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Abstract
The continuous emergence of infectious viral diseases has become a major threat to public health. To
quantify viruses, proper handling of water samples is required to ensure the accuracy and reliability of the
testing results. In this study, we develop enhanced porous superabsorbent polymer (PSAP) beads to
pretreat and store water samples for virus detection. By applying PSAP beads to collect water samples,
the viruses are captured and encapsulated inside the beads while undesired components are excluded.
We have successfully demonstrated that the shelf life of the model virus can be effectively extended at
room temperature (22°C) and elevated temperature (35°C). Both the infectivity level and genome
abundance of the viruses are protected even in a complex medium like untreated wastewater. Under the
tested conditions, the viral degradation rate constant can be reduced to more than 10 times using the
PSAP beads. Therefore, the enhanced PSAP beads provide a low-cost and efficient sample pretreatment
and storage method that is feasible and practicable for large-scale surveillance of viral pathogens in
water samples.

Synopsis
The porous superabsorbent polymer beads can extract and stabilize viruses in water samples for longterm storage at room temperature, thus bypassing the reliance on cold chain and enabling low-cost virus
surveillance.

Introduction
The ongoing pandemic of COVID-19 has been a public health emergency of international concern.1
Wastewater surveillance testing is an emerging epidemiological tool to monitor municipal sewage for
traces of infectious pathogens in entire communities.2 Previous studies on human enteric viruses such as
norovirus, hepatitis A virus, and poliovirus have demonstrated that wastewater testing enables early, costeffective, and unbiased community-level surveillance.3-6 Recently, wastewater surveillance testing as a
powerful platform has been evaluated and applied to supplement clinical measures, monitor the
progression of the current pandemic, and provide advance notice of infection dynamics.7-9 As of March
2021, more than hundreds of researchers around the world have continually developed and refined
sample collection and data analysis methods to monitor wastewater for SARS-CoV-2 RNA, with the goal
of providing a near-real-time integrated and quantitative indicator of prevalence, increase, and geographic
reach of COVID-19 within a population.10-15
To detect and quantify viral species in water samples, proper pretreatment and continuous cold
storage of water samples are required to ensure the measurements are accurate and reliable in the
subsequent lab tests.16-18 Temperature is generally acknowledged to be the most critical factor
determining viral survival in the environment.19-21 In wastewater, as temperature increases, bacterial and
protozoan metabolic processes accelerate, predation increases, and enzymes produced by
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microorganisms can degrade viral capsids and damage the integrity of viral genomes.22, 23 Selfdegradation of the viral genomes also occurs through hydrolytic cleavage of the phosphodiester bond.24,
25

In addition, both the sugar and base moieties of nucleic acids are susceptible to oxidation by reactive

oxygen species.26, 27 Although the reaction mechanisms are different, the kinetics of the as-mentioned
enzymatic and non-enzymatic degradation processes all highly depends on the temperature, in which a
higher temperature generally results in a faster reaction rate.
However, refrigeration storage and transportation may not be feasible or sufficient, especially in resourcelimited settings. The large-scale surveillance testing may need extraordinarily high cost to implement the
sample storage system. In some cases, the low and variable occurrence of viral pathogens requires a
large volume of water samples to concentrate the target viruses for quantification, which brings extra
burdens on the sample storage and transportation.28, 29 On the other hand, since the virus quantification
techniques such as PCR method may not be available on-site, processing the water samples within 1 or 2
days may not be practical due to the delay of shipping samples to a centralized laboratory. Even with
temperature regulation, the extended holding time may still increase viral inactivation and genome
degradation, which causes high uncertainty in the testing results as well as the health risk assessment.3032

