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ABSTRACT: Wastewater surveillance (WWS) of viruses can aid public
health officials in monitoring community infection dynamics and act as
an early warning system for the introduction of viral infectious diseases.
In recent years, agile, low-cost devices called passive samplers have
proven to be indispensable for targeted wastewater surveillance.
However, the viral uptake kinetics are unexplored for most viruses,
limiting the understanding of optimal deployment times and the
representativeness of this sampling method for assessing community
viral shedding. This study investigates the uptake kinetics of CrAssphage,
Pepper Mild Mottle Virus, Human Adenovirus 40/41, Human Norovirus
genogroup II, Enterovirus, and SARS-CoV-2 on electronegative
membrane passive samplers. Viral uptake was modeled by linear and
pseudo-first-order uptake models for up to 48 h (adjusted R* 0.89—
0.99), with minimal saturation for 48 h. Bench-scale experiments revealed enrichment of Human Adenoviruses 40/41 on membranes
compared to all other viral targets for 24—48 h deployment (p < 0.05), while differences were less pronounced with shorter
deployment durations. This work highlights virus-specific interactions with passive samplers and how deployment times can affect
the relative concentrations of viruses detected. Understanding these kinetics is critical for selecting appropriate sampling strategies
and normalization methodologies for WWS of viral infectious diseases.

KEYWORDS: wastewater-based epidemiology, wastewater surveillance, COVID-19, viruses, passive sampling, RT-qPCR,
adsorption kinetics

B INTRODUCTION widely different morphologies (filamentous, icosahedral),
structures (enveloped or nonenveloped), sizes (15 to over
300 nm hydrodynamic diameter), and isoelectric points (from
3 to over 9).° This variability can influence viral behavior at

Wastewater surveillance (WWS) of viral infectious diseases can
provide comrplementary information to clinical and syndromic
surveillance.” For any wastewater surveillance program, the

representativeness of the sampling method is critical. Tradi- wastewateg interfaces, such as partitioning at solid/liquid
tionally, grab or automated composite sampling methods have interfaces.”” Understanding the adsorption behavior of various
been utilized. However, grab sampling only yields a snapshot of viruses on passive samplers is critical for the interpretation of
viral concentrations at a single time point, while composite results, for example, to reduce the number of false negatives, to
samplers offer more representative samples but are bulky, choose optimal deployment times, to select normalization
costly (~3000 euros per sampler), and difficult to deploy for methods, or to identify suitable sampling materials for each
in-sewer sampling.” In contrast, passive samplers are low cost target virus.*~'°

and rapidly deployable at any scale and provide a time- Previous work concerning adsorption behavior of viruses on

integrated measure of viral concentrations in wastewater.
Given their advantages, passive samplers have become
indispensable for targeted surveillance of infectious diseases,
such as in upstream locations within wastewater networks such
as manholes or lateral house connections. They have been used
for monitoring an increasing range of viral pathogens
throughout the world.”™*

Despite the increasing use of passive samplers, there is little
known about the differences in capture kinetics of viruses with
varying physio-chemical characteristics. Viruses can exhibit

passive samplers has focused on adsorption capacities and
kinetics of viruses on electronegative membranes, from
)
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wastewater spiked with viral stocks that were produced by cell
culture in laboratory conditions, or on-site time-scale experi-
ments for calibration of passive samplers.””'"'> On-site
studies have shown linear uptake of SARS-CoV-2, Pepper
Mild Mottle Virus (PMMoV), Enterovirus, and Adenovirus on
the electronegative membranes for up to 48 h, while cotton-
based passive samzplers (tampons/swabs) experienced satu-
ration over 24 h.*'” In contrast, studies using heat in-activated
SARS-CoV-2 harvested from cell cultures in bench-scale
experiments report saturation of membrane and granulated
activated carbon (GAC) passive samplers within 24 h.”''
However, naturally shed human viruses in wastewater can have
different physical properties and attachment behavior
compared to viruses harvested from cell cultures, and on-site
measurements are difficult to interpret due to the unknown
dynamics of wastewater concentrations and physiochemical
properties.”'" Therefore, the capture kinetics of viruses on
passive samplers should also be investigated using naturally
shed viruses in bench-scale experiments. Furthermore, so far,
there is no study comparing the relative affinities of viruses on
passive samplers and the potential biases that are introduced in
viral communities by passive sampling. However, under-
standing capture kinetics of viruses and biases in viral
community composition related to sampling methods is critical
for representative sampling and correct interpretation of
results.

