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ABSTRACT: Healthcare-acquired infections place a significant
burden on the cost and quality of patient care in hospitals.
Reducing contamination on surfaces within healthcare environ-
ments is critical for halting the spread of these infections. Herein,
we report a bifunctional�repel and kill�surface developed using
photoactive TiO2 nanoparticles integrated into a hierarchical
scaffold (OmniKill). To quantify the repellency of OmniKill, we
developed a touch-based assay, capable of simulating the transfer of
individual pathogens, multiple pathogens, or pathogen-latent fecal
matter from hands to surfaces. OmniKill repels bacterial pathogens
by at least 2.77-log (99.8%). The photoactive material within OmniKill further reduces the viability of transferred pathogens on the
surface by an additional 2.43-log (99.6%) after 1 h of light exposure. The antipathogenic effects�repel and kill�remain robust
under complex biological contaminates such as feces. These findings show the potential use of OmniKill in reducing the physical
transmission of bacterial pathogens in healthcare settings.
KEYWORDS: omniphobic, antimicrobial, hierarchical structure, photoactive, repellent

■ INTRODUCTION
Contamination of surfaces with pathogens plays a significant
role in the transmission of infectious diseases, accounting for a
significant amount of healthcare-acquired infections world-
wide.1−3 Surface contamination is facilitated through a variety
of pathways such as the deposition of respiratory droplets,4

direct physical contact with contaminating secretions or
biological materials,5,6 and direct physical contact with other
contaminated inanimate materials.3 Physical contact with
contaminated surfaces may result in the transmission of
pathogens to uninfected individuals. Disinfection and hygiene
protocols are commonly used in healthcare environments to
reduce the risk of surface-mediated pathogen transmission.2

However, surfaces cleaned with traditional disinfectants are
only able to remain sterile for a short period after cleaning and
are vulnerable to recontamination.2 Additionally, hygiene may
be ineffective when materials are heavily contaminated,7

especially if the minimum infective dose for a specific pathogen
is low.8 As a result, antipathogenic coatings and materials have
gained much attention over the past decade as a viable solution
to address surface contamination.
Antipathogenic coatings include biocide-releasing, contact-

killing, or pathogen-repelling coatings.9,10 Materials with only
antipathogenic (biocide-releasing or contact-killing) properties
significantly reduce the concentration of infectious pathogens
on surfaces; however, they are negatively affected by the
depletion of antipathogenic agents,10 buildup of dead

pathogens and biological debris,10 and development of
antimicrobial resistance.1 These factors result in the buildup
of viable pathogens on surfaces, which can later be transmitted
through physical contact.
An alternative to solely antipathogenic coatings is pathogen-

repellent materials, which inhibit the adhesion of microbial and
pathogenic agents to the surface. Pathogen-repellant surface
technologies can be separated into two distinct categories:
liquid-infused coatings and air-infused coatings.11 Liquid-
infused coatings are created by the infusion of a lubricating
liquid into the surface structure or chemical coating.12−15 This
lubricating liquid layer is typically selected to be immiscible
with the contaminating media (oil lubricant for water
repulsion), which reduces the adhesion of the contaminate
to the surface.11,16,17 Air-infused coatings function by trapping
air pockets within their surface structure, inhibiting the
homogeneous wetting of the solid surface.18 The resulting
unique wetting state of air-infused coatings, also known as
Cassie−Baxter states, is responsible for the observed super-
hydrophobic and oleophobic properties of these materials.19,20
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Generally, both classes of surfaces are manufactured to have
rough surfaces with high surface areas and are typically either
porous, microstructured, nanostructured, or hierarchically
structured.12,18,19 For both liquid- and air-infused surfaces,
structural hierarchy has resulted in a significant increase in
liquid repellency and robustness of surface properties.11,21 The
hierarchical structure used for liquid-infused surfaces helps
retain larger amounts of the lubricating liquid within the
structure,22 while for air-infused surfaces, the hierarchical
structure helps to increase the stability of the air pockets within
the surface.20 Hierarchically structured surfaces have the added
benefit of reducing the interaction area between the solid
surface and pathogens, significantly decreasing pathogen
adhesion and contamination.23

Even though repellant materials significantly reduce the
spread and proliferation of pathogens,19,24 they suffer from
several shortcomings. Despite recent progress for long-term
lubricant retention,15,25 liquid-infused surfaces are not
appropriate for use on high-touch surfaces due to their
slippery nature.22 Additionally, air-infused coatings are limited
by the stability of air pockets trapped within their surface
structure.18 More specifically, in the case of coating
degradation, there is a decrease in repellent properties of
these surfaces due to air pocket instability, which increases the
susceptibility of the surface to pathogen contamination.26

