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Rapid and Repetitive Inactivation of SARS-CoV-2 and
Human Coronavirus on Self-Disinfecting Anionic Polymers

Bharadwaja S. T. Peddinti, Sierra N. Downs, Jiaqi Yan, Steven D. Smith, Reza A. Ghiladi,
Vijay Mhetar, Roger Tocchetto, Anthony Griffiths, Frank Scholle,* and Richard J. Spontak*

While the ongoing COVID-19 pandemic affirms an urgent global need for
effective vaccines as second and third infection waves are spreading
worldwide and generating new mutant virus strains, it has also revealed the
importance of mitigating the transmission of SARS-CoV-2 through the
introduction of restrictive social practices. Here, it is demonstrated that an
architecturally- and chemically-diverse family of nanostructured anionic
polymers yield a rapid and continuous disinfecting alternative to inactivate
coronaviruses and prevent their transmission from contact with contaminated
surfaces. Operating on a dramatic pH-drop mechanism along the
polymer/pathogen interface, polymers of this archetype inactivate the
SARS-CoV-2 virus, as well as a human coronavirus surrogate (HCoV-229E), to
the minimum detection limit within minutes. Application of these anionic
polymers to frequently touched surfaces in medical, educational, and
public-transportation facilities, or personal protection equipment, can provide
rapid and repetitive protection without detrimental health or environmental

Europe) at the time of this publication.®!
Although the enveloped SARS-CoV-2 virus
is classified as a respiratory pathogen due
to its ability to compromise the function
of, as well as damage, the lungs, it is
linked to an increased risk of health com-
plications in adults with cardiopulmonary
disease.’] A Kawasaki-like disease has also
been reported!® in children infected with
SARS-CoV-2. The virus is primarily trans-
mitted via miniscule droplets or aerosols!”!
that disperse in the air during speaking,
coughing, or sneezing, thereby necessitat-
ing the wearing of facemasks and other
protective personal equipment (PPE). Tra-
ditionally, these fibrous products function
by excluding transmission of particles to
body entry sites on the sole basis of size.[®]

complications.

As an ongoing example of a catastrophic global health crisis, the
COVID-19 pandemic caused by the SARS-CoV-2 virus has pum-
meled strong national economies,!!! imposed unprecedented so-
cial restrictions,?! and above all else, claimed over 2.3 million
lives worldwide (with over 460 000 in the U.S. and over 560 000 in

Another route by which SARS-CoV-2 trans-
mits, however, is via indirect transmission
by contact with contaminated surfaces.l’
For instance, Munster and co-workers!!0]
have observed that the virus can remain
stable on surfaces for long periods of time: up to 2-3 days on
stainless steel and unspecified plastic at 21-23 °C and 40% rela-
tive humidity. Chin et al.l!!l have measured longer surface sta-
bility times, such as 7 days on surgical masks, which high-
lights why disposable PPE should not be reused. Moreover, the
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survivability of this virus on different surfaces appears to be
temperature-dependent: infectious virus measured at or above
the limit of detection has recently been reported!!? for com-
monly encountered surfaces (including paper and plastic ban-
knotes) over the course of a few days at 40 °C to nearly a month
at 20 °C. These results confirm that SARS-CoV-2, as well as
other coronaviruses,’] are capable of spreading after contact
with a contaminated surface, which is worrisome in light of post-
reopening surges and the possibilities of mutations that increase
infectivity'*l or a more severe wave in the future.

Several approved vaccines are currently available to protect the
global populace from the deleterious effects of SARS-CoV-2, but
vaccine distribution requires adequate time and infrastructure
to ensure sufficient public safety. While vaccines are presently
being distributed to the populace, additional measures that are
capable of affording rapid and continuous prevention of SARS-
CoV-2 proliferation are clearly warranted to help mitigate its
worldwide circulation. Whereas various chemical and radiative
disinfecting protocols have been approved for this purpose,
they require repeated application and are only virucidal during
application (i.e., they do not prevent re-contamination). In
addition, the continual use of approved disinfectants containing,
for example, quaternary ammonium compounds can negatively
impact the environment.["®] A more strategic approach to pre-
vention involves the development of self-disinfecting materials
that can continuously inactivate the SARS-CoV-2 virus. Although
examples of antibacterial materials are relatively common and
frequently rely on the incorporation of metals(!®! (e.g., silver or
copper) or metal oxides!'’] (e.g., zinc oxide), these bactericidal
approaches suffer from known shortcomings, including gradual
loss of germicidal activity!'®! and leaching-induced environmen-
tal contamination,!*! and are generally not as effective against
viruses. Other antibacterial materials utilize cationic polymers
as free-standing films, coatings, or surface grafts.[?! Alterna-
tively, comprehensive effectiveness against several bacteria
(both Gram-positive and Gram-negative, as well as antibiotic-
resistant), as well as enveloped/non-enveloped viruses, has been
achieved(?"??] in polymeric materials modified with photosensi-
tive dye molecules that are capable of generating singlet oxygen
in the presence of molecular oxygen and noncoherent visible
light. These self-disinfecting materials can inactivate a broad
spectrum of infectious microbes after initial contact, and they re-
main continuously antimicrobial over extended periods of time.

