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ABSTRACT: Continued SARS-CoV-2 transmission among the
human population has meant the evolution of the virus to produce
variants of increased infectiousness and virulence, coined variants
of concern (VOCs). The last wave of pandemic infections was
driven predominantly by the delta VOC, but because of continued
transmission and adaptive mutations, the more highly transmissible
omicron variant emerged and is now dominant. However, due to
waning immunity and emergence of new variants, vaccines alone
cannot control the pandemic. The application of an antiviral
coating to high-touch surfaces and physical barriers such as masks
are an effective means to inactivate the virus and their spread.
Here, we demonstrate an environmentally friendly water-borne
polymer coating that can completely inactivate SARS-CoV-2
independent of the infectious variant. The polymer was designed to target the highly glycosylated spike protein on the virion surface
and inactivate the virion by disruption of the viral membrane through a nano-mechanical process. Our findings show that, even with
low amounts of coating on the surface (1 g/m2), inactivation of alpha, delta, and omicron VOCs and degradation of their viral
genome were complete. Furthermore, our data shows that the polymer induces little to no skin sensitization in mice and is non-toxic
upon oral ingestion in rats. We anticipate that our transparent polymer coating can be applied to face masks and many other surfaces
to capture and inactivate the virus, aiding in the reduction of SARS-CoV-2 transmission and evolution of new variants of concern.

■ INTRODUCTION
Vaccination against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has significantly reduced the
severity of the coronavirus infectious disease (COVID-19).
Yet, the virus is still transmitting rampantly around the globe.
The resurgence of COVID-19 across many vaccinated
countries with high levels of vaccination in their population
may be due to the decrease in protective antibody titers after
5−7 months post second dose1−3 and the evolution of new
variants. The fourth wave was originally dominated by the
delta (B.1.617.2) variant of concern (VOC); however, the
more transmissible omicron (B.1.1.529) VOC has become the
dominant SARS-CoV-2 isolate infecting people.1−3 Omicron is
the fifth SARS-CoV-2 variant to be named by the World
Health Organization, following the Alpha (B.1.1.7), Beta
(B.1.351), Gamma (P.1), and Delta (B.1.617.2) variants.
Clearly, vaccines alone are failing to control the spread of the
virus. In addition to behavioral changes, such as isolating when
infectious, more must be done to reduce the transmission rates.
The challenge is to develop a protective system that can be
rapidly implemented across the globe to stem the transmission
of the virus and provide time for deployment and development
of vaccines and antiviral drugs.

SARS-CoV-2 evolutionary mutations during adaptation to
the human host have imparted a functional viral fitness
advantage that has resulted in increased transmission
potential,4 enhanced disease severity,5,6 aided immune
evasion,7 and reduced sensitivity to neutralizing antibodies.8

These mutations, particularly in the spike protein at sites
required for viral attachment to its host-receptor ACE2,
provided the alpha (B.1.1.7) and the delta (B.1.617.2) VOCs
with a replicative advantage9 over the ancestral isolates,
including enhanced affinity for ACE2.10,11 This improved
ACE2 affinity enables the virus to rapidly enter and egress viral
progeny from cells and thus confer the advantage of the ability
of the virus to spread more efficiently.4,6,12 Furthermore, once
the alpha and delta VOCs bind to ACE2, the mutations
located close to the spike S1/S2 region further enhance
cleavage by the serine proteinase (TMPRSS2) on the cell
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surface, more rapidly exposing the hydrophobic region of the
spike protein to fuse with the endosomal membrane and
release of the viral RNA within the cell.13,14

Regardless of their vaccination status, infected persons can
release SARS-CoV-2 into the environment via sneezing,
coughing, and skin contact, resulting in potential fomite
contamination of surrounding surfaces.15−18 Infectious SARS-
CoV-2 has been proven in laboratory-based studies to persist
on many different surfaces.16,19,20 Personal protective equip-
ment (e.g., face masks), treatment of high-touch surfaces with
long-lasting antiviral coatings, and disinfection of contaminated
surfaces are requirements to reduce the spread of SARS-CoV-
2.21 We previously developed an environmentally friendly
water-borne antiviral coating consisting of environmentally
responsive polymer nanostructures and evaluated their
effectiveness against respiratory viruses.22 For this study, we
demonstrate the ability to synthesize functional polymer
nanoworms (Scheme 1) amenable for industry manufacturing,
prove maintenance of complete virucidal activity against
further VOCs while limiting the amount of polymer on the
surface, and provide evidence for the non-toxic nature of the
polymer.

