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An imidazolium-based zwitterionic polymer for antiviral
and antibacterial dual functional coatings

Pengyu Chen, Jiayan Lang, Yilun Zhou, Alexandra Khlyustova, Zheyuan Zhang, Xiaojing Ma,

Sophie Liu, Yifan Cheng, Rong Yang*

To reduce the severe health risk and the huge economic impact associated with the fomite transmission of SARS-CoV-2,
an imidazolium-based zwitterionic polymer was designed, synthesized, and demonstrated to achieve contact
deactivation of a human coronavirus under dry ambient conditions that resemble fomite transmission. The
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zwitterionic polymer further demonstrated excellent antifouling properties, reducing the adhesion of coronavirus
and the formation of bacteria biofilms under wetted conditions. The polymer was synthesized using a substrate-
independent and solvent-free process, leveraging an all-dry technique named initiated chemical vapor deposition
(iCVD). The broad applicability of this approach was demonstrated by applying the polymer to a range of sub-
strates that are curved and/or with high-aspect-ratio nano/microporous structures, which remained intact after
the coating process. The zwitterionic polymer and the synthesis approach reported here present an effective
solution to mitigate viral transmission without the need for manual disinfection, reducing the health and economic

impact of the ongoing pandemic.

INTRODUCTION

The ongoing pandemic outbreak due to coronavirus disease of 2019
(COVID-19), one of the most dangerous pandemics in human
history, has caused millions of deaths and transformed the way of life.
Fomite transmission, i.e., the transmission of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) via contaminated surfaces (1),
namely, fomite surfaces, has been considered a cause for community
spread (2), which in turn caused a huge economic impact (3). By
the end of 2020, global sales of surface disinfectant amounted to
$4.5 billion, with the New York Metropolitan Transit Authority alone
spending $484 million on COVID-19 response. The emerging vari-
ants of SARS-CoV-2 that are highly lethal and transmittable suggest
that the virus will likely become a lasting threat to the public health
(4), calling for materials that can resist the adhesion of viruses or
deactivate them for the long-term health and economic benefits.

A critical challenge that limited the development of a long-term
solution to fomite transmission is the ubiquity of potential fomites
(5). Any surface, ranging from that of medical instruments to public
facilities, and from industrial equipment to personal electronics, used
under dry ambient conditions or in a wetted state (e.g., the conveyer
belt in food processing facilities), can become a fomite (6). That
ubiquity requires that antiviral materials must be applied in a
substrate-independent and conformal manner (e.g., onto plastic
wares, fabrics, and porous membranes) and that they remain effec-
tive under ambient or wetted conditions.

Furthermore, few studies to date have reported coatings with anti-
viral efficacy against coronaviruses. While a number of materials have
been found to inactivate viruses upon contact [e.g., metal and inorganic
materials based on their toxicity and/or ability to generate reactive
oxygen species (7-9), polyelectrolytes (10, 11), and photosensitizers
(12, 13)], their antiviral efficacy was often proven using influenza A
virus or bacteriophages, which bear little resemblance to the
SARS-CoV-2 (14). As a result, their reported antiviral efficacies may
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not be extrapolated to SARS-CoV-2 due to the unique architecture of
coronaviruses (6). The emerging nanomaterials (e.g., Cu alloy and
nanoparticles of metal oxide) that demonstrated deactivation of
coronavirus often require incubation of the viruses with the materials
to achieve the antiviral effect, a prerequisite that is challenging to
meet in most scenarios to stop fomite-mediated transmission (6).

Hence, the long-term solution needed to reduce fomite trans-
mission requires an antiviral material that (i) could be applied in a
substrate-independent and conformal manner, (ii) demonstrates
efficacy against coronaviruses, (iii) deactivates viruses without the
need for incubation with medium [e.g., by demonstrating deactiva-
tion of viruses in aerosols (12), a main medium for fomite-mediated
disease spreading (5)], and (iv) remains effective under dry
ambient or wetted conditions. To meet these criteria, we designed
an imidazolium-based zwitterionic polymer and demonstrated its
anti-coronavirus characteristics in the context of (i) contact deacti-
vation under dry ambient conditions and (ii) adhesion repelling
under wetted conditions. The substrate-dependent and conformal
synthesis and application of the imidazolium-based zwitterionic
polymer was enabled by an all-dry technique, namely, initiated
chemical vapor deposition (iCVD).

We chose to design a zwitterionic polymer based on the well-
characterized antifouling properties of zwitterionic materials, which
originate from its strong electrostatic interaction with water mole-
cules (15, 16). Recent research has further highlighted a variety of
molecular interactions between the zwitterionic structures and
aromatic-rich amino acids, such as Phe, Tyr, and Trp (17, 18), through
cation-m interactions or polar interactions (19), leading to the dena-
turation of proteins (e.g., the spike glycoprotein lining the surface of
SARS-CoV-2) upon contacting zwitterionic moieties. The spike
glycoprotein is a class I viral fusion protein, whose juxtamembrane
domain is rich in aromatic amino acids and is highly conserved in
all coronaviruses (20). Although zwitterionic materials have not been
used to deactivate coronaviruses (21, 22), we predicted that an
imidazolium-based zwitterionic polymer has antiviral efficacy based
on its distinct property that the carbon atom at the C2 position of
imidazolium carries a considerable positive charge. Although the

1of 11


mailto:ryang@cornell.edu

SCIENCE ADVANCES | RESEARCH ARTICLE

imidazolium-based zwitterionic moiety has a net neutral charge, its
electrostatic potential is distributed such that the carbon at the
C2 position of the imidazolium ring carries a considerable positive
charge, while the nitrogen and other nearby carbon atoms are
slightly negatively charged. Hence, the hydrogen bonded to the
C2 carbon in imidazolium has been reported to exhibit mild acidity,
which makes it an excellent hydrogen bond donor, enabling en-
hanced interactions with amino acids.

