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ABSTRACT: Healthcare acquired infections are a major
human health problem, and are becoming increasingly
troublesome with the emergence of drug resistant bacteria.
Engineered surfaces that reduce the adhesion, proliferation, and spread of bacteria have promise as a mean of
preventing infections and reducing the use of antibiotics.
To address this need, we created a ﬂexible plastic wrap that
combines a hierarchical wrinkled structure with chemical
functionalization to reduce bacterial adhesion, bioﬁlm
formation, and the transfer of bacteria through an
intermediate surface. These hierarchical wraps were eﬀective for reducing bioﬁlm formation of World Health
Organization-designated priority pathogens Gram positive methicillin-resistant Staphylococcus aureus (MRSA) and Gram
negative Pseudomonas aeruginosa by 87 and 84%, respectively. In addition, these surfaces remain free of bacteria after
being touched by a contaminated surface with Gram negative E. coli. We showed that these properties are the result of
broad liquid repellency of the engineered surfaces and the presence of reduced anchor points for bacterial adhesion on the
hierarchical structure. Such wraps are fabricated using scalable bottom-up techniques and form an eﬀective cover on a
variety of complex objects, making them superior to top-down and substrate-speciﬁc surface modiﬁcation methods.
KEYWORDS: nanostructuring, microsturcturing, super hydrophobic, omniphobic, bacterial repellency, healthcare acquired infections
decades as reported by Health Canada.9 Surfaces that inhibit
the adhesion and proliferation of bacteria are critical for
minimizing the spread of multidrug resistant bacteria in
hospitals and high risk settings.10 It is impractical and
economically unfeasible to replace everyday items with surfaces
that are inherently repellent; however postmanufacturing
treatments that can be easily and inexpensively applied to
existing high risk surfaces provide a feasible solution for
combating the spread of pathogens through surface contamination.

B

acterial contamination of hospital surfaces is a major
cause of healthcare-acquired infections, resulting in
mortality, prolonged hospital stays, increased use of
antibiotic treatments, and a substantial cost to the healthcare
system.1−5 Multidrug resistant pathogens including methicillinresistant Staphylococcus aureus (MRSA) and Pseudomonas
aeruginosa are identiﬁed by the World Health Organization
(WHO) as priority pathogens for which urgent action is
needed toward prevention and spread.6 These pathogens have
been detected on a number of hospital surfaces as sources of
nosocomial infections even after cleaning with highly eﬀective
disinfecting solutions.7 Hospital acquired infections caused by
these pathogens are fatal, with reported 90-day mortality rates
of 21% for MRSA and 19% for P. aeruginosa for patients in the
United States.8 Furthermore, this cause is the fourth leading
origin of death in Canada which has increased in the past two
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Figure 1. Schematic illustrating the process for fabricating omniphobic surfaces and wraps. (a) Steps for creating microstructured surfaces
(PS-Micro and PS-Micro-FS). (b) Steps for creating nanostructured surfaces (PS-Nano-FS) and hierarchical surfaces (PS-Hierarchical-FS).
Similar process is done for producing PO-Hierarchical-FS. (c) Corresponding scanning electron microscopy (SEM) images to each
processing step with high magniﬁcation insets showing the visible nanostructures (27 nm SiNPs). The scale bars on larger SEM images
represent 1 μm and for the insets represent 100 nm. The insets provide high magniﬁcation representative images form the imaged substrates.

Flexible omniphobic surfaces having a high contact angle
(>150°) and a low sliding angle (<5°) for water and low
surface tension liquids are highly desirable for the abovementioned applications since they can be applied to a wide
range of surfaces with various form factors for repelling liquid
contaminants. The liquid repellency of omniphobic surfaces

can be translated into antibiofouling properties to reduce
bacterial contamination and bioﬁlm formation on high risk
objects.11−19 Lubricant-infused surfaces are a newly developed
class of omniphobic surfaces, which demonstrate antibiofouling
properties and extremely low adhesion toward liquids with
various surface tensions.15,20−25 In spite of this, for such
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Figure 2. Surface repellency and assessment of omniphobicity. (a) Graph showing the contact angle of diﬀerent surfaces for water,
hexadecane, and blood as test liquids. Table showing sliding angles for water on various surfaces (SA represents sliding angle) and
representative color-coded images of the contact angles (CA represents contact angle). The inset shows the blood contact angle on a bent
PO-Hierarchical-FS, showing the robustness of the surface upon bending. (b) Slow-motion snapshots of 10 μL droplet on PO-HierarchicalFS at 4 ms intervals. (c) Advancing/receding contact angles, contact angle hysteresis, and calculated sliding angles. Error bars represent
standard deviation from the mean for at least three samples. The “dots” represent the individual data points leading to the averages plotted
as bars.