■ EXPERIMENTAL SECTION
Instrumentation. Nuclear Magnetic Resonance (NMR). All

NMR spectra were recorded on either Bruker DRX 400 or 500
MHz spectrometers using an external lock (CDCl3, DMSO-d6, or
D2O).

Size Exclusion Chromatography (SEC) and Triple Detection-Size
Exclusion Chromatography (TD-SEC). Analysis of the molecular
weight distributions of the polymers was determined using a Polymer
Laboratories GPC50 Plus equipped with a differential refractive index
detector. Absolute molecular weights of polymers were determined
using a Polymer Laboratories GPC50 Plus equipped with dual-angle
laser light scattering detector, viscometer, and differential refractive
index detector. HPLC grade N,N-dimethylacetamide (DMAc,
containing 0.03 wt % LiCl) was used as the eluent at a flow rate of
1.0 mL/min. Separations were achieved using two PLGel Mixed B
(7.8 × 300 mm) SEC columns connected in series and held at a
constant temperature of 50 °C. InfinityLab EasiVial polystyrene
standards were used for SEC column calibration. Samples of known
concentration were freshly prepared in DMAc +0.03 wt % LiCl and
passed through a 0.45 μm PTFE syringe filter prior to injection. The
absolute molecular weights and dn/dc values were determined using

Polymer Laboratories Multi Cirrus software based on the quantitative
mass recovery technique.

Dynamic Light Scattering (DLS). The size and zeta potential of
particles were measured by DLS, which was performed using a
Malvern Zetasizer Nano Series running DTS software and operating a
4 mW He-Ne laser at 633 nm. Analysis was performed at an angle of
173° and a constant temperature of 25 °C. The number-average
hydrodynamic particle size and PDI(DLS) were reported. The PDI(DLS)
was used to describe the width of the particle size distribution and
calculated from a cumulant analysis of the DLS measured intensity
autocorrelation function and is related to the standard deviation of the
hypothetical Gaussian distribution (i.e., PDI(DLS) = σ2/ZD2, where σ is
the standard deviation and ZD is the Z average mean size).

Transmission Electron Microscopy (TEM). The nanostructure
appearance was determined using a HT-7700 transmission electron
microscope utilizing an accelerating voltage of 80 kV with a spot size
of 1 at ambient temperature. A typical TEM grid preparation was as
follows: A sample was diluted with Milli-Q water to approximately
0.02−0.05 wt % at room temperature. A formvar precoated copper
TEM grid was dipped into the solution, and the excess aliquot was
blotted and then allowed to air dry prior to imaging on TEM.

Attenuated Total Reflectance-Fourier Transform Spectroscopy
(ATR-FTIR). ATR-FTIR spectra were obtained using a horizontal,
single bounce, diamond ATR accessory on a Nicolet Nexus 870 FT-
IR. Spectra were recorded between 4000 and 500 cm−1 for 32 scans at
4 cm−1 resolution with an OPD velocity of 0.6289 cm s−1. Solids were
pressed directly onto the diamond internal reflection element of the
ATR without further sample preparation.
Synthesis of Multifunctional Nanoworms (NWs). Synthesis of

