mL−1 with HI-SCV-2 (Fig. 3). All elution mixtures
resulted in positive detections for both material types. The
Tween®20-based elution buffer resulted in highest mean
RNA concentrations for both materials with positive
detections in all three replicates. The cheesecloth resulted in
a mean RNA concentration of 7.0 × 104 ± 3.7 × 104 GU per
eluate, while a mean concentration of 2.3 × 104 ± 2.5 × 104

GU per eluate was obtained with the filters. There was no
statistical difference in mean RNA concentrations between
the cheesecloth and filters eluted with the Tween®20-based
buffer ( p = 0.149). In wastewater, mean recoveries of HI-SCV-
2 increased from 0.3 to 13.9% and from 0.3 to 4.5% using

Fig. 3 Mean concentrations (bold-coloured bars) and recovery (lightly-coloured bars) of HI-SCV-2 RNA eluted from cheesecloth and electronegative
filters using three different elution mixtures: lysis buffer; 1 : 1 acetonitrile (ACN) :water mixture; and a Tween®20-based elution buffer. Triplicate swabs
for each elution mixture were tested in wastewater spiked to 1.0 × 103 GU mL−1 with HI-SCV-2, incubated for 24 h, and eluted with 6 mL. Error bars
indicate standard deviation. Number of detections for each material type and elution mixture is shown at the top of each bar.
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the Tween20®-based elution buffer to elute cheesecloth and
filters, respectively. All other recoveries in this series of
experiments were below 2%. For wastewater, Ct values for
RNA extracted from cheesecloth and electronegative filters
using the Tween20®-based elution buffer ranged from 28.1 to
29.6 and 29.4 to 34.1 respectively. By comparison, Ct values
for all other elution mixtures were less reliable and ranged
between 31.3 (one filter eluted with 1 : 1 acetonitrile : water
mixture) and 37.1. In addition to the material type and
characteristics, the relative recovery of viral RNA is highly
dependent on the performance of the elution buffer.

Many factors of an elution mixture can impact the elution
efficiency of viruses from materials, including difference in
pH, salinity, or the use of a surfactant.39 Tween®20 is a non-
ionic polysorbate surfactant widely used in biochemical
applications and is known for being a gentle surfactant at
lower concentrations to prevent premature cell lysis.40 In
other work, Tween®20 has been successfully implemented
for ultrafiltration techniques, significantly increasing
microbial recovery efficiencies.41 Tween®80, has been
utilized for its capability to elute viruses from filtration
media,42 and most recently, SARS-CoV-2 from passive
sampling material.24,29 The use of either Tween®20 or
Tween®80 are often interchangeable, with the main
difference of the two being the composition of fatty acids.43

Liu et al., (2020) and Schang et al., (2020) used 0.05%
Tween®80 mixed with sterile phosphate buffer solution and
0.001% Y-30 antifoam emulsion for elution of SARS-CoV-2
from cotton gauze collected from passive samplers.24,29

In this study, quantitative analysis of viral RNA was
carried out to assess the performance (i.e., relative recovery
efficiency) of each adsorbent material type and elution
mixture. Although recovery assessment for other quantitative
viral RNA extraction methods is often carried out using the
spike-and-recovery approach with a surrogate, this may not
accurately represent recovery efficiency, as many surrogates
used to assess SARS-CoV-2 extraction efficiency do not
appreciably partition to the solids fraction of wastewater
when seeded as SARS-CoV-2 does naturally.44 This difference
in behaviour between SARS-CoV-2 and its surrogates may

introduce variability in, and impact interpretability of, results
for not only controlled recovery studies, but for our
assessment of relative recovery as well. As such, field studies
to assess the optimized passive sampling approach (i.e.,
combination of materials and elution buffers) were a critical
next step from bench-scale experiments to optimize the
detection and quantitation of SARS-CoV-2. Based on the
performance of both the electronegative filters and
cheesecloth from our laboratory-controlled experiments,
these two material types in combination with the Tween®20-
based elution buffer were used in subsequent field
experiments.