omniphobic surfaces. However, the physical and chemical
processing steps involved in these methods are not compatible
with ﬂexible plastic wraps that can be universally applied to a
wide range of surfaces.42
Wrinkling is a bottom up fabrication process that can be
used to create tunable hierarchical structures with microscale
and nanoscale features.44−47This method involves applying
strain to a shape memory polymer substrate modiﬁed with a
stiﬀ layer.44,48−51 Owing to their unique hierarchical structure,
these surfaces can be created to be superhydrophobic (water
contact angle of >163°)49 and oleophobic (hexadecane contact
angle> 101°)52 with sliding angles below 5°,49 which
collectively reduce bacterial adhesion by detaching the liquid
contaminants and reducing the contact area available for
bacterial attachment.11 Such surface have been previously used
for studying the attachment of mammalian cells;53−55however,
the challenge in applying these wrinkled surfaces as a universal
omniphobic wrap is that, to date, the stiﬀ layer needed for
creating wrinkles has been deposited using techniques such as
sputtering,56 spin coating,48 and electrochemical deposition,52,57 which are either too costly, not directly applicable
to soft plastics, or not suitable for large area and high volume
manufacturing. In this work, we sought to develop universal
omniphobic ﬂexible wraps, which are fabricated using scalable
methods and can be applied to everyday surfaces to prevent
bacterial contamination. To address this goal, we ﬁrst
investigated whether nanostructuring, microstructuring, or

surfaces to sustain their repellency, their lubricant layer should
remain intact throughout use, making them inapplicable to dry,
open air, or in operando conditions involving ﬂuidic ﬂow,
washing, or potential cycling where there is a potential for
lubricant leaching.26 A material with a biorepellency proﬁle in
line with lubricant-infused surfaces that retains its properties in
open air conditions is desired for protecting high risk surfaces
from bacterial contamination, and has motivated this work.
To overcome the practical limitations of lubricant-infused
surfaces, we sought to develop a new class of lubricant-free
omniphobic ﬂexible wraps that are applicable to a wide range
of surfaces. Introduction of structures having features in the
nano or microscale enables a robust omniphobicity without the
use of lubricant due to the entrapment of air pockets within the
structures (Cassie state).27−32 Additionally, hierarchically
organized structures with re-entrant textures have been used
for creating high performance omniphobic surfaces with water
and hexadecane contact angles as high as 173.1° and 174.4°
respectively.33−37 Several of the fabrication methods that are
currently used for developing microstructures, nanostructures,
or hierarchical omniphobic surfaces rely on photolithography,38 emulsion templating,39 electrospinning,38 reactive ion
etching,36 and electrochemical etching/anodizing,40,41 which
are diﬃcult to scale up for use in large area and high volume
applications.42 Alternatively, methods such as laser ablation43
and microﬂuidic emulsion templating39 are used to solve the
scalability challenges that are involved in fabricating textured
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expected, microstructuring made the PS surface more hydrophobic with PS-Micro having a water contact angle of 100 ± 6°
as compared to PS-Planar having a contact angle of 78.9 ±
1.3°, which can be explained by the Cassie model
(Supplementary Note 1). The contact angle further increased
to 125 ± 4° following the ﬂuorosilane treatment (PS-MicroFS) due to the decrease in the surface free energy leading to
higher Young’s contact angle and Cassie contact angle. The
induction of nanotexturing (PS-Nano-FS) increased the water
contact angle to 135 ± 4°, which is beyond what was observed
for the planar and microstructured surfaces. The hierarchical
surfaces (PS-Hierarchical-FS) demonstrated superhydrophobicity with a water contact angle of 155°, which was not
observed for the other surfaces. The increase in the number of
length-scales elevates the contact angles by reducing the solid−
liquid contact area and providing more trapped air in the
underlying interface compared to having a single lengthscale.33 This can also be approximated by rewriting Cassie−
Baxter relation recursively (Supplementary Note 1).33,62
Additionally, hierarchical structures improve the stability of
the solid−liquid−air interface, inhibiting ﬁlling of the air
pockets within the structure.30
As a common measure for omniphobicity, we determined
the oleophobicity of the surfaces by measuring the hexadecane
contact angle. According to Young’s relation, comparing
hexadecane contact angle to water for the same surface, a
smaller contact angle for hexadecane (lower surface tension) is
predicted. Consequently, PS-Planar and PS-Micro demonstrated oleophilic behavior with contact angles too low to be
accurately be measured. PS-Micro-FS demonstrated decreased
oleophilicity (26 ± 7°) due to the eﬀect of ﬂuorosilanization
on lowering the surface energy. PS-Nano-FS surfaces revealed
a signiﬁcantly higher hexadecane contact angle (55 ± 3°)
compared to the microstructured surfaces. Nanoparticles
create a re-entrant texture and a more eﬀective Cassie state
for low surface tension liquids compared to the concave
structure of the wrinkles (Supplementary Note 1).30,33 The
combination of both micro- and nanostructures observed in
the PS-Hierarchical-FS surfaces led to an increase in
oleophobicity as the contact angles reached 123 ± 5°. This
type of omniphobicity is also present with up to 70% ethanol
(Supplementary Figure 5, Supplementary Note 2), which has
an ultralow surface tension (25.48 mN/m63 ). In the
hierarchical structures, the addition of nanoparticles distorts
the concave texture of the wrinkles, allowing improved
repellence of lower surface tension liquids compared to
microstructures. Additionally, having wrinkles along with the
nanoparticles provides a higher fraction of air beneath the
droplet. The ﬁndings from water and hexadecane contact angle
measurements indicate that hierarchical structuring enhances
the water and hexadecane contact angles compared to microor nanostructured surfaces, resulting in improved omniphobicity.
To further validate the self-cleaning characteristics of our
developed surfaces under biological conditions, the contact
angle of whole human blood on each surface was examined.
Blood is commonly used as an example for a complex liquid to
test for repellency of a surface.64 PS-Hierarchical-FS surfaces
maintained a high contact angle of 142 ± 7° (Figure 2a). This
hinted toward a self-cleaning and antibiofouling behavior for
the hierarchical structures.
We also measured the sliding angle of our surfaces, which is
an essential measure for repellency and adhesiveness. Droplet

