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Existing techniques for concentrating viruses from wastewater are often time consuming, costly, and
usually involve cumbersome laboratory methods, limiting their practical application for routine use. As
such, the need for simpler concentration methods that do not forfeit efficacy are crucial for permitting
more accessible detection of viruses from wastewater. This study introduces a rapid concentration method
using powdered activated charcoal sodium alginate (PAC-NaA) hydrogel beads, optimized for capturing
viruses from wastewater. Through scanning electron microscopy and bench-scale experiments, we
optimized hydrogel bead formulation and identified a Tween®20-based buffer as the most effective elution
buffer for recovering SARS-CoV-2 from the hydrogel beads. Kinetic adsorption parameters were also
evaluated, establishing a 5 min exposure duration for maximum viral recovery. Model fitting of the
experimental data indicated that the adsorption process adheres to a non-linear pseudo-second-order
model, indicative of physiochemical adsorption mechanisms likely facilitating viral capturing from
wastewater. Additionally, successful detection of endogenous SARS-CoV-2 and Adenovirus was achieved
using the PAC-NaA hydrogel concentration method. The advantages of this approach lie in its adaptability
and simplicity, as hydrogel beads can be modified to enhance viral adsorption efficiency in various
environmental contexts.
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Water impact

By utilizing PAC-amended sodium alginate-based hydrogel beads, our study offers a simplified method for recovering SARS-CoV-2 from wastewater, while
avoiding the common complexities of existing virus concentration techniques. Through systematic evaluation of elution buffers and kinetic models, we
enhance the efficiency of virus detection, advancing our understanding of wastewater-based epidemiology and its potential implications for public health
surveillance.

1. Introduction timely indicator of viral activity in communities that may
inform public health decision making."” The ability of WWS
to test and monitor entire populations served by the sampled
wastewater infrastructure is particularly valuable in resource-
constrained regions where clinical testing may be limited.?
Recent research highlights the efficacy of WWS in providing
a community-level understanding of viral prevalence and
enabling proactive public health interventions.*® This shift

towards wastewater monitoring reflects a transformative

During the COVID-19 pandemic, wastewater surveillance
(WWS) emerged as an important tool for the early detection
and monitoring of viral infections within communities. By
measuring the presence of virus in communities without
relying on community members to self-administer rapid
antigen tests and report their results, WWS stands out as a

“Centre for Water Resources Studies, Department of Civil & Resource Engineering,
Dalhousie University, 1360 Barrington Street, Halifax, Nova Scotia B3H 4R2,
Canada. E-mail: Graham.gagnon@dal.ca

b Department of Biomedical Engineering, Dalhousie University, Halifax, B3H 4R2
NS, Canada

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4ew00370e

This journal is © The Royal Society of Chemistry 2025

change in viral surveillance and highlights the need for
robust methodologies to evaluate and address public health
risks.

Traditional = virus  concentration  methods  from
environmental waters, such as ultrafiltration,”® ultra-
centrifugation®® and adsorption-elution methods,"""?
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often exhibit drawbacks, including high costs, and
cumbersome laboratory procedures. These limitations
impede their practical application, especially in resource-
constrained settings. In response, there has been a push
to explore alternative approaches, including the use of
sodium alginate hydrogel beads, known for their versatility
in  wastewater  treatment'>'"  and  environmental
remediation.">*®

This study introduces an innovative virus concentration
technique employing powdered activated charcoal (PAC)
sodium alginate (NaA) hydrogel beads. The wuse of
hydrogel beads offers high surface area and macropore
volume necessary to retain viruses (free and particle-
bound) in  wastewater. Prior investigations have
demonstrated that the incorporation of charcoal into
hydrogel formulations holds the potential for effective
adsorption of targeted contaminants,”” " and that
utilizing glutaraldehyde as a crosslinking agent increases
the overall crosslinking density and durability of the
hydrogel, affecting the degradation resistance of hydrogel
beads.>® The objective of this study was to develop a
simple viral concentration method using hydrogel beads,
which was achieved through the following sub-objectives;
1) determining the optimal hydrogel bead formulation
through scanning electron microscopy and bench-scale
integrity analysis in wastewater; 2) assessing the optimal
elution technique for the recovery of SARS-CoV-2 from
PAC-NaA hydrogel beads; 3) evaluating the minimum
exposure duration required for the hydrogel beads to
reach maximum adsorption capacity and 4) investigate the
use of PAC-NaA hydrogel concentration method for
detecting endogenous SARS-CoV-2 and Adenovirus in
wastewater.

2. Materials and methods
2.1. Chemical reagents

Alginic acid sodium salt from brown algae, powdered
activated charcoal, and glutaraldehyde solution Grade II,
25% in H,O0 were purchased from Sigma-Aldrich, USA.
Calcium chloride dihydrate and 1 N hydrochloric acid
solution were purchased from Fisher Scientific, CA.

