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Wastewater-based epidemiology (WBE) has been recognized as a promising approach for rapid monitor-
ing of infectious diseases in local communities. Development of adsorption materials that efficiently
capture viruses is important in WBE to provide precise information on the prevalence of viral infections.
Herein, ionic polymer brushes are synthesized for the tuning of virus adsorption and elution. Quaternary
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ammonium-based cationic polymer brushes exhibit higher adsorption of enveloped and nonenveloped
viruses than a low-molecular-weight amine adduct. Moreover, efficient and selective elution of Aichivirus
from the polymer brushes is demonstrated. These cationic polymer brushes may be useful as materials
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Introduction

Wastewater-based epidemiology (WBE) has attracted much
attention because it enables rapid monitoring of infectious
diseases in local communities."” Effective detection of viruses
from sewage and environmental water is important to provide
precise information on the prevalence of viral infections.*™
For example, detection of Aichivirus (AiV), which is suggested
as an appropriate indicator of viral contamination in the
environment,” may be useful to assess human faecal
pollution.®® In WBE analysis, passive sampling is a virus col-
lection method involving the placement of adsorption
materials in water."'" Commercially available materials such
as cotton gauze, glass beads, and polymer membranes have
been used as adsorption materials to capture viruses.'>** The
tuning of the surface properties of these materials is con-
sidered to be a key to achieve efficient recovery of viruses from
wastewater.' "
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for passive sampling of viruses from water.

Our intention is to provide a new approach for tuning virus
adsorption and elution for passive sampling of viruses from
water (Fig. 1). We expected that ionic polymer brushes of graft-
ing polymers may be useful in tuning virus adsorption and
elution due to their electrostatic interactions with viruses.
Grafting polymers on solid substrates have been widely
studied to develop stimuli-responsive functional soft

surfaces."®>® For example, polyelectrolyte brushes were

formed on a variety of surfaces to provide lubrication,**>°
antifouling,"®?”*®  and  antibacterial  functions.?**°
Thermoresponsive surfaces based on poly(N-isopropyl-

acrylamide) brushes have been developed for applications as
substrates to control cell adhesion and detachment.>**"*> We
also reported thermoresponsive polymer brush matrices for
tuning the morphologies of organic/inorganic hybrid thin
films.>**® Cationic polymer brushes may exhibit higher
adsorption of viruses because most viruses are reported to be
negatively charged at neutral pH.*® Cationic polymers and
polymer hybrids have been studied for the development of
virus adsorption,®” virus removal membranes,**** and anti-
microbial materials.**** The use of polymer brushes for
passive sampling of viruses from sewage has not been
attempted, although purification of viral vectors for gene
therapy by using thermoresponsive-anionic mixed polymer
brushes has been reported.*®

Here we report virus adsorption and elution using ionic
polymer brushes grafted on the substrates (Fig. 1). The effects
of the surface properties of the modified substrates on virus
adsorption and elution were examined by using cocktail solu-
tions containing different types of viruses.
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Fig. 1 Schematic illustration of virus adsorption and elution using cat-
ionic polymer brushes grafted on a silicon substrate. AiV: Aichivirus; Qp:
F-RNA-specific bacteriophage Qf; MHV: murine hepatitis virus; and
Phi6: Pseudomonas syringae phage Phi6.

Results and discussion
Materials design and synthesis

Ionic polymer brushes consisting of poly[2-(methacryloyloxy)
ethyltrimethylammonium chloride] (PMTAC) (Fig. 2) were syn-
thesized by surface-initiated atom transfer radical polymeriz-
ation (ATRP) (Fig. S11).*””*° An ATRP initiator, 2-bromo-2-
methyl-N-(3-(triethoxysilyl )propyl)propanamide, was immobi-
lized on a silicon substrate. This substrate was used for
surface-initiated ATRP to obtain the PMTAC-grafted substrates.
In addition, silicon substrates modified with 3-aminopropyl-
triethoxysilane (APTS) (Fig. 2) were prepared as a control
material containing a low-molecular-weight amine branch.
The PMTAC-grafted substrates (PMTAC) and APTS-functiona-
lized substrates (APTS) as well as nonmodified bare silicon
substrates (B) were used to examine virus adsorption and
elution.

