S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Journal of Colloid and Interface Science 600 (2021) 613-619

Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

journal homepage: www.elsevier.com/locate/jcis

Regular Article

Superhydrophobicity preventing surface contamination as a novel R
strategy against COVID-19 e

Pingan Zhu*>“! Yixin Wang %!, Hin Chu %*, Ligiu Wang >“*

2 Department of Mechanical Engineering, City University of Hong Kong, Hong Kong, China

b Department of Mechanical Engineering, the University of Hong Kong, Hong Kong, China

€ HKU-Zhejiang Institute of Research and Innovation (HKU-ZIRI), 311300 Hangzhou, China

d Department of Microbiology, Li Ka Shing Faculty of Medicine, the University of Hong Kong, Hong Kong, China

GRAPHICAL ABSTRACT

Virus
Virus-laden 1
droplet -
b
SHPB 5
coating E
3333X3233XTIIIILLIIN, ]
Substrate e o ] 10
Droplet beading up Droplet shedding away Adhesion (mN)
ARTICLE INFO ABSTRACT
Article history: Surface contact with virus is ubiquitous in the transmission pathways of respiratory diseases such as
RGC?IVEd 12 January 2021 Coronavirus Disease 2019 (COVID-19), by which contaminated surfaces are infectious fomites intensify-
Revised 12 April 2021 ing the transmission of the disease. To date, the influence of surface wettability on fomite formation

Accepted 6 May 2021

Available online 11 May 2021 remains elusive. Here, we report that superhydrophobicity prevents the attachment of severe acute res-

piratory syndrome coronavirus 2 (SARS-CoV-2) on surfaces by repelling virus-laden droplets. Compared
to bare surfaces, superhydrophobic (SHPB) surfaces exhibit a significant reduction in SARS-CoV-2 attach-
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SARS-CoV-2 attachment, where the viral activity (N) is proportional to the cube of solid-liquid adhesion (A),
Superhydrophobicity N o A3. Our results predict that a surface would be practically free of SARS-CoV-2 deposition when
Surface contamination solid-liquid adhesion is <1 mN. Engineering surfaces with superhydrophobicity would open an avenue
Fomite transmission for developing a general approach to preventing fomite formation against the COVID-19 pandemic and

future ones.
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such as the Black Death, smallpox, yellow fever and cholera, have
irreversibly shaped the course of human history and caused incal-
culable deaths [1]. New epidemics continue to emerge. Since the
emergence of Coronavirus Disease 2019 (COVID-19), which is
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), the disease has rapidly evolved into a global pan-
demic in several months [2,3]. As this paper is being prepared,
COVID-19 continues to prevail globally, resulting in more than
160 million confirmed cases and over 3.3 million deaths in more
than 210 countries and regions. Before safe and effective vaccines
are available [4], COVID-19 is likely to remain with humans for a
long time and will have a profound impact on public health, global
economy, and the way of life [5]. Mitigation measures to prevent
the transmission of COVID-19 are of vital importance to fighting
the pandemic.

Respiratory diseases (such as COVID-19) can be transmitted
through either airborne or contact routes [6,7]. As a start, virus-
laden respiratory droplets (from <1 to 2000 um in diameter [6])
are released from infectious individuals when they are coughing,
sneezing, talking, singing and even exhaling. Then the virus-
laden airborne droplets are inhaled by other individuals for direct
infection or deposited on persons/objects to turn surfaces into
infectious fomites, which may cause indirect infection when some-
one touches the contaminated surfaces by hands and then trans-
fers the virus to eyes, nose, and mouth. Virus-surface contact
plays an important role in fomite transmission [8]. SARS-CoV-2
exhibits a strong capability of surviving in the environment,
remaining infectious for 4-7 days on surfaces like glass, plastics,
stainless steel, and the outer layer of a surgical mask [6,9,10]. Thus,
it is urgently needed to develop functional surfaces for preventing
fomite transmission.