The contact deactivation and adhesion repelling of coronaviruses
achieved by the imidazolium-based zwitterionic polymer was demon-
strated using a human coronavirus, HCoV-OC43. To demonstrate
the broad-spectrum antifouling effect of the imidazolium-based
zwitterionic polymer, we quantified Pseudomonas aeruginosa bio-
film formation on imidazolium-based zwitterionic polymer surface,
which was reduced to 15% of that formed on a polyvinylchoride
(PVC) surface. Furthermore, imidazolium-based zwitterionic poly-
mer reduced the production of a siderophore, namely, pyoverdine,
in the biofilms to 33% of that on a PVC surface, implying that the
biofilm on imidazolium-based zwitterionic polymer had lower
pathogenicity (23).

To demonstrate the substrate-independent and conformal nature
of the synthesis approach reported here, we applied the imidazolium-
based zwitterionic polymer to a range of substrates, which are curved
(i.e., microplates), or have complex three-dimensional (3D) micro-
structures (i.e., textiles), or have high-aspect-ratio nanopores (i.e.,
filtration membranes) (24). The imidazolium-based zwitterionic
polymer is reproducible, substrate independent, and conformal over
nano/microstructures. The versatility of the synthesis approach was
enabled by iCVD, which deposits conformal and reproducible poly-
mer coatings with precisely controlled thickness (25). Although an
imidazolium-based zwitterionic polymer has not been synthesized
using an all-dry technique previously, the scalability and robustness
of the approach (6) promise its rapid progression along the discovery
to deployment continuum of materials development, hence pointing
to mitigated risk of virus spread and reduced economic penalty
to control fomite transmission of COVID-19, enabled by the
imidazolium-based zwitterionic polymer.

RESULTS

Synthesis of the precursor copolymers via iCVD

The imidazolium-based zwitterionic polymer was synthesized via a
two-step vapor treatment (Fig. 1). In the first step, iCVD deposition
of vinyl imidazole (VI; monomer) and divinylbenzene (DVB; cross-
linker) was performed. The coating of copolymers was subsequently
treated using a vapor of 1,3-propanesultone in a second step to obtain
the imidazolium-based zwitterionic polymer (26, 27).

The cross-linker, DVB, was included because the strong hydra-
tion of zwitterionic polymers often renders them soluble in aqueous
environments. Introduction of DVB enabled durable coatings on a
diverse range of substrates, which has been shown to reduce poly-
mer solubility and enhance the mechanical strength of iCVD poly-
mer coatings (28). The iCVD technique allows facile incorporation
of cross-linkers due to its all-dry nature, using which films that are
insoluble and ultradurable have been obtained (25).

Optimization of the composition of the copolymers
We systematically varied the composition of the copolymer films to
simultaneously optimize (i) the antiviral/antibacterial performance,
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which calls for a greater VI content, and (ii) film durability, which
calls for a greater DVB content (29). The copolymer composition
was controlled by adjusting the flow rates of VI and DVB (Fig. 1),
which in turn determined a key synthesis parameter, P™/P*, i.e.,
the ratio of partial pressure of a monomer to its saturation pressure
at the temperature of the stage. P™/P**" indicates the concentration
of a monomer on the substrate surface (i.e., where the polymeriza-
tion occurs) based on the Brunauer-Emmett-Teller isotherm (30).
The sum of the P™/P* values for VI and DVB was held constant at
~0.5 for all depositions to maintain a deposition rate of ~5 nm-min™"
and to prevent condensation of the monomers (which could
cause defects in the film) (31). Furthermore, a patch flow of argon
was used to keep the total gas flow rate constant, ensuring un-
changed residence time inside the iCVD reactor during different
deposition runs.

Successful polymerization of VI and DVB was confirmed, and
composition of the copolymer films was quantified using x-ray
photoelectron spectroscopy (XPS) and Fourier transform infrared
spectroscopy (FTIR). An XPS survey scan confirmed the elementary
composition of O, N, and C in the deposited polymer films (fig. S1,
table S1). Note that appreciable oxygen concentrations were detected
in the XPS survey scans, which were attributed to adventitious
organic matters and the initiator radical, tert-butoxide. At the fila-
ment temperature used (i.e., 230°C), tert-butoxide is considered the
dominating initiation species (32). Furthermore, the incorporation
of oxygen from tert-butoxide was likely further enhanced because
of its role as a terminating species given the low reactivity of VI. The
FTIR spectra of poly(1-vinylimidazole) (PVI), poly(divinylbenzene)
(PDVB), and copolymer films confirmed their chemical structure
(Fig. 1C). The absorption band at 3105, 1512, and 664 cm™, attributed
to the stretching vibration of C-H, C=N, and vibration of the imidazole
ring, respectively, indicated the successful incorporation of VI into
the polymer films (33). The adsorption of 2871 cm™" came from
unreacted vinyl bonds in the DVB, implying the presence of DVB
units. The two peaks at 1228 and 1284 cm ™, which are characteristic
of the imidazole ring in VI, and the peak at 2871 cm™ of DVB
were used to calculate the content of VI unit in the copolymers
because they do not overlap with other peaks and show strong
adsorption.

Using the Beer-Lambert equation (34) and assuming that the
bond oscillator strength is the same for all polymers synthesized
here, the area under the peak for the double absorption at 1228 and
1284 cm™! (imidazole ring) and that for the absorption at 2871 cm™!
(unreacted vinyl groups in DVB) were used to calculate the concen-
trations of VI and DVB, respectively, in the copolymers. A similar
method has been reported previously for calculating the composi-
tions of copolymers of DVB and 4-vinylpyridine (see Supplementary
Materials for details) (35).