Structures of the PMTAC-grafted surface

The formation of the PMTAC brushes grafted on the substrates
was examined (Fig. 3, 4, Table 1, Fig. S2 and S37). Fig. 3 shows
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Fig. 2 Chemical structures of the surfaces of the silicon substrates.
B: bare substrates; APTS: 3-aminopropyltriethoxysilane (APTS)-functio-
nalized substrates; and PMTAC: poly[2-(methacryloyloxy)ethyltrimethyl-
ammonium chloride] (PMTAC)-grafted substrates.
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Fig. 3 FT-IR spectrum of the poly[2-(methacryloyloxy)ethyltrimethyl-
ammonium chloride] (PMTAC) brush.

a Fourier-transform infrared (FT-IR) spectrum of a silicon sub-
strate that underwent surface-initiated ATRP. A strong absorp-
tion peak corresponding to the C=O stretching vibration of
the PMTAC brushes was observed at 1723 e¢m '.*>°' In
addition, the surface exhibited an absorption band around
1481 cm™". This can be assigned to a vibration of the quatern-
ary ammonium group of the PMTAC brushes.’>*! These
results show that the surface-initiated ATRP led to the prepa-
ration of the cationic polymer brushes consisting of PMTAC.

The surface morphology of PMTAC was observed by atomic
force microscopy (AFM) (Fig. 4a). The surface of PMTAC was
sufficiently covered with the polymer brushes (Fig. 4a), while
those of APTS (Fig. 4b), B (Fig. 4c), and the ATRP initiator-
modified (Fig. S31) substrates were smoother. Based on these
observations, the PMTAC brushes are expected to efficiently
interact with viruses to provide higher virus adsorption.

The surface wettability of PMTAC was examined by contact
angle measurements (Table 1). The water contact angle of
PMTAC was larger than those of APTS and B (Table 1). It was
reported that surface wettability was affected by the nano-
structures of the surface.”” The uneven surface of PMTAC
(Fig. 4a) may result in the formation of a more hydrophobic
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Fig. 4 AFM images of (a) the poly[2-(methacryloyloxy)ethyltrimethyl-

ammonium chloride] (PMTAC)-grafted, (b) 3-aminopropyltriethoxysilane
(APTS)-functionalized, and (c) nonmodified bare substrates.

Table 1 Surface properties of the bare and modified substrates

Contact angle Solvent-accessible

Materials® (degree) cations” (10'® cm™?)
B 36+2.3 0.0+£0.0
APTS 50+2.2 0.0 £0.0
PMTAC 69 +12 1.1+04

“B: bare substrates; APTS: 3-aminopropyltriethoxysilane (APTS)-func-
tionalized substrates; and PMTAC: poly[2-(methacryloyloxy)ethyltri-
methylammonium chloride] (PMTAC)-grafted substrates. ” The number
of solvent-accessible cations was estimated with the fluorescein
adsorption assay.”*>*

surface than those of APTS and B. The substrates modified
with the ATRP initiator also formed a hydrophobic surface
with a contact angle of 86 + 1.5°.
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To gain further insights into the surface properties, the
number of solvent-accessible cations on the surfaces was esti-
mated (Table 1). A fluorescein adsorption assay’>* was per-
formed for PMTAC, APTS, and B. The charge density of PMTAC
was estimated to be about 10" cations per cm” (Table 1). For
APTS and B, no significant differences in the number of
solvent-accessible cations were observed, although the contact
angle of these substrates was different. The higher charge
density of PMTAC may be useful for efficient adsorption of
viruses.