Viral recovery and kinetic adsorption experiments were
performed using heat-inactivated SARS-CoV-2 (HI-SCV-2)
surrogate purchased from the American Type Culture
Collection (ATCC®, Virginia, USA) at a stock concentration of
~3.8 x 10° copies per uL. The surrogate, consisting of a
whole-genome sequenced preparation for SARS-CoV-2 strain
2019-n-CoV/USA-WA1/2020, was heat-inactivated at 65 °C for
30 min. For experiments that utilized deionized water,
samples were produced by a Milli-Q system (Reference A+,
Millipore, resistivity of 18.2 MQ c¢m and total organic carbon
concentration < 5 pg L7'). Prior to each experiment, the
system was regularly maintained and validated to maintain
water quality within acceptable limits.
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2.2. Preparation of hydrogel beads

Formulation 1 - sodium alginate crosslinked in calcium
chloride. A NaA solution (2% w/v) was prepared in deionized
water with gentle stirring at room temperature for 4 h to
ensure complete dissolution. The NaA solution was then
loaded in a 100 mL syringe, which was mounted on a
programmable syringe pump (WPI, SP220I Syringe Pump).
The hydrogel beads were produced by dispensing the sodium
alginate (NaA) polymer solution from the tip of a glass
capillary tube at a flow rate of 5 mL min~" and fell by gravity
6 cm into a cross linking solution bath containing 500 mL of
1% (w/v) calcium chloride (CaCl,) stirred at 50 rpm. The pH
of the solution was previously adjusted to 7.4. Although
alginate gelation occurs rapidly, alginate beads remained in
the CaCl, bath for 30 min to allow the alginate gel to stabilize
and were then washed three times with water to remove free
calcium ions (Fig. S2t). The alginate beads were stored in DI
water at 25 °C until use.

Formulation 2 - PAC-NaA beads crosslinked in
glutaraldehyde. A NaA solution (4% w/v) was prepared by
dissolving 8 g of NaA (180947, Sigma-Aldrich, CA) in 200 mL
of ultrapure water from a Milli-Q system (Reference A+,
Millipore Corporation, Billercia, MA). The mixture was gently
stirred at 50 °C using a stir plate (Fisherbrand™ Isotemp™
Stirrer, Fisher Scientific, Mississauga, ON) for 4 hours. Next 2
g of activated charcoal (C9157, Sigma-Aldrich, CA) were
added to the solution at a mass ratio of 0.25 (charcoal/
alginate). The mixture was stirred for an additional 30 min at
75 °C and sonicated using an Ultrasonic Cleaner (FS30D,
Fisher Scientific, CA) at 40 kHz for 5 min to homogenize the
mixture. While stirring the solution was added dropwise by
gravity using a 50 mL syringe positioned vertically above a
500 mL 1% (w/v) CaCl, solution and was gently stirred for 30
min. Afterward, the hydrogel beads were rinsed with water
and were stirred in a 500 mL solution containing 1%
glutaraldehyde (v/v) (G627, Sigma-Aldrich, USA) and 1% 1 N
HCI (v/v) (SA48-1, Fisher Scientific, CA) for 24 hours. The
beads were rinsed 3 times with ultrapure water to remove any
unbound polymer and then stored in ultrapure water (Fig.
S2t). The average diameter of the PAC-NaA beads was ~3.48
+0.034 mm (Fig. S37).

2.3. Characterization of hydrogel formulations

The surface features of the hydrogel beads were characterized
by scanning electron microscopy (SEM) with a Zeiss SIGMA
300 VP scanning electron microscope with an acceleration
voltage of 5 kV and working distances of 12 and 15 mm. The
hydrogel beads underwent critical point drying (LEICA EM
CPD 300), were fixed to aluminum stubs, and then sputter-
coated with a Leica ACE600 sputter coater with a current of
30 mA until a thickness of 12 nm was achieved. The exterior
surface and the cross-sectional area of both hydrogel
formulations were characterized through SEM. PAC-NaA
hydrogel beads were analyzed using Image]/Fiji (version
1.54d, National Institutes of Health, Bethesda, MD, USA).

This journal is © The Royal Society of Chemistry 2025
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2.4. Bench-scale evaluation of SARS-CoV-2 in wastewater for
spiked experiments

For bench-scale studies, 24 hour composite influent samples
were sourced from a local wastewater treatment plant
(WWTP) in Nova Scotia, Canada (Plant A). The raw
wastewater sample was placed in high-density polyethylene 1
L bottles and transported at 4 °C to the laboratory. These
samples were incubated at room temperature for an extended
period of time, resulting in the degradation of endogenous
SARS-CoV-2 beyond detectable levels within the sample.** To
confirm the absence of SARS-CoV-2 RNA prior to spiked
experiments, 40 mL of wastewater was directly extracted with
the use of the Promega TNA extraction Kkit, resulting in
negative detection of SARS-CoV-2 in samples. The average
physiochemical and flow information of the influent stream
of WWTPs can be found in Table S1.f

2.5. Bench-scale assessment of hydrogel bead integrity

To evaluate the structural integrity of both formulations of
hydrogel beads, a bench-scale assessment was conducted
involving agitation in wastewater. Initially, one gram of each
hydrogel type was precisely weighed in duplicate. Given that
hydrogel beads were stored in deionized (DI) water for
hydration, any excess water on the external surface of the
hydrogel beads was carefully removed using Kimwipes prior
to agitation. Subsequently, the pre-weighed hydrogel beads
were submerged in 50 mL of wastewater and then agitated by
inverting the sample every 30 s for two min. After each 30 s
interval, the alginate beads were separated from the
wastewater, and their weights were recorded using a Sartorius
Entris Analytical Balance (Fisher Scientific, Ottawa, CA). Prior
to recording the hydrogel mass, residual wastewater was
removed from the surface of the microbeads.

