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• Early detection of SARS-CoV-2 and surro-
gate with two polymer membranes used
as passive sampling in spiked sewage and
seawater

• Both membranes, zetapor and nylon,
allowed the detection of SARS-CoV-2 in nat-
urally contaminated wastewater sample.

• Higher recovery of SARS-CoV-2 was found
with nylon in seawater compared to waste-
water.

• 24 h immersion of nylon allowed the detec-
tion of SARS-CoV-2 in the influent of a
WWTP.

• Passive and traditional sampling showed
the same evolution of the SARS-CoV-2 con-
centration over time.
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Editor: Warish Ahmed
 Recent studies have shown that passive sampling is a promising tool for SARS-CoV-2 detection for wastewater-based
epidemiology (WBE) application. We have previously developed passive sampling of viruses using polymer mem-
branes in seawater. Even though SARS-CoV-2 was not detected yet in seawater, passive sampling could be optimized
for future application in coastal areas close to wastewater treatment plant (WWTP). The aim of this study was to opti-
mize passive sampling of SARS-CoV-2 in sewage and seawater by selecting a suitablemembrane, to determinewhether
the quantities of virus increase over time, and then to determine if passive sampling and traditional sampling are cor-
related when conducted in a wastewater treatment plant. Nylon and Zetapor allowed the detection of heat inactivated
SARS-CoV-2 and of the Porcine Epidemic Diarrhea Virus (PEDV), a coronavirus surrogate, in wastewater and seawater
spiked with these 2 viruses, showing an increase in detection between 4 h and 24 h of immersion and significantly
higher recoveries of both viruseswith nylon in seawater (15%) compared towastewater (4%).Onwastewater samples,
bothmembranes detected the virus, the recovery ratewas of about 3% for freshly collected samples, and no significant
difference was found between SARS-CoV-2 genome concentration on Zetapor and that in water. In sewage spiked
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seawater, similar concentrations of genome were found on both membranes, with a mean recovery rate of 16% and
11% respectively for nylon and Zetapor. A 3-weeks monitoring with passive sampler allowed the detection of viruses
in the influent of a WWTP with a frequency of 100% and 76% for SARS-CoV-2 and norovirus GII respectively. Passive
and traditional sampling gave the same evolution of the SARS-CoV-2 concentration over time. All these results con-
firmed the interest of passive sampling for virus detection and its potential application for monitoring in the wastewa-
ter system for targeted public health actions.
1. Introduction

The SARS-CoV-2 virus responsible for outbreaks of severe acute respira-
tory disease COVID-19 inWuhan, China, in late 2019 and causing the ongo-
ing COVID-19 pandemic, is a single stranded RNA virus with a 30 kb-
genome. Infection with SARS-CoV-2 is accompanied by the excretion of
the virus, particularly in nasal fluids, but also in stool of infected persons
(Weiss et al., 2020). Excretion of virus occurred independently of the pres-
ence or severity of symptoms, (Gu et al., 2020) and the high rate of asymp-
tomatic infected individuals has led to alternative approaches, such as
wastewater-based epidemiology (WBE) to improve the estimation of the in-
fection spread (Ahmed et al., 2020; Buonerba et al., 2021). SARS-CoV-2 ge-
nome has been detected in wastewater worldwide, and WBE has been
suggested as a tool to determine the extent of the viral circulation in cities
and as an early warning for emergence of SARS-CoV-2 circulation in com-
munities (Cluzel et al., 2022; Kitajima et al., 2020). Although the transmis-
sion route of the virus is inhalation via person-to-person aerosol or droplet
transmission, the issue of transmission through wastewater and seawater
aerosol was a concern at the beginning of the pandemic as the transmission
of SARS-CoV-1 by aerosols fromwastewater was suspected in one outbreak
(McKinney et al., 2006). Even though its persistence in terms of infectious
particles in aquatic environments, as an enveloped virus, is expected to be
short, SARS-CoV-2 genome has been detected in river water due to over-
flow from sewage plants during rainy periods and in low sanitation country
(Fongaro et al., 2021; La Rosa et al., 2020; Rimoldi et al., 2020). Consider-
ing the example of human enteric viruses, and more precisely norovirus
(NoV),which have long contaminated coastal seawater and oysters through
wastewater spill-over, we have adapted methods to investigate the possible
presence of SARS-CoV-2 in coastal area in order to the study its fate in ma-
rine coastal environment (Desdouits et al., 2021).

The sampling method has a great importance when performing viral or
bacteriological monitoring of water. Conventionally, samples for WBE are
24-h composite sampling. In the coastal environment, grab sampling of
large volumes of water is reported (Haramoto et al., 2018; Hata et al.,
2017). These sampling methods, widely applied on easily accessible sites,
only gives a snapshot of the microorganisms present at the time of sam-
pling, which may lead to false estimation of the contamination, especially
for human pathogens shed sporadically or pathogens that are not persistent
in the environment. Therefore, the ongoing development of passive
samplers is of great importance to improve the detection of such human
pathogens.

