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• Passive Samplers (PS) can provide re-
producible SARS-CoV-2 signals from
wastewater.

• PS provide an integrated signal of SARS-
CoV-2 over several days.

• PS can picture infections levels in the
population on various scales.

• PS can be considered as a simple moni-
toring tool for the identification of hot
spots.

• PS are useful in wastewater-based mon-
itoring.
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Wastewater-based monitoring of SARS-CoV-2 has become a promising and useful tool in tracking the potential spread or
dynamics of the virus. Its recording can be used to predict how the potential number of infections in a population will de-
velop. Recent studies have shown that the use of passive samplers is also suitable for the detection of SARS-CoV-2 genome
copies (GC) in wastewater. They can be used at any site, provide timely data and may collect SARS-CoV-2 GC missed by
traditional sampling methods. Therefore, the aim of this study was to evaluate the suitability of passive samplers for the
detection of SARS-CoV-2 GC inwastewater in the long-term at two different scales. Polyethylene-based plastic passive sam-
plerswere deployed at the city-scale level of Leipzig at 13 different locations, with samples being taken fromMarch 2021 to
August 2022. At the smaller city district level, three types of passive samplers (cotton-cloth, unravelled polypropylene plas-
tic rope and polyethylene-based plastic strips) were used and sampled on a weekly basis fromMarch to August 2022. The
results are discussed in relation towastewater samples taken at the individual passive sampling point. Our results show that
passive samplers can indicate at a city-scale level an accurate level of positive infections in the population (positive-
rate: 86%).Ona small-scale level, the useof passive samplerswas also feasible and effective todetect SARS-CoV-2GCeasily
and cost-effectively, mirroring a similar trend to that at a city-scale level. Thus, this study demonstrated that passive sam-
plers provide reproducible SARS-CoV-2 GC signals from wastewater and a time-integrated measurement of the sampled
matrix with greater sensitivity compared to wastewater. We thus recommend the use of passive samplers as an alternative
method for wastewater-based epidemiology. Passive samplers can in particular be considered for a better estimation of in-
fections compared to incidence levels.
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1. Introduction

COVID-19 is a disease that was first reported in December 2019 and is
caused by the severe acute respiratory syndrome coronavirus (SARS-CoV-2).
SARS-CoV-2 has been detected in both, respiratory and gastrointestinal tracts
(Xiao et al., 2020). Genetic fragments of the virus have also been found in
faeces andurine samples of symptomatic, aswell as asymptomatic, individuals
(Ahmed et al., 2020a; Gupta et al., 2020; Lee et al., 2020; Tian et al., 2020;Wu
et al., 2020b), eventually ending up in wastewater and, finally, in municipal
wastewater treatment plants (WWTP) (Crank et al., 2022).

SARS-CoV-2 GC was quantified in raw wastewater (Kitajima et al.,
2020; Peccia et al., 2020) as well as in sludge (Balboa et al., 2021), days be-
fore positive cases were clinically reported (Medema et al., 2020), thereby
potentially serving as an early warning tool. This led scientists, public
health agencies, and governments worldwide to focus on wastewater-
based epidemiology (WBE) (Gawlik et al., 2021) for the detection of path-
ogens of concern (e.g. SARS-CoV-2) in wastewater.

The detection of SARS-CoV-2 GC included e.g., themonitoring of waste-
water treatment plants of different sizes in the Czech Republic (Mlejnkova
et al., 2020), in different catchment areas in Australia and Spain (Ahmed
et al., 2020a; Guerrero-Latorre et al., 2022), on a nationwide scale in the
Netherlands, where the National Institute for Public Health and the Envi-
ronment is analysing wastewater samples from over 300 WWTP, serving
approximately 17 million people, at 55 locations representing approxi-
mately 12.5 million people in the USA (Duvallet et al., 2022) or in 81 cities
in Turkey (Kocamemi et al., 2020).

