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ABSTRACT: We developed antimicrobial coatings from ZnO
particles that reduce the infectivity of SARS-CoV-2 suspensions by
>99.9% in 1 h. The advantage of a coating is that it can be applied
to a variety of objects, e.g., hand rails and door knobs, to hinder the
spread of disease. Two porous coatings were prepared: one from
submicrometer zinc oxide particles bound with silica menisci and
the other from zinc oxide tetrapods bound with polyurethane.
Experiments on glass coatings show that infectivity depends on
porosity for hydrophilic materials, wherein aqueous droplets are
imbibed into the pores.
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1. INTRODUCTION

Coronavirus disease 2019 (COVID-19) created many negative
economic, health, and psychological impacts on human life.
During the period January 2020 to May 2021, more than 150
million positive COVID-19 cases were reported worldwide and
more than 3.5 million people died as a result of the disease.1

The causative virus, severe acute respiratory syndrome
coronavirus-2, abbreviated as SARS-CoV-2, is believed to be
transmitted through two routes. The primary mode of the
transmission is through the inhalation of respiratory droplets
generated by infected people as a result of breathing, speaking,
coughing, sneezing, etc.2 Small droplets remain suspended in
air for up to 30 h,3 and a healthy individual can become
infected simply by inhaling them. Another route of SARS-CoV-
2 transfer is through fomites.4,5 Larger respiratory droplets can
land on objects and infected people may transfer contaminated
liquid directly to objects by touching their face and then an
inanimate object. Such solids contaminated with virus are
known as fomites. Examples of fomites are everyday objects
such as door handles, railings, elevator buttons, and check-out
facilities contaminated by respiratory droplets or dried residue
of viable virus. SARS-CoV-2 can remain viable up to 7 days on
nonporous solid surfaces,6,7 so there is a significant window of
opportunity for infection via this route.
An animal study showed that although inhalation of

contaminated droplets is the main route of infection, fomite
transmission also occurred,4 and a modeling study showed
fomite transmission was responsible for 25% of infections.8

The mechanism for human infection is simple: SARS-CoV-2
can be transferred by touching a contaminated solid, and then
when the hand touches the nose, mouth or eyes, the virus may
enter the mucus and find its way to the epithelial cells.9,10

Recent unpublished work has shown that the virus can transfer
from a contaminated surface to skin.5

A significant difficulty with the decontamination of solids is
that most disinfectants kill only microbes that were present
before the disinfectants were used. Almost immediately after
the surface is treated with disinfectant, an infected person can
again contaminate the solid.11 Effective control by this method
therefore requires very frequent disinfection, which is labor
intensive, expensive, and may cause loss of productivity. For
example, a train or bus may need to be temporarily out of
service during disinfection.
An alternative approach is to use coatings that are designed

to provide an ongoing reduction of infectivity. That means
they inactivate or kill microbes long after the coating is applied.
Copper-based coatings have already been reported to
inactivate SARS-CoV-2.12−15 The virus has also been reported
to be less stable on nanostructured aluminum surfaces16 and
light-activated titanium dioxide.17 Here, we use zinc oxide as
an alternative ingredient that has the ability to inactivate SARS-
CoV-2. ZnO has a different color (white) compared to copper
compounds and has different stability and toxicity. Zn2+ and
ZnO nanoparticles have recently been shown to have activity
against SARS-CoV-2.18,19

Zinc oxide (ZnO) particles have been shown to be
antibacterial20,21 and antiviral.22,23 Prior coatings of ZnO
particles on surfaces focused on simply depositing the particles
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on a surface using ultrasonic irradiation,24 flame spray
pyrolysis,25 or thin film coater machine.26 Without immobi-
lized particles, this approach may not have a long-lasting effect.
Several ZnO nanocomposites have previously been developed
and tested against bacteria and have been found to kill
Escherichia coli.27,28