Passive sampling involves the deployment in the waterbody of devices
containingmembranes that adsorbmicroorganisms from thewater column,
avoiding handling and concentration of large volumes of water (Sikorski
and Levine, 2020). This method of sampling, based on passive sampling
of chemical contaminants and on the original method developed by
Moore in the 1950s, performs a continuous and direct extraction of micro-
bial contaminants from the water column, and provides a time-integrated
sample of contamination, making it possible to integrate peaks of contami-
nation as well as lower levels (Booij et al., 2016). Passive sampling has so
far been little applied to the microbiological analysis of water. Examples in-
clude the detection of poliovirus inwastewater or of NoV in continental wa-
ters with gauze as the adsorptionmembrane (Fattal and Katzenelson, 1976;
Tian et al., 2017). TheMoore swabmethod has been proved efficient for the
detection of Salmonella in wastewater and surface waters (Sikorski and
Levine, 2020). Recently, we used passive sampling for the detection of
human viruses in coastal waters, NoV and sapovirus, and a virus pathogenic
for oyster, the ostreid herpes virus OsHV-1 (Vincent-Hubert et al., 2021).
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Currently, based on our data, passive sampling seems to be a more qualita-
tive than quantitative approach (Vincent-Hubert et al., 2021). Indeed, the
volume of water passing through the membrane during the immersion
time is unknown precluding the normalisation of viral concentrations mea-
sured on the membranes to the volume of water.

Recently passive sampling has been used to detect SARS-CoV-2 in
wastewater from populations with low prevalence of COVID-19 infections
demonstrating their ability as a detection tool (Bivins et al., 2021; Hayes
et al., 2021; Liu et al., 2020; Schang et al., 2021). These studies have pro-
vided a proof of concept that passive samplers can detect the SARS-CoV-2
in wastewater at various scales, ranging from WWTP to building (Bivins
et al., 2021; Schang et al., 2021). However, questions remain before they
can be used as an early warning tool, concerning the sensitivity of the
method and the correlation between passive sampling and traditional sam-
pling. According to published studies, different materials, from natural cot-
ton to synthetic polymermembrane, were used for passive sampling, which
probably influenced the recovery rate of the viruses. The nature and charge
of the membrane is known to select or to be more suitable for one type of
virus, as observed with Zetapor more sensitive than nylon to the enveloped
OsHV-1 virus (Vincent-Hubert et al., 2021).

The aim of this study was first to optimize passive sampling of SARS-
CoV-2 in wastewater and seawater by selecting a suitable membrane, to
test different immersion times to determine whether the quantities of
virus increase over time, and then to determine whether passive and tradi-
tional sampling are correlated. An application of passive sampling was per-
formed in WWTP to compare the efficiency of both sampling methods in
real condition during a 3-weekmonitoring. For this study, we used as a con-
trol NoV, a non-enveloped human enteric virus, known to persist in the en-
vironment.

2. Materials and methods

2.1. Virus stocks

Porcine Epidemic Diarrhea Virus (PEDV) strain CV777 (kindly provided
by Dr. Y. Blanchard, ANSES, Ploufragan) was produced in vero-E6 cells as
described previously (Bigault et al., 2020). The heat inactivated SARS-
CoV-2 (kindly provided by Dr. C. Bressolette-Bodin Nantes Université,
Centre de Recherche en Transplantation et Immunologie, UMR 1064,
ITUN, Nantes, France), was inactivated 15 s at 60 °C, and its inactivation
was verified by TCID50 assay.

2.2. Wastewater samples

Wastewater samples were collected in the western region of France
from two large wastewater treatment plants (WWTP) located in a big city
(A: 600,000 and B: 180,000 Person equivalent (P.E.)) from June 2020 to
April 2021 and from one WWTP located in a smaller city (40,000 P.E.)
from November to December 2020. These samples were raw sewage 24-h
samples collected from the influentWWTP. Samples were carefully homog-
enized, distributed in a 1 L polyethylene bottle, transported to the labora-
tory at 4 °C and analysed the same day for the detection of SARS-CoV-2
and NoV.

2.3. Preparation of passive samplers

Two types of membranes, Zetapor and nylon, were used as passive sam-
plers based on the data of our previous study (Vincent-Hubert et al., 2017).



Fig. 1.Device used for field deployment The spider carrier for nylonmembrane (surface: 3×92 cm) (left) was place inside the small deployment canister (right), also named
SPMD canister.

F. Vincent-Hubert et al. Science of the Total Environment 833 (2022) 155139
Zetapor filter (0.45 μm), an electropositive, charge-modified nylon filter, was
purchased from 3 M (Alisman filtration, Sainte-Luce sur Loire, France) and
nylon nets (thickness of 100 μm) from Mougel (Nantes, France). For labora-
tory exposures, the membrane surfaces were 32 cm2 for all experiments:
nylon membrane (4 cm × 8 cm) was cut from a roll and for Zetapor,
2 discs of 4.5 cm diameter were used. For field experiments, only nylon
was used, a piece of 3×92 cm of nylonwas cut from a roll, directly attached
on a “spider” carrier and placed inside the small deployment canister as
shown on Fig. 1. This device, SPMD canister, is the same as the one used
for passive sampling of organic contaminants (E&H, Czech Republic).