The results are summarized in Fig. 1B. The VI content in the
copolymers ranged between 17 and 55% due to low reactivity of V1.
The high degrees of cross-linking in these thin films are considered
to improve the mechanical strength and thus durability, based on
previous reports (35). The elemental compositions calculated using
the XPS survey scans are shown in table S1, which demonstrated
contents of VI that were slightly lower than those calculated using
FTIR. We chose FTIR as the basis of our composition analyses due
to the known sensitivity of XPS results to the dynamic surface
chain reorientation (36) and contamination. The copolymers
were named according to their VI compositions. For example, a
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Fig. 1. Synthesis of the imidazolium-based zwitterionic polymers and their chemical characterization using FTIR. (A) Scheme of the substrate-independent and
conformal iCVD deposition. (B) Deposition conditions used in this report and the film compositions that resulted from those conditions. sccm, standard cubic centimeter
per minute. (C) FTIR spectra of homopolymer of PVI; copolymers with the VI contents of ~55, ~26, and ~ 17%; and homopolymer of PDVB. The dashed rectangle indicates
the characteristic peak of the methyl group in PDVB, and the dotted rectangle indicates the characteristic peaks of the C-N bond in the imidazole ring in PVI. (D) Derivatization
reaction, where copolymer films were treated with 1,3-propanesultone for 24 hours. (E) FTIR spectra of copolymers treated with a vapor of 1,3-propanesultone at 40°, 60°,
and 100°C, respectively. The dashed rectangles indicate the characteristic peaks of the SO3~ symmetric vibration and the O=5=0 asymmetric vibration. a.u., arbitrary units.

copolymer containing 55% VI and 45% DVB according to the
FTIR-based calculation was labeled as “CP55” hereinafter.

Derivatization of the copolymers to obtain
the zwitterionic moieties
The copolymer films were treated with a vapor of 1,3-propanesultone
for 24 hours to convert the imidazole group to an imidazolium-
based zwitterionic moiety. Temperature of that derivatization reac-
tion was varied to strike a balance between high conversion rate,
which is obtained at higher temperatures, and benign reaction con-
ditions to ensure the applicability of this approach to a broad range
of substrates, some of which may have limited thermostability. For
example, the softening point (e.g., those determined by the heat
deflection test) for common medical plastics, such as PVC or
polystyrene, is ~70°C (37).

A series of derivatization reactions were performed on the
copolymer obtained in step 1 with the greatest VI content, i.e.,
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CP55, to maximize the achievable composition of zwitterionic
moieties and thus antimicrobial efficacy. The derivatization tem-
peratures of 40°, 60°, and 100°C were used, and 100°C was included
as a control group where complete conversion was anticipated. To
reflect the different derivatization temperatures, the treated copolymer
samples were denoted with their VI content, followed by the
derivatization temperature. For example, a copolymer containing
55% VIand 45% DVB and derivatized at 40°C was labeled as “CP55-40”
hereinafter.

The successful obtainment of imidazolium-based zwitterionic
polymer was confirmed using FTIR spectrum (Fig. 1E). The new
peak at 1037 cm ™" was ascribed to the symmetric stretching of the
SO5™ group (Fig. 1D), indicating the formation of zwitterionic struc-
ture (38). To capture the concentration of the zwitterionic moieties
in the whole film, the peak at 1352 cm™", characteristic of the anti-
symmetric stretching of 0=S=0, and the peak at 664 cm™, repre-
senting the unreacted imidazole ring, were compared. With the
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increasing derivatization temperature, FTIR spectra of the treated
samples presented a more pronounced peak at 1352 cm™' and a
diminishing peak at 664 cm ™, indicating an increasing concentration
of zwitterionic moieties in the polymer film (Fig. 1E and fig. S2).
Nevertheless, as we demonstrated previously (27), the surface con-
centration of the zwitterionic groups is the most crucial for the
antimicrobial efficacy of the polymer coatings, which was charac-
terized in detail using high-resolution XPS.

Surface-concentrated zwitterionic moieties obtained by

the all-dry synthesis approach

To investigate the surface concentrations of the imidazolium-based
zwitterionic moieties in the derivatized films, XPS survey scan and
high-resolution scans on the N(1s), C(1s), and S(2p) were performed
(Fig. 2B and figs. S3 to S5). The peak at 401.5 eV corresponded to
the N(1s) in the imidazolium ring (colored green in Fig. 2B), whereas
the peaks at 399.5 and 400.6 eV corresponded to the two unreacted
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Fig. 2. Characterization of the material surface properties using CA, high-
resolution XPS, and AFM. (A) CA on the as-deposited and derivatized copolymers,
i.e,, CP55,CP26, and CP17, where CA for each film was measured at the derivatization
temperatures of 40, 60, and 100°C. The dashed lines indicated the CA values of PVI
and PDVB, respectively. (B) Chemical structures of imidazole and the imidazolium-
based zwitterionic moieties and their XPS high-resolution scans of N(1s) for CP55
and its derivatives. (C) AFM images of uncoated Si wafer and wafer coated with
CP55 or CP55-60.
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nitrogen atoms in PVI (colored orange and blue, respectively, in
Fig. 2B) (39, 40). While increasing the derivatization temperature
from 40° to 60°C led to a mild increase in the conversion rate, from
51.5 to 70.2%, further increasing it to 100°C did not yield further
increase in the rate of conversion (78.9%) (Fig. 2B). The C(1s) and
S(2p) high-resolution scans further confirmed this composition of
the film surfaces. The convoluted carbon signals shown in fig. S3
were attributed to the three classes of chemical environments (i.e.,
the carbon between the two nitrogen atoms in the imidazole ring,
the carbon next to the nitrogen or sulfur, or the carbon surrounded
by carbon), the compositions of which were consistent with the
results from the N(1s) scans. The S(2p) high-resolution scan con-
firmed the SO3;™ moiety. Hence, the derivatization temperature of
60°C was chosen for subsequent experiments due to the high rate of
conversion achieved at this temperature while remaining below the
common softening point discussed above.