2.6. Comparison of elution buffers and agitation techniques
for the desorption of HI-SCV-2 from PAC-NaA hydrogel beads

To assess the desorption efficiency of different elution
buffers from PAC-NaA hydrogel beads in spiked wastewater
with heat-inactivated SARS-CoV-2, two elution buffers were
compared: 1) a 0.05 M KH,PO,, 1 M NacCl, 0.1% Tween®80
(v/v), and 2) a Tween®20-based elution buffer composed of
75 pL of Tween®20 and 250 pL of a 0.1 M Tris-HCI
intermediate sourced from Sigma Aldrich (Ottawa, ON, CA).
The buffers were prepared in DI water for a total volume of
100 mL. These elution buffers have often been used to elute
viruses in previous studies.'®**** Two desorption techniques
were also compared: manual agitation and vortexing, each
for 1 min following the addition of elution buffer.

A 50 mL aliquot of wastewater, spiked with heat-
inactivated SARS-CoV-2 at a concentration of 1 x 10° genomic
copies per mL of wastewater (GC mL™"). The hydrogel beads
were introduced into the spiked wastewater, shaken for 1
min and left to absorb for 2 min. The solution and beads
were then centrifuged for 10 minutes at 1190 RCF. Following
the centrifuge period, the hydrogel beads were separated

This journal is © The Royal Society of Chemistry 2025
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from the wastewater, and 40 mL of elution buffer was added
to the beads. Upon the addition of the elution buffer, a
desorption technique was performed to facilitate the release
of any adsorbed virus into the solution (Fig. S4t). Biological
duplicates were performed for all experimental conditions
evaluated in the study. Subsequently, viral RNA was extracted
from the elution buffer using the Promega TNA extraction kit
(section 2.9) and analyzed using RT-qPCR (section 2.10).

2.7. Kinetics experiment

To understand kinetic adsorption, 1 g of PAC-NaA hydrogel
beads were exposed to 50 mL of wastewater for various time
intervals. An initial concentration of 1.0 x 10> GC mL™" heat-
inactivated SARS-CoVGU-2 was used in each sample vessel.
The kinetic adsorption samples were evaluated at intervals of
30s,1,2,3,4,5 and 10 min.

2.7.1. Kinetic models. To understand the interactions and
adsorption mechanisms of HI-SCV-2 onto PAC-NaA hydrogel
beads, Lagergren's linear pseudo-first order (LPFO) model,
along with Ho's and McKay's linear pseudo-second order
(LPSO) model, were assessed (Fig. S5t). Eqn (1) presents the
formulation of the LPFO kinetic model. The nonlinear PFO
(NLPFO) model was also assessed and can be written as eqn (2)

In(ge - o) = In(ge) = (k1-t) (1)

q: = qer[1 — exp(=ky-1)] (2)

where g. and ¢, are the concentrations of HI-SCV-2 om
genomic copies per gram of hydrogel (GC g™') at equilibrium
and at time ¢, respectively, and K; is the PSO equilibrium rate
constant (1 g~' min™).

The LPSO kinetic model can be written as eqn (3). The
nonlinear PSO (NLPSO) model was also assessed and can be
written as eqn (4)

CRR o
9 9.k 9e
qez'kZ't
_ e 2% 4
qe [1+ goko] (4)

where K, is the rate constant of the equation (1 ™).

Error minimization techniques were employed between
experimental results and the modelled data. In this work, the
sum of square error (SSE) was calculated for both nonlinear
models to minimize error at both high and low adsorbate
concentrations. SSE can be calculated using eqn (5)

SSE=3" (4.-4.)’ ®

where n is the number of data points, ge (GC g') is the
theoretically calculated adsorption capacity at equilibrium

and g. (GC g ") is the experimental adsorption capacity at
equilibrium.
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2.8. Field-scale evaluation of PAC-NaA hydrogel concentration
methods for the detection of SARS-CoV-2 and adenovirus in
wastewater

To evaluate the efficacy of the PAC-NaA hydrogel bead-based
method for concentrating endogenous SARS-CoV-2 and
Adenovirus from wastewater, 1 L composite samples were
collected from the influent streams of two WWTPs (Plant A
and Plant B) by 24 h autosamplers. To concentrate viral RNA
from wastewater, 1 g of the hydrogel beads were introduced
into 50 mL of each wastewater sample, shaken for 1 min, left
to incubate for 5 min, and then centrifuged for 10 min at
1190 RCF. Following centrifugation, the hydrogel beads were
separated from the wastewater and 40 mL of Tween®20-
based buffer was added to desorb viral particles from the
hydrogel beads. Viral RNA was extracted and analyzed
through RT-qPCR in biological and technical duplicates,
respectively.