Adsorption and elution of viruses

In the adsorption and elution experiments, four types of
including AiV, F-RNA-specific bacteriophage Q,
Pseudomonas syringae phage Phi6, and murine hepatitis virus
(MHV) were employed to represent different virus types in
wastewater. AiV and Qp are nonenveloped viruses, while MHV
and Phi6 are enveloped viruses. The sizes of AiV and Qpf were
reported to be around 30 nm,*” while those of MHV and
Phi6 were reported to be approximately 80 nm.’*>° These
nonenveloped and enveloped viruses were mixed in 100 mM
phosphate buffered saline (PBS) to prepare feed solutions
(referred to as Feed). To assess the virus adsorption, the feed
solutions were placed on the surface-modified and bare silicon
substrates for 5 h, followed by washing the substrates with PBS
to collect the solution (referred to as Permeate). The elution of
the viruses from the substrates was performed with sterile beef

viruses
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Fig. 5 Adsorption rates of (a) AiV, (b) QB, (c) Phi6, and (d) MHV by the
silicon-based substrates. Adsorption rate (logipAds) = logplvirus in
Feed/virus in Permeate). B: bare substrates (n = 8); APTS: the 3-amino-
propyltriethoxysilane (APTS)-functionalized substrates (n = 4); and
PMTAC: the poly[2-(methacryloyloxy)ethyltrimethylammonium chloride]
(PMTAC)-grafted substrates (n = 10).
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extract (3%, pH = 9), which is generally used for virus
elution.>®® After soaking the substrates in the beef extract for
1 h, the solution was collected as an eluate (referred to as
Eluate). The concentrations of the four viruses in the Feed,
Permeate, and Eluate were quantified with reverse transcrip-
tion quantitative polymerase chain reaction (RT-qPCR) to esti-
mate the virus adsorption and elution rates. Adsorption was
quantified by calculating the logarithmic removal from the
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Fig. 6 Elution rates of (a) AiV, (b) Qp, (c) Phi6, and (d) MHV by the
silicon-based substrates. Elution rate (logjpoLoss) = logsplvirus in Feed/
virus in Eluate). B: bare substrates (n = 8); APTS: the 3-aminopropyl-
triethoxysilane (APTS)-functionalized substrates (n = 4); and PMTAC: the
poly[2-(methacryloyloxy)ethyltrimethylammonium chloride] (PMTAC)-
grafted substrates (n = 10).

View Article Online

Paper

Feed to the Permeate (eqn (1)) whereas recovery (or elution)
was determined by assessing the logarithmic change from the
Feed to the Eluate (eqn (2)).

Adsorption rate (log;pAds) =

(1)

logyo(virus in Feed/virus in Permeate);

Elution rate (logjoLoss) = logjo(virus in Feed/virus in Eluate).
(2)

We found that the adsorption of the four tested viruses on
the silicon substrates was enhanced by surface modification
with the PMTAC brushes (Fig. 5). The adsorption rate of AiV by
PMTAC increased to 1.07 + 0.52 log;oAds (91.49% in percen-
tage) (Fig. 5a), while those by B and APTS were 0.13 + 0.11
logi0Ads (25.11%) and —0.12 + 0.10 log;pAds (—33.08%),
respectively (Fig. 5a). Similar trends were observed for Qp
(Fig. 5b), Phi6 (Fig. 5¢), and MHV (Fig. 5d). The increase in the
virus adsorption by grafting the PMTAC brushes may be due to
the electrostatic interactions between the cationic polymers
and the viruses.®"®? It is noteworthy that the virus adsorption
of PMTAC was higher than that of APTS (Fig. 5). The primary
amino group of APTS is considered to be positively charged in
the PBS solutions.®® These results suggest that the cationic
PMTAC brushes grafted on the substrates efficiently interact
with the viruses in the aqueous phase.

The elution rates of the nonenveloped and enveloped
viruses from the surface-modified and bare substrates are
shown in Fig. 6, where the values of elution rates closer to zero
indicate higher recovery of viruses. PMTAC exhibited higher
recovery (elution) of AiV (0.10 + 0.18 log;,Loss, 79.96% in per-
centage) than APTS (1.47 + 0.41 log;oLoss, 3.42% in percen-
tage) and B (1.38 + 0.29 logjoLoss, 4.22% in percentage)
(Fig. 6a). In contrast, the elution rates for Qp (Fig. 6b), Phi6
(Fig. 6¢), and MHV (Fig. 6d) rather decreased by the surface
modification with the PMTAC brushes and APTS. Although the
elution bahavior is complicated, a combination of electrostatic

Table 2 The average of adsorption rates (log;oAds) and elution rates (log;gLoss) for bare and surface-modified silicon surfaces