Water contact angle (CA) was also measured on the treated films
to characterize their macroscopic hydrophilicity, which reflected the
rate of conversion of the derivatization step and was correlated with
the potential enthalpic penalty for foulant adhesion and thereby
antifouling performance (Fig. 2A). The CA of PVI and PDVB were
16.9° + 1.2° and 87.3° + 0.3°, respectively. After copolymerization of
the two components, CP55 presented a CA of 55.3° + 2.3°, and due
to the high DVB content in CP26 and CP17, their CA values were
79.5° + 0.5° and 78.9° £ 0.9°, respectively, approaching the CA of
PDVB (Fig. 2A). The static CA images obtained during those mea-
surements were included in fig. S6. The films treated with the vapor
of 1,3-propanesultone demonstrated greatly reduced water CA values.
With the increasing derivatization temperatures, the CA generally
decreased for all three precursor polymers. Among these sur-
faces, CP55-60 and CP55-100 exhibited superhydrophilic properties
(i.e., CA values below 10°), with the CA values of 9.9° + 2.1° and
7.5° £ 0.7° for CP55-60 and CP55-100, respectively, despite having
a DVB content of as high as 45%. That superhydrophilicity was
attributed to the surface-concentrated zwitterionic moiety, demon-
strated using high-resolution XPS. The diffusion-limited derivat-
ization spontaneously created a concentration gradient from the
coating surface to the bulk film, with the highest conversion achieved
at the topmost surface, demonstrated by the depth profiling of
imidazolium and imidazole contents (fig. S7) (41).

We further demonstrated that the iCVD coatings reserved the
morphology of the underlying substrates, i.e., the surface roughness
captured using atomic force microscope (AFM) remained un-
changed before and after the iCVD process and the derivatization
(Fig. 2C). Compared to the surface roughness of uncoated Si wafers
[0.11 £ 0.01 nm root mean square (RMS) roughness], the Si wafers
were coated with CP55, and CP55-60 exhibited RMS roughness values
of 0.51 £ 0.06 and 0.44 + 0.08 nm, respectively. The exceptional
smoothness also ensured minimum exposure of available binding
sites for virus or bacteria to attach.

Deactivation of human coronavirus HCoV-OC43 via
contacting the imidazolium-based zwitterionic polymer

The antiviral activities of the imidazole-based zwitterionic poly-
mer were measured using HCoV-OC43, a human Betacoronavirus
that belongs to the same genus as SARS-CoV-2 but with lower
lethality (42). This choice was made to ensure applicability of the
results reported here to the pandemic-causing pathogen while mini-
mizing the risk of the experiments described below. To benchmark
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the antiviral activities, we compared the repulsion and deactivation
efficacies of imidazolium-based zwitterionic polymers against those
of glass, PVC, and Cu, representing a range of inorganic, plastic,
and metal surfaces commonly used in public, health care, and man-
ufacturing facilities. The antiviral activities of those surfaces were
characterized using two approaches to capture (i) deactivation of
viruses under dry ambient conditions, as discussed below, and (ii)
repulsion of viruses under submerged aqueous conditions, which is
discussed in the next section.

Virus deactivation was assessed using a process that we developed
to mimic the drying of virus-containing fluids on a surface under
dry ambient conditions. A suspension of the HCoV-OC43 virus
[10 pl, cultured by following an established protocol using HCT-8
as the host cell (43)] was applied onto the aforementioned surfaces
[i.e., glass, PVC, Cu, and the coating CP55-60 (applied on glass
slides)], which were allowed to air dry at laboratory ambience for
around 30 min. Once no visible liquid was confirmed, the surfaces
were subsequently incubated at 34°C under 50% relative humidity
for 24 hours, by the end of which, viruses were collected via vigorous
washing by phosphate-buffered saline (PBS) and assessed for their
infectivity. The HCT-8 cells were used again as host cells in the
infectivity assay. The HCoV-OC43 suspended in PBS solution was
inoculated to HCT-8 cells at a multiplicity of infection (MOI) of 0.05,
and then, the virus culture was quantified at 36 hours after infec-
tion. Subsequently, the HCT-8 and HCoV-OC43 were stained by
Hoechst 33358 and primary anti-HCoV-OC43 § antibodies and
Alexa Fluor 568-labeled goat anti-rabbit immunoglobulin G (IgG),
respectively, for imaging.

As shown in Fig. 3A, different colors were applied to distinguish
between HCT-8 and HCoV-OC43, where the nuclei are shown in
blue and the stained virus is shown in red. The presence of a large
number of virus particles around a particular cell nucleus, shown as
a bright red area around the blue area, indicates that the cell is in-
fected while the virus is proliferating in the cell. Such cell is marked
as infected cell. The infectivity of the inoculated virus can be
indirectly known by the statistics of the percentage cell infected by
the virus.

As shown in Fig. 3B, the lowest infectivity (i.e., the ratio of the
infected cells to the total cells) of 13.4% was achieved for CP55-60
surfaces among the four surfaces, whereas, under the same condi-
tions, viruses on glass, PVC, and Cu surfaces presented infectivity
of 28.0, 31.5, and 51.5%, respectively. That capability of CP55-60 to
deactivate coronaviruses under dry ambient conditions was attributed
to a variety of molecular interactions between the imidazolium-based
zwitterionic polymer and aromatic-rich amino acids through cation-n
interactions or polar interactions, leading to denaturation of pro-
teins (i.e., the spike glycoprotein lining the surface of SARS-CoV-2)
upon contacting zwitterionic moieties. Such interaction is theoreti-
cally stronger for imidazolium-based zwitterionic polymer because
the carbon atom at the C2 position of imidazolium carries a con-
siderable positive charge. Such charge makes its hydrogen an ex-
cellent hydrogen-bond donor, enabling enhanced interactions with
amino acids.