2.9. Total nucleic acid extraction

Viral RNA was extracted using the Promega Wizard® Enviro
TNA Kit (Promega Corp., United States) as the
manufacturer's protocol for extracting viral RNA. In brief,
the protocol started with the addition of 0.5 mL protease
solution in 40 mL of sample that were placed into 50 mL
sterile centrifuge tubes (Sarstedt, Germany) and were
incubated for 30 min at room temperature. The samples
were centrifuged at 3000 x g for 10 min and the
supernatant (~20 mL) was decanted into a clean sterile 50
mL centrifuge tube. To 20 mL of clarified supernatant, 6
mL of binding buffer 1, 0.5 mL of binding buffer 2 and 24
mL of isopropanol (Fisher Chemical, United Kingdom) were
added and were mixed well. The mixture from each tube
was poured in one PureYield Binding Column which was
placed on the Vac-Man Laboratory Vacuum Manifold. The
total nucleic acid (TNA) content was retained on the
membrane of the PureYield Binding Column. Inhibitor
Removal Wash (5 mL) and RNA Wash Solution (20 mL) were
passed through the PureYield Binding Column by vacuum
(at a vacuum pressure =60 kPa, and a flow rate of <2 mL
min™"). Finally, 1 mL of preheated nuclease-free water (60
°C) was added into the columns and the TNA content was
collected in 1.5 mL microcentrifuge tubes (Eppendorf,
Germany).
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2.10. RT-qPCR analysis

The isolated RNA was utilized for viral detection of SARS-
CoV-2 and Adenovirus (AdV) 40/41 genes by RT-qPCR
analysis. Oligonucleotide sequences for both AdV and SARS-
CoV-2 RT-qPCR assays are shown in Table 1. SARS-CoV-2 RT-
gPCR reactions were composed of 20 uL volumes, comprising
15 pL of amplification mix and 5 pL of template, following
the manufacturer's recommended protocol (Promega Corp.,
United States). AdV RT-qPCR reactions of 20 pL volumes
contained 3 uL of isolated nucleic acid, 5 pL of TagMan fast
Virus 1-Step Master Mix, and appropriate volumes for primer
and probe concentrations.**

Samples were analyzed using the Gene Count Q-96
thermocycler instrument (LuminUltra Technologies, Ltd.,
Fredericton, NB, CA). The number of viral genome copies per
qPCR reaction were determined from a standard curve. Serial
dilutions (5.0 x 10°-5.0 x 10* copies per reaction) of Twist
Bioscience SARS-CoV-2 RNA standard control and an AdV
single stranded DNA standard control (gBlocks®) were used
to produce standard curves. The SARS-CoV-2 calibration curve
had an efficiency of ~95%, an R” value of 0.995, a y-intercept
of 38.64, and a slope of -3.45. The AdV calibration curve had
an efficiency of ~102%, an R* value of 0.990, a y-intercept of
39.22, and slope of -3.28. Nuclease-free water served as a
non-template-control (NTCs) for each reaction. Thermal
cycling reactions were carried out as follows for SARS-CoV-2
analysis: a reverse transcription step at 45 °C for 15 min
followed by a second pre-denaturation step at 95 °C for 2
min. These steps were followed by 40 cycles of 95 °C for 15 s
and 62 °C for 60 s. Thermocycling conditions for AdV
analysis were as follows: 5 min at 50 °C, 20 s at 95 °C, 40
cycles of 3 s at 95 °C, and 30 s at 60 °C. Positive detections
were indicated by cycle quantification (C,) values under 40,
and the RT-qPCR upper detection threshold for either assay
ranges between ~5-8 copies per reaction.

2.11. Quality assurance-quality control (QA-QC)

To ensure the reliability of our RT-qPCR results, guidelines
outlined in the minimum information for publication of
quantitative real-time PCR experiments (MIQE)>” and
environmental microbiology minimum information (EMMI)
were utilized.®® Quantitative outcomes were carefully
reported, using a Cq value threshold of <40 cycles. Results
which fell below this threshold were classified as non-

Table 1 RT-gPCR SARS-CoV-2 N1 gene and AdV 40/41 Hexon gene oligonucleotide sequences. Probe sequences were labelled at the 5'-end with
fluorescence reporter dyes and corresponding quenchers at the 3'end. SARS-CoV-2 oligonucleotides were purchased through Promega Corp., (United
States). AdV oligonucleotides were purchased from Integrated DNA Technologies (IDT; Coralville, 1A, US)

Gene Type Gene sequence Ref.