Base Nanoworms (NWbase). MacroCTA-A in EtOH (27.1028 g, 2.02
× 10−3 mol), MacroCTA-B in EtOH (30.1925 g, 1.58 × 10−3 mol),
SDS (1.1229 g, 3.89 × 10−3 mol), and 460 mL of cold Milli-Q H2O
were added to a reactor under an argon blanket. The solution was
stirred at 250 rpm in an ice bath until all components dissolved. The
stirring rate was decreased to 50 rpm. AIBN (0.0887 g, 5.40 × 10−4

mol) was dissolved in STY (20.9936 g, 2.02 × 10−1 mol), and the
solution was added to the reaction under an argon blanket. The
reaction solution was degassed by bubbling with argon for 120 min.
The stirring rate was increased to 250 rpm, then the reactor was
heated to 70 °C in a temperature-controlled oil bath, and the
emulsion polymerization was allowed to proceed. After 4 h, ∼0.1 mL
of the polymer latex was taken and characterized by 1H NMR (to
determine the conversion of STY), and the reaction was quenched by
exposing the reactor to air after 5 h. A sample was taken, freeze-dried,
and later characterized by 1H NMR and SEC (to determine the final
conversion and Mn). The volatiles were removed by applying a gentle
compressed air flow while stirring at 70 °C for 2 h. A sample was

Scheme 1. Synthesis of the Functional Nanoworms through the Environmentally Friendly Emulsion Polymerization Method
and Post-Modification with Chemically Functional Groups for Capturing (Polygalactose) and Rupturing (Octane Groups) of
SARS-CoV-2, Degradation of its mRNA (Guanidine Groups), and Detection of Polymer Coating (Coumarin Groups)
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taken and characterized by DLS (to determine the particle size). To
transform the polymer latex to nanoworms, the stirring rate was
decreased to 50 rpm and toluene (8.6750 g, 20 μL/mL) was added.
The reactor was then removed from heating and allowed to cool to
ambient temperature, taking ∼24 h. Toluene was removed from the
latex dispersion (500 mL) via rotary evaporation at 22 °C (25−50
mbar pressure) for ∼3 h, in which the nanoworms kept their
morphology (see Figure S13 in the Supporting Information).

Quaternization of NWbase with Iodooctane and Propargyl
Bromide (QPO-NWbase). A small amount of NWbase in water (0.4
mL) was freeze-dried (three repeats) to determine the wt % of
NWbase. It was found that the wt % of NWbase was 7.5 wt %. The
required amounts of iodooctane, propargyl bromide, and DMSO were
determined from this wt %. Accordingly, 36 mL of Milli-Q water was
added to NWbase aqueous dispersion (34.23 g of NWbase in 420 mL of
Milli-Q water). Iodooctane (1.0497 g) in 56.3 mL of DMSO was
added to NWbase aqueous dispersion, and the reaction mixture was
stirred in a 1 L glass Schott bottle for 15 h at 23 °C. Then, 2.5 g of
propargyl bromide (80 wt % in toluene) in 24.14 mL of DMSO was
added to the NWbase reaction mixture and the reaction was carried out
for an additional 12 h at 23 °C. The reaction mixture was dialyzed
(3500 MWCO) against Milli-Q water in a 5 L beaker for 24 h
(changed Milli-Q water four times, approximately every 6 h) to
remove unreacted iodooctane and propargyl bromide. After dialysis,
the product QPO-NWbase was transferred to a 1 L Schott bottle. A
small amount of QPO-NWbase was freeze-dried (three Eppendorf
tubes with 0.4 mL each) to calculate the wt % of solid in the final
dispersion.