Here, we describe ZnO coatings that were designed such
that the coating adhered to the solid without encapsulating the
particles within an adhesive. If the active ingredient is a small
ion or molecule that elutes from the coating, then the coating
should at least be permeable to that ion or small molecule or to
the microbe. Coatings can obviously not achieve “contact
killing” (where the microbe is inactivated or killed by physical
contact) if the solid particle is encapsulated in an impermeable
matrix.
Two coatings are described, the first of which consists of

crystalline 300 nm ZnO particles that are held together by
solid glass menisci produced by a modified version of the
Sto ber process using tetraethyl orthosilicate (TEOS).29,30 The
menisci form adhesive junctions between the particles but the
menisci are sufficiently small that there remains a large exposed
surface area of ZnO for inactivation of microbes. First, the
liquid menisci were created, and then the menisci were
solidified using a gas phase catalyst. The solids loading was 38
g/m2. The second coating was fabricated from crystalline ZnO
with a tetrapodal morphology (ZnO-T). Because the legs avoid
close packing, ZnO-T is a low density material with large
pores.31 In this work, we adhered the ZnO tetrapod particles
with polyurethane (PU), similarly to prior work with Cu2O,

12

but with much less PU. Less PU produces a more hydrophilic
coating, thereby allowing imbibition of the droplet. The solids
loading was 56 g/m2. We refer to the coatings as ZnO/Silica
and ZnO-T/PU coatings. Our results show that both coatings
were very successful at reducing infection by SARS-CoV-2.
In addition, the porosity of an antiviral coating is important

for several reasons: it may affect the drying time,13,32 the
surface area of active material, the transport time, and perhaps
the ability to recover virus that may become adsorbed or
otherwise trapped in the porosity.10 We directly investigate the
trapping/adsorption hypothesis by comparing a porous glass
coating to a nonporous glass surface.

2. RESULTS

2.1. Characterization. The active part of the coating is
where contact occurs between the droplet of virus suspension
and the solid. Therefore, the wetting and imbibition are critical
aspects of coating performance. The zinc oxide particles are
intrinsically hydrophilic; they immediately fall through the air−
water interface. The contact angle of water droplet on ZnO/
Silica was 72° ± 3° (droplet size = 5 μL, error shows 95%
confidence interval from 5 independent measurements, see
Figure S1), and the droplet partially and slowly imbibes into
the coating (Figure S2). The advancing water contact angle of
ZnO-T/PU was 13° ± 23° (1 day after plasma treatment;
droplet size ≈ 10 μL). For the ZnO-T/PU sample, the error
reflects that angles were as high as 40°. For the low contact
angles, the droplet was immediately imbibed into ZnO-T/PU
coating (Figure S3). In contrast to the earlier coatings
fabricated from Cu2O and PU where the contact angle
increased with time, the contact angle of ZnO-T/PU was only
17° ± 22° after 11 days. The lack of “recovery” of the angle is
probably because there is very little PU on the surface. The

maintenance of wettability is important for achieving contact
between the active ingredient and virus in a droplet.
The microstructure of the coatings is shown in scanning

electron microscope (SEM) images (Figure 1). The shapes of

individual particles are visible, which demonstrate the that they
were not engulfed in silica or PU, and the porosity is also
evident. Figure 1E, F shows the cross-sectional images that
enable measurement of the thicknesses of the ZnO/Silica and
ZnO-T/PU, which were 30 ± 2 μm and 220 ± 50 μm,
respectively (thickness ±95% confidence interval). The cross
sections also demonstrate that the porosity is throughout the
coatings and shows a uniform thickness. High-magnification
images of the ZnO/Silica (Figure 1G) indicate necks between
the particles that were created by the Sto ber process.
The outer few nanometers of each coating was selectively

probed by X-ray photoelectron spectroscopy (XPS). The XPS
spectrum of the ZnO/Silica coating (Figure S4) shows that