Adsorption Elution
Materials” Viruses Average” (log;,Ads) Average® (Ads, %) Average” (log;,Loss) Average® (Elu, %)
B AiV 0.13 25.11 1.38 4.22
Qp 0.55 71.97 1.03 9.33
Phi6 0.23 41.33 1.06 8.72
MHV 0.86 86.35 1.35 4.50
APTS AiV —-0.12** -33.08 1.47 3.42
Qp 0.36* 56.83 2.29%** 0.52
Phi6 0.34 54.32 1.26 5.52
MHV 1.01 90.23 2.22%* 0.61
PMTAC AiV 1.07*** 91.49 0.10*** 79.96
Qp 1.66%** 97.81 1.56 2.77
Phi6 1.15%*%* 92.94 1.58 2.61
MHV 1.60%* 97.50 2.36%* 0.43

“B: bare substrates (n = 8); APTS: 3-aminopropyltriethoxysilane (APTS)-functionalized substrates (n = 4) and PMTAC: poly[2-(methacryloyloxy)
ethyltrimethylammonium chloride] (PMTAC)-grafted substrates (n = 10). ® The stars indicate the significance of differences (p value) between
APTS and B, PMTAC and B. *: p < 0.05; **: p < 0.01; and ***: p < 0.001. ° The average of adsorption rates (log;oAds) and elution rates (log;,Loss) is

calculated into the form of percentage.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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interactions and hydrophobic effects might result in the selec-
tive elution of AiV from the PMTAC brushes.®*"%°

Tables 2 and S1f summarize the average and significance
of differences (p value) of adsorption and elution rates for the
silicon-based surfaces. Statistically significant differences in
virus adsorption were observed between PMTAC and B
(p < 0.001 for AiV, QB, and Phi6, p < 0.01 for MHV). Moreover,
PMTAC exhibited significantly higher elution of AiV compared
to B (p < 0.001). Similar differences were observed between
PMTAC and APTS in the virus adsorption (p < 0.001 for AiV,
Qp, and Phi6) and elution (p < 0.01 for AiV and Qp)
(Table S1t). Overall, the tuning of the virus adsorption and
elution was demonstrated by using the PMTAC brushes
(Fig. 1).

A plaque assay was performed to quantify Qf as a represen-
tative infectious nonenveloped virus (Fig. 7). Comparison of
the concentrations of Qf measured by RT-qPCR and plaque
assay provides insights into the inactivation of the phages.'
For the feed solutions, the differences in the concentrations of
Qp observed between RT-qPCR and plaque assay were around
2 log (Fig. 7). The bare and modified substrates also exhibited
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Fig. 7 Concentrations of Qf measured by the culture method and
RT-gPCR for (a) the Permeate and (b) Eluate. Feed: the feed solutions
used for the experiments; B: bare substrates; APTS: the 3-aminopropyl-
triethoxysilane (APTS)-functionalized substrates; and PMTAC: the poly
[2-(methacryloyloxy)ethyltrimethylammonium chloride] (PMTAC)-
grafted substrates.
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similar differences for both the Permeate (Fig. 7a) and Eluate
(Fig. 7b). These results imply that the integrity of the virus par-
ticle is maintained in the adsorption and elution processes.

Conclusions

In conclusion, we have demonstrated that the cationic PMTAC
brushes enhanced not only the adsorption of enveloped and
nonenveloped viruses but also the elution of AiV. The surface
modification with the cationic polymers can be applied to
practical virus adsorption materials with high surface area
such as gauze and glass fibers. Grafting the cationic polymer
brushes may provide a new direction in controlling virus
adsorption and elution for passive sampling of viruses from
water. The efficient adsorption and elution of target viruses
may lead to precise monitoring of infectious diseases in local
communities.

Experimental
Materials and methods

All the reagents for the preparation of the surface-modified
substrates were purchased from Tokyo Chemical Industry
(Tokyo, Japan), Sigma-Aldrich Japan (Tokyo, Japan), FUJIFILM
Wako (Osaka, Japan), and Nacalai Tesque (Kyoto, Japan).
These reagents were used as received unless otherwise stated.
2-Bromo-2-methyl-N-(3-(triethoxysilyl)propyl)propanamide was
synthesized according to a procedure previously reported.®”
The surface of silicone substrates was cleaned with a FEMTO
SCIENCE plasma treatment chamber CIONE4 filled with argon
(80 W, 1 min) before the surface modification.