Reduced adhesion of human coronavirus HCoV-0C43

on the imidazolium-based zwitterionic polymer

Repulsion of viruses under submerged aqueous conditions was also
quantified to assess the ability of the imidazolium-based zwitterionic
polymer to resist the adhesion of viruses under physiologically
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relevant conditions. The aforementioned surfaces were incubated
with HCoV-OC43 virus suspensions, with the median tissue culture
infectious dose (TCIDsg, a measure of viral titer) of 10”°/ml, which
was stock solution with the highest concentration, at room tempera-
ture for 30 min for virus to adhere. Virus attached to surface via
physical adsorption and exhibited little correlation with the incuba-
tion time (44). Therefore, we chose a relatively short incubation time
to capture the potential adhesion of virus.

The adhesion density of the virus particles was characterized using
scanning electron microscope (SEM) images (Fig. 3C). To ensure the
statistical representativeness of our results, we took four nonover-
lapping SEM images on each surface with a field of vision that is
25 pm by 15 um (see detailed data analysis in fig. S8 and the Supple-
mentary Materials). That size of the field of vision was chosen to be
large enough to capture a statistical average of the virus adhesion
without losing the resolution required to correctly identify the virus
nanoparticles, which were merely 100 to 200 nm on average and with
a spherical shape (fig. S9).

As shown in Fig. 3C, CP55-60 exhibited the lowest amount of
virus adhesion at the end of the incubation period among all surfaces
tested. Compared to the virus adhesion densities on control
group surfaces, which were calculated to be 8.1 x 10°/cm? (glass),
1.4 x 10%cm? (PVC), and 4.3 x 10°/cm? (Cu), the adhesion density
was reduced by 97.4% on the surface coated with CP55-60 to
2.1 x 10°/cm” compared with the glass surface.

Previous research has indicated that zwitterionic polymers syn-
thesized using the two-step vapor-based method can have a mild
negative charge (e.g., { potential was around —-13 mV for a
pyridinium-based zwitterionic polymer in a 100 mM NaCl standard
solution at the pH of 7) (26). Although negative surface charge is
desirable because virus particles are also believed to be negatively
charged (45), we do not anticipate electrostatic repulsion to be the
primary reason for the reduction of viral adhesion, as charge
neutrality is a prerequisite for the antibiofouling behavior demon-
strated by the imidazolium zwitterionic polymers reported here.
We believe such reduction in viral adhesion is attributed to strong
hydration and charge-neutral nature of CP55-60, minimize the
nonspecific binding between viral particles and surface (15, 46).

Reduced biofilm formation and production of siderophores
on the imidazolium-based zwitterionic polymer

In addition to the excellent antiviral performance, the imidazolium-
based zwitterionic polymer also led to reduced biofilm formation,
which was comparable to the antifouling performance of methacrylate-
or pyridine-based zwitterionic polymers reported to date (47). To
characterize the fouling resistance of CP55-60, P. aeruginosa, strain
PAOI, was selected as the model organism for its known ability to
rampantly produce biofilm (48) and the large amount of hospital-
ization cases caused by PAO1 each year (49).

Biofilm growth was quantified using the O’Toole protocol (50),
which has been adapted to characterize antifouling performance of
planar substrates and coated surfaces (43). The CP55-60 coating ex-
hibited reduced biofilm formation compared to the PVC materials
commonly used in health care facilities, where the amount of bio-
film captured on the coated surface was 16% that of PVC, measured
using the crystal violet staining approach (50). By comparison, non-
derivatized CP55 or PDVB incurred biofilm growth that was
comparable to PVC (Fig. 4A). Furthermore, the reduced biofilm
formation on CP55-60 was not due to its antimicrobial effect, as the
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Fig. 3. Enhanced deactivation and repulsion of HCoV-OC43 on the imidazolium-based zwitterionic polymers. (A) Inmunofluorescence imaging of the HCoV-OC43-
infected HCT-8 cells taken at 36 hours after infection on glass, PVC, Cu, and the CP55-60 coating. MOI of 0.05; HCoV-OC43 S. The spike protein in HCoV-OC43 was marked
as red using primary anti-HCoV-OC43 S antibodies and Alexa Fluor 568-labeled goat anti-rabbit IgG, and cell nuclei were marked as blue using Hoechst 33358. (B) Per-
centage of cells infected by HCoV-OC43 that settled on the four surfaces, calculated by analyzing Fig. 3A using ImageJ. Data are shown as the means + SD (n =5); P values
were calculated using Student’s t test. (C) Number of attached virus particles on glass, PVC, Cu, and CP55-60 surfaces counted from SEM images of each surface. Data are
shown as the mean £ SD (n = 4); P values were calculated using Student’s t test. The inset shows a representative SEM image of surface-attached HCoV-OC43.

liquid culture incubated with all surfaces demonstrated similar
stationary optical density at 600 nm (ODggp) (fig. S10). It is worth
nothing that the imidazolium-based zwitterionic coatings are distinct
from extant antimicrobial coatings as bacteria were not deactivated
on the zwitterionic surface. The strong hydration on zwitterionic
surfaces suppresses adhesion of cells without the need for killing
them. As a result, zwitterionic surfaces commonly have a much
longer-lasting effect of inhibiting biofilm formation compared to
antimicrobial surfaces (51). SEM images of the PAO1 biofilms grown
on the four surfaces were captured to gain further insight into the
effect of the surface chemistry on biofilm physiology (Fig. 4B). PVC,
PDVB, and CP55 showed a thick biofilm with dense extracellular
polymeric substances (EPS), whereas biofilm grown on the CP55-60
displayed sparse thread-like EPS.