In this study, we aim to determine the uptake rate of
naturally shed viruses in wastewater on electronegative
membranes. Since exploratory work comparing different
passive sampling materials has highlighted higher positivity
rates for electronegative membrane passive samplers compared
to other commonly used materials (gauze, cotton buds), we
focused on electronegative membranes in this study.” We
performed bench-scale passive sampler incubation experiments
to measure the uptake kinetics of different types of viruses.
Next, we confirmed differences in the adsorption behavior of
target viruses using on-site experiments with passive samplers
in a wastewater treatment plant (WWTP). For this study, we
focused on two commonly utilized indicator viruses,
CrAssphage and PMMoV and four pathogens of public health
interest, Human Adenovirus 40/41 (HadV 40/41), Human
Norovirus genogroup II (HuNoV GII), Enterovirus, and
SARS-CoV-2.

B MATERIALS AND METHODS

Wastewater Sampling

To obtain wastewater samples for the batch-incubation
experiments, grab sampling of the influent directly after grit
screening was performed at a wastewater treatment plant
located in the city of Nieuwegein, Netherlands. Nieuwegein
WWTP serves approximately 65,971 people (census of 2024)
living in the city of Nieuwegein and has a biological design
capacity of 159,000 inhabitant equivalents/day and a hydraulic
capacity of 3500 m®/h. It operates at an average capacity of
90.4%. The WWTP receives wastewater from both municipal
and industrial sources via a combined sewage system. The
influent is on average 1136 m®/h and displays an average yearly
chemical oxygen demand (COD) of 491 mg/L, a pH of 7.8,
and a conductivity of 320 ym S/cm."?

During the sampling, 2 L polypropylene bottles were filled at
10:30 AM, transported to the laboratory within 30 min, and
immediately stored at 4 °C. Wastewater samples were stored
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for less than 24 h before the incubation experiments were
started.

Batch Incubation Experiment Setup

A batch incubation experiment was performed using a
wastewater grab sample taken on 11 November 2024.
Electronegative membranes (pore size of 0.45 ym, diameter
of 47 mm; Cellulose Nitrate Filter, 11406-47-ACN, Sartorius,
Germany) were cut in half to ensure free movement in a 250
mL polypropylene tube and incubated in 200 mL of
wastewater. An orbital shaker placed inside a 10 °C incubator
was set to 150 rpm for agitation. A separate bottle of
wastewater, without an electronegative membrane, was
included during the incubation period to assess the potential
degradation of the viral signal during the experiment.

At time points 1, 3.5, 6.5, 24, and 48 h, three replicate tubes
holding electronegative membranes were retrieved from the
setup. Membranes were removed from the tubes using sterile
tweezers and placed directly inside the lysis buffer (Nucleisens
extraction kit, Biomerieux, Amersfoort, The Netherlands),
ensuring full submersion. Concurrently, to assess degradation,
three 0.5 mL subsamples of wastewater were taken from the
tubes without a membrane and placed in lysis buffer. The
lysates were vortexed at speed 10 for 30 s using a Vortex Genie
2 (Scientific Industries, Inc., Bohemia, NY, USA). In order to
process all samples in a single automated extraction run, lysates
were stored at —80 °C for less than 1 week prior to nucleic
acid extraction.

Field Deployment Experiments

Field deployment experiments were conducted on two dry
weather days (11 November 2024, 06 December 2024) with
an outside temperature of 10 + 5 °C. Electronegative
membranes housed in 3D-printed, torpedo style casings”
were deployed in triplicate for 24 h, where a single membrane
was placed inside each of the three torpedo casings. The
torpedoes were deployed in the WWTP Nieuwegein influent
directly after screening and grit removal. Passive samplers were
transported within 30 min to the laboratory and stored at 4 °C
until disassembly and preprocessing within 24 h. Grab samples
of wastewater were collected during the retrieval of the torpedo
samplers to assess the viral concentrations to which the passive
samplers were exposed.

Nucleic Acid Extraction and Inhibition Control

Nucleic acid extraction was performed using the semi-
automated Nuclisens extraction kit, as described previously.'
Prior to extraction, wastewater and passive sampler lysates
were centrifuged at 4500g for 5 min to settle solids that could
interfere with the magnetic bead-based extraction process.
An extraction blank was run with each batch, which tested
negative for all QPCR targets. Before extraction, approximately
6 X 10° copies of murine hepatitis virus MHV-A59 RNA
extract were spiked into all lysates and the extraction blank to
test for inhibition and RNA recovery, as described before."*
The MHV-AS9 RNA spike allows assessing recovery
throughout the extraction, RT and qPCR steps, and acts as a
positive control for the overall process. For all samples, MHV
recovery values were comparable and ranged from 19.7% to
40.5%, indicating acce4ptable recoveries and little to no
inhibition (Figure S1)."
(RT)-qPCR Assay