We recently reported?’] a highly effective and fast-acting
approach to self-disinfecting materials based on the use of
anionic block polymers. This class of materials consists of
long sequences of dissimilar chemical species wherein one
species is negatively charged. Because of their inherent ther-
modynamic incompatibility, polymers of this archetype typically
self-assemble into soft nanostructures.l?*] Due to the presence
of sulfonic acid groups along the polymer backbone, these
materials fully inactivate (99.9999%, 6 log,, units) a wide
range of Gram-positive and Gram-negative bacteria (including
methicillin-resistant Staphylococcus aureus, MRSA) typically
responsible for nosocomial infections, as well as enveloped /non-
enveloped viruses (including influenza A), after exposure at
ambient temperature for just 5 min.}l The mechanism by
which inactivation proceeds derives from a dramatic pH drop
at the polymer/pathogen interface and depends on the number
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.. SEBS

Scheme 1. Chemical structures of the three classes of anionic block poly-
mers investigated here: TESET, TST, and SEBS (labeled and defined in the
Experimental Section). Hydrophilic and hydrophobic moieties are colored
blue and red, respectively.

of sulfonic acid moieties present on each polymer molecule
(expressed as the degree of sulfonation, DOS). Prior results
reveal that the DOS affects the kinetics of inactivation, thereby
indicating that a critical DOS level is required to achieve rapid
and substantial microbial inactivation. In this work, we explore
the time-dependent inactivation of coronaviruses deposited
on a family of anionic block polymers. To do so safely, we
examine the less virulent human coronavirus (HCoV-229E, a
temperature-sensitivel?>! common cold virus that can survive on
various surfaces!?! for 2-6 days) as a surrogate for SARS-CoV-2
on several block polymers differing in molecular architecture
and chemical modification to demonstrate broad activity across
this class of polymers, as well as provide mechanistic insight
into the structure-function properties associated with virucidal
efficacy. In addition, we further investigate the time-dependent
inactivation of the SARS-CoV-2 virus on one particularly promis-
ing anionic block polymer that, as a thermoplastic elastomer,
likewise possesses favorable mechanical properties. For fur-
ther comparison, the antiviral properties of a chemically- and
architecturally-dissimilar perfluorinated polyeletrolyte (Nafion),
composed of 1,1,2,2-tetrafluoro-2-({1,1,1,2,3,3-hexafluoro-3-
[(trifluorovinyl)oxy]-2-propanyl}-oxy)ethanesulfonic acid and
tetrafluoroethylene, are also analyzed here.

Experimental Section

Three types of anionic block polymers were employed as viru-
cidal substrates in this study, and their chemical structures are
presented in Scheme 1, wherein the color scheme differentiates
the hydrophilic (blue) and hydrophobic (red) segments. Only
a poly[tert-butylstyrene-b-(ethylene-alt-propylene)-b-(styrene-co-
styrenesulfonate)-b-(ethylene-alt-propylene)-tert-butylstyrene]
(TESET) block polymer (available as BIAXAM™ from Kraton
Corporation) was used to investigate the survival kinetics of
the SARS-CoV-2 virus at ambient temperature. The two other
sulfonated block polymers depicted in Scheme 1, polytert-
butylstyrene-b-(styrene-co-styrenesulfonate)-b-tert-butylstyrene]

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Table 1. Molecular characteristics of the pre-sulfonated block polymers
employed in this studya).

Polymer M, (kDa) ws (Wt%) wr (Wt%)
TESET 78 36 38
TST 122 66 34
SEBS 56 30 —_

?TheSand T subscripts refer to polystyrene and poly(tert-butylstyrene), respectively.