Hexon gene Probe ACAGGTCACAGCGACT 25
Forward primer TCCGACCCACGATGTAACCA
Reverse primer CACGGCCAGCGTAAAGCG

N1 Probe ACCCCGCATTACGTTTGGTGGACC 26
Forward primer GACCCCAAAATCAGCGAAAT

Reverse primer

42 | Environ. Sci.: Water Res. Technol., 2025, 11, 39-50

TCTGGTTACTGCCAGTTGAATCTG
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detections. Negative controls, including negative nucleic acid
extraction controls and negative RT-qPCR template controls,
were integral to the experimental design. If process blanks
showed any signs of amplification, those results were
excluded from the analysis, and the experiments were
repeated. Furthermore, to mitigate the risk of potential
contamination, nucleic acid extraction and RT-qPCR
preparation were performed in distinct laboratory settings.
Specific zones were designated for sample processing, RNA
extractions, preparation of RT-qPCR master mix, and
amplification procedures. For nucleic acid extractions and
spiked bench-scale experiments, work was conducted within
a Thermo Scientific 1300 Series A2 biosafety cabinet, while a
Mystaire MY Model PCR Prep Station Class 100 laminar flow
enclosure was utilized to prevent sample contamination. RT-
gPCR mastermix solutions utilized exclusive enzymes and
formulations capable of withstanding reverse transcriptase
and PCR inhibitors, such as humic acids, commonly present
in nucleic acid samples purified from wastewater.

2.12. Data analysis

RNA concentrations which reflect the amount of viral gene
concentration per gram (GC g') of hydrogel were calculated
using eqn (6). Average viral concentrations were calculated,
and standard deviation among replicates was represented
with error bars. The recovery of HI-SCV-2 RNA was calculated
using eqn (7), where the total wastewater volume was 50 mL,
and the spiked HI-SCV-2 concentrations were 1 x 10> GC
mL™". Graphs were generated using RStudio (version 4.2.3)
and packages including ggplot and tidyverse.>*° Statistical
analysis was conducted using the ANOVA single-factor test
for the integrity study or the ANOVA two-factor with
replication test, for the elution study. Both statistical analyses
employed a significance level of o = 0.05. Microsoft Excel
version 2401 (2024) by Microsoft was used for the analysis.

NA Concentration (GC g™")
_ Reaction Concentration (GC uL™")-RNA Elution (500 pL)
B Hydrogel Mass (1 g)

(6)
RNA Recovery (%)
B RNA Concentration (GC) 100
~ WW Volume (mL)-Surrogate Concentration (GC mI, 1)
)

3. Results and discussion

3.1. Characterization of hydrogel beads through scanning
electron microscopy

The hydrogel beads were robust during fabrication,
exhibiting minimal visual variations in morphology and no
observable aggregation, suggesting a consistent and
controlled process. However, SEM imaging unveiled distinct

This journal is © The Royal Society of Chemistry 2025
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surface morphologies between bead formulations, revealing
intricate microscopic differences not evident without
microscopy. SEM imaging provided detailed examination of
the surface morphology and structural intricacies of each of
the hydrogel beads. Fig. 1 illustrates the varying
morphologies of NaA (Fig. 1A and B) and PAC-NaA
(Fig. 1C and D) beads. The SEM images of the outer surface
of the NaA bead (Fig. 1A) reveal a notably rough texture with
apparent striations, suggesting an irregular crosslinking
density that may serve to increase surface area, thereby
providing increased binding sites for viral targets. Conversely,
the inner morphology (Fig. 1B) exhibits a smoother structure,
suggesting a lower likelihood of viral absorption within the
core of the bead. For the PAC-NaA hydrogel beads, the outer
surface (Fig. 1C) is characterized by highly irregular crevices
and protrusions, indicative of a varied pore distribution,
which may influence the interactions of the beads with virus.
The increased surface roughness of the PAC-NaA hydrogel
beads may enhance virus attachment, as surface irregularities
influence electrostatic interactions critical for adsorption.*
The inner surface (Fig. 1D) of the beads displayed a more
uniform and porous structure with less pronounced features,
but likely offers additional binding sites for effective
pathogen capture throughout the bead.

The contrast in surface morphology between the
exterior and interior of the hydrogel beads surfaces may
reflect their dual functionality in pathogen capture and
release. The heterogeneous structure of the outer layers
may maximize viral capture, while the relative uniformity
of the interior may facilitate a controlled release of the
viruses for subsequent analyses. In summary, the SEM
examination of the NaA and PAC-NaA hydrogel beads
offers valuable insight into the relationship between
surface morphology and functional performance. This
information may be used to further fine-tune the utility of
hydrogel beads for the capture and detection of various
pathogens.

3.2. Assessing the integrity of various hydrogel formulations
in wastewater

The two hydrogel bead formulations were subjected to a
comparative assessment of structural integrity in a
wastewater matrix. Since alginate hydrogels are a primarily
hydrophilic matrix, and highly porous due to their cross-
linked polymetric network, they have a high capacity for
water absorption therefore can swell and de-swell based on
the external medium or sample matrix.>* Complex wastewater
matrixes can cause hydrogels to swell and degrade depending
on the number and strength of crosslinks. This was seen in
the NaA hydrogel beads, which experienced a substantial
decrease in weight, ~15%, paired with visible degradation
after a two-min agitation period. This degradation was
characterized by diminished cohesion and stability, along
with visible cracks and fractures on the surface of the beads
(Fig. 2). This suggests that NaA hydrogel beads may be prone

Environ. Sci.. Water Res. Technol., 2025, 11, 39-50 | 43
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Fig. 1 A) Outer NaA hydrogel bead B) inner NaA hydrogel bead C) outer PAC-NaA hydrogel bead D) inner PAC-NaA hydrogel bead.