To bypass the reliance on the cold chain from storage to shipping, researchers have developed
several room-temperature storage methods for biomolecules such as DNA and RNA.33 For example,
GenPlates are commercially available products for storing and transporting biofluid samples at room
temperature, in which the nucleic acid molecules are entwined in the fibrous pores of the cellulose filter
and then air-dried for effective protection.34 RNA storage is more challenging compared with DNA due to
its relatively unstable single-stranded structure. Fabre and co-workers developed a technology that dried
RNA samples in the presence of a stabilizer in stainless steel minicapsules.35 The air- and water-tight
capsules isolated RNA from the atmosphere and maintained it in an anhydrous and anoxic environment
to enable reliable long-term storage at room temperature. However, these techniques still cannot
substitute the conventional method for large-scale water sample preservation and are limited by (i) long
sample treatment time, (ii) inadequate treatment volume, (iii) high cost, (iv) complex operation, and/or (v)
uncertain protective capacity in wastewater matrix.
Superabsorbent polymers (SAPs) can absorb and retain extremely large amounts of a liquid (e.g.,
water) relative to their own weight.36 Due to their superior absorbency and unique network structure, they
have been investigated and applied for the purification and concentration of valuable biomaterials in
biomedical and pharmaceutical fields since the 1980s.37-42 Researchers have also applied SAP beads to
concentrate microalgae cells for hydrogen production or biofuel extraction.43, 44 In our previous study, we
have successfully developed and demonstrated porous superabsorbent polymer (PSAP) beads for fast,
effective, and self-driven “microfiltration” treatment of biofluid samples.45 The PSAP beads allowed the
sorption of analytical targets that are typically small molecules or macromolecules (e.g., ions, sugars,
proteins, and nucleic acids) while rejecting large undesired components (e.g., bacteria and blood cells).
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Therefore, the potential analytical targets could be effectively preserved even without refrigeration,
because microbial spoilage and hemolysis effects were avoided, and the PSAP beads provided an
intrinsic buffer system to stabilize the target species. For example, when preserved by the PSAP beads,
the plasma sample with dosed catalase, a common enzyme in the human body, remained higher than
90% of catalase activity even after 7 days at room temperature, while the control group lost 80% of
catalase activity.
In this study, we fabricate enhanced PSAP beads for self-driven pretreatment and roomtemperature storage of water samples for virus detection. The design of the PSAP beads combines a
well-controlled porous structure, excellent water absorption properties, and uniform dispersion of the
stabilizer on the inner surface of the beads. Therefore, viruses in water samples can be spontaneously
captured by the beads with water uptake and immediately preserved. Simultaneously, some impurities
and interferences are excluded and discarded to avoid their impact on the testing targets. We hypothesize
that the unique features of the PSAP beads would realize adequate stabilization capability for viruses to
realize shelf-life extension at room temperature or even elevated temperatures. Thus, refrigeration during
the water sample storage and transportation may not be necessary. To demonstrate this hypothesis, we
have measured the efficiency of PSAP beads for viral recovery, and tested both infectivity level and
nucleic acid abundance of the model virus captured by the beads during short-term and long-term storage
to simulate field conditions. The enhanced PSAP beads show excellent promise as an alternative nonrefrigeration preservation technique for viruses in water samples.

Experimental Methods
2.1 Fabrication and Characterization of PSAP Beads
The design principle and synthesis of the pristine PSAP beads were previously described.45 In
brief, the reaction mixture containing 6 wt% sodium acrylate, 4 wt% acrylamide, 10 wt% poly(ethylene
glycol) (PEG, average Mn=6000 g mol−1) and 0.2 wt% N,N’-methylenebisacrylamide in DI water was
prepared. The liquid mixture was fully dispersed and degassed by nitrogen bubbling for 5 min. The
initiator, ammonia persulfate, was added to the aqueous solution to reach a concentration of 0.3 wt%.
The precursor was then transferred into a 96-well plate (15 µL per well) and heated at 70°C for 15 min.
The resultant polymer beads were thoroughly washed by ethanol to remove the PEG and fully dehydrated
(Figure S1). To prepare enhanced PSAP beads, the monomers, crosslinker, and porogen were added to a
well-dispersed bovine serum albumin (BSA) solution (0.05-0.3 wt%). The subsequent procedures are the
same as the synthesis of the pristine beads. The morphology of dried PSAP beads was characterized by
scanning electron microscopy (SEM, Hitachi SU8230, Tokyo, Japan) at 3 kV. All specimens were coated
with gold for 10 s at 20 mA using a sputter coater (Quorum Q150T ES, Lewes, United Kingdom). The
swelling properties of the PSAP beads in DI water and saline solutions were tested, in which weights of

Page 4/22

both the dried and hydrated beads were measured to calculate the water absorbency: S=(mhydrated-

mdried)/mdried.