3.3 Detection of SARS-CoV-2 in two sewer catchments using
cheesecloth and electronegative filters in COSCa passive
samplers

Over 15 sampling events at each location, SARS-CoV-2 was
detected on seven separate occasions at location A (COSCa
with cheesecloth swabs) and five sampling events at location
B (COSCa with electronegative filters) (Fig. 4). Based on
results from bench-scale experiments, the Tween®20-based
buffer was used for viral elution from cheesecloth swabs and
filters in all field experiments. Detection levels varied at
location A, ranging from 2.6 × 102 to 1.6 × 104 GU per eluate
and from 1.8 × 103 to 6.1 × 103 GU per eluate at location B.
SARS-CoV-2 was not detected in any of the grab samples
paired with the passive samples collected from location A.

At location A, there were three positive SARS-CoV-2 RNA
detections in the first six sampling events. The viral signal
was not detected in the next two sampling events but
reappeared in the following four consecutive sampling
events. For these positive detections, there was a decline in
the eluate viral RNA concentration from 1.9 × 103 to 2.6 × 102

GU mL−1, and the signal was eventually no longer detected in
the last three sampling events. At location B, three
consecutive positive detections were observed following four
non-detects. The signal appeared again in two of the four
remaining sampling events. SARS-CoV-2 RNA concentrations
ranged from 1.8 × 103 to 6.1 × 103 GU mL−1 at location B.

Fig. 4 Mean SARS-CoV-2 RNA concentrations (GU per 6 mL eluate) from two sewer catchments using the COSCa devices with cheesecloth
(location A) and electronegative filters (location B) over 15 sampling events. All samples were eluted with a Tween®20-based buffer. Data points
on the x-axis indicate non-detects from RT-qPCR analysis.
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Although the sampling sites in this study were targeted based
on known cases in the areas at the time, the actual number
of cases in each location, and the contributing population of
each catchment, were unknown.

The results of passive sampling at these two sewer
catchments demonstrate that both cheesecloth (location A)
and electronegative filters (location B) are effective materials
for detecting SARS-CoV-2 in wastewater when eluted with a
Tween®20-based buffer. Furthermore, this COSCa sampling
approach successfully detected changes in viral presence in
two small contributing populations, with distinct resolution
in viral RNA concentrations observed across two orders of
magnitude. However, it is possible that the adsorption
capacity of the passive sampling materials used in this study
has been exceeded, as maximum mean RNA concentrations
do not exceed 7 × 104 GU per eluate in bench-scale and field
experiments. To determine the maximum absorbance
capacity of these passive sampling materials, further research
investigating the adsorption kinetics of the COSCa passive
sampling materials is required.

Our results also demonstrated the lack of sensitivity of
grab sampling when paired with passive sampling. However,
the suitability of this passive sampling approach may
ultimately depend on specific site characteristics and water
quality parameters. The deployment of these devices is ideal
for low flow locations, such as manholes and thus, are best
suited to target specific buildings, designated catchment
areas within the sewershed, or remote communities.

Conclusions

In assessing the performance of four adsorption materials and
three elution mixtures for the analysis of SARS-CoV-2 in
municipal wastewater using our 3D-printed passive sampling
devices, the results of this study show that cheesecloth and
electronegative filters in combination with the Tween®20-
based elution buffer resulted in the highest mean
concentrations of a SARS-CoV-2 surrogate in bench-scale
studies. When deployed at two targeted locations within the
sewer catchment, both cheesecloth (location A) and
electronegative filters (location B) allowed the reliable detection
of SARS-CoV-2 in wastewater. Furthermore, this passive
sampling approach revealed fluctuations in viral presence in
the two small contributing populations at these locations.

This work demonstrates the effectiveness of passive
sampling to detect SARS-CoV-2 in wastewater, and the lack of
sensitivity of grab sampling in low prevalence areas when
grab samples were collected along with COSCa samples.
During prolonged periods of low COVID-19 prevalence,
detection in wastewater using grab and composite sampling
strategies can be inconsistent and ineffective. To overcome
these challenges, the COSCa provides a solution that can
foster more direct and targeted analysis when the number of
COVID-19 cases are low, which may have increased relevance
as vaccination programs expand. The potential use of the
described passive method provides added sensitivity and

straightforward approach to concentrating samples during
collection. The passive sampling approach outlined offers a
quick and effective wastewater monitoring tool for SARS-CoV-
2 detection in targeted locations that may provide an early
warning signal during low COVID-19 prevalence.

4 Research ethics statement for
wastewater surveillance studies
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