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surveillance of COVID-19. Among individual studies, SARS-CoV-2 RNA concentrations derived from passive samplers
demonstrated heterogeneous correlation with concentrations from paired composite samples ranging from weak

Wastewater surveillance (R* = 0.27, 0.31) to moderate (R*> = 0.59) to strong (R?> = 0.76). Among passive sampler materials, electronegative
membranes have shown great promise with linear uptake of SARS-CoV-2 RNA observed for exposure durations of 24
to 48 h and in several cases RNA positivity on par with composite samples. Continuing development of passive sam-
pling methods for the surveillance of infectious diseases via diverse forms of fecal waste should focus on optimizing
sampler materials for the efficient uptake and recovery of biological analytes, kit-free extraction, and resource-
efficient testing methods capable of rapidly producing qualitative or quantitative data. With such refinements passive
sampling could prove to be a fundamental tool for scaling wastewater surveillance of infectious disease, especially
among the 1.8 billion persons living in low-resource settings served by non-traditional wastewater collection
infrastructure.
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1. Wastewater surveillance of COVID-19

People infected with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) shed the virus and its genetic material through their bodily
excreta eventually ending up in wastewater (Crank et al., 2022). Therefore,
the surveillance of wastewater at municipal wastewater treatment plants
(WWTPs) has been instrumental to track coronavirus disease 2019
(COVID-19) dynamics at population levels (Graham et al., 2021; Feng
et al., 2021; Peccia et al., 2020; Wu et al., 2020). Wastewater surveillance,
also referred to as wastewater-based epidemiology (WBE), has been imple-
mented at various scales in communities throughout the world (Sharara
et al., 2021; Shah et al., 2022; Thompson et al., 2020; Naughton et al.,
2021). One critical component of sensitive and accurate characterization
of infectious disease status via WBE is the collection of a wastewater sample
that is representative of the total wastewater volume produced by the com-
munity (Ahmed et al., 2022; George et al., 2022). Composite sampling, the
pooling and mixing of serial subsamples collected from a wastewater
stream into a single sample over a given time interval, is a frequently
used approach to obtain a representative sample from WWTPs or other
points in the wastewater collection system (Medema et al., 2020;
Sherchan et al., 2020; Ahmed et al., 2020).

While wastewater samples can be composited manually, they are typi-
cally collected automatically using autosamplers. Autosamplers are expen-
sive ($2300 to $7500 USD each) and can often require infrastructure
modifications (i.e., housing, electrical power supply, insulation, conduits,
access hole modifications, and security features) to accommodate the sam-
pler and its associated accessories (Liu et al., 2022). Such expenses may be
reasonable for wastewater surveillance at a single WWTP in well-resourced
communities, but they greatly limit the application of wastewater surveil-
lance at finer spatial scales (e.g., sub-sewershed or building-level) and in

low-resource communities. For example, a large wastewater surveillance
program at the University of California San Diego makes use of 70 Hach
AS950 automatic samplers with a market-selling retail price (MSRP) of
$4500 USD each and a total MSRP of $315,000 USD (Karthikeyan et al.,
2021). Even with open-source in-house autosampler designs, such as imple-
mented at the University of Colorado Boulder, autosamplers were still $800
USD each (Reeves et al., 2021). The large costs associated with best-
practice sampling protocols and equipment could be prohibitively expen-
sive for WBE efforts in low and middle-income countries (Naughton et al.,
2021; Dzinamarira et al., 2022).

As an alternative to wastewater composite samples, some practitioners
have used grab samples, discrete samples collected from the wastewater
stream at a single location and time-point, to determine the presence of
COVID-19 among populations (Vo et al., 2022; Brooks et al., 2021; Scott
et al., 2021; Crowe et al., 2021). The reported success of wastewater sur-
veillance in identifying COVID-19 cases at the building-level on university
campuses highlights the usefulness of sub-sewershed sampling for directed
public health response (Betancourt et al., 2021). Nonetheless, the collection
of discrete small-volume samples at a single time-point increases the risk of
erroneous results, especially as the number of individuals shedding SARS-
CoV-2 RNA among a given population decreases (George et al., 2022).
Thus, there is need for a robust and cost-efficient sampling approach
capable of producing representative wastewater samples across a variety
of contexts without the large expense of autosampling.

While interest in passive sampling of wastewater has been renewed dur-
ing the COVID-19 pandemic, it is not an entirely novel approach. Herein,
we briefly review the history of wastewater passive sampling, recent appli-
cations during the COVID-19 pandemic, including comparisons between
passive, grab, and composite sampling, along with the potential benefits
and constraints of passive sampling workflows. Finally, we propose a
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research agenda for continued refinement of passive sampling methodol-
ogy and discuss the pressing need to scale wastewater surveillance to the
sub-sewershed level in low-resource settings which are frequently not
served by traditional wastewater infrastructure.

2. Passive sampling basics

Passive sampling is premised on the spontaneous exchange of an ana-
lyte between the bulk medium being sampled (i.e., wastewater) and a col-
lecting medium (i.e., the passive sampler) (Salim and Gérecki, 2019;
Gorecki and Namie$nik, 2002). This exchange is mediated by immersing
the sampler within the sampled medium, hence the term “passive” sam-
pling (without active response or resistance) although it has also been re-
ferred to as “trap” sampling (Matrajt et al., 2018). Because passive
samplers are in continuous contact with the medium being sampled, they
may collect analytes or molecules missed by discrete grab or composite
sampling events (Habtewold et al., 2022). Passive samplers can be designed
with a single-material as the sorption medium or with two materials: one as
a rate-limiting barrier enclosing a second sorption medium (Salim and
Gorecki, 2019). In some cases, organisms such as plants, fish, and mussels
have been used as passive samplers (Gorecki and Namiesnik, 2002; Vrana
et al.,, 2005). The earliest applications of passive sampling targeted
chemicals in air, such as atmospheric ozone in 1873 and carbon monoxide
in 1927 (Fox, 1873; Gordon and Lowe, 1927). Passive sampling has also
been used extensively to monitor organic and inorganic chemical pollutants
in various environmental compartments including air, water, wastewater,
soil, groundwater, and pore water (Zabiegala et al., 2010; Ahrens et al.,
2016; Petty et al., 2000). For this reason, much of the theoretical
foundation for passive sampling has been derived and characterized using
chemical pollutants (Salim and Goérecki, 2019; Gérecki and Namiesnik,
2002; Vrana et al., 2005). While microorganisms can be conceptualized
as biocolloids, the development of theoretical frameworks for passive
sampling of microorganisms remains limited (Tenney and Verhoff, 1973).
Nonetheless, passive sampling has a rich history in the environmental
surveillance of infectious disease.

3. History of passive sampling for infectious disease

Using passive samplers for disease surveillance via wastewater dates to
the earliest days of bacteriology. Following the invention of selective media
to isolate Salmonella typhi (“B. typhosus” or “S. typhi”) from wastewater, grab
sampling of wastewater was used to assess typhoid fever epidemiology
(Wilson, 1928; Gray, 1929; Wilson, 1933; Wilson, 1938). Many of these
early efforts were focused on linking downstream cases of typhoid fever
with upstream sources of fecal contamination. In the first account of passive
sampling for S. typhi, Moore reported that the most successful sampling ap-
proach was a “strip of gauze, 4 feet by 6 inches in size, folded into 8 thick-
nesses, secured with string and immersed in the sewer for 48 hours”
(Moore, 1948). This approach, called a “Moore swab”, allowed for more re-
liable detection by continuous sampling of sewage over two days rather
than sporadic “catch sampling” (Kelly et al., 1955; Moore, 1950).