Furthermore, pathogen-repellent surfaces cannot completely
eliminate pathogen adhesion since their repellency breaks
down when the pathogen concentration exceeds a certain
threshold value.26 These issues can be resolved by adding
antipathogenic materials into repellant coatings to deactivate
adhered pathogens.27 Coatings that both repel and kill

pathogens are classified as bifunctional materials and have
significant upside to the traditional pathogen-repellent or
antipathogenic material coatings.12,28,29

The current strategies used to develop bifunctional
materials, with both pathogen-repellant and antipathogenic
properties, include the codeposition of repellent and
antipathogenic materials such as copolymers,28,29 fluorinated
metal oxide nanoparticles,26,30 and fluorinated transition metal
nanoparticles,31−33 as well as the use of switchable surfaces that
change from repellent to pathogen killing states.27,29,30,34−36

Although the codeposition methods allow for simultaneous
repulsion and killing of pathogens, the two properties are
contradictory in function. Generally, antiadhesion components
repel pathogens, while antipathogenic components attract
pathogens for deactivation.28 As a result, the ability to control
material properties on-demand−antipathogenic or pathogen-
repellent−is important for the effective functionality of the
coating.
Switchable bifunctional surfaces can toggle between

pathogen-repellent and antipathogenic states using external
stimuli such as temperature,37 humidity, light,30,36 or gas
exposure. The use of photoactive materials in repellent surfaces
enables on-demand production of antipathogenic agents.
While these surfaces spend most of their working time in the
pathogen-repellant state; they can be stimulated with light to
produce oxygen species and deactivate pathogens.38 Reactive
oxygens species produced by TiO2 deactivate pathogens by
oxidizing protective membrane structures, functional mem-
brane proteins, or genetic materials.39 The oxidation pathway
for bacterial pathogens depends on the cell membrane
structure and whether the bacteria are Gram negative or

Figure 1. Fabrication and characterization of OmniKill Wrap. Schematic diagram depicting the manufacturing process: (a) oxygen plasma
treatment of the polyolefin substrate, (b) dip-coating of the substrate into a TiO2 nanoparticle suspension, (c) fluorosilanization of nanoparticles on
the substrate, and (d) formation of microstructure through shrinking of the polymer substrate, along with the corresponding SEM images. (e)
Surface repellency of OmniKill Wrap with various liquids (water, glycerol, ethylene glycol, formamide, and hexadecane). The static contact angles
for each liquid are denoted in the table above the graph, while the colored boxes in the graph represent CAH. Time series of liquids bouncing on
the surface of OmniKill Wrap using (f) water and (g) hexadecane from 0 to 12 ms. Scale bars in the SEM images represent 3 μm. Experiments were
performed at n = 10, and data are expressed as mean ± standard deviation.
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Gram positive.40 Gram-negative bacteria typically show more
susceptibility to reactive oxygens species because of their
thinner peptidoglycan layer; however, both classes of bacteria
are readily deactivated by reactive oxygen species.38 One
drawback of the existing switchable bifunctional surfaces is
their inability to remain repellent while in the antipathogenic
state,18,22,26 making them susceptible to further contamina-
tion.26 As such, it is important to develop materials that can
maintain their repellency during pathogen deactivation
processes.
Herein, we developed a hierarchically structured air-infused

omniphobic wrap integrated with photoactive TiO2 nano-
particles (NPs) named OmniKill. The hierarchical structure of
OmniKill was designed to repel pathogens, whereas TiO2 NPs
were used for on-demand pathogen killing. The combination
of these components allows for the retention of repellent
properties during pathogen deactivation on or near the surface.
The bifunctionality of OmniKill was then characterized
through an assay that modeled the transfer of bacterial
pathogens from a contaminated hand to high touch surfaces. In
addition to developing a new material system for reducing
surface-mediated transmission of pathogens using repel and kill
mechanisms, our study led to a number of critical assays for
modeling and studying surface-mediated transmission of
pathogens.