Suppressing fomite formation could effectively interrupt the
fomite-to-human transmission. Given that fomites involve the
deposition of virus-laden aqueous droplets on surfaces, it is envis-
aged that superhydrophobic (SHPB) surfaces hold great promise for
setting physical barriers that avoid the adhering of virus-laden dro-
plets [11]. SHPB surfaces are featured by high water contact angle
(CA > 150°) and low contact angle hysteresis (CAH < 10°) [12].
Water droplets are supported by micro- or nano-structures on
SHPB surfaces, maintained in the non-wetted Cassie state [13].
As such, a large fraction of solid-liquid contact is replaced by
liquid-air interfaces on SHPB surfaces. Due to the reduced solid-
liquid interactions, SHPB surfaces allow a strong mobility of water
droplets useful for various applications, such as self-cleaning, anti-
biofouling, and droplet manipulation [14-20]. Such functional sur-
faces have been demonstrated to have antimicrobial characteristics
[21-23], on which bacteria is prevented from adhesion/attach-
ment. It is thus expected that engineering surfaces with superhy-
drophobicity could be developed into a general approach to
preventing viral adhesion, not limited to a specific type of patho-
gens. However, the efficacy of superhydrophobicity against fomite
infection remains elusive and unavailable.

Here, we investigate the influence of superhydrophobicity on
fomite formation of COVID-19. In a systematic study, we conduct
viral adhesion tests on six commonly-used substrates (copper,
glass, glove, face mask, plastic, and steel) with different wettability.
The viral adhesion is not determined by the static CAs, but instead
by the dynamic CAs that characterize the solid-liquid adhesion.
According to experimental results, the amount of attached virus
is proportional to the cube of solid-liquid adhesion. The quantita-
tive relationship also predicts that no virus will practically remain
on SHPB surfaces when the adhesion is reduced to <1 mN. As such,
SHPB surfaces with lower adhesion exhibit a significant reduction
in viral adhesion. Our work would provide useful guidelines in
engineering surface wettability for interrupting fomite-to-human
transmission in fighting COVID-19 and other epidemics.
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2. Materials and methods
2.1. Fabrication of SHPB coatings

The Glaco coating (SOFT99, GLACO) solution was used as
received. The Aerosil coating solution was prepared by dispersing
hydrophobic silica nanoparticles (AEROSIL® fumed silica) in etha-
nol at a concentration of 2.5 w/w%. Both coatings are composed
of silanized silica nanoparticles that have similar size distribution
(diameter ranging from ~20 to ~40 nm) and comparable average
diameter (~30 nm). The two coatings were applied to the sub-
strates by dip coating and each substrate was dip-coated three
times to ensure that all the surface areas were covered by nanopar-
ticle assemblies. After coating, the substrate was rendered SHPB.

2.2. Viruses and biosafety

SARS-CoV-2 HKU-001a was isolated from a COVID-19 patient
from Hong Kong as we previously described [24]. The virus was
expanded in VeroE6 cells in Dulbecco’s Modified Eagle Medium
(DMEM). On the day of virus harvest, the culture supernatant
was centrifuged at 2000 rounds per minute (rpm) to remove cell
debris, and the virus titer was determined by plaque assays as
we previously described [25]. All experiment protocol follows the
standard operating procedures of Biosafety Level 3 facility at the
Department of Microbiology, University of Hong Kong [26]. Inacti-
vated SARS-CoV-2 was prepared by incubating SARS-CoV-2 with
4% paraformaldehyde. The lack of infectious virus titer of inacti-
vated SARS-CoV-2 was determined with median tissue culture
infectious dose (TCIDsg) assays on VeroE6 cells.

2.3. Viral adhesion test

50 pL of infectious SARS-CoV-2 in DMEM at a concentration of
1 x 107 PFU/mL was applied to each surface. At 5 min after adding
the virus, the surfaces were tilted to allow free falling of the virus
droplet. The surfaces were then added to phosphate-buffered sal-
ine (PBS) and were incubated for 30 min before the PBS was har-
vested and lyzed for viral RNA extraction.