In the years following, Moore swabs were widely used to trace typhoid
fever outbreaks back to the source of fecal contamination (Shinohara et al.,
1981; Moore et al., 1952; Harvey and Phillips, 1955; Lendon and
Mackenzie, 1951). Such swabs were even deployed directly into residential
water closets to locate individual S. typhi carriers (Kwantes and Speedy,
1955). In the years since their invention, Moore swabs have been used to
sample water and wastewater for Coxsackie viruses, Vibrio cholera,
Escherichia coli O157:H7, norovirus, and poliovirus in sewage and
environmental waters (Kelly et al., 1955; Isadcson et al., 1974; Barrett
et al., 1980; Sattar and Westwood, 1977; Pazzaglia et al., 1993; Sbodio
et al., 2013; Cassemiro et al., 2016; Tian et al., 2018; Matrajt et al.,
2018). More recently, Moore swabs have been suggested as a critical
method to scale wastewater surveillance in response to the emergence of
antibiotic-resistant S. typhi strains (Sikorski and Levine, 2020). Materials
besides cotton gauze have also been tested for their effectiveness as passive
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samplers including glass beads for poliovirus from wastewater and a variety
of polymers for norovirus from environmental waters (World Health
Organization, 2003; Vincent-Hubert et al., 2017). However, passive
samplers made from readily available materials, such as the Moore swab,
remain attractive for their simplicity, availability, and affordability, espe-
cially in low-resource settings (Amereh et al., 2021).

4. SARS-CoV-2 wastewater passive sampling literature

The primary focus of this review is the application of passive sampling
for wastewater surveillance of SARS-CoV-2 RNA and/or COVID-19, partic-
ularly studies reporting empirical observations. To identify relevant arti-
cles, we searched PubMed and Google Scholar using combinations of
“SARS-CoV-2”, “passive sampler”, “Moore swab”, “swab”, “tampon”, and
“wastewater” or “sewage” as summarized in Table S1. We identified 152
publications through the search, and after title and abstract screening 19
were categorized as relevant. We removed 3 preprints from the set after
identifying their peer-reviewed version among the set yielding a total of
16 unique publications. We screened the text of these publications and re-
moved an additional 5 publications that made mention of passive sampling
but did not report empirical observations. Thus, the final set of manuscripts
that reported primary datasets of SARS-CoV-2 wastewater surveillance via
passive sampling totaled 11 publications as summarized in Table 1.

Four publications reported paired data derived from passive samplers of
various materials and more traditional grab or composite samples. Four
publications reported on the use of passive samplers for building-level
wastewater surveillance of COVID-19 in university residence halls and
the Olympic Village in Tokyo, Japan. One study reported both a method
comparison and COVID-19 surveillance with passive sampling of wastewa-
ter on a university campus. Lastly, two studies reported empirical observa-
tions of passive sampler kinetics and calibration for microbiological
analytes from wastewater. Herein, we synthesize the observations from
these studies into the following topical considerations: (i) passive sampling
performance versus traditional sampling methods (composite and grab) for
SARS-CoV-2 RNA in wastewater; (ii) passive sampling performance for
COVID-19 surveillance; (iii) the theoretical and mechanical basis for pas-
sive sampling of microorganisms such as SARS-CoV-2 from wastewater;
(iv) prospects of passive sampling to produce quantitative data; and
(v) fabrication, deployment, and processing of passive samplers. We con-
clude with recommendations for a future research agenda to further im-
prove passive sampling for microbiological analytes from wastewater and
an outlook on the role of passive sampling to scale equitable application
of wastewater surveillance.

5. SARS-CoV-2 wastewater passive sampling method comparisons

In the first comparison of composite, grab, and passive sampling across
sewersheds of various populations and flows, Schang et al. assessed the per-
formance of passive samplers constructed with electronegative membranes,
medical gauze, and cotton buds (“Q-tips”) for the detection of SARS-CoV-2
RNA by reverse-transcription quantitative polymerase chain reaction (RT-
qPCR) (Schang et al., 2021). Overall, SARS-CoV-2 RNA was detected in
50% of grab and composite samples (92/183) and 31% of all passive sam-
ples (76/245), with electronegative membranes demonstrating the highest
positive proportion (41%) among passive sampling materials, followed by
gauze (31%) and cotton buds (25%) (Schang et al., 2021). When SARS-
CoV-2 RNA concentrations were below 1.8 gene copies (GC)/mL of waste-
water, passive samplers detected SARS-CoV-2 RNA more often than grab or
composite sampling. In addition, there was a significant correlation be-
tween SARS-CoV-2 RNA concentrations on passive samplers and concentra-
tions in the wastewater as measured by composite sampling (Schang et al.,
2021).

In a second study, Habtewold et al. tested the same three passive sam-
pler materials alongside traditional sampling methods for various exposure
durations (4 to 96 h) to influent at a WWTP (Habtewold et al., 2022). They
also reported superior performance of electronegative membranes with
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linear uptake of SARS-CoV-2 RNA between 4 and 48 h of exposure and a
positive proportion of 79.6%, as high as traditional sampling methods,
followed by cotton gauze pads (77.8%) (Habtewold et al., 2022) Cotton
buds produced the lowest positivity rate (59%) among the three passive
sampler materials (Habtewold et al., 2022). The authors theorized that
this was because of a comparably smaller surface volume of cotton buds
compared to the other materials. The proportion of samples positive in-
creased with exposure duration for all three materials, and at 24 h expo-
sures the proportion of gauze and membranes positive for SARS-CoV-2
RNA exceeded that of composite samples (Habtewold et al., 2022). These
results along with those of Schang et al. (2021) suggest passive samplers
constructed of certain materials may yield positivity similar to composite
sampling for wastewater exposure durations of 24 h.

During passive and grab sampling at 17 maintenance access holes in
Tehran, Iran, Rafiee et al. found the positivity of Moore swabs exposed to
wastewater for 16 h achieved positivity equal to that of manually prepared
composite samples (100%) from the same period. Moore swabs greatly
outperformed grab sampling which demonstrated only 47% positivity
over the same interval (Rafiee et al., 2021).

Unlike the three previous studies, Hayes et al. performed both bench-
scale and in situ experiments to assess the performance of passive sampling
compared to grab sampling. The authors tested passive samplers made of
four different materials (cotton gauze, cheesecloth, cellulose sponges, and
electronegative membranes) (Hayes et al., 2021). Among these materials,
cheesecloth eluted with Tween 20 buffer recovered the greatest mean con-
centration of SARS-CoV-2 RNA during bench-scale experiments followed
closely by electronegative filters eluted with Tween 20 buffer (Hayes
et al., 2021). During in situ experiments, passive samplers were deployed
within a novel 3D printed housing called the COVID-19 Sewer Cage
(COSCa) (Hayes et al., 2021). During these experiments, cheesecloth,
with 46.6% positivity, and electronegative filters, with 40.0% positivity,
outperformed grab sampling for detecting SARS-CoV-2 RNA in wastewater
(Hayes et al., 2021).