Viral concentrations were determined usin%

previously
published (RT)-qPCR assays for CrAssphage,

PMMoV,'¢
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Evolution of viral profiles over time
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Figure 1. Evolution of viral profiles on the membrane over the 48 h deployment period. The Y-axis shows the percentage recovery of viral signal on
membranes. The X-axis shows the incubation time of passive samplers. Whiskers display the standard deviation of viral concentrations on three
membranes (n = 3) retrieved from the batch incubation setup at each time point. Pairwise comparisons were performed using ANOVA followed by
posthoc Tukey’s multiple comparison test (p < 0.0001 [****], p < 0.001 [***], p < 0.01 [**], p < 0.05 [*]).

HuNoV GGIL'" Enterovirus,'® HadV 40/41," and SARS-
CoV-2 N gene.20 Primers, probes, and reagents used, as well as
(RT)-qPCR cycling conditions are reported in Table S1. Each
(RT)-gPCR reaction was run in duplicate wells, and mean
concentrations were used for further calculations. For each
PCR plate, (RT)-qPCR grade water was used as a negative
control to assess potential contamination of (RT)-qPCR
reagents, which was negative for all plates. (RT)-qgPCR assays
were performed using the CFX Opus 96 Real-Time PCR
System (Bio-Rad Laboratories, Hercules, CA, USA). For
quantification of viral loads from Cq values, a standard curve
was run on each (RT)-qPCR plate. Standard curves used in
quantification and further details on (RT)-qPCR standards
used are detailed in the Supporting Information. Standard
curve parameters are given in Table S2.

Data Analysis

Viral genome copies per sampler were calculated based on the
proportion of lysate used in extraction and proportion of viral
extract used in the (RT)-gPCR reaction, as described in SI
Section 1.3. Since half membranes were used in batch
incubation experiments, the number of viral copies detected
on each half membrane was multiplied by two before uptake
modeling. Mean concentrations from triplicate tubes analyzed
at each time point were used in subsequent uptake and
degradation modeling.

Viral Uptake Modeling on Electronegative Membranes
and Recovery Rate

Since the initial concentrations varied considerably between
viruses, the percent recovery of virus i at each time point was
calculated as genetic units (GU) of the viral target on the
membrane divided by the total amount of virus i available in
the wastewater volume at time 0. Recovery of virus i at time ¢

was calculated as
GU
I\It,i,m (membrane)

NO,i,ww (GU)

% Recove
i ry) - x 100

Rec“-(
"\ membrane
where Rec,; is the percentage of virus i recovered on the
membrane at time t, N, is the GU of virus i on the
membrane at time ¢, and Ny, is the total copies of virus i in
incubation wastewater at time 0. Linear and Lagergren’s
pseudo-first-order (PFO) kinetics were fitted to these
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percentages of recovered viruses. The linear uptake equation
can be described as

% Recovery)

Rec, ;
)
membrane

i( % Recovery ) « t (h)
h X membrane

% Recovery )

+ Recy; (
"\ membrane

RR; is the linear recovery rate of virus i on the membrane,
and Recy, is the modeled recovery on the membrane at time 0.
Recovery at time 0 was not constrained to 0 during fitting due
to the initial porewater capacity of membranes, whereby rapid
uptake of viruses on the membrane due to porewater uptake
during the first minutes of deployment can be expected.

Viral uptake on membranes was also modeled using
Lagergren’s pseudo-first-order kinetics, which have been widely
utilized to model adsorption processes of viruses and chemical
contaminants in complex matrices such as wastewater.’
Pseudo-first-order kinetics (PFO) assume that the uptake
rate is proportional to the fraction of available adsorption sites
and can be described as

% Recovery)

Rec, ;
)
membrane

% Recovery)

= Recy;
)
membrane

1—eKixt
% Recovery ))

Rec;
)
membrane

+ (Rmax,i -

where R, ; denotes the adsorption capacity of the
membrane for virus i, and K; the pseudo-first-order kinetic
constant for the adsorption of virus i on the membrane.

For the PFO kinetic equation, the time to reach half of the
modeled adsorption capacity for a given target, commonly
referred to as half-time (t;,,) was calculated as

In(2)
1/2,i — e

1
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Linear and PFO viral recovery rate modeling was performed
using GraphPad Prism 10.4.0. The Shapiro—Wilk test was used
to test for normality of residuals (p > 0.05 for all models).