their combination into hierarchical architectures are important
for creating repellent surfaces. Through this understanding, we
implemented hierarchical structures combining “soft wrinkles”
with ﬂuorination and nanoparticles on the surface of
commonly used plastic shrink wraps using a series of allsolution-processing techniques that are amenable to industryscale batch processing. This allowed for the manufacturing of
large plastic sheets, which can be wrapped and shrunk around a
variety of objects, creating a scalable omniphobic coating for
preventing bacterial adhesion and bioﬁlm formation.

RESULTS
Producing omniphobic ﬂexible wraps. In order to
create a ﬂexible repellent wrap, we ﬁrst investigated the role of
microstructuring, nanostructuring, and hierarchical structuring
on the surface properties of commonly used polymer surfaces
such as polystyrene (PS) and polyoleﬁn (PO). Microstructuring was induced by Ultraviolet-Ozone (UVO)
activation of a prestrained heat shrinkable PS substrate,
followed by thermal shrinking (Figure 1a, c). This processing
results in the creation of wrinkles on the PS substrate (PSMicro) due to the stiﬀness diﬀerence between the surface layer
and the bulk caused by the UVO treatment, and the degree of
wrinkling can be tuned by varying the UVO exposure time
(Supplementary Figure 1).58 We also subjected the microstructured surfaces to ﬂuorosilane (FS) treatment (PS-MicroFS) to further lower their surface energy (Figure 1a, d).59
Nanostructuring was induced by depositing colloidal silica
nanoparticles (SiNPs) on (3-Aminopropyl)triethoxysilane
(APTES)-modiﬁed PS substrates (Figure 1b, d), which were
further modiﬁed by ﬂuorosilane treatment (PS-Nano-FS).
Finally, hierarchical structures (PS-Hierarchical-FS) were
created by thermally shrinking the nanostructured samples
(PS-Nano-FS) to combine shrinking-induced microscale
wrinkling with the nanotexturing induced by nanoparticles
(Figure 1b, d).
To investigate whether it would be possible to induce the
same type of hierarchical structuring on a ﬂexible material that
could be universally applied to objects, we applied the same
fabrication methods to prestrained PO wraps that remain
ﬂexible after heat shrinking. The hierarchical structures created
on PO (PO-Hierarchical-FS) demonstrated the same class of
microscale wrinkles as observed with PS; however, the PO
wrinkles contained a greater degree of ﬁne secondary wrinkles
(see Supplementary Figure 2 for marked secondary wrinkles).
The observed diﬀerence in wrinkle sizes is attributed to the
larger thermally induced strain for PO (95%)60 compared to
PS (40%).45 Although the chemical surface modiﬁcation with
ﬂuorosilane was not visible in the SEM images, these were
veriﬁed for the hierarchical surfaces using X-ray Photoelectron
Spectroscopy (XPS) (Supplementary Figure 3). Incorporation
of hierarchical structures within heat-shrinkable polymers
presents a scalable approach toward tuning the surface
properties of materials.
To evaluate the omniphobicity of the developed structures
and compare the behavior of planar, microstructured, nanostructured, and hierarchical surfaces (schematics shown in
Supplementary Figure 4), we measured the static contact angle
of various test liquids such as milli-Q grade water (surface
tension of 72.75 mJ/m261), hexadecane (surface tension of
27.76 mJ/m261), human whole blood (surface tension of
approximately 55 mJ/m218), and various ethanol/water
concentrations (Figure 2 and Supplementary Figure 5). As
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Figure 3. Bioﬁlm assay on various polystyrene surfaces. Crystal violet bioﬁlm assay for MRSA (a) and P. aeruginosa (b) and representative
images of the well containing the resuspended crystal violet as a measure of the extent of bioﬁlm formation. The data is normalized to PSPlanar. (c) SEM of ﬁxed bioﬁlm of MRSA on PS-Planar (i) and on PS-Hierarchical-FS (ii). (d) SEM of ﬁxed bioﬁlm of P. aeruginosa on PSPlanar (i) and on PS-Hierarchical-FS (ii). The scale bars on larger SEM images are 1 μm and for the insets are 100 nm. Error bars represent
standard deviation from the mean for at least three samples. The “dots” represent the individual data points leading to the averages plotted
as bars.