Sodium Alginate Hydrogels
1100 - T

1000~

Average Mass (mg)

900- I

800~
00:00 00:30 01:00 01:30 02:00

PAC-Alginate Glutaraldehyde Hydrogels

1

00:'00 00:'30 01:'00 01:I3O 02:'00

Time (Minutes:Seconds)

Fig. 2 Integrity of NaA hydrogel beads and PAC-NaA hydrogel beads in wastewater over time. The NaA and PAC-NaA hydrogel bead images were
taken after 2 min of exposure. Error bars show the standard deviation of the mean.

to rapid deterioration in harsh wastewater environments,
potentially limiting their utility. In contrast, the PAC-NaA
hydrogel beads demonstrated extended  durability,
maintaining their pre-agitation mass, and showing no visual
signs of degradation following the full 2 min agitation
period. The two hydrogel formulations presented significant
differences in weights after all exposure times to wastewater
(p < 0.05).

The durability exhibited by the PAC-NaA hydrogel beads
in wastewater was anticipated, considering the well-

44 | Environ. Sci.. Water Res. Technol.,, 2025, 11, 39-50

documented properties of glutaraldehyde as a crosslinking
agent, acknowledged for its ability to form stable
crosslinks and enhance the mechanical strength of
hydrogels.>® Additionally, the strategic incorporation of
PAC into the hydrogel formulation greatly enhances the
structural resilience and maintains the consistency of the
bead mass over time. This increased stability, resulting
from coupling glutaraldehyde with PAC, ensures the
integrity of the hydrogel beads throughout the
concentration and subsequent elution processes. The

This journal is © The Royal Society of Chemistry 2025
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durability offered by this formulation positions these
hydrogel beads as a promising tool for concentrating
viruses from wastewater.

3.3. Comparison of viral recovery techniques for PAC-NaA
hydrogel beads

Two physical desorption methods were combined with two
elution buffers to determine the most suitable method for
recovering HI-SCV-2 from the PAC-NaA hydrogel beads.
Elution buffer 1 contained 0.05 M KH,PO,, 1 M NacCl, and
0.1% Tween®80, while elution buffer 2 consisted of 75 pL
of Tween®20 and 250 pL of a 0.1 M Tris-HCI solution (100
mL total volume). The two physical desorption methods
included 1 min agitation manually and by vortexing. The
maximum recoveries for elution buffers 1 and 2 were 8%
and 15%, for manual agitation and 0 to 6% for vortexing,
respectively (Fig. 3). There was significant difference in virus
recoveries between elution buffers, regardless of agitation
technique (p < 0.05) and significant difference in virus
recoveries between agitation techniques, regardless of
elution buffer (p < 0.05).

These results indicate that manual agitation in
combination with elution buffer 2 was most efficient at
recovering HI-SCV-2 from the PAC-NaA hydrogel beads.
Elution buffer 2 contained a larger portion of surfactant
(Tween®20) in comparison to elution buffer 1. Given its
detergent properties, Tween®20 in elution buffer 2 not only
facilitates the physical desorption of viral particles from
hydrogel beads by weakening their physical bonds but also
may disrupt the hydrophobic interactions at the bead
surfaces, further enhancing overall viral desorption.*® These
findings are supported by our modelled NLPSO results
described below and by previous studies which have shown
the efficacy of Tween®20-based buffers in microbial
recovery.”**® The lower recovery observed when applying
vortexing may be due the potential shearing of viral RNA,
which is particularly vulnerable to damage when exposed to
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overly harsh conditions, such as the high mechanical forces
of vortexing.>”

3.4. Assessing the kinetic adsorption of PAC-NaA hydrogel
beads in wastewater

To investigate the adsorption of HI-SCV-2 by PAC-NaA
hydrogel beads in spiked wastewater, our objective was to
determine the duration of exposure required to reach
maximum adsorption. Initial observations indicated rapid
adsorption of HI-SCV-2 within a short exposure time,
approaching an equilibrium plateau between 5 and 10 min
(Fig. 4). The maximum HI-SCV-2 RNA concentration
recovered was ~2.7 x 10° GC g™ after 10 min, with a
marginally lower concentration of ~2.6 x 10> GC g™ after 5
min, suggesting a rapid initial adsorption followed by a
gradual plateau as the adsorption sites became saturated and
reach a presumed equilibrium.