Broad screening surveys for human based diseases are often logistically
costly, economically inefficient, resource onerous, and, when using PCR, al-
ways provide only a snapshot of the actual situation (Bivins et al., 2021).
However, the actual potentially infected proportion of the population is a
key parameter for epidemiological assessment. Its recording is crucial in
predicting how potential number of infections in a population will develop
and how they will change in response to interventions.

While progress has been made in the diagnosis of the disease, there is a
lack of tools that help capture the prevalence of potential infections for
larger populations. Most studies consider wastewater samples from large
WWTPs at the city-scale level, however the collection of representative,
standardised samples is still challenging (George et al., 2022).

Over the last two years, the monitoring of SARS-CoV-2 in wastewater
has become a promising and useful tool in tracking the potential spread
or dynamics of the virus at city- to suburban-scale levels. In general,
autosamplers are used to collect continuous samples over a specific time in-
terval (e.g. 24 h) since SARS-CoV-2 GC in wastewater are extremely vari-
able during the day depending on time, dilution and sewer length (Curtis
et al., 2021; Habtewold et al., 2022). Furthermore, autosamplers are not al-
ways available (e.g., acquisition and maintenance costs, unsecure sites,
safety concerns) and processing the liquid is time-consuming (Habtewold
et al., 2022; Kitajima et al., 2020; Schang et al., 2021). Therefore, the appli-
cation and development of practical and inexpensive tools, such as passive
samplers, may be crucial for WBE monitoring in general and the detection
of SARS-CoV-2 GC in wastewater.

Passive samplers, made from stripes of polyethylene have been used for
decades in sewer systems bymunicipal WWTPs in Germany (German term:
‘Sielhautsammler’) to identify illegal wastewater discharges containing
heavy metals (Boës and Caspary, 1987). The biofilm laid on the plastic pas-
sive sampler consists of microorganisms (bacteria and fungi), which are ca-
pable of absorbing and accumulating pollutants from the wastewater
(Vincent-Hubert et al., 2017), and depending on themicrobial composition,
often have a ‘greasy and soapy’ consistency. This biofilm can then be har-
vested and analysed (Horning and Sbieschni, 1991), usually for organic
or inorganic contaminants. Recently, the capture and detection of SARS-
CoV-2 GC using nylon nets was described by (Vincent-Hubert et al., 2022).

It has been shown that the use of passive samplers is also suitable for the
detection of SARS-CoV-2 GC in wastewater (Bivins et al., 2022; Jones et al.,
2022). They can be used at any site, provide timely data and may collect
SARS-CoV-2 GC missed by traditional sampling methods (Habtewold
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et al., 2022). Furthermore, the great advantage is that it is a cost-effective
tool and can be easily deployed at various locations in the city's sewer catch-
ment and/or can target and monitor specific small-scale locations such as
districts or individual buildings (Acer et al., 2022; Hayes et al., 2021). How-
ever, the application of passive samplers for wastewater-based monitoring
of SARS-CoV-2 is still highly underrepresented.

We searched the ‘Web of Science’ (January 2023) to identify relevant ar-
ticles combining “wastewater”, “SARS-CoV-2” and “passive sampler”. We
identified 11 articles, whereas the combination of “wastewater” and
“SARS-CoV-2” only, resulted in 860 identified articles. For instance, the de-
tection of SARS-CoV-2 GC at low prevalence levels was demonstrated by
Schang et al. (2021), Habtewold et al. (2022) and Hayes et al. (2021), al-
though experimental trials were only carried out for short periods, that is,
22 days, 48 h and 96 h respectively. Furthermore, variousmaterials for pas-
sive samplers were used such as cotton buds or gauze pads (Habtewold
et al., 2022), Moore swabs (Rafiee et al., 2021), cheesecloth, cellulose
sponge and electronegative membranes (Hayes et al., 2021). Hayes et al.
(2022) describes the adsorption of SARS-CoV-2 GC on granular activated
carbon as a media for passive samplers and Vincent-Hubert et al. (2022)
Zetapor and nylon membranes. Corchis-Scott et al. (2021), Liu et al.
(2022) andWilson et al. (2022) concluded that passive sampling had a bet-
ter sensitivity over wastewater monitoring results in general and was even
able to detect single COVID-19 cases at a household level.