2.4. Exposure of the membranes in contaminated water samples

Three types of mixtures for membranes exposure were prepared to de-
termine if the SARS-CoV-2 genome can be detected with the nylon and
Zetapor membranes as passive sampling material:

1-Spiked water samples: Two types of water (seawater, wastewater)
scored negative in SARS-CoV-2 and PEDV were spiked with heat-
inactivated SARS-CoV-2 and PEDV, at a concentration of respectively
4.3.107 genome copies and 3.3.108 genome copies in 250 ml of water.
2-Seawater artificially contaminated with wastewater: 200 ml of
clean seawater were mixed with 50 ml of raw wastewater scored posi-
tive for SARS-CoV-2. SARS-CoV-2 concentrationwas 103 to 104 genome
copies per 250 ml. Seawater parameters were: salinity = 33.9 g/l, tur-
bidity = 2.7 NTU and pH= 8.7.
3-Influent WWTP samples: 250 ml of frozen or of freshly collected raw
wastewaters were used, all samples being scored positive for SARS-CoV-2
(Table 2).

The conditions of exposure were identical for the three mixtures tested:
membranes of nylon and Zetapor were immersed in a beaker containing
250 ml of mixture, for 4 h and 24 h at room temperature (20 ± 2 °C)
with continuous stirring. At the end of the exposure period, the membranes
were rinsed in sterile water for 30 s to eliminate non-adsorbed particles and
stored at−20 °C. For each experiment, a fraction of the viral inoculum and
1 ml of the exposure mixture was sampled at the beginning were titrated in
parallel by qRT-PCR to calculate the titer of the inoculum and of the expo-
sure mixture. Two or three independent experiments were carried out for
each condition tested. For seawater spikedwith wastewater, the concentra-
tion of SARS-CoV-2 was also measured at the end of exposure to evaluate
the potential degradation of the virus after 24 h in exposure mixture.

2.5. Field study on a waste water treatment plant: Passive sampling and
traditional sampling

For field study, passive sampling using nylon and traditional sampling
(24 h composite samples) were performed in parallel on a WWTP located
in a small city southern Brittany (40,000 P.E.). A daily monitoring was per-
formed for 3 weeks from November to December 2020. The devices were
3

immersed for 24 h in the flow of the influent ensuring that the membrane
was constantly immersed. At the end of exposure, nylon was rinsed in ster-
ile water to remove large particles and stored at −20 °C.

2.6. Nucleic acids extraction

Raw wastewater samples were homogenized and 11 mL were
ultracentrifugated as described previously (Wurtzer et al., 2020). Viral pel-
lets were resuspended in 200 μL of PBS 1×. The membranes of zetapor and
nylon were immersed directly in 8 ml of lysis solution to which 4 ml of 1×
PBS were added. For virus titration, RNA was extracted from 10 μl of virus
stock solution and from 1ml of exposuremixture. All nucleic acids were ex-
tracted using a NucliSENS extraction kit (bioMérieux, Lyon France) as pre-
viously described (Vincent-Hubert et al., 2021), eluted with 100 μl of
nuclease-free water and kept frozen at −20 °C until purification. Nucleic
acids extracted from membranes exposed in the laboratory were then puri-
fied using a Qiagen kit (RNA MinElute Clean up, Qiagen, France) to elimi-
nate potential PCR inhibitors, eluted with 100 μl of nuclease-free water
(Qiagen, France) and kept frozen at −20 °C. As partial inhibition of qRT-
PCR was found with wastewater samples from field study, we used a One
Step PCR Inhibitor removal kit (Zymo Research Kit, USA) for all these sam-
ples. Inhibited samples represented 25% and 37% of membranes exposed
respectively in seawater and wastewater.

2.7. Detection of viral genomes by one-step quantitative RT-PCR

qRT-PCRwas performed using an UltraSense One-Step quantitative RT-
PCR system (Invitrogen) on an MX3000 (Stratagene, Massy, France). For
SARS-CoV-2, one set of primers and probe IP4, targeting the polymerase
gene was used (Etievant et al., 2020), with cycling condition as described
previously (Desdouits et al., 2021). For NoV genogroup I (GI) and II (GII),
qRT-PCR were carried out as described previously (Le Guyader et al.,
2009). For PEDV, previously described primers (Bigault et al., 2020) and
probe (Kim et al., 2007) were used based on the same cycling conditions
as NoV GII. All samples were analysed in duplicate using 5 μl of undiluted
or tenfold-diluted nucleic acid extracts. A negative amplification control
(sterile water) was included in each amplification series. Inhibition of RT-
PCR reaction was controlled by comparing the Ct values of pure and
tenfold-diluted nucleic acid extracts. For quantification, duplicate 5-points
standard curves were made with PEDV in-vitro transcript T171 (Bigault
et al., 2020) and SARS-CoV-2 RNA transcript (CNR des virus respiratoires,
Pasteur Institute, Paris), and the synthetic plasmids containing nucleotides
146–6935 of the GI.1 Norwalk virus (Genbank M87661) or nucleotides
4191–5863 of the GII.4 Houston virus (Genbank EU310927). Only samples
that yielded a Ct value of less than 39 were included in the quantitative
analysis. For their quantification, duplicates of undiluted and 1/10
-diluted extracts were used. Samples presenting a difference between Ct
pure and Ct diluted corrected by the slope (ΔCt) < 1 were quantified
using mean Ct pure values. For samples presenting a ΔCt > 1, the Ct
value used for quantification was the Ct value obtained for the tenfold-
diluted sample corrected using the slope of the standard curve.
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Fig. 2. SARS-CoV-2 and PEDV genomes concentrations onmembranes immersed in
spikedwastewater and seawater Membranes of nylon or zetaporwere immersed for
4 h or 24 h in wastewater or seawater spiked with heat-inactivated SARS-CoV-2 or
with PEDV. Boxplots show the minimum, 25th percentile, median, 75th percentile,
and maximum concentration/32 cm2 membrane. Kruskal-Wallis test followed by a
Dunn's multiple comparisons test: *p < 0.05, ** p < 0.01, ***p < 0.001.
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2.8. Calculation of viral recovery on membranes

