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A B S T R A C T

Nowadays, the need to track fast-spreading infectious diseases has raised due to the recent
COVID-19 disease pandemic. As a response, Wastewater-based Surveillance (WBS) has emerged
as an early detection and disease tracking method for large populations that enables a compre-
hensive overview of public health allowing for a faster response from public health sector to
prevent large outbreaks. The process to achieve WBS requires a highly intensive sampling strategy
with either expensive equipment or trained personnel to continuously sample. The sampling
problem can be addressed by passive sampler development. Chitosan-based hydrogels are
recognized for their capability to sample and remove various contaminants from wastewater,
including metals, dyes, pharmaceuticals, among others. However, chitosan-based hydrogels
unique characteristics, can be exploited to develop passive samplers of genetic material that can
be a very valuable tool for WBS. This study aimed to develop a novel chitosan hydrogel formu-
lation with enhanced characteristics suitable for use as a passive sampler of genetic material and
its application to detect disease-causing pathogens present in wastewater. The study evaluates the
effect of the concentration of different components on the formulation of a Chitosan composite
hydrogel (Chitosan, Glutaraldehyde, Microcrystalline cellulose (MCC), and Polyethylene glycol
(PEG)) on the hydrogel properties using a Box Hunter & Hunter experimental matrix. Hydrogels’
weight, thickness, swelling ratio, microscopic morphology (SEM), FTIR assay, and zeta potential
were characterized. The resulting hydrogel formulations were shown to be highly porous, posi-
tively charged (Zeta potential up to 35.80 ± 1.44 mV at pH 3) and with high water swelling
capacity (up to 703.89 ± 15.00 %). Based on the results, a formulation from experimental design
was selected and then evaluated its capacity to adsorb genetic material from a control spiked
water with Influenza A virus synthetic vector. The adsorption capacity of the selected formulation
was 4157.04 ± 64.74 Gene Copies/mL of Influenza A virus synthetic vector. The developed
hydrogel showed potential to be used as passive sampler for pathogen detection in wastewater.
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However, deeper research can be conducted to improve adsorption, desorption and extraction
techniques of genetic material from chitosan-hydrogel matrices.

1. Introduction

Wastewater-based Surveillance (WBS), formerly known as Wastewater-based epidemiology (WBE) has been a very effective
monitoring strategy for disease spreading and outbreak prevention, recently more importantly in the context of the coronavirus disease
2019 (COVID-19) pandemic [1,2]. WBS can monitor the prevalence of a disease in communities or populations in advance to clinical
indicators, helping in monitoring and early prevention of large disease outbreaks allowing faster decision-making by public health
sector [3]. WBS consist in the detection of biomarkers present in wastewater that allow the tracking of relevant pathogenic agents that
are related to the disease transmission within a population [4]. For example, monitoring viral loads of SARS-CoV-2 virus in a
wastewater treatment plant from a community can traduce to the monitoring of COVID-19 spreading within the population from the
community and reduce clinical testing [2,5].

In WBS the traditional sampling method is called “grab sampling” which consists of grabbing single wastewater samples to
determine the amount of the desired biomarker [6]. However, biomarkers concentration such as genetic material present in waste-
water can fluctuate in relation to time and the environmental conditions, generating over- or under estimation of the desired
biomarker. Another method to have a more representative approach of biomarkers concentration is composite sampling which can be
time consuming because of the number of samples that need to be taken at different time intervals [3,6]. Another tool that is currently
being developed for WBS is the use of passive samplers which are intended to concentrate and preserve the desired biomarkers at
prolonged periods of time to have a representative sampling from biomarker loads in wastewater [4,7–9]. Even there is progress in the
development of passive samplers, the materials used still need to be improved, among reported materials are composed of cotton cloth,
cellulose sponge, electronegative filters and activated charcoal [4]. Therefore, there is still the need to develop versatile materials that
allow a better recovery rate, improved selectivity and sensitivity for the desired biomarkers.

Chitosan is a cationic biopolymer derived from the deacetylation of chitin [10–12]. The deacetylation of chitin process enhances its
solubility, producing amino groups which in combination with the hydroxyl groups present in chitosan give the polymer particular
characteristics that can be suitable for numerous applications [13–15]. Because of its properties such as biodegradability, non-toxicity,
biocompatibility, and versatility, chitosan has been used as packing in the food industry, as wound healing implant in the biomedical
industry, and in the form of hydrogels for the removal of contaminants in contaminated water [16–22].