Across the four method comparisons, passive sampling with a variety of
materials including cotton buds, cotton gauze, cheese cloth, and electroneg-
ative filters consistently outperformed grab sampling for detecting SARS-
CoV-2 RNA in wastewater. In several instances, passive sampling with se-
lected materials such as electronegative filters, cheese cloth, and cotton
gauze was able to achieve RNA detection comparable to composite sam-
ples, although this was not observed across all studies. Electronegative
membranes performed particularly well for passive sampling with promis-
ing linear uptake of SARS-CoV-2 RNA observed for exposure duration up to
48 h. While the strength of these results is limited by the small number of
studies and the limited sample size, they are suggestive and should moti-
vate efforts to replicate the findings. One fundamental limitation of the
studies described above is their analyses consider SARS-CoV-2 RNA detec-
tion alone without consideration of COVID-19 incidence or prevalence
among the relevant community. The prevalence of COVID-19 among the
communities during two of the studies was 0.34 to 3.4 cases per 100,000
and 2 to 17 cases per 100,000 (Schang et al., 2021; Habtewold et al.,
2022). The successful detection of SARS-CoV-2 RNA in wastewater by pas-
sive sampling with COVID-19 at such low prevalence suggests the approach
could be sensitive for disease surveillance.

6. Wastewater passive sampling for COVID-19 surveillance

Several studies have leveraged passive sampling of wastewater for
COVID-19 surveillance at the building-level. Liu et al. used Moore swabs
made of cotton gauze to produce 442 wastewater samples from residential
buildings, a hospital, and an isolation facility at Emory University, Georgia,
USA. Over the study period the proportion of weekly positive Moore swabs
ranged from 16.8 to 42.1% for wastewater effluent from residence halls
with individual COVID-19 cases identified by follow up clinical testing in
response to positive wastewater results (Liu et al., 2022). Paired grab and
passive samples of hospital wastewater indicated that Moore swabs were
more sensitive (24/26 positive; 92%) for the detection of SARS-CoV-2
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RNA and COVID-19 cases than grab samples (18/26 positive; 69%) (Liu
etal., 2022). Wastewater passive sampling results from the isolation facility
indicated Moore swab positivity was 71.4% when there were one to four
COVID-19 cases present (Liu et al., 2022). Despite these promising results,
passive sampling yielded two false negative and two false positive results
from the same isolation facility (Liu et al., 2022). However, even after ac-
counting for these errors, accuracy in detecting COVID-19 cases in quarantine
was 83% (Liu et al., 2022). During a second study using passive sampling for
wastewater surveillance at the same university, the authors reported that
weekly passive sampling was not sensitive (6/63, 9.5%) for the detection of
single COVID-19 cases within 25 residential dormitories (Wang et al.,
2022). This finding contradicts the observations from the isolation facility
and suggests that there may be variation in performance from site to site.
Wang et al. (2022) still found that passive sampling had better sensitivity
than grab sampling and wastewater surveillance results from passive
sampling identified a COVID-19 surge two weeks prior to clinical sampling.

Corchis-Scott et al., (2021) also reported superior performance of
passive sampling compared to grab sampling to detect COVID-19 among
residents of a university residence hall in Ontario, Canada. Over a period
of seven weeks, thrice-weekly grab samples of wastewater from the hall
were consistently negative for SARS-CoV-2 RNA; however, after deploying
passive samplers made of tampon swabs, SARS-CoV-2 RNA was detected
within two days (Corchis-Scott et al., 2021). When the RNA signal mea-
sured by passive sampling increased over four sampling days, clinical test-
ing was triggered and a single infection was identified among 195 people
(Corchis-Scott et al., 2021). In follow-up testing of close contacts, a second
case was identified and subsequent testing identified the Alpha (B.1.1.7)
variant of concern (VOC) in both wastewater and clinical samples
(Corchis-Scott et al., 2021). Similar to the findings of Liu et al. (2022),
these results suggest that passive sampling can be sensitive enough to detect
single COVID-19 cases at the building level.

A fourth study reported the use of passive sampling with tampon swabs
to monitor wastewater from nine university residence halls over six weeks
at the University of Notre Dame, Indiana, USA (Bivins et al., 2021). The
1627 students residing in these halls were subject to weekly clinical testing
for COVID-19 associated with the university's COVID-19 response. Unlike
all other studies, Bivins et al. applied reverse transcription loop-mediated
isothermal amplification (RT-LAMP) assay to test wastewater for SARS-
CoV-2 RNA. A comparison between the 143,884 clinical samples and 53
wastewater samples over the study period found that wastewater surveil-
lance by passive sampling achieved a 75% three-day positive predictive
value for incident COVID-19 cases and a same-day negative predictive
value of 80%, despite RT-LAMP's decreased sensitivity compared to RT
droplet digital PCR (Bivins et al., 2021).

A brief report of wastewater surveillance performed at the Olympic Vil-
lage during the 2020 Olympics in Tokyo, Japan (which occurred in 2021)
noted that passive sampling greatly increased the specificity of wastewater
surveillance for incident COVID-19 cases compared to grab sampling but
did not provide methodological details or empirical data (Kitajima et al.,
2022). Finally, a publication evaluated the hypothetical application of pas-
sive samplers for wastewater surveillance during an outbreak of COVID-19
in Nanjing, China, although the study did not produce empirical data (Jiang
et al., 2022). The results across the five studies reporting real-world imple-
mentation for disease surveillance suggest passive sampling can be a sensi-
tive method for wastewater discharged from buildings. In some instances,
passive sampling was sufficient to detect a single COVID-19 case among
building populations up to 200 people. Despite these promising results, in
three of five studies there were occasionally discordant results between
wastewater testing results and the presence of COVID-19 cases in the rele-
vant building (i.e., false positives and false negatives). However, such errors
are possible even when using “best practice” wastewater surveillance
methods including autosamplers, high-throughput workflows, and RT-
qPCR (Karthikeyan et al., 2021). Despite these limitations, the collective
experience indicates that well-designed passive surveillance programs
could greatly inform the expenditure of clinical testing resources to manage
COVID-19. However, four of the five studies included in this review
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were performed on university campuses. Replication efforts should focus
on the use of passive surveillance for wastewater from other facilities and
settings.

7. Passive sampling mechanisms and theory

The method comparisons and disease surveillance studies examined
above establish a proof-of-concept for passive sampling of wastewater for
SARS-CoV-2 surveillance. The results also emphasize the need for opti-
mized methods to maximize the utility of the approach and further adapt
it to other microbiological analytes. Such optimization will require an un-
derstanding and characterization of the fundamental mechanisms driving
passive sampling of such analytes from wastewater.

Passive sampling is premised on the spontaneous enrichment of analyte
molecules from the medium being sampled, in this case wastewater, to the
receiving phase, the passive sampler, resulting from differences in chemical
potential between the two (Gérecki and Namiesnik, 2002; Zabiegala et al.,
2010). Such samplers are considered “passive” because they are suspended
within a medium to sorb the analyte of interest. Much of passive sampling
theory has been derived with attention toward organic and inorganic chem-
ical pollutants in air and water (Salim and Gérecki, 2019; Vrana et al.,
2005). The net flow of analyte from the sampled medium to the passive
sampler continues until the sampler is removed from the sampled medium
or equilibrium is reached. Thus passive sampling is conceptualized in two
modes of operation: non-equilibrium and equilibrium (Gérecki and
Namies$nik, 2002; Salim and Gérecki, 2019).