sliding was only observed for the hierarchical structures,
demonstrating their low adhesion and self-cleaning properties.
The ability of the droplet to slide oﬀ the hierarchical surface
with a low sliding angle (<5°) is due to the unevenness of the
wrinkles as well as the presence of nanoparticles. As the surface
is tilted, the droplet detaches itself sequentially from small
areas due to the rough nature of the surface.65 This results in a
smaller adhesive force compared to the control groups, which
have a larger surface area in contact with the water droplet.
The advancing/receding contact angles and the resultant
contact angle hysteresis are also important metrics of
omniphobicity and repellency since lowering the solid/liquid
interfacial area results in a decrease in contact angle
hysteresis.33,66 The high advancing/receding contact angle
(∼140°) and low contact angle hysteresis (∼10°) observed for
the hierarchical surfaces (Figure 2c) allow for the low sliding
angle (Figure 2c) and bouncing behavior of these surfaces
(Figure 2b, Supplementary Figure 6a,c, and Supplementary
Video 1−4). Low contact angle hysteresis and sliding angles as
well as high advancing/receding contact angles, enables water
to stay in a suspended Cassie state,49 which is of key

importance for achieving self-cleaning and antifouling properties (Supplementary Note 3,4).
Given the exceptional omniphobic performance of the
hierarchical structures, we implemented these structures on
ﬂexible polyoleﬁn wraps commonly used as packaging material
(e.g., food industry). Similar to polystyrene, hierarchically
structured polyoleﬁn wraps (PO-Hierarchical-FS) demonstrated superhydrophobicity (water contact angle = 154 ± 4°),
oleophobicity (hexadecane contact angle = 124 ± 2°), blood
repellency (contact angles of 144 ± 5°), and droplet sliding
(sliding angles <5°). Furthermore, when bent, these surfaces
showed a blood contact angle that is comparable to the unbent
samples, demonstrating their omniphobic behavior under
diﬀerent form factors (Figure 2). Similar advancing/receding
contact angle, contact angle hysteresis, and calculated sliding
angle were recorded for PO samples as PS, resulting in a
bouncing behavior for water droplets as shown in Supplementary Video 5−10, both on treated surfaces and also as a
food packaging material (Supplementary Video 10). Furthermore, we have performed resiliency tests on the developed
surfaces (Supplementary Table 1), subjecting them to vacuum
(3 h), sonication in ethanol (3 h), and incubation in bleach (2
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Figure 4. Bioﬁlm and bacterial adherence on hierarchical wraps and touch assay. (a) SEM of ﬁxed bioﬁlm of MRSA and P. aeruginosa on
planar and hierarchical wraps. Figures i-iv show: (i) MRSA bioﬁlm on PO-Planar (ii) MRSA bioﬁlm on PO-Hierarchical-FS (iii) P.
aeruginosa bioﬁlm on PO-Planar (iv) P. aeruginosa bioﬁlm on PO-Hierarchical-FS. Scale bars on larger SEM images are 1 μm and for the
insets are 200 nm. (b) GFP expressing E. coli touch assay on planar and hierarchical polyoleﬁn wraps, demonstrating repellency of the POHierarchical-FS toward contact with a bacteria contaminated agar plug. Error bars represent means ± SD of at least three samples. (c)
Touch assay performed on wrapped objects. Figures i-vi show: (i) SEM of PO-Planar (demonstrating surface texture, scale bar 1 μm) (ii)
SEM of PO-Hierarchical-FS (demonstrating surface texture, scale bar 100 nm) (iii) E. coli transfer to PO-Planar wrapped around a
stethoscope (iv) E. coli transfer to PO-Hierarchical-FS around a stethoscope (v) E. coli transfer to PO-Planar around a pen (vi) E. coli
transfer to PO-Hierarchical-FS wrapped around a pen. (d) E. coli transfer from contaminated PO-Planar (i) and PO-Hierarchical-FS (ii) to
human skin. Qualitative assessment legend for the amount of the available bacteria is also shown.

adherence of alginate, a carbohydrate proxy for the
extracellular polymeric substance (EPS) of a bioﬁlm, was
ﬁrst tested, which showed a 10-fold reduction in adherence
(Supplementary Figure 7).68,69 This was followed by a bioﬁlm
assay that quantiﬁed the formation of P. aeruginosa and MRSA
bioﬁlms on various surfaces (Figure 3a, b). It is evident from
the bioﬁlm assay that the hierarchical structures eﬀectively
attenuate bioﬁlm formation compared to the other control
groups (reduced by ∼85% compared to PS-Planar) for both
MRSA and P. aeruginosa. Although PS-Micro-FS and PS-NanoFS also reduced bioﬁlm formation (66% and 78% for MRSA,
11% and 62% for P. aeruginosa), they did not achieve the same
level of bioﬁlm attenuation. This is explained by the
occurrence of Cassie state in the hierarchical surfaces,33
which makes the initial bacterial attachment to the surface
unfavorable, thereby inhibiting the formation of mature
bioﬁlms.11,14,15,70

h). In all cases, the surfaces remained repellent by maintaining
their low sliding angle. These ﬁndings display omniphobic
performance on a ﬂexible surface with signiﬁcance robustness
and stability.
Assessment of bacterial attachment: bioﬁlm formation and bacteria transfer to hierarchical wraps. We
studied the eﬀect of hierarchical structuring on the
antibiofouling behavior of our surfaces using various bacterial
adhesion assays (Figure 3). We evaluated the bioﬁlm
formation of P. aeruginosa PA01, a Gram-negative bacterium,
and S. aureus USA300 (MRSA), a Gram-positive bacterium, on
various surfaces to investigate whether micro, nano, or
hierarchical structuring has a signiﬁcant eﬀect on reducing
bioﬁlm attachment. P. aeruginosa and MRSA are clinically
relevant pathogens that commonly form bioﬁlms on medical
devices and are found on various hospital surfaces.7,67 To
simulate the composition of a bacterial bioﬁlm matrix, the
459