(TST) and poly|(styrene-co-styrenesulfonate)-b-(ethylene-co-
butylene)-b-[(styrene-co-styrenesulfonate)] (SEBS), were selected
here to study the survival kinetics of the HCoV-229E surrogate
and determine differences due to polymer architecture. These
two pre-sulfonated materials were synthesized in-house (TST)
or provided commercially (SEBS, Kraton Corporation) and
subsequently sulfonated to different DOS levels. The number-
and weight-average molecular weights (M,, and M), as well as
the composition (expressed as a weight percent of the ith block,
w;), of each pre-sulfonated block polymer were measured by
size-exclusion chromatography and proton nuclear magnetic
resonance spectroscopy. The results are listed in Table 1, and
the dispersity (b = M,,/M,) is consistently less than 1.10. The
numerical value assigned to each polymer identifies its DOS (in
mol%). In all cases, these sulfonated block polymers were first
dissolved in tetrahydrofuran (THF), and the solutions were then
cast into Teflon molds. Following solvent removal, the resultant
films were subjected to virucidal testing. The Nafion substrate
was obtained in film form from Chemours Company and used
as-received.

The SARS-CoV-2 USA-WA1/2020 virus described by Harcourt
et al.l’] was propagated on VeroE6 cells in DMEM with 2% fetal
bovine serum (FBS), GlutaMAX, sodium pyruvate, non-essential
amino acids, and antibiotic-antimycotic. The VeroE6 cells used in
these assays were seeded a day prior to the assay at a density of
8 X 10° cells per well in 6-well plates. Test coupons of film were
trimmed to 2 cm? squares and placed into a sterile 6-well plate.
Five drops of 10 pL (50 pL total) of virus were added to the sur-
face of each coupon and exposed for 5, 10, 20, or 30 min. At the
end of the exposure period, the coupons were added to 2 mL me-
dia (DMEM with 2% FBS and 1x Antibiotic-Antimycotic). Sam-
ples that had been incubated for 30 min were vortexed for 30 s,
centrifuged at 1000 RFC for 2 min, and serially diluted. [It was
confirmed that vortexing had no discernible effect on the results
reported here.] Samples that had been incubated for 5, 10, and
20 min were vortexed for 2-3 s, after which coupons were im-
mediately removed from the media. The eluted media was serial
diluted using half-logarithmic dilutions from 10° to 102°. Dilu-
tions were plated in triplicate (200 pL per well) and incubated for
1h + 10 min at 37 °C and 5% CO, with periodic rocking. Follow-
ing the incubation period, wells were overlaid with 2 mL of a 1:1
mixture of 2.5% Avicel RC-591 (DuPont Nutrition & Health), 2x
Temin’s Modified Eagle Media with 10% FBS, 2x GlutaMAX, and
2x Antibiotic-Antimycotic. After a 2-day incubation, the plates
were fixed with 10% neutral buffered formalin, removed from
biocontainment, and stained with a 0.2% Gentian Violet and 10%
neutral buffered formalin solution. Plaques were counted and
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used to calculate the titer. The minimum detection level (MDL)
was 3 PFU mL~!, where PFU refers to a plaque-forming unit.

The HCoV-229E virus was propagated on the human hepato-
carcinoma cell line (Huh-7) in cell growth media (DMEM, 1%
antibiotics, 10% FBS) at 33 °C. Materials were cut to fit in the
bottom of a 96-well plate, and 25 pL of virus suspension (stock
concentration 1.5 x 10® TCID;, mL™') was added to the plates
for a selected length of time. After exposure, 75 pL of infection
media (MEM 1% antibiotics, 1% FBS, 1% HEPES buffer) was
added, and the virus was eluted by triturating several times, fol-
lowed by rapid transfer to new wells. Virus suspensions were im-
mediately diluted serially tenfold from 107! to 1073, Six replicates
of each dilution (50 pL per well) were used to infect Huh-7 cells
seeded the previous day at a density of 10* cells per well. After
2 h, 50 pL of cell growth media was added and the plates were
incubated at 33 °C with 5% CO,. After 96 h, the cytopathic effect
was monitored by visual inspection of the wells. Under the assay
conditions employed here, the MDL was determined to be 6.32 x
102 TCID,, mL~".