During non-equilibrium operation, the analyte accumulates in the pas-
sive sampler at a rate frequently modeled using first-order kinetics
(Zabiegata et al., 2010; Salim and Gérecki, 2019). Because the passive sam-
pler is removed from the sampled medium prior to its saturation with the
analyte, a time-weighted average of the analyte concentration in the sam-
pled medium can be estimated using a calibrated kinetic model
(Zabiegata et al., 2010; Vrana et al., 2005). Applying the linear uptake
model depends on two key assumptions. First, the adsorption of the analyte
to the passive sampler is assumed to be irreversible, referred to as the zero-
sink assumption (Gérecki and Namiesnik, 2002). This assumption can be
problematic when the passive sampler relies on adsorption rather than ab-
sorption to uptake the analyte of interest and when sampling from complex
mediums where the adsorption capacity could be exceeded (Gdrecki and
Namiesnik, 2002). Second, the uptake rate is assumed to be constant
throughout the exposure period, which could be dubious when the medium
being sampled is heterogeneous (Zabiegala et al., 2010). To calibrate the ki-
netic model, the uptake rate for a particular passive sampler and sampled
medium combination must be determined empirically (Salim and
Gorecki, 2019). After calibration, the appropriate exposure duration can
be determined based on the uptake rate and the sorption capacity of the
passive sampler (Zabiegata et al., 2010).

In the event the passive sampler is exposed for time periods exceeding
the linear uptake duration, an equilibrium mode of operation must be
used. When in equilibrium, the concentration of the analyte in the passive
sampler can be used to estimate the sampled medium concentration via
an empirically-determined partitioning coefficient (Vrana et al., 2005;
Salim and Goérecki, 2019). An important consideration for the equilibrium
mode of operation is the equilibration time in relation to the temporal var-
iation in the medium being sampled (Zabiegata et al., 2010). Rapid changes
in the medium being sampled relative to the time required to reach equilib-
rium could lead to bias in the estimated concentrations. When passive sam-
plers are used under equilibrium conditions, a time-weighted average
cannot be calculated and instead the estimated analyte concentrations are
comparable to a grab sample (Zabiegata et al., 2010).

Optimization of passive sampling from any medium must include con-
siderations of the sampler fabrication and material, the partitioning behav-
ior of the analyte between the sampled medium and the passive sampler,
the concentration of the analyte in the sampled medium, and the composi-
tion of the sampled medium (Zabiegata et al., 2010). Passive sampling for
wastewater surveillance of SARS-CoV-2 entails many challenges to the
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fundamental assumptions underlying both equilibrium and non-
equilibrium theory. Wastewater is a complex mixture of chemical and bio-
logical constituents whose characteristics vary substantially. Wastewater
flows in collection systems are often characterized by pulse inputs, hetero-
geneous mixtures, and large physicochemical variation. Such large varia-
tions in the sampled medium may invalidate constant uptake and zero-
sink assumptions. Wastewater also contains many different suspended
solids and biocolloids such that sorption of the analyte is likely to be com-
petitive with other constituents and may saturate the sampler. The ability
of passive samplers to capture and retain solids may enhance viral detection
for enveloped viruses such as SARS-CoV-2. Enveloped viruses, such as
HCoV and Phi 6 preferentially adsorbed to wastewater solids because of
their hydrophobic viral envelope (Gundy et al., 2009; Yang et al., 2022).
The hydrophobicity of the lipid surface of SARS-CoV-2 may also enhance
recovery of intact virus present in aqueous wastewater onto hydrophobic
samplers. However, if much of the viral RNA in wastewater is not intact, hy-
drophobic interactions may not be important. These complexities suggest
calibration of passive samplers for wastewater surveillance will require in
situ experiments with various combinations of passive sampler materials
and configurations, wastewater composition, and sampling location.

The previously described studies provide preliminary data about pas-
sive sampling for wastewater surveillance of SARS-CoV-2. As might be ex-
pected, passive sampler positivity for SARS-CoV-2 RNA varied by
material. During two different studies, electronegative membranes
followed by cotton gauze demonstrated the highest positivity for SARS-
CoV-2 RNA following exposure to wastewater (Schang et al., 2021;
Habtewold et al., 2022). Habetwold et al. (2021) observed a linear accumu-
lation of SARS-CoV-2 and total RNA on electronegative membranes ex-
posed up to 48 h indicating linear uptake from wastewater. Passive
sampling with gauze also demonstrated accumulation, but over a much
shorter duration (Habtewold et al., 2022). During bench-scale experiments
with distilled water and wastewater seeded with SARS-CoV-2, cheesecloth
and electronegative membranes demonstrated the greatest accumulation of
SARS-CoV-2 RNA whereas cellulose sponges performed poorly (Hayes
et al., 2021). Another bench scale experiment performed using distilled
water seeded with SARS-CoV-2 found that cotton gauze samplers were all
positive for SARS-CoV-2 RNA when seeded concentrations exceeded 50
GC/mL whereas only half were positive at 5 GC/mL, although the low sam-
ple size precluded statistical comparisons (Liu et al., 2022). These findings
indicate, as expected from theoretical underpinnings, passive sampler ma-
terial is likely a critical consideration for accumulating SARS-CoV-2 RNA
from wastewater. In addition to sorption mechanisms, mechanical impacts
could also form a relevant source of SARS-CoV-2 RNA on passive samplers
in wastewater collection systems. Schang et al. (2021) reported significant
“ragging” of some passive sampler housings while they were deployed in
the wastewater collection system, and Bivins et al. (2021) routinely en-
countered tampon swabs fouled with toilet paper upon retrieval.

Two publications investigated uptake kinetics and equilibrium of pas-
sive samplers for SARS-CoV-2 RNA from wastewater in more detail. The
first by Hayes et al. (2022) found that the “adsorption” of seeded SARS-
CoV-2 RNA from wastewater to electronegative membranes with low and
medium total suspended solids was best characterized by Freundlich iso-
therms with a maximum adsorption capacity of 3.8 log;q GC/cm? and
pseudo-first-order kinetics with a first order rate constant of 0.05/h. The
pseudo first-order kinetic model suggests a linear uptake range from 0 to
10 h with no increase in the adsorbed RNA quantity beyond 24 h (Hayes
et al., 2022). Hayes et al. (2022) also observed a non-linear relationship be-
tween the total suspended solids present in the passive sampler eluate and
the estimated maximum adsorption capacity, suggesting an optimal con-
centration of suspended solids to balance between increased adsorption
and decreased recovery. Previous batch experiments have observed first-
order partitioning kinetics between bacteriophages and sand and clay par-
ticles although these systems were greatly simplified compared to wastewa-
ter suspended solids (Syngouna and Chrysikopoulos, 2010; Grant et al.,
1993). Since SARS-CoV-2 RNA has been observed to partition favorably
to suspended solids, optimized solids retention and recovery are likely to
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be critical for passive sampling methods (Kostoglou et al., 2022; Kim et al.,
2021; Hayes et al., 2022).