■ RESULTS
Manufacturing and Wettability of OmniKill. OmniKill

wraps were fabricated by first depositing photoactive TiO2
nanoparticles (NPs) on a polyolefin (PO) wrap. This was
achieved by exposing the wrap to oxygen plasma (3 min, 50
W) to induce a dense layer of hydroxyl groups on the surface
(Figure 1a). The functionalized polymer sheet was then
modified by dip-coating in an aqueous suspension of TiO2 NPs
(∼21 nm). The TiO2 NPs are attached/bound to the surface
through dehydration synthesis reaction.41,42 This process was
accelerated by baking the coated surface at 60 °C for 10 min
(Figure 1b). Following the formation of the TiO2 NP layer, the
surfaces were treated with fluorosilane (FS) (1.5 h, 0.5 wt %)
in order to reduce the surface energy (Figure 1c).19,24 The final
microstructure of the wrap was formed by thermally shrinking
the polymer at 145 °C, which resulted in buckling of the thin
film and the formation of hierarchical structures with
microscale and nanoscale features (Figure 1d). Such buckling
of NP thin films is expected as the NPs form a stiff layer,
capable of buckling under critical strain.43 The size and
geometry of the buckled microstructure is dependent on the
density of the NP film, with denser films resulting in larger
buckling wavelengths.43 Scanning electron microscopy (SEM)
and energy-dispersive spectroscopy (EDS) images of the
surface show uniformity in both surface structure and coverage
of the surface with fluorine groups (Figure S1). Additionally,
the hierarchical structures displayed a root-mean-square (rms)
roughness of 865 and 77 nm for the micro- and nanoscale
structures, respectively (Figure S2).
To quantify the wettability and omniphobicity [contact

angle (CA) > 150° and contact angle hysteresis (CAH) < 10°
for all test liquids]44 of the wraps, we examined their
interaction with various liquids having a wide range of surface
tension, surface tension components (dispersive, polar), and
viscosity (Table S1). The PO substrate displayed a CA of 96.7
± 2.3° (water), 99.4 ± 1.5° (glycerol), 80.4 ± 1.7°
(formamide), 73.1 ± 5.3° (ethylene glycol), and 26.2 ±

10.7° (hexadecane). Prior to the formation of the hierarchical
structures, the TiO2 NP-coated surface showed hydrophilic
(water CA 77.3 ± 3.4°) and oleophilic (hexadecane CA ∼ 0°)
properties (Figure S3). Following the formation of the
hierarchical structures made from TiO2 NPs (PO + TiO2)
but without modification with FS, the wrap displayed
superhydrophobic properties and a significant increase in the
contact angles of water (152.3 ± 2.0°), glycerol (132.8 ±
4.9°), formamide (106.8 ± 4.1°), and ethylene glycol (101.6 ±
5.0°). Interestingly, the hexadecane CA of ∼0° displayed a
breakdown of the Cassie−Baxter wetting states with the
decrease in liquid surface tension (Figure 1e). This was further
evident as the fraction of surface wetting was increased with
decreasing surface tension (Figure S3) for the PO + TiO2
surface, displaying a direct transition of the Cassie−Baxter
wetting states into Wenzel states with a decrease in surface
tension. The addition of fluorosilane in OmniKill increased the
liquid repellency of the wrap for every tested liquid (water
159.3 ± 1.7°, glycerol: 158.5 ± 1.3°, formamide: 157.7 ± 0.6°,
ethylene glycol: 155.76 ± 2.0°, and hexadecane: 150.8 ± 3.1°),
achieving omniphobic wetting.44 The most significant change
in wettability for OmniKill was seen with hexadecane, with an
increase in over 150° compared to that for PO + TiO2, which
is due to the FS modification, as the PO + TiO2 and OmniKill
surfaces have the same topography. The Cassie−Baxter state
on the OmniKill surfaces was significantly more stable than the
PO + TiO2 surfaces maintaining a solid fraction of wetting of
less than 16.5% for all liquids (Figure S4). This indicates that
adding FS causes the droplets of various liquids not to
transition to Wenzel wetting states, which is likely due to a
large energy barrier between the solid/vapor and solid/liquid
interfaces at the surface.45