Synthesis of NWS,O,G,C. A small amount of QPO-NWbase in water
(0.4 mL) was freeze-dried (three repeats) to determine the wt % of
QPO-NWbase. It was found that the wt % of QPO-NWbase was 3.9 wt
%. Based on this value, the amounts of guanidine azide, polygalactose
azide, coumarin azide, copper sulfate, ascorbic acid, and DMSO to be
added to the nanoworms were determined. Accordingly, 614 mL of
3.9 wt % QPO-NWbase dispersion (containing 25 g of QPO-NWbase
solid) was placed in a 2 L two-neck round bottom flask. The following
solutions were added to the flask: (i) guanidine azide (1.13 g) in 39.6
mL of DMSO, (ii) 3-azido-7-hydroxycoumarin (0.1796 g) in 39.6 mL
of DMSO, and (iii) polygalactose azide (2.98 g) in 39.6 mL of
DMSO. The resulting dispersion was purged with argon for 6 h.
Ascorbic acid (10.89 g) in degassed Milli-Q water (35 mL, purged
with argon for 2 h) was then injected into the reaction mixture in the
flask via a degassed syringe followed by the injection of copper sulfate
(4.23 g) in degassed Milli-Q water (25 mL, purged with argon for 2
h). The reaction was carried out for 19 h at 23 °C under an argon
atmosphere in the dark. The reaction was stopped by exposure to the
air and addition of 7 g of aluminum basic oxide (0.5 g) and stirred for
2 h. Aluminum oxide particles settled down to the bottom of the flask,
and the nanoworm dispersion was decanted to a 1 L bottle. The
nanoworm dispersion was dialyzed against Milli-Q water (3500
MWCO, water was changed every 3 h, and dialysis bags were changed
to new ones after 8 h) in a 3 L beaker for 17 h. The resulting solution
was freeze-dried to obtain NWS,O,G,C as a light yellowish powder. Zeta-
potential (2 mg/mL, 25 °C, Milli-Q water) = +26.5 mV.

Coating and Droplet Spreading of the Armrest Surface. A
dispersion of NWS,O,G,C at 1.5 wt % in 70% autoclave water and 30%
ethanol was prepared. An armrest (1 cm × 1 cm) was cleaned by
wiping with 100% ethanol followed by wiping with Milli-Q water and
drying at ambient temperature. NWS,O,G,C dispersion was sprayed onto
an armrest at a distance of approximately 7 cm from an armrest. The
armrest was dried completely by gently blowing with an air dryer. The
spraying-drying cycle was repeated four times. A 10 μL solution of
either 0.2 M PBS solution at pH 6.5 or 7.4 and 23 °C was placed on
an uncoated armrest (1 cm × 1 cm) or on a NWS,O,G,C-coated armrest
(1 cm × 1 cm) at 23 °C. Photographs of droplet spreading were taken
at 5 and 30 min after the droplet addition.

Surface Testing for Virucidal Activity against SARS-CoV-2. All
SARS-CoV-2 infection cultures were conducted within the high
containment facilities in a PC3 laboratory at the Doherty Institute.
Stocks of SARS-CoV-2 isolate hCoV-19/Australia/VIC17991/2020

(B.1.1.7 variant) and VIC18440 (Indian-2, delta variant) were
produced from infected Vero cell supernatants. The genomic
sequence of each stock of SARS-CoV-2 isolate was confirmed to
match the publicly available data of the original virus isolate (www.
gisaid.org, accession numbers: EPI_ISL_779606 and EPI_-
ISL_1913206, respectively).
Virus inoculum was created by adding an equal volume of virus

stocks to filtered sterilized Sorensen’s pH buffer at pH = 6.5. Then, 50
μL of inoculum was added dropwise to the surface of each material
and allowed to incubate at room temperature for the duration
specified. The surface of each material was then washed eight times by
pipetting with 500 μL infection media, with care taken not to scratch
the surface. The eluate was then collected, and the infectious virus
titer was quantified via a 50% tissue culture infectious dose (TCID50)
assay using the appropriate cell line (Vero cells for SARS-CoV-2).
Viral RNA was also extracted from the eluate using a QiaAmp Viral
RNA extraction kit (Qiagen, Australia) as per the manufacturer’s
instructions and stored at −80 °C. To evaluate the amount of virus
genome present in each sample, we performed a quantitative reverse-
transcription PCR (qRT-PCR) for detection of the SARS-CoV-2
envelope (E) gene and influenza nucleoprotein (NP) gene segment.
Using the SuperScriptIII OneStep RT-PCR System with Platinum
Taq DNA Polymerase (Invitrogen, Carlsband, CA, USA), the RT-
qPCR assay composed of 5 μL of RNA, 12.5 μL of 2× Reaction
Master Mix, 0.4 μL of 50 mM MgSO4, 1 μL of Superscript III/Taq
Enzyme Mix, 0.4 μM forward and reverse primers, 0.2 μM primer
probe (using previously published primer-probe sequences23), 1 μL of
1 mg/mL bovine serum albumin (BSA), and 2.6 μL of RNAse free
H2O. The RT-qPCR assay was performed on a Bio-Rad CFX96
Touch real-time PCR detection system (Bio-Rad, Hercules, CA,
USA) using the following conditions: a denaturation step at 55 °C for
10 min and 95 °C for 3 min followed by 45 cycles of amplification (94
°C for 15 s and 58 °C for 30 s). A known amount of influenza A virus
and SARS-CoV-2 RNA (generated previously from virus stock
cultures) diluted two-fold was used to generate a standard curve. The
Ct values from the standard curve were used to interpolate the
amount of SARS-CoV-2 RNA in each of the samples.