The use of chitosan to fabricate hydrogels for contaminant removal in water is a very suitable and already adopted method because
of chitosan high adsorption and binding capacity of contaminants such as metals [10,23] dyes [24,25], and other emergent con-
taminants of high concern such as bisphenol A (BPA) [19].

Besides the application of hydrogels for the removal of contaminants, already mentioned, biopolymer-based hydrogels have
promising potential for their application as passive samplers of genetic material and their use in (WBS) [3–5]. Chitosan cationic
characteristics given by the presence of amino groups can be suitable for adsorption of negatively charged genetic material like DNA or
RNA molecules from pathogens present in wastewater via electrostatic interactions [11]. In fact, it is reported that chitosan inhibits
RNAases activity, helping to protect RNA from degradation [26].

Also, it is important to mention, chemical modifications of amino groups by cross-linking with chitosan and other polymers can
result favorable for adsorption of viral RNA/DNA molecules by improving the formation of three-dimensional networks that improve
porosity and might improve superficial area for adsorption [27].

Despite all of the attributes and diversity in applications, chitosan hydrogels still need to be modified and/or improved and reach
the desired mechanical and physical properties for specific applications [28]. Different formulations are based on the combination of
chitosan with other polymers or components to modify physical properties and reach the desired porosity or rigidity for adsorption
applications. For instance, cellulose is another biopolymer that can be used as a biosorbent. Moreover, this polymer can provide ri-
gidity and stability to a composite chitosan hydrogel. Due to the good mechanical properties that can provide, cellulose has also been
reported in tissue engineering as a scaffold to form three-dimensional networks [29,30]. Lack of side chains, and the presence of
amorphous and crystalline regions in cellulose, make it a very ordered, insoluble in water and stable polymer [10]. Also, cellulose
structure can be chemically modified to enhance the adsorption capacities of certain components such as heavy metals [31], anionic
dyes [32] and organic compounds [33].

Other components that can be added to the hydrogel formulation to improve the porosity of hydrogels are the compounds known as
“Porogens”, an example of these kind of compounds is the polyethylene glycol (PEG). This polymer receives particular interest for its
compatibility with chitosan and the capability to form spongy-type hydrogels [34]. Another currently applications of PEG are pro-
tecting cells during cryopreservation, protein precipitation, concentration and purification of DNA and RNA, this final property is of
particular interest for the concentration and preservation of genetic material present in WBS [35,36]. Although the inclusion of other
polymers can change or improve the composite properties, other factors are needed to succeed in copolymerization. It must also be
considered that the characteristics of a hydrogel from a combination of different polymers depend on the fabrication conditions, in
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which the different chemical groups from the polymers react creating specific interactions and chemical configurations resulting in the
spatial deposition to form a 3D network [37]. Finally, the hydrogel adsorption capacity can be increased by the addition of compounds
such as glutaraldehyde that acts as cross-linking between polymer chains and enhance the hydrogel mechanical properties, and
chemical stability (by covalent interactions), compared to native unmodified chitosan [13,24,38]. The explored background has
provided enough evidence to propose a hydrogel formulation capable of retaining gene copies from complex matrices. The present
research explores hydrogel formulations based on different combinations of chitosan, cellulose, PEG and glutaraldehyde, to work as
passive sampler for adsorption of genetic material from pathogens and its potential tool application for wastewater-based surveillance
(WBS).

2. Materials and methods

2.1. Chemicals

Chitosan flakes of low-molecular weight (20–300 cps), with a 75 % deacetylation degree, polyethylene glycol 8000 (PEG 8000),
microcrystalline cellulose and glutaraldehyde solution grade I (50 %) were purchased from Sigma-Aldrich (MO, USA). Glacial acetic
acid of analytical grade was purchased from JT Baker (NJ, USA).

2.2. Hydrogel formulation

For hydrogel preparation, dry chitosan flakes were added in a solution of acetic acid (2 %) and stirred until fully dissolved to obtain
a chitosan solution (1.5–2.5%w/w). Then, every component from the formulation was solubilized sequentially, in the following order:
Polyethylene glycol 8000 (PEG) (0–3%), and microcrystalline cellulose (MCC) (0–3% w/w), according to each formulation. Glutar-
aldehyde (0.04–0.12 % w/v) was added to the mixture at the end to carry out the cross-linking of the polymers under constant
agitation. The prepared mixture was then cast on petri dishes (50 mm diameter) and incubated at 30 ◦C for 24 h for hydrogel gelation.
After the gelation the moisture content (%) of each formulation was determined using a thermobalance (Model DSH 50–10, Roca,
MEX).