Degradation Modeling

Viral degradation during the incubation period was modeled
using the first-order degradation model described by the
equation below:

Com [ S2) = ot S exp(=t; x 101)
mL mL

where C,,, is the concentration of virus i in wastewater at time
t, Cioy i the concentration of virus i in wastewater at time =
0, and k; is the first-order degradation constant for virus i. The
first-order degradation model was fit using GraphPad Prism
version 10.4.0. To assess if there were statistically significant
degradation rates for each virus, a null hypothesis where no
degradation occurs (K; = 0) was compared to the first-order
degradation model using the extra sum-of-squares F-test.

B RESULTS

Evolution of Viral Composition over the Incubation Period

To investigate differences in viral composition on membranes
as a function of deployment time, membranes were incubated
in wastewater for 2 days and retrieved over a period of 48 h.
The percentage recovery of viruses at each time (Rec;;) was
plotted in Figure 1. To determine whether differences in
recovery between target viruses were statistically significant,
pairwise comparisons were performed using ANOVA followed
by posthoc Tukey’s multiple comparison test.

For the 24 and 48 h deployment periods, all viruses
displayed significantly (p > 0.001) lower recovery compared to
HadV 40/41, while there were no significant differences in
recovery between the other viruses. While selective enrichment
of HadV 40/41 was clear during the 24 and 48 h incubation
periods, this was not observed in shorter deployment times,
demonstrating that viral profiles on the membrane evolve over
the deployment time. For instance, during the 3.5 and 6.5 h
incubation periods, differences between viral recoveries were
only significant (p > 0.0S) between three pairs (crAssphage/
HadV 40/41, crAssphage/Enterovirus, Enterovirus/SARS-
CoV-2) and two pairs (crAssphage/HadV 40/41, SARS-
CoV-2/HadV 40/41), respectively.

Degradation of Viral Nucleic Acids

While batch-incubation experiments provide a controlled
environment to investigate viral uptake, degradation of the
viral signal in wastewater could influence the observed uptake
rates. Given the lack of data measured in comparable
conditions (10 °C, wastewater) and large ranges of viral
degradation constants in water matrices reported in the
literature,”">* we measured the decrease in wastewater viral
concentration in incubation wastewater during the 48 h
incubation period under identical conditions (150 rpm, 10 °C)
using a separate tube of wastewater. Following, these
measurements were fit to first-order degradation curves to
allow comparison of degradation constants between viruses
(Table 2). The concentration measurements and degradation
curves are shown in Figure S2. The best-fit first-order
degradation constants (10 °C°) for all targets are given in
Table 1.

For PMMoV and Enterovirus, no statistically significant
degradation was observed over the duration of the incubation
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Table 1. First-Order Degradation Constants k; ;goc (Mean +
Stdev, n = 5, 10 °C, 150 rpm) for Endogenous crAssphage,
HadV 40/41, HuNoV GII, and SARS-CoV-2 in Wastewater
Samples”

koo (h7") Modeled % Degradation at 48 h ~ R*
crAssphage 0.016 + 0.004 53.6 0.88
PMMoV NS - -
HadV 40/41 0.022 + 0.002 65.2 0.97
HuNoV GII 0.011 + 0.002 41.0 091
Enterovirus NS - -
SARS-CoV-2 0.33 + 0.12 99.99 0.85

“Modeled degradation based on best-fit first-order degradation rates
are reported.

experiment (p < 0.0S, extra-sum of squares F-test), while best-
fit first-order-degradation constants ranged from 0.011 h™" to
0.33 h™' for the other targets. The best-fit first-order
degradation constant was highest for SARS-CoV-2, followed
by HadV 40/41, crAssphage, and HuNoV GII. SARS-CoV-2
exhibited the highest mean degradation constant (0.33 h™')
and over 99% modeled degradation at 48 h.

On-Site Viral Uptake

Viral uptake in bench-scale experiments may differ from field
conditions, such as in the flow and concentration dynamics of
viruses.”> To investigate if differences in virus recovery
between the different targets are also observed under field
conditions, two separate days of 24 h field deployment
experiments using 3D-printed torpedo passive samplers loaded
with electronegative membrane filters were performed.” Since
the exact virus dynamics in bulk wastewater to which passive
samplers are exposed are unknown, we calculated relative
capture as the wastewater mL equivalent of the viral load from
the wastewater that was used for the capture study.®

Upon 24 h deployment, a significantly higher mL equivalent
of HadV 40/41 compared to crAssphage, PMMoV, HuNoV
GIIL, Enterovirus, and SARS-CoV-2 was detected on Day 1
(11/11/24). The differences observed on Day 2 (06/12/24)
were not statistically significant (Figure 2). On both days, the
mean mL equivalent of HadV 40/41 captured was higher than
other targets, supporting our observations during lab-scale
incubation experiments.