Figure 1. Photograph of (A) ZnO/Silica coating and (B) ZnO-T/PU
coating. Each sample is 12 mm × 12 mm × 1 mm. SEM images of
(C) surface ZnO/Silica, (D) surface ZnO-T/PU, (E) cross-section of
ZnO/Silica coating, (F) cross-section of ZnO-T/PU coating, (G)
silica menisci (necks) between ZnO particles in ZnO/Silica coating,
and (H) higher-resolution cross-sectional image of the ZnO-T/PU
sample. Arrows point to regions where the coating is amorphous and
therefore there is a large volume fraction of PU. Other regions have a
lower volume fraction of PU and hence greater porosity. Note scale
difference for ZnO/Silica compared to ZnO-T/PU SEM images.
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36% of the surface is Zn, which given the stoichiometry of
ZnO is consistent with 73% of the surface being ZnO. There is
negligible silicon, which shows that the silica produced by the
Sto ber process does not cover the ZnO particles but is
confined to menisci, as planned. This was confirmed by the
energy-dispersive X-ray spectroscopy (EDS) analysis of the top
micrometer of the coating that showed a zinc to oxygen ratio
of 0.99 ± 0.04:1, again consistent with only a small amount of
silica (SiO2) in the coating. The silica menisci were too small
to resolve their chemistry by EDS imaging. The zinc oxide
tetrapod is known to pack with a low mass to volume ratio
because the tetrapod has arms that inhibit packing,31 and the
very high void fraction is clearly shown in Figure 1: the
tetrapods in the coating are not engulfed in PU. XPS reveals
that the ZnO-T/PU coating has twice the fraction of carbon
(20%) as the ZnO/Silica, which is consistent with the presence
of PU in the coating. We also measured the composition of the
surface with EDS, and the ratio of zinc to oxygen was 1.1:1.0,
which is consistent with the stoichiometric value of 1:1.
X-ray diffraction (XRD, Figure S5) showed that both

coatings were predominantly crystalline ZnO with the wurtzite
structure.
2.2. ZnO Coatings Reduce Infectivity of SARS-CoV-2.

We tested the reduction of SARS-CoV-2 suspensions after 5
μL droplets were placed on ZnO/Silica or ZnO-T/PU
coatings. The droplet remained on each coating for a
predefined period of time, and then the virus was eluted
from the solid, and then the eluant was used to infect VERO
E6 cells using a TCID50 assay (see the methods in the
Supporting Information). SARS-CoV-2 spontaneously loses its
ability to infect cells over time, so in each case, we compare the
outcome on the coating to the outcome on an uncoated
surface. The coating is on glass, so the uncoated sample is plain
glass. We use the word Reduction to compare the results on the
coating to results on the uncoated glass at the same time point:

log reduction mean log (glass control titer)

mean log (sample titer)
10

10

= [ ]

− [ ] (1)

%reduction (1 10 )100%log reduction= − − (2)

Both ZnO coatings caused a dramatic decrease in the
infectivity (Figure 2): the infectivity of the SARS-CoV-2
dropped by 99.99% in 1 h (i.e., more than 4 logs), whereas
only a 0.7 log drop in infectivity was observed on the uncoated
glass within the same period of time. The central idea of this
work is that a coating can decrease the activity of SARS-CoV-2
on a coated solid more rapidly than on the uncoated solid, so
we compared the results on each ZnO coating to results on the
uncoated glass. The ZnO/Silica coating caused a > 99.98%
Reduction (>3 log reduction) and ZnO-T/PU caused a 99.97%
Reduction in 1 h. The reason for the “greater than symbol” is
that all the ZnO/Silica titers were below the lower limit of
detection. For the ZnO-T/PU coating, two of three measure-
ments were below the detection limit, and the average was
calculated as if these measurements were at the detection limit.
The one-tailed 95% confidence intervals demonstrate more
than 99.92% and more than 99.89% SARS-CoV-2 titer
Reduction after 1 h on ZnO/Silica and ZnO-T/PU coatings,
respectively.
We tested the adhesion of our coatings according to the

ASTM D3359 standard. Figure S8 shows that both coatings
demonstrated a satisfactory adhesion, where the adhesion for

ZnO/Silica and ZnO-T/PU were rated at least 3B and 3A,
respectively.