DOI: 10.1021/acsnano.9b06287
ACS Nano 2020, 14, 454−465

Article

ACS Nano

hand. A hierarchical wrap and a control surface were “touched”
with E. coli infused agar plugs, and then the contaminated
surface was touched by a human hand. The transfer of the
bacteria from hierarchical and control surfaces onto human
skin was imaged using a surface imaging device (see methods
section for details) designed to assess microbial contamination
levels (Figure 4d). These images clearly demonstrate that
building hierarchical structuring into our wraps signiﬁcantly
reduce the transfer of bacteria (E. coli) from a contaminated
surface through an intermediate surface to the human skin. It is
also interesting to note that the hierarchical wraps hold their
repellent properties, under strain and while conforming to
diﬀerent form factors.

To visualize the interaction of the P. aeruginosa and MRSA
bioﬁlms with our hierarchical surfaces, we performed SEM on
these surfaces and compared them to unmodiﬁed surfaces
(Figure 3c, d) under conditions where mature bioﬁlm
formation is possible. These images demonstrate the
abundance and stacking of coccoid MRSA bacteria on the
untreated polystyrene surface (PS-Planar), whereas adding the
hierarchical texture signiﬁcantly decreased the amount of
adhered MRSA on PS-Hierarchical-FS (Figure 3c.i, (ii).
Deposition of MRSA cells within the ridges of the microstructure is observed, however the ability of these cells to form
mature bioﬁlms appears to be sterically hindered by the
hierarchical surface structure. Similarly, the rod-shaped P.
aeruginosa and the bioﬁlm matrix joining adjacent cells (EPS)
was clearly evident on the untreated surfaces (Figure 3d.i), but
was almost completely abolished in the hierarchical (PSHierarchical-FS) sample (Figure 3d.ii). Unlike with MRSA, we
do not see deposition of P. aeruginosa (Figure 3d.ii) within the
ridges of the hierarchical structure, likely resulting from larger
cell size and shape of P. aeruginosa cells.11,18,71 These ﬁndings
are well in agreement with the quantitative crystal violet assay
and conﬁrm the antibiofouling behavior of the hierarchical
samples. As expected, when the hierarchical structuring was
implemented on the surface of the ﬂexible PO wraps, the same
type of antibiofouling behavior was visualized through SEM of
the bioﬁlms (Figure 4a.i-iv).
An important factor in the spread of infections is the transfer
of bacteria to an intermediate surface, which would serve as a
niche point for bioﬁlm production or further bacterial
transfer.72 To evaluate the ability of our surfaces in reducing
the spread of infection, we designed a touch-assay to quantify
the transfer of bacteria from contaminated to clean surfaces.
For the transfer of bacteria, agar plugs were used and were
inoculated with GFP expressing Escherichia coli to mimic a
contaminated object. Then both planar and hierarchical wraps
were “touched” with the inoculated agar plugs, and levels of
ﬂuorescence were measured to determine the magnitude of
bacterial transfer (Figure 4b). PO-Hierarchical-FS ﬁlms
showed a 20-fold decrease in the ﬂuorescent signal compared
to PO-Planar, indicating that there is signiﬁcantly less E. coli
transferred to the hierarchical surfaces (Figure 4b). A similar
experiment was performed on hierarchical polystyrene surfaces,
showing a 15-fold decrease in the ﬂuorescent signal on the
treated surface compared to planar surfaces (Supplementary
Figure 8). These results demonstrate the promise that these
ﬂexible hierarchical wraps hold for covering surfaces that pose
a high risk for transferring infections. To demonstrate the
applicability of the hierarchical wraps for reducing contamination on everyday objects, we covered a pen (Figure 4c), a
stethoscope (Figure 4c), and a key (Supplementary Figure 9)
as every objects or medical devices that are at high risks of
bacterial contamination.3,7 The same bacterial touch assay with
GFP expressing E. coli was conducted and evaluated by a
ﬂuorescent scanner (Figure 4c). The objects covered with the
hierarchical surfaces (Figure 4c.iv,vi) showed little or no
measurable ﬂuorescence signal after being “touched” with the
contaminated agar plugs, whereas, objects covered with the
control surface (Figure 4c.iii,v) showed large amounts of
ﬂuorescence. This demonstrates the ability of the hierarchical
wraps to conform to the shape of diﬀerent objects and reduce
the transfer of a bacterial (E. coli) contaminant.
In addition, we investigated the performance of our surfaces
in halting the transfer of bacterial contamination to a human