Uptake Modeling of Viruses on Electronegative
Membranes

To better understand differences in the uptake of naturally
shed viruses on electronegative membrane passive samplers, we
modeled uptake rates for all target viruses using Linear/PFO
kinetics. We chose to use linear and PFO uptake kinetic
models due to their previous use in modeling viral uptake
kinetics in wastewater on passive samplers.””'" Absolute
uptake rates of viruses on membranes were modeled first
(Table S2 and Figure S3). However, uptake rates were
influenced by large initial differences in virus concentrations in
wastewater (Figure 3).

Since absolute uptake rates did not represent an adequate
comparison between viruses, percent recovery (Figure 1)
rather than absolute numbers was calculated to describe virus-
passive interactions. Both linear and PFO kinetics were used to
investigate viral recovery rates. Linear and PFO model curves
are displayed in Figure 4. For both models, adjusted R? values
ranged between 0.85 and 0.99 and the standard deviation of
residuals (Sy.x) ranged between 0.036 and 0.37 (Table 2).
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Figure 2. Wastewater viral capture (24 h, 10 & 5 °C) at Nieuwegein
WWTP influent on two different days (left: 11 November 24, right:
06 December 24) of on-site deployment. X-axis: Virus type. Y-axis:
crAssphage, PMMoV, HadV 40/41, HuNoV GII, Enterovirus copies
captured normalized by bulk wastewater concentrations. Whiskers
display the standard deviation of viral concentrations measured from
three torpedoes (n = 3) deployed on each date. Pairwise comparisons
were performed using ANOVA followed by posthoc Tukey’s multiple
comparison test (p < 0.01 [**], p < 0.05 [*]).
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Figure 3. Initial wastewater viral concentrations in gene units per mL
for CrAssphage, PMMoV, HadV 40/41, Enterovirus, and SARS-CoV-
2 vary by orders of magnitude. X-axis: Target virus. Y-axis:
Wastewater concentration of viruses measured at t = 0 displayed in
logl0 scale. Whiskers display the standard deviation of viral
concentrations measured at the start of the incubation period (n = 3).

During the 48 h experiments, none of the viral targets
reached saturation on the membrane surface (Figure 4). For
the target viruses, the t;,, value was highest for SARS-CoV-2,
followed by HadV 40/41, Enterovirus, CrAssphage, HuNoV
GIL and PMMoV. The modeled adsorption capacity (Rp,;)
for HadV 40/41 was highest, followed by Enterovirus, HuNoV
GII, SARS-CoV-2, PMMoV, and CrAssphage. However, it is
critical to note that since saturation was not reached in the
given experiment, modeled adsorption capacities, as the
outcome of the PFO equation (Table 2) should be treated
with caution.

Bl DISCUSSION

Evolution of Viral Uptake on Electronegative Membranes
during Deployment

Viral recoveries on the electronegative membrane surface were
significantly (p < 0.001) different for HadV 40/41 to all other
virus targets for 24 and 48 h deployments, while these
differences were less clear for 3.5 and 6.5 h deployments. Based
on our observations, it is apparent that longer deployment
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periods gradually result in the selective enrichment of HadV
40/41. This observation is supported by results from Li et al.
2022, where the on-site viral uptake kinetics on electronegative
membranes was investigated. Results from this study report a
higher wastewater volume equivalent uptake of HadV 40/41
(33.1 mL/h) compared to Enterovirus (0.3 mL/h) and
PMMoV (1 mL/h), respectively.® Furthermore, exploratory
studies using target-enrichment sequencing with electro-
negative membrane sampling also indicate selective enrich-
ment of Mastadenoviruses (including HadV 40/41) on
membranes but not for composite samples.”*

Despite the selective enrichment of HadV 40/41 on
electronegative membranes, no significant differences were
observed in the recovery of CrAssphage, PMMoV, HuNoV
GII, Enterovirus, and SARS-CoV-2. Previous research has
highlighted that the differential binding kinetics of targets can
hinder the use of markers such as PMMoV and CrAssphage for
normalization in passive sampling.'”***® Based on our
recovery experiments, both markers are suitable, yielding
results comparable to those of direct wastewater samples.
However, it is important to note that uptake kinetics at close-
to-source locations with greater concentration variations may
differ.