2.4. RNA extraction and qRT-PCR

RNA extraction and qRT-PCR were performed as we previously
described [27]. In brief, residual SARS-CoV-2 on different surfaces
was extracted with the QIAamp Viral RNA Mini kits (Qiagen, Hil-
den, Germany). Quantitative RT-PCR was performed using the
QuantiNova Probe RT-PCR kit (Qiagen) with LightCycler 480 Real-
Time PCR System (Roche, Basel, Switzerland). The primer and
probe sequences were previously described [28,29].

2.5. Characterization of surface wettability

The static CAs, dynamic CAs and sliding angles were measured
by the OCA 25 instrument (DataPhysics) at room temperature
(23 °C). The static and dynamic CAs were the average of 5 measure-
ments at different positions on the surface. The sliding angles were
the average of 3 replicates.

A 5 pL droplet was firstly deposited on the surface, then a side-
view image was taken, and finally the static CA was analyzed by
the software of OCA.

To measure the dynamic CA, a droplet of 5 L was firstly depos-
ited on the surface. Then, another 10 pL liquid was slowly pumped
in and out of the droplet at a rate of 1 pL/s, during which the con-
tact line advances and recedes, respectively. A video was recorded
for the process and the advancing CA and receding CA were ana-
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lyzed by the software of OCA. CAH is defined and calculated as the
difference between advancing CA and receding CA.

To measure the sliding angle, the surface was placed on a tilting
stage. A 10 pL droplet was deposited on the surface. Then the stage
was tilted slowly to let the droplet roll off. A video was recorded.
When the droplet started to slide, the surface tilting angle indi-
cated the sliding angle.

The solid-liquid adhesion was measured by the DCAT device
(DataPhysics Instruments). A 10 pL droplet was used to firstly snap
in and then snap off the tested surface. During snapping in, the dro-
plet was compressed by 0.5 mm at a constant speed of 0.05 mm/s,
after which the droplet was snapped off at the same speed. The
software automatically recorded the force curve and calculated
the maximum force for the solid-liquid adhesion.

2.6. Quantification of liquid residue ratio

The liquid residue ratio was measured by DCAT 25 instrument
(DataPhysics) with the same process as the measurement of
solid-liquid adhesion. From the recorded force curve, we extracted
the initial force before snapping in and the final force after snap-
ping off. The difference between the two forces equals the weight
of liquid residue left on the tested surface. The mass of liquid resi-
due m, was then calculated by dividing the force difference by the
gravitational acceleration g. The measurement accuracy can reach
107 g. The initial mass of the droplet mg was kept as a constant
by controlling the droplet volume to be 10 pL.

2.7. Mechanical stability test

We used a sandpaper abrasion test to characterize the durabil-
ity of SHPB coatings. The coated substrate was placed on top of a
sandpaper and had the SHPB coating side facing the sandpaper. A
weight was placed on the substrate to exert an applied pressure
of 1.7 kPa. For each cycle of the abrasion test, the substrate (with
the loaded weight) was forced to move on the sandpaper for a dis-
tance of 5 cm. After abrasion, the static CA was measured.

3. Results and discussion

Fig. 1a illustrates the principle of preventing fomite formation
using SHPB coatings. A virus-laden droplet will bead up on the
coating in the non-wetted Cassie state [13], by which numerous
air pockets are sandwiched between the droplet and the SHPB
coating, significantly reducing the area of solid-liquid contact and
the virus-surface contact probability. In the SHPB state, the virus-
laden droplet readily rolls off the tilted surface such that virus
can barely remain on the coating. Covered with SHPB coatings,
the underneath substrates are then protected from the deposition
of virions, which greatly eliminates the production of fomites to
effectively prevent the transmission of virus.