2.2 Viral Target Recovery Test
The virus absorption and recovery performance of the PSAP beads were determined using
bacteriophage MS2 (ATCC 15597-B1) as the model virus. Bacteriophage MS2 was cultured with the host
bacterium, Escherichia coli (E. coli, ATCC 15597), in tryptic soy broth at 35°C overnight. The suspension
was subsequently centrifuged at 4000 rpm for 5 min, and the supernatant was filtered through a
0.2 μm syringe filter to remove all E. coli cells. The purified MS2 was then diluted and dispersed in saline
media to achieve a concentration of ~106 PFU mL−1. The concentration of MS2 was quantified by the
double agar layer method with three replicates for each sample.45 The recovery efficiency of the viruses
was determined by comparing the concentration of the viruses released from the PSAP beads (ct) and in
the original liquid sample (c0). In brief, 5 PSAP beads were applied to treat 2 mL of the virus sample. The
beads were taken out until reaching swelling equilibrium and then weighted (m). Next, the hydrated beads
in a clean tube were immersed by 2 mL of added water and then broken by 5 s ultrasonication using a
probe sonicator (Qsonica Q125, Newtown, CT). Thus, the dilution factor (DF) for the target species was
calculated: DF=(m+mwater)/m. Next, the viral concentration of the well-mixed suspension (ct) was
measured to analyze the recovery efficiency: Recovery(%)=(ct/c0)×DF×100.

2.3 Viability of Virus under Different Storage Conditions
The viability of the model virus, bacteriophage MS2, during the 1-week storage was measured
under different storage conditions. The purified MS2 was dispersed in a saline medium containing 0.1%
NaCl to achieve an initial concentration of ~106 PFU mL−1. After preparing the liquid sample, PSAP beads
were applied to treat the virus suspension for 15 min, which were then separated from the liquid and
divided into two glass vials wrapped with aluminum foil. Next, the two vials were stored at room
temperature (22°C) and elevated temperature (35°C), respectively. Meanwhile, another three vials
containing virus suspensions as the control groups were wrapped with aluminum foil and stored at 4°C,
22°C, and 35°C, respectively. The concentrations of infectious MS2 inside the hydrated PSAP beads and
in the liquid controls were monitored along the storing time. All viral infectivity data collected were
normalized to the initial values for analysis. In addition, first-order inactivation rate constants were
determined by linear regression of the log10-transformed infectivity data versus time (k, log10 PFU mL−1
day−1). All rate constants are expressed with 95% confidence intervals.

2.4 Detection of Viral Genome during Long Term Storage
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The storage performance of the PSAP beads for viral RNA in the saline (0.1% NaCl) was monitored
for 6 weeks. The operation procedures, including the virus suspension preparation, PSAP treatment, and
viral target recovery, were similar to the viability tests. To quantify the viral genome concentration, the
total RNA of the viral target, either in liquid control or recovered from the PSAP beads, was extracted
using QIAmp viral RNA mini kit (Qiagen, Valencia, CA). Then, one-step quantitative reverse transcription
PCR (RT-qPCR) assay was performed with StepOnePlus real-time PCR (Applied Biosystems, Foster City,
CA) using the TaqMan probe kit (details described in Supporting Information). The number of gene
copies at different sampling times was normalized to analyze the viral genome decay. The long-term
storage performance of the PSAP beads was also demonstrated using raw wastewater collected from a
local wastewater treatment plant. The pH, alkalinity, nutrient level, and suspended solids data were
provided by the operator at the plant (Table S1). The experimental procedures were similar, excepted a
filtration step (0.2 μm filter) was added before the RNA extraction for the liquid control samples to
minimize the influence of PCR inhibitors. Meanwhile, the sample containing viruses recovered from the
PSAP beads by ultrasonication was directly used for the RNA extraction.