The observed biases have important implications for the
choice of deployment times and sampling methods. For
example, the increased sensitivity for monitoring HadV 40/41
with electronegative membranes or the potential for a skewed
view of the wastewater virome in metagenomics studies.
Further work to identify these biases will help guide the use of
passive sampling materials, with the prospect of improving
sensitivity for viral monitoring and clarifying the inherent
limitations and advantages of different sampling methods.

Degradation of Viral Nucleic Acids

In the incubation experiments, differences between degrada-
tion rates between viruses could affect the observed recoveries.
Therefore, to assess whether biases observed in viral recoveries
on membranes were affected by degradation, we measured
degradation rates for all viral targets in a parallel experiment. In
general, degradation rates of viruses measured in water
environments are difficult to compare due to highly variable
results reported in the literature.””*” This variations in
measurements can be attributed to a variety of factors,
including but not limited to differences in wastewater physio-
chemical characteristics, differences in regions targeted for
quantification by (RT)-qPCR, exposure to sunlight, quantifi-
cation methods (e.g., culture, (RT)-qPCR), or differences in
spiked viruses and viruses naturally shed into waste-
water.”*»*7*® Nonetheless, our measurements roughly agree
with the literature, where mean first-order degradation
constants in a meta-analysis of 562 articles measuring
degradation rates for mammalian viruses and coliphages
noted that mean degradation rates (in experiments performed
at 4 °C—29 °C) range between 0.0029 and 0.038 h™'. In
contrast to mammalian viruses, PMMoV, a plant virus with a
significantly different structure, has been observed to be very
stable in wastewater (4—20 °C) with mean first-order
degradation constants ranging from 0.0005 to 0.0064 h~',
confirming our results where no significant degradation of
PMMoV through the 2-day period was observed.”’

An inherent limitation of this study is the low number of
copies of naturally shed enteroviruses and SARS-CoV-2 during
the sampling period, which resulted in high variability between
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Figure 4. Mean percent viral recovery on membrane passive samplers (circles) during 10 °C incubation experiments was fitted with linear (solid
line) and PFO (dashed line) kinetic models. Error bars display the standard deviation of viral concentrations measured (n = 3) at each time point.
Error bars are not visible when smaller than symbols.

Table 2. Best-Fit Values for Linear and PFO Kinetic Model Parameters (T = 10 °C, n = §) for Each Virus and Goodness-of-Fit
for the Models (Adjusted R* and Sy.x)”

Linear Uptake Model PFO Model
RR; (fraction Recy; (fraction  Adjusted Ry (fraction Recy; (fraction  Adjusted

GU/h/membrane) GU/membrane) R? Syx K (1/h) t;, (h) GU/membrane) GU/membrane) R? Syx
crAssphage 0.012 0.10 0.92 0.072 0.040 17.2 0.76 0.04 0.96 0.051
PMMoV 0.022 0.28 0.88 0.16 0.061 11.4 1.27 0.10 0.97 0.077
HadV 40/41 0.11 0.49 0.97 0.37 0.024 29.3 8.03 0.17 0.99 0.20
HuNoV GII 0.034 0.27 091 0.21 0.049 14.2 1.95 0.057 0.98 0.096
Enterovirus 0.032 0.65 0.86 0.25 0.037 18.6 241 0.50 0.85 0.26
SARS-CoV-2 0.0082 0.15 0.95 0.036 0.0052 133.4 1.94 0.15 0.93 0.043

“For linear recovery rates, two parameters, RR,, linear recovery rate, Rec,; modeled recovery fraction on membrane at T = 0 describe the model.
For the PFO model, K; PFO recovery constant, t,,: half-time, R, ; modeled maximum recovery fraction, Recy; modeled recovery fraction on
membrane at T = 0.

replicates for these two targets and made it difficult to displays a higher degradation rate than the other viral targets,

accurately determine their degradation rates. However, SARS- consistent with previous observations that enveloped viruses

CoV-2 was the only enveloped virus analyzed in this study and generally degrade more rapidly than nonenveloped viruses.””
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Degradation of viral signal can result in lower observed
uptake rates because of the decreased availability of viruses in
bulk wastewater, as well as degradation of viral nucleic acids
already captured on the membrane surface. For CrAssphage,
HadV 40/41, HuNoV GII, and SARS-CoV-2% of modeled
viral degradation in bulk wastewater during the 48 h
experiments were 53%, 65%, 41%, and 99%, respectively
(Table 1). It is difficult to quantitatively assess the impact of
degradation on our results due to potential differences between
viral degradation in bulk wastewater and that on the membrane
surface. Previous studies have shown that stabilization on a
surface can enhance the survivability of viruses, for example, it
has been suggested that viral nucleic acids could be stabilized
by partitioning to wastewater solids’® or sediments.’’
However, given the comparable degradation rates observed
for CrAssphage, HadV 40/41, and HuNoV GII, the higher
enrichment of HadV 40/41 is more likely attributable to a
higher affinity for the membrane rather than to higher stability.

