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Lay Abstract 

The interaction of pathogens with surfaces in our environment has significant implications 

for human health and contributes significantly to infections acquired in the community or 

in hospitals. In the past decade, enormous efforts have been put towards reducing the 

surface-mediated spread of pathogens. As a result, engineered surfaces with repellent 

properties that prevent biofouling and contamination have gained significant traction. 

Repellent surfaces typically work based on the superhydrophobic effect, trapping air 

within their surface structure, and limiting the interacting surface area of the interface. In 

this thesis, we developed a simple and scalable method for creating superhydrophobic 

materials and investigate the ability of this surface in repelling various biological 

contaminants including: blood, feces, bacteria and viruses. To characterize the repellant 

properties, multiple experimental methods were developed to analyze the biofouling 

ability of the surfaces and physical transfer of pathogens between different materials. We 

also further develop these repellant surfaces to have the additional ability to deactivate 

pathogens on their surfaces under light exposure. 
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Abstract 

Recently, the rise and appearance of antibiotic resistant pathogenic bacteria, and 

pathogenic viruses have resulted in significant economic and societal repercussions. The 

spread of pathogens has led to increases in the prevalence of infections acquired from 

contaminated surface, especially within healthcare environments. In response to these 

issues, many new technologies have been developed to address the spread of these 

pathogens. Repellent and antipathogenic materials have been developed to reduce the 

levels of contamination seen on surfaces and the ability for these surfaces to transmit 

pathogens. In this thesis, we developed pathogen-repellent surfaces, which significantly 

reduce biofouling on their surface by reducing bacterial adhesion due to their omniphobic 

properties and deactivating the adhered pathogens via the production or Radical Oxygen 

Specie (ROS). 

Superhydrophobic wetting states have been shown to reduce the adhesion of biological 

contaminants and prevent biofouling at the surface. However, the performance of these 

repellent properties is dependent on the stability of the wetting states. Hierarchical 

structured surfaces with topography in both the micro- and nano-scale increase the 

stability of these wetting states when compared to structures at each individual length 

scale, and thus show potential in further increasing the repellency of surfaces in response 

to biological contaminants. To create a superhydrophobic and repellent surface with a 

hierarchically structured surface, we developed an all solution-based technique for 

depositing nanoparticle (NP) films. This method utilized self-assembled monolayers of 

((3-Aminopropyl)triethoxysilane (APTES). The positive charge of the uniform amine 

monolayer was able to then ionically bond to negatively charged gold nanoparticles 
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(AuNP) and silica nanoparticles (SiNP). This was combined with pre-strained polymer 

substrates which allowed for the formation of a wrinkled microstructure when shrunk, 

resulting in nanotextured microscale wrinkles. These Structures were then paired with a 

self-assembled coating of Fluorosilane (FS), which greatly reduced the surface energy of 

the surface and formed robust superhydrophobic states. 

To characterize the resistance of the surfaces to biofouling, we explored the interaction 

of the surface to blood staining and thrombosis under both static and dynamic conditions 

and found a greater than 90% reduction in contamination for all cases. To quantify the 

adhesion of pathogens to the repellant surfaces, a touch transfer assay was designed, 

which simulated the transmission from contaminated human hands to sterile surfaces. 

Two viral pathogens, Herpes Simplex Virus 2 (HSV2) and Human Coronavirus 229E 

(HuCoV), were tested under single and multiple contamination events, and the surfaces 

were imaged using SEM to confirm the levels of viral contamination, and showed a 

reduction greater than 4-log to the adhesion of both viruses. Bacterial contamination was 

tested for multiple different bacterial pathogens: Escherichia coli (E. coli), Bacillus subtilis 

(B. subtilis), Pseudomonas aeruginosa (P. aeruginosa) and Methicillin-Resistance 

Staphylococcus aureus (MRSA)). The omniphobic surface here showed a reduction of all 

bacterial pathogen species of roughly 2.77-log, both individually and in combination. To 

further reduce the contamination of the surface with pathogens, the repellant surface 

structures were modified with photoactive TiO2 nanoparticles, to introduce antipathogenic 

properties into the films. These surfaces were able to reduce the initial adhesion of 

bacteria pathogens by 2.77-log while also being able to decrease surface contamination 

by another2.5-log after exposure to ultra-violet (UV) light.  
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Chapter 1 Introduction 

Preface: 

This chapter outlines the challenges caused by the contamination of surfaces with 

biological materials. It also reviews the current strategies and technologies used for 

addressing the concerns related to biological contamination. More specifically, the 

chapter reviews the scientific literature on the role of pathogen-repellant, antipathogenic, 

and dual functional materials in reducing biological contamination. The final portion of this 

chapter is dedicated to the organization and objectives of this thesis. 

 

1.1 Impact of Biological Contamination of Surfaces 

1.1.1 Pathogen Transmission via Surfaces 

Pathogens are microorganisms, such as bacteria and fungi,1 or biological materials like 

viruses, which produce infection or disease in a host organism.2 The prevalence of 

pathogens in the healthcare system and the transmission between patients, workers and 

visitors have significant implications on human health. Hospital acquired (nosocomial) 

infections occur in approximately 5-10% of all hospital visits in developed countries, while 

occurring in 40% of all visits in low-income countries.3,4 Pathogens are transmitted 

through the following means: indirect or direct physical contact, droplet transmission, 

airborne transmission, or fecal-oral transmission.5 Indirect contact transmission involves 

the transfer of pathogens from inanimate objects to the hands of an individual, while 

droplet transmission is generated by coughing, sneezing or talking.6–8 Once present on 

hands or airborne, the released pathogens can then be deposited onto inanimate 

surfaces in the environment, creating fomites. Fomites are contaminated inanimate 
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surfaces or materials that cause infection, and are created through three distinct 

pathways; droplet transmission,5,9 direct contact transmission, and indirect contact 

transmission (Figure 1-1).5,10 Droplet transmission occurs through the settlement of 

aerosols or airborne droplets on surfaces.11,12 This process is dependent on the size of 

the droplet, as large airborne droplets settle on surfaces faster than smaller ones.13 

During direct and indirect contact transmission, pathogens are physically transferred from 

one surface to another. Direct transmission occurs from physical contact with the 

pathogen source,5 while indirect transfer occurs from physical contact with an already 

contaminated material.5 Once fomites are formed in the environment, a healthy individual 

may come in contact with them leading to the onset of an infectious disease. The 

contamination of healthy individuals occurs through contact with inanimate surfaces 

(fomites); inhalation of contaminate aerosols, secondary contact with a fomite (indirect 

contact transmission), or direct contact with an infected individual (direct contact 

transmission).5 Once in the host, pathogens begin to grow and proliferate increasing their 

numbers and causing infection. Eventually, the pathogen will shed from the infected host 

and the process of transmission begins. 
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Figure 1-1: Flowchart showing the pathways of transmission between an infected host 
and a healthy individual. 

 

Most of the pathogens responsible for the prevalence of nosocomial infections are 

bacterial pathogens and are transmitted through physical contact between healthcare 

workers, patients and surfaces/equipment in their environment.3 Methicillin-Resistant 

Staphylococcus aureus (MRSA) is the most significant nosocomial pathogen, responsible 

for up to 60% of all nosocomial infections found in hospital intensive care units.4 Within 

these environments, MRSA has been found to contaminate various surfaces including 

hospital beds, supply carts and door handles,3,14 where it has been shown to stay viable 

for long periods of time, ranging from several weeks to several months.15 Other notable 

pathogens transmitted from person to person and environment to person through physical 

contact are P. aeruginosa, E. coli and vancomycin-resistant enterococci.3 Fungi are the 

second most common classes of pathogens responsible for nosocomial infections,1 with 
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the two most common species being Candida and Aspergillus.16 Candida species in 

particular have been shown to significantly contaminate surfaces around infected patients 

and have demonstrated  survivability and viability for periods ranging from 14 days to 4 

weeks.17 Viruses make up the smallest contributor of nosocomial infections,18 and mostly 

spread through air-born transmission (influenza and corona virus);16 however, some 

viruses have been shown to transmit though contaminated surfaces.19 Human Norovirus 

and Hepatitis A Virus are found in high concentrations in infected fecal matter and are 

able to transmit between people through fomites.16,19  

Reducing the number of fomites is important in reducing the spread of pathogens 

between individuals within an environment. This can be achieved in two ways: preventing 

the initial contamination of the surfaces and decontaminating the material after 

contamination. The decontamination of surfaces is usually done using strong 

disinfectants (for the cleaning of surfaces) and hygiene protocols (for the cleaning of 

hands).1,3 However, many nosocomial pathogens have shown resistance to the effects of 

disinfectants and persist on surfaces after decontamination is carried out,20 and the 

effectiveness of the widespread use of disinfectants has been debated.1,17 In addition, 

there are concerns with the environmental and worker health risks associated with high 

exposure to chemical disinfectants such as ortho-phthalaldehyde, hydrogen peroxide - 

peracetic acid mixtures, and chlorine based disinfectants.21,22 This highlights the 

importance robust and safe contamination prevention methods. 
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1.1.2 Blood Related Biofouling of Surfaces 

The contamination of surfaces with blood has a significant impact on the performance of 

medical devices and the transmission of pathogens in hospitals. Blood is a complex liquid 

made up of many different proteins (platelets and fibrin) and cells (red blood cells and 

while blood cells).23 The contamination of a surface with blood begins with the adhesion 

of proteins and cells to an inanimate surface.23 As soon as blood comes into physical 

contact with a surface, proteins from the blood plasma begin to adhere to the solid 

interface.24  This begins a series of complex interactions known as the coagulation 

cascade and ends with the formation of Thrombi (blood clots).23 This process has a 

significant impact on the performance of medical devices such as stents, vascular grafts, 

pacemakers, tubing and catheters. 24 Blood coagulation in these devices often leads to 

thrombotic complications and has the potential to be lethal.24,25 As such methods for 

preventing the formation of thrombi in these devices have gained significant traction in 

recent year.26  

In addition to medical devices, the contamination of surfaces in human made 

environments (i.e. built environments) with blood also has significant health implications, 

both inside and outside of healthcare settings. Both wet and dry blood interacting with 

surfaces have been shown to transmit blood borne pathogens such as Human 

Immunodeficiency Virus, Hepatitis B Virus, and S. aureus.27–29 Blood released from a 

contaminated individual via open lesions or excretions can spread and contaminate both 

medical devices and surfaces in the environment,27 aiding in the adhesion of pathogens 

to those materials.24 For bacterial pathogens, the presence of blood can facilitate the 

formation of biofilms and supply the pathogen with nutrients,14 creating long lasting 
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contamination of the surface.14,24,27 While whole blood is a highly contaminating and 

complex liquid which can quickly adhere to various surfaces, repellent surface 

technologies have been developed and studied in recent years in order to combat this 

form of contamination.30  

 

1.2 Engineered Materials for Reducing the Biological Contamination of Surfaces 

1.2.1 Importance of developing repellent materials 

In recent years, novel material systems that reduce the adhesion, viability, and spread of 

pathogens have been developed. Materials that prevent the initial contamination of 

pathogens are known as pathogen-repellent materials, while materials that disinfect their 

surface after contamination are known as antipathogenic materials.31 Of significant 

interest is the ability of pathogen repellent materials to significantly reduce the 

transmitted/inoculating concentration of pathogens on the surface. This has significant 

effects on the lifetime of pathogens on the surface, as high concentrations of pathogens 

on surfaces are associated with increased lifetime and survivability.14 Pathogen-repellent 

surfaces have the added benefit of preventing the development of antimicrobial 

resistance, as they do not rely on biocidal agents for their reduction in contamination.14 

Furthermore, pathogen repellent surfaces also display resistance to the adhesion of 

extra-cellular proteins and metabolic biproducts produced by pathogens, such as 

biofilms,32 that increase pathogen adhesion, longevity and proliferation on a contaminated 

surface.33 In addition to biofilm resistance, many pathogen-repellent materials repel other 

contaminating matter/materials that may contain pathogens such as fecal matter and 

respiratory droplets.31 Pathogen containing feces, respiratory droplets, dust, and 
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biological liquids (blood, urine, and saliva) enable the formation and increase the lifetime 

of fomites.1,14,34 As a result, developing materials with both pathogen repellent and broad-

spectrum repellent properties to a wide variety of biological contaminates is important in 

limiting the transmission of pathogens. 

 

1.2.2 Repellent surfaces 

Surfaces with broad spectrum repellency can be broken down into two subcategories: 1) 

hierarchically structured superhydrophobic coatings, or 2) lubricant infused coatings. The 

classification of the repellent surface depends on the material, surface structure and 

repellent mechanism of the surface. 

Hierarchically structured surfaces are materials with structures that exist across multiple 

length scales, typically incorporating structures at the nano and microscale.35 As such, 

they have high surface roughness allowing for large quantities of air to be entrapped 

within the surface structure, forming superhydrophobic (Cassie-Baxter) states. For 

surfaces experiencing superhydrophobicity, the quality/strength of the repellent 

properties is determined from contact angle (CA) measurements, which characterizes the 

profile of a droplet on the solid interface.36 When superhydrophobic wetting states are 

present, the contact angle (𝜃𝑐) of the droplet is greater than 150o and displays a spherical 

profile indicating poor adhesion to the surface (Figure 1-2a, i).36,37 As a result of the 

spherical droplet profile, water droplets on superhydrophobic surfaces roll/slide across 

the surface (Figure 1-2a, iii). The roll off angle or sliding angle (SA) is often used as 

another metric for determining the repellency of the surface.36  
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Figure 1-2: Schematic of liquid droplet interacting with a) hierarchically structured and 
b) lubricant infused omniphobic surface.  i) and ii) represent the static interaction of 
water and hexadecane with the surface respectively. iii) and iv) represent the dynamic 
interaction of water and hexadecane sliding across the surface respectively.  