We prepared two SHPB coatings using two types of silanized sil-
ica nanoparticles, which are referred to as Glaco coating and Aero-
sil coating and shown in Fig. 1b (SOFT99, GLACO) and 1c (AEROSIL®
fumed silica), respectively. Compared to the Glaco coating (Fig. 1b),
nanoparticle assemblies are fluffier on the Aerosil coating (Fig. 1c).
The presence of the two coatings significantly alters the wettability
of the surface. Fig. 1d contrasts the CAs of aqueous droplets con-
taining inactivated SARS-CoV-2, where the droplet wets the bare
glass substrate (CA < 30°) while beads up on both Glaco and Aerosil
coated glasses (CA > 150°). Moreover, SHPB coatings demonstrate
the repellency to aqueous droplets with an average radius of
~35 pm (Fig. S1 and Movie S1), suggesting the possibility of shed-
ding tiny virus-laden respiratory droplets.
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To examine the efficacy of SHPB coatings against SARS-CoV-2
for the protection of diverse objects and systematically study the
influence of surface wettability, we investigated six commonly-
used materials and PPE—copper, glass, glove, face mask (the outer
layer), plastic, and steel—in three groups: bare substrate, Glaco
coating, and Aerosil coating. The SHPB coatings are uniform on
smooth surfaces including copper, glass, glove, plastic, and steel
(Fig. S2), but less uniform on face mask (Fig. S3). Fig. 1e shows
the images of water (blue) and inactivated virus-laden (transpar-
ent) droplets on the 18 tested surfaces, where all droplets bead
up on SHPB surfaces whereas the droplets wet all bare substrates
except face mask (because the outer layer of face mask is
hydrophobic). As contrasted in Fig. 1f, the values of CAH are the
largest on bare substrates, the smallest on Aerosil coatings, and
moderate on Glaco coatings.

Fig. 2 shows the survival behavior of SARS-CoV-2 on 18 tested
surfaces. Compared to SHPB coatings, all bare substrates exhibit
the highest viral activity, with a log number in the range of 7-8
(Fig. 2a). Interestingly, more virus residues are left on Glaco coat-
ings than Aerosil coatings; the log number is in the range of 5-7
on the former coatings while in the range of 2-3 on the latter coat-
ings (Fig. 2a). In comparison to bare substrates, the viral activity is
significantly reduced on SHPB coatings; the reduction is 99.997-
99.99995% on Aerosil coatings while 23.6-99.4% on Glaco coatings
(Fig. 2b). More remarkably, there appear several zero readings of
virial activity on Aerosil coatings (Table S1, Supporting Informa-
tion), suggesting the complete prevention of virus attachment.
These results confirm that SHPB coatings can inhibit the formation
of fomites. Nevertheless, the significant difference (approximately
four orders of magnitude) between Glaco coatings and Aerosil
coatings in viral activity seems counterintuitive because both coat-
ings have similar CAs (Fig. 1d and Fig. S4) and thus raises a ques-
tion about the mechanism underlying the prevention of viral
adhesion.

To understand the role of superhydrophobicity in inhibiting
fomite formation, we systematically studied the wettability of all
tested surfaces, including static CAs, dynamic CAs (advancing CAs
and receding CAs), adhesion forces, and sliding angles, as shown
in Fig. 3. Fig. 3a contrasts the static CAs, where Glaco coatings have
slightly larger CAs than Aerosil coatings in most cases, and both
have CAs larger than bare substrates. Fig. 3b shows the dynamic
CAs, in which the CAH decreases in the order of “bare
substrates > Glaco coatings > Aerosil coatings” in most cases
(Fig. 1f), a descending order that is highly consistent with the viral
activity results. In parallel, the solid-liquid adhesion (Fig. 3c) and
sliding angle (Fig. 3d) follow the same descending order. The differ-
ent adhesion of Glaco and Aerosil coatings is ascribed to the mor-
phology of nanoparticle assemblies. Different from Glaco coatings
with single-tier nano-structures, Aerosil coatings have hierarchical
micro-/nano-structures consisting of microscale papillae and fused
silica nanoparticles with branched, chainlike, and three-
dimensional morphology (Fig. 1b, 1c, and S2). As such, Aerosil coat-
ings are rougher and thus achieve lower adhesion and better water
repellency than Glaco coatings.