2.3. Experimental design

To evaluate the effect of the different components of the formulation on the structural, mechanical, and adsorption properties, a
Box-Hunter experimental matrix of 9 formulations was used (Table 1). The prepared formulations will be identified as F1 to F9
throughout the discussion in the paper.

2.4. Physicochemical characterization

Hydrogels’ weight, moisture content and thickness were determined. The moisture content (%) of each formulation was deter-
mined by taking a 0.5 g sample and dried using a thermobalance at 180 ◦C until constant weight. Hydrogels’ thickness was recorded
with a Vernier micrometer (Artikelnr) taking 3 measurements from each hydrogel formulation.

2.5. Fourier transform infrared analysis (FTIR)

The FTIR test was used to assess the functional groups present in the hydrogels, chitosan along with the possible configurations
carried out with the crosslinking using glutaraldehyde in combination with MCC and PEG. Fourier transform infrared spectra of
different chitosan gels was carried out on an FTIR Frontier spectrometer (PerkinElmer, MA, USA). A total of 32 scans were performed in
the range of 400–4000 cm− 1.

Table 1
List of formulations explored to evaluate hydrogel gelation and characterization.

Formulation Chitosan Glutaraldehyde MCC PEG

% (w/w) % (w/v) % (w/w) % (w/w)

F1 1.5 0.04 0 0
F2 1.5 0.12 3 3
F3 1.5 0.12 0 3
F4 1.5 0.12 3 0
F5 2.5 0.04 0 3
F6 2.5 0.04 3 0
F7 2.5 0.12 0 0
F8 2.5 0.12 3 3
F9 2 0.08 1 1
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2.6. Zeta potential analysis

The surface charge of the different hydrogel formulations was assessed by the Zeta potential. Zeta potential was measured using the
Zetasizer nano series (Malvern Panalytical, Almelo, NLD). All samples (1 square from each hydrogel 0.5 cm × 0.5 cm) were diluted in
10 mL of acetic acid solution (2 %) and 2 mL from the aqueous solutions were placed in the Zeta Cell for the measurements. The
adjustable gap ranged from 110 to 140 μm to avoid any material swelling effect on the measurement. The zeta potential measurement
was performed 3 times for each sample at a fixed pH = 3.0.

2.7. Scanning electron microscope (SEM)

Microstructural analysis from the different hydrogels was performed to see the different configurations formed from the polymers
at the different concentrations from the formulations obtained by the experimental design. Different hydrogel samples were
completely dried in an oven at 35 ◦C until constant weight. The samples surfaces were then gold-coated and cross sections of the
samples were observed by scanning electron microscopy (SEM) (EVO MA 25, Zeiss, GER) at a voltage of 10 kV for the morphology
analysis of the different hydrogels.

2.8. Swelling ratio (SD) of the different hydrogel formulations

The swelling ratio of all hydrogel formulations was assessed based on the method reported by Malik et al., [25]. The initial
hydrogels weight was measured (Wdry) and then immersed in distilled water at room temperature (25 ± 0.5 ◦C). Then, the gels were
retrieved from the water and removed the excess water with a filter paper prior to final weight measure (Wsw) after swelling. The
weight of the swelled hydrogels (Wsw) was recorded at different time intervals (0, 0.5, 1, 2, 3, 6 and 24 h) to assess the swelling ratio of
the different hydrogels according to the following equation:

Swelling ratio= (Wsw – Wdry/Wdry) * 100.