Even though static CA is an important metric for surface
wettability, interactions in the real world are rarely static.
Therefore, we also tested the surfaces under dynamic wetting
states though measurements of the CAH. The CAH of the
tested liquids on the PO surface ranged from 6.9 to 13.5°, the
lowest hysteresis being for water and the largest being for
hexadecane. PO + TiO2 showed a larger variation in CAH
(2.7−12.3°), with the smallest being water and the largest
being ethylene glycol. Due to the high wettability of
hexadecane on the PO + TiO2 surface, the CAH of hexadecane
was unmeasurable. The OmniKill surface had a significant
decrease in CAH when compared to that of PO + TiO2,
showing a CAH of less than 2° for all liquids except
hexadecane, which had a CAH of 5.0 ± 1.4° (Figure 1e). To
further characterize wettability under dynamic conditions, 5 μL
of droplets (water and hexadecane) was dropped onto various
surfaces, and the interaction video was recorded for 3 s (Figure
1f,g and Supporting Videos 1−6). The PO surfaces did not
show any detachment of either water (Supporting Video 1) or
hexadecane (Supporting Video 2) droplets after impact with
the material. On PO + TiO2 surfaces, water (Supporting Video
3) droplets fully detached from the surface after impact, but
hexadecane (Supporting Video 4) fully wetted the surface. For
the OmniKill surface, both water (Figure 1f and Supporting
Video 5) and hexadecane (Figure 1g and Supporting Video 6)
droplets bounced off of the surface due to the high static CA
and low CAH, displaying robust Cassie−Baxter wetting when
droplets were moving at high speeds.46,47 The repellency of the
OmniKill surface toward both high and low surface tension
liquids indicates the wide range repellency18 needed for
achieving antipathogenic properties.27
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The durability of OmniKill Wrap was also analyzed by
observing the change in surface wettability following
mechanical stress, including compression caused by frequent
touching and mechanical abrasion. After compressing the
surface 100 and 200 times with a human touch, no visible
change in water wettability was seen (Figure S5a); however,
the CA of hexadecane was significantly decreased after 200
touches, falling by 17.7% to below 150° (124.5 ± 17.4° after
200 touches). Mechanical abrasion showed a decrease in both
the superhydrophobic and oleophobic properties after 10
abrasion cycles, reducing the water and hexadecane CA by 5.0
and 23.6%, respectively (Figure S5b).
Interaction of Omniphobic Hierarchical Structures

with Pathogens. Once the liquid repellency of the OmniKill
surface was characterized, we investigated whether omnipho-
bicity translated to bacteria repellency. To quantify the amount
of bacteria transmitted between a contaminated and a clean
surface, agar stamps were contaminated with an overnight
culture of various bacteria and pressed into the clean surfaces.
After stamping, the surfaces were washed with 500 μL of
phosphate-buffered silane (PBS), and serial dilution was
performed to count the number of bacteria transferred to the
surface. Following the stamping assay, the PO surface showed
a reduction in the transfer of bacteria to its surface of 1.5-log,
1.34-log, 0.88-log, and 0.52-log for Escherichia coli (E. coli) (p <
0.05), Bacillus Subtills (B. subtilis) (p < 0.05), Pseudomonas
aeruginosa (P. aeruginosa) (p < 0.05), and Methicillin Resistant
Staphylococcus aureus (MRSA) (p > 0.05), respectively, from
the initial concentration of the bacteria present on the stamp
(Figure 2a). This high degree of contamination is further

evident from the SEM of the PO surface after contamination
with each bacterial strain. These images show individual
bacteria as well as large aggregates spread over the entire
surface [Figure 2b(i,iv,vii,x)]. The PO + TiO2 surface had
slightly improved repellency displaying a 1.34-log, 1.80-log,
1.43-log, and 1.72-log reduction for E. coli (p < 0.05), B. subtilis
(p < 0.005), P. aeruginosa (p < 0.01), and MRSA (p < 0.01),
respectively, from the initial concentration of bacteria. SEM of
the PO + TiO2 surface reveals that the surfaces are only
contaminated with individual bacteria and not with large
aggregates. Interestingly, most of these contaminating bacteria
are found within the grooves of the surface microstructure
[Figure 2b(ii,v,viii,xi)]. Additionally, there appears to be a
difference in the contamination level seen by spherical and rod-
shaped bacteria. For surfaces contaminated with MRSA, rod-
shaped and Gram-positive, we saw much more bacteria hidden
within the structure, compared to the other rod-shaped
bacteria, which is in line with previous work.19 The OmniKill
surface displayed a reduction of 2.65 log, 3.57-log, 2.35-log,
and 2.52-log for E. coli (p < 0.01), B. subtilis (p < 0.005), P.
aeruginosa (p < 0.005), and MRSA (p < 0.005), respectively,
from the initial concentration of bacteria. This is the highest
reduction seen with the tested surfaces and is reflected in the
SEM images of the OmniKill surface after contamination,
which show little to no bacterial contamination for all strains
used in this study [Figure 2b(iii,vi,ix,xii)].
Light-induced bacterial deactivation was measured on both

PO + TiO2 and OmniKill surfaces by exposing them to
ultraviolet (UV) light (peak wavelength: 254 nm, bandwidth:
50 nm) after contamination with bacteria through stamping.