Results And Discussion
3.1 Enhanced PSAP Beads
The PSAP beads are designed to absorb viral pathogens in water samples at the point of
collection for easy pretreatment and immediate preservation, thus improving the accuracy and reliability
of results generated in the subsequent lab tests. A proposed process of using the PSAP beads at the
point of sample collection and subsequently recovering the viruses from the beads at a laboratory is
shown in Figure 1a and described as follows: i) the PSAP beads are preloaded in a sterile container with a
sieve on top; ii) water sample is collected and infused into the container; iii) the beads swell fast,
absorbing water together with viruses while excluding large undesired components (e.g., microorganisms
and other particles); iv) the leftover liquid is poured out, leaving only the beads with the captured viruses
in the container; v) the sieve is removed, and a lid is put on the container for storage and transportation;
vi) the virus-containing beads are aliquoted into several sterile test tubes; and vii) the viruses are released
from the beads by ultrasonication and then analyzed.
We have successfully used a dry-bath method to prepare PSAP beads via polymerization-induced
phase separation (Figure S1). As shown in Figure 1b, the interconnected pores inside the beads construct
water channels. The size of the water channels is mainly determined by the pore structure of the beads.
By adjusting the porogen amount in the precursor, this critical parameter can be tuned to control the
threshold diameter of absorbable species.45 Following the design principles, the PSAP beads have been
optimized to enable an effective separation of viruses (<0.5 μm) and undesired large components (>1
μm) in water samples by absorbing the former inside and excluding latter outside the beads (optimization
process not shown in this study). Thus, the viruses stored inside the beads will not be affected by those
undesired components. In addition, the PSAP beads were modified by loading a stabilizer in the polymer
scaffold to enhance the interaction between the absorbed viruses and the polymer network for
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immobilization and better preservation. Albumin such as recombinant human albumin has been reported
as a stabilizer for variable viral vaccines including live-attenuated viral vaccines and viral vector
vaccines.46, 47 Therefore, in this work, we chose BSA as a potential stabilizer for modification of the PSAP
beads. The stabilizer was added to a reaction mixture containing monomers, crosslinker, initiator, and
porogen. Once the polymerization reaction was completed, the sacrificial porogen was removed to reveal
the porous structure, but the stabilizer remained in the resultant PSAP beads. The as-obtained dry beads
were white-colored, millimeter-sized, and bullet-shaped (Figure 1c). After swelling in the saline solution
with 0.1% NaCl, the beads became hydrated and turned translucent later. It took only 15 min for the beads
to reach swelling equilibrium, during which the bead diameter increased from ~1 mm to ~5 mm (Figure
1d).
3.2 Viral Recovery Performance
Scanning electron microscopy (SEM) was applied to characterize the morphologies of the PSAP
beads. Figure 2a and Figure S2 show the SEM images of the beads prepared by precursors with different
amounts of BSA. The characterization results illustrate that all beads have similar pore size and porosity,
which means the addition of BSA has negligible effects on the pore structure formation. Meanwhile, as
the BSA loading increases, more nanosized BSA particles are uniformly distributed in the PSAP beads to
coat the polymer surface. The water absorption capacity of the pristine PSAP beads without BSA
modification depends on the porosity, crosslinking degree, charge density, and polymer concentration of
the polymer network.48 These four factors are related to the concentration of the porogen, the crosslinker,
the ionic comonomer, and the total monomers in the initial reaction precursor, respectively. As for the
modified PSAP beads, the water absorption capacity decreases due to the existence of BSA (Figure 2b).
This influence is particularly obvious in DI water medium, in which the pristine beads have an equilibrium
water absorbency of ~280 g g−1, but the modified beads have an equilibrium water absorbency of ~160
to 145 g g−1. The reason is probably that the introduction of BSA reduces the effective charge density of
the polymer network, resulting in a lower absorption capacity. In saline media, although the absorption
capacity decreases as the BSA loading amount increases, the difference among the PSAP beads is little.
The beads have an average water absorbency of ~85 g g−1 in 0.1% NaCl solution, which
gradually decreases as the salinity increases and reaches ~45 g g−1 in 0.5% NaCl solution.
In order to evaluate the target recovery efficiency using the PSAP beads, bacteriophage MS2 was
selected as the model virus. The PSAP beads prepared with different BSA loadings were applied to treat
DI water or saline solutions dosed with bacteriophage MS2. Figure 2c presents the recovery efficiency for
the viable viruses after the treatment. For the pristine PSAP beads with 0% BSA, the recovery efficiency is
only ~50% in DI water, although the diameter of the bacteriophage MS2 (~27 nm) is much smaller than
the average pore size of the beads (>100 nm). This is probably because the surfaces of both the