Observations on viral degradation rates are difficult to
translate quantitatively to on-site conditions, where both
capture and degradation of viruses on passive samplers can be
expected to vary depending on the concentration dynamics.
For instance, if viral uptake on the passive samplers was due to
a large concentration spike at the start of the deployment
period, the viral signal detected will be affected by degradation
more significantly than if the uptake happened at a later period,
where virus particles retrieved on the passive sampler will have
less time to degrade. In an on-site deployment scenario, the
passive samplers are not affected by degradation in bulk
wastewater in the same way as batch incubation experiments,
where a fresh “batch” of virus could pass by the sampler at any
time point during the deployment. Therefore, considering the
complexity of capture and degradation dynamics on passive
samplers, viral composition on passive samplers deployed on-
site can be determined not only by virus-passive biases but also
by a complex combination of wastewater concentration
dynamics and degradation.

On-Site Viral Uptake Biases

While batch experiments performed under laboratory con-
ditions can provide a controlled environment to study viral
uptake on passive samplers, they are only partially
representative of on-site conditions. Given the discussed
complexities, we performed on-site 24 h deployment experi-
ments and observed similar trends in on-site and bench-scale
experiments, where a higher mean HadV 40/41 capture
compared to all targets was detected on both deployment days.
Triplicate measurements on-site had a higher variation
between measurements, and differences between viral capture
were not consistently significant. It has been hypothesized that
this increase in variation could result from differences in flow
conditions inside torpedo passive samplers.”” Nevertheless,
similar trends between on-site experiments and the batch
incubation experiments, as well as on-site deployments by Li et
al. 2022 and target enrichment sequencing results support the
selective enrichment of HadV 40/41.

However, as discussed also in previous sections, while viral
concentrations are only affected by degradation and uptake of
viruses in batch experiments, on-site conditions are dynamic,
where concentrations of viruses, wastewater characteristics, as
well as flow conditions can vary throughout the day. Especially
in upstream locations, where passive samplers are typically
preferred due to the lack of automated sampling infrastructure,
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wastewater dynamics can have a more significant effect on
captured viral compositions than WWTP influents. Further
work should aim to determine if the differences between viral
uptake on electronegative membranes can also be observed in
upstream locations, where more significant variations in
concentration and flow conditions can be expected.

Uptake Modeling of Viruses on Electronegative
Membranes

This study showed that electronegative membranes experience
minimal saturation for up to 48 h of deployment. Linear and
PFO kinetic equations have been previously used to describe
the uptake of viruses on electronegative membranes.””"" In
the PFO model, the uptake rate is governed by the fraction of
available sites on the passive sampler surface, while for the
linear model, the uptake rate is constant throughout the
incubation period. Compared to the PFO model, the linear
model can provide an adequate description of viral uptake on
surfaces if saturation of the adsorption surface during the
deployment period is minimal, for example, if the uptake of
viruses during deployment compared to the available sites is
low.

Comparing the two models, for all of the viral targets except
Enterovirus and SARS-CoV-2, adjusted R? values were higher
and Sy.x was lower for the PFO model, indicating that the PFO
model better described the uptake on membranes for the
majority of target viruses. For Enterovirus and SARS-CoV-2,
the uptake was better described by the linear model, suggesting
that saturation on the membrane surface for these viruses was
minimal throughout the 48 h deployment period. However, it
is important to note that given the very low concentrations of
these viruses in wastewater, the variability between replicates
was high. Therefore, we expect that the modeled uptake/
recovery rates are more accurate for viruses found in higher
concentrations. Despite limitations due to variable concen-
trations of naturally shed viruses, the PFO model parameters
make clear that relative adsorption capacities and saturation
times vary for different viruses. In the PFO model, half-time
(t;,) values can describe how fast the system reaches
equilibrium, while Rmax,; describes the adsorption capacity
of the membrane for a given virus. For SARS-CoV-2 and HadV
40/41, t, , values were above 48 h, signifying limited saturation
(less than half of the modeled adsorption capacity) over the
deployment period, while faster saturation was observed for
the other targets. On the other hand, best-fit adsorption
capacity was highest for HadV 40/41, followed by Enterovirus,
HuNoV GII, SARS-CoV-2, PMMoV, and CrAssphage. Given
the differences in adsorption characteristics, we observe that
viral uptake capacities and appropriate deployment times for
capture of viruses on electronegative membranes are depend-
ent on the target virus.