 

Lubricant infused surfaces are materials with a liquid lubricant trapped on or within their 

solid surface.36 This lubricant acts as a barrier and prevents the interaction and adhesion 

between the solid surface and contaminating matter (solid or liquid).38 The lubricating 

liquid is bound/held near the surface by a chemical monolayer with high affinity for the 

lubricant.36,38 Furthermore, lubricant infused surface can have a variety of surface 

structures and topographies being planar, porous, or hierarchical structured.35,39–42 For 

lubricant infused surfaces, the level of repellency is no longer quantified by the CA, as 

liquids with CA both greater or less than 90o can easily slide across the surface (Figure 

1-2b). Lubricant infused surfaces, unlike superhydrophobic surfaces, rely on the 
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immiscibility of the contaminate with the lubricating layer. As a result, CAH and SA are 

more important indicators of repellency.38 

For both hierarchically structured superhydrophobic and lubricant infused surfaces, those 

with the highest and broadest repellent properties display omniphobicity. Omniphobicity 

is the ability for a solid interface to prevent the adhesion or wetting of all liquids,43 including 

those with low surface tension such as hexadecane (27.5 mN.m-1).44 For repellent 

surfaces (hierarchically structured and liquid infused), those which exhibit omniphobic 

properties are characterized by low (<1o) SA and CAH for all liquids interacting with the 

surface (Figure 1-2).45–49 For hierarchically structured surfaces to be considered 

omniphobic, they have the additional requirement that the CA for all liquids must be 

greater than 150o (Figure 1-2a, i, ii), indicating that there are robust Cassie-Baxter wetting 

states regardless of the contaminating liquid.45  

 

1.2.3 Pathogen Repellency 

Hierarchically structured superhydrophobic surfaces 

Hierarchical structured surfaces have shown great performance in reducing the adhesion 

of pathogens to surfaces in aqueous environments (Table 1-1). Work by Tingting Ren et 

al. created a hierarchically structured nanocomposite comprised of fluorinated SiO2 and 

CuO NP, with a thickness of 290 nm.  This repellent surface structure showed high levels 

of water repellency (CA of 163o) while also displaying a 3.2-log reduction in the adherence 

of Escherichia coli (E. coli).50 Other notable hierarchical structures have also shown 

significant reduction 1-log to 2-log (90-99%) in pathogen adherence such as, SiO2 micro 
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pillars modified with fluorinated ZnO nanoneedles (Jiang et al.) which showed a >98% 

(~2-log) reduction in E. coli adherence, 51 and hierarchical diamond like carbon films 

(Wang et al.), which showed reductions of 99% (2-log) and 90% (1-log) for E. coli and P. 

aeruginosa respectively.52 In addition to pathogen repulsion, hierarchically structured 

surfaces have shown good immunity to the formation of biofilms (MRSA, P. 

aeruginosa)53,54 on their surfaces. Work by Ekrem Ozkan et al. created a polyurethane 

sponge functionalized with a mixture of polydimethylsiloxane (PDMS), ZnO, Cu NP and 

fluorosilane (FS), which is capable of reducing the formation of S. aureus biofilm by 

99.94% (~3-log) after four days of exposure.53  While the structures perform well in 

aqueous environments, they fail to mimic/replicate the real-world transfer of pathogens 

under physical contact in open air conditions. Work by our lab demonstrated a 

hierarchically structured wrinkled polymer film showing over 85% reduction in the 

formation for both MRSA and P. aeruginosa.54 Unlike previous examples from literature, 

this work conducted pathogen adhesion studies in an open air environment,  displaying 

~1-log reduction in the adhesion of E. coli,54 demonstrating one of the first examples of 

repellent materials reducing the physical contact transmission of pathogens in open air.31  
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Table 1-1: Summary of blood and pathogen repellent surfaces’ technologies. 

Surface Properties Surface Wettability Repellency of 
Biological 
Contaminates 

Classification Materials and 
manufacturing 

CA SA CAH Blood Pathogens 

Hierarchically 
Structured 
Surface 

Polyurethane 
sponge coated with 
fluorinated ZnO 
and Cu NP.53  

Water: 
160o 
Blood:  
160o 

Water: 
<5o 

Water: 
0.8o 

Fibrinogen 
adsorption 
assay showed 
76.62% 
reduction in 
adhesion 

99.94% 
reduction of S. 
aureus after 4-
day drip-flow 
assay when 
compared to 
control surfaces 

Glass substrate 
coated with silica 
nanoparticles and 
Fluorinated CuO 
nanoparticles.50  

Water: 
163o 

- - - 3.2-log reduction 
in adhered E. 
coli from 
suspension, 
compared to 
glass control 

Mussel-inspired 
dendritic polymer  
functionalized with 
gold and silver 
nanoparticles.55 
 

Water: 
173o 

Serum: 
166o 

Ethylene  
Glycol: 
157o 
SDS (4%): 
156o 

Hexadecane:  
148o 

Water: 
<2o 

Serum: 
5o 

Ethylene 
Glycol: 
10o 
SDS (4%): 
10o 

Hexadecane: 
- 

Water: 
<1o 

Protein 
adhesion assay 
from blood 
serum showed 
significant 
contamination 
of control 
surfaces, glass 
(1.6ug/cm2) and 
polystyrene 
(2.4ug/cm2), 
while no 
contamination 
was seen on 
the repellent 
coating 
(contamination 
below LOD) 

- 

Polydimethylsiloxa
ne casted on 
hierarchically 
wrinkled surfaces 
and functionalized 
with silica 
nanoparticles and 
fluorosilane.42  

Water: 
166.7o 
Blood: 
143.2o 

Hexadecane: 
100.0o 

Water: 
<5o 

 

- Showed 
increase in 
blood staining 
of 7% 

Showed 
persistence of 
MRSA and P. 
aeruginosa on 
the surface 

Hierarchical 
diamond like 
carbon film, with 
(top) and without 
(Bottom) 
Fluorosilane 
modification.52  

Water: 
148-151o 

Water: 
2o 

Water: 
4o 

- Reduced E. coli 
and P 
aeruginosa 
adhesion by 
99% and 90 % 
respectively 

Water: 
170o 

Water: 
3o 

Water: 
3o 

-  

Polymer substrate 
functionalized with 
silica nanoparticles 
and fluorosilane, 
with strain induced 
hierarchical wrinkle 
structures.54  

Water: 
154o 
Blood: 
144o 
Hexadecane: 
124o 

Water: 
<5o 
 

Water: 
10o 
 

Blood contact 
angle of 142o 

~85% reduction 
in biofilm 
formation of both 
MRSA and P. 
aeruginosa.  
20-fold decrease 
in the 
fluorescence 
signal of GFP 
expressing E. 
coli on 
hierarchically 
structured 
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surface 
compared to the 
bare polymer 
surface. 

Fluorosilane coated 
ZnO nanoneedles 
grown on SiO2 
micropillars.51  
 

Water: 
174o 

Water: 
<1o 

- - >98% reduction 
in the adherence 
of E. coli to the 
surface. 
~140-fold 
decrease in 
bacterial 
contamination 
after 24 hours 
incubation in 
bacteria culture 
when compared 
to control 
surface 

Lubricant 
Infused Surface 

Titanium surface 
microscale features 
were made though 
laser ablation of the 
surface, coated 
with a fluorinate 
polymer and 
infused with 
perfluoropolyether 
lubricants.56  

Water: 
~100o 

- Water: 
<5o 

- ~100-fold (2-log) 
reduction in 
biofilm volume 
produced by S. 
aureus on the 
surface. 

Electrodeposited 
nano-porous 
tungstite, infused 
with 
perfluoropolyether 
lubricant.40  

Water:  
124o 

Water: 
3o 

Water: 
1.4o 

Blood staining 
assay showed 
little to no signs 
of surface 
contamination 

Submersion 
in108 CFU/mL of 
E. coli showed a 
~2-fold reduction 
in the 
attachment of 
bacteria cells 

Polydimethylsiloxa
ne casted on 
hierarchically 
wrinkled surfaces 
and functionalized 
with silica 
nanoparticles and 
fluorosilane.42  

- Water: 
<5o 

- 95-95% 
decrease in 
blood staining 
of the surface, 
significant 
delay in 
thrombin 
generation of 
lubricant 
infused surface 
when 
compared to 
control surfaces 

86% reduction in 
the adherence of 
MRSA and 
98.5% reduction 
in the adherence 
of P. aeruginosa 
to the surface 

Porous amine-
reactive films with 
integrated silver 
nanoparticles and 
silicon oil 
lubricant.41  

- Water: 
8.7o 
Ethanol: 
8.0o 

- - 75% reduction in 
E. coli biofilm 
adherence to 
surface 

Perfluorocarbon 
functionalized 
surfaces with 
infused 
perfluorodecalin 
lubricant.57  

- Blood: 
0.6o 

- Prevented the 
formation of 
fibrin networks 
on the surface. 
Displayed 
significant 
reduction in 
platelet 
adhesion (27- 
and 4- fold 
reduction for 
acrylate and 
polysulfone 
substrates 
respectively) 

Showed an 8-
fold reduction in 
the formation of 
P. aeruginosa 
biofilms when 
compared to the 
control after 6.5 
weeks 
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Lubricant infused surfaces 

Lubricant infused surfaces have also shown the ability to significantly reduce the adhesion 

of pathogens to their surfaces, displaying reductions of ~2-log for both P. aeruginosa and 

S. aureus. 42,56 Lubricant infused surfaces can have a variety of underlying surface 

structures such as molecular monolayers (on planar substrates),39 porous coatings 

(micro- and nano-pores) 40,41  and hierarchically structured surfaces, 35,42 all of which  can 

be infused with lubricant, creating a slippery structure. Tesler et al. electrodeposited nano-

porous Tungstite onto surgical grade stainless steel scalpels, which were infused with 

perfluoropolyether lubricant  and capable of reducing E. coli cell adhesion to the surface 

by ~2-fold.40 Work by Khan et al.  created wrinkled structures on a PDMS substrate via 

casting on a hierarchically structured wrinkled mold, PDMS was then functionalized with 

SiNP and fluorosilane to create a highly repellent (water SA < 5o) hierarchical wrinkled 

structure on a flexible substrate. When these structures were infused with lubricant, they 

displayed  a 98.5% (1.51-log) reduction in the adhesion of P. aeruginosa.42 This work 

along with others has also shown lubricant infused surfaces outperforming their non-

lubricated hierarchically structured counterparts.40,42  Doll et al. developed a slippery 

lubricant infused porous surface on titanium substrates. The porous microstructure was 

formed through laser ablation of the surface using a 800 nm Ti-Sapphire femtosecond 

laser, after which the Titanium surface was functionalized with a fluorinated polymer 

(Antispread E 2/30 FE 60). Krytox GPL 106 lubricant was then infused into the coating, 

which displayed significant anti-fouling properties, showing upwards of 2-log reduction in 

the formation of biofilms (S. aureus).56 While these lubricant infused surfaces have shown 

remarkable reductions in the adhesion of pathogens and biofilm formation on their 
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surface, almost all studies have  been performed in aqueous environments and there is 

a significant lack of characterization in open air environments (Table 1-1). 40,42,56,57 

Furthermore, most studies investigating the pathogen repellent properties of repellent 

surfaces (hierarchically structured and lubricant infused) have only been conducted with 

bacterial pathogens and there is limited research on their ability to prevent the adhesion 

of viruses.40,41,57,42,50–56 

 

1.2.4 Blood Repellency 

Hierarchically structured superhydrophobic surfaces 

Hierarchically structured surfaces have also shown antifouling properties towards blood 

staining40,58, as well as reduced adhesion of fibrinogen and platelets,53,55 which are 

involved  in the initial steps in thrombosis (blood clot formation).59  Hierarchically 

structured surfaces which display broad and strong repellency to liquids (high CA for 

water, ethylene glycol and hexadecane) have shown the lowest amount of surface blood 

contamination (Table 1-1).51,52,54,55 Particularly the work by Christoph Schlaich et al. 

created a mussel-inspired dendritic polymer coating which displayed omniphobicity with 

CA of 173o, 157o and 148o for water, ethylene glycol, and hexadecane respectively.55 A 

platelet adhesion assay was performed on these surfaces as well as control glass and 

polystyrene surfaces. The control surfaces showed contamination of 1.6ug/cm2 (glass) 

and 2.4ug/cm2 (polystyrene), while  no adhesion was demonstrated on hierarchically 

structured surfaces (the levels of contamination were below the limit of detection for the 

assay).55 Ekrem Ozkan et al. created a hierarchically structured sponge surfaces with 
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high water and blood CAs of 161.6o and 165.4o, respectively, and reduced fibrinogen 

adsorption by 76.62%.53   

Liquid infused surfaces 

Similar to hierarchically structured surfaces, lubricant infused surfaces have displayed 

significant reduction of blood staining and platelet adhesion. Leslie et al. created a coating 

using perfluorocarbon monolayers infused with perfluorodecalin lubricant.57 This coating 

showed low sliding angle of blood (0.6o) and was capable of reducing the adhesion of 

platelets to the surface by 27-fold.57 Khan et al. discussed above, also characterized their 

repellant surfaces with blood contamination in addition to pathogen work. Interestingly, 

their lubricant infused versions of their hierarchically structured surfaces significantly 

outperformed their non-lubricant infused ones, showing reduced blood staining of greater 

than 95% compared to planar PDMS. However, the non-lubricated versions of their 

hierarchical surfaces showed increases in adhesion when compared to planar surfaces.42  

Lubricant infused surfaces have shown better performance than hierarchically structured 

surfaces in resisting blood related fouling of surfaces (Table 1-1). However, the 

performance of hierarchically structured surfaces toward blood adhesion is highly 

dependent on their omniphobicity. Surfaces with omniphobic properties have 

demonstrated similar levels of repellency to lubricant infused surfaces.55  

A summary of the different surface technologies available from the scientific literature, 

hierarchically structured and liquid infused surfaces, and their corresponding repellency 

to liquids and biological contaminates such as blood, viruses and bacteria are found in 

Table 1-1. 
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1.2.5 Dual-Functional Surfaces: Combined Repellency and Antimicrobial 

Properties 

In the previous section, we discussed different classes of repellent surfaces (Figure 1-3a 

and Figure 1-3b) and their performance toward repelling various biological contaminates. 