Fig. 1. Photographs of the different hydrogel formulations, each formulation has three replicates in the same row. It is visible the coloration and
transparency changes thanks to the same dark cross marked in each Petri dish.
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2.9. Adsorption of genetic material

The genetic material adsorption was assessed on the best hydrogel formulation in terms of the overall evaluated physicochemical
properties (details in section 3, Results and Discussion). This adsorption trial was conducted based on the methodology reported by Lin
et al. [27], with the modifications described below. The selected hydrogel formulation for the adsorption of genetic material was F8,
composed of 2.5 % Chitosan, 3 %MCC, 3 % PEG, and 0.12 % Glutaraldehyde. A model water sample was spiked with gene M synthetic
construct of Influenza A virus (inhouse designed and described ahead), carrying the sequence of Matrix M gene of the virus at a
concentration of 212,040.00 Gene copies/mL (GC/mL). For the assay, hydrogels with a weight of 1 g were placed into a 50 mL conic
tube with 5mL of spiked water and incubated for 48 h at 25 ◦Cwith an orbital agitation of 1000 rpm. After the incubation samples were
taken from the water, extraction of genetic material was carried out from hydrogels with MagMAX viral RNA extraction kit (Applied
biosystems, MA, USA) and rt-qPCR was carried for samples from water supernatants, extracted from hydrogels, positive and negative
controls using QuantStudio 5 system (Applied biosystems).

Nucleic acid extraction was performed using the MagMAX viral RNA extraction kit (Applied biosystems), according to the sup-
plier’s instructions adapted for a KingFisher™ Flex automated system (ThermoFisher, MA, USA). Eluted genetic materials were
recovered and stored at − 20 ◦C for further analysis.

Influenza A genetic material was detected and quantified through rt-qPCR using the “One step rt-PCR Super Script III platinumDNA
Taq polymerase” (Invitrogen, thermos fisher scientific) on a QuantStudio 5 system. Reactions consisted of 0.75 μL of Influenza A mix
(Matrix gene target “M) (containing M gene primers and probes), 10.75 μL of one step RNA Master Mix (Super Script III RT/Platinum
Taq Mix (0.25 μL), reaction buffer 2× (6.25 μL), ROX reference dye (0.1 μL), nuclease free water PCR grade (4.15 μL), and 1 μL of
extracted genetic material. Positive and negative controls were set alongside the assays. The rt-qPCR program consisted of an initial
hold for 15min at 50 ◦C and 1 min at 95 ◦C, followed by 45 cycles of 95 ◦C for 15 s and 60 ◦C for 30s. The primers and probes to perform
rt-qPCR assay were designed using Oligo Primer Analysis 7 software and NCBI Primer-BLAST platform, PCR in silico and quality checks
of amplification were performed using Amplify4 software. The following sequence corresponds to 5′-AGATGAGTCTTCTAACC-
GAGGTCG-3′ (forward primer), 5′-TGCAAAAACATCTTCAAGTCTCTG-3′ (reverse primer) and 5′-CCCCCTCAAAGCCGAGATCG-3′-FAM
(probe).

2.10. Statistical analysis

Design of experiments and Analysis of variance comparisons was performed using software Statistica 7.0 (Statsoft). Differences
were considered significant for p < 0.05. Experiments were carried out in triplicates and data are reported as means ± standard
deviation (SD).

3. Results and discussion

The hydrogels prepared from the different formulations had an average weight of 10.10 ± 1.12 g and a thickness of 5.43 ± 0.58
mm. However, these hydrogels exhibited different physical characteristics, such as opacity differences (Fig. 1), which were increased
in those where cellulose was added (F2, F4, F6, F8, and F9). These formulations presented a more opaque and dense appearance
compared to the hydrogels without cellulose (F1, F3, F5, and F7), which had a translucent appearance. In addition to visual

Fig. 2. FTIR spectra for each hydrogel formulation (transmittance vs wavenumber).
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appearance, hydrogels with a lower chitosan concentration exhibited greater fragility upon contact. The characterization of the
different hydrogel formulations is presented in the following subsections.

3.1. Fourier transform infrared analysis (FTIR)

The different formulations of hydrogels have similar FTIR spectral behavior. Fig. 2 shows the FTIR spectra in a range from 0 to
4500 cm⁻1. Similar spectra are observed in all 9 formulations in the range of 3000–3700 cm⁻1. This peak is associated with the
stretching vibrations of O–H bonds related to the hydroxyl groups present in chitosan, microcrystalline cellulose, and PEG, overlapping
the N–H stretching of chitosan [39]. In the samples with lower concentrations or absence of PEG andMCC, the signal became weaker in
the spectra of the chitosan-glutaraldehyde crosslinked hydrogel, indicating the conversion of the –OH group into acetal linkage [40]. In
the region of 1000–1100 cm⁻1, a change in transmittance can be observed in F7, F6, and F4 (Fig. 5), where the amount of PEG is zero in
their treatment. From this evidence, it can be inferred that the presence of PEG vibrations accounts for the amount of this material in
the subsequent samples.