To evaluate the mechanisms that may drive adsorption in
this system, we compared the experimental data collected
across 0.5 to 10 min against LPFO, LPSO, NLPFO and NLPSO
kinetic models (Table 2). The adsorption capacity at
equilibrium (g.) and the rate constants (K; and K,) were
calculated for all models, revealing insights into the
adsorptive interactions between HI-SCV-2 and PAC-NaA
hydrogel beads in wastewater. The g. and R> values obtained
from the kinetic models were compared with the
experimentally derived values to identify the model that best
fit our data.’®*° Ultimately, the NLPSO had the overall best
fit, demonstrated by its comparable g. values and an R”
closest to 1.0, indicating a strong correlation with the
experimental data and an accurate representation of the
possible adsorption processes occurring in the system. The
rate constant of the NLPSO model (K, = 1.0 x 107™* GC g™
min') indicates a moderately fast adsorption process where
there is typically more available surface area at the start of a
reaction.*® It is evident from the plotted data that initial
adsorption occurs quickly and seems to slow as adsorption

Vortex

L

Elution Buffer 1 Elution Buffer 2

Elution Buffer 1 Elution Buffer 2

Fig. 3 The mean recoveries of HI-SCV-2 from PAC-NaA hydrogel beads with the use of two different elution buffers and two methods of

agitation. Error bars show the standard deviation of the mean.
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Fig. 4 Kinetic adsorption of HI-SCV-2 on PAC-NaA hydrogel beads across several exposure times (0.5-10 min). Data shown is based on the viral
concentrations recovered from hydrogel's exposed to wastewater spiked with 1 x 10> GC mL™ of HI-SCV-2.

sites become saturated. The NLPSO model estimated that, at
equilibrium, the hydrogels would achieve an adsorption
capacity of ~2.6 x 10* GC g™, which closely matched the
results experimentally derived.

The NLPSO model's kinetic parameters offer valuable
insights for optimizing the performance of the hydrogel-
based viral capture system. The PSO model assumes that the
rate of adsorption and desorption processes (i.e., surface
reactions) control the overall adsorption kinetics.*’ Studies
have theorized that these surface reactions involve the
formation of chemical bonds, which are capable of
maximizing their arrangement of the surface of the
adsorbent.”>** The ability of the NLPSO model to accurately
predict these dynamics was crucial for refining our hydrogel-
based viral capture method. Leveraging insights from the
PSO model, we are able to define the optimal hydrogel
exposure time as 5 min. The findings from this kinetic study
may guide the future customization of other hydrogel-based
capture methods.

3.5. Comparison of virus concentration methods

To benchmark the PAC-NaA concentration method developed
in this study, we compared operational parameters and
maximum recovery efficiencies between our method and
common concentration practices documented in literature
(Table 3). Common methods currently require in excess of
one hour to process wastewater samples for virus
concentration. Moreover, the recovery efficiency associated

Table 2 Kinetic parameters for linear and non-linear PFO and PSO
models in wastewater

K1,2
Matrix Reaction Type R*> g.(GCg") (GCg'min™)
Wastewater PFO Linear 0.93 4.1x10" 9.7x10°"
PSO Linear 0.99 2.9x10* 5.0x107°
PFO Non-linear 0.35 2.4 x10* 1.9 x 10°
PSO Non-linear 0.77 2.6 x10* 1.0x10™*

46 | Environ. Sci.. Water Res. Technol,, 2025, 11, 39-50

with these other methods exhibits a broad range, from a
complete lack of recovery to upwards of ~62%. This
variability suggests a substantial inconsistency among the
existing viral concentration methods, limiting their reliability
for widespread and routine application. These findings
highlight the need for dependable concentration methods
that yield consistent results without requiring significant
labour requirements. In contrast, our study revealed a
maximum recovery of up to 15% in a notably truncated
timeframe of ~15 min. The PAC-NaA hydrogel method, noted
for its rapid processing times and ease of use, is
advantageous for routine sample processing. The methods
simplicity and cost-effectiveness also make it an ideal
solution for resource-limited settings, presenting a scalable
solution for future WWS initiatives.

3.6. Detection of endogenous SARS-CoV-2 and AdV from PAC-
NaA hydrogel concentration method

Endogenous viruses in wastewater typically bind to solid
particles, exhibiting different behaviours than dispersed viral
particles often found when wusing viral surrogates.”
Consequently, viral surrogates may not accurately reflect
partitioning behaviours in wastewater. To explore this, we
evaluated the efficacy of our PAC-NaA hydrogel concentration
technique to concentrate SARS-CoV-2 and AdV in composite
wastewater samples collected from two WWTPs (Plant A and
Plant B). Fig. 5 showcases the detection of SARS-CoV-2 in
wastewater from Plant A and Plant B, with mean RNA
concentrations of 7.4 x 10° GC g™* and 4.0 x 10> GC g,
respectively. In contrast, AdV was only detected in wastewater
collected from Plant B, with a mean DNA concentration of
1.6 x 10* GC g

The field-scale results highlight the effectiveness of the
PAC-NaA hydrogel concentration method to concentrate an
enveloped virus, SARS-CoV-2 and a non-enveloped virus, AdV,
from two WWTPs with differing water quality parameters.
Variations in viral concentrations observed in this study may