Figure 2. Characterization of the pathogen repellency of OmniKill Wrap and control surfaces. (a) Log plot depicting the number of bacteria
transferred between a contaminated stamp and a sterile surface after physical contact. Red lines indicate the initial concentrations of bacteria on the
contaminating stamp. (b) SEM images of bacteria: (i−iii) E. coli, (iv−vi) B. subtilis, (vii−ix) P. aeruginosa, and (x−xiii) MRSA on PO (top), PO +
TiO2 (middle), and OmniKill (bottom) after contamination through physical contact. Scale bars on the SEM images represent 3 μm. Experiments
were performed at n = 3, and data are expressed as mean ± standard deviation.
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More specifically, the surfaces were contaminated with P.
aeruginosa (Gram-negative) and MRSA (Gram-positive) via
stamping; they were exposed to UV light for up to 60 min and
finally washed with PBS. The solution recovered after washing
was cultured to determine the amount of live bacteria present
on the surfaces following contamination and light exposure.
For both bacteria, no change in bacterial concentration was
seen on the PO surfaces after 60 min of light exposure (Figure
3). On the other hand, the PO + TiO2 surfaces showed a
reduction of 0.65 log (P. aeruginosa) and 1.24-log (MRSA) in
the number of viable pathogens initially transmitted (t = 0
min) from a contaminated stamp (p < 0.05). Interestingly, the
OmniKill surfaces showed an even greater reduction in the
number of bacteria after 60 min, 2.65-log for P. aeruginosa and
2.21-log for MRSA (p < 0.05) compared to the initial number
of transferred bacteria (t = 0 min). From the inoculating
concentration on the stamps, this presents a 5.0-log and 4.74-
log reduction in P. aeruginosa and MRSA concentration (p <
0.0001), respectively (Figure 3a,b). Even though both PO +
TiO2 and OmniKill surfaces showed a reduction in the
concentration of viable bacteria after 60 min of light exposure,
no real change in the bacterial concentration was seen on
either surface after 60 min of incubation in the dark. This
indicates that the antimicrobial effects are due to the
photoactivity of TiO2 and that OmniKill does not appear to
show any mechanical antimicrobial effects due to the structure
itself. This is likely due to the low aspect ratio of the spherical
TiO2 nanoparticles. Nanostructures and nanofeatures with
higher aspect ratios, such as ZnO nanoneedles and hierarchical
diamond-like carbon films, tend to have stronger antimicrobial
effects.23,48

This reduction in viable bacteria on the surface under light
exposure is generally attributed to photocatalysis and the
formation of oxygen radicals on the surface of TiO2.

38 It is well
established that the formation of free reactive oxygen species
by TiO2 causes oxidative stress to the inter- and extracellular
components of bacteria, which ultimately leads to their

deactivation.27,38 Omniphobic and superhydrophobic surfaces
prevent bacteria from forming protective biofilms,12,19 which
leaves the bacteria more vulnerable to damage from their
environment.49 Without the protective biofilm, the oxygen
radicals produced by TiO2 on the surface can more easily
interact with the bacterial cell membrane, causing irreversible
damage to the bacteria.38 Additionally, there is evidence that
alkylsilane and fluoroalkylsilanes may increase the rate and
efficiency of oxygen radical formation.50 The combination of
poor surface environment for bacterial attachment and
proliferation and enhanced production of oxygen radicals
enabled by the combination of TiO2 and silanes on the
OmniKill surface explains the remarkable bactericidal effects of
OmniKill.
Many commercially available nanocompounds have shown

the ability to reduce active bacteria on the surface by 5-log or
greater.51 However, this performance is often dependent on
the substrate to which the coating is applied. OmniKill is easy
to apply across multiple substrates and is capable of a similar
antimicrobial performance. Additionally, OmniKill can reach a
5-log reduction of surface bacteria within 1 h, while other
commercially available nanocompounds require incubation
time of roughly 24 h to achieve this.51 When compared with
similar superhydrophobic bifunctional technologies, OmniKill
displays top performance in the combination of pathogen
repellency (ability to prevent pathogens from adhering to the
solid surface), pathogen deactivation (ability to deactivate
adhered pathogens), and effective deactivation time (time in
which pathogen deactivation is measured over) (Table 1).
Testing of Antipathogenic Properties in Real-World

Conditions. To simulate real-world conditions, the surfaces
were also tested under simultaneous contamination form
multiple bacteria introduced from (1) a stamp contaminated
with a mixed culture of E. coli, B. subtilis, P. aeruginosa, and
MRSA and (2) a stamp contaminated with mouse feces
containing Bacillus cereus and Lactobacillus murinus. After
physical contact with the mixed-culture contaminated stamps,