The recovery rate was calculated to compare the performance of each
membrane. The formula used was:

Recovery rate %ð Þ ¼ gc M
gc EM

∗ 100

where gc M= copies of viral genomemeasured with qRT-PCR in the mem-
brane nucleic acid extract and gc EM=copies of viral genome added in the
exposure media (virus inoculum or genome copies in sewage).

2.9. Statistical analysis

The viral RNA copy numbers were log10-transformed before statistical
analysis. To determine the effects of factors (type of membrane, duration
of exposure, type of waters, WWTP site) on the concentration of SARS-
CoV-2 genome on membrane, ANOVA or Kruskal–Wallis test were per-
formed. Multiple comparison tests were then performed: Tukey HSD test
Table 1
Recovery rate (%) of viruses on membranes immersed in spiked wastewater and seawa

PEDV

Nylon zetapor

4 h 24 h 4 h 24 h

Influent WWTP 0.09 ± 0.1 3.78 ± 2.6 2.4 ± 1.6 4.04 ±
Seawater 7.5 ± 5.5 15.9 ± 2.4** 3.1 ± 2.2 6.8 ±

Recovery rates of viruses with membranes exposed for 4 h and 24 h in waters (influent W
±SD. Comparisons were made for seawater/influent WWTP with Kruskal-Wallis test: *

4

was used for pairwise comparisons or Dunn's test, respectively following
ANOVA and Kruskal-Wallis test. The efficiency of passive sampling and tra-
ditional samplingwas comparedwith Kruskal-Wallis test. Three levels were
considered significant: p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***). All
statistical analysis and data plotting were performed with R Studio v 3.6.

3. Results

3.1. Detection of SARS-CoV-2 and PEDV genomes on membranes immersed in
spiked waters

In order to confirm that SARS-CoV-2 genome could be detected with
passive sampling using Zetapor and nylon, wefirst tested the adsorption ca-
pacities of a SARS-CoV-2 surrogate, the PEDV, and of heat-inactivated
SARS-CoV-2. Membranes were immersed in seawater and wastewater
spiked with these two viruses for 4 h and 24 h.

After 4 h of exposure, viruses were detected on both membranes and
quantification showed high concentrations ranging from 3 to 7.7 Log10 ge-
nome copies/32 cm2 membrane with a high variability (Fig. 2). For PEDV
and SARS-CoV-2, the concentrations of genome per membrane increased
between 4 h and 24 h whatever the type of membrane and of water. A
higher but not significant concentration of both viruses were measured
on Zetapor in wastewater comparedwith nylon (Fig. 2). A significant effect
of water was observed with nylon membrane immersed 24 h for both vi-
ruses, with higher concentrations when membranes were immersed in sea-
water compared with wastewater (p < 0.05).

Concerning the recovery rate, a significant effect of the type of water
was observed at 24 h with nylon membrane: the recovery rate of PEDV
and SARS-CoV-2 with nylon being higher in seawater than in influent
WWTP, respectively p < 0.01 and p < 0.05 (Table 1). The highest recovery
rates were obtained with nylon membranes immersed 24 in seawater, with
15.9 ± 2.4% and 15.4 ± 5.6% for PEDV and SARS-CoV-2 respectively,
which corresponds for SARS-CoV-2 to a 38 times higher recovery rate in
seawater compared to wastewater (Table 1). For wastewater, the highest
mean recovery rate of both viruses was around 4% except for nylon
(0.04%) (Table 1).

3.2. Detection of SARS-CoV-2 in wastewater samples

3.2.1. Detection and quantification of SARS-CoV-2 with passive sampling
To further explore the performance of each membrane in recovering

SARS-CoV-2, the experiment was carried out with previously tested,
SARS-CoV-2 positive wastewater samples. The first series of tests was per-
formed on 13 samples stored at −20 °C since June 2020 to November
2021 and the second series of tests was performed on 6 freshly collected
wastewater samples (Table 2).

Ten of 13 membrane samples were positive for SARS-CoV-2 whatever
the type of membrane and the immersion time with Ct values ranging
from 32.2 to 36.8 (Table 2). The concentration of SARS-CoV-2was between
1.1 and 3.7 Log10/32 cm2 depending on the time of immersion and mem-
brane (Table 2). For three samples, that are the oldest stored samples, the
absence of SARS-CoV-2 detection withmembrane could be explain by a de-
crease of virus concentration due to a degradation of the virus caused by
freezing. We therefore remeasured the viral concentration in these samples
and found a decreased concentration of 1 to 2.5 Log10, which could explain
ter.