Surface Exposure Assay. SARS-CoV-2 inoculum was created by
adding an equal volume of virus stocks to filter sterilized Sorensen’s
pH buffer at pH = 6.5. Inoculum (50 μL) was then added dropwise to
the surface of each material and then allowed to incubate at room
temperature for the duration specified. The surface of each material
was then washed eight times by pipetting with 500 μL infection
media, with care taken not to scratch the surface. The eluate was then
collected, and the infectious virus titer was quantified via a 50% tissue
culture infectious dose (TCID50) assay. Viral RNA was also extracted
from the eluate using the QiaAmp Viral RNA extraction kit (Qiagen,
Australia) as per the manufacturer’s instructions and stored at −80
°C. To evaluate the amount of virus genome present in each sample,
we performed a reverse-transcription quantitative PCR (RT-qPCR)
for detection of the SARS-CoV-2 envelope (E) gene. Using the
SuperScriptIII OneStep RT-PCR System with Platinum Taq DNA
Polymerase (Invitrogen, Carlsband, CA, USA), the RT-qPCR assay
composed of 5 μL of RNA, 12.5 μL of 2× Reaction Master Mix, 0.4
μL of 50 mM MgSO4, 1 μL of Superscript III/Taq Enzyme Mix, 0.4
μM forward (5′-ACAGGTACGTTAATAGTTAATAGCGT-3′) and
0.4 μM reverse (5′-ATATTGCAGCAGTACGCACACA-3′) primers,
0.2 μM primer probe (5′-FAM-ACACTAGCCATCCT-
TACTGCGCTTCG-BBQ-3′), 1 μL of 1 mg/mL bovine serum
albumin (BSA), and 2.6 μL of RNAse free H2O. The RT-qPCR assay
was performed on a Bio-Rad CFX96 Touch real-time PCR detection
system (Bio-Rad, Hercules, CA, USA) using the following conditions:
a denaturation step at 55 °C for 10 min and 95 °C for 3 min followed
by 45 cycles of amplification (94 °C for 15 s and 58 °C for 30 s). A
known amount of SARS-CoV-2 RNA (generated previously from
virus stock cultures) diluted two-fold was used to generate a standard
curve. The Ct values from the standard curve were used to interpolate
the amount of SARS-CoV-2 RNA in each of the samples.

Statistical Analysis. All data were graphed as the mean ± standard
deviation (SD) using GraphPad Prism (v8.4). Data from at least two
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independent experiments were pooled and graphed unless otherwise
stated.