Statistical Analysis

Corresponding TCIDs, values were calculated using the
Spearman-Kaerber method.[?#?%1 These values correspond
to log;((50% end-point dilution) and are calculated from —(x, —
d/2 +d Y, r;/n;), where x,, corresponds to the log;, of the lowest
concentration (highest dilution), d is the log,, of the dilution
factor, r; represents the number of positive cells in dilution i, and
n; is the total number of cells in the ith dilution. Other statistical
approaches3®3! could likewise have been used for this purpose.
After determining the mean and standard deviation/error from
the titers as functions of virus, substrate, and exposure time,
the statistical significance of each measurement was calculated
from the unpaired student’s two-tailed t-test.l*?] In this case, the
t-value was determined from

M, - M
b= — L 2 (1)

1 1
s/ (z+ %)

where M and n in this context denote the mean and replicate
number, respectively, the subscripts 1 and 2 represent the con-
trol and test specimens, respectively, and S, is the pooled stan-
dard deviation given by

Sz\/(nl-l)s§+(nz—1)s§ 2

no+n,—2

Here, S, is the standard deviation of the ith specimen set. The
t-value and its corresponding p-value, which provides a measure
of statistical significance, can be extracted from tables or, as done
here, calculated from an on-line algorithm.[**! Statistical signifi-
cance is achieved when p < 0.05. The results of this analysis are
summarized in Table 2 and only apply to titers above the MDL.

Results and Discussion

The survival of SARS-CoV-2 on TESET52 is presented as a
function of exposure time in Figure 1 and confirms complete

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Table 2. Calculated p-values of the antiviral properties afforded by the partially sulfonated block polymers investigated in this studya).

Time [min]

Virus/specimen designation 5

SARS-CoV-2 virus

TESET52 Below MDL
HCoV-229E virus

TESET26 0.1273
TESET52

25°C 0.8133
4°C 0.9187
37°C 0.0498
TST17 1.0000
TST40 0.1273
TST63 0.0694
SEBS44 0.0495

Below MDL Below MDL Below MDL
0.0498 0.0458 0.0458
0.0467 Below MDL Below MDL
0.4217 Below MDL Below MDL
0.0461 0.0459 0.0458
0.3818 0.2999 0.2130
0.0459 Below MDL Below MDL
0.0459 Below MDL Below MDL
0.0463 0.0458 0.0458

A time point at which a virus titer registers below the MDL is not assigned a p-value if all the observations for that time point lie below the MDL.

LI L L L L L L L L B LB

SARS-CoV-2

0 5 10 15 20 25 30
Time (min)

Figure 1. Survival of the SARS-CoV-2 virus on the TESET52 anionic block
polymer at several exposure times relative to controls performed on a non-
sulfonated block polymer. Results are obtained at minimum detection lim-
its (MDLs, dotted and labeled lines), which reflect differences in the virus
stock and control titers (see the text). For comparison, the outcome of
the durability test performed 24 h after media exposure on the TESET52
polymer is included (diamond), as are the reported!'®! survival levels of
SARS-CoV-2 on copper after ~1 and 4 h (dashed and labeled lines). Mea-
surements listed at the MDL indicate at or below the corresponding sur-
vival level, and error bars represent the standard error. The color-matched
solid line serves to connect the data.

inactivation within experimental detection in 5 min. Included
for comparison are results for SARS-CoV-2 on copper after 60
and 240 min." The MDL corresponds to at least 99.9% inactiva-
tion, validating that the TESET52 polymer inactivates SARS-CoV-
2 over the course of minutes, not hours. Differences in the MDL
in Figure 1 reflect variations in the initial virus stock suspension
(from 2.15 x 10 PFU/sample at 5 min to 6.65 X 10* PFU/sample
at 30 min), which account for marginally different control titers
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(from 1.78 x 10 to 4.96 X 10* PFU/sample, respectively). As men-
tioned earlier, no p-values are calculated for these studies (or in-
cluded in Table 2), as all the corresponding survival results lie
below the MDL. The mechanism by which viral inactivation pro-
ceeds here is based on a precipitous drop in surface pH (to < 1)
due to the presence of sulfonic acid groups on the polymer.[?*] Ac-
cording to our previous studies, this block polymer self-organizes
into a nanoscale morphology composed of hydrophobic cylin-
ders and alternating lamellae when cast from THF.[3* Solvent-
vapor annealing generates a highly ordered lamellar morphology,
which represents the equilibrium morphology of this polymer, in
agreement with computer simulations.*]