The second study, by Li et al. (2022), deployed passive samplers of var-
ious materials into wastewater collection systems for durations up to 48 h
and assessed the uptake of pepper mild mottle virus (PMMoV), human ad-
enovirus (HAdV 40/41), and enterovirus. Similar to the previously men-
tioned studies, they found a greater proportion of electronegative
membranes (14/17; 82%) than tampon swabs (8/17; 47%) were positive
for SARS-CoV-2 RNA; however, the low concentrations of SARS-CoV-2
RNA in the wastewater precluded a kinetic analysis (Li et al., 2022). For
PMMoV, HAdV 40/41, and enterovirus, electronegative membranes dem-
onstrated linear accumulation for 48 h of exposure with estimated sampling
rates of 1 mL/h, 33.1 mL/h, and 0.3 mL/h, respectively (Li et al., 2022).
Tampon swabs and cotton buds demonstrated non-linear uptake with satu-
ration in 8 h or less whereas cotton gauze demonstrated rapid uptake
followed by declines in viral analytes up to 48 h suggesting desorption or
decreased recovery efficiency with increasing exposure duration (Li et al.,
2022). Applying the linear uptake model derived for electronegative mem-
branes to published SARS-CoV-2 RNA datasets indicated a sampling rate of
0.1 mL/h to 4.2 mL/h for SARS-CoV-2 in wastewater (Schang et al., 2021;
Habtewold et al., 2022; Li et al., 2022).

These two studies highlight several important implications of passive
sampling theory for SARS-CoV-2 and wastewater. Theory suggests that pas-
sive sampling performance will depend on the sampler material, the char-
acteristics of the sampled medium, and the analyte. Both studies found
that electronegative membranes demonstrated linear uptake of SARS-
CoV-2 RNA from wastewater with linear range from 10 to 48 h of exposure.
Cotton-based samplers demonstrated faster times to saturation and would
therefore likely be more suited to exposure durations of 8 h or less. In the
only study examining different materials, cotton gauze appeared to violate
the zero-sink assumption with decreases in analyte concentration with in-
creasing exposure duration (Li et al., 2022). For electronegative mem-
branes, the concentration of total suspended solids in the sampled
wastewater affected the sorption of SARS-CoV-2 RNA to the passive sam-
pling material with high levels of suspended solids decreasing the observed
RNA concentration. Importantly, the study designs could not distinguish
between decreased sorption or decreased recovery during sampler process-
ing, although the net effects would be similar. Other wastewater parame-
ters such as temperature, pH, dissolved solids concentration and
characteristics, will likely affect passive sampler performance in wastewa-
ter. Lastly, the characteristics of the biological analyte itself affect passive
sampler performance since sampling rates varied between rod-shaped and
icosahedral non-enveloped virus types suggesting differences in perfor-
mance between virus morphologies as well (Li et al., 2022).

8. Passive sampling to generate quantitative SARS-CoV-2 RNA data

The uptake of SARS-CoV-2 and several other viruses from wastewater in-
dicate passive samplers, especially electronegative membranes, may be capa-
ble of producing time-weighted average or semi-quantitative data. Despite
the promising qualitative and kinetic results, studies considering the ability
of passive samplers to produce accurate SARS-CoV-2 RNA quantitative data
from wastewater are limited. Schang et al. (2021) found that SARS-CoV-2
RNA concentrations on passive samplers demonstrated a statistically signifi-
cant correlation with concentrations in wastewater and suggested that pas-
sive samplers could yield semi-quantitative data, but replication is needed.

To assess the performance of passive sampling to produce quantitative
data across five different settings, we considered SARS-CoV-2 RNA concen-
trations on various types of passive samplers as implemented on three uni-
versity campuses in combination with datasets extracted from the work of
Habtewold et al. (2022) and Schang et al. (2021). Universities have played
a key role in piloting wastewater surveillance methods to manage COVID-
19 among campus residents (Harris-Lovett et al., 2021). Wastewater sur-
veillance programs at the University of Maine (UMaine), University of Mas-
sachusetts Amherst (UMass), and University of Connecticut (UConn) have
used passive samplers to measure SARS-CoV-2 RNA in wastewater. The
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methodological details pertinent to each of these three programs are re-
ported in the Supporting Information. From these five unique studies
(UMaine n = 20; UMass n = 7; UConn n = 48; Schang et al. n = 33;
Habtewold et al. n = 3) we compiled a dataset of paired measurements
(n = 111) of SARS-CoV-2 RNA in wastewater (GC/L by composite sam-
pling) and on passive samplers (GC/sampler), Fig. 1. In the case of
Habtewold et al. (2022), which compares three different passive sampler
types to a single paired composite, we averaged across all three replicates
of each passive sampler type to produce three paired samples. The concen-
tration data was log transformed, with non-detects (n = 20) removed from
the regression analyses. The non-detects reported in the datasets (not
displayed on the graph) highlight a key consideration: a difference in the
analytical sensitivity of passive samplers versus composite samplers. In
the aggregated dataset, there were 17 instances in which passive samplers
yielded non-detection while SARS-CoV-2 RNA was detected in the paired
composite sample and three pairs consisting of passive sampler RNA detec-
tion and composite sample non-detection. These results suggest for qualita-
tive data passive samples were 84% accurate in detecting SARS-CoV-2 RNA
compared with composite samples.

When aggregating all five datasets, we observed a weak linear relation-
ship between SARS-CoV-2 RNA concentrations from passive and composite
samples (y = 0.40 x + 3.0, r> = 0.41; Fig. 1). Since the passive sampling
methods used by each sampling campaign were unique, we divided the
analysis into individual campaigns to further examine the relationship
across methodological approaches. The lowest > value for a linear model
was observed with the UConn dataset (y = 0.37 x + 3.2; 2 = 0.27)
while UMaine demonstrated the strongest linear fit (y = 0.71 x + 1.4;
r> = 0.76). The data from Schang et al. (y = 0.40 x + 3.2; r* = 0.31)
demonstrated a weak linear fit while the data from UMass demonstrated
a moderate fit (y = 0.71 x + 1.4; r? = 0.56). We did not fit a model to
the data from Habtewold et al. due to the limited sample size. Overall,
the results suggest a heterogeneous and weak quantitative relationship
when passive sampling results are pooled across diverse settings. However,
the UMaine and UMass data suggests that under some conditions passive
sampling could yield semi-quantitative data, with consideration for the
likely higher false negative rate. The heterogeneity of the results across
studies is likely a function of the diverse methods currently used for
wastewater surveillance via passive sampling.

9. Wastewater passive sampling methodologies

The first step in the process of any wastewater surveillance program is
to define the relevant population, identify the available wastewater system
access points, and formulate the desired public health response to the sur-
veillance results. In most cases, passive sampling is being used to produce
qualitative results at the building or sub-sewershed level such that
COVID-19 clinical testing can be delivered in response to the wastewater
testing results. Because such programs are often executed across multiple
buildings and locations, it is important that the methodology is cost effi-
cient and produces timely results for public health response. The passive
samplers are typically deployed into the collection system via access holes
for exposure durations from 4 to 96 h. Samplers are then collected, proc-
essed, and the resulting samples tested by molecular methods. There are
many different types of sorbate removal procedures including mechanical
squeezing, elution, or even direct extraction of the passive sampler itself.
Recovered volumes of wastewater range from less than 1 mL up to 250
mL when combined with eluent. The resulting wastewater volume may
be further concentrated or partitioned prior to extraction of the nucleic
acids with a variety of commercial kits. Purified RNA is then tested for
SARS-CoV-2 RNA presence and/or quantity via molecular methods.