bacteriophage MS2 and the PSAP polymer network are negatively charged, which causes difficulty in the
sorption of viruses by the PSAP beads, especially in a medium with low ionic strength. However, the
increased ionic strength results in a compression of the electric double layer developed around the
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viruses, which significantly reduces the electrostatic repulsion between the viral surface and polymer
surface.49, 50 Thus, the recovery efficiency increases to ~85% in 0.1% NaCl solution and almost 100% in
0.5% NaCl solution using the pristine beads. Meanwhile, the PSAP beads with an extra-low BSA amount
(e.g., 0.05%) can achieve a complete MS2 recovery even in DI water since the loaded BSA can provide
binding sites with a stronger affinity to the viruses.
3.3 Viral Infectivity Protection
Previous studies have reported that infectious viruses require sufficient genomic integrity for
translation and replication, and functional capsid for protection of genome and recognition of host
cells.51, 52 Thus, it is incredibly challenging to avoid rapid decay of viral infectivity without refrigeration.
The shelf-life extension ability of the PSAP beads was first evaluated using the saline medium dosed with
bacteriophage MS2. After the PSAP treatment, the viral infectivity in the liquid control and the hydrated
beads was monitored by the plaque assay for 7 days at three different temperatures (4-35℃). To
generalize infectivity behavior across time, all data collected was normalized to the initial baseline value
for each condition. As shown in Figure 3a, the liquid sample stored at 4℃ maintains 27% of viral
infectivity after the 7-day storage. As expected, the viral inactivation and infectivity reduction significantly
accelerate as the temperature increases. The normalized viral infectivity of the liquid sample stored at
room temperature (22℃) remains only 0.22% after the 7-day storage. When the storage temperature
increases to 35℃, the liquid sample loses more than 99% of viral infectivity within only 1 day, and almost
complete degradation happens after 3 days due to the fast denaturation of viral capsid and subsequent
destruction of genomic structure.
The infectivity of the viruses preserved by the PSAP beads is investigated and compared with that
in liquid controls. As illustrated in Figure 3b, when the storage temperature is 22℃, the pristine beads
with 0% BSA have a similar performance as the liquid control sample, in which 0.18% of viral infectivity is
left after 7 days. This means that the preservation capability of the pristine beads is inadequate to reduce
the self-degradation of the viruses under such conditions. In contrast, the viruses stored inside the PSAP
beads with 0.05% BSA can remain higher than 5.8% of infectivity after the 7-day storage. In addition, the
preservation efficacy is critically dependent on the stabilizer loading amount. The higher BSA loading can
enhance the immobilization of viruses, protect them against thermal damages, thus significantly improve
the preservation performance. Under the same storage conditions, the residual viral infectivity level in the
PSAP with 0.1% BSA is 26%, which achieves comparable performance as the liquid sample stored with
refrigeration. When the BSA loading is further increased to 0.2%, the residual viral infectivity level in the
PSAP beads reaches 52% after 7-day storage, which is far beyond the performance of refrigeration
storage at 4℃.
Since temperature is the primary factor for viral inactivation, we evaluated the preservation
performance for viruses using the PSAP beads at 35℃. The results in Figure 3c show that although the
viral inactivation rate significantly increases compared with room temperature storage, the PSAP beads
still can provide protection to viral targets at an elevated temperature. Even for the pristine PSAP beads,
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the residual infectivity level remains 6.7% after 1 day and 0.11% after 3 days because the limited
substance transportation and diffusion in the beads probably slow down the thermal-induced viral
inactivation.53 Owing to the immobilization effects, the modified PSAP beads can further stabilize the
viruses and improve their viability at elevated temperature. The PSAP beads with 0.1% BSA achieve a 7day survival rate of 0.3% for bacteriophage MS2. With sufficient stabilizer loading, the 7-day survival rate
at 35℃ can be remarkably improved to 15% using the beads with 0.2% BSA. In addition, to investigate
the light effects on the viral shelf life, we conducted similar storage experiments at 22℃ with 12 hours of
indoor light illumination every day. The results indicate a clear improvement of viral infectivity using the
PSAP bead entrapment over maintaining the sample in the liquid state for the duration of the study
because the hydrated PSAP beads may block part of the light, and avoid or reduce photo-induced
inactivation reactions (Figure S3, details described in Supporting Information).
Based on the experimental results, we applied a first-order reaction model to simulate infectivity reduction
kinetics and directly quantify preservation efficacy. As shown in Figure 3d, the rate constant for the log
infectivity reduction is 0.071 log10 PFU mL−1 day−1 for the liquid sample stored at 4℃. At room
temperature (22℃), the reduction rate constants of the liquid samples increase to 0.371 log10 PFU mL−1
day−1. At an elevated temperature (35℃), the rate constant of viral infectivity reduction in the liquid