Furthermore, an increase in the signal is observed in the same samples in the region of 2700–2800 cm− 1, indicating the C–H
stretching vibration from PEG compound [39]. A significant peak can be found approximately between 1600 and 1700 cm− 1 corre-
sponding to the formation of imine bond (C=N) forming Schiff’s base structure by the reaction of amino groups of chitosan and
aldehyde groups of glutaraldehyde [24]. The signals between 900 and 1100 cm− 1 correspond to stretching vibrations of C–O–C bridges
from chitosan and C–O stretching vibration from polysaccharides structures [39,41].

3.2. Scanning electron microscope (SEM)

The high-water absorption capacity can be linked to the highly porous structure from the hydrogels observed in the SEM study. The
formulated hydrogels display a smooth surface on the Petri dish surface side and a rough surface on the air side of the gel. The inner
structure of the hydrogels was observed by doing a lateral cut of the hydrogels evidencing the formed networks between the polymers
and the incidence of wrinkles, fissures, cracks, and pores, which displayed some differences depending on the formulation (Fig. 3). The
smooth surface but high porosity of F4 (504.50± 17.51 % swelling ratio) can be observed in Fig. 2 in which inner porous structure was
observed at a magnification of 100x (spaces in the network are within 100 μm range). A tighter structure was observed in micrographs
of the hydrogels from F8 (which has the highest concentration of all the components: 2.5 % Chitosan, 0.12 % Glutaraldehyde, 3 %
MCC, 3 % PEG). High rugosity was observed, but pore distribution was not evident even at a magnification of 1000x. F8 is one of the
formulations with a lower swelling degree (266.38 ± 17.82 %).

3.3. Zeta potential analysis

Analysis of zeta potential of chitosan hydrogels showed that all the formulations have positive surface charge, between 6.29± 1.53
mV and up to 35.80 ± 1.44 mV showing statistical differences between groups (as seen in Table 2). Resulting Zeta potential could be
attributed mainly to the chitosan as it is reported to have positive zeta potential under acidic conditions (pH evaluated 3.0). In acidic
conditions, chitosan is positively charged due to the protonation of amino groups present in its composition [42] NH2 + H+ converted
to NH3

+. It is reported that zeta potential of chitosan can vary significantly between+42 and 0 mV from pH 2 to pH 9.0 respectively, as
the pH lowers, the higher the protonation of amine groups leading to more positive zeta potential and as the pH increases the zeta
potential tends towards 0 or negative [43,44].

However, significant differences could be found between formulations which can be attributed to the different combinations and
concentrations of MCC, PEG and glutaraldehyde. MCC and PEG might not have a significant surface charge but along with the
combination of glutaraldehyde and chitosan different steric combinations can be formed, altering the morphology and the spatial

Fig. 3. SEM micrographs of the three more representative formulations at 100x magnification. Left) Surface from hydrogel (F2). Center) Inner
structure of the hydrogels with the highest concentration of chitosan (F8) and Right) Inner structure of the hydrogel with the lowest concentration of
chitosan (F4).
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disposition of functional groups of chitosan exposition could vary depending on the generated structure given by the cross-linking
process. According to statistical analysis, PEG significantly affected the zeta potential in the different hydrogel formulations
(Fig. 4). Although PEG generally does not contribute significantly with its surface charges, PEG 8000 is a large, flexible molecule. When

Table 2
Zeta potential of different hydrogel formulations (From lowest
to highest).

Formulation Zeta potential (mV)

F6 6.29 ± 1.53c

F7 11.24 ± 2.34bc

F2 18.20 ± 1.95b

F3 22.95 ± 0.92b

F4 27.70 ± 0.95ab

F9 30.77 ± 1.53ab

F1 34.23 ± 3.71a

F5 35.40 ± 0.36a

F8 35.80 ± 1.44a

*Statistical differences between groups are represented by
superscript letters. Differences were considered significant for
p < 0.05.

Fig. 4. Left) Pareto chart of the effects of the components on zeta potential of the hydrogels. Right) Heat map of the effect of the concentration of
PEG (Y axis) and chitosan % (w/w) (x axis) on the zeta potential of the hydrogels.