Even though pathogen and broad spectrum repellent surfaces are highly effective, they 

are not sufficient in completely eliminating the formation of fomites because surface 

defects or damage can lead to pathogen adhesion.60 As such, some have proposed the 

use of antipathogenic surfaces, which deactivate pathogens when they come near or 

make contact with the solid interface.31,61 Antipathogenic surfaces (Figure 1-3c & Figure 

1-3d) contain chemically- or physically-bound biocidal agents,62 that are either static and 

participate in contact killing (Figure 1-3c) or have controlled release over time (Figure 1-

3d).63 Antipathogenic materials have some major drawbacks compared to pathogen 

repellent materials.  The antimicrobial properties of these materials decline significantly 

over time due to depletion of their antimicrobial compounds, build-up of dead pathogens 

on the surface or the development of antimicrobial reistance.63,64 To overcome the 

limitations of pathogen repellent and antipathogenic material, dual-functional material 

systems with both antipathogenic and pathogen repellent properties have been 

developed.61,65  
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Figure 1-3: Schematic showing the function of pathogen repellent, antipathogenic and 
dual-functional surface. Pathogen repellent surfaces a) superhydrophobic surface and 
b) lubricant infused surface. Antipathogenic surfaces c) contact killing surface and d) 
biocide releasing surface. Dual-functional surface e) co-deposited repellent and 
antipathogenic functionalized surface and f) repellent surface structure with biocide 
releasing surface. 
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Dual-functional materials are typically developed by either co-depositing antipathogenic 

and pathogen-repellent coatings,63,66,67 impregnating a repellant surface with 

antipathogenic materials,41 or using switchable/stimulated materials.31,61,68,69 Co-

deposited materials provide both pathogen repellency and antipathogenic properties 

simultaneously (Figure 1-3e). These surfaces have been shown to provide high levels of 

repellency, greater then ~3-log reduction,50,60 and robust deactivation of pathogens 

adhered to the surface, greater than 90%.50,60,70 These material systems are usually 

made by depositing antimicrobial materials such as lysosomes,60 silver nanoparticles 

(AgNP)41 or CuO50 and functionalizing them with a repellent monolayer such as 

fluorosilane (FS)60 or infusing them with a slippery lubricant (Table 1-2).41 Another 

common approach is the co-deposition of a repellent and antimicrobial polymer brush for 

the simultaneous repelling and killing of pathogens.61,70 Yanhong Fu et al. created a 

mixed polymer brush coating comprised of poly(N-hydroxylethyl acrylamide) and 

poly(trimethylamine) ethyl methacrylate chloride with pathogen repellent and 

antimicrobial properties, respectively. These co-polymer brushes reduced the initial 

adhesion of bacteria and deactivated the adhered bacteria by greater than 90% (1-log) 

for E. coli and S. aureus.70  Impregnation of antipathogenic materials (AgNP, antibiotics) 

into repellent surfaces is typically achieved with porous repellant materials, which allows 

for the slow and consistent release of the antimicrobial agents into the environment 

(Figure 1-3f). For example, Jieun Lee et al created a lubricant infused porous surface 

(pour size of 1-3µm) based on amine-reactive films, which were then functionalized with 

AgNPs and infused with silicone oil. The silicon oil lubricant layer allowed for a 75% 

reduction in biofilm formation over 48 hours, while the release of Ag+ ions from the AgNP 
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resulted in ~3-log reduction in bacterial activity of E. coli, S. aureus and B. cereus over 6 

hours.41 Yi Zou et al. created a copolymer brush (2-hydroxyethyl methacrylate and 2-

(acrylamide)-phenylboronic acid) that was impregnated with quercetin.71 This material 

has the ability to sustain antimicrobial effects (~1.3-log reduction) for more than 3 days, 

preventing cell adhesion while simultaneously preventing biofilm formation by releasing 

quercetin when bacteria bind to the surface .71  
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Table 1-2: Summary of the best preforming dual-functional antimicrobial and pathogen 
repellant surface technologies 

Dual-
Functionality 
Method 

Material Repellent 
Properties 

Antimicrobial 
Properties 

Biocide releasing Copolymer brushes 
functionalized with 
quercetin. Decreases 
in the pH at the 
surface of the co-
polymer brushes 
allows for the release 
of the quercetin.71  

The polymer brush 
structure displayed 
a decrease in the 
surface density of 
S. aureus and P. 
aeruginosa 

Reduction in the 
proliferation of S. 
aureus and P. 
aeruginosa by 
1.31-log and 1.35-
log respectively. 
Also showed 
reduction of biofilm 
biomass of 74% 
and 77% for each 
bacterium after 3 
days. 

Polydopamine- coated 
porous sulfonated 
polyetheretherketone, 
impregnated with 
moxifloxacin 
hydrochloride and 
osteogenic growth 
peptide for release.72  
 

Showed a >97% 
reduction in the 
number of 
adhered bacteria 

Almost complete 
elimination of 
planktonic cells (S. 
aureus and E. coli 

Co-deposited Lysosome 
functionalized 
fluorinated silica 
nanoparticles.60  

2.7 log reduction 
due to the 
presence of 
superhydrophobic 
wetting states 

6.5 and 4.0 log 
reduction in the 
adhesion of S. 
Typhimurium and 
L. innocua 

Silver nanoparticles 
decorated dopamine 
functionalized 
poly(pentafluorophenyl 
acrylate) porous 
microstructure infused 
with silicone oil.41  

Presence of the 
lubricant showed a 
75% reduction in 
crystal violet 
staining of the 
surface when 
compared to the 
non-lubricated 
surfaces 

~3-log reductions in 
the viability and 
activity of E. coli, S. 
aureus and B. 
cereus 

Mixed polymer brush 
comprised of poly(N-
hydroxyethyl 
acrylamide) and 
poly(trimethylamine) 

Reduced adhesion 
of live and dead E. 
coli and S. aureus 
by 99% and 90% 

92% and 90% 
killing of adhered E. 
coli and S. aureus, 
respectively 
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ethyl methacrylate 
chloride.70  

after 72 hours 
respectively 

CuO nanoparticles 
coated surface 
functionalized with 
fluorosilane.50  

Showed a 3.2-log 
reduction in the 
adherence of E. 
coli 

Live-dead assay of 
E. coli adhered to 
the surface showed 
significant 
deactivation after 
24 hours 

Environmentally 
stimulated 

Copolymer with 
zwitterionic inner and 
polycationic outer 
layer. The functionality 
is switched under dry 
(kill) and wet (repel) 
conditions.73  

Under wet 
conditions the 
surface showed a 
reduction of 
~98.3% and 
~96.9% for S. 
aureus and E. coli 
surface adherence 
respectively 

Under dry 
conditions, the 
surfaces 
deactivated ~80% 
and ~96% of the 
attached S. aureus 
and E. coli 
respectively 

Poly(N-
isopropylacrylamide) 
functionalized with 
gold NP.74  

At 4OC the 
polymer chains 
swell releasing the 
dead bacteria 

At 37OC attachment 
of bacteria is 
favorable and the 
E. coli are 
deactivated by the 
gold NP 
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Switchable/stimulated materials are of particular interest as they only express their 

antipathogenic properties when stimulated by an environmental condition such as, 

temperature,75 hydration69,76 or light exposure.66,68 This has advantages over the co-

deposition and impregnation material systems as antipathogen properties can be 

expressed only when necessary, which can help prevent the emergence of antimicrobial 

resistance.62 The most prominent switchable dual-functional materials have been those 

based on switchable polymer brushes, which change state based on the 

humidity/hydration of the solid interface.63,71,73 These materials have shown pathogen 

repellency and pathogen killing effects greater than 99% and 90%, respectively.70,73  

Another method for selectively producing antipathogenic products/conditions is the 

generation of reactive oxygen species (ROS) by exposing photoactive materials to 

specific wavelengths of light,17,77 which degrade pathogens by oxidizing their protective 

outer layers.78 The use of photoactive materials for disinfection has been used extensively 

in water treatment facilities,79,80 and has gained traction in self-cleaning textiles for 

medical use.81 Madson Santos et al. created an industrial varnish comprised of synthetic 

polymeric biocides and photosensitizer (toluidine blue O, curcumin and proflavine). A 

varnish (mixture of polymer A200B0 and curcumin) was coated on glass substrates and 

exposed to both white and blue light, showing a reduced concentration of adhered 

pathogens by 2-log and 3-log, respectively.68  

To reduce the widespread contamination of biological contaminates and transmission of 

pathogens between people, it is important to develop materials with robust repellent and 

antipathogenic properties. For these materials to be effective in reducing the 

contamination of biological contaminates and transmission of pathogens, they must also 
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be easily and quickly manufactured and applied over a wide variety of surfaces, while 

also withstanding repeated physical contact by human hands. However, many of the 

existing repellent and antipathogenic surface technologies are manufactured through 

methods which are expensive or not suitable for large scale manufacturing. To address 

these concerns, we aim to develop wrinkled hierarchical surface structures with 

omniphobic wetting properties, though all-solution based processes, that allow for rapid 

and scalable manufacturing of repellent hierarchical structures.  This work will also aim 

to characterize the repellency of these surface structures to various biological 

contaminates (blood, feces, virus and bacteria). Furthermore, to create engineered 

surfaces that can prevent the long-term transmission of pathogens, it is important for them 

to display not only have repellant properties but also display antipathogenic effects. 

Materials which can switch between their repellent and antipathogenic properties or 

display antipathogenic effects when stimulated have been desired due to the rise in 

antimicrobial resistance in past decades. To address this, we aim to integration of 

photoactive materials (TiO2) into the omniphobic repellent surface structures, creating 

antipathogenic ROS at the surface when surface decontamination is desired. 

 

1.3 Research Objectives 

This research aims to develop materials for reducing the surface mediated transmission 

and contamination of a variety of pathogens such as bacteria and viruses, as well as 

biological contaminants, specifically blood and feces. To achieve this overarching goal, 

the following objectives were followed: 
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I. To develop hierarchically structured wrinkled surfaces for use as omniphobic 

coatings 

Superhydrophobic and omniphobic surfaces, especially those based on hierarchical 

structures, have been shown to repel a variety of surfaces contaminates.51–53 To build a 

robust superhydrophobic and omniphobic surface that can be utilized as protective 

coatings in built environments, it is important to develop manufacturing methods which 

are scalable, universal, and easily applied over large surface areas. Hierarchically 

structured surfaces based on thin film wrinkling of solution deposited NP films have been 

proposed to solve these manufacturing problems.82,83 However, there is limited research 

showing hierarchically structured wrinkled surfaces displaying robust omniphobic 

properties.54,84–91 We explore the effects of different nanoparticle (NP) materials, NP 

sizes, NP deposition techniques and polymer substrates in the structural hierarchy of the 

wrinkled materials and their associated wettability. 

II. To understand the correlation between anti-biofouling and wettability of 

surfaces developed in objective I.  

Analysis of the superhydrophobic and liquid repellant properties of surfaces is typically 

done by analyzing the droplet profile of various liquids on the solid interface.36 These 

liquids are typically selected to have a wide range of differing properties: viscosity, surface 

tension and intermolecular forces, which give insight into the cohesive and adhesive 

interactions at the solid-liquid interface.92 Biological liquids are often much more complex 

than the usual selected test liquids, containing a variety of salts, proteins, bacteria, and 

cells. Biological liquids often have complex interactions such as thrombosis and 

biofouling, resulting to surface contamination.26,93 Additionally, many studies investigating 
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the interaction of blood with repellent surfaces present limited insight into the interaction 

of surfaces with whole blood, and also lack the analysis of these surfaces under dynamic 

and real-world conditions. We explore how different length scales of surface structures 

(nano, micro and hierarchical nano-micro) affect the resistance of the surface to blood 

staining (blood wettability) and thrombosis (blood surface fouling, i.e. blood clot formation) 

under static and dynamic conditions. 

III. To understand the physical transmission of pathogens between contaminated 

and omniphobic surfaces 

The transmission of pathogens between individuals occurs through different pathways 

including inhalation of respiratory droplets,5,9 contact with mucosal membranes and 

secretions, and contact with contaminated surfaces.11,12 In built environments, a 

significant proportion of pathogen (virus, bacteria and fungi) transmission and 

contamination is attributed to the physical transmission between inanimate contaminated 

objects and the hands of indeviduals.3,4  Omniphobic surfaces have been shown to 

significantly reduce the adhesion of pathogens in aqueous environments.94 However, 

open-air conditions like those in healthcare settings and surfaces in built environments 

have not seen significant investigation.95 Furthermore, the studies that investigate the 

open-air adhesion of pathogens via physical contact have only investigated bacterial 

pathogens,54 and viruses specifically have not seen any investigation.31 We develop a 

series of touch transfer assays for quantifying the physical adsorption of pathogens to 

solid interfaces. We further explore the ability for hierarchically structured omniphobic 

surfaces to reduce the physical adsorption/transmission of viral and bacterial (both Gram-

negative and Gram-positive) pathogens to their surface in open-air environments.  
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IV. To Integrate dual functionality into hierarchically structured omniphobic 

surfaces 

Reducing the adhesion of pathogens significantly decreases the level of contamination 

on surfaces.50 However, very large loads of pathogens,14 damage to the repellant 

surface,60 and the development of surface defects result in eventual surface 

contamination. Herein, we sought to use the knowledge obtained in the previous 

objectives on repellent materials and combine them with antipathogenic materials to 

create a dual functional wrap, capable of decontaminating the surface if the repellent 

properties break down. More specifically, we aimed at answering whether it would be 

possible for photoactive materials integrated into the hierarchically structured repellent 

surfaces to enable controlled/stimulated dual-functional effects. 

 

1.4 Thesis Overview 

The remainder of this thesis is organized as follows: 

Chapter 2 “Background on Surface Wetting, Biological Contamination, Repellent 

Wrinkled Hierarchical Structures and Antimicrobial Action of TiO2” discusses the theory 

behind the manufacturing and properties of the repellent surfaces. Specifically, it 

overviews the theory of surface wetting, the implications of this theory on surface 

contamination, the formation of micro- and nano-scale surface wrinkling, and the 

antimicrobial action of TiO2. 