sample reaches 1.645 log10 PFU mL−1 day−1. As mentioned, the PSAP beads can effectively improve the
preservation of the viruses stored inside the beads. A similar trend is also observed from the results of
kinetics analysis. Under the tested conditions, the degradation rate constants can be reduced by up to
more than ten times. When the storage temperature is 22℃, the rate constant of viral infectivity reduction
in the PSAP beads varies from 0.369 to 0.035 log10 PFU mL−1 day−1 as the BSA loading continues to
increase. When the storage temperature is 35℃, the rate constant in PSAP with 0.2% BSA can be as low
as a thirteenth of that in the liquid sample (0.124 vs. 1.645 PFU mL−1 day−1). These results demonstrate
that PSAP beads can achieve a comparable or even lower rate constant for viral infectivity reduction at
room temperature than the refrigeration storage.
3.4 Viral Genome Stabilization
Following the successful demonstration of the PSAP beads for viral infectivity protection, we set
out to evaluate the capability of this method for viral genome stabilization in the saline medium under
long-term ambient conditions. A storage study was performed to examine and compare the genome
stability behavior of bacteriophage MS2 stored in liquid form (Figure 4a) or immobilized in the PSAP
beads with 0.2% BSA (Figure 4b). The RT-qPCR assay was applied to estimate the damage to the
genomes and quantify the residual RNA level.54 Different from the infectivity tests, the RT-qPCR assay
measures amplification signals of a specific genome region according to the designed primer set. Thus,
even if the destruction of viruses compromises the genomic integrity, the calculated residual RNA level is
not affected if the targeted RNA segments still exist. For the frozen liquid sample stored at −25℃, the
sample is pre-portioned before the freezing and only thawed once for each testing. However, a single
freeze-thaw cycle causes higher than 10% of RNA degradation due to the generation of ice crystals and
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unfavorable interaction between the ice crystals and viruses.19, 55 As shown in Figure 4a, the residual RNA
level varies from 80% to 87% after the 6-week storage at −25℃. When the storage temperature is above
freezing point, the freeze-thaw damage can be circumvented, but the accelerated thermal-induced RNA
degradation is unavoidable. The liquid sample stored at 4℃ has a residual RNA level of 93% after 1
week, which decreases to 81% after 3 weeks and eventually reaches 75% after the 6-week storage.
Although the viral genome degradation is much slower than the infectivity reduction, the degradation rate
still significantly increases at room temperature and elevated temperature. It shows that the residual RNA
level remains 49% for the liquid sample stored at 22℃ after 1-week storage, which gradually decreases to
8.4% after 6 weeks. When the storage temperature is 35℃, the residual RNA level is even down to 3.2%
after only 1 week and continuously declines to 0.17% at the end of the storage period.
In contrast to the frozen or liquid samples, the PSAP beads retain intact RNA fragments of the
viruses entrapped in the beads despite the temperature change (Figure 4b). The results indicate that the
residual RNA level remains higher than 95% at room temperature after 6-week storage. At the elevated
temperature, viruses stored inside the beads have a residual RNA level as high as 91% even after 6-week
storage. As mentioned, due to the effective immobilization, the beads with sufficient stabilizer loading
can protect viral capsids from denaturation, maintain the structural integrity of the viruses, and preserve
the viral infectivity. Thus, the stabilized viral capsid can in turn slow down the destruction of viral
genomes. In addition, since the diffusion rate within the beads is restrained by the crosslinked polymer
network, the hydrolysis process that causing nucleic acid reduction may be slowed down. Thus, even the
exposed and released nucleic acids can still be stabilized in the beads if the viral capsids are completely
damaged. The PSAP beads show effective stabilization performance for vulnerable and highly reactive
naked RNA segments, which achieve higher than 85% of residual RNA level at room temperature and
above after 1 week (Figure S4).
3.5 Application in Untreated Wastewater
To investigate the impacts of water properties on the viral stabilization performance, we assess
the applicability of the PSAP beads to preserve real wastewater samples dosed with the model virus.
Different from the simple saline medium, untreated wastewater may contain various ions, organic
compounds, suspended solids, and live microorganisms, which make it a highly complex system. The
results in Figure 5a show the viral RNA reduction in the liquid samples during the 6-week storage at
different temperatures. Under the same conditions, the freeze-thaw cycle results in a higher RNA reduction
in the raw wastewater than that in the saline medium. The residual RNA level is 70% for the wastewater
sample, and 82% for the saline sample stored at −25℃. It is probably caused by the contaminants in the
wastewater that interfere with ice crystal formation and intensify the viral genome damages. On the other
hand, counter-intuitively, the apparent residual RNA levels of the wastewater samples stored in liquid form
with or without refrigeration are all higher than the corresponding value in the saline medium (Figure 4a).