Fig. 5. Swelling dynamics of the nine experiment treatments. Note the lines extend beyond the axis length but it is not included since the swelling
from 6 h. Remains approximately constant up to 24 h.

O. de la Rosa et al.
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adsorbed on the surface of colloidal particles or within a hydrogel matrix, it can form a layer that prevents the particles from
approaching each other. This provides steric stability, reducing the attractive forces between particles and increasing the zeta
potential.

3.4. Swelling ratio and water solubility of the hydrogels

The swelling ratio is a very important parameter because it provides information about not only the water absorption capacity of
the hydrogels but also their physical behavior when placed in water. The swelling capability in relation to the polymers, as well as the
degradation or solubility of the hydrogels over a prolonged period, is a crucial characteristic for their use as passive samplers [45,46].
In the results presented here, the swelling behavior showed a high-water absorption capacity for most of the hydrogels. The matrices
quickly reached saturation within the first 3 h of the experiment, achieving their maximum swelling ratio, which then remained
constant until 24 h (Fig. 5).

It was observed that different groups showed statistically significant differences between them at 24 h. The formulations that
displayed the highest swelling ratios (F1: 693.25 ± 6.24 %, F2: 627.65 ± 11.55 %, and F3: 703.89 ± 15.00 %) belonged to those with
the lowest concentration of chitosan (1.5 %) (Fig. 5) and did not contain MCC (in F1 and F3). According to the statistical analysis of the
experimental design, chitosan concentration is the significant factor in the swelling phenomenon (Pareto chart Fig. 6). This group of
hydrogels had a high-water absorption capacity, but their gel integrity was loose and very liquid. The statistical analysis indicates that
the higher the concentration of chitosan, the lower the swelling ratio, with hydrogels from formulations with the lowest chitosan
concentration swelling the most and those with the highest concentration of chitosan (2.5 %) swelling the least. Moreover, the addition
of MCC and PEG displayed a negative correlation with the swelling ratio, as the inclusion of these components resulted in a lower
swelling ratio. The group with formulations F6, F8, and F9 had lower swelling ratios (between 219.31 ± 59.94 % and 266.38 ± 17.82
%). However, these hydrogels maintained their integrity with only slight shape modifications, even after significant water absorption.
In these formulations, the highest concentrations of chitosan (2.5 %) and MCC (3 %) were present in F8 and F6, while intermediate
concentrations were found in F9 (chitosan 2 %, MCC 1%). The effect of adding MCC in the formulations was observed in the formation
of denser hydrogels. Confirmed with what it reported in literature the addition of cellulose to the hydrogel blend can improve its
rigidity and stability resulting in a more compact and denser blend [10,47,48]. The effect of the concentration of chitosan and MCC in
the mixtures is shown in Fig. 6, where the highest concentration of these components leads to a lower swelling ratio. With the help of
the contour plot provided by the statistical analysis, a specific concentration of the polymers in the formulation can be determined
based on the desired swelling ratio for specific hydrogel applications.

3.5. Adsorption of genetic material

The selected formulation for the adsorption of genetic material was F8, composed of 2.5 % Chitosan, 3 %MCC, 3% PEG, and 0.12%
Glutaraldehyde. This formulation had the maximum swelling rate without losing physical integrity, e.g., fragmentation (Fig. S1 shows
photographs of all formulations after 24 h of swelling). The characterized hydrogel formulation was evaluated to potential application
as a passive sampler in wastewater-based surveillance by its capacity to capture gene copies. The results from the rt-qPCR carried out
from samples retrieved from the hydrogels confirmed the capability of the hydrogels to adsorb genetic material from an artificial
sample with spiked water with the gene M synthetic construct of Influenza A virus. The amplification plots from the rt-qPCR revealed
the amplification of the Influenza A virus gene in the amplification cycle (Ct) 36 (Fig. 7) from the samples extracted from hydrogels
which correspond to 51.96 ± 0.81 gene copies per reaction (GC/rxn), corresponding to 4157.04 ± 64.74 GC/mL (corresponding to
1.73 ± 0.03 % of genetic material adsorption) from spike water (3005.10 GC/rxn) by the hydrogel formulation sampler. Genetic
material adsorption can be attributed to the several components present in the hydrogel formulation, but mainly attributed to the

Fig. 6. Left) Pareto chart to compare the formulation four factors impacting on swelling capacity. Chitosan is statistically different from MCC, GA
and PEG. Right) Heatmap plot of the impact on swelling capacity by factor in the formulation.
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electrostatic interactions as the positive charge on chitosan’s amine groups can attract and bind negatively charged genetic material
through electrostatic forces [11,26]. Also, chitosan and MCC hydroxyl groups [12,49] can form hydrogen bonds with the genetic
material. PEG is highly hydrophilic, which can help create a hydrated environment that mimics the natural conditions in which genetic
material is stable, in fact PEG is widely employed in concentration and extraction techniques in molecular biology for its properties to
preserve the quality of the genetic material [35,36] (see Fig. 7).