Chapter 3 “Hierarchical structures, with submillimeter patterns, micrometer wrinkles, and 

nanoscale decorations, suppress biofouling and enable rapid droplet digitization” 
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discusses the development of a tunable and antifouling hierarchically structured 

omniphobic surface. Comparison of different surface structure length scales revealed that 

hierarchically micro- and nano-structured surfaces showed improved liquid repellent 

properties, as well as antifouling and blood staining resistance when compared to micro 

and nano structures individually. Blood contact angle measurements, blood staining, 

clotting assays and scanning electron microscopy (SEM) of the surfaces were performed 

to quantify the differences in repellency of each of the surface structures.  Finally, the 

application of these surface structures in medical devices was tested by creating a dip-

based IL6 biosensor. This article has been published in Small. 

Chapter 4 “A Repellent plastic wrap with built-in hierarchical structuring prevents the 

contamination of surfaces with coronaviruses” focuses on improving the wettability of the 

surface structures seen in chapter 3 and understanding the physical transmission of 

viruses between contaminated and highly repellent surfaces. In this work, we introduced 

a new material substrate (PO) and NP material (silica), which displayed improved 

repellent effects. The virus repellency of this surface was demonstrated through a novel 

touch-based assay. This assay quantified the number of transferred viruses to sterile 

surfaces under single and multiple touches, and a comparison of repellent and common 

hospital surface materials was done. The contamination of the different surfaces with 

viruses were confirmed via culture and SEM. Repellent surfaces were additionally tested 

for their touch durability, which was quantified through CA measurements and SEM of the 

surface, after physical contact. This article has been published in ACS: Applied Materials 

and Interfaces. 
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Chapter 5 “A super-omniphobic and photoactive surface presents antimicrobial properties 

by repelling and killing pathogens” explores the integration of photoactive TiO2 into the 

repellent surfaces and their dual-functionality in both repelling and killing pathogens. New 

NP deposition techniques were utilized to functionalize the surface with photoactive 

materials (TiO2) and displayed robust omniphobic properties. An in-depth analysis of the 

adhesion of multiple pathogenic strains of bacteria was conducted, analyzing the 

adhesion of individual and multiple pathogens after a single contamination event. 

Following the adhesion of pathogens to the material surface, the antipathogenic 

photoactivity of the surface was characterized for both Gram-negative and Gram-positive 

bacteria under ultraviolet light exposure.  

Chapter 6 discusses the conclusions and the contributions made to the field. It will also 

summarize the key findings and the potential future work stemming from this research.  
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Chapter 2 Background on Surface Wetting, Biological Contamination, Repellent 

Wrinkled Hierarchical Structures and Antimicrobial Action of TiO2 

Preface: 

This chapter provides the theoretical background that supports the work performed in the 

thesis. More specifically, it discusses the theory behind surface wettability, biological 

contamination of surfaces, the formation of hierarchical structures through thin film 

wrinkling, and the antimicrobial properties nanomaterials (primarily focusing on the 

photoactive antimicrobial action of TiO2), which are utilized and discussed throughout the 

thesis work. We will begin by reviewing the mechanism of surface wetting and the 

implications of this theory on the adhesion of biological contaminates, pathogens, and 

blood onto repellant surfaces, as well as the robustness of the repellent properties. We 

will then discuss the omniphobic properties of liquid repellent hierarchical structures with 

a focus on thin film wrinkling. Following this, the theory of thin film wrinkling will be 

described in order to a better understand how we can utilize these structures for the 

formation of omniphobic surfaces. Finally, we will discuss the antimicrobial properties of 

nanomaterials, specifically focusing on the photoactive TiO2 nanoparticles. 

 

2.1 Principles of Surface Wettability and Adhesion 

In this section, we will discuss the interfacial properties of surfaces, factors governing 

their cohesion with liquid contaminants, and the properties that can be modulated to 

increase or decrease their repellency towards contaminants. The level of resistance of a 

surface to contamination is typically quantified through measurement of the surface free 

energy. This is typically done though measuring the wettability/affinity of various liquids 
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to the solid liquid interface via contact angle (CA) and contact angle hysteresis (CAH) 

measurements.36 CA evaluates the geometry of liquid droplets sitting on a surface under 

thermodynamic and static equilibrium. Under these conditions, the interfacial forces 

balance (Figure 2-2a) and we obtain the young equations37: 

𝛾𝑠𝑔 − 𝛾𝑠𝑙 − 𝛾𝑙𝑔 cos(𝜃𝑐) = 0 (Equation 2.1) 

where 𝛾𝑠𝑔 is the solid-gas interfacial energy, 𝛾𝑠𝑙 is the solid-liquid interfacial energy, 𝛾𝑙𝑔 is 

the liquid gas interfacial energy (often referred to as the surface tension), and 𝜃𝑐 is the 

CA. If the CA > 90o for a given liquid the surface is considered phobic to the liquid (Figure 

1-3b, i) while if CA < 90o the material is phillic to the liquid (Figure 1-3c, i).96 When the 

probing liquid is water, the terms hydrophobic and hydrophilic are used, while if the 

probing liquid is an oil the term oleophobic and oleophilic are generally used.96 A more 

useful way to describe the CA of a solid liquid interaction is in terms of the adhesion 

energy of the solid-liquid interface (∆𝐺𝑠𝑙) obtaining the Young-Dupre equation37: 

∆𝐺𝑠𝑙 = 𝛾𝑙𝑔(1 + cos(𝜃𝑐)) (Equation 2.2) 

Describing the wettability in terms of the adhesion energy of the solid-liquid interface 

paints a clearer picture of what it means for a surface to be hydrophobic or hydrophilic. 

When the CA < 90o, the free energy of adhesion will be greater than the surface tension 

of the liquid, causing the droplet to spread over the surface (hydrophilicity). If the CA > 

90o the free energy of adhesion will be less than the surface tension of the liquid, causing 

the droplet to adhere to itself more than the surface (hydrophobicity). While understanding 

the interaction at a surface under static conditions is useful, a more realistic situation is 

that of droplets moving along the interface. Under dynamic conditions, such as a droplet 
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sliding across a solid interface, the CAH and sliding angles (SA) are used.97 The CAH is 

defined as the difference between the advancing and the receding CA, 𝜃𝐻 = θA − 𝜃𝑅, 

where 𝜃𝐴 is the advancing CA (representing droplet or solid-liquid cohesion, Δ𝐺𝑠𝑙
𝑐𝑜ℎ) and 

𝜃𝑅 is the receding CA (representing droplet or solid-liquid adhesion, Δ𝐺𝑠𝑙
𝑎𝑑ℎ).92 CAH is 

closely related to the tilting or SA, which is the angle at which the gravitational force acting 

on a static droplet sitting on a surface will begin to slide across the surface, and is 

commonly used as a quantifier for the surface adhesion of a droplet, with lower SA 

indicating a less adhesive interaction between the droplet and the surface.98 

 

Figure 2-1: Contact angle and droplet geometry on surfaces with different surface energy 
and surface topography. a) The contact angle on a smooth homogenous coating, the red 
arrow denotes the different forces interacting at the three-phase line. The droplet 
geometry of b) hydrophobic and c) hydrophilic materials under different wetting states; i) 
Young wetting, ii) Wenzel wetting and iii) Cassie-Baxter Wetting. 
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To improve the liquid repellency of smooth solid interfaces, the material and/or surface 

energy of the interface needs to be changed. This can be done by depositing a thin 

coatings of a lower surface energy material onto the surface or by chemically modifying 

the surface with lower surface energy molecules. Chemical modifications using low 

surface energy molecules such as Trichloro(octadecyl)silane (OTS),99 

polytetrafluoroethylene (PTFE)86 and Fluorosilane (FS)100 have been used extensively for 

this purpose. Deposition of OTS, PTFE and FS on planar hydrophilic glass substrates 

have been shown to increase CAs to 98-111o,99,101  115-127o 86, and 119o 99 respectively.  

Chemically modifying the surfaces can only increase the water CA to a maximum of 120o, 

thus other surface modification methods need to be adapted in order to achieve higher 

repellencies.102 The main method used to increase the repellency of solid-liquid 

interfaces, aside from chemical modification, is to change the geometry/topography of the 

interface.36,102 Once we begin to deform the shape of the solid-liquid interface, the Young-

Dupre equation no longer holds true.103 To address these, two other models have been 

developed, the Wenzel model for rough surfaces and the Cassie-Baxter model for non-

homogenous wetting of the surface.36,104 Under the conditions of homogeneous wetting 

of a rough surface (Wenzel wetting) the CA is given by: 

cos 𝜃𝑊 = 𝑟 cos 𝜃𝑐 (Equation 2.3) 

where 𝜃𝑊 is the apparent (observed) CA, r is the roughness ratio of the surface, and 𝜃𝑐 is 

the CA of the planar material substrate. This relationship implies that the surface energy 

of the material scales with increase in surface roughness. As such hydrophilic materials 

become more hydrophilic (Figure 2-2c, ii), and hydrophobic materials become more 

hydrophobic (Figure 2-2b, ii) as the surface roughness increases.36 But what happens if 
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a surface is not uniformly wetted or is made of multiple materials with different surface 

energies? In this case, one can use the Cassie-Baxter wetting model to determine the 

effects of the surface structure on the wettability of the interface. 

𝛾𝑙 cos 𝜃𝐶𝐵 = ∑ 𝜑𝑖(𝛾𝑠,𝑖 − 𝛾𝑙,𝑖)
𝑛
𝑖  (Equation 2.4) 

where 𝜑𝑖 is the fraction of material i in contact with the liquid media, 𝛾𝑠,𝑖 is the surface 

tension of the solid material, 𝛾𝑙,𝑖   is the surface tension of the liquid interacting with 

material i, and 𝜃𝐶𝐵 is observed CA. For a two-material system (𝑛 = 2) where the second 

material is air pockets trapped within the surface structure, the Cassie-Baxter equation 

takes the form of: 

cos 𝜃𝐶𝐵 = 𝜑𝑆𝐿 (cos 𝜃𝑐 + 1) − 1 (Equation 2.5) 

Interestingly, increasing surface roughness and trapping more air in the structure can 

bring both naturally hydrophilic (Figure 2-2c, iii) and hydrophobic (Figure 2-2b, iii) 

materials deep into the hydrophobic regime, obtaining CAs with water greater than 150o, 

which is known as superhydrophobicity.36 This effect can be visualized as scaling the free 

energy of adhesion by the surface area of the solid-liquid interface. As a result, when the 

surface area of the solid-liquid interface decreases so does the apparent free energy of 

the surface resulting in an increase in the CA. Furthermore, materials with surface 

roughness at multiple length scales (micro and nano) may have different wetting states 

in these regimes. The CA of hierarchical micro- and nano-scale surfaces under different 

wetting states is given by the following four equations: 

cos(𝜃𝐶𝑏,𝐶𝑏) = 𝜑𝑚𝜑𝑛(cos(𝜃𝑐) + 1) (Equation 2.6) 
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cos(𝜃𝑊,𝐶𝑏) = 𝑟𝑚(𝜑𝑛(cos(𝜃𝑐) + 1) − 1)  (Equation 2.7) 

cos(𝜃𝐶𝑏,𝑊) = 𝑟𝑛(𝜑𝑚(cos(𝜃𝑐) + 1) − 1)  (Equation 2.8) 

cos(𝜃𝑊,𝑊) = 𝑟𝑚𝑟𝑛 cos(𝜃𝑐) (Equation 2.9) 

where 𝜃𝑖,𝑗 is the CA of the micro (i) and nanoscale (j) under Wenzel (W) or Cassie-Baxter 

(Cb) wetting, 𝑟𝑚 and 𝑟𝑛 are the roughness ratios of the micro and nano scale respectively, 

and 𝜑𝑚 and 𝜑𝑛 are the fraction of surface wetting at the micro and nanoscale respectively. 

Surfaces with Cassie-Baxter states at both the micro- and nano- scale show the best 

performance. Since CA of the liquid-air interface is essentially 180o, there are no adhesive 

or cohesive interactions between the two phases. 37  This in conjunction with the high 

fraction of air inside of surfaces structure,  results in hierarchically structured surfaces 

being some of the best liquid repellent materials,35,105 and have extremely high water CA 

and low SA and CAH (CA > 160o, SA < 3o, CAH < 5o) ,106,107 as well as high CA  and low 

SA and CAH, with low surface tension liquids (hexadecane CA > 150o, SA < 7o, CAH < 

10o).43  

 

2.2 Theoretical Implications of Wettability for Repellant Surfaces 

The extremely high CA and repellent properties seen by the surfaces under Cassie-

Baxter (superhydrophobic) wetting states indicates the presence of extremely low 

adhesive and cohesive interactions at the surface.36,37 The driving factor for the observed 

low adhesive and cohesive effects arise due to the high fraction of air at the liquid-surface 

interface. The air-liquid interface is unique as it has a CA of 180o and thus no cohesive 
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and adhesive interaction are seen between the two materials.37 This high fraction of air 

(>0.9) within superhydrophobic surfaces causes them to not only display high water CA 

(>150o) but also display small CAH (<1o) as there are small differences between the 

advancing CA (adhesive interactions) and receding CA (cohesive interactions).37 In 

addition to liquid repellant properties, this high fraction of air in the surface has a 

significant impact on the adhesion of biological contaminates to superhydrophobic 

surfaces.26,95  

 

2.2.1 Bacteria Adhesion  

The biological contamination of solid interfaces can best be understood through biofilm 

and blood clot formation at the surface. The formation of biofilms on planar solid interfaces 

begins with the adhesion of bacteria to the solid surface (Figure 2-2a). As bacteria get 

sufficiently close to the surface, they interact through dispersive and polar 

interactions,108,109 becoming reversibly adhered to the surface.32 Bacteria can then 

interact with the surface through extracellular proteins and extracellular polymeric 

substances (EPS) such as capsules, pili and slime,33 resulting in the chemical and 

irreversible adhesion of the bacteria to the surface.32 The bacteria continue the production 

of EPS, eventually forming a biofilm (Figure 2-2a, ii) that aides in the adhesion of more 

bacteria and creates an ideal environment for bacteria proliferation.32,33,110 When 

interacting with hierarchically structured surfaces under superhydrophobic wetting states, 

bacteria can only interact and adhere to the solid surface which is wetted by the aqueous 

media.111,112 As the fraction of solid surface wetted decreases, the probability for the 

bacteria adhering both reversibly and irreversibly to the solid interface will also decrease.  
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This results in the bacteria being unable to effectively physiochemically interact with the 

surface, inhibiting contamination and biofilm formation (Figure 2-2b, ii).113  

 

 

Figure 2-2: Surface Biofouling of planar and superhydrophobic surface by bacteria (a, b) 
and whole blood (c, d).  