In comparison to our results, there are few studies focusing
on modeling the uptake kinetics of viruses on passive samplers
and only two explicitly modeled viral uptake on electronegative
membrane passive samplers.””'"'* The first study, Hayes et al.
2022, modeled the uptake rate of lab-grown viruses’ spiked in
wastewater on electronegative membranes, while the second
study, Li et al. 2022, modeled uptake based on data from on-
site passive sampling of naturally shed viruses in wastewater.
Interestingly, while Hayes et al. 2022 observed saturation of
membranes within 24 h, Li et al. 2022 reported linear uptake of
naturally shed viruses in wastewater on the membrane surface
for up to 48 h. We observed pseudo-first-order/linear uptake of
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naturally shed viruses on electronegative membranes with no
saturation within the 48 h period. We therefore hypothesize
that the contrasting results between Hayes et al. 2022 and Li et
al. 2022 and our study can be attributed to inherent differences
between naturally shed and lab-grown viruses. Supporting our
observations, a recent study spiking naturally shed viruses in
wastewater into groundwater samples has also observed
increasing viral loads up to 72 h for HadV 40/41 and
PMMoV uptake on electronegative membrane passive
samplers.”> In contrast to naturally shed viruses, viruses
harvested from cell culture in the laboratory and spiked into
wastewater can exhibit significantly different physicochemical
characteristics such as isoelectric point and hydrophobicity or
morphologies,” which can affect uptake behavior on passive
samplers.

Given the recovery rates, it is clear that longer deployment
times (over 48 h) are required to reach the adsorption capacity
of membrane passive samplers. While the majority of previous
studies using passive samplers have used 24 h or shorter
deployment periods, we observe that longer time-integrated
sampling periods are feasible for the viruses in this study.”'***
However, it is important to note that on-site dynamics of viral
concentrations and flow conditions can be critical in uptake,
especially in upstream locations, such as manholes, where
passive samplers are often used for viral monitoring. Depend-
ing on the size of the catchment and target virus, the
concentration dynamics of viruses can vary significantly. For
viruses shed by a majority of the population such as
CrAssphage and PMMoV, diurnal variations at large waste-
water catchments such as WWTP influents have been observed
to be low.””* However, for pathogenic viruses with low
incidence rates, concentration variations through the deploy-
ment period can be highly variable, where uptake of viruses is
likely dependent on the ability of passive samplers to capture
shorter spikes in viral concentrations. Moreover, there is little
known about the ability of passive samplers to retain the
captured viral material during periods of low viral concen-
trations. For example, dilution of wastewater flow by rainfall
might result in low concentration periods and gotential wash-
off of captured signals from passive samplers.'”>’ Due to the
aforementioned limitations, our observations more accurately
represent the capture of viruses in larger catchment sizes such
as pumping stations or wastewater treatment plants, where
wastewater characteristics and concentration dynamics are
more stable. Therefore, we expect that longer deployment
periods could be advantageous for the sensitivity of viral
monitoring using passive samplers, given that catchment sizes
targeted are large enough to minimize large spikes in viral
concentrations. However, further research on the ability of
passives to capture spikes in viral concentrations as well as the
reversibility of viral capture on passives is required to better
understand viral uptake at small catchment sizes such as
individual buildings or manholes.

B CONCLUSION

This work investigated the uptake kinetics of naturally shed
CrAssphage, PMMoV, Human Adenovirus 40/41, Norovirus
GGII, and Enterovirus in wastewater on electronegative
membranes using bench-scale/on-site experiments. We
observed that linear/PFO uptake models both adequately
described (adjusted R*: 0.89—0.99 for both models) 48 h
uptake of the target viruses, where viral profiles evolved over
the deployment period with enrichment of HadV 40/41, while
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no differences in recovery between other viruses were
observed. Based on our results, we recommend that potential
biases in viral composition introduced by different deployment
times or passive sampler—virus interactions are taken into
account during the choice of sampling and normalization
methods. These differences are critical in the interpretation of
results and choice of appropriate sampling methodology and
can result in increased/decreased sensitivity for monitoring
different kinds of viruses using passive samplers. To increase
the applicability of passive sampling for WWS, further research
should aim to elucidate differences between various passive
sampling materials (e.g, cotton-based materials, granulated
activated carbon) in capturing viruses of varying physio-
chemical characteristics.
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