SARS-CoV-2

Nylon zetapor

4 h 24 h 4 h 24 h

4 0.03 ± 0.02 0.4 ± 0.6 1.69 ± 1.19 4.5 ± 3.03
0.8 6.5 ± 4.1 15.4 ± 5.6* 1.7 ± 1.2 6.6 ± 4.5

WTP or seawater) spiked with PEDV and heat-inactivated SARS-CoV-2. Mean value
p < 0.05; ** p < 0.01.



Table 2
Concentrations of SARS-CoV-2 measured with traditional method and passive
sampling.

WWTP Collection date Wastewater
(Log gc /100 ml)

Zetapor (Log
gc/32 cm2)

Nylon (Log
gc/32 cm2)

4 h 24 h 4 h 24 h

A 6/9/2020 3.5 ND ND ND ND
B 6/2/2020 3.4 ND ND ND ND
B 6/9/2020 3.5 ND ND ND ND
A 8/4/2020 3.2 3.2 ND 3.2 2.4
B 8/4/2020 3.3 2.2 2.3 ND 2.2
B 8/25/2020 3.5 1.1 ND 1.3 1.9
B 9/22/2020 4.2 2.7 3.0 ND 3.5
A 10/20/2020 4.3 3.2 2.5 ND 3.2
A 11/4/2020 4.5 2.6 3.7 2.6 3.6
A 11/9/2020 3.3 ND 3.7 3.0 3.7
A 11/17/2020 4.1 2.4 3.5 3.4 3.4
A 11/24/2020 3.7 ND 2.5 ND 3.6
B 11/24/2020 4.2 1.8 ND ND 2.6
Ba 3/31/2121 3.7 2.5 2.9 2.5 2.8
Aa 3/31/2121 3.9 2.5 2.8 2.4 2.4
Ba 4/6/2121 4.3 3.0 3.1 2.25 2.7
Aa 4/6/2021 4.4 3.1 3.1 1.0 2.2
Ba 4/13/2021 4.3 3.4 3.2 3.5 3.4
Aa 4/13/2021 4.02 3.1 3.0 2.9 2.7

Wastewater samples were collected from twoWWTP (sites A& B), from June 2020
to April 2021. Nylon and Zetapor membranes were immersed for 4 h or 24 h either
in thawed or freshly collected samples. ND= not detected (No Ct).

a Freshly collected samples.

(b) Freshly collected wastewater

(a) Frozen wastewater

*
**

**
***

**
**

Fig. 3. Comparison of SARS-CoV-2 concentration measured with traditional method
and passive sampling Membranes of nylon or zetapor were immersed for 4 h or
24 h in wastewater samples collected from two WWTP (sites A & B). (a) frozen
wastewater, (b) freshly collected wastewater. Boxplots show the minimum, 25th
percentile, median, 75th percentile, and maximum concentration/32 cm2 of
membrane or /100 ml of wastewater. Kruskal-Wallis test followed by a Dunn's
multiple comparisons test: *p < 0.05, ** p < 0.01, ***p < 0.001.
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why the virus genome was not detected with membranes. For this reason,
the recovery rate was not calculated on this set of data as there is an uncer-
tainty on the concentration value due to the conservation.

As SARS-CoV-2 is known to be damaged by freezing, membranes were
immersed in freshly collected wastewater samples. SARS-CoV-2 was de-
tected and quantified after 4 h and 24 h immersion in all samples with
both membranes (Table 2). The recovery was calculated on this series
only and we found similar recovery rate of: 2.5 ± 1.7% and 3.1 ± 1.4%
after 4 h immersion, and 2.4±1.2% and 3.5±1.5% after 24 h immersion,
respectively for nylon and Zetapor.

3.2.2. Analysis of the effect of WWTP sampling site, membrane, exposure time
and sampling methods

The potential influence of membrane performance and the effect of expo-
sure time were analysed separately for the two complete datasets (“frozen
samples” dataset and “freshly collected samples” dataset). No significant ef-
fect ofmembrane and timewere found forwastewater sampleswhile a signif-
icant effect of theWWTP sampling sitewas foundwith nylonmembrane after
24 h immersion with the frozen sample data set only (p < 0.05) (Fig. 3A - B).

When comparing passive sampling to traditional water analysis, with
the frozen sample dataset, a significant difference was found at 4 h, what-
ever the membrane, suggesting that 24 h immersion of membranes pro-
vides a better estimate of the concentration in wastewater than 4 h
immersion (Fig. 3B).With the freshly collected samples, a significant differ-
ence was found between the concentrations measured with nylon mem-
brane and with traditional sampling, whatever the duration of immersion,
while no significant difference was found between zetapor and traditional
sampling, suggesting that the zetapor membrane gives a better estimation
of the viral contamination compared to the nylon membrane (Fig. 3B).

3.3. Detection of SARS-CoV-2 in seawater contaminated with wastewater

To determine whether SARS-CoV-2 could be detected with membranes
in seawater, seawater has been artificially contaminated with wastewater
positive for SARS-CoV-2. The concentration of the virus did not decrease
in the contaminated seawater during 24 h (data not shown). SARS-CoV-2
genomewas detected and quantified on all membranes, whatever the dura-
tion of membrane immersion (Fig. 4). Similar concentrations of genome
5

were detected on nylon and Zetapor membranes, and no significant effect
of time and membrane was found. The recovery rates of the virus were
higher but not significantlywith nylon comparedwith Zetapor, with respec-
tively 13.2 ± 5% and 10.1 ± 4% after 4 h, and 16.5 ± 5% and 11.6 ± 5%
after 24 h.