■ RESULTS AND DISCUSSION
The polymer nanostructures (i.e., with nanoworm morphol-
ogy) were produced directly in water using the environ-
mentally friendly emulsion polymerization method24,25 and
further coupled with a variety of functional groups,22 including
the hydrophobic octane (O), guanidine (G), a fluorescent
probe (coumarin, C), and polygalactose (S), as shown in
Scheme 1. We targeted binding to the highly glycosylated spike
S protein26 through (i) the strong multivalent binding with
polygalactose and (ii) electrostatic interactions between the
negatively charged viral particles and the positively charged
guanidine and DMAEMA groups.22 The attached octane
groups facilitate the rupture of the viral membrane, in which
the viral mRNA can either be degraded by the guanidine
groups or electrostatically captured by the polymer coating and
degrade over time. Previously, we showed that these types of
polymer nanoworms coated on surfaces, including a surgical
mask, readily inactivated the influenza A virus, ancestral SARS-
CoV-2 isolate (genetically matching the Wuhan/2019 strain),
and the alpha variant.22 In this work, the polymer coating was
tested against the highly transmissible and virulent delta and
omicron variants to demonstrate its broad antiviral activity. We
further wanted to determine whether a decrease in the amount
of coating on the surface could still maintain virucidal activity,
mimicking the loss of polymer coating on high-touch surfaces.
To demonstrate the scalability of the synthesis of the

polymer nanoworms, the two macro-chain transfer RAFT
poly(N-isopropylacrylamide) (PNIPAM) agents were pro-
duced from a single non-functional RAFT agent (Scheme 1).
The emulsion polymerization using these two macro-chain
transfer agents in the presence of styrene and initiated by
AIBN at 70 °C in a 500 mL reactor produced spherical
particles consisting of two block copolymers of MacroCTAs A
and B with polystyrene at approximately 8 wt % of polymer in
water (Scheme 1). After the addition of a small amount of
plasticizer for polystyrene, the spherical nanoparticles trans-

formed into nanoworms upon cooling to room temperature.
This process is denoted as the temperature-directed morphol-
ogy transformation (TDMT) method,24 which has been used
successfully in our laboratory to produce a wide range of
polymer nanoparticles ranging from worms,25 vesicles,24

toroids,27 and tadpoles28,29 to stacked toroidal nanorattles.27

The polymer nanoworms were then coupled to the
functional groups (O, G, S, and C), dialyzed, freeze-dried,
and then rehydrated with water to make a 1.5 wt % polymer/
water dispersion. This polymer (NWS,O,C,G) dispersion was
then coated onto surfaces ranging from one to five sprays. The
amount of polymer per area was determined by measuring the
dry weight of polymer on the surface of a glass slide using a
microbalance. With an increase in the number of sprays, the
amount of polymer increased almost linearly from 1 to 5 g m−2

(Figure 1A). Here, we carried out the emulsion polymerization
at a 500 mL scale to produce approximately 40 g of polymer,
and accordingly, the surface coverage can range from 8 to 40
m2 with a decrease in the number of coatings from 5 to 1,
respectively. Placing a water droplet at pH 6.5 on the coated
surface (∼2 × 2 cm) showed rapid spreading, visualized using
the fluorescence at a wavelength of 365 nm (Figure 1B). The
spreading increased approximately 6-fold compared to the
uncoated surface, in which relatively no change in spreading
was observed with increasing number of sprays after both 5
and 30 min (Figure 1C).
We next examined whether reducing the amount of

nanoworm (NWS,O,C,G) on the treated surface could maintain
effective virucidal activity against the SARS-CoV-2 (alpha)
VOC using the clinical human/Victoria/17991/2020 isolate.22

Sterile hard plastic surfaces were coated with one to five sprays
of the nanoworms; then, virus inoculum (50 μL) prepared in
Sorrenson’s buffer pH = 6.5 was added dropwise onto the
nanoworm-coated surface and incubated at room temperature
for 30 min. Each surface was then washed with 10-fold media,
and the eluate was collected and sampled immediately for viral
genome extraction and for the presence of the SARS-CoV-2
infectious titer via performing a 50% tissue culture infectious
dose (TCID50) assay. We found in agreement with our

Figure 1. (A) Determination of the polymer per area of the surface with increasing amounts of coatings. (B) Spreading of a water droplet at pH =
6.5 on the coated surfaces. (C) Relative increase in droplet spreading with coating numbers.
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previous data22 that no detectable amount of infectious virus
was observed, even after subsequent re-passaging in Vero cells
to rescue any residual infectious virus (Figure 2A). As little as
one spray on the surface was required to eliminate the
presence of infectious virus within 30 min of exposure,
demonstrating the effectiveness of the anti-viral polymer
coating. To support the complete virucidal action of the
nanoworm polymer, we performed quantitative RT-PCR for
the presence of an intact E gene and found a significant
reduction of virus genome detected regardless of the number
of nanoworm sprays on the treated surface (Figure 2B).