Figure 3. Antimicrobial properties of OmniKill and control surfaces due to the photoactivity of TiO2. Concentration of live (a) P. aeruginosa and
(b) MRSA on the surfaces after exposure to UV light and in the dark. Red lines indicate the initial concentration of bacteria on the stamp before
contamination. SEM images of the surfaces contaminated with (c) P. aeruginosa and (d) MRSA after 1 h exposure to UV light for (i) OmniKill, (ii)
PO + TiO2, and (iii) PO and in the dark for (iv) OmniKill, (v) PO + TiO2, and (vi) PO. Scale bars on the SEM images represent 3 μm.
Experiments were performed at n = 3, and data are expressed as mean ± standard deviation.
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the PO, PO + TiO2, and OmniKill surface displayed a
reduction of 0.53-log, 1.16-log, and 2.15-log reduction in total
bacterial adhesion (Figure S7a,b) compared to the initial
concentration of bacteria on the stamp. More specifically, a
reduction of 1.96-log (E. coli), 1.52-log (B. subtilis), 1.93-log
(P. aeruginosa), and 1.56-log (MRSA) compared to the initial
concentrations of each individual bacteria on the stamp (p <
0.005) was seen on the OmniKill (Figure 4a) surface. This was
very similar to that of the individual bacterial results seen in
Figure 2a, indicating that the deposition of multiple strains of
bacteria at once does not significantly affect their adhesion.57,58

To determine the ability of OmniKill Wrap to reduce real-
life cross-contamination caused by a surface (e.g., human hand)
contaminated with biological materials (e.g., feces), we used
stamps that mimicked the human hands and were soiled with
mouse feces. Following contamination with mouse feces and
subsequent washing and culture, two distinct colony

morphologies were seen on the agar plates (large white
colonies with smooth edges and small clear colonies with
rough edges) (Figure S8). To determine what bacterial strains
these colonies represented, 16S rRNA amplicon sequencing
was done. It was determined that the strains present in the
mouse feces were Bacillus cereus and L. murinus. We saw a
reduction of 1.2, 0.46, and 3.15-log in Bacillus cereus
concentration for PO (p > 0.05), PO + TiO2 (p > 0.05),
and OmniKill (p < 0.05) surfaces compared to initial
concentration of bacteria in the fecal matter. For L. murinus,
a reduction of 0.57, 0.36, and 3.29-log was also seen for the PO
(p > 0.05), PO + TiO2 (p > 0.05), and OmniKill (p < 0.05)
surfaces compared to initial concentration of the fecal bacteria
on the stamp, respectively (Figure 4b). The bacterial
contamination was also seen visually on the surfaces
contaminated with feces-soiled stamps (Figure 4c). The
OmniKill surface showed the least amount of visible
contamination compared to the other surfaces, which is in
line with the viability results. These results indicate that
OmniKill Wrap is effective in reducing the transfer of
contamination to intermediate surfaces.
The deactivation of pathogens transferred from the feces was

quantified by exposing contaminated surfaces to UV irradiation
for 1 h (Figure 4d). No reduction in bacterial contamination
was seen for the PO or PO + TiO2 surfaces after 1 h of light
exposure. The OmniKill surface displayed a reduction of 0.89-
log (p < 0.01), which was lower than the 2.21-log and 2.65-log
seen for the bacteria suspended in growth media (MRSA and
P. aeruginosa). The lack of decontamination on the PO + TiO2
substrates (Figure 4d), compared to the bacteria in growth
media (Figure 3), and the reduced decontamination seen on
OmniKill, are likely a result of the fecal matter acting as a
protective barrier between the oxygen radicles generated by the

Table 1. Comparison of Superhydrophobic Bifunctional
Technologies

material

water
contact
angle (°)

pathogen
adhesion

pathogen
deactivation

effective
deactivation
time (h)