Therefore, the overall goal of this studywas to evaluate the suitability of
passive samplers for the detection of SARS-CoV-2 GC in wastewater over
the long-term, at two different scales: city and district-scale level, thus en-
abling the identification of potential ‘hot spots’ (targeted locations).

The specific aims were to: (i) carry out a field-scale test of passive sam-
plers across the city of Leipzig (city-scale), Germany, for a period of
16 months and; (ii) to carry out a field-scale test of three different passive
sampling materials at district-scale level in the city of Leipzig, for a period
of 5 months, for monitoring SARS-CoV-2 in wastewater. (iii) It is, further-
more, briefly discussed why it is difficult to link the results to the reported
case numbers (7-day incidence) in general used by the authorities.

2. Material and methods

2.1. Composite wastewater sampling and passive samplers at city-scale level

The city of Leipzig, Germany, is equipped with a combined sewer sys-
tem. Samples of the wastewater were taken at the municipal WWTP plant
in Leipzig (Klärwerk Rosental), serving approximately 600,000 inhabitants
andwere then put in relation to the passive samplers. An automatic sampler
collected, on average, three individual 24 h composite samples per week at
the inflow of the WWTP. In total, 217 wastewater samples were taken and
analysed for SARS-CoV-2 GC over the period ofMarch 2021 until the end of
August 2022. The data obtained from a SARS-CoV-2 monitoring campaign
is still in progress.

Polyethylene-based plastic passive samplers were deployed in the catch-
ment area of the municipal WWTP plant in Leipzig at 13 different sub-
catchment locations (city-scale; see Fig. 1) and samples were taken in
March, May, June, July, August and September 2021; and February,
April, May, June, July and August 2022. With our sampling strategy we
wanted to cover the entire city area of Leipzig. However, concerning the
sampling we were dependent on the municipal water authority of Leipzig
and in order to realize a simultaneous sampling of all sampling points
every 4 weeks, not >13 were logistically feasible.

As shown in Fig. 1, the polyethylene-based passive samplers consisted
of eight clustered 1.5 m long polyethylene plastic strips. The overall
sampling number as well as location differed every time (see Table A1).
Overall, 92 samples from passive samplers were provided to us from the
city-scale level monitoring by the Leipzig municipal water utilities
(Kommunale Wasserwerke Leipzig GmbH): March 2021: n = 9; May
2021: n = 7, June 2021: n = 8; July 2021: n = 7; August 2021: n = 9;
September 2021: n = 5; February 2022: n = 8; April 2022: n = 6; May
2022: n = 12, June 2022: n = 12, and August 2022: n = 9.



Fig. 1. Polyethylene-based plastic passive samplers used for the detection of SARS-CoV-2 GC in wastewater (left and middle photos), and the location of the 13 passive
samplers (red) across the city of Leipzig. Green: Location of the WWTP.

Fig. 2. Passive samplers used for the detection of SARS-CoV-2 GC in wastewater at
district-scale level. From left: polyethylene-based plastic sampler, cotton-cloth
sampler and unravelled polypropylene plastic rope sampler.
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All wastewater samples, along with the samples on polyethylene-based
passive samplers, were stored at 4 °C on the day of collection and SARS-
CoV-2 GC was extracted during the next day.

The average ambient air temperature of the calendar week (CW) during
sampling is listed in the Supplementary section.

2.2. Wastewater sampling and passive samplers at district-scale level

The experimental setup at a district-scale level (e.g., micro-catchment)
was used at the campus of the Helmholtz-Centre for Environmental Re-
search – UFZ in Leipzig, Germany (Fig. A1). Approximately 700 employees
work at the Centre; however, due to Covid restrictions and working from
home regulations, significantly fewer employees were present during the
experimental trial.

The campus has an internal network of a combined sewer, all wastewa-
ter flows towards a main sewer line at ‘Permoser street’ (Fig. A1) and waste-
water samples (n = 3 per sampling) were taken as grab samples in the
morning during the peak-flow.