We next tested the NWS,O,C,G coating against the human/
Victoria/18440/2021 isolate with the identical genome to the
publicly available data of the original delta (B.1.617.2) virus
isolate (www.gisaid.org, accession number: EPI_-
ISL_1913206). Upon examination of the predicted spike
protein glycan array of the delta VOC and comparison to the
ancestral virus,30 the mutations in the spike protein were not
expected to significantly change the glycosylation levels, and
thus, we hypothesized that the delta VOC should have a
similar ability to interact with our polymer nanoworm coating.
To test this, and whether our polymer coating maintains

Figure 2. Virucidal activity of nanoworm-coated surfaces against SARS-CoV-2. Nanoworm-coated plastic hard surfaces or uncoated surfaces were
exposed to SARS-CoV-2 human isolate Victoria/17991/2020 (Alpha VOC) for 30 min, then washed, and eluate-assayed for (A) the infectious
SARS-CoV-2 titer by TCID50 or (B) the presence of the intact SARS-CoV-2 E gene via quantitative RT-PCR. ***p < 0.001 compared to all
coatings, one-way ANOVA Dunnett’s multiple comparison test.

Figure 3. Virucidal activity of nanoworm-coated surfaces against SARS-CoV-2 delta VOC. Nanoworm-coated plastic hard surfaces or uncoated
surfaces were exposed to SARS-CoV-2 human/Victoria/18440/2021 isolate with the identical genome to the delta (B.1.617.2) VOC for 30 min,
then washed, and eluate-assayed for (A) the infectious SARS-CoV-2 titer by TCID50 and for (B) the presence of the intact SARS-CoV-2 E gene via
quantitative RT-PCR. ***p < 0.001 compared to all coatings, one-way ANOVA Dunnett’s multiple comparison test.

Figure 4. Virucidal activity of nanoworm-coated surfaces against SARS-CoV-2 omicron VOC. Nanoworm-coated plastic hard surfaces or uncoated
surfaces were exposed to SARS-CoV-2 human/NSW/1933/2021 isolate with the identical genome to the omicron (B.1.1.529; BA.1 lineage) VOC
for 30 min, then washed, and eluate-assayed for (A) the infectious SARS-CoV-2 titer by TCID50 and for (B) the presence of the intact SARS-CoV-
2 E gene via quantitative RT-PCR. ***p < 0.001 compared to all coatings, one-way ANOVA Dunnett’s multiple comparison test.
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virucidal activity against the delta VOC, we repeated our assays
using the delta VOC exposed to surfaces treated with one to
five sprays of the nanoworm. Similar to the results obtained for
the alpha VOC, the amount of infectious delta virus remaining
in the eluate was below the detection limit, even after a second
passage in the Vero cells (Figure 3A). Once again, as little as
one spray was required to render the virus non-infectious,
confirming the efficacy of this compound against SARS-CoV-2
variants. Complete inactivation of the delta VOC was further
supported with the significant reduction of the intact viral E
gene present in the sampled eluates (Figure 3B).
In comparison to the ancestral Wuhan SARS-CoV-2 isolate,