2.3. Discussion. We used zinc oxide particles as the active
antipathogenic ingredient of our coatings. A key advantage of
ZnO is the low level of toxicity to humans. The United States
Food and Drug Administration (FDA) has designated ZnO as
“generally recognized as safe” (GRAS).33

SARS-CoV-2 is a novel pathogen, so the mechanism of
action of ZnO particularly against SARS-CoV-2 is unknown,
but here we describe the mechanisms against other organisms,
which we consider to be likely mechanisms against SARS-CoV-
2. Zinc oxide is known to demonstrate its antipathogenic
properties through two main mechanisms:34−37 by Zn2+ ion
release and by creation of reactive oxygen species (ROS). ZnO
particles release Zn2+ ions in aqueous solutions. These ions
would mediate the attachment of negatively charged cell
membrane to zinc oxide particles, causing a localized increase
in Zn2+ ion concentration that eventually leads to membrane
leakage and cell death accordingly.38,39 It has been reported
that OH•, O2

•, and H2O2 are generated on the ZnO surface.37

H2O2 is an active agent and when it enters cells, it exerts
oxidative stress that leads to damage or killing of bacteria.40 It
has also been reported that the trapped oxygen within the

Figure 2. Decay of SARS-CoV-2 TCID50 titer on (A) ZnO/Silica and
(B) ZnO-T/PU coatings on glass. Diamonds and circles show
independent titer measurements, × represents the average of the log
titer at each time, and the dashed line shows the detection limit of the
assay (90 TCID50/mL). Error bars are the 95% confidence interval. In
comparison to uncoated glass, the virus titer has a 99.98% Reduction
on ZnO/Silica (p = 1 × 10−3, one tail, unpaired) and 99.97%
Reduction on ZnO-T/PU after 1 h (p = 7 × 10−5, one tail, unpaired).
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porosity of ZnO particles further reinforces the generation of
ROS.40 It is possible that the action against a virus might be
different. Despite the potent antimicrobial activity, ZnO has a
very low level of cytotoxicity on L929 cells,41 making it highly
biocompatible for use in a variety of applications.42

As described in the introduction, the use of porous coatings
is a substantial advantage because the porosity may affect the
drying time, the surface area of active material, the transport
time, and the ability to recover virus that may become
adsorbed or otherwise trapped in the porosity.10 To date, there
has been no direct check of whether porosity affects the
infectivity because there are no results in the literature that
compare porous and nonporous surfaces of the same material.
To understand how infectivity is lost because of porosity, we
have compared titers obtained from glass and porous glass that
have very similar chemistry (see Figure S9 for XPS results), so
the effect of chemistry is removed from the comparison. Glass
has no active material and the decay of SARS-CoV-2 on glass is
very slow, so there is no effect of changing the amount of active
material or transport to or of the active material.7,43 The
comparison thus directly tests the effect of porosity.
Figure 3 compares the infectivity of SARS-CoV-2 recovered

from droplets on porous and nonporous glass. It is

immediately apparent that the infectivity is much lower from
the porous glass, so we have shown unambiguously that the
introduction of porosity reduces infectivity as measured by
elution and TCID50 measurements.
Results at time zero are instructive. Aqueous droplets are

immediately imbibed into the porous hydrophilic glass:
imbibition occurs before elution, which in practice is <1 min
after the droplet is placed on the solid. Therefore, the “zero”
time point assays recovery from within the porosity. The
majority of the infectivity is lost immediately on the porous
glass, with the porous glass titer 2.9 logs below that of the
nonporous glass. This compares sharply with the ZnO results,
where the viral titers were much greater at time zero. For ZnO-