Three types of passive samplers were used to investigate differences in
biofilm growth and possible effects on SARS-CoV-2 GC detection. These
types were the polyethylene-based passive samplers as described above,
one made from cotton and one from an unravelled polypropylene plastic
rope (Fig. 2). For the cotton passive samplers, two 10 cm wide and 1.5 m
long cotton-cloths were used. For the rope passive samplers, an unravelled
1.5 m plastic rope was used (Fig. 2).

Three replicates of each passive sampler type were placed and distributed
in the wastewater stream at six locations in street 2 (S2), street 3 (S3) and
street 4 (S4) of the campus (Fig. A1). In order to prevent any clogging and rag-
ging of the sewer line, the polyethylene-based passive samplerswere placed in
the manholes closest to ‘Permoser street’. The cotton and the unravelled plastic
ropewere placed together in the samewastewater stream in themanhole clos-
est to the location of the polyethylene-based passive samplers.

Samples were taken on a weekly basis from March 2022 until August
2022. Since there was not always enoughmaterial present, the overall sam-
pling number differed each time. Overall, 197 samples from the district-
scale level were analysed: wastewater: n = 58; polyethylene-based passive
sampler: n = 39; cotton passive sampler: n = 43 and unravelled rope pas-
sive sampler: n = 57 (see Table A2).

All wastewater, along with samples from passive samplers, were stored at
4 °C on the day of collection, and SARS-CoV-2 GC was extracted during the
next day.

To evaluate the decay of SARS-CoV-2 GC on passive samples, SARS-
CoV-2 GC was analysed 0, 12, 24, 48, 72, 96, 148, 172, 196, 220, 244
and 288 h after sampling. Samples were stored at a temperature of 13 °C
(average temperature of wastewater). Furthermore, the total suspended
3

solid content of the wastewater at S2–S4 was determined according to
DIN EN 872.

2.3. RNA extraction from wastewater and passive samplers

Viral components were precipitated as described previously (Dumke
et al., 2021). Briefly, 45 mL of wastewater samples or 25 mL of biofilm
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samples, mixedwith 25mLTMBuffer (50mMTris HCl, 10mMMagnesium
Sulphate at pH 7.5), were vortexed for 20 min at maximum speed and then
centrifuged for 15 min at 3000 g. The supernatant was carefully taken (40
mL) and 10 % (w/v) PEG (Carl Roth, Karsruhe, Germany) (MW 8000)/
2.25 % NaCl (Th. Geyer, Renningen, Germany) were added to the samples
and mixed head-over-head until additives were completely dissolved. Sam-
pleswere then centrifuged at 12000 g for 1 h. The supernatant was carefully
removed and pellets were suspended in 500 μL TM buffer. PM1 buffer
(1.3 mL), (Qiagen, Hilden, Germany) was immediately added to lyse viral
particles and inactivate nucleases. Samples were stored at −20 °C until
nucleic acid extraction.

Total nucleic acids were extracted using a RNeasy Microbiome Kit
(Qiagen) as described by the manufacturer.

SARS-CoV-2 RNAwas detected and quantified using a SARS-CoV-2 spe-
cific RT-qPCR targeting part of the E gene as described previously (Corman
et al., 2020). A standard curvewas generated to calculate SARS-CoV-2 copy
numbers from RT-qPCR cT-values using eight observations in three inde-
pendent experiments (in vitro transcribed RNAmolecule numbers between
3.125 and 1 million). RT-qPCR efficiency was 110 %, R2 value was 0.9702,
the linear dynamic range was between 12.5 and 1 million copy numbers
(R2 = 0.9982). Limit of detection was 2.53 and limit of quantification
was 7.69.

2.4. Data analysis

Mean Ct valuesmeasured inwastewater and passive samplers were con-
verted into genome copies, based on an in-house SARS-CoV-2 standard
with known GC numbers. Data on the incidence as well as the number of
RT-qPCR tests carried out and positive RT-qPCR tests were provided by
the ‘Robert Koch Institute (RKI)’ (www.rki.de), which is the German federal
government agency and research institute responsible for disease control
and prevention.