9.1. Passive sampler sorbent materials and housings
A variety of sorbent materials have been used to construct passive sam-

plers for wastewater surveillance. One of the most used materials is cotton
gauze in the form of a Moore swab. The swab is made by cutting strips of
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Fig. 1. Comparison of the reported SARS-CoV-2 concentrations in wastewater by composite sampling, genome copies per liter (GC/L), with paired passive samples, genome
copies per passive sampler processed (GC/passive sampler processed) across five studies. Schang et al. (2021) (dark gray) and Habtewold et al. (2022) (open circles) data
were extracted from the published supplemental. Habtewold et al. (2022) compares three different passive sampler types to a paired composite, therefore although nine
points are represented, these represent three paired samples. The University of Massachusetts Amherst (UMass, gold), University of Maine (UMaine, red), and University
of Connecticut (UConn, blue) datasets (unpublished) were provided by co-authors. Brief descriptions of these sampling campaigns are provided in the Supplemental
Information. The concentrations were log transformed, and linear regressions were fit to each series individually (except for Habtewold et al., 2022) and to the

aggregated data with the resulting fit and r* shown.

readily available cotton medical gauze at roughly 120 cm long by 15 cm
wide. The gauze strip is then folded multiple times and tied together in
the middle with a nylon fishing line of sufficient length to submerge the
sampler in wastewater at the bottom of an access hole (Rafiee et al.,
2021; Liu et al., 2022). Another form of swab found in a conveniently avail-
able form is the tampon. Various brands of tampons have been tied to fish-
ing line and deployed into sewers as passive samplers during COVID-19
surveillance efforts (Bivins et al., 2021; Li et al., 2022). Small cotton buds
have also been deployed into wastewater using various containers; al-
though, their performance was considered poor compared to cotton gauze
(Habtewold et al., 2022; Schang et al., 2021). The performance of these cot-
ton materials is similar to studies of fomite swab absorbance and release ef-
ficiencies where nylon or polyester swabs, designed to have an open
structure, facilitate linear absorbance and release in contrast to cotton
bud swabs which have fibers tightly wound around the shaft (Jansson
et al., 2020). A single study found cheesecloth performed comparable to
gauze whereas cellulose sponges performed poorly (Hayes et al., 2021).
Electronegative membranes have demonstrated the highest positivity com-
pared to composite sampling and linear uptake of SARS-CoV-2 RNA from
wastewater over exposures lasting 24 to 48 h (Habtewold et al., 2022;
Schang et al., 2021; Li et al., 2022; Habtewold et al., 2022). Cotton mate-
rials such as gauze have demonstrated rapid saturation and perhaps even
loss of sorbed analyte with increasing exposure duration (Li et al., 2022).
In addition to sorption materials, a diverse array of housings has been
used to protect passive samplers from debris while they are deployed in
the wastewater collection system. Several teams have made use of custom
3D printed housings including shapes like colanders, boats, and boxes
with the most popular shape being a torpedo, which demonstrated less
“ragging” than other shapes (Schang et al., 2021; Habtewold et al., 2022;
Li et al., 2022). One team invented a unique sphere with pore holes

which they named the COSCa (Hayes et al., 2021). Most teams making
use of Moore swabs or tampon swabs deployed them into the collection sys-
tem without housing (Corchis-Scott et al., 2021; Bivins et al., 2021; Liu
et al., 2022; Wang et al., 2022). One study made use of a stainless-steel
wire cage for their Moore swabs while another used a plastic hair roller
for a tampon swab (Rafiee et al., 2021; Li et al., 2022). No study has
made a systematic comparison of SARS-CoV-2 RNA concentrations on pas-
sive sampling material with and without housing.

9.2. Sampler placement, exposure duration, and collection

Passive samplers are typically deployed into wastewater collection sys-
tems via maintenance access holes. The deployment locations are selected
by examining the wastewater collection network design and selecting a
downstream point from the facility of interest. These holes provide a conve-
nient access point for lowering passive samplers tied to lengths of fishing
line or cord of sufficient length to reach the manhole invert (Liu et al.,
2022). These lines can be secured to the steps within the access hole or
the access hole lid, but care must be taken as entering these spaces often
constitutes confined space entry. To minimize the required ingress, two
studies made use of fishing line tied to carabiners integrated with magnets
(170 1b. swivel, WellZeer, Zhejiang P.R., China) that were then attached to
the inside rim of the lid frame (Bivins et al., 2021; Corchis-Scott et al.,
2021). Fishing line lengths can be made such that the passive sampler is
washed just into the invert of the downstream pipe which may improve
the passive sampler's contact with the passing wastewater volumes. If sam-
plers are deployed directly into access hole inverts, the large diameter of the
hole may allow wastewater to circumvent the sampler. The tensile strength
of the fishing line or cord must be sufficient to prevent the passive sampler
from breaking off, which has been reported in at least one case (Bivins et al.,
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2021). In sampling locations subject to high flow rate wastewater, the ten-
sile strength of fishing line may not be sufficient and some teams have made
use of materials such as Rexlace (Pepperell Brading Company, Pepperell,
MA, USA), a sturdier plastic line, to deploy passive samplers. Passive sam-
plers have been left deployed in wastewater systems for durations from 3
to 96 h with exposure durations of 24 to 48 h being most common. Sam-
plers were collected from the access holes by lifting them out with the fish-
ing line or string and depositing them into sterile bags or containers with
proper aseptic and biosafety precautions. These containers are then
transported on ice to laboratories for processing and analysis.

9.3. Passive sampler processing

Passive samplers have been processed with a wide variety of workflows
and methodologies. In most cases Moore swabs have been processed via a
combination of squeezing out the sorbate, with a potato ricer in one case,
and then eluting the gauze with a variety of eluent solutions (Tween 80/So-
dium polyphosphate/Antifoam Y-30, Tween 80, Tween 20) (Schang et al.,
2021; Hayes et al., 2021; Habtewold et al., 2022; Liu et al. 2022; Wang
et al., 2022; Rafiee et al., 2021). A single comparison of various eluents
found that Tween 20 yielded higher SARS-CoV-2 RNA concentrations
than a commercial lysis buffer and an acetonitrile-water solution (Hayes
etal., 2021). The eluents from these gauze swabs have been handled in sev-
eral different ways. Two studies used centrifugation to remove the solids
fraction and then subjected the liquid fraction to polyethylene glycol pre-
cipitation and/or skim milk flocculation (Liu et al., 2022; Rafiee et al.,
2021; Wang et al., 2022). In two other studies the eluate from the gauze
swab was concentrated using electronegative membranes (Schang et al.,
2021; Habtewold et al., 2022). In cases where electronegative membranes
were used as passive samplers, nucleic acid was directly extracted from
the membranes without intermediary elution or processing (Li et al.,
2022; Schang et al., 2021; Habtewold et al., 2022; Hayes et al., 2022).
Smaller passive samplers such as cotton buds were also subjected to direct
nucleic acid extraction (Schang et al., 2021; Li et al., 2022). In studies that
used tampons, sorbate was squeezed from the tampon using a large syringe
followed by elution with Tween 20 solutions (Bivins et al., 2021; Corchis-
Scott et al., 2021; Li et al., 2022). In one study the resulting tampon eluate
was concentrated by ultrafiltration performed with a Concentrating Pipette
(CP Select™) (Corchis-Scott et al., 2021). Whereas in another the solid frac-
tion of the eluate was concentrated by centrifugation for further analysis
while the liquid fraction was discarded (Bivins et al., 2021).