 

2.2.2 Blood Adhesion 

The contamination of solid interfaces with blood clots follows similarly to the adhesion of 

bacterial pathogens. On planar surfaces, blood clot formation (thrombosis) begins with 

the adhesion of platelets and red blood cells to the solid interface.26 Once platelets and 

red blood cells have adhered to the solid interface (Figure 2-2c), they may interact with 

various proteins and enzymes eventually creating thrombin.59,114 Thrombin then catalyzes 

the conversion of fibrinogen into fibrin, which creates a mesh structure that encapsulates 

platelets, blood cells, and other proteins creating the blood clot (Figure 2-2c, ii).59 
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Hierarchically structured surfaces under superhydrophobic wetting have been shown to 

reduce the adhesion of platelets and display antithrombin effects,26 and is attributed to 

the reduced effective area available for platelet adhesion (Figure 2-2d, ii) and 

hydrodynamic conditions seen at the solid-liquid interface of superhydrophobic 

surfaces.26  If the superhydrophobic wetting state breaks down and transitions into a 

Wenzel wetting state, the effective area and platelet adhesion to the surface will 

increase.26 Under Wenzel wetting, platelet adhesion has been shown to be higher than 

that of a planar surface with the same footprint, resulting in increased blood clot formation 

on the surface.115  

 

2.2.3 Robustness of Repellent Properties 

As seen above, the robustness of the air-pockets trapped within hierarchical surfaces is 

of key importance for maintaining robust repellency towards biological contaminates. 

However, many surfaces that display superhydrophobic properties don’t display robust 

air pockets under wetting with liquids of sufficiently low surface tension (Figure 2-3a),42 

which indicates an increase in the adhesive and cohesive interactions under such 

conditions.37 The surface tension of liquids can be broken down into several components 

depending on their types of interactions, liquids are commonly broken down into their 

dispersive and polar interactions.109 For example, water (72.8 mN.m-1) interacts through 

both polar (57.7 mN.m-1) and dispersive (22.1 mN.m-1) forces,116 while hexadecane only 

interacts through dispersive interactions (27.5 mN.m-1).44 Surfaces that display robust 

Cassie wetting state, regardless of the surface tension of a liquid, are called omniphobic 

96,117 or superomniphobic 45,46 (Figure 2-3c) surfaces, and have gained significant traction 
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as antifouling surfaces in recent years.31 Surfaces that display omniphobicity are 

characterized by CA > 150o and SA or CAH < 10o
 for all test liquids,45,46,118 which indicates 

that there are low dispersive and polar interactions at the solid interface.37 The improved 

robustness of Cassie states seen by omniphobic surfaces when compared to 

superhydrophobic materials, has been directly compared to enhancements in the 

repellency towards biological contaminates.26,31 
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Figure 2-3: Schematic showing the difference in wetting state of water (blue) and 

hexadecane (green) for a) superhydrophobic-oleophilic, b) superhydrophobic-

oleophobic and c) omniphobic surfaces. 

 

2.3 Design of Hierarchically Structured Omniphobic Surfaces 

Hierarchically structured surfaces with superhydrophobic properties have displayed some 

of the highest levels of repellency toward biological contaminates, for example, reducing 

the adhesion of pathogens in open air conditions by upwards of 3-log.50 The 
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superhydrophobic effect responsible for this repellency, arises from high roughness at the 

surface- liquid interface, which traps air within the surface structure and prevents/inhibits 

the full and homogenous wetting of the solid interface.36 If the quantity and size of the air 

pockets is sufficiently large, water droplets will be unable to adhere to the surface. A 

superhydrophobic wetting state is present on a surface if it is displaying a sufficiently high 

CA (greater than 150o) and low SA (less than 5o). The superhydrophobic effect (i.e. 

Cassie-Baxter wetting) is usually proportional to the surface tension of the interacting 

liquid, with high surface tension liquids displaying larger air pockets and thus high levels 

of repellency.36 If liquids of both high and low surface tensions display high CA (greater 

than 150o) and low SA (less than 10o), then the material is considered omniphobic.45,46,118–

121 Omniphobic surfaces typically have both hierarchical and re-entrant (concave) surface 

structures.31,122,123 Daoai Wang et al. created a controllable omniphobic surface through 

electrochemical methods, creating a Ti/TiO2 nanotube array which was capable of 

switching between repellent and adhesive states under ultraviolet (UV) light and heat 

exposure.120 This nanotube array showed water and hexadecane CA of 176o and 155o 

respectively, and water and hexadecane SA of 2o and 7o respectively.120 Work by Boxun 

Leng et al. created a silica nanoparticle (SiNP) textile that was functionalized with FS to 

give it omniphobic properties.121 These textiles displayed CA and SA of water of 152o 

(20µL) and 5o (20µL) respectively while showing hexadecane CA and SA of 153o (5 µL) 

and 9o (20µL) respectively.121 

Materials that display omniphobicity are typically manufactured through spin coating,86,124  

photolithography,45 laser ablation 89,125,126 and electrospinning, which limits the scalability 

and materials selection to which these coatings can be applied.54 One approach to 
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improve the manufacturing of these materials is the wrinkling of thin films, which is a facile 

way of creating large surface areas of self-induced microstructures on polymer sheets 

and utilizes scalable manufacturing methods such as roll-to-roll printing39 and solution 

deposition.127–129 Wrinkled surface structures, especially those with hierarchical 

structures, have shown liquid repellency (Table 2-1). Scarratt et al. created robust 

microscale wrinkles through spin coating Teflon films (13-718 nm) onto shrinkable plastic 

substrates. The resultant wrinkled structure displayed superhydrophobic wetting 

properties (168nm Teflon film) with a water CA of 174o.86 Lee et al. created multi-

generation wrinkled structures through sequential wrinkling of fluorocarbon films, which 

were deposited though reactive ion etching onto shrinkable polystyrene substrates.90 

These wrinkled surfaces were used as molds for pattern transfer of the hierarchical 

wrinkles onto flexible PDMS substrates which showed  water CA of 160o and extremely 

low water SA of less than  1o under large substrate deformation.90 Although wrinkled 

surface structures have displayed robust superhydrophobic, they have shown weaker 

performance in the formation of robust omniphobic wetting states, with the highest 

reported hexadecane CA  being  124o and no sliding of the droplets on the surfaces.54 

Yun et al. was able to achieve omniphobicity with wrinkled microstructures. However, in 

order to achieve this, the structures were combined with T-shaped nanostructures. The 

combination of micro-wrinkles and T-shaped nanoscale features showed robust 

omniphobicity with CA of 160o, 150o and 150o for water, ethylene glycol, and ethanol 

respectively,91 showing that wrinkled structures can be used in the development of 

omniphobic surfaces. 
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Table 2-1: Summary of the liquid repellant properties of hierarchically structured wrinkled 
surfaces. 

Wrinkle 
Length Scale 

Material Description CA SA CAH 

Nano PDMS micro pillars with 
diamond like carbon 
wrinkles.84  

Water: 
160o 

- Water: 
2.4o-4.2o 

 

 PDMS micro-pyramids 
coated with 
perfluorocyclobutane via 
plasma enhanced chemical 
vapor deposition.85  

Water: 
171.8o 

Water: 
~5o 

- 

Micro Teflon film (168nm) on 
polystyrene substrates.86  

Water: 
174o 

Water: 
<5o 

Water: 
3o 

Mold imprinted 
nanostructures on wrinkled 
poly(2-hydroxyethl 
methacrylate) film.87  

Water: 
160o 

Water: 
5o 

Water: 
<10o 

SiNP coated Graphene 
Oxide wrinkled films 
functionalized with 
fluorosilane.88  

Water: 
161.4o 

Water: 
1.2o 

Water: 
2o 

Micro-Nano Nanoporous Teflon wrinkled 
film.89  

Water: 
165o 

Water: 
2-3o 

- 

Fluorinated silica 
nanoparticles on a polyolefin 
substrate.54  

Water: 
154o 
Blood: 
144o 
Hexadecane: 
124o 

Water: 
<5o 
Blood: 
- 
Hexadecane: 
- 

Water: 
10o 
Blood: 
- 
Hexadecane: 
- 

Polystyrene substrate with 
Fluorocarbon and SF6 
coatings (deposited through 
reactive ion etching). Three 
consecutive deposition and 
shrinking steps were done to 
create 3 generations of 
wrinkles on the surface.90  

Water: 
160o 

- Water: 
<1o 

T-shaped nanostructures on 
wrinkled polystyrene 
substrates.91  

Water: 
160o 
Ethylene 
Glycol: 
150o 
Ethanol: 
150o 

- - 
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2.4 Thin Film Wrinkling for Hierarchical Structure Formation 

The wrinkling phenomena occurs when films or material interfaces are subjected to 

internal strain 130 or compressive stress,131 and is seen in various places and length scales 

throughout nature such as, papillae on rose petals, fingerprints, and bronchioles.105,131 

The work will focus on the formation of wrinkles though compressive loads, which are 

achieved by depositing films on stretched elastomeric, or thermally shrinking 

substrates.83,129,132 Elastomeric substrates, such as PMDS, have been used extensively 

to create uniform and periodic wrinkle microstructures,133 but are not feasible for large-

scale coatings. Pre-strained (thermally shrinking) polymers like polystyrene (PS), 

polyolefin (PO), and polyethylene solve these manufacturing issues, as large areas can 

be coated through metal evaporation or sputtering,83 dip-coating,134 and roll-to-roll 

printing.135,136 Once the film is coated, these substrates can shrink resulting in the buckling 

of the deposited film and the formation of wrinkled surfaces.83,127  

The simplest model for thin film wrinkling is the uniaxial model for a compressive force 

acting on a uniform thin film on an infinitely thick elastic substrate.137  

𝐸𝑓𝐼
𝑑4𝑧

𝑑𝑥4 + 𝐹
𝑑2𝑧

𝑑𝑥2 + 𝑘𝑧 = 0 (Equation 2.10) 

where 𝐸𝑓 and 𝐸𝑠 are the elastic moduli of the film and the substrate respectively, 𝐹 is the 

compressive force, 𝑘 is the Winkler’s modulus (𝑘 = 𝐸𝑠𝑤𝜋/𝜆), and 𝐼 is the moment of 

inertia of the film (𝐼 = 𝑤ℎ3/12). 137 Assuming that the resulting surface instability can be 

described as a sinusoidal deflection, 𝑧(𝑥) = 𝐴 sin (2𝜋𝑥/𝜆),131 then rearranging for the 

applied force provides the following equation: 

𝐹 = 𝐸𝑓 (
𝑤ℎ3

3
) (

𝜋

𝜆
)

2

+
𝐸𝑠𝑤

4
(

𝜋

𝜆
)

−1

 (Equation 2.11) 
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where 𝑤 and ℎ are the width and thickness of the film respectively, and 𝜆 is the wavelength 

of the wrinkles (Figure 2-3). The geometric properties of the wrinkles, the wavelength and 

the amplitude, can be found by minimizing 𝐹 with respect to the wavelength, 𝑑𝐹/𝑑𝜆 = 0: 

𝜆 = 2𝜋ℎ (
𝐸𝑓

3𝐸𝑠
)

1

3
 (Equation 2.12) 

𝐴 = ℎ√
𝜀−𝜀𝑐

𝜀𝑐
 (Equation 2.13) 

where 𝜀 is the applied strain to the substrate and 𝜀𝑐 = (3𝐸𝑠/𝐸𝑓)
2

3 is the critical strain at 

which the wrinkle structure will form. It is clear from these equations that both the 

amplitude and the wavelength of the final wrinkle structure have a linear relationship with 

the film’s thickness, while the amplitude and wavelength scale by the square and cube 

root of the material parameters respectively.131 This allows for the easy tuning of the final 

structure of the surface by varying the thickness of the deposited film.131,137 Given a large 

enough strain applied to the film, the initial wrinkles may begin to act as a stiff layer and 

buckle themselves into wrinkles, leading to hierarchical wrinkles on wrinkle structures.131 

Furthermore, strain may also be applied biaxially (in two directions), which results in more 

complex wrinkle structures depending on the interference of the wrinkles in either 

direction.137  
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Figure 2-4: Schematic drawing of the thin film deposited on the substrate a) before and 
b) after shrinking.  