After 6-week storage, the residual RNA level of the wastewater samples is 81% at 4℃, 17% at 22℃, and
1.3% at 35℃. The corresponding value of the saline samples is 75%, 8.4%, and 0.17%, respectively. A
possible reason for this is that the model virus we chose (i.e., bacteriophage MS2) is a common phage,
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and its host bacterial cells (e.g., E. coli) are widely found in untreated wastewater.56 The existing host
bacteria may shield the viruses against degradation, and possible virus replication under suitable
conditions partially offsets the decay of the initially dosed viruses. In addition, the suspended
microparticles in water samples have been reported to correlate with a lower decay rate of viral RNA
through surface adsorption.19
In contrast, since bacteria cells and particles larger than the water channels of the beads are
excluded and removed after the PSAP treatment, they cannot affect the virus degradation pathway
(Figure S5, details described in Supporting Information). The results in Figure 5b indicate that PSAP
beads can achieve similar stabilization performance at room temperature for viruses in untreated
wastewater as in saline medium. After 6-week storage at 22℃, almost no viral RNA reduction is detected
in the beads. When the storage temperature is increased to 35℃, the viral RNA reduction rate significantly
increases even under the protection provided by the beads. Even so, the PSAP beads can still endure such
harsh conditions and extend the residual RNA level to 16% after 6-week storage at 35℃. The result also
confirms that the actual viral reduction is much faster in wastewater than in saline medium if there are no
interference factors (Figure 4b). Although this technique remains to be investigated under varying
conditions and using water-borne viral pathogens, the reported results demonstrate the feasibility and
robustness of the PSAP beads in preserving viruses in water samples.
3.6 Stabilization Mechanisms of the PSAP Beads
As demonstrated, the PSAP beads show excellent performance in viral sample preservation for
both infectivity protection and genome stabilization. There may be several possible mechanisms acting
synergistically to improve the stability of the viruses stored inside the beads. The well-controlled porous
structure of the PSAP beads provides a physical barrier that easily removes undesired impurities such as
bacteria and other particles for virus detection. Our previous study has confirmed that PSAP treatment
could effectively avoid the impact of bacteria together with their released protease on the protein target
encapsulated inside the beads.45 It can be deduced that similar effects should apply to virus
preservation. The pH inside the beads was pre-set to a designed value slightly higher than 7, providing an
intrinsic buffer system. In addition, BSA stabilizer was used to modify the PSAP beads and enhance the
affinity between the viruses and the polymer network. Thus, once absorbed and entrapped by the beads,
the self-degradation of the viruses may be reduced due to the effective immobilization of viruses on the
inner surface of the beads. Since BSA contains reactive thiol groups, the loaded BSA itself can work as a
sacrificial agent to reduce damages on the viruses under oxidative stress. Meanwhile, the decomposition
of viral capsids and genomes caused by enzymatic and non-enzymatic hydrolysis is also probably
slowed down as the molecular diffusion is minimized in the polymer network. The hypothesized
mechanisms proposed here provide a conceptual framework, more efforts are still required to better
understand the involvement of various possible pathways of virus stabilization inside the PSAP beads.
In summary, we used a simple method to encapsulate viruses in the PSAP beads loaded with the
BSA stabilizer for long-term ambient storage and subsequent on-demand recovery and laboratory
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analysis. The PSAP beads have been demonstrated to effectively mitigate thermal-induced degradation
of the model virus and successfully achieve excellent room-temperature preservation performance. In a
saline medium, the viral infectivity in the PSAP beads with 0.2% BSA is as high as 52% after 1-week
storage at room temperature, and the residual RNA level remains higher than 95% after 6-week storage,
which are even better than the results of refrigeration storage (27% and 75%, respectively). In raw sewage,
the PSAP beads still can achieve a residual RNA level of ~100% at 22℃ and 16% at 35℃ after 6-week
storage, which is remarkable in such a complex medium and under such challenging conditions. The
same stabilization, recovery, and analysis approach demonstrated in this work using the model virus can
apply to other viruses, including infectious viral pathogens. Therefore, the novel PSAP beads provide a
low-cost, time-efficient, and environmentally friendly technique to possibly eliminate the cold chain and
temperature regulations of viral sample storage and transportation. This technique also promotes
flexibilities of virus detection in both location and time, enabling the remote collection of water samples
from distributed regions and on-demand testing in centralized facilities. Overall, it could be compatible
with advanced epidemiology tools for disease control and risk assessment during the current or future
pandemics, especially in resource-limited settings and for the medically underserved population.
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Figures