Chen et al., Sci. Adv. 8, eabl8812 (2022) 14 January 2022

The rampant PAO1 biofilm constantly secrets virulence factors,
such as pyoverdine, removing substantial amounts of ferric ion from
the host and causing severe toxicity to mammalian cells such as
mitochondrial damage, reduced electron transfer and adenosine
5'-triphosphate production, and, ultimately, mitochondrial turnover
(52). Inhibition of the production of microbial pyoverdine thus has
the potential to mitigate the virulence from P. aeruginosa (23). To
demonstrate that the imidazolium-based zwitterionic polymers was
able to reduce the production of pyoverdine, the amount of pyoverdine
in supernatant was measured by the fluorescent intensity at 460 nm
and subsequently normalized by the ODgq to offset the potential vari-
ations in the culture conditions. Compared with CP55, PDVB, or PVC
surface, CP55-60 significantly reduced the production of pyoverdine
(Fig. 4C), which was attributed to the limited biofilm formation.
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Fig. 4. Reduced biofilm formation and production of pyoverdine on the CP55-60 surfaces. (A) Absorbance measurements of the crystal violet staining and (B) SEM
images of the biofilms after incubating for 24 hours with uncoated PVC and PVC coated with PDVB, underivatized CP55, and the CP55-60. Biofilms on CP55, PDVB, and
PVC exhibited greater numbers of bacteria and thick and mature EPS structures, whereas the biofilms on CP55-60 grew to a less degree with sparse EPS. Scale bar,
20 microns. (C) Fluorescence measurements of the production of pyoverdine after a 24-hour incubation with uncoated PVC and those coated with PDVB, underivatized CP55, and
the CP55-60. The fluorescence emission at 460 nm, representative of pyoverdine, was normalized by the ODgq of the culture medium. Data are shown as means + SD (n =6).

Substrate-independent and conformal nature of the
solvent-free synthesis approach
The all-dry synthesis approach described above was used to create
pyridinium-based zwitterionic coatings on substrates that are (i) curved
with centimeter-level curvature (i.e., 96-well plates; Fig. 5A), (ii) micro-
porous with convoluted 3D structures (i.e., glass fiber filters; Fig. 5B),
and (iii) nanoporous with aspect ratios as high as 165 (i.e., poly-
carbonate membranes with 800-nm pores; Fig. 5C). The substrate
morphology was well preserved with a 600-nm-thick coating on the
96-well plates, a 200-nm coating on glass fiber, and a 10-nm coating on
polycarbonate membranes. The thickness for each coating is less than
10% of their characteristic length to maintain their original morphology.
Successful synthesis of the CP55-60 coatings on the variety of
substrates and the coating conformality were proven using SEM
energy dispersive x-ray analysis (EDX), where elemental mapping
of sulfur, the element that was only present in the CP55-60 coating
and not in any of the substrates, indicated the presence of the coating.
Furthermore, the distribution of sulfur overlapped entirely with the
underlying nano- and microstructures (Fig. 5, B and C) on the coated
substrates, implying the excellent conformality of the CP55-60
coating. The conformality, combined with the substrate independence
of this synthesis approach, pointed to the broad applications of the
imidazolium-based zwitterionic polymer across a wide range of in-
dustries such as health care and manufacturing, and promised their
reproducible synthesis and consistent antiviral and antifouling per-
formance to mitigate public health threats.

DISCUSSION

We developed an imidazolium-based zwitterionic polymer that
demonstrated effective contact deactivation and adhesion repelling of
a human coronavirus, HCoV-OC43. The design of the imidazolium-
based zwitterionic chemistry was based on the known antifouling
properties of zwitterionic chemistries, as well as the interactions be-
tween zwitterionic moieties and aromatic amino acids, which are
prevalent in the spike glycoprotein of coronaviruses, leading to po-
tential virus deactivation.

To mimic the process of fomite transmission of coronaviruses,
the effect of contact deactivation was demonstrated by applying
HCoV-0C43-containing drops (representing aerosols) to the
imidazolium-based zwitterionic polymer, a Cu surface, glass, and
PVC, and letting the drops evaporate before quantifying the infectivity
of the HCoV-OC43. That approach revealed that merely contacting
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the imidazolium-based zwitterionic polymer reduced infectivity of
HCoV-OC43 to 13.4%, corresponding to a 74% reduction of infec-
tivity compared to a Cu surface, which has been considered anti-
microbial (6). Viruses deactivate naturally on a surface due to
dehydration. The half-life of viruses on an untreated common sur-
face has been reported to be 10 to 32 hours at 30°C (1), within which
fomite transmissions present a severe threat to human health. On
the CP55-60 surface, due to the hypothesized interaction between
imidazolium and viruses, that deactivation was accelerated. Longer
virus-surface contact time will likely cause further deactivation of
the viruses due to the combined effect of the imidazolium chemistry
and dehydration of virus particles.

The imidazolium-based zwitterionic polymer also demonstrated
excellent antifouling properties under wetted conditions. Adhesion
repelling was assessed by incubating the polymer with HCoV-OC43
suspensions, followed by quantification of the number of virus
particles that adhered onto the surface. The imidazolium-based
zwitterionic polymer showed a 97.4% reduction of the adhesion of
viruses compared to a glass surface, which is widely used. The polymer
further reduced the formation of PAO1 biofilms by 84% and pro-
duction of pyoverdine, a virulence factor secreted by the biofilms,
by 33%, compared to a standard PVC surface, proving fouling
resistance while hinting at reduced virulence of the biofilms grown
on the imidazolium-based zwitterionic polymers.

A substrate-independent and conformal synthesis approach was
developed to enable the facile deployment of the zwitterionic coating
reported here in a broad range of facilities. A variety of substrates,
with curved surfaces and/or high-aspect-ratio nano/microporous
structures, were successfully coated by the imidazolium-based
zwitterionic polymers using the iCVD approach. Although the
two-step synthesis procedure will likely increase the complexity of
the process design during scale-up, both steps could be completed
in a single vacuum chamber, thus improving its compatibility with
industrial manufacturing configurations. The recent breakthroughs
in achieving roll-to-roll manufacturing using iCVD (53, 54) further
supported the potential of the vacuum processes to be scaled up,
where conformal and uniform coatings were obtained on flexible
substrates as large as 20 m” Hence, the vacuum-based processing
promises rapid deployment of the materials and the synthesis method
reported here to protect public health and reduce the economic
penalty associated with controlling fomite transmissions.