Given that CAH, adhesion, and sliding angle are parameters
characterizing how sticky a surface is, we speculate that viral adhe-
sion is dominated by the sticky state of the surface rather than by
the static CA. A less sticky surface is expected to perform better in
preventing viral adhesion. To verify our hypothesis, we plotted the
viral activity results versus the static CA and adhesion in Fig. 3e
and 3f, respectively. The data in Fig. 3e is separated into two dis-
tinct groups: the viral activity has a log number in the range of
7-8 for all CAs < 100° and in a wide range of 1-7 when
CA = 150° or so. Such differentiation of data indicates that there
is no significant correlation between viral activity and static CA.
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rolls off the tilted SHPB coating which avoids virus deposition for preventing fomite formation. (b-c) Scanning electron microscope (SEM) images for the Glaco (b) and Aerosil
(c) coatings. (d) Optical images showing contact angles (CAs) of inactivated virus-laden droplets on bare glass substrate, Glaco coating, and Aerosil coating. The glass substrate
is changed from hydrophilic to SHPB. (e) Pictures contrasting the contact of water (blue) and inactivated virus-laden (transparent) droplets on 18 tested surfaces. (f) Contact
angle hysteresis (CAH) on different substrates. Scale bars, 500 nm in (b-c), 1 mm in (d), and 2 cm in (e). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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In contrast, viral activity is positively correlated with adhesion,
as shown in Fig. 3f. More remarkably, the curve fitting unveils that
viral activity (N) is proportional to the cube of adhesion (A), N « A>.
This quantitative relationship emphasizes the vital importance of
adhesion in preventing fomite formation: a 10-time variation in
the adhesion will dramatically lead to a 1000-time change in the

viral activity. Compared to bare substrates, Aerosil coatings have
the adhesion decreased by ~2 orders of magnitude to ~10 mN, so
that the viral activity is reduced by 5-6 orders of magnitude, which
explains the observed significant reduction in Fig. 2. The Aerosil
coating is less sticky than the Glaco coating (Fig. 3¢, 3d, and S5),
so that the former demonstrates a better ability to prevent fomite

616



P. Zhu, Y. Wang, H. Chu et al.

a 180 T T T T T T

1

Bare

I_D
@
Q
e}

60 | Aerosil

Static CA (deg)

Glove _Mask
Substrate

Copper  Glass Plastic ~ Steel

500 T T T T T T

[ Bare
[JGlaco
I Aerosil

N
o
o

Adhesive force (mN)

Mask  Plastic  Steel

]
%

Copper Glass  Glove

Substrate

10° T

Virus gene copy

=2} o &n
=]

100
Static CA (deg)

500

Journal of Colloid and Interface Science 600 (2021) 613-619

b 180 T T T T T T
Advancing
Bare
—/
o> 120 Glaco
S ]
:(' Aerosil
% Receding
E ]
& 60 Bare
2 B
a Glaco
o]
Aerosil
Copper Glass Glove Mask Plastic Steel
Substrate
d 90
R 1=
el Bare
Qo —/
=) x X %X X X Glaco
> o
c Aerosil
530 .
7}
o Ll e 1] e [ _l_
Copper Glass Glove Mask  Plastic  Steel
Substrate
k|
E
1
|
3
1
3
E|
100 1 1
10° 10' 10° 10°

Adhesion (mN)

Fig. 3. Correlation between surface wettability and viral adhesion. (a-d) Static CA (a), dynamic CA (b), solid-liquid adhesion (c), and sliding angle (d) for different surfaces. The
droplet cannot slide the 90°-tilted surface in some cases due to the very large adhesion, which is marked with a “x” in (d). (e) The plot of virus gene copy versus the static CA.
The data is separated into two different groups, as encompassed in the two ellipses. (f) The plot of virus gene copy versus adhesion. The curve fitting (solid line) indicates that

viral activity is proportional to the cube of adhesion.

formation than the latter. More importantly, the curve fitting pre-
dicts that there would be no virus left on SHPB coatings when the
adhesion is decreased to <1 mN in the present test, because the
initial ~10® residual virus gene copy on bare substrates will be
reduced by 9 orders of magnitude to ~0.1, much smaller than unity.
Indeed, Aerosil coatings with the adhesion of ~10 mN occasionally
exhibit complete prevention of virus attachment in experiments
(Table S1).