OmniKill 159.26 2.77 log 2.43 log 1
multifunctional
TiO2 nanowire
textile52

168 not
reported

1−2 log 1

PDMS/TiO2 film
53 165 not

reported
<1 log 3.5

lysosome-
functionalized
SiO2
nanoparticles54

154.5 2.7 log 4−6 log 24

CuO nanoparticle
film26

163 3.2 log <1 log 24

Figure 4. Multipathogen assay characterizing the simultaneous contamination of surfaces with multiple bacteria. (a) Containment of the surfaces
using the stamp inoculated with a mixed culture of E. coli, B. subtilis, P. aeruginosa, and MRSA. (b) Contamination of the surfaces with mouse feces
containing two types of bacteria (Bacillus cereus and Lactobacillus murinus). (c) Images showing the staining of (i) PO, (ii) PO + TiO2, and (iii)
OmniKill with mouse feces before (left) and after (right) contact with the contaminated stamp. (d) Decontamination of the surfaces with UV light
after contamination with feces containing Bacillus cereus. Red lines indicate the initial concentration on the stamp prior to contamination.
Experiments were performed at n = 3, and data are expressed as mean ± standard deviation.
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surface and the bacteria. The large reduction in bacterial load
on surfaces reduces the risk of disease transmission through
physical contact. The clinically relevant range for bacterial
concentration on surfaces that causes disease fluctuates
significantly depending on the route of entry and the
individual’s immune system.53−55 Surfaces contaminated with
bacteria at a concentration higher than 105 cfu/mL are of
particular risk as bacteria can stay active at these concen-
trations for several days or weeks,2,55,56 increasing the chance
of infection. OmniKill reduces the concentration of active
bacteria on surfaces significantly below this threshold, reducing
the risk of disease transmission.

■ CONCLUSIONS
Herein, we designed an omniphobic and bactericidal surface
(OmniKill) by integrating TiO2 NPs into wrinkled scaffolds.
The hierarchical structure of the surface resulted in pathogen
repellency, whereas the photoactivity of TiO2 NPs yield
bactericidal properties. More specifically, the OmniKill-
reduced pathogen transfers from a contaminated stamp by
2.65, 3.57, 2.35, and 2.52-log for E. coli, B. subtilis, P. aeruginosa,
and MRSA, respectively. Furthermore, under UV light
exposure, OmniKill reduces the number of viable bacteria by
4.74-log (MRSA) and 5.0-log (P. aeruginosa) from the initial
concentration of bacteria on the stamp. OmniKill also retained
high pathogen repellency when the bacteria were embedded in
feces, showing a reduction of 3.22-log in the level of bacterial
transfer from feces. OmniKill further reduced the bacterial
viability from feces by an additional 0.89 log under UV light
exposure. These pathogen reduction numbers are significantly
lower for control surfaces that were superhydrophobic but
lacked omniphobicity, demonstrating the importance of
omniphobicity in the pathogen repellency of engineered
surfaces.

■ METHODS
Reagents. 1H,1H,2H,2H-perfluorodecyltriethoxysilane (fluorosi-

lane, 97%), titanium(IV) oxide (99.5%), tryptic soy broth (TSB),
hexadecane (99%), glycerol (>99%), and ethylene glycol (anhydrous,
99.8%) were purchased from Sigma-Aldrich (Oakville, Ontario).
Phosphate-buffered saline (10X liquid concentration) was purchased
from BioShop Canada Inc. (Burlington, Ontario). Granulated agar
was purchased from Fisher Scientific (Canada). Ethanol (anhydrous)
was purchased from Green Field Global (Mississauga, Ontario).
Hydrochloric acid (36.5−38%) was purchased from Caledon
(Georgetown, Ontario). Milli-Q grade water (18.2 MΩ) was used
to prepare all solutions.
Functionalization of the Polymer Substrate with NP.

Polyolefin (PO, Cryovac D-955) was cut into 15 mm discs,
subsequently cleaned with ethanol and Milli-Q water, and dried
with compressed air. The PO substrates were then exposed to oxygen
plasma in an expanded plasma cleaner (Harrick Plasma) with 150 W
radio frequency (RF) power for 3 min. TiO2 P25 containing 80%
anatase and 20% rutile and ∼ 21 nm from Nippon Aerosil Co. Ltd.
nanoparticles were then deposited on the surface via dip-coating at a
pull rate of 1−2 mm/s. TiO2 nanoparticles were prepared by adding
60 mg of TiO2 NPs to 30 mL of Milli-Q water, creating a 2 g/L
suspension of TiO2. Following the deposition of TiO2, the surfaces
were washed with Milli-Q water and dried in compressed air.
Fluorosilanization of Surfaces. 75 mL of anhydrous ethanol was

heated to 55 °C for 30 min, at which point 200 μL of 1 M HCl and 75
μL of fluorosilane were added, making a 0.5 wt % solution. This was
allowed to mix for 10 min. The surfaces were then exposed to oxygen
plasma again for 3 min and subsequently placed into the fluorosilane
solution for 1 h. After the fluorosilane deposition, the surfaces were

washed in water for 5 min and left to dry overnight. The wrap was
then sonicated in ethanol for 10 min and dried with compressed air.
They were then shrunk via thermal shrinking at 145 °C in an oven for
10 min.
Surface Characterization. SEM and EDS imaging were

performed using a JEOL 7000F system. Samples were coated with
5−10 nm of platinum before imaging. Contact angle and CAH
measurements were taken on a KRUSS DSA30S Drop Shape Analyzer
(Hamburg, Germany) with droplets of water (5 μL), glycerol (5 μL),
formamide (5 μL), ethylene Glycol (5 μL), and hexadecane (5 μL).