 

Wrinkled surfaces made from polytetrafluoroethylene films have shown significant anti 

wetting properties with water CA greater than 165o.86,89 Furthermore, wrinkled surfaces 

have shown water CAs over 160o without the need for low energy fluorinated coatings.84 

In addition to continuous thin films, NP films have also shown similar wrinkling 

behavior.128,129 After shrinking, the buckled NP films follow a linear relationship between 

wavelength and their apparent film thickness, as predicted by the uniaxial model.129 The 

apparent film thickness of these films is dependent on the diameter of the NPs and the 

number of layers deposited. For example a single layer of 36 nm particles would have the 

same effective film thickness as 3 layers of 12 nm particles.129 The deposited NPs add 

another layer of hierarchy to the structure, which further increases the surface roughness 

of these coatings. Wrinkled NP films as a result have shown robust Cassie-Baxter wetting 

states with water CA of 155° ± 4° and hexadecane CA of 124° ± 2°.54 These NP films (27 

nm)  have also been tested for their antifouling properties where they showed ~85% 

reductions in the formation of MRSA and P. aeruginosa biofilms on the surfaces.54 These 

highly repellent properties are due to the extremely rough surface structure,54 which is a 
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result of the small effective film thickness, producing small wavelengths and multiple 

generations of wrinkles.138 

 

2.5 Deactivation of Pathogens 

2.5.1 Antipathogenic Compounds 

Pathogens may be deactivated by a variety of materials including drugs, polymeric 

materials, metals and metal ions.139,140 The most common of these methods is the use of 

drugs such as antibiotics, antifungal and antiviral medications.141 However, the 

widespread use of pharmaceuticals has led to antimicrobial resistance (MRSA and 

vancomycin-resistant Enterococcus) and decreased efficacy.1,4 As such, other materials 

with anti-pathogenic properties have been studied in recent years.139 Of specific interest 

are the development of nanoparticles and nanocomposites with antipathogenic properties 

such as metal, organic, and organometallic nanomaterials.139,142–145 Organic 

nanomaterials with antipathogenic properties typically function by releasing 

antipathogenic materials (antibiotics, antimicrobial peptides and antimicrobial agents) or 

by forming contact killing cationic interfaces (quaternary ammonium compounds, cationic 

quaternary polyelectrolytes or polycationic nanoparticles).139 Inorganic nanomaterials 

with antipathogenic properties are typically broken into two categories, metal 

nanoparticles and metal oxide nanoparticles.31,139,140,145 The most common metal 

nanomaterials with antipathogenic effects are silver, gold and copper.146,147   

The exact mechanism of antimicrobial action of metal nanomaterials is not precisely 

known;142 however, the deactivation of pathogens is generally attributed to the following 
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pathways. Firstly, metal nanomaterials release metal ions that interact with the cell wall 

and cytoplasmic membrane via electrostatic and thiol interactions.139,145 This leads to 

changes in the membrane potential, membrane depolarization or loss of integrity, 

eventually leading to cell death.139 This has been observed with Ag NPs creating pits in 

the cell membrane of E. coli, ultimately leading to the death of the cell.139 Secondly, the 

metal ions may bind to proteins and enzymes in the cell membrane, interrupting the 

metabolism and leading to cell deactivation.139,145 Finally, the metal nanomaterials or 

metal ions may interact with pathogen DNA or RNA resulting in the destruction or 

oxidation of genetic material.145 Furthermore, unlike antipathogenic drugs, like antibiotics 

and antivirals, metal nanomaterials have shown to deactivate all classes of pathogens, 

effectively deactivating bacteria, fungi and viruses.145 Metal nanomaterials suffer from a 

few drawbacks, as the release of metal ions from their surface cannot be easily 

controlled.63 As a result, they will continuously leach ions into their environment depleting 

their effectiveness over time,148 and potentially leading to the development of 

antimicrobial resistance as seen with antibiotics.64 Semiconductive metal oxide 

nanomaterials function differently than that of their metal counterparts. When a 

semiconductive metal oxide nanomaterial is exposed to specific wavelengths of light, it 

can produce reactive oxygen species (ROS) that interacts with various components of 

pathogens, leading to their deactivation.149 Interestingly, light activation allows for the 

controlled release of antipathogenic agents from these materials and may solve some 

issues seen with other antipathogenic nanomaterials.31  
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2.5.2 Anti-microbial Effects of TiO2 

Metal oxide semiconductors such as TiO2, ZnO, WO3, Fe2O3, and In2O3 have shown 

strong photoactivity and antimicrobial properties,79,81 and have been researched 

extensively for use in water treatment facilities/process79 and self-cleaning textiles.81 TiO2 

has a few advantages over the other materials, being abundantly available (and 

inexpensive), stable with and without light, and exhibiting strong reactivity for the 

generation of reactive oxygen species (ROS).77,81 The photocatalytic properties of TiO2 

arise from the interactions of electrons and holes with oxidizable materials at the surface 

of TiO2. When a photon of appropriate energy (greater than or equal to the band gap) is 

adsorbed by the TiO2, an electron is excited into the conduction band leaving a hole 

behind in the valance band (Figure 2-5a). This electron-hole pair can then either 

recombine or migrate to the surface where they may participate in oxidation and reduction 

reactions.150,151 The size of the band gap is dependent on the crystal structure of the TiO2, 

with the two most prevalent crystal phases being the anatase and rutile phase,81 with 

band gaps of 3.05 eV and 3.18 eV, respectively.152 Commonly, the anatase and rutile 

phases are mixed in different combinations, such as P25 (80% anatase, 20% rutile), 

which has been used extensively for photooxidation of organic matter.81 This combination 

of the two phases in TiO2 NP allows for lower recombination of electro-hole pairs,  

increased surface area and increased photoabsorption efficiency at longer 

wavelengths,153 which intern increases the number of ROS which can be generated under 

light absorption.81  

When electrons and holes migrate to the surface, they can interact in two distinct ways, 

either producing ROS or directly oxidizing organic matter at the surface. If the TiO2 is in 
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an aqueous environment, electron-hole pairs available at the solid-liquid interface can 

produce ROS. The electron can interact with 𝑂2(oxygen) through photoreduction, 

producing ∙ 𝑂2
− (superoxide radicals), 𝐻2𝑂2(Hydrogen peroxide) and ∙ 𝑂𝐻 (hydroxyl 

radicals).150 The hole can interact with 𝐻2𝑂 (water) through photooxidation, producing ∙

𝑂𝐻 (hydroxyl radicals).78 All of the ROS species generated by the TiO2 are active and 

nonspecifically oxidize most of the organic matter that they interact with,81 which accounts 

for TiO2’s robust photocatalytic properties in aqueous environments.79 If the TiO2 is not in 

an aqueous environment but organic or oxidizable materials are attached to the solid 

interface, then the electron or hole may directly oxidize those materials.78  
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Figure 2-5: Schematic of the antimicrobial action of TiO2. a) Photoactive production of 
ROS by TiO2, b) transport and attack of ROS to the live bacteria cell wall, and c) 
bacterial deactivation after oxidation of cell wall and internal cellular components. 

 

TiO2 can interact and affect pathogens through the pathways mentioned above, directly 

though the oxidation of organic materials and compounds at the surface of the TiO2, or 

indirectly though the production of ROS, which can then oxidize organic matter not bound 

to the surface of the TiO2 (Figure 2-5b).78,81 In both cases, the deactivation of the 

pathogen occurs through the oxidation of the protective/structural membrane, functional 

proteins in the membrane, and/or genetic materials (DNA/RNA) inside pathogens (Figure 

2-5c).78 For bacterial pathogens, the oxidation pathway depends on its membrane 

structure, which is characterized by weather the bacteria are Gram-negative or Gram 
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positive. Gram-negative bacteria have a cell wall structure comprised of an outer 

membrane, peptidoglycan layer and inner membrane,110 while the Gram-positive cell wall 

is comprised of a thick outer peptidoglycan layer and an inner membrane.110 It should be 

noted that Gram-positive bacteria show more resistance to damage from ROS due to 

their thicker peptidoglycan layer,151 and ability to form spores,81 however both types of 

bacteria are readily deactivated by ROS.151 Once the cell wall of the bacteria has acquired 

substantial damage, the intercellular contents such as DNA and K+ ions begin to leak out 

(Figure 2-5c).78 ROS can then interact with the leaking contents of the bacteria or diffuse 

into the cell, increasing the oxidation of the bacteria and leading to its deactivation (Figure 

2-5c).78,151 Viral pathogens are deactivated in a similar way to that of bacteria, with the 

ROS created by the TiO2 surface interacting with and oxidizing the shell/capsid of the 

virus.154 This process results in the leaking and oxidation of the genetic material, minerals 

and proteins within the virus resulting in deactivation.155  

Ruptured and deactivated pathogens present negative implications for the antimicrobial 

and photocatalytic properties of the TiO2. If oxidized and deactivated on the surface of 

TiO2, the ruptured membrane will cover the surface and prevent the TiO2 from being able 

to directly oxidize other biological material as well as block/inhibit the production ROS,151 

resulting in the surface becoming less antimicrobial over time.63 Combining photoactive 

materials with surfaces that prevent or significantly reduce the adhesion of biological 

contaminate may increase the effectiveness and the productions of ROS over time. 
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2.6 Conclusion 

Throughout this work, wettability is used to characterize and quantify the level of 

repellency of the different surfaces and structures that are developed. Specifically, it is 

used to determine whether or not the surface has omniphobic wetting properties. To 

create these repellent structures, we utilized the phenomena of thin film wrinkling 

discussed above. In combining these films with fluorinated monolayers, we are able to 

create omniphobic wrinkle structures on thermally shrinkable polymer substrates. The 

use of antimicrobial agents is also used in order to improve the antipathogenic properties 

of the repellent surface. In the work done TiO2 is integrated into the repellent surface 

structure and allows for the controlled release or ROS which can actively deactivate 

pathogens that are able to bind to the surface. 
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Chapter 3 Hierarchical Structures, with Submillimeter Patterns, Micrometer 

Wrinkles, and Nanoscale Decorations, Suppress Biofouling and Enable Rapid 

Droplet Digitization 

Preface: 

In chapter 2, we provided background on how the modification of both the chemical and 

topographical features of surfaces, can be leveraged in order to create liquid repellent 

surface structures. Hierarchically structured materials have gained significant attention in 

recent years for the development of superhydrophobic, antifouling, and repellant 

surfaces. One of the major challenges with the deployment of hierarchically structured 

and repellent surface in the real world is their restrictions in scalability driving by the 

common manufacturing methods.45,117,156–158 This chapter focuses on research Objective 

I and II, by developing of a highly repellant material based off of the wrinkling of NP thin 

films and characterizing its ability to prevent blood fouling on the surface. The deposition 

of NP films onto pre-strained polymers using all-solution techniques was utilized to create 

a surface area independent deposition method for creating large amounts of hierarchically 

structured repellent surfaces. We begin by optimizing and characterizing the wettability 

of surface structures at the micro (wrinkles) and the nano (NP films) scale individually. 

These surfaces structures were then combined and optimized to achieve 

superhydrophobicity (water CA > 150o) and oleophobicity (hexadecane CA > 90o) 

(Objective I).  With the different surface structures, we were able to investigate how the 

wetting at different scales affected the adhesion of blood to the surface, under both 

dynamic and static conditions (Objective II). To quantify any enhancements in the 

repellant and antifouling properties of hierarchical structures, a comparison of the surface 

wettability and blood repellency of each of the different surface structures was done. The 

blood repellency was quantified by testing the resistance of each surface towards blood 
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staining, blood clot formation (Thrombosis) and red blood cell adhesion. Finally, the 

patternibility of the superhydrophobic structures was utilized in medical devices by 

creating a dip-based droplet digitization surface integrated with a fluorescence-based IL-

6 biosensor in the non-repellent regions. 

Methodology: 

The aim of this chapter as discussed above is to develop a scalable method for the 

manufacturing of ominphobic surfaces, as well as characterize the blood repellent 

properties of the manufactured materials. Solution-based manufacturing methods were 

selected as the manufacturing method as they can be scaled by simply increasing the 

volume of the deposition solutions in order to compensate for larger surfaces. The liquid 

repellent properties of the surface were characterized through contact angle and sliding 

angle measurements with water, hexadecane and blood. Water and hexadecane were 

selected for their differing interfacial properties as water interacts through polar and 

dispersive effects, while hexadecane only interacts though dispersive effects. The 

wettability measurements were conducted on the individual micro and nano structures in 

order to determine their contributions and effect on the wettability of the omniphobic 

hierarchical structures. To quantify the blood adhesion of the difference surfaces 

developed, blood staining and blood coagulation assays were developed. These two 

assays were selected to give insight into the adhesion of blood prior to and after the 

coagulation process has occurred. One hurdle with the blood staining assay was the 

visibility of blood on the surface structure with AuNP present. The light absorbing 

properties (~465nm) of the gold nanoparticles made it difficult to see blood present on the 

surface. This issue was especially true for the hierarchically structured shrunk surface as 
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increased the density of the gold nanoparticles and the wrinkled microstructure amplified 

this effect. As such, in the blood staining assay the surfaces were washed after staining 

and the amount of blood present in the wash solution was measured. For the blood 

clotting assay surface were weighed before and after clotting to quantify the amount of 

contamination. Inconsistencies in the blood staining and clotting assay results were also 

due to the modification of only one side of the polystyrene surface, thus causing blood to 

stain the unmodified side and skew the results. To address this, we had to ensure that 

one side of the surface was in contact with blood, as their difference in repellency between 

the front and back could significantly skew the results. To prevent this from occurring all 

samples were secured to the bottom of well plates with double sided tape, ensuring that 

only the functionalized regions were interacting with blood. Overall, the blood staining and 

coagulation assays were effective in characterizing the interaction of whole human blood 

with the different surface structures (planar surfaces, microstructured, nanostructured 

and hierarchical structures), as well as displaying the repellent properties of the combined 

hierarchical micro- and nano-structures. 

Authors: Roderick Maclachlan*, Sara M. Imani*, Yuting Chan, Amid Shakeri, Leyla 

Soleymani, Tohid F. Didar 

* Indicates equal contribution to the work 
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3.1 Abstract 

Liquid repellant surfaces have been shown to play a vital role for eliminating thrombosis 

on medical devices, minimizing blood contamination on common surfaces as well as 

preventing non-specific adhesion. Herein, we report an all solution-based, easily scalable 

method for producing liquid repellant flexible films, fabricated through NP deposition and 

heat-induced thin film wrinkling that suppress blood adhesion, and clot formation. 

Furthermore, we have combined superhydrophobic and hydrophilic surfaces onto the 

same substrate using a facile streamlined process. The patterned 

superhydrophobic/hydrophilic surfaces showed selective digitization of droplets from 

various solutions with a single solution dipping step, which provides a route for rapid 

compartmentalization of solutions into virtual wells needed for high-throughput assays. 

This rapid solution digitization approach was demonstrated for detection of Interleukin 6. 

The developed liquid repellant surfaces are expected to find a wide range of applications 

in high-throughput assays and blood contacting medical devices.  

 

3.2 Introduction 

Biofouling, coagulation and thrombosis are undesirable effects that occur when blood 

comes into contact with the surfaces of in vitro, ex vivo, and in vivo biomedical devices. 