CONCLUSIONS
In this work, a comprehensive study was conducted to
understand the role of micro, nano, or hierarchical structuring
on the omniphobic and antibacterial properties of surfaces. We
created three classes of structures through wrinkling (microstructured), self-assembly of nanoparticles (nanostructured),
and their combination (hierarchically structured). We found
that hierarchical structuring provides superior hydrophobicity
and oleophobicity with water contact angle of above 150°,
blood contact angle of above 140, hexadecane contact angle of
above 110°, and sliding angles lower than 5°. All of the surfaces
included a ﬂuorosilane treatment for enhancing their hydrophobicity and oleophobicity; however, omniphobic behavior
was not observed with microstructured or nanostructured
surfaces even with the ﬂuorosilane treatment. The omniphobicity originates from the stable Cassie state and the increased
air pockets trapped beneath the liquids contacting the
hierarchical surfaces for both low and high surface tension
liquids.33 When interfacing these hierarchical surfaces with
bacterial contaminants, we observed that their omniphobicity
can decrease biofouling by MRSA and P. aeruginosa (Figure 3).
The latter are priority pathogens according to the World
Health Organization, pose a substantial threat to morbidity and
mortality worldwide,6 and have an established role in
healthcare-acquired infections.67 Reducing the spread of
bacteria is a key strategy for decreasing the incidence of life
threatening bacterial infections.19,67
Similar to our rigid hierarchical surfaces, the ﬂexible
hierarchical wraps repel liquids with various surface tensions
and prevent bioﬁlm formation proving they retain the
repellency characteristics observed with the rigid hierarchical
surfaces. To understand if our surfaces were eﬀective in
reducing the spread of bacteria by serving as an intermediate
transfer surface, we developed a “touch-assay”. We showed that
the application of this hierarchical omniphobic surface onto
everyday items and medical devices reduced the transfer of E.
coli onto these objects from a contaminated agar plug. As a
result, less E. coli was transferred to human skin that came into
contact with the contaminated hierarchical surfaces compared
to contaminated control surfaces. Surfaces containing antibiotics,73 lubricant-infused layers,15,20 and micro/nanostrucutring11 have been previously developed to deliver antibacterial
properties and bacterial repellency to various classes of medical
devices. Surface coatings that contain antibiotics are expected
to further exacerbate the emergence of antibiotic resistance,7,74
lubricant-infused surfaces are diﬃcult to use in open-air
conditions due to lubricant evaporation,26 and several of the
previously developed micro/nanostructure omniphobic materials are diﬃcult to manufacture in the industrial scale,36,40
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were sonicated in Milli-Q water for 10 min and dried. The SiNPs
surface were placed in the prepared ﬂuorosilane solution for
approximately 3 h with agitation (PS-Nano-FS). The substrates
were then sonicated in milli-Q water for 10 min and dried. At this
step, the Planar, nanoparticle treated samples are prepared (PS-NanoFS). To add the microstructures to the nanoparticle treated surface,
thermal treatment was performed by placing the substrates into an
oven preheated to 140 °C for 5 min (PS-Hierarchical-FS).
To create the PO treated wraps, the activated wrap was subject an
overnight APTES treatment as described earlier followed by 10 min
sonication in Milli-Q water. Subsequently, samples were immersed in
SiNP solution (as described) for 3 h followed by 3 h ﬂuorosilane
treatment (as described earlier). The treated surface was then further
subject to heat shrinking either by a heat gun (Amtake HG6618) or
by incubation in a preheated oven at 140 °C for 5 min. To wrap the
treated PO before the shrinking process, the object was wrapped and
sealed with a sealer and further subject to the heat gun.
Surface physical characterization. SEM imaging was performed on a JEOL 7000F. Samples were coated with 3 nm of
platinum prior to imaging. Contact angle measurement was made on a
goniometer (OCA 20, Future Digital Scientiﬁc, Garden City, NY)
with water droplets (5 μL) dispensed by automated syringe, and
hexadecane (5 μL) and human whole blood (5 μL) by hand using a
pipet. The sessile drop contact angle was provided via image
processing software (Dataphysics SCA 20) through ellipse curve ﬁt
shape analysis of the droplets. Whole human blood was collected from
healthy donors in BD heparinized tubes. All donors provided signed
written consent and the procedures were approved by the McMaster
University Research Ethics Board. Sliding angle measurements were
made on a self-made tilting platform with angle controlled by an
automated servo. Each value was averaged over at least three
measurements.
Advancing and receding contact angle. Advancing and
receding contact angle were evaluated using goniometer (OCA 20,
Future Digital Scientiﬁc, Garden City, NY) via needle in sessile drop
method. Five μL of water was dispensed onto the surface and the
contact angle was measured continuously in real time. The volume of
the drop was then increase by 5 μL at a rate of 1 μL/s, then decreased
by 5 at 1 μL/s. This cycle repeated 4 times for each sample in order to
get an accurate reading of the two angles.
Surface chemical characterization. X-ray Photoelectron Spectroscopy (XPS) was used to assess the surface chemical composition
of the hierarchical structures. Three samples were used for each
condition, and means were determined. A Physical Electronics (PHI)
Quantera II spectrometer equipped with an Al anode source for X-ray
generation was used to record the XPS spectra (BioInterface Institute,
McMaster University). XPS results were obtained at 45° takeoﬀ
angles with a pass energy of 224 eV. The atomic percentages of
carbon, oxygen, ﬂuorine, nitrogen and silicon were calculated using
the instrument’s software.
Alginate assay for simulating fouling. A solution of 1% w/v
sodium alginate in milli-Q water was made with constant stirring. The
extent of alginate adhesion to diﬀerent sample conditions was assessed
by incubating each sample in the alginate solution for 30 s and
subsequently weighing the sample without washing or drying. Samples
were also weighed before being subject to alginate solution in order to
calculate the amount of the adhered alginate.
Bioﬁlm Adherence assays. Pseudomonas aeruginosa PAO1 and
Staphylococcus aureus USA300 JE2 (MRSA)77 were streaked from
frozen onto LB agar and grown overnight at 37 °C. From this,
overnight cultures in LB broth were diluted 1/100 in MOPS-minimal
media supplemented with 0.4% glucose and 0.5% casamino acids
(TekNova,United States) for P. aeruginosa,78 or TSA media
supplemented with 0.4% glucose and 3% NaCl for MRSA.79 A 24well polystyrene assay plate (Corning, United States) was prepared by
inserting a single nanoparticle-treated or untreated device into each
well, then subsequently ﬂooding each well with 2 mL of the 1/100
diluted bacterial suspension. The assay plates were then incubated
without shaking at 37 °C for 72 h for P. aeruginosa and 24 h for
MRSA without any substitution of the media to allow bioﬁlms to