Data were analysed using the statistical program R, Version 4.2.1 (R
Core Team, 2022). Distributions of data were tested for normality and
homogeneity, and are presented as arithmetic means ± standard errors
(SE) in the figures as box plots. If necessary, results were evaluated
statistically using analysis of variance (ANOVA) followed by a Tukey's
post hoc test. Where the assumptions of the model were not fulfilled, a
Box-Cox transformation was applied and effects were regarded as signif-
icant if p ≤ 0.05.
Fig. 3.Detection of SARS-CoV-2 GC in passive samplers in wastewater as aggregate data
median, IQR and 1.5 × IQR, respectively.
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3. Results and discussion

3.1. Detection of SARS-CoV-2 in passive samplers and wastewater at a city-
scale level

So far, only three other studies have considered passive samplers in
larger catchments for the detection of SARS-CoV-2 GC in wastewater
(Ahmed et al., 2022; Li et al., 2022; Schang et al., 2021). For the first
time, passive samplers were now used at various locations at a city-scale
level over several months tomonitor SARS-CoV-2 inwastewater. All results
were discussed in relation to SARS-CoV-2GC detected directly in the waste-
water at the municipal WWTP.

Of the 92 passive samples taken across the city of Leipzig, about 86 %
were positive for SARS-CoV-2 in the period from March 2021 until August
2022. Even with low reported incidence levels during June to August 2021
(monthly incidence level of 28 in June, 7 in July and 15 in August) SARS-
CoV-2 GC were detected (Fig. 3). The data shows that it is also possible to
detect the presence of the virus in the population based on passive samplers
for wastewater monitoring on a larger scale. Some outliers are present, how-
ever, significant differences (p ≤ 0.05) between the months were detected
(Fig. 3), and therewas a slightly higher positive rate compared towastewater
(82 %). We therefore postulate that passive samplers in wastewater can
indicate a more realistic level of infections in the population than measured
directly in wastewater, however at this stage only retrospectively.

Additionally, samples were taken at various location across the city of
Leipzig (Fig. 1) and not at only one sampling point, as is the case for the
wastewater monitoring. However, the downside is that, with passive
samplers at a city scale level, we were not able to increase the sampling
frequency, due to logistic reasons (e.g., blocking roads to obtain the sample)
and therefore could only retrieve samples every 4 weeks from the 13
sampling points.

A significant variation (p≤ 0.05) of SARS-CoV-2 GC between sampling
points of the passive samplers was measured, indicating the identification
of potential ‘hot spots’ of community transmission in local areas or catch-
ments is possible. However, the catchment areas of the 13 sampling
locations in Leipzig are huge, ranging from 1.3 to 18.8 km2, similar in
size to small villages, and therefore, also due to logistic reasons, it was
not possible to narrow further down the ‘hot spots’ to smaller catchments,
such as individual household blocks. Thus, further analyses at smaller
scales are necessary.
across the city of Leipzig in 2021 and 2022 (framed). Solid line, boxes, and whiskers:

http://www.rki.de


M. Breulmann et al. Science of the Total Environment 887 (2023) 164143
In the following, we aligned the passive sampling data at city scale level
with the wastewater data from the municipal WWTP described above. The
data significantly correlate (R2=0.75, p≤ 0.05), however, we can see that
trends between months are more precise in the data from passive samplers
than in those from the wastewater data and the inflection point in the
curve, such as seen in May, is not visible (Fig. 4). SARS-CoV-2 GC passive
samplers gradually increased from June 2021 until August 2021, however
SARS-CoV-2 GC in wastewater decreased again in August 2021 (Fig. 4).
Similar results were found from February until June 2022, where SARS-
CoV-2 GC in wastewater decreased in May. From January to May 2022,
when the Delta virus variant was being replaced with the Omicron virus
variant (Paton et al., 2022), passive samplers seemed to be unaffected by
this change and seemed to be more sensitive compared to 24 h composite
wastewater samples.