T/PU, the imbibition also occurs before elution so time zero
titer also assays liquid from the porosity, but in this case the
Reduction is only 0.4 logs. In summary, the vast majority of
infectivity on the porous glass is lost immediately in the
porosity but little is lost in the porous ZnO-T/PU. The ZnO/
Silica has a much higher contact angle (72° ± 3°), which
prevents immediate imbibition. Student’s t tests showed that
the viral titer at 0 h on porous glass is significantly smaller than
that on ZnO/Silica (p = 6 × 10−3) and ZnO-T/PU (p = 3 ×
10−5) coatings.
It is also instructive to compare the 1 and 0 h time points for

the same material using the following equation:

log 1 h reduction mean log (0 h titer)

mean log (1 h titer)
10

10

= [ ]

− [ ] (3)

The log 1 h reduction on glass is 0.4 and that on porous glass is
0.6; these values are not significantly different (p = 0.33). So,
the glass is an inactive material because even by increasing the
porosity to make more surface area and a faster transport time,
there is no additional loss of infectivity over time. The main
effect of porosity is simply to reduce recovery. The porosity
could also affect drying time,13 which has been hypothesized as
a parameter for inactivation.44

For the ZnO materials, by comparison, there is significant
loss of infectivity (p < 4 × 10−3) over time. The log 1 h
reduction is at least 3.1 on ZnO/Silica and at least 3.7 on ZnO-
T/PU. This is consistent with an active material. So, in
summary, the ZnO coatings reduce infectivity in two ways: (1)
some of the virus becomes trapped in the porosity and (2)
once the droplet goes into the pores or dries onto the surface,
there is an ongoing loss of infectivity that we attribute to the
antimicrobial properties of ZnO. The active antimicrobial
activity of ZnO is superior to an inactive porous material
because the active material has the potential to kill bacteria that
may linger in the porosity.
Recent work has also shown activity of Zn products against

SARS-CoV-2. Gopal et al.19 demonstrated a reduction of
SARS-CoV-2 of about 90% by coating fibers with Zn2+ ions
and El-Megharbel et al.18 showed that a ZnO particle spray
disinfectant caused a 40% reduction. These results are
consistent with our results but show lower reductions. In
contrast, Merkl et al.25 did not measure activity for ZnO
particles deposited on a surface.

■ CONCLUSIONS

In summary, we have introduced two new porous anti-SARS-
CoV-2 coatings. One method used a variant of the Sto ber sol−
gel method to create a coating from submicrometer-sized zinc
oxide particles, whereas the other method used polyurethane
to immobilize zinc oxide tetrapod particles. They each reduce
infectivity of the virus within 1 h: the viral titer of SARS-CoV-2
was decreased by 4 logs (>99.99%), which is a Reduction of at
least 99.9% compared to uncoated glass. These coatings can be
applied to everyday objects and therefore have the potential to
reduce infection from solids and limit the spread of COVID-19
disease.
The time course of inactivation on the ZnO coatings is

consistent with two actions that reduce infectivity. First, when
the viral suspension droplet is imbibed into a hydrophilic
porous solid, there is an immediate loss of infectivity due to the
inability to recover virus from within the porous material or

Figure 3. Decay of SARS-CoV-2 TCID50 titer on porous glass
compared to flat glass. The two glass surfaces are soda-lime glass, and
have similar chemistry (see XPS in the Figure S9). Diamonds and
circles show independent titer measurements, × represents the
average of the log titer at each time, the dashed line shows the
detection limit of the assay (90 TCID50/mL), and error bars are the
95% confidence interval. The virus titers on porous glass at 0 and 1 h
time points are not statistically different (p = 0.33, one tail, unpaired),
confirming its inactive nature against SARS-CoV-2.
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from the surface of the porous material. Second, over time
there is a large (>3 logs) loss of infectivity, which is consistent
with an active material. For glass, by contrast, there is only a
small loss of infectivity over time, which is insignificant over
the first hour. The comparison of results on porous glass and
nonporous glass shows definitively that loss of infectivity can
occur as a result of imbibition into a porous hydrophilic
material.
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