posing a need for new strategies for developing scalable
repellent coatings. Our hierarchical wraps could easily be
applied onto various surfaces in hospitals that are commonly
contaminated with bacterial pathogens such as, door knobs,
bed tables, bed rails, and other high risk surfaces.6 Additionally,
since the hierarchical surfaces are fabricated through allsolution-processing, they would be amenable to large area
applications and large volume manufacturing, being applicable
to a wide range of surfaces that have a risk of being in contact
with liquid-borne contaminants.

METHODS
Reagents. (3-Aminopropyl)triethoxysilane (99%), 1H,1H,2H,2HPerﬂuorodecyltriethoxysilane (97%), Ludox TMA colloidal silica, and
Alginic Acid sodium salt (sodium alginate), crystal violet were
purchased from Sigma-Aldrich (Oakville, Onatrio). Ethanol (anhydrous) was purchased from Commercial Alchohols (Brampton,
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. LB Broth, Granulated Agar,
Casamino Acids was purchased from Fisher Scientiﬁc (Canada). 20%
Glucose Solution was purchased from TekNova (Canada). Glacial
Acetic acid was purchased from Bioshop (Burlington, Ontario).
Wrinkled Surfaces Fabrication. Prestrained polystyrene
(Graphix Shrink Film, Graphix, Maple Heights, Ohio) and polyoleﬁn
(Cryovac D-955) was cut into desired substrate sizes using Robo Pro
CE5000−40-CRP cutter (Graphtec America Inc., Irvine, California).
The substrates were cleaned with ethanol, milli-Q water and dried
with air. The PS was placed in a ramped up (4 min) UVO cleaner
(UVOCS model T0606B, Montgomeryville, Pennsylvania) in order
for the UV lamp to reach a stable intensity ensuring similar UVO
treatment condition for all of the samples. PO was subject air-plasma
in an Expanded Plasma Cleaner (Harrick Plasma) on HIGH RF
power setting for 1 min.
To create the nonﬂuorinated microstructured sample, PS-Micro,
the UVO treated PS was subject to thermal treatment by placing the
substrates into an oven (ED56, Binder, Tuttlingen, Germany)
preheated to 140 °C for 5 min. To create the ﬂuorinated
microstructured sample, PS-Micro-FS, the activated substrates were
submerged in a prepared ﬂuorosilane solution for approximately 3 h
with agitation at room temperature in an incubating mini shaker
(VWR International, Mississauga, Ontario) to covalently bond an FS
layer onto the surface through hydrolysis and condensation
reactions.75 For the deposition of ﬂuorosilane, a mixture of ethanol
and milli-Q water with volume ratio of 3:1 was prepared. A catalytic
amount of hydrochloric acid (0.1 wt %) was added into the solution
with 0.5 wt % of ﬂuorosilane. The solution was incubated at 40° for an
hour before use. The ﬂuorosilane deposition is similar to a protocol
used to create omniphobic micro- and nanostructured fabrics.76
Following deposition of coating, the substrates were sonicated in
Milli-Q water and subsequent 10 min sonication in ethanol for 10 min
and dried.
To create PS-Nano-FS and PS-Hierarchical-FS, the activated PS
substrates (UVO treated) were submerged in 10% aqueous APTES
(for creating the seed layer for nanoparticle solution for respected
samples) for approximately 3 h with agitation at room temperature in
an incubating mini shaker. Following deposition of coating, the
substrates were sonicated in Milli-Q water for 10 min and dried.
SiNPs solution was created by vertexing 1 part Ludox TMA colloidal
silica with 2 parts milli-Q water for 10 s and sonication for half an
hour. The size of the SiNPs were measured using dynamic light
scattering (DLS), and were found to be 27 ± 0.6 nm (Supplementary
Figure 10). For the deposition of SiNPs (after the APTES treatment),
the substrates were ﬁxed in Petri dishes using double sided tape and
submerged in the SiNPs solution overnight. The amine terminus on
the aminosilane had electrostatic interactions with the negative
surface charge of the SiNPs and allowed for the deposition of the
nanoparticles on the surface. Following deposition, the substrates
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Video showing 10 μL of Water dropped onto PSHierarchical-FS from one inch at 480fps (MP4)
Video showing 10 μL of Hexadecane dropped onto PSHierarchical-FS from one inch at 480fps (MP4)
Video showing 10 μL of Water dropped onto PO-Planar
from one inch at 480fps (MP4)
Video showing 10 μL of Hexadecane dropped onto POPlanar from one inch at 480fps (MP4)
Video showing 10 μL of Water dropped onto POHierarchical-FS from one inch at 480fps (MP4)
Video showing 10 μL of Hexadecane dropped onto POHierarchical-FS from one inch at 480fps(MP4)
Video showing slow motion water droplets continuously
running from a water bottle on top of a PO-HierarchicalFS surface, demonstrating bouncing and rolling oﬀ of
the water droplets (MP4)
Video showing implementing the developed surface for
food packaging, showing wrapped meat with polyoleﬁn
(PO-Planar and PO-Hierarchical-FS). The water
droplets bounce oﬀ the treated surface and get stuck
on the untreated PO (MP4)
Assessing the chemical composition of the surface,
discussion of the measured contact angles, schematic of
the structures and their local geometric angle, discussion
of the ethanol CA measurements, various ethanol/water
concentration contact angle measurements, advancing/
receding angles, contact angle hysteresis, calculated
sliding angles, Pinning and bouncing of droplets, relative
alginate adherence, GFP expressing E. coli touch assay
on polystyrene, E. coli transfer to a wrapped key (PDF)