Overall, the results show that passive samplers can detect SARS-CoV-2
GC more consistently in wastewater. This is probably because of the larger
volume of sewage passing the passive sampler compared to that which can
be collected by 24 h composite wastewater samples. It, therefore, can pro-
vide a time-integratedmeasurement of the sampledmatrix and greater sen-
sitivity (Bivins et al., 2022; Li et al., 2022), but over a much shorter time.

In our study, we assumed that SARS-CoV-2 GC in wastewater reflects a
more realistic level of infections in the population and that it can also be de-
tected by other sampling procedures such as passive samplers as discussed
above. However, to date the health authorities usually rely on the 7-day in-
cidence, which is then put in relation to results from wastewater for in-
stance. This in our opinion highly underestimates the real infection rate
in the population and certainly can give a completely wrong impression.
Since the results of the passive samplers are validated against the results
of the composite wastewater monitoring, thus to prove this assumption,
SARS-CoV-2 GC in wastewater are discussed briefly in the following.

Among the 217 wastewater samples taken at the municipal WWTP, ap-
proximately 82 % were positive for SARS-CoV-2 GC in the 16 months from
March 2021 to August 2022.

It has been shown that a clear quantification and correlation of SARS-
CoV-2 GC in wastewater with reported case numbers (7-day incidence) is
difficult; this has also been reported by Wu et al. (2020a), who noted that
SARS-CoV-2 in wastewater may not accurately reflect the incidence levels,
while theremight be an age dependence between the viral load inwastewa-
ter and the number of confirmed cases (Omori et al., 2021). A trend is de-
tectable, as also found by Ho et al. (2022). However, particularly in the
period January to May 2022, when the Delta variant was being replaced
by the Omicron variant (Paton et al., 2022), this trendwas no longer visible
and did not follow the 7-day incidence. When calculating the 7-day
Fig. 4. Comparison of detected SARS-CoV-2 GC in passive samplers (green) across
the city of Leipzig and in wastewater (blue) at the municipal treatment plant in
Leipzig for 2021 and 2022, presented as aggregate data. Passive samplers were
not sampled in the months April, Oct.-Dez. 2021 and March and July 2022.
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incidence, only the average daily number of newly detected COVID-19
cases over a period of 7 days is taken into account. However, the overall
number of tests carried out in the population, to normalize the data, is
not considered. As shown in Fig. 5, the overall number of RT-qPCR tests
and number of positive RT-qPCR tests are highly correlated (2021: R2 =
0.86; 2022: R2 = 0.85). More tests result in higher detection rates, that
means the likelihood to identify SARS-CoV-2 positive individuals was in-
creased. At the same time, the risk to obtain false positives also increases
(Braunstein et al., 2021). Surprisingly, the two years 2021 and 2022 are
clearly clustered away from each other, probably due to a change of the sen-
sitivity of the RT-qPCR tests (e.g. new chemistry).

For the municipal wastewater treatment plant in Leipzig, a relationship
between the weekly number of positive tests per 100,000 tests in wastewa-
ter, and the detected SARS-CoV-2 GC in wastewater is also visible (Fig. A2),
clearly showing how changes in dominant virus variant shifts the relation-
ship between wastewater measurements and clinical – likely due to shed-
ding distribution/rates. Therefore, due to the importance of the overall
number of tests carried out, SARS-CoV-2 GC fromMarch 2021 until August
2022 were correlated to the number of positive tests per 100,000 tests
carried out (Fig. A3). This relationship is more pronounced and, as stated
before, a further indication that the SARS-CoV-2 GC in wastewater does in-
deed reflect a more realistic level of potential infections in the community.