159 These processes are initiated by the non-specific adsorption of blood proteins on 

surfaces and the formation of a complex protein layer.160 To address this issue, surface 

modification strategies have focused on using bioinert polymers,161–164 antithrombotic 

agents,165–170 or changing the surface charge, wettability, chemical affinity and 

hydrophilicity.171–175 Anticoagulants such as heparin have been widely used as coatings 
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on biomedical devices to overcome these adverse effects.176 Heparin-coated surfaces 

typically operate through either the release of heparin into the blood stream for inhibiting 

clotting in the vicinity of the device surface or reducing coagulation via immobilized 

heparin on the surface of the device. Anticoagulant coatings fail over time due to leaching 

and the loss of anticoagulant activity. Furthermore, administration of anticoagulants (e.g. 

heparin) both as a coating and a chronic medication, enters the bloodstream, elevating 

the risk of life-threatening heparin-induced thrombocytopenia , reported to occur in 1-5% 

of surgical patients.25  

Recently, omniphobic coatings have been introduced on the surface of biomedical 

devices for reducing biofouling and the resultant blood coagulation,38,54,177–184 while 

minimizing the administration of anticoagulants.57 Liquid-infused surfaces are one of the 

recent classes of omniphobic surfaces which have shown to significantly suppress 

biofouling and thrombosis with their performances surpassing previous anticoagulant 

based strategies in terms of longevity under blood flow,  and anti-biofouling ability. 38,57,177–

184 However, in order for these surfaces to sustain their omniphobic and repellent 

properties, the lubricant layer must be stable on the surfaces, making them difficult to use 

in open-air applications where the lubricant is susceptible to evaporation. 35 Another class 

of omniphobic surfaces are those with structural modifications wherein the micro- and 

nano-scale topography of the surface provides omniphobic properties. Through the 

formation of micro, nano and hierarchical structures, air pockets are trapped within the 

features, leading to the formation of a Cassie wetting state, which reduces the apparent 

surface energy seen by liquids, 119 resulting in elevated CAs and low SAs which lead to 

omniphobicity. 119 Additionally, the formation of the Cassie state reduces the effective 
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surface area to which platelets and proteins in blood can bind to, and decreases shear 

stress at the surfaces reducing platelet adhesion. These two effects reduce the number 

of nucleation sights for thrombin generation. 26 Hydrophilic polymer surfaces have also 

shown significant antifouling properties and blood compatibility through the reduction of 

fibrinogen and platelet adhesion. As a result of the hydrophilicity of these surfaces, blood 

can still easily stain them, which can spread blood related pathogens between healthcare 

workers and patients. 185,186 

In spite of great performance demonstrated by several classes of hierarchically-structured 

omniphobic surfaces for reducing blood-related contamination (including sand-casting of 

SiO2 and Polydimethylsiloxane (PDMS), 187 electrochemical anodization of titania, 115 and 

laser ablated stainless steel and titanium), 126 these high performance structures are 

fabricated using molds, electrodeposition or laser ablation, which are material dependent,  

difficult to scale and/or costly (due to material choice and equipment cost and upkeep). 

Hierarchical structures have recently been developed using a series of bottom up 

fabrication processes such as electrophoretic deposition, 156 emulsion templating, 157 

electrospinning, 117 electrochemical techniques, 158 and reactive ion etching. 45 Among 

these, methods that allow for controlling the materials architecture over a range of length 

scales and can be manufactured using easy-to-scale processes are highly desirable for 

creating application-specific omniphobic materials and translating these to real-life 

biomedical devices. In response, we sought to develop easy-to-scale hierarchical 

materials that combine tunable materials in the microscale, nanoscale, and molecular 

scale.  
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Nanoparticle-induced microscale wrinkling (NMW) is a process that uses the self-

assembly of NPs on pre-strained substrates followed by the application of strain to create 

microscale wrinkles with nanoscale features. 129 The NP size controls the nanoscale 

features and the size of the secondary microscale wrinkles, delivering tunability over 

multiple length scales.  Such hierarchical structures, when combined with molecular 

layers, have demonstrated remarkable omniphobicity (water and hexadecane CAs > 163° 

and 101° respectively, and SA > 5°). 188,189 Additionally, this method is compatible with 

batch scale solution-processing, which is widely used for large volume manufacturing. 

Herein, we focus on developing liquid repellant hierarchical materials based on NMW and 

applying these to surfaces for reducing blood adhesion and coagulation with potential for 

use in in vivo systems like catheters and in vitro devices such as biosensors. We further 

tested the developed technology in dynamic systems (e.g. microfluidic devices) to assess 

the extent of blood adhesion. These materials are patterned on surfaces to spatially 

modulate their repellency for creating biosensing arrays integrating hydrophilic and 

superhydrophobic regions. This approach led to a strategy for one-step and instrument-

free droplet digitization and was used in a proof-of-concept dip-based Interleukin 6 (IL-6) 

detection chip, demonstrating the application of our approach for use in in vitro biomedical 

devices. This opens up a platform to utilize such devices in in vitro biosensing assays in 

complex fluids where shorter amount of contact time is needed. 
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3.3 Materials and Methods 

Reagents: (3-Aminopropyl)triethoxysilane (99%) and 1H,1H,2H,2H-

Perfluorodecyltriethoxysilane (97%), 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. 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. Self-adhesive vinyl sheets (FDC 4304) were purchased from 

FDC graphic films (South Bend, Indiana). Streptavidin eFluor 660 was purchased from 

eBioscience (San Diego, CA). Recombinant human (E. coli derived) IL-6 was purchased 

from R&D systems (Minneapolis, MN). IL-6 monoclonal antibody (MQ2-13A5, capture 

antibody) and biotinylated IL-6 monoclonal antibody (MQ2-39C3, detector antibody) were 

purchased from ThermoFisher Scientific (ON, Canada). 

Surface Fabrication: Using Robo Pro CE5000-40-CRP cutter (Graphtec America Inc., 

Irvine, California) pre-strained polystyrene (Graphix Shrink Film, Graphix, Maple Heights, 

Ohio) was cut into pieces. PS pieces then were cleaned with ethanol and milli-Q water 

and dried. In a pre-warmed ultraviolet ozone (UVO) cleaner (UVOCS model T0606B, 

Montgomeryville, Pennsylvania), PS samples were placed and UVO treated for 4 mins. 

12 nm gold nanoparticle (AuNPs) were synthesized as described elsewhere and were 

kept at 4°C until used. 129 Activated PS substrates were incubated on a shaker in 10% 

aqueous (3-Aminopropyl)triethoxysilane (APTES) (for creating the seed layer for NP 

solution for respected samples) for 3 hours at room temperature followed by sonication 
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in water. To coat the AuNPs covered PS with FS, the substrates were first submerged in 

10% aqueous APTES for 3 hours with agitation. The substrates were sonicated in milli-Q 

water for 10 minutes and dried. To fluorosilanize the samples, a solution of ethanol and 

milli-Q water with volume ratio of 3:1 was prepared. A catalytic amount of hydrochloride 

acid (0.1 wt%) was added into the solution with 0.5 wt% of FS. The solution was incubated 

at 40° for an hour before use. 190 Following deposition of coating, the substrates were 

sonicated in Milli-Q water and subsequent 10 min sonication in ethanol for 10 minutes 

and dried (PS-AuNP-Planar). To add the microstructures to the NP treated surface, 

thermal treatment was performed by placing the substrates into an oven at 140°C for 5 

minutes (PS-AuNP-Shrunk). As a control FS-treated planar surfaces, PS-Planar surfaces 

were FS treated in a similar method (PS-FS-Planar). 

The patterned surfaces were fabricated in a similar way. Before the modification steps, a 

vinyl mask was placed on a clean (as described in the previous paragraph) PS sheet and 

cut in the desired pattern with the craft cutter. The vinyl was then removed from the 

regions where the treatment was required and the samples were subject to UVO 

treatment and the subsequent treatments while maintaining the vinyl mask on. After the 

final FS treatment, the vinyl mask was removed and the samples were subjected to heat 

treatment as described before. To enhance the hydrophilicity on the untreated regions, a 

0.6 μL droplet of 12 M H2SO4 was deposited on the untreated regions, incubated for 10 

minutes and subsequently washed 2 times with Milli-Q water.  

Surface physical characterization: Scanning electron microscopy (SEM) imaging was 

performed in a JEOL 7000F. Samples were coated with 3 nm of platinum prior to imaging. 

For CA measurement a goniometer (OCA 20, Future Digital Scientific, Garden City, NY) 
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was used and water droplets were dispensed by automated syringe and other liquids by 

using A pipette. The sessile drop CA was provided via image processing software 

(Dataphysics SCA 20) through ellipse curve fit shape analysis of the droplets. SAs were 

measured using a digital angle level (ROK, Exeter, UK). Each value was averaged over 

at least three measurements. 

Whole human blood staining assay: 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. Blood 

sessile drop CA was measured at room temperature using the goniometer. The extent of 

blood adherence was evaluated by dipping each sample in human whole blood and 

resuspending the adhered blood to each surface by transferring each substrate in a well 

and adding 700 µL of water. To ensure the adhered blood was transferred in solution, 

samples were placed on a shaker for 30 minutes. 200 µL of each well was transferred to 

a 96 well and the absorbance was measured at 450 nm wavelength on a SpectraMax 

plate reader. To ensure reproducibility, 6 samples per each condition was evaluated. 

Samples were also incubated in blood for 30 minutes and washed subsequently by 

dipping in water two times to evaluate the extent of stickiness of the surfaces. 

Whole human blood clotting assay and scanning electron microscopy: In order to 

investigate the blood clot repellency properties, 500 μL of citrated human whole blood 

and 500 μL of 25 mM CaCl2 in 1 M HEPES buffer were added to a 24 well containing the 

treated samples and controls and incubated for 1 hour to allow for complete clot formation. 

Subsequently, samples were washed 2X with PBS. The quantification of the amount of 

the adhered clot was done by weighing the samples before and after the clotting assay. 
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The weight difference was then reported in Figure 3b normalized to PS-Planar. The 

samples were fixed in 4% formaldehyde for 2 hours and coated with 3 nm Platinum. SEM 

was conducted to investigate blood clot formation and blood cell attachment. 

Microfluidic channel and heparinized blood assay: Molds were created through vinyl 

(152.4 µm height) masking a PS surface and cutting the pattern for the channels with a 

craft cutter (2 mm width), then the molds were placed in a petri dish. PDMS (10:1) was 

poured on the created mold and cured over night at 60 degrees. The PDMS channels 

were then bonded to the PS-Planar or PS-AuNP-Shrunk through wet bonding. 132 This 

was done by creating a thin layer of PDMS (10:1) by depositing 400 µL PDMS in a petri 

dish and spin coating for 30 seconds at 7000 rpm. The PDMS channel was stamped on 

the spin coated layer then placed carefully on PS-Planar or PS-AuNP-Shrunk and cured 

overnight. For the heparinized blood assay, at 10 µL/min heparinized blood was flowed 

on PS-Planar or PS-AuNP-Shrunk for 30 minutes followed by a 10-minute wash. For 

evaluating the extent of blood adhesion, an optical image and bright field microscope 

image at 40X was acquired and the cells were counted. 

Droplet digitization on patterned surfaces and volume measurement: The patterned 

surfaces were dipped in blue dyed water allowing the droplets to attach to the hydrophilic 

patterns. The surfaces were also dipped in 8:1000 Cy5 tagged anti IL-6 antibody allowing 

the droplets to attach to the hydrophilic sites, this was confirmed by imaging the wells by 

a Chemidoc imaging system (BioInterface Institute, McMaster University) by Cy5 channel. 

The volumes were measured using image processing software (Dataphysics SCA 20) on 

Digital Scientific OCA20 goniometer (Garden City, NY, USA). 
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Detection of IL-6 on patterned oleophobic surfaces: The patterned hydrophilic wells were 

treated with 10% APTES solution for 3 hours, followed by 10 min sonication in DI water. 

This was then followed by treatment in EDC/NHS (2 mM EDC ((N-ethyl-N’-(3-

(dimethylomino)propyl)carbodiimide) and 5 mM NHS (N-hydroxysuccinimide) in 0.1 M 

MES (2-(N-morpholino)ethanesulfonic acid) buffer) mixed with 1:100 ratio of capture 

antibody to initiate the carbodiimide cross-linking reaction and 1 µl of the solution was 

pipetted on to each well and was incubated overnight. Subsequently the wells were block 

by 2% bovine serum albumin (BSA) for an hour. The samples were then dipped into buffer 

containing 2500 pg mL-1 of IL-6 (in sample diluent composed of 1% BSA in phosphate-

buffered saline), digitizing the solution on to the substrate. These droplets were let for 1 

hour before washing in TBST and TBS. Surfaces were then dried with compressed air 

and dipped in biotinylated IL-6 monoclonal antibody (1:500 v:v diluted in the sample 

diluent buffer) for another hour. The samples were again washed using both wash buffers, 

and dried. Finally, the samples were dipped in the streptavidin dye (8:1000 v:v diluted in 

the reporter buffer) for 30 minutes in complete darkness, and subsequently washed with 

the wash buffers before the imaging. The binding of IL6 was confirmed and quantified by 

imaging the wells using a Chemidoc imaging system (BioInterface Institute, McMaster 

University) by Cy5 channel. A schematic of the assay component can be found in Figure 

S2. 
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3.4 Results and discussion 

3.4.1 Fabrication and characterization of hierarchical liquid repellant surfaces 

In order to create hierarchically-structured surfaces using NMW, we designed a 

fabrication process (Figure 3-1a) in which AuNPs modified with a molecular FS layer for 

reducing surface energy were deposited on the surface of a pre-strained polymer 

substrate (Figure 1b,i) to create a stiff layer (Figure 1b,ii). Upon shrinking, this stiff layer 

transformed into a hierarchical surface combining nanoscale features with microscale 

wrinkles (Figure 1b,iii).  

 

 

Figure 3-1: Schematic depicting the fabrication process of liquid repellant surfaces and 
corresponding SEM images. a) Process steps for the formation of the AuNP decorated 
surface and the hierarchically structured surfaces. b) SEM images depicting the untreated 
PS (i), AuNP decorated PS (ii, PS-AuNP-Planar), and final hierarchically-structured PS 
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(iii, PS-AuNP-Shrunk). The scale bars in the larger SEM images represent 1 μm and 
those in the insets represent 100 nm. 