Since viral inactivation occurs at the polymer/pathogen inter-
face, the surface chemistry of the TESET52 film is particularly
important (although we note that the proton reservoir required
to sufficiently lower the surface pH depends on the number of
contributing sulfonic acid groups and must therefore exceed a
minimum film thickness). An X-ray photoelectron spectroscopy
(XPS) spectrum acquired from the surface of an as-cast TESET52
film is provided in Figure 2A and confirms the existence of ion-
ization peaks for C 1s and O 1s, as expected from Scheme 1. The
barely discernible peaks for S indicates that hydrophobic (i.e.,
low surface energy) lamellae preferentially reside at the surface.
Upon exposure to phosphate-buffered saline (PBS) solution, two
additional pairs of peaks become apparent in Figure 2A for Ca
in the form of a mobile cation that can complex with sulfonic
acid groups, as well as S, which provides chemical evidence of
water-induced surface topological rearrangement (illustrated in
Figure 2B). Elemental compositions discerned from XPS spec-
tra such as the ones displayed in Figure 2A are listed for species
at or above 1 at% in Table 3. In addition to sulfur, enrichment
of oxygen at the surface of the TESET52 film after exposure to
PBS solution is consistent with an increase in the population of
sulfonic acid groups at the film surface.

Comparable behavior is evident in Figure 3A for HCoV-229E
on two TESET surfaces differing in DOS. While both materi-
als are virucidal, this outcome indicates that i) the TESETS52

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Table 3. Elemental compositions of TESET52 surfaces before and after immersion in PBS solution at ambient temperature according to XPS analysisa).

Element content [at%)]

C o S Si Ca
Before immersion 87.49 +0.26 7.91+0.29 0.53 +0.03 4.07 +0.06 —
After immersion 82.89 + 0.65 12.31+0.10 2.31+0.26 1.21+£0.05 1.15 £ 0.21

) This compilation only includes elements present at or above 1 at%.

—~ — T T T T T T T T T
_..2 5 TESET5
C
- L
o 2 5
S 3
S S SN
-‘%‘ Post-immersion l__2__ %
5 4 &
E Plre-immlersionlL | U:) (:I_)
600 500 400 300 200 100 0
Binding energy (eV) A
Acid-induced

£

' B
Y A y:'%
»}“ ki SARS-CoV-2

: virus particle

virus deterioration

Surface-

accessible Q
anionic L &
nanodomains

Figure 2. A) XPS spectra collected from the TESET52 polymer before
(blue) and after (red) exposure to PBS solution. lonization peaks relevant
to the polymer (discussed in the text and listed in Table 3) are labeled
(black). Peaks indicating the presence of Si 2s and 2p are attributed to
the glass substrate, whereas those corresponding to Ca 2s and 2p reflect
the presence of complexed cations from the PBS solution (the weak Na
KLL peak near 500 eV provides additional evidence for complexed cationic
species). The peak at 2400 eV (presumably due to N 1s) is not present in
all the spectra collected and is not considered further. B) Stylized illustra-
tion of the surface-reconstructed TESET52 polymer after exposure to mois-
ture or an aqueous medium, indicating that the anionic microdomains
needed for pH reduction and SARS-CoV-2 inactivation become surface-
accessible.
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polymer with a higher DOS is ultimately more effective at in-
activating HCoV-229E than its TESET26 homolog, and ii) the
TESET26 polymer possesses an insufficient DOS to achieve de-
tection limit inactivation over the course of 30 min. As noted
earlier, the DOS must be above a critical level for detection-limit
inactivation to be achieved after relatively short exposure times,
such as those investigated here. Similar results have been previ-
ously reported!?)] for MRSA. Due to the presence of flexible in-
termediate blocks, the TESET polymers constitute examples of
thermoplastic elastomers and exhibit robust mechanical prop-
erties. Removal of these blocks yields the TST block polymers,
which are relatively brittle plastics. The response of HCoV-229E
exposed to three TST polymers varying in DOS reveals in Fig-
ure 3B that the TST17 polymer has an insufficiently low DOS
level and is therefore unable to inactivate the virus, whereas the
TST40 and TST63 polymers achieve at least 99.998% inactivation
of HCoV-229E in 20 min. An important consideration regarding
midblock-sulfonated block polymers is that they remain intact in
polar solvent and can, at high levels of sorbed water, behave as sta-
ble hydrogels because of their nonpolar physical crosslinks.[3¢37]
In marked contrast, if the DOS is sufficiently high, the mechan-
ical properties of endblock-sulfonated thermoplastic elastomers
can be severely compromised upon exposure to polar solvents,
which serve to plasticize the physical crosslinks and thus de-
grade the mechanical stability of the polymer network. With this
potential shortcoming in mind, results from HCoV-229E exposed
to an endblock-sulfonated SEBS block polymer with 44 mol%
endblock sulfonation are included in Figure 3C and establish that
nearly complete inactivation is likewise achieved in 20 min. It is
important to note that, at this DOS level, the polymer behaves as
a swollen, solid-like film in the presence of the virus suspension.