Since the official incidence levels are highly dependent on the number
of tests carried out, it does not accurately represent a realistic infection
level of SARS-CoV-2 in the population, and correlations with SARS-CoV-2
GC in wastewater are unlikely or often just a coincidence also depending
on the number of samples taken. Nevertheless, our observation of SARS-
CoV-2 GC in wastewater in the long-term, with over 200 analyses, show
that WBE for SARS-CoV-2 can be considered as a wastewater early-
warning system as stated, for example, by Rossmann et al. (2021) and
Rossmann et al. (2022), however at this stage only retrospectively.
Wastewater-based monitoring of SARS-CoV-2 makes sense as a comple-
mentary and cheaper method compared to individual, and often unneces-
sary, testing in the community.
Fig. 5. Relationship between the weekly number of performed RT-qPCR tests
carried out and the number of positive RT-qPCR tests from March 2021 to August
2022, separated for the year 2021 (black) and 2022 (red). Data on the number of
RT-qPCR tests carried out and positive RT-qPCR tests were retrieved from the
‘Robert Koch Institute (RKI)’ (www.rki.de), which is the German federal
government agency and research institute responsible for disease control and
prevention.

http://www.rki.de


Fig. 6.Detection of SARS-CoV-2 GC in wastewater as well as in passive samplers made of three different materials: cotton-cloth; plastic and unravelled rope in wastewater at
district level in 2022. Solid line, boxes, and whiskers: median, IQR and 1.5 × IQR, respectively.
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3.2. Detection of SARS-CoV-2 in passive samplers at a district-scale level

Since it was not possible to narrow down further potential ‘hot spots’ of
SARS-CoV-2 infections at city-scale level to a specific community/district,
due to logistical reasons as described above, we carried out a second exper-
iment with passive samplers on district-scale level. The experiment was set
up at the campus of the Helmholtz-Centre for Environmental Research –
UFZ, with an internal network of a combined sewer and approximately
700 employees. It is important to note is that due to Covid restriction and
working from home regulations, fewer employees were present during
the experimental trial.

An initial comparison of the three investigated small catchment areas
showed that the detected total suspended solid content in the wastewater
was clearly higher at S2 (Fig. A4). This is in accordance with the observa-
tions during sampling, since the wastewater at S2 only originates from of-
fice buildings, whereas the catchment of S3 and S4 include offices,
laboratories, and garages. We assumed that, therefore, the chances were
greater of finding higher SARS-CoV-2 GC levels at S2. However, no signifi-
cant differences in SARS-CoV-2 GC between the three micro-catchment
areas (S2, S3 and S4) were found. Contrary, Hayes et al. (2022) described
in both field and isotherm experiments, equilibrium behavior and viral re-
covery of passive samplers to be associated with total suspended solid con-
centrations, highlighting when high TSS concentrations are apparent, viral
quantification may appear low or even absent, regardless of the viral con-
centration.

Overall, 197 samples, made up of 58 wastewater and 139 samples from
passive samplers, were analysed and it was possible to detect SARS-CoV-2
GC. Some 37 % of the samples of the wastewater, 31 % of the cotton-
cloth samples, 52 % of the unravelled rope samples and 61 % of the
polyethylene-based samples tested positive for SARS-CoV-2 (Table A2). In-
dividual number of samples differed, because on a weekly basis, not always
enough material could be removed from the passive samplers.

On a monthly basis, small variations between samples, especially in
June and August 2022, were visible and there was no significant difference
between SARS-CoV-2GC in passive samplers andwastewater (Fig. 6). Over-
all, a monthly increase of SARS-CoV-2GCwas detected betweenMarch and
July 2022, with a slight decrease in August 2022. SARS-CoV-2 GC was de-
tected more frequently in passive samplers (plastic: 65 %; cotton-cloth:
72 %; unravelled rope: 95 %) than in the wastewater (37 %). However,
this could also be because grab samples of the wastewater were taken,
and it was more likely to miss peaks of flushes in the wastewater.
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From a practical viewpoint, retrieving samples was easiest from the
polyethylene-based passive samplers, however, samples could not be
taken every week. The cotton-cloth was saturated with wastewater and
small particles accumulated in the cotton, and could be taken on a weekly
basis, however, the material was vulnerable to decay. Finally, a significant
amount of suspended solid substance accumulated in the unravelled rope,
and it was sometimes difficult to retrieve material for analysis.