For a less sticky surface with lower adhesion, there would be
fewer residues of virus-laden liquid left after contact, which is thus
endowed with better performance in preventing viral adhesion.
We characterized the liquid residue on different surfaces in
Fig. 4. Virus residue is observed on both bare substrate (Fig. 4a)
and Glaco coating (Fig. 4b) while almost no residue can be found
on Aerosil coating (Fig. 4c) after the surface is deposited with a
virus-laden droplet and then tilted. We quantified the mass ratio
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(my/mg) of liquid residue (mass m;) by controlling a liquid droplet
(mass my) firstly snapping in and then snapping off the surface
(Fig. 4d). The results are shown in Fig. 4e, where bare substrates
have the residue ratio m;/mg > 70% except for face mask (because
the outer layer of face mask is hydrophobic), while Aerosil coatings
have m;/mg < 1% and Glaco coatings have m;/mg with a value in
between. The liquid residue characterization is consistent with
the sticky and viral activity test, all of which together confirm that
surfaces with lower adhesion would be better in preventing fomite
formation.

The durability of superhydrophobicity is one of the important
factors to be considered because long-term ability to prevent
fomite formation is desired in practice. We performed a sandpaper
abrasion test to examine the mechanical stability of SHPB coatings,
which can withstand 20 cycles of abrasion under an applied load of
1.7 kPa (Fig. S6). Besides, superhydrophobicity is retained on
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Fig. 4. Liquid residues on surfaces with different wettability. (a-b) SEM images showing virus residues on the bare substrate (a) and Glaco coating (b). The boundaries
separating the virus residue and the pristine surface are observed in the leftmost images of (a-b). The granular and membranous residues come from the additives in the
virus-laden liquid. (c) No observation of virus liquid residue on Aerosil coating owing to the low adhesion. (d) Schematic showing the measurement of residue ratio m,/m,
where m, and mg are the mass of liquid residue and droplet, respectively. (e) The plot of residue ratio m;/mg versus different surfaces. The residue is the average of three
replicates. Scale bars, 500 pm, 50 pm, 10 pm and 1 pm for images from left to right in (a-b) and 500 pm in (c).

deformed surfaces, as demonstrated by the bouncing of aqueous
droplets on curved glove and face mask (Fig. S7 and Movie S2).
To further improve the durability, one can adopt useful strategies
available in the literature: recent studies have proposed robust
liquid-repellent surfaces by either optimizing the topological
design [30,31] or using all-organic nanocomposite coating [32].

4. Conclusions

We have confirmed the effectiveness of superhydrophobicity in
preventing fomite formation by repelling virus-laden droplets. The
viral attachment is dominated by and proportional to the cube of
solid-liquid adhesion. As such, a surface with lower adhesion offers
better prevention of viral contamination. Remarkably, our results
predict that a surface would be free of SARS-CoV-2 deposition
when the adhesion is <1 mN, in which case the fomite formation
is completely suppressed for effectively preventing the fomite-to-
human transmission of COVID-19. Engineering surfaces with
superhydrophobicity represents an innovative and general
approach that circumvents issues encountered by other protection
and disinfection measures. For example, the massive use of per-
sonal protective equipment (PPE) will lead to an increase in non-
biodegradable plastics waste [6,8,33]; chemical sanitization using
disinfectants needs intensive labor, consumes many materials,
requires periodical repetition, can cause skin, eye and respiratory
diseases, pollute the environment, and is difficult to cover all areas
[6,11]. Further efforts can be devoted to imparting superhydropho-
bicity to various substrates and materials for practical usages, such
as developing SHPB reusable PPE.
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