form. Post incubation, the devices were removed from each well using
sterile forceps and rinsed gently with water by submersing them 4−5
times into a beaker of water to remove planktonic bacterial cells.
Bioﬁlms attached to the devices were stained with 0.1% crystal violet,
washed with sterile water, then solubilized in 30% acetic acid. A 200
μL bacterial suspension and solubilized crystal violet were transferred
to a 96-well microtiter plate (Corning, United States). The optical
density (OD) of the bacterial suspension (bacterial culture following
the period used for bioﬁlm production) was read at 600 nm using a
Tecan Inﬁnite m1000 plate reader (Tecan, United States) to evaluate
the culture density. The OD of the resuspended crystal violet was
measured at 570 nm. Relative bioﬁlm adherence was calculated by the
ratio of bioﬁlm adhered (OD570) to culture density (OD600) as
shown in the equation below.”

RelativeBiofilmFormed =

Biofilm Formation(OD570)
Cell Density(OD600)

Scanning Electron Microscopy − Bacteria Bioﬁlm Fixation.
MRSA and P. aeruginosa bioﬁlms were grown on polystyrene and
polyoleﬁn surfaces as described in the previous section. Samples were
then placed in a 0.25% glutaraldehyde solution (in sodium cacodylate
buﬀer) for ﬁxation for a minimum of 24 h. Samples were subsequently
rinsed with buﬀer before being stained with 1% osmium tetraoxide in
sodium cacodylate buﬀer (pH = 7.4). Samples were then sequentially
dehydrated with ethanol solutions from 25% (in Milli-Q water) to
100%. Finally, samples were critically point dried (Leica Microsystems, Wetzlar, Germany) and sputter coated with 3 nm of
platinum before examination under SEM. Samples were imaged using
a JEOL 7000F (JEOL, Peabody, MA) at an accelerating voltage of 4
keV. Images were artiﬁcially colored to improve recognition of
bacteria using GIMP (GIMP 4.0).
Bacteria contact touch assay. An overnight culture of
Escherichia coli MG1655 harboring pUA66-GadB,80 which constitutively expresses high levels of GFP, was grown in LB with 50 μg/mL
kanamycin then pelleted. Cells were then resuspended in 1/50 of the
original volume of the culture to create a concentrated cell
suspension. Agar plugs were made from 3% agar by dissolving 3 g
of agar in 100 mL water with a magnetic stirrer at room temperature.
The temperature was then raised to 95 °C while stirring for 20 min,
then the solution was poured into Petri dishes and cooled in room
temperature. Once solidiﬁed, agar plugs were harvested from the
cooled agar plated by poking tubes with approximately 15 mm
diameter in it. Twenty μL of 50x concentrated E. coli overnight
culture was added to each agar plug, under a laminar air ﬂow in a
biosafety cabinet, and allowed the excess media to absorb within the
agar, creating a layer of the bacteria on top of the agar. Subsequently,
the bacteria infused agar plugs were contacted with PS-Planar, PSHierarchical-FS, PO-Planar, PO-Hierarchical-FS surfaces for 10 s,
allowing the E. coli to transfer and stick to the them. The surfaces
were then analyzed using a Chemidoc imaging system (BioInterface
Institute, McMaster University) by ﬂuorescein channel.
Bacterial transfer to human skin. In a similar method described
in bacteria contact touch assay section, the contaminated PS-Planar,
PS-Hierarchical-FS, PO-Planar, PO-Hierarchical-FS surfaces were
touched with human skin and the extent of bacteria transfer were
analyzed. This was done through a hand-held surface imaging
technology provided by OptiSolve, enabling imaging various surfaces
and assessing their extent of contamination in real time.
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