Serial dilution of this exposure mixture has been done until 10−2 to de-
termine if the virus concentration on membrane decreases with the virus
concentration in the exposure media. The mean concentration of the undi-
luted medium was 4.2 Log cRNA/250 ml, and in-1 and -2 dilutions, the viral
concentrations were respectively 3 Log cRNA/250 ml and 2 Log cRNA/250 ml.
The virus was detected on all membranes regardless of the dilution factor,
and virus concentration on membrane decreased with the dilution factor.
The virus concentrations for zetapor were 3.5 ± 0.1, 3 ± 0.3 and 2.5 ±
0.4 and for nylon theywere 2.9±0.7, 2.78±0.5, and 2.26±0.01 respec-
tively for undiluted, −1 and − 2 dilutions. Similar amounts of genome
copies were detected onmembranes exposed to undiluted and 10-fold dilu-
tions, suggesting that the dilution did not affect significantly the adsorption
of SARS-CoV-2 in samples that are 10-fold diluted.



Fig. 4. Concentration of SARS-CoV-2 genome on membranes immersed in sewage
spiked seawater Membranes of nylon and zetapor were immersed for 4 h or 24 h in
seawater artificially contaminated with wastewater. Boxplots show the minimum,
25th percentile, median, 75th percentile, and maximum concentration/32 cm2

membrane or /100 ml of seawater. n= 5.

Table 3
Concentration of SARS-CoV-2 and NoV GII in WWTP influent measured with pas-
sive sampling and composite sampling.

SARS-CoV-2 NoV GII

Date of sampling Passive
sampling

Composite
sampling

Passive
sampling

Composite
sampling

(Log gc /
100cm2)

(Log gc /
100 ml)

(Log gc /
100cm2)

(Log gc /
100 ml)

24-Nov-2020 1.7 4.1 1.2 3.2
25-Nov-2020 1.6 3.8 2.7 4.7
26-Nov-2020 1.8 4.4 2.8 4.6
27-Nov-2020 2.2 4.3 2.0 5.1
28-Nov-2020 2.2 4.0 <LD 5.2
29-Nov-2020 1.5 4.1 1.9 4.7
30-Nov-2020 1.4 4.1 <LD 4.6
1-Dec-2020 1.4 4.2 <LD 4.5
2-Dec-2020 1.6 3.8 2.3 4.5
3-Dec-2020 1.4 4.1 1.7 4.9
4-Dec-2020 2.4 3.9 ND 5.0
5-Dec-2020 2.8 4.0 ND 4.8
6-Dec-2020 1.8 3.9 ND 4.3
7-Dec-2020 2.4 3.7 ND 4.6
8-Dec-2020 2.4 3.9 ND 4.7
9-Dec-2020 2.3 4.2 ND 4.5
10-Dec-2020 2.6 4.1 1.9 4.1
11-Dec-2020 2.8 4.0 2.7 4.7
12-Dec-2020 3.0 4.0 1.8 4.1
13-Dec-2020 2.4 3.7 <LD 3.9
14-Dec-2020 3.2 4.1 1.4 4.0
mean ± SD 2.1 ± 0.5 4 ± 0.2 2.03 ± 0.5*** 4.51 ± 0.4
Frequency of detection
(%)

100 100 76.2 100

Nylon membrane (100 cm2) were immersed in the influent of a WWTP during 24 h
from the 24/11/2020 to 14/12/2020; composite sampling: 24 h composite sample
of raw wastewater. LD: limit of detection; ND: not determined. ANOVA was
followed by Tukey's multiple comparisons test: ***p < 0.001.
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3.4. Detection and quantification of SARS-CoV-2 and NoV on membranes
deployed in a WWTP

As nylon and Zetapor tested with freshly collected wastewater samples
displayed similar recovery rate during laboratory experiments, nylon has
been chosen for deployment in a WWTP as it can easily be used in the se-
lected devices that need to be robust (Fig. 1). In order to determinewhether
SARS-CoV-2 concentrations measured with passive sampling and compos-
ite sampling display the same trend, both sampling methods were used
for three weeks in the influent of a WWTP.

SARS-CoV-2 was always detected and quantified on nylon membrane,
while NoVs was detected and quantified in 15 of 21 membranes, with 4
samples below LD (Table 3), (frequency of detection = 76.2% for NoVs)
(Table 3). For the 3-weeks monitoring, the concentrations of SARS-CoV-2
and NoVs were similar ranging from 1.2 to 3.2 Log cRNA/100 cm2 and al-
ways lower than the concentrations measured in wastewater (concentra-
tion of viruses expressed for 100 ml): for SARS-CoV-2, the mean
concentration was 1.9 Log lower, and for NoVs, the mean concentration
was 2.4 Log lower (Table 3). Surprisingly, on nylon membrane, NoVs con-
centrations were low compared to those of SARS-CoV-2 while the opposite
was observed in water, with higher NoVs concentrations compared to
SARS-CoV-2 (Table 3). No correlation was found between the measured
concentrations of SARS-CoV-2 RNA with passive sampling and composite
sampling. On the other hand, by using themean concentration of the values
obtained during the three weeks, ANOVA shown that the sampling method
significantly influences the measurement of the viral concentration for
NoVs (p< 0.001), but not for SARS-CoV-2, suggesting that passive sampling
is representative of SARS-CoV-2 contamination in wastewater (Table 3).