Surface Durability Characterization: The protocol for the touch
durability test24 and mechanical abrasion test59 are found elsewhere.
A 200 g weight was used as the mechanical load for both the touch
and mechanical abrasion durability tests.
Bacteria Touch Transfer Assay. A 3% (v/v) agar solution was

prepared. This solution was heated in the microwave for 2 min. Hot
agar suspension was then poured into 10 cm Petri dishes and cooled
at room temperature for 30 min. Stamps were then cut out using 6
mm biopsy punches (Integra Miltex Disposable Biopsy Punch 6 mm
and Thermo Fisher). In each stamp, 10 μL of overnight bacterial
culture was placed and allowed to incubate for 30 min. By the end of
the incubation period, all water was adsorbed into the agar or
evaporated, leaving behind a bacterial film. Surfaces were disinfected
with 70% ethanol for 5 min and then left to dry for 30 min to ensure
that no bacteria were present on the surface before stamping. The
bacteria-contaminated stamps were then placed in contact with the
test surfaces for 10 s before being washed with 500 μL of PBS. This
wash solution was then used for dilution and plating.
Multifactorial Touch Transfer Assay. Mixed bacterial culture

was prepared by creating an overnight culture of each bacterial strain.
A 100 μL solution of the overnight bacterial culture was added to 10
mL of Triptic Soy Broth media and mixed thoroughly. Contaminated
Agar stamps were prepared as previously described with this mixed
culture solution.19 After the bacterial dilutions were plated, the cells
were differentiated through their individually distanced colony
morphologies (Figure S7). E. coli was GPF expressing and could be
distinguished by a bright green color (Figure S7b), B. subtills and P.
aeruginosa were distinguished by a white colony, and MRSA was
distinguished by a yellow colony. B. subtilis and P. aeruginosa were
further distinguished by the colony morphology, with the former
having solid edges, while the latter has clear edges.
Fixation of Bacteria for SEM. Surfaces were contaminated by

using the same method described for the bacterial touch transfer
assay. However, instead of washing in 500 μL of phosphate-buffered
solution, the surfaces were placed into a 2.5% (v/v) glutaraldehyde
solution for 60 min; the surfaces were then exposed to solutions of
increasing ethanol concentrations [30, 50, 70, 80, and 100% (v/v)]
for 10 min; and the surfaces were then left to dry for 30 min in
ambient conditions.
Stamp-UV Assay. Surfaces were contaminated using the same

method described for the bacterial touch transfer assay. After
contamination, the surfaces were placed into a 48-well plate and
covered in 500 μL of PBS. The surfaces were then exposed to UV
light for 0, 10, 20, 30, and 60 min. When exposure was complete, the
500 μL solution was removed and transferred to a 1.5 mL microtube,
followed by the contaminated surface and vortexed for 10 s. This
solution was then used for dilution and plating.
Fecal Transfer Assay. Mouse fecal samples were collected from

the Farncombe Family Digestive Health Research Institute (Hamil-
ton, Canada). Two pellets of either bacteria or sterile mouse feces
were placed into a 1.5 mL tube, to which 500 μL of phosphate-
buffered solution was added. This tube was then left to sit for 10 min
before being shaken vigorously and vertexing at the maximum speed
for 30 s. This process was repeated three times to create a suspension
of fecal water. 20 μL of this solution was then placed on each stamp
and dried for 10 min. The stamping and plating procedure followed
that of the bacterial touch transfer assay.
Sequencing of Bacteria in Mouse Feces. To identify the

bacterial colonies, we subcultured the colonies on TSB agar to yield
pure cultures. V3 V4 16S rRNA PCR gene amplification and DNA
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sequencing were performed at Mobix (Hamilton, ON). The DNA
sequences were matched to corresponding bacteria using the National
Center for Biotechnology Information’s nucleotide collection data-
base and the megablast program.60

Statistical Analysis. All statistical analyses were performed using
Microsoft Excel. Statistical parameters including the mean, standard
deviation (SD), and significance level (p-value) were reported in the
figures and figure captions. For all reported bar graphs of contact
angle measurements and bacterial quantification, each plotted point
represents the average of at least three replicates. All error bars
represent standard deviation from the mean. A p-value <0.05 was
considered statistically significant. Statistical significance between two
group comparisons was determined using unpaired Student’s t-test.
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