The imidazolium-based zwitterionic polymers exhibited excellent
antiviral and antifouling performance. Although further increasing
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Fig. 5. Demonstration of the substrate-independent nature of the synthesis approach. (A) Optical images and elemental mapping obtained using SEM-EDX of pristine
and coated 96-well plates, representing curved substrates. (B) Optical images, SEM images, and SEM-EDX elemental mapping of pristine and coated glass fiber filter with
micrometer-level 3D structures. (C) Optical images, SEM images, and SEM-EDX elemental mapping of pristine and coated polycarbonate membrane filters with 800-nm pores.

the content of the imidazolium-based zwitterionic moieties, e.g.,
beyond the content of 55% that was achieved here, could enhance
their antiviral efficacy, the low reactivity of VI (55) limited its incor-
poration into the copolymer. An important future research goal is
to increase VI content via optimization of the cross-linker or replac-
ing VI with other imidazolium-enabling monomers that are more
reactive. Furthermore, despite the hypothesized C2-mediated anti-
viral mechanism and the demonstrated antiviral efficacy, the funda-
mental mechanism of virus deactivation on the imidazolium-based
zwitterionic polymers remained elusive, which is a critical focus of
our current and future research. In addition, although film thickness
is unlikely to affect the antiviral/antifouling performance of CP55-60
due to its high degree of cross-linking and smooth morphology, the
effect of thickness on the film long-term stability and performance
remains an important focus of our future research. Nevertheless,
the antiviral zwitterionic polymer represents a substantial advance-
ment in the design of materials to combat coronaviruses. The
substrate-independent application of the polymer as coatings hints
at a broad and facile deployment, which will reduce the economic
and health impact of the COVID-19 pandemic.

MATERIALS AND METHODS

Initiated chemical vapor deposition

All the polymeric coatings were created using the iCVD technology in
a custom-built cylindrical vacuum reactor (Sharon Vacuum Co Inc.,
Brockton, MA, USA). Thermal excitation of the initiators was
provided by heating a 0.5-mm nickel/chromium filament (80% Ni/
20% Cr, Goodfellow) mounted as a parallel filament array. Filament
temperature was controlled by a feedback loop, whose reading came
from a thermocouple attached to one of the filaments. The filament
holder straddled the deposition stage that was kept at desired
substrate temperatures using a chiller. The vertical distance be-
tween the filament array and the stage was ~2 cm. Depositions
were performed on various substrates: Si wafers (P/Boron <100>,
Purewafer), 96-well microplates (2797, Corning), glass slides (Thermo
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Fisher Scientific), petri dish (Thermo Fisher Scientific), copper foil
(MTI Corporation), PVC sheets (McMaster-Carr), and glass fiber filter
and polycarbonate membrane filters (Sigma-Aldrich). Cooling of the
microplates was further enhanced by a custom-designed aluminum
holder. Initiator [tert-butyl peroxide (TBPO) (98%; Sigma-Aldrich)] and
monomers [VI (99%; Sigma-Aldrich) and DVB (Sigma-Aldrich, 80%)]
were used without further purification. During the iCVD depositions,
TBPO and argon patch flow were fed to the reactor at room tem-
perature through mass flow controllers at 1.0 standard cubic centi-
meter per minute and desired flow rates, respectively. VI was heated to
70°C in glass a jar to create sufficient pressure to drive vapor flow.
Films were deposited at a filament temperature of 230°C. The total
pressure of the chamber was controlled by a butterfly valve. In situ
interferometry with a HeNe laser source (wavelength = 633 nm, JDS
Uniphase) was used to monitor the film growth on a Si substrate.

Derivatization

The coated substrates were fixed in a crystallizing dish (VWR) with
1 g of 1,3-propanesultone (98%; Sigma-Aldrich). The crystallizing
dish was placed inside a vacuum oven that was maintained at desired
temperature for 24 hours to allow the 1,3-propanesultone vapor to
react with the PVI-co-DVB coating.

Polymer film characterization
FTIR measurements were performed on a Bruker Vertex V80v vacuum
FTIR system in transmission mode. A deuterated triglycine sulfate
KBr detector over the range of 400 to 4000 cm™' was adopted with a
resolution of 4 cm™". The measurements were averaged more than
64 scans to obtain a sufficient signal-to-noise ratio. All the spectra
were baseline-corrected by subtracting a background spectrum of Si.
During XPS, samples were analyzed using a Surface Science
Instruments SSX-100 ESCA spectrometer with operating pressure
ca. 1 x 10~ torr. Monochromatic Al Ko x-rays (1486.6 eV) with
photoelectrons were collected from a 800-pum-diameter area. Photo-
electrons were collected at a 55° emission angle with source to
analyzer angle of 70°. A hemispherical analyzer determined electron

8of 11



SCIENCE ADVANCES | RESEARCH ARTICLE

kinetic energy using a pass energy of 150 eV for wide/survey scans
and 50 eV for high-resolution scans. A flood gun was used for charge
neutralization of nonconductive samples. Data analysis was con-
ducted by CasaXPS with Shirley as the background. All the samples
were stored under vacuum at room temperature for a week before
XPS analysis. For the depth profiling of the imidazolium versus
imidazole contents, the thin films of CP55-60, deposited on a Si wafer
cut into pieces, were etched using ion milling. The etching depths of
20, 40, 60, and 100 nm, respectively, were sampled using XPS survey
scans. The contents of imidazolium and imidazole groups were
calculated by analyzing the content of sulfur (atomic ratio). The con-
tent of unreacted imidazole was calculated as complementary to the
content of imidazolium.

CA measurements were performed using a Rame-Hart model
500 goniometer equipped with an automated water dispenser. Stat-
ic CA measurements were recorded using a 2 pl droplet dispensed
upon silicon wafers coated with the polymer thin films.