4. Discussion

This paper presented the optimization of SARS-CoV-2 passive sampling
with two synthetic membranes that we have previously selected for the pas-
sive sampling of othermicroorganisms, such as NoVs, sapovirus, the ostreid
herpes virus OsHV-1 and a marine bacteria Vibrio spp. (Vincent-Hubert
et al., 2021). The conditions tested in this study allowed a rapid detection
and quantification of the SARS-CoV-2 genome in wastewater and seawater
samples during laboratory experiments, with both membranes, confirming
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that SARS-CoV-2 can be detectedwith passive samplers in wastewater sam-
ples as published recently with other types of membranes (Bivins et al.,
2021; Hayes et al., 2021; Liu et al., 2020; Schang et al., 2021). To our
knowledge this is the first published study that evaluate the possible use
of passive samplers in seawater for SARS-CoV-2 detection and in wastewa-
ter influent for NoV detection while it was detected before in continental
waters and estuary (Tian et al., 2017; Vincent-Hubert et al., 2021).

Based on our data, we found that the recovery rate of coronaviruses,
whether it is PEDV, inactivated or native SARS-CoV-2were similar, indicat-
ing that PEDV is a good surrogate and that heat inactivation does not ap-
pear to alter the adsorption of the virus to the membrane. However, the
recovery rates of all viruses seem to be dependent on matrices, as it was al-
ways much higher in seawater than in wastewater. These matrices are
known to be highly contrasted and differ in pH, concentration of inorganic
salts, chemical contaminants, particulate and dissolved organicmatters and
PCR inhibitors, all parameters that can modulate either the persistence of
the virus in seawater, its adsorption onto the membranes or its detection
by PCR. Indeed, as we have already observed with norovirus in serial dilu-
tion experiments of the exposure medium, the adsorption of SARS-CoV-2
on themembrane did not decrease proportionally, suggesting that the char-
acteristics of the exposure medium are determinant (Vincent-Hubert et al.,
2017).The persistence of the virus studied in laboratory under controlled
conditions, the times for 90% reduction (T90) of viable SARS-CoV-2 in
wastewater and seawater were respectively 1.7 days and 1.1 days at room
temperature (Ahmed et al., 2020; Bivins et al., 2020; Sala-Comorera
et al., 2021). SARS-CoV-2 RNA concentrations are higher in settled solids
than in the liquid components of wastewater as shown inmany recent stud-
ies suggesting that the virus is preferentially adsorbed onto particles
(Graham et al., 2021; Li et al., 2021) and confirming the initial observations
of (Ye et al., 2016) on the partitioning of model enveloped viruses in raw
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wastewater samples. However, we still do not knowwhether the genome or
the viral particle is really adsorbed on membranes, which can also explain
the recovery rate. Indeed, in contrast to the rapid inactivation of infectious
SARS-CoV-2 in water, viral RNA was relatively stable in seawater at 20 °C
(> 20 days) (Sala-Comorera et al., 2021) and a T90 values of 3.3 days and
26.2 days were found in wastewater at respectively high and low titers
(Bivins et al., 2020).

Many parametersmay influence the detection of viruswith passive sam-
plers, such as the type of membrane and exposure time as well as the effi-
ciency of the method used for virus/nucleic acids recovery. The choice of
themembrane tested in this studywas based on previous observations dem-
onstrating that an enveloped virus, the ostreid herpes virus OsHV-1, was
more frequently detected with Zetapor membrane compared with nylon
and LDPE (Vincent-Hubert et al., 2021). We show here that Zetapor and
nylon displayed a similar recovery rate of SARS-CoV-2 from frozen waste-
water samples, and that Zetapor seems to be more efficient than nylon
with freshly collected wastewater samples. It is difficult to compare our
data with published data as we did not use the same membranes neither
the same method for virus recovery. First published papers reported the
use of cotton gauze, cotton cheesecloth, cellulose sponges and electronega-
tive filters. According to Schang et al. (2021), a higher proportion of elec-
tronegative membrane was positive compared with gauze and cotton
puds and in the same way, Hayes et al. (2021) showed that the highest
virus recovery was achieved using both cheesecloth and electronegative fil-
ters compare with gauze and sponge.

Another factor that can increase the SARS-CoV-2 detection is the
method used for virus particle recovery and the addition of a nucleic acid
purification step. According to published studies, elution of viral particles
is used with gauze (Bivins et al., 2021; Liu et al., 2020; Schang et al.,
2021), whereas it is rarely used with other membranes (Hayes et al.,
2021). Elution of virus particle was not used in our study with nylon and
Zetapor, as it was not necessary for NoV recovery, neither with cotton
and electronegative membrane (Schang et al., 2021; Vincent-Hubert
et al., 2021). With cheesecloth and electronegative filter, elution seemed
to increase the recovery rate compared to direct lysis of virus particle
(Hayes et al., 2021). Concerning the purification of nucleic acids, in these
matrices, and particularly in sewage characterized by high concentrations
of particulate matters, it is useful to include a final purification step to re-
move PCR inhibitors as they can ultimately decrease the efficiency of detec-
tion as we did, or to dilute the RNA to decrease the inhibition (Hayes et al.,
2021).