These results represent a positive first approach for the hydrogels application as adsorbent compound in passive sampler system for
genetic material adsorption, pathogen detection and their utility in surveillance protocols. The passive sampler has a low adsorption
rate compared to other techniques like glass wool concentration methods, have a recovery rate of 18.8 % and 25.7 % for transmissible
gastroenteritis virus (TGEV) and Hepatitis A virus (HAV) respectively [50]. However, considering that the main advantage for passive
sampler implementation is to avoid the wastewater pre-treatment steps for genetic material concentration [51]. In fact, these first
results help as a step towards improving the formulation and increasing the adsorption rate.

Despite the several passive samplers of genetic reports, the material applied include cotton gauze and cloths, sponges, and filter
membranes, however up to date there is still not reported the use of chitosan hydrogels for its application as passive sampler for
wastewater surveillance of pathogens [4,52]. Another observed advantage of chitosan over other compounds implemented in passive
sampler formulation is the genetic material retention rate is higher than those reported for samplers based on zetapor, nylon, low
density polyethylene (LDPE) and Polyvinylidene difluoride (PVDF) membranes, which present retention percentages of a maximum of
2.04 % for nylon membranes and a minimum of 0.24 % for LDPE membranes, using as a model the Human Norovirus Genogroup II
(NoV GII) [53], similar to the retention rate (1.73 ± 0.03 %) obtained in this study with the developed hydrogel formulation used as
passive sampler. However other passive samplers based in granular activated carbon (GAC) have been proved to ensure a retention rate
higher than composite hydrogel, 25 % of SARS-CoV-2 genetic material in wastewater samples [8]. Higher retention rates of 24 %, 20 %
and 18 % were found using membrane filter, cotton bods and gauzes-based passive samplers in wastewater samples [54]. However, in
summary, the results obtained from the retention rate of the Chitosan-based hydrogel sampler can be improved, together with the
retention rate background of the different passive samplers in wastewater, the retention rate of the systems confirm the suitable
application of passive sampler system as feasible tools to improve the epidemiological surveillance systems robustness [53].

Fig. 7. Top) Calibration curve from Influenza A synthetic vector. Bottom) Amplification plots 366 form Influenza control (Red line), hydrogel
adsorption after 24 h (Green and orange line), and 367 negative control (Yellow line). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

O. de la Rosa et al.
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4. Conclusions

Different hydrogel formulations were developed and explored. The effect of different combinations and concentrations of chitosan,
cellulose, and PEG was observed on the hydrogel characteristics. Overall, the different hydrogel formulations showed to display high
porosity and to be highly hydrophilic displaying high swelling capacity (between 129.11 ± 9.90 % for the lowest and up to 703.89 ±

15.00 % for the highest) and positive zeta potential (between 6.29 ± 1.53 and up to 35.80 ± 1.44 mV). The effect of the concentration
of chitosan, MCC and PEG was observed on the swelling ratio as higher concentration of these components led to lower swelling and
more compact hydrogel structure, also observed on the network configuration on the SEM analysis. Hydrogels evaluated in the
adsorption of genetic material also exhibited the capacity to adsorb genetic material in spiked water for pathogen detection by rt-qPCR
assay, despite the low retention rate (4157.04 ± 64.74 GC/mL corresponding to 1.7 % of genetic material adsorption) observed of the
passive sampler, the presence of chitosan in the formulation presents an opportunity to functionalize the molecule and improve the
adsorption capacity. Developed hydrogels showed high potential to be used as passive samplers for pathogen detection and other
contaminants present in wastewater to be part of the methodology used in WBS. The potential use of hydrogels as passive samplers
suggests the further exploration of adsorption isotherms, selectivity for the desired analytes, and the potential reformulation to ensure
a retention rate improvement beyond the achieved.
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