This journal is © The Royal Society of Chemistry 2025
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Table 3 Comparison of maximum viral recoveries reported in literature for common virus concentration methods from untreated wastewater. Percent
viral recoveries are reported for each study by the concentration method reported. Where applicable, percent viral recoveries are separated by commas

to indicate results from each study

Conc. method Pre-treatment Conc. details Total time (h) % recovery Ref.
Precipitation-elution Filtration Polyethylene glycol 6000, 8-12.5% (w/v) 1-2 0%, 0% 45, 46
Precipitation—elution Centrifugation Polyethylene glycol 6000, 10% (w/v) >3.5 ~10%, 10% 47,48
Precipitation-elution N/A Polyethylene glycol 6000, 8-10% (w/v) 2.5-3.75 ~24%, 62% 47, 49
Precipitation N/A 0.3 M AlICl;, 1% (v/v) >1 11% 49
Ultracentrifugation N/A Centrifuge at 150 000 x g for ~60 min >1 12%, 25% 49, 50
Ultrafiltration Centrifugation Centrifuged of 4000-4500 x g for ~15-30 min 1-5 ~10%, 38% 49, 51
Direct extraction N/A N/A 5 min ~4% 52
Adsorption-elution Centrifuge PAC-NaA hydrogels and Tween20®-based buffer 15 min 15% This study
15000

°

O

)

s

.@ 10000 Target

= 8 AdV

] B3 SARS-CoV-2

&

(&)

3 5000

S

O .

Plant A

Piant B

Fig. 5 Boxplot showing the viral concentrations (GC g™!) for SARS-CoV-2 (yellow) and AdV (light blue). From composite wastewater samples
collected at the influent stream of two WWTPs and concentrated using PAC-NaA hydrogel beads. Each bars range of viral concentrations is
depicted by lower and upper bar regions, representing the 25th and 75th percentiles. The median value is marked by the horizontal line within
each box. The error lines extending from each box illustrates the 10th and 90th percentiles for each group.

be attributed to various factors, including the different
influent compositions and flow rates at the two examined
WWTPs. Plant A is characterized by a higher total suspended
solids (TSS) (214 mg L") and a greater flow rate (32941 m’®
per day), receiving water from non-domestic sources. The
influx of non-domestic water contributes to the high flow
rate, resulting in the dilution of viral signals which
consequently leads to a reduced frequency of virus detection.
This aligns with previous findings which suggest that high
flow rates may reduce the concentration of viral particles
available for capture.”*®® Higher TSS concentrations in
wastewater have been associated with the potential for
adsorption and binding of viruses, impacting the efficiency
of downstream viral recovery and detection.’*”® In contrast,
Plant B with a lower TSS (148 mg L") and a lower flow rate
(10794 m® per day) displayed increased virus detection
frequencies. This may suggest a more favourable
environment for the PAC-NaA hydrogel beads to concentrate
viral particles, consistent with literature indicating that
moderate TSS levels can improve viral recovery
performance.”” While our methodology has demonstrated
effectiveness in concentrating both enveloped and non-
enveloped viruses in wastewater, future work should aim to

This journal is © The Royal Society of Chemistry 2025

consider the impact of virus type, viral loading and the
composition of wastewater to method efficiency.

4. Conclusions

In conclusion, this study presents an innovative approach for
concentrating viruses from wastewater using a simple PAC-
NaA hydrogel bead-based method. The study met objectives
through a sequence of bench-scale experiments, which
involved identifying a suitable hydrogel bead formulation,
evaluating kinetic models, and assessing different elution
buffers. The PSO model played a crucial role in identifying
optimal parameters for maximum viral capture, highlighting
the significance of exposure duration and the choice of
elution buffer. The kinetic model was used to establish the
optimal exposure time of PAC-NaA hydrogel beads in
wastewater, ensuring efficient adsorption while preventing
saturation. As well, kinetic analysis was instrumental in
validating the suitability of the Tween®20-based elution
buffer for effective viral recovery from the hydrogel beads
surface.

Through a series of bench-scale experiments, it was
established that the use of PAC-NaA hydrogel beads, exposed

Environ. Sci.: Water Res. Technol, 2025, 11, 39-50 | 47


https://doi.org/10.1039/d4ew00370e

Published on 12 2024. Downloaded on 29.1.2026 08:18:55.

Paper

to wastewater for 5 min, coupled with a viral recovery of 1
min manual agitation, and a Tween®20-based elution buffer,
yields the highest recovery rates. Employing this
concentration step enabled the successful detection of
endogenous SARS-CoV-2 and AdV in wastewater. The
method's advantages lie in its adaptability and simplicity, as
hydrogel beads can be modified to enhance viral adsorption
efficiency for various environmental contexts. Future research
should focus on scaling and reproducibility, tailoring
hydrogel formulations for specific viruses, and further
exploring modifications to improve affinity for target viruses
in various matrices beyond wastewater, particularly in
scenarios with low viral loads. By addressing these research
areas, a hydrogel concentration and capture system may be
optimized for broader applications in viral surveillance and
environmental monitoring.
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