Our observations in Figure 3 are compiled in the form of
HCoV-229E survival, defined as the ratio of a titer at a given expo-
sure time normalized relative to that of the stock viral suspension
multiplied by 100%, in Figure 4A. Insofar as the DOS level of the
styrenic block (whether it is a midblock or an endblock) is suf-
ficiently high, all of the anionic polymers examined here are in-
herently virucidal, rapidly inactivating both virus strains to their
respective MDL: 99.9% for SARS-CoV-2 in 5 min and 99.998%
for HCoV-229E in 20 min. These findings suggest that this class
of polymeric materials could be equally effective against previ-
ous coronavirus outbreaks (e.g., SARS-CoV-1 and MERS-CoV),
as well as mutations in the future. To corroborate the comprehen-
sive virucidal nature of the TESET52 polymer in particular, sev-
eral other viral strains—human adenovirus-5 (HAd-5), influenza
A virus, vesicular stomatitis virus (VSV), parainfluenza-3 virus

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Infectivity of the HCov-229E virus on three different anionic block polymers—A) TESET, B) TST, and C) SEBS—at several exposure times. The
numerical designations assigned to each polymer represent the DOS (in mol%), and the displayed MDL (dotted line) corresponds to 632 TCIDsq mL™".
While most of these data are statistically significant (see the p-values listed in Table 2), those for the TST17 polymer are not. In all cases, measurements
listed at the MDL indicate at or below the corresponding titer level, and error bars represent the standard error.

(PI-3), and xenotropic murine leukemia virus (X-MulV)—are also
displayed in Figure 4A after an exposure time of 5 min. Since
the SARS-CoV-21l and HCoV-229E!?*] viruses are sensitive to
pH and temperature changes, we have further explored the in-
activation of HCoV-229E on TESETS52 at three different temper-
atures in Figure 4B. As the temperature is increased, virus in-
activation becomes more pronounced at short times (5 min). At
longer times, however, complete inactivation occurs faster at 4
and 25 °C (20 min) than at 37 °C (30 min). Since the surface pH
of deionized (DI) water on TESET52 does not change to any ap-
preciable extent with increasing temperature (see the inset in Fig-
ure 4B), the latter observation suggests that the pH rises at 37 °C
in the presence of virus media due to accelerated sulfonic acid
neutralization caused by mobile cations in the media.

The p-values associated with the statistical significance of the
titers measured from the SARS-CoV-2 and HCoV-229E viruses
presented in Figures 1,3, and 4 are compiled in Table 2 for those
values that lie above the MDL. All the measurements from the
SARS-CoV-2 analysis in Figure 1 lie below the MDL, but many
of the tests focusing on HCoV-229E yield quantifiable p-values.
For example, the titers collected after an exposure time of 5 min
from the sulfonated TST and TESET polymers at 25 °C are not
statistically significant (1.00 > p > 0.07) relative to the stock virus
suspension, which we utilize here as the control. To reflect this
result, the corresponding survival values are highlighted (boxed)
in Figure 4a. Similarly, none of the p-values calculated for the
TST17 materials at different exposure times is statistically sig-
nificant (1.00 > p > 0.21) with respect to the stock virus suspen-
sion. Since differences between the stock suspension and titers
measured from the unsulfonated copolymers are also not statis-
tically significant (0.50 > p > 0.06), use of the stock suspension as
the normalizing value for the TST and TESET polymers in Fig-
ure 4 and the control in p-value calculations ensures consistency
of analysis, as well as a single value of the MDL for, and system-
atic comparison of, all the materials in these two series. Inter-
estingly, Table 2 furthermore reveals that, at all exposure times
examined from 5 to 30 min, the titers measured for the SEBS44
polymer at 25 °C and the TESET52 polymer at 37 °C are statisti-
cally significant (p < 0.05), whereas those for the TESET52 poly-
mer at 4 °C are not at short times.
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Unlike one-time-use disinfectants that require repeated appli-
cation at discrete times to inactivate infectious microbes with-
out providing future prevention of (re)contamination, the antimi-
crobial properties of the materials examined here are durable
and remain antiviral after use, as demonstrated by the inactiva-
tion of SARS-CoV-2 on TESETS52. In an independent test, poly-
mer coupons were submerged in media (DMEM with 2% FBS
and 1x Antibiotic-Antimycotic) and quickly removed after gentle
swirling (without vortexing) so that the exposure time was only
a few seconds. After a drying time of 24 h, analysis of SARS-
CoV-2 yielded the following titers after exposure for 5 min: 2.56 X
10® PFU/sample stock suspension, 2.46 x 10° PFU/sample con-
trol and undetectable virus after exposure (at or below the MDL).
These results are included in Figure 1 and confirm the contin-
uous efficacy of the TESET52 polymer. Since the inactivation
mechanism depends sensitively on the surface pH of these an-
ionic block polymers, analysis of surface pH provides a predictive
measure of inactivation performance. As reported elsewhere,?*]
for example, these anionic block polymers not only remain con-
tinuously antimicrobial (until the sulfonic acid groups are appre-
ciably neutralized) but can also be subsequently recharged to full
effectiveness for further use by short-time (< 1 h) exposure to
relatively dilute aqueous acids. Moreover, the pH of TESET52 re-
mains unaffected after it is initially exposed to DI water (pH =
0.96), dried for 5 days, and re-exposed to DI water (pH = 0.99),
indicating that the polymer, if activated by a relatively cation-free
water source, would remain effective after at least several expo-
sures to virus.