Fourier-transform infrared (FT-IR) spectra were obtained
with a JASCO FT/IR-6100 Plus spectrometer and a JASCO
IRT-5000 in the reflection mode. Atomic force microscopy
(AFM) was performed using a Bruker MultiMode 8 atomic
force microscope with a Nanoscope V controller. Contact angle
measurements were performed using a Kyowa Interface
Science DropMaster DMF-301 contact angle meter. The
measurements were conducted at four different points for
each substrate. UV-vis absorption spectroscopy was performed
with a JASCO V-670 spectrophotometer.

Preparation of the surface-modified substrates

Poly[2-(methacryloyloxy)ethyltrimethylammonium chloride]
(PMTAC)-grafted substrates. A silicon substrate (1 cm x 1 cm)
was immersed in a 11 wt% xylene solution of 2-bromo-2-
methyl-N-(3-(triethoxysilyl)propyl)propanamide containing a
drop of acetic acid for 6 h at 70 °C. The substrate was washed
with ethanol and dried with a stream of argon to afford an
ATRP-initiator modified substrate.

A solution  of  [2-(methacryloyloxy)ethyl]trimethyl-
ammonium chloride (75 wt% in H,O, 2.85 g, 10.3 mmol),
methanol (2.0 mL), and deionized water (5.2 mL) was degassed

by  three freeze-pump-thaw  cycles. =~ N,N,N',N",N"-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Pentamethyldiethylenetriamine =~ (PMDETA)  (64.6  mg,
0.37 mmol) and CuBr (12.6 mg, 0.088 mmol) were added to
the deoxygenated solution under argon flow. The mixture was
stirred for 5 min at 25 °C. To this mixture, the ATRP-initiator
modified substrate was transferred. The mixture was stirred for
5 h at 25 °C. After removing the solution, the substrate was
washed with methanol and deionized water and dried with a
stream of argon to give a PMTAC-grafted substrate.

3-Aminopropyltriethoxysilane (APTS)-functionalized sub-
strates. A silicon substrate (1 cm x 1 cm) was immersed in a
11 wt% xylene solution of 3-aminopropyltriethoxysilane con-
taining a drop of acetic acid for 6 h at 70 °C. The substrate was
washed with ethanol and dried with a stream of argon to give
an APTS-functionalized substrate.

Estimation of the number of solvent-accessible cations

The number of solvent-accessible cations on the PMTAC-
grafted, APTS-functionalized, and nonmodified bare substrates
was estimated by a fluorescein adsorption assay according to
procedures reported previously.>>>* The substrates with a total
surface area of 2 cm” were immersed in 1 wt% aqueous solu-
tion of sodium fluorescein (10 mL) for 20 min under gentle
shaking. These substrates were washed with deionized water
and placed in water (10 mL) with ultrasonication for 10 min.
This washing process was repeated three times. To desorb the
immobilized fluorescein, the substrates were immersed in a
0.1 wt% aqueous solution of cetyltrimethylammonium chlor-
ide (9 mL) for 30 min under gentle shaking. 0.1 M PBS buffer
(pH 8.0) (1 mL) was added to the solution after the removal of
the substrates. The absorbance of the solution at 501 nm was
measured. The concentration of the desorbed fluorescein was
estimated based on Beer-Lambert law with the extinction
coefficient of fluorescein of 77000 M™' cm™, and an optical
path length of 1 cm. The number of solvent-accessible cations
on the substrates can be correlated with the concentration of
fluorescein by assuming a 1:1 complexation of fluorescein
with the cationic group. These measurements were performed
three times for each substrate.