the omicron SARS-CoV-2 VOC has a total of 60 mutations,
with 37 (6 deletions, 1 insertion, and 30 substitutions) located
in the spike protein.31,32 The omicron VOC has been reported
to share 10 and 5 common mutations with alpha and beta
variants, respectively, while seven mutations each were shared
with the gamma and delta variants. Compared to the ancestral
virus and delta VOC, the omicron spike protein is less
efficiently cleaved and is less fusogenic,33 indicating changed
binding affinity and potential for enzymatic cleavage. Many of
the spike mutations are within the important N-terminal
domain, receptor binding domain, and receptor binding motif,
raising concerns about enhanced transmission and immune
evasion. Given the large number of mutations in omicron
spike, we next evaluated whether our polymer could maintain
its virucidal activity against this VOC. We repeated our assays
using the omicron VOC (human/NSW/1933/2021; www.
gisaid.org, accession number: EPI_ISL_3007291) exposed to
surfaces treated with one to five sprays of the nanoworm.
Importantly, as little as one spray of coating on the surface was
sufficient to render the virus non-infectious as the eluate was
found to be below the detection limit even after a second
passage in the Vero cells and there was a significant reduction
in the amount of detectable intact viral E gene (Figure 4A,B).
This data further supports that the polygalactose targets
binding to the glycosylated regions of the viral particles
independent of the mutations presented on the spike.
The polymer nanoworms were then tested for both skin

sensitivity on mice and oral ingestion toxicity in rats using
ethically approved animal models to evaluate the potential safe
use on masks and high-touch surfaces. These studies were
carried out by an independent agent in compliance with the
OECD Principle of Good Laboratory Practice. The skin
sensitivity potential of NWS,O,C,G was determined by
administering 25 μL of polymer as a topical application onto
the dorsum of each ear of female CBA/CaH mice over a 6 day
period (see Appendix S1 in the Supporting Information). On
day 6, 20 μCi of 3H-thymidine was injected intravenously, and
the auricular lymph nodes were dissected 5 h later. The
stimulation index (SI) for the positive control (α-hexylcinna-
maldehyde) was found to be 12.7, while the SIs for the
polymer nanoworms at 2.5, 5, and 10 w/v % were 1.08, 1.24,
and 1.42, respectively. An SI value greater than 3 represents a
potential sensitizing agent. The non-clinical acute toxicity of
NWS,O,C,G was determined through a single bolus dose, ranging
from 10 to 1000 mg/kg, in female Sprague Dawley rats (see
Appendix S2 in the Supporting Information). Morbidity and
mortality were observed daily during the acclimation period
and twice daily after ingestion of the polymer over a 15 day
period. There was no finding of either morbidity or mortality,
with no changes in body weight or macroscopic pathology
findings, supporting that the oral ingestion of the polymer was

well tolerated by the rats even with high doses of 1000 mg/kg.
This combined data supports that the polymer nanoworms
were non-toxic when ingested and did not cause irritation to
the skin, supporting the potential use of the polymer in
applications such as face coverings.

■ CONCLUSIONS
In summary, we have now shown that this functional water-
borne and polymer system forms a transparent coating when
applied directly to surfaces as a water solution to act as an
effective virucidal agent that completely renders SARS-CoV-2
variants of concern non-infectious. The synthesis of polymer
nanoparticles in water at 500 mL demonstrates the potential of
the synthesis to be scaled to industrial amounts. The design of
the polygalactose attached to the polymer nanostructure and
potential specific bonding interactions with highly glycosylated
SARS-CoV-2 provide a binding motif independent of the virus
variant and mutations found in the virus spike attachment
glycoprotein. The polygalactose binding in combination with
the octane moieties and the responsive nature of the
nanostructures that mechanically attach to and disrupt the
viral particles renders them non-infectious. It was further
shown that the SARS-CoV-2 viral RNA genome may either
degrade as a result of the guanadine groups or be electrostati-
cally captured by the cationic groups attached to the polymer
that then allows for natural degradation. The fact that the viral
RNA genome cannot be detected after interaction of the
viruses with the polymer-coated surfaces demonstrates the
complete virucidal activity of the polymer. We envisage that
this polymer coating will provide inactivation of newly
emerging SARS-CoV-2 VOCs with the ability to be re-
designed to target other viruses. Finally, the polymer was found
to be non-toxic by oral ingestion in rats and had little or no
skin sensitization when applied on the skin of mice, indicating
the potential use as a coating in personal protective equipment
or high-touch point surfaces that comes into contact with the
skin.
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