The results presented in Figures 1,3, and 4 altogether confirm
that the nanostructured polymers investigated here are highly
effective against both SARS-CoV-2 and HCoV-229E, in addition
to other bacteria and viruses reported earlier.?3] While numerous
polymeric and organic/inorganic hybrid materials have been
described as antimicrobial, most are actually not comprehensive
and only provide antibacterial properties. Recent reviews, how-
ever, have specifically addressed the development of polymers
as antiviral media in the food*®! and health(**! sectors. Here,
we examine several antiviral polymer designs and demonstrate
that the sulfonated materials considered in the present study
are ideally suited to combat human coronaviruses by affording
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Figure 4. A) Survival of the HCoV-229E virus on different anionic block
polymers (color-matched to the titer data in Figure 3). The symbols (black
open) in the black oval at 5 min correspond to previously examined!?3]
viruses (HAd-5, circle; influenza A, triangle; VSV, X), as well as two addi-
tional ones [PI-3 (diamond) and X-MulV (inverted triangle)], on TESET52.
The data at 5 min (in the gray box) are statistically non-significant, accord-
ing to the p-values listed in Table 2. B) Survival of HCoV-229E on TESET52
as a function of exposure time at three different temperatures (in °C, la-
beled, and color-coded): 4, 25, and 37. The temperature dependence of the
surface pH of DI water is included in the inset. In all cases, measurements
listed at the MDL (dotted line) indicate at or below the corresponding sur-
vival level, and error bars represent the standard error. Color-matched solid
lines serve to connect the data.

significantly more expedient antiviral properties. Diblock copoly-
mers containing poly(acrylic acid), for example, have been
observed®! to be highly effective against both Gram-positive
and Gram-negative bacteria (not viruses), and require exposure
times on the order of several hours. Although some materials
are more broadly suitable for antibacterial and antifungal (not
antiviral) applications,!*!) they do not rely on a pH-drop afforded
by the presence of acidic moieties. Instead, Guo et al.[*? use such
groups for metal-cation binding purposes only. Early studies by
Feltz and Regelson!*] confirm an interest in ethylene/maleic
anhydride copolymers as antiviral materials, but their results
involving the Echo 9 virus on just the copolymer indicate little, if
any, antiviral activity. Although Mengo virus is believed**) to be
resistant to anionic polymers, Merigan and Finkelstein[*] have
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reported that several viruses including Mengo virus can be inacti-
vated (up to 94%) by a divinyl ether/maleic anhydride copolymer
after exposure for 1 h at 38 °C. Other polycarboxylates containing
maleic or acrylic acid units have been found*® to be incapable of
inactivating tobacco mosaic virus, whereas a styrene-alt-maleic
acid copolymer could completely inactivate human immunode-
ficiency virus (HIV) after it was incorporated into mammalian
cells but not before.*’] In contrast, poly(vinyl alcohol sulfate)
and its acrylic acid copolymer inhibit the growth of HIV, but
remain ineffective against a wide range of other viruses includ-
ing influenza.l**) Numerous studies have examined the general
benefit of acidic polymers to prevent virus proliferation for in
vivo applications[**>3 that require substantially longer exposure
times than those examined here for surface disinfection. To the
best of our knowledge, only the present anionic polymers with
sufficiently robust mechanical properties have enabled use of a
surface pH-drop mechanism to inactivate human coronaviruses,
as well as other bacteria and viruses, on fomites for the purpose
of preventing disease transmission.