Virus preparation

Phi6 and MHYV were used as surrogates to represent enveloped
viruses, whereas Qf and AiV were used for non-enveloped
viruses. Bacteriophage Phi6 (NBRC 105899, National Institute
of Technology and Evaluation, Tokyo, Japan) was propagated
using P. syringae (NBRC14084, NITE) as the host bacterium
according to the protocol. Bacteriophage Qp (ATCC23631-B1,
the American Type Culture Collection, Manassas, Virginia,
USA) was propagated in the lab using Escherichia coli K12 A/A
F" as the host bacteria.®® The AiV strain (strain A846/88
donated by Dr Yamashita from Shubun University, Aichi,
Japan) and MHV A59 strain (ATCC VR-764) were propagated
using buffalo green monkey kidney cells and DBT cells,
respectively, as described before.®>”° Host cells were removed
by centrifugation at 3000 rpm for 10 min followed by
membrane filtration with a cellulose acetate filter (0.2 pm,
DISMIC-25CS, Advantec, Tokyo, Japan). Then the viruses were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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further purified by gel filtration with an Illustra Microspin
S$-300 HR column (GE Healthcare, Tokyo, Japan).”"” The puri-
fied viruses were quantified by RT-qPCR (MHV, AiV, Qf and
Phi6) and plaque assay (Qf), aliquoted and stored at —80 °C
until being used as intact virus stock. For each experiment, the
4 types of viruses were mixed into 1 mL of 100 mM PBS to
make the feed solution (Feed) at the initial concentrations of
10® PFU mL™" for Qp, and 10, - 10,, copies per mL for AiV, Qp,
Phi6, and MHV.

Virus adsorption and elution

A 5 pL feed solution was dropped onto a test substrate (1 cm x
1 cm) in a Petri dish. A cover glass was placed on top of the
substrate. After incubation at 25 °C for 5 h, the substrate was
washed with 100 mM PBS (2.5 mL). The solution was collected
as the permeate (referred to as Permeate).

The substrate used for virus adsorption was transferred to a
12-well cell culture plate and soaked in 2.5 mL of sterile beef
extract (3%, pH = 9). After incubation at 25 °C for 1 h, the solu-
tion was collected as the eluate (referred to as Eluate).
Throughout the experiments, the Feed, Permeate, and Eluate
samples were stored at 4 °C until further analysis within 24 h.
Successive treatment of adsorption and elution was performed
for each test substrate.

Quantification of viruses

The concentrations of all the tested viruses in the Feed,
Permeate, and Eluate were determined using reverse transcrip-
tion quantitative polymerase chain reaction (RT-qPCR).
Initially, RNA was extracted from 140 pL of each sample utiliz-
ing a QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany).
Subsequently, reverse transcription was performed using a
High-Capacity cDNA Reverse Transcription Kit with an RNase
Inhibitor (Applied Biosystems, USA). The resulting cDNA pro-
ducts were subjected to qPCR analysis. For the qPCR, a 25 pL
reaction mixture was prepared, comprising 12.5 pL of
TaqManTM Gene Expression Master Mix (Applied Biosystems),
1 uL of forward and reverse primers (10 pmol L™), 0.5 pL of
TagMan probes (5 pmol L"), and 5 pL of ¢cDNA. The primers
for QB,”® Phi6,”* AivV,”> and MHV’® were prepared according to
the literature. RT-qPCR was carried out in duplicate on an ABI
StepOnePlus thermocycler (Thermo Fisher, USA), following the
recommended temperature conditions outlined in the pre-
vious studies, which varied depending on the virus type. For
each 96-well RT-qPCR plate, negative controls were performed
with sterile water. Standard curves were generated using
10-fold serial dilutions of pre-determined plasmid DNA con-
taining the target gene sequence, covering target virus concen-
trations ranging from 10° to 10° copies per reaction. The
amplification efficiencies exceeded 90% and the correlation
factor (R?) was higher than 0.99. The assay limit of detection
was 2 copy per pL (10 copy per reaction) for all the tested
viruses. The process limit of detection was 1720 copies per mL
sample.””

In order to assess the adsorption and elution rates of infec-
tious viruses in passive sampling, a plaque assay was con-
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ducted for the bacteriophage Q. To perform the assay, the
Feed, Permeate, and Eluate samples were subjected to serial
10-fold dilution and plated onto LB agar plates pre-inoculated
with host bacteria, specifically E. coli K12 F* (A/A). Duplicate
plates were prepared for each sample at every dilution level.
The plates were then incubated at 37 °C overnight to allow the
formation of visible plaques,
counted for analysis.

which were subsequently
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