Page 17/22

Figure 1
Enhanced PSAP beads for pretreatment and storage of viral targets in water samples. (a) Schematic of
the treatment and recovery processes of viral targets using the PSAP beads. (b) Schematic of the PSAP
beads. (c) Optical images of dried PSAP beads. (d) Optical images of hydrated PSAP beads.
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Figure 2
PSAP beads for virus absorption and recovery. (a) SEM images of the beads with different BSA loadings.
The zoom-in SEM images show detailed features of the BSA distributed on the inner surface of those
beads. (b) Water absorbency of the beads in DI water or saline solutions. (c) Recovery efficiency for
bacteriophage MS2 in different media using the beads.
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Figure 3
Shelf-life extension of bacteriophage MS2 using the PSAP beads. (a) Normalized viral infectivity in liquid
control samples. (b-c) Normalized viral infectivity in hydrated PSAP beads at different temperatures. The
legend “PSAP-0” means the PSAP beads with 0% BSA, which applies to similar legends. The dashed lines
in (a-c) indicate that no live virus is detected in agar plates. (d) Rate constants for viral infectivity
reduction (k, log10 PFU mL−1 day−1) during the 7-day storage. The black dotted line in (d) indicates the
rate constant of the liquid sample stored at 4℃ (k=0.071±0.007 log10 PFU mL−1 day−1).
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Figure 4
Viral genome stabilization performance during the long-term storage. (a) Residual viral RNA level in liquid
control samples. (b) Residual viral RNA level in hydrated PSAP beads. The PSAP beads used were
modified with 0.2% BSA. All storage experiments were conducted in a dark environment.

Figure 5
Virus preservation performance in untreated wastewater. (a) Residual viral RNA level in liquid control
samples. (b) Residual viral RNA level in hydrated PSAP beads. The PSAP beads used were modified with
0.2% BSA. All storage experiments were conducted in a dark environment.

Supplementary Files
Page 21/22

This is a list of supplementary files associated with this preprint. Click to download.
SupportingEST.pdf

Page 22/22