Thus far, we have only considered antiviral polymers on the
basis of one archetype of nanostructured amphiphilic polymers
derived from microphase-separated block polymers. Another
polymer exhibiting comparable water sorption and diffusion
propertiesl®* as the TESET52 polymer is Nafion, the chemical
structure of which is provided in Figure 5a. While Nafion is a
relatively expensive polymer that is most closely associated with
proton-exchange membrane fuel cells,®>! both materials have
been successfully used in technologies requiring high water
solubility and transmission, such as ionic polymer-metal com-
posites as electroactive medial®® and gas-separation membranes
for CO, removal/capture.’”] At nanoscale dimensions, both
materials exhibit continuous hydrophilic pathways, although
those in Nafion are significantly smaller (just a few nanometers
across, according to cryoelectron tomography®®l) than those
formed in the TESET polymers, but they can be selectively
swollen by incorporating a hydrophilic (e.g., ionic®®)) liquid.
Included in Figure 5a are HCoV-229E titers measured at differ-
ent exposure times. These results appear qualitatively similar
to those displayed for the TESET and TST polymers, revealing
that this anionic polymer likewise possesses antiviral properties
in film form. We note here, however, that the p-values for these
measurements lie just outside the criterion established here
for statistical significance (i.e., p < 0.05). For completeness, the
p-values for HCoV-229E on Nafion range from 0.07 to 0.09 and
thus lie within the 90%, rather than 95%, confidence interval.
Normalized survival values are presented for the TESET and
Nafion series in Figure 5b and confirm that all these nanostruc-
tured amphiphilic polymers are similarly virucidal, although the
TESET52 polymer is the only one that reaches the MDL within
an exposure time of 30 min. It is interesting that both Nafion
and the TESET26 polymer possess comparable sulfonate levels
corresponding to ion-exchange capacities (IECs) of ~1, whereas
the IEC of the TESETS52 polymer is 2.

Conclusions

In summary, this study introduces a largely unexplored preven-
tative coating strategy that relies on the use of nanostructured
anionic polymers to generate low surface pH levels (due to the

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. A) Infectivity of the HCov-229E virus on Nafion at several ex-
posure times. Included is the chemical structure of Nafion illustrating its
highly fluorinated (and, hence, hydrophobic) content, as well as its hy-
drophilic sulfonic acid moiety. Associated p-values range from ~0.07 to
~0.09. The displayed MDL (dotted line) corresponds to 632 TCIDgy mL~".
B) Comparison of the survival of the HCoV-229E virus on the Nafion and
TESET polymers (labeled and color-coded). In all cases, measurements
listed at the MDL indicate at or below the corresponding titer level. Color-
matched solid lines serve to connect the data, and error bars represent the
standard error in both (A) and (B).

presence of protons from sulfonic acid groups that become
surface accessible upon exposure to an aqueous medium) to
expediently inactivate coronaviruses. The precipitous pH drop
afforded by these substrates promotes rapid and repetitive viral
inactivation to i) reduce the likelihood of human coronavirus
transmission due to contact with contaminated surfaces and ii)
mitigate the spread of SARS-CoV-2 in particular, as well as other
infectious pathogens in general. Since this self-disinfecting
strategy does not target specific chemical moieties on microbes,
it is non-specific and should not result in the development of
microbial resistance, which is not necessarily the case for recent
metal-oxide approaches!®! that likewise show promise in com-
bating coronavirus. Moreover, the comprehensive antimicrobial
nature of this class of polymeric materials makes them particu-
larly suitable for applications in which microbes form protective
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spores (e.g., Clostridioides difficile,[®!] a highly contagious anaer-
obic pathogen that can cause fatal pseudomembranous colitis)
or a plethora of infectious microbes coexist to synergistically
promote convoluted health problems. Last, these polymers do
not introduce known negative health or environmental implica-
tions, and the anionic block polymers can be recycled to avoid
adding solid waste to landfills and natural resources.
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