9.4. Molecular analysis of passive sampler-derived material

In every published study to date, nucleic acids were extracted from passive
sampler-derived materials using commercial extraction kits. In most cases
these kits have used silica columns for purification with satisfactory results
(Schang et al., 2021; Habtewold et al., 2022; Corchis-Scott et al., 2021;
Bivins et al., 2021; Liu et al., 2022; Wang et al., 2022; Li et al., 2022; Hayes
et al., 2022). Two studies used a magnetic bead-based extraction, which also
produced satisfactory results (Hayes et al., 2021; Hayes et al., 2022). Because
these studies have made use of such kits, inhibition rates of passive sampler-
derived extracts in most studies have been low and consistent with rates ob-
served for RT-qPCR analysis of other wastewater samples. Bivins et al.
(2021) attempted direct testing of materials without extraction and with
heat extraction, but in all cases downstream RT-LAMP assays were inhibited
by the resulting solution. In every case except one, purified nucleic acids
were assayed for SARS-CoV-2 RNA by RT-qPCR using a variety of commer-
cially available assays. A single study made use of a colorimetric RT-LAMP
assay to produce qualitative results for SARS-CoV-2 RNA (Bivins et al., 2021).

10. Strengths and limitations of passive sampling for wastewater
surveillance

Passive sampling for surveillance of wastewater affords some key ad-
vantages over other sampling methods. First, such methods are likely to

Science of the Total Environment 835 (2022) 155347

be less expensive at scale, lacking any requirement for automated volumet-
ric sampling for downstream molecular analysis, although concurrent mea-
surement with other telemetry (e.g., flow rate) could offer added value
(Schang et al., 2021; Bivins et al., 2021; Liu et al., 2022). Passive sampling
may also reduce labor costs for installation and retrieval compared to longi-
tudinal composite sampling. Once hardware is installed to affix passive
samplers at a given site, little additional effort is needed to set up multiple
samplers. A further advantage is that because passive samplers hang within
collection pipes they are not dependent on persistent flow, provided that
the water to be sampled does pass through the sampling point during the
time the sampler is in place. This is especially important at small scales
such as building-level surveillance where wastewater flow rates may be
highly variable over time and therefore more difficult to collect via the se-
rial sampling performed by autosamplers. In such scenarios the continuous
exposure of the passive sampler may provide improved sensitivity.

The potential advantages of passive sampling approaches are accompa-
nied by some important limitations. First, because the relationships be-
tween flow rate, target concentration in wastewater, and target loading of
passive samplers remains poorly characterized, it is not currently possible
to use passive sampling methods to estimate target concentrations reliably
and consistently in wastewater. Semi-quantitative measurement may be
possible via longitudinal sampling, but more work remains to establish
sorption, desorption, and equilibria of targets on passive samplers as a func-
tion flow rate, target concentration in wastewater, target characteristics,
sampler material, water chemistry, fouling, or additional variables affecting
performance (Schang et al., 2021; Hayes et al., 2022; Li et al., 2022). These
relationships may be context-specific (e.g., a function of concentrations for
wastewater constituents), requiring experimental work of non-negligible
complexity to establish empirical models for a given setting. These factors
also contribute to the primary disadvantage of passive sampling methods.
Because the capture efficiency of targets for many sorbent materials are cur-
rently uncharacterized, interpreting non-detects is further complicated. The
absence of a biological analyte during analytical testing may reflect poor ef-
ficiency in sorbing that analyte rather than its absence from the wastewater.
Further uncertainty stems from the observation that biological analyte sorp-
tion behavior may vary as a function of its morphology and physiology (Ye
et al., 2016; Yang et al., 2022). Whereas a positive result does allow for an
interpretation that the target was present in the wastewater during the in-
terval that a passive sampler was in place, non-detection of the target on
the sampler may not necessarily indicate that the target was absent, only
that it was not captured or that it was not captured in sufficient quantities
to be greater than the limit of detection of the analytical method used.
This specificity problem is a primary constraint of all passive sampling
methods and underscores the need for further experimental work to eluci-
date mechanisms, kinetics, and variability of target loading on passive sam-
plers in context (Hayes et al., 2022). Further work is also needed on the
development of simple, scalable, and appropriate methods for elution and
extraction for specific targets, including the exploration of alternative ana-
lytical workflows beyond those typically used for SARS-CoV-2 (i.e., RT-
qPCR) (Schang et al., 2021; Bivins et al., 2021). These could include simple
culture-based methods traditionally used in surveillance of bacterial targets
such as S. Typhi, phenotypic assays for antimicrobial resistance, novel appli-
cations using sequencing methods, or non-microbial methods suited to the
nature of the analyte. Development and application of materials optimized
for passive capture of targets of interest also holds promise, given that most
passive sampling approaches have made use of simple materials such as cot-
ton gauze that may or may not be ideal for specific targets of interest
(Habtewold et al., 2022). Fouling and ragging of passive samplers deployed
in wastewater collection systems may also present challenges to
downstream processing including messiness in the lab and inhibition of
molecular analyses.

11. Research opportunities for passive sampling of wastewater

The future of WBE would be greatly improved by the development of
accessible and context-appropriate methods. Passive sampling constitutes
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an important opportunity to improve the spatial resolution of data and in-
crease the footprint of wastewater surveillance to include low-resource set-
tings (Schang et al., 2021). For SARS-CoV-2 wastewater surveillance using
passive sampling, inferences remain constrained by the few studies pub-
lished to date, which are limited in their size and scope. Beyond simple rep-
lication of these efforts in diverse settings, there are several opportunities to
refine the passive sampling of wastewater. As previously mentioned, pas-
sive sampler performance is dependent on the interaction between the
sampler material, the medium being sampled, and the analyte of interest.
Development and examination of specialized materials for the uptake of mi-
crobial analytes from wastewater is critical. For example, nitrocellulose
electronegative membranes have proven to perform quite well for passive
sampling of SARS-CoV-2, but their performance may be limited by their
structure and low recoveries when suspended solids concentrations are
high (Hayes et al., 2022). Gun cotton, made by treating cotton with nitric
and sulfuric acids, may afford nitrocellulose fibers in a more open structure
that could potentially improve uptake and recovery (Abel, 1866). Other in-
novative materials, such as nanotraps and magnetic beads with conjugated
receptors may afford the opportunity to fine tune passive samplers for opti-
mal performance in wastewater (Xu et al., 2022; Oh et al., 2022).