Surface roughness and topography were measured using an
Asylum Research MFP-3D-BIO AFM. Scans were recorded across
2.5 um-by-2.5 um regions at 1.0 Hz in tapping mode.

The SEM images and elemental maps were obtained using Zeiss
Gemini 500 with an acceleration voltage of 10 kV. Gold was sputter-
coated onto all samples before imaging. The optical images were
obtained using an iPhone 12 Pro.

Characterization of the antiviral efficacy

HCT-8 colon epithelial cells [American Type Culture Collection
(ATCC) CCL-244] and H-CoV-OC43 (ATCC VR1558) were pro-
vided by the G. Whittaker Laboratory. HCT-8 cells were maintained
in Dulbecco’s modified Eagle medium (DMEM) (Corning, USA)
with 10% fetal bovine serum (FBS) (Gibco, USA) and 1% penicillin/
streptomycin (Gibco, USA). The cells were grown as monolayers at
37°C with 5% CO,. H-CoV-0OC43 was grown and propagated in
HCT-8 cells at 34°C with 5% CO; in DMEM with 2% FBS and
1% penicillin/streptomycin. Infected cells were lysed 8 days after
infection by two freeze-thaw cycles. The virus-containing fluid was
cleared by centrifugation, aliquoted, and stored at —80°C. The titer
of virus was 10" TCIDso/ml.

The substrates (glass slide, Cu foil, PVC sheet, and glass slide
coated with 600-nm CP55-60) were first cut into 1 cm-by-1 cm
pieces. To make the virus attach to the surface, substrates were sub-
merged into the virus suspension and were cultured for 30 min
under room temperature. The substrates were then gently washed
using 50, 70, 85, 95, and 100% ethanol in increasing concentration.
The number of the attached viruses was counted from SEM images.
The SEM images were obtained using Zeiss Gemini 500 with an
acceleration voltage of 3kV. A 2-nm gold layer was sputter-coated
onto all samples before imaging.

To test surface inactivation, 10 pul of virus stock solution was dis-
persed on samples with a size of 1.5 cm by 1.5 cm. The sample was
air-dried under room temperature before being transferred into an
incubator maintained at 34°C and 50% humidity for 24 hours. The
samples were then washed with a total amount of 1 ml of PBS re-
peatedly to transfer the virus to the solution. For the immunofluo-
rescence assay, HCT-8 cells (5 x 10 cells per well) were cultured in
3.5-mm glass bottom dish (Cellvis, USA) and then infected with
HCoV-0OC43 at an MOI of 0.05 and cultured at 34°C for 36 hours.
After 36 hours, HCT-8 cells were fixed with 4% paraformaldehyde.
The fixed cells were washed twice with PBS and permeabilized with
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0.5% Triton X-100 for 13 min at room temperature. Afterward,
samples were blocked for 45 min at room temperature in 5% goat
serum in PBS and incubated overnight at 4°C with primary anti-
HCoV-OC43 S antibodies (Cusabio) diluted 1:500 in 3% goat serum
in PBS. Subsequently, samples were incubated for 1 hour with
Alexa Fluor 568-labeled goat anti-rabbit IgG (Thermo Fisher Sci-
entific) diluted 1:1000 in PBS. Nuclei were stained with Hoechst 33258
(Thermo Fisher Scientific) diluted 1:10,000 in PBS. After immuno-
staining, in all the cases, the cells were washed with 0.5% Tween-20 in
PBS. Last, stained cultures were mounted onto glass slides in
ProLong Diamond antifade medium (Thermo Fisher Scientific) and
stored at 4°C.

The infectivity (%) was calculated by the equation below. For
each sample, cells from five different fields were counted

OC 43 positive cell number «
Total cell number (Hoechst)

% of infected cells = 100

Biofilm formation

PAOI1 from —-80°C frozen stocks were streaked on a trichostatin A
plate. The plate was placed in an incubator (37°C) overnight until
single colonies were formed. A single colony was picked and inocu-
lated into lysogeny broth (LB) medium. The inoculated medium
was incubated overnight at 37°C to stationary phase in a shaker
(225 rpm). The overnight suspension was diluted 100 times in fresh
LB medium and incubated at 37°C on a shaker (225 rpm) until the
optical density reached 0.2. Bacterial suspension of 150 ul was then
added into each well of the surface-modified 96-well microplate.
The microplates were incubated (37°C) for 24 hours to make sure
biofilms were mature. The liquid was then transferred into a new
microplate. The relative pyoverdine concentration can be obtained
by exposure of the culture to a 405-nm excitation light and re-
cording the fluorescence intensity at 460 nm. The rest of the liquid
culture and loosely attached bacteria were removed from each well
by vigorously washing each well three to four times with deionized
water (dH,O). Biofilms were then stained by 175 ul of dH,0 with
0.1 weight % crystal violet for 10 min. Then, the crystal violet solu-
tion was removed by washing each well three to four times until the
liquid in each well became a clear solution. The microplate was
dried in the air at room temperature for 24 hours to remove residual
water in each well. The biofilm formed was subsequently quantified.
A total of 200 pl of acetic acid solution (30 v/v%) was added into
each well to release the absorbed crystal violet and the relative
amount of absorbed crystal violet was quantified spectrophoto-
metrically by measuring the ODsy( using a microplate reader
(Infinite M1000 Pro, Tecan).

To obtain SEM images of the biofilm, after incubating the micro-
plates for 24 hours, the microplates with biofilm on the sidewall were
treated with 0.05 M cacodylate buffer containing 2% glutaraldehyde
and 1% osmium tetroxide for fixation. Samples were then dehydrated
using critical point drying. The SEM images were obtained using
Zeiss Gemini 500 with an acceleration voltage of 3 kV. Gold was
sputter-coated onto all samples before imaging.

Statistical analysis

Experiments were carried out at least three times for statistical
analysis. All data are expressed as means + SD. Statistical significance
was determined by paired Student’s ¢ test.
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