More information on the stability of SARS-CoV-2 GC on passive sam-
plers is needed. While some studies have reported that the persistence of
SARS-CoV-2 is up to 50 days at temperatures of 4–6 °C (Silverman and
Boehm, 2020), 1–2 days at 20° (Bivins et al., 2020), others have reported
a decay of only several hours at temperatures of 4, 10 and 35 °C
(Weidhaas et al., 2021). In a small side experiment, to evaluate the decay
of SARS-CoV-2 GC on passive samples, we found that even after 196 h
after sampling, positive signals were still detectable in our samples.

The dilution of SARS-CoV-2 GC signals in wastewater has been reported
by Ahmed et al. (2020b), Liu et al. (2022) and Li et al. (2022), who saw that
signals were significantly reduced and dilution was the dominant factor
influencing the fate of SARS-CoV-2 GC. We can also confirm these results.
If sampling took place the day following a rain event with >3.2 L m−2,
no SARS-CoV-2 GC could be detected. This was the case for, in total, four
sampling events.

The comparison of the results from passive samplers taken at district-
scale level with the ones from city-scale level, showed that the district-
scale level results are similar, although on a slightly lower level, to those
at city-scale (Fig. 7). The results presented demonstrated that even on a
small-scale, the use of passive samplers allows an easy and cost-effective de-
tection of SARS-CoV-2 and is thus probably well suited for the detection of
infections in a population. Thus, passive samplers can be considered as a
simple tool for the identification of potential ‘hot spots’ on various scales.

4. Conclusions

Our results show that passive samplers in wastewater at the city-scale
level can provide an integrated signal of SARS-CoV-2 GC over several
days indicating an accurate level of positive infections in the population.
In addition, on a small-scale level, the use of passive samplers was also fea-
sible and effective to detect SARS-CoV-2 easily and cost-effectively,
mirroring a similar trend to that at a city-scale level. Thus, we demonstrated
that passive samplers can be considered as a simple monitoring tool for
identifying potential ‘hot spots’ during low incidence levels at various scales



Fig. 7. Comparison of detected SARS-CoV-2 GC in passive samplers at city-scale
level (green) and district-scale level (dark blue) in wastewater from March–
August 2022, presented as aggregate data.
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where the detection of SARS-CoV-2 GC can be considered as a signal of a
possible (re)occurrence.

Passive samplers provide an integrated signal of SARS-CoV-2 GCover
several days and are therefore ideal for routine monitoring. This is particu-
larly relevant in the German context, where polyethylene-based passive
samplers are already sampled across cities, albeit only to identify illegal
wastewater discharges containing heavy metals. Passive samplers have
the advantage that they can be used at different locations in settlement
areas without using complex and cost intensive monitoring equipment
(pumps, samplers). They do not need a power supply; sampling is not
time consuming (<1 h) and can be done without significant disturbance
to road traffic. To conclude, we have shown that passive samplers can pro-
vide reproducible SARS-CoV-2 signals from wastewater. We recommend
that passive samplers could be used as an alternative method for WBE for
SARS-CoV-2 and can be considered for estimating the level of infection in
the population, because the calculation is not based on individual testing,
which we could show does not accurately represent a realistic infection
level of SARS-CoV-2 in the population (7-day incidence). This is particu-
larly relevant for resource-limited communities.

Limitation of the study were that we did not know, whether the 13 sub-
catchments represent a relatively uniform percentage of the population or if
some catchments represent a greater proportion of the population than
others. Furthermore, clinical data on sub-catchment level was not available
for the study. Including this kind of detailed data in futurework will help to
get an even better insight into the use of passive samplers in wastewater.
Furthermore, more research is needed since it is still difficult to quantify
SARS-CoV-2 with confidence. In general, some uncertainties concerning
the collection efficiency of passive samplers still exist and sorption, desorp-
tion, and potential degradation of viral RNA over a time-interval are still
not fully understood. Finally, the use of passive samplers in WBE should
not be limited to the detection of SARS-CoV-2, but also rather also include
other pathogens of concern.
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