For novel and existing passive sampling materials, sorption kinetics and
calibrations should be performed for relevant combinations of materials
and analytes of interest. These parameters are vital to inform the selection
of exposure durations and translate counts from passive samplers into quan-
titative or semi-quantitative data. To date only two such studies have been
performed using a limited number of materials and viruses (Hayes et al.,
2022; Li et al., 2022). These examinations should be expanded to include
other microorganisms such as bacteria, protozoa, and viruses of varying
morphology and structure. The effect of wastewater characteristics on ana-
lyte accumulation should also be more thoroughly explored. Hayes et al.
(2022) found that uptake and recovery were dependent on total suspended
solids concentration. It is likely that other wastewater parameters also mod-
ulate the performance of passive samplers since they depend on chemical
potential gradients for sorption of the target.

Beyond these fundamental research opportunities, there is also the need
to develop optimized processing methods to maximize recovery while min-
imizing inhibition of downstream molecular analyses. This development
should also include cost and resource-efficient processing methods such
that passive surveillance of wastewater can be fully leveraged in resource-
limited settings. One vital point of improvement is extraction, currently per-
formed using various commercial kits, which can be slow and expensive.
Rudimentary attempts at heat extraction failed to produce materials that
could be amplified by RT-LAMP, but more exploration of simple extraction
methods for passive sampling-derived material is warranted (Bivins et al.,
2021). Another vital opportunity is the development of non-RT-gPCR ana-
lytical methods. The majority of passive sampling efforts have used RT-
qPCR which can be slow, expensive, time and personnel intensive, and re-
quires expensive specialized equipment, especially to produce data of rea-
sonable quality. LAMP may offer a compelling alternative, but further
development is needed particularly for LAMP integrated with passive sam-
pling material such as electronegative membranes (Amoah et al., 2021; Zhu
et al., 2022). Importantly, analytical tests, whether LAMP, RT-qPCR, or
sequencing, must be appropriate for the detection and quantification of
the relevant VOCs including novel VOCs which continue to emerge (Kirby
et al., 2022). Published detections of specific VOCs by passive sampling
remain limited with only a single study noting detection of the Alpha
VOC via wastewater. The overall thrust of these research opportunities
must be to improve the reliability of passive sampling of wastewater
for scaling to achieve spatially resolved data across the resource
availability gradient.

12. Scaling WBE with passive sampling
As of the time of this writing, wastewater surveillance for SARS-CoV-2

has primarily been reported in high-income settings that are well-served
by modern wastewater infrastructure (Naughton et al., 2021). But
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wastewater surveillance has a long history of use in lower-income settings
as well, most visibly in the context of polio eradication efforts where envi-
ronmental surveillance has been widely deployed and in long-term surveil-
lance for S. typhi and paratyphi (Pogka et al., 2017; Sikorski and Levine,
2020). Such systems, where extant, can be used in response to the ongoing
COVID-19 pandemic as exemplified in Pakistan (Sharif et al., 2021). Waste-
water surveillance systems for COVID-19 have been developed in at least 55
countries with demonstrated success across a range of climatic, economic,
development, and logistical contexts (Tlhagale et al., 2022). While waste-
water surveillance is not without limitations, it is increasingly clear that it
can provide useful data concerning the epidemiology of an infectious dis-
ease, such as COVID-19, especially diseases that are characterized by
asymptomatic infections or are inefficiently monitored through clinical sur-
veillance (Safford et al., 2022; Hrudey and Conant, 2021). The wealth of ex-
perience gained during the COVID-19 pandemic can be leveraged to
develop robust wastewater surveillance systems to monitor a wide-range
of emerging and re-emerging pathogens, especially in settings where clini-
cal surveillance is insufficient to capture spatial and temporal infection dy-
namics and inform public health response.

Because most WBE methods development and deployment have been in
high-income settings served by centralized infrastructure, new methods
and systems for WBE are needed in low-income settings where populations
suffer from the greatest burden of disease. In these settings, wastewater sur-
veillance techniques must be cost-efficient and adaptable to a wide range of
wastewater infrastructure forms from centralized urban systems to
decentralized ad hoc systems, to systems leveraging natural waterways
(Shrestha et al., 2021; Basu et al., 2022). An estimated 1.8 billion people
are served by onsite sanitation in low-income settings, and many high-
risk settings in higher-income countries may also be unserved by wastewa-
ter collection and treatment, which suggests a major limitation of all waste
surveillance approaches that focus on liquid wastewater alone (Berendes
et al., 2017; Jones et al., 2021). Fecal sludges, for example, have shown
to be promising matrices for surveillance and have been compared to
stool sampling for a wide range of enteric pathogens in low-income commu-
nities (Capone et al., 2020). Wastewater surveillance methods that can be
more broadly applied to other matrices containing human waste, such as
surface waters or drains receiving human waste, fecal sludges in situ or in
the fecal sludge management service chain, or aqueous effluent from septic
tanks or in condominial sewerage.

Passive sampling offers a compelling combination of attributes that may
make it especially suited to these settings: low cost and ease of use across a
range of infrastructure types. Moore swabs have already been used to mon-
itor for bacterial pathogens in a variety of hydraulic systems including irri-
gation canals, individual household drains, and surface waters (Giri et al.,
2021; Sbodio et al., 2013; Sikorski and Levine, 2020). The applications of
passive sampling for SARS-CoV-2 in wastewater reviewed herein suggests
the value of the technique applied in these settings can be greatly increased
through the use novel sampler materials, such as nitrocellulose membranes,
and the development and optimization of resource-efficient processing
methods including kit-free extractions and simple qualitative assays. Even
in high-resource settings, cost-efficient surveillance methods could be
used to greatly improve the spatial resolution of existing wastewater sur-
veillance programs to better target public health interventions (Safford
et al., 2022). In most applications to date, passive samplers have been
used to produce binary wastewater testing results for COVID-19 surveil-
lance. However, the findings of this review suggest passive samplers
could produce semi-quantitative or, with finer tuning, quantitative data
for public health response in low-resource settings. For example, at one uni-
versity during wastewater surveillance of buildings with passive samplers,
results were reported as non-detect, weak positive, moderate positive, or
strong positive, depending on the proportion of RT-LAMP replicates posi-
tive for SARS-CoV-2 (Bivins et al., 2021). While at another university,
building-level surveillance was structured such that follow up clinical
testing was only triggered when genetic signals exceeded empirically
determined thresholds. Even with the use of passive samplers, wastewa-
ter surveillance is unlikely to become a one-size-fits-all endeavor and
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will require institutional and professional support to determine the
appropriate operational requirements and integrate such efforts into
existing public health capacity (Kantor et al., 2022; Thompson et al.,
2020).

Cost-efficient wastewater surveillance empowered by passive sampling
could allow for the scaling of WBE to include low-resource settings, which
to this point have been largely excluded. Paradoxically, settings that are not
well served by wastewater infrastructure are likely to derive the most ben-
efit from wastewater surveillance due to elevated burdens of infectious dis-
eases (Priiss-Ustiin et al., 2019). Refinement of passive sampling methods
and their linkage to a broader environmental surveillance system, in
conjunction with environmental laboratory systems, are needed to generate
actionable public health data in such settings. Scaling wastewater
surveillance to include low-resource settings is vital to secure a more
equitable future in WBE.
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