The recovery rates of SARS-CoV-2with passive samplers were evaluated
in only one published study using gauze, cheesecloth, sponge and electro-
negative membranes (Hayes et al., 2021). We found that the recovery
rate of the virus is similar with the Zetapor membrane, an electropositive
membrane (Hayes et al., 2021). The recovery rate can vary depending on
the virus itself, as we have shown with laboratory exposures that it was al-
ways lower for NoV (less than 0.1% in undiluted sewage) than for SARS-
CoV-2 (around 3% in undiluted sewage), whatever the matrices and the
membranes (Vincent-Hubert et al., 2017). This corroborates the field re-
sults where it is interesting to note that NoV is less efficiently detected
than SARS-CoV-2 while the contrary was observed with traditional sam-
pling, suggesting that NoV is less adsorbed than SARS-CoV-2 on nylon.

When we compared the effectiveness of passive sampling and tradi-
tional sampling in term of detection, we showed that both sampling
methods display the same pattern of SARS-CoV-2 and NoVs detection dur-
ing the three-week monitoring, indicating that nylon membrane is appro-
priate for SARS-CoV-2 detection. However, the concentration of viruses
on membranes measured during field experiment were always lower com-
pared with traditional sampling. This can be explained by a desorption of
the viral particles due to the intensity of the flow at the entrance of the
WWTP, the membrane would then undergo a washout when the flow is im-
portant. Another hypothesis is that themembrane selects a fraction of virus.
Indeed, as SARS-CoV-2 is preferentially adsorbed on solids, it is possible
that solids are not efficiently sampled with membrane, in contrast water
analysis include the particulate organic matter which could explain the
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differences in concentration observed between the twomethods. Regarding
the difference between the spiked experiments and the experiments in
WWTP, in the first case the viral concentration is relatively constant and
high and there is no flow, while at the entrance of theWWTP, the viral con-
centration, the flow intensity and the type of waters vary. Therefore, since
the membranes immersed in WWTP are not in permanent contact with
virus, their recovery efficiency could be lower compared to the recovery
rate measured in spiked experiments.

Regarding the expression of SARS-CoV-2 concentrations on membrane,
they can only be reported at the surface and not at the volume of water
because we do not know the volume of water flowing over the membranes,
which does not allow for a comparison of methods in terms of concentra-
tion. For this reason, passive sampling with zetapor and nylon gives
qualitative information. If in the future the objective of using passive sam-
plers is to estimate virus concentration, further experiments are needed to
investigate the notion of steady state that is very well described for chemi-
cal contaminants, andwhich conditions the immersion time of the samplers
and allows the calculation of the concentrations (Booij et al., 2016).
Recently, calibrations of various passive samplers have been performed
for enteric viruses and gave promising information concerning the sam-
pling kinetic of viruses confirming our previous data (Li et al., 2022;
Vincent-Hubert et al., 2017). Indeed, the aim of these studies today is
mainly to improve detection over short times rather than to estimate the in-
tegrating effect of the membranes. Concerning the immersion time of the
membranes, most of the published studies have only tested an immersion
of 24 h, and we show here that an immersion of 4 h is sufficient to detect
the virus, as already shown by (Bivins et al., 2021) and that its concentra-
tion increases with time.

The difference in SARS-CoV-2 concentrations measured with passive
sampling and traditional sampling is still an issue and need to be improved.
Nevertheless, passive samplers could be used as an early warning tool to
alert of the rise of the concentration particularly at the city-scale and
neighborhood-scale. For seawater, the approach needs to be validated in
field experiment, but results presented here are promising. This is of special
interest as seawater sampling is difficult to performed and virus extraction
from this matrix is difficult to perform (Desdouits et al., 2021). Moreover,
recent development of biophysical model-based scenarios with different
virus half-life concluded that SARS-CoV-2may represents a threat in coastal
waters especially in winter (Guo et al., 2021).

5. Conclusion

We have successfully developed passive sampling of SARS-CoV-2 with
nylon and Zetapor membrane in sewage. For seawater, passive sampling ef-
ficient on a laboratory scale could be applied in case of coastal area contam-
ination. Based on our data analysis, both membranes are suitable however,
Zetapor seems to be more efficient for wastewater on freshly collected
water sample and a 24 h immersion time was more representative of viral
contamination. Even though concentrations measured with both methods
were not correlated, the methods have shown the same trend. Both ap-
proaches present some interests and may be applied in diverse situations.
For sewage, we proposed a qualitative method that gives results within a
day which allows a great reactivity. Passive sampling could be an early
warning tool if the samplers are placed on the wastewater network, for ex-
ample when grab sampling is not possible, which would allow for targeted
public health actions. This promising approach will be useful for the detec-
tion of other viruses or bacteria, being complementary of epidemiological
data obtained.
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