 

The fabrication process started with surface activation of pre-strained PS using ultraviolet-

Ozone (UVO) treatment to induce hydroxyl groups on PS (Figure 1a,ii) for subsequent 

surface functionalization with APTES (Figure 3-1a,iii). Following APTES deposition, 12 

nm AuNPs were bound to the surface through the electrostatic interactions of the amine 

terminus of APTES and the citrate surfactants present on AuNPs (Figure 1a,iv). 191,192 A 

self-assembled monolayer (SAM) of FS was then covalently attached to the surface 

through hydrolysis and condensation reactions using APTES as an intermediate linker 

(see methods for more information, Figure. 1a,v), which generated a nanostructured 

surface using AuNPs as building blocks (PS-AuNP-Planar). The PS-AuNP-Planar 

substrate was then shrunk at 145⁰ C for 10 minutes to induce hierarchical structuring (PS-

AuNP-Shrunk, Figure 1a,vi). 

The repellency of PS-AuNP-Planar and PS-AuNP-shrunk was evaluated alongside the 

untreated polystyrene (PS-planar), PS substrate after shrinking (PS-shrunk), and PS 

substrate after fluorosilinizaiton (PS-FS-Planar) by measuring CA using various test 

liquids, as well as SA (Figure 3-2a). In order to understand the hydrophobic and 

oleophobic properties, the CA of the surfaces were assessed using the following test 

liquids: milli-Q grade water (surface tension of 72.75 mJ/m2), 193 hexadecane (surface 

tension of 27.76 mJ/m2), 193  human whole blood (surface tension of approximately 55 

mJ/m2) 194 and various ethanol/water concentrations (%v/v).  



Ph.D. Thesis – Roderick MacLachlan; McMaster University – Engineering Physics 

67 
 

 

Figure 3-2: Surface Repellency. a) Graph depicting the contact angle of different surfaces 
for water (blue), hexadecane (orange), and whole blood (red). Representative SEM 
images are also shown on the top with an image of the water droplet on the surface. The 
table shows the sliding angles of the different control groups. b) Graph showing the 
change in contact angle with varying ethanol concentrations in water. Dotted line at 90 
degrees shows the point where surfaces enter the hydrophilic regime.  

 

The hydrophobicity of the various surfaces created here was evaluated by measuring the 

water CA (Figure 3-2a) Both unmodified surfaces, PS-Planar and PS-Shrunk, showed a 

hydrophilic behavior (CA of 79±1.3° and 78±5.1° respectively). The successful FS 
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treatment was verified by the observed elevation in the CA for the PS-FS-Planar (96±3.8°) 

compared to PS-Planar. Coating the substrate with NPs (PS-AuNP-Planar) increased the 

surface roughness and introduced re-entrant texture. This surface roughness introduced 

an effective Cassie wetting state and increased the apparent CA (water CA of 127±9.4°). 

195,196 The water CA and CAH was then further improved (149.5±4°, 10.7±4.3° with 

advancing and receding CA of 160.6±0.6 and 149.9±3.7 respectively)) through the 

formation of hierarchical structures (PS-AuNP-Shrunk). When these surfaces were 

transformed into a cylinder (radius of curvature o was 5.5 mm), they sustained their CA 

(154.23±0.55), as well as their slippery behavior (Supplementary Video 1) with a CAH of 

9.45±2.7 (advancing and receding CA 148.6±3.93 and 139.2±1.3 respectively). The 

smallest radius of curvature that was manufacturable with the PS substrates was 2.25 

mm radius and the repellent behavior was maintained while showing no fractures on the 

surface of the bent surfaces.  

The hexadecane CA was also evaluated to test for oleophobicity for all the different 

classes of surfaces. The PS-planar and PS-shrunk surfaces were both completely wetted 

by hexadecane; however, the introduction of FS (PS-FS-Planar) and NPs to the surface 

(PS-AuNP-Planar) increased the CA to 62±2.4° and 69±6°, respectively. Through the 

introduction of hierarchical structures (PS-AuNP -Shrunk), the surfaces were brought into 

the oleophobic regime with a hexadecane CA of 116±3°.  

The heparinized blood CA was also measured to gain insight into the interaction of our 

oleophobic surfaces with complex liquids. With the introduction of these structures an 

increase from 83±4.5° (PS-Planar) to 138±3.1°(PS-AuNP-Shrunk) was seen. Overall, the 

formation of hierarchical structures combined with chemical modification demonstrated 
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liquid repellency due to the high CAs recorded for this class of surfaces with various test 

liquids. This effect can be explained by the higher amounts of trapped air within the 

hierarchical structure compared to the other control groups. 197 

In order to gain a greater understanding and indication of the functional range of 

repellency with regards to liquid surface tensions for each of the surface topographies, 

the CA was measured for different water/ethanol concentrations, ranging from the surface 

tension of water 72.86 mN/m to ethanol 22.39 mN/m (at room temperature). As seen in 

Figure 2b, the hierarchical surfaces were able to maintain CAs greater than 90° for 

ethanol concentrations of 80% and lower indicating that the surfaces remain repellent 

towards liquids with surface tension of 24.32 mN/m (80% ethanol) 198 and above, unlike 

the PS-FS-Planar and the PS-AuNP-Planar substrates which demonstrated CAs below 

90° after 0% and 30% ethanol, respectively. Additionally, for an ethanol/water mixture 

with similar surface tension to hexadecane (60% ethanol) we can observe a similar CA 

of ~120º for both liquids using the PS-AuNP-Shrunk surfaces and ~70º for the PS-AuNP-

Planar. However, this was not the case for the PS-FS-Planar surfaces, indicating the 

significance of micro and nanostructures on the generation of oleophobicity. 

The ability of the fabricated surfaces in repelling liquid droplets was further assessed by 

measuring the SA, which is a key metric for classifying surfaces as repellant (Figure 3-

2a).  Among the investigated surfaces, only PS-AuNP-Shrunk demonstrated droplets 

sliding off with SA below 5°, which can be attributed to the roughness of the hierarchical 

surfaces (Figure 3-1b,iii) such that the formation of the Cassie state and the entrapment 

of air-pockets within the texture allow for the water droplets to only contact discrete 

sections of the surface. 199 These discrete contact patches decrease the adhesive forces 
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experienced by the droplets, allowing the droplet to easily detach from the surface. To 

test the performance of the hierarchical surface for extended amounts of time in 

heparinized blood, the surfaces were incubated in heparinized blood for 48 hours and 

subsequently washed twice and dried. The surfaces were examined for their water CA 

following the blood incubation, demonstrating a water CA of 140.3±8.2 (compared to 

149.5±4 before) which is in the hydrophobic region showing that their hydrophobic 

characteristic is resilient after a long incubation time in blood. 

To assess the adhesion of the coating to the substrate and to test the resilience of the 

coating, we performed an adhesion test according to ASTM standard. In this method, two 

perpendicular cuts were made and subsequently brushed and taped over to clean the 

incision parts. Based on the smooth edges following the incision, we concluded that our 

surfaces demonstrated a 5B classification, which stands for the highest level of adhesion 

(Supplementary Figure 3-1). 

 

3.4.2 Interaction of hierarchical surfaces with human whole blood 

In order to understand the interaction of the various surfaces developed here with 

anticoagulated whole blood, we evaluated the repellant behavior of the surfaces under 

conditions that are important for blood contacting medical devices and implants such as 

clot formation and blood adherence (blood stain). These in vitro assays might not 

completely mimic the complex environment in in vivo studies such as animal tests, but 

still has been proved to be important for assessing surfaces behavior. 200 The staining 

assay was designed to investigate the amount of blood that was sticking to each surface 

and see the extent by which the hierarchical surfaces attenuate staining (Figure 3-3a). In 
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this assay, the surfaces were submerged in heparinized human whole blood 

(Supplementary Video 2) and were subsequently agitated in PBS to quantify the extent 

of blood adhesion using spectrophotometry (Figure 3-3a). The results revealed that the 

hierarchical surfaces (PS-AuNP-Shrunk) reduced blood adherence by over 90% 

compared to the untreated polystyrene surfaces (PS-Planar and PS-Shrunk). The PS-

FS-Planar surface showed a 13% increase in blood adhesion which is due to the 

hydrophobic-hydrophobic interaction of these class of surfaces with proteins present in 

blood. 201 Furthermore, PS-AuNP-Planar surfaces reduced blood adhesion by 29% 

compared to the untreated samples. We also visually inspected these surfaces after 

incubating them in heparinized human whole blood for 30 minutes followed by rinsing 

them with water (Figure 3-3a). The blood repellency of the hierarchical surfaces (PS-

AuNP-Shrunk) was visually evident. All surfaces remained stained after washing; 

however, the hierarchical surface did not contain a visible stain. It should be noted that 

the presence of AuNPs on the PS-AuNP-Planar and PS-AuNP-Shrunk surfaces resulted 

in the substrates having a grey hue, which made precise visual inspection difficult.  
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Figure 3-3: Study of blood repellency on the hierarchical surfaces. a) All surfaces were 
incubated with blood for 30 minutes and after two washes, they were transferred to well 
plates containing water (transfer solution). The absorbance of the transfer solution was 
measured at 450 nm wavelength and normalized to the value obtained from PS-Planar. 
Representative images of the transfer wells corresponding to PS-Planar and PS-AuNP-
Shrunk are shown at the top right of the figure. The representative images of the surfaces 
incubated in blood are shown at the bottom of the figure. b)  Relative clot weight adhered 
to each surface is normalized to the adhered clot to the PS-Planar and compared to the 
other control groups. Representative images of samples are shown after being exposed 
to the clotting assay after a 2X PBS wash. Error bars represent standard deviation from 
the mean for the clot assay performed on at least three surfaces for each class. c) SEM 
images of the surfaces after the clotting assay and 2X PBS washes followed by fixation 
in 4% formaldehyde performed on the PS-Planar (i) and PS-AuNP-Shrunk (ii), 
demonstrating blood adherence to the planar surface. The scale bars represent 1 μm in 
(i) and (ii). 
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In order to investigate the anticoagulant properties of the surface, they were subjected to 

citrated whole blood and the clotting was initiated by the introduction of calcium chloride 

and two subsequent washes with phosphate buffered saline (PBS). The extent of adhered 

blood clots to each surface was verified by weighing the surfaces before and after the 

clotting assay. As shown in Figure 3b, the hierarchically-structured samples (PS-AuNP-

Shrunk) significantly attenuated the adherence of blood clots compared to the PS-Planar 

and PS-AuNP-Planar surfaces. SEM imaging of the surfaces after the clotting assay 

demonstrated significantly lower blood cell accumulation and blood clot formation on 

hierarchically structured surfaces compared to the untreated surfaces (Figure 3-3cii). 

These experiments demonstrate that the degree of liquid repellency determines the 

effectiveness of the surface in blood repellency, with PS-AuNP-Shrunk surfaces 

demonstrating superior performance in terms of superhydrophobicity, oleophobicity, and 

blood repellency compared to the other investigated surfaces. Furthermore, covalently 

coated self-assembled monolayers of FS, has been reported to be harmless 57,202 

therefore, making our developed coating a promising candidate for real-life applications. 

However, long-term in vivo studies might be needed in the future to further confirm 

biocompatibility. 
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Figure 3-4: Dynamic conditions for blood adhesion tests. a) number of blood cells per 
mm2 in microfluidics channel subjected to heparinized blood flow and subsequent 
washing for both PS-Planar and PS-AuNP-Shrunk. b) Optical images showing blood 
adhesion in (i) PS-Planar and (ii) PS-AuNP-Shrunk. c) Bright-field microscope images 
comparing (i) PS-Planar (ii) PS-AuNP-Shrunk. Blood cells are visible in (i) and wrinkles 
are visible with no presence of blood cells in (ii). 

 

To investigate to behavior of the surfaces in dynamic conditions, we integrated the PS-

AuNP-Shrunk surface in a microfluidic device and flowed heparinized blood through the 

channel. Subsequent to this, the channel was washed and imaged. As a control PS-

Planar was also integrated into a microfluidic channel. The results showed significantly 

higher amount of blood cell adhesion within the channel on PS-Planar (23,200±2414 

cell/mm2) than PS-AuNP-Shrunk (no cells were observed) (Figure 3-4a). This is also 

apparent in the acquired optical images (Figure 3-4a.i,ii) which a clear red stain is left in 
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the PS-Planar channel. Furthermore, images obtained using optical microscopy indicate 

that blood cells are visible in PS-Planar channel (Figure 3-4c,i), whereas in the PS-AuNP-

Shrunk (Figure 3-4c,ii) the wrinkles are visible but there no blood cells found. 

 

3.4.3 Patterned structures for digitizing droplets and dip-based bioassays 

To further expand the application of the developed repellent surfaces, we introduced 

hydrophilic micro-patterns into the developed superhydrophobic surfaces through a 

benchtop masking method shown in the schematic in Figure 3-5a,i-v. Briefly, a vinyl mask 

was patterned on the PS surface using a craft cutter to protect the hydrophilic areas, while 

the substrate was modified with the NP and FS layers. The mask was then removed 

before heat shrinking the PS substrates. This method led to the development of 

hierarchical structures everywhere, except for the masked regions that retained their 

planar morphology upon shrinking because they did not possess a stiff surface layer. 82,83 

The structural difference between the patterned area and the rest of the surface is clearly 

demonstrated in the SEM images in Figure 5b.  



Ph.D. Thesis – Roderick MacLachlan; McMaster University – Engineering Physics 

76 
 

 

Figure 3-5: Digitization strategy enabled by patterning hydrophilic and liquid repellant 
areas a) (i) the substrate is covered with a vinyl mask, (ii) the vinyl mask is patterned to 
create hydrophilic wells, (iii) the substrate is modified with nanoparticles and coated with 
fluorosilane, (iv) the mask is removed, (v) the substrate is shrunk.  b) SEM images of the 
fabricated wells showing the planar (hydrophilic) and hierarchical liquid repellant regions 
(scale bar 1 µm). c) (i) shows patterned wells with planar (inside the squares) and 
modified regions. (ii) shows the patterned well after being dipped in blue dyed water, 
demonstrating digitization of water droplets (iii) digitizing Cy5-tagged anti IL-6 antibody 
on the patterned wells. d) IL-6 assay performed using 2500 pg/mL of target solution 
compared to control solutions by dipping the wells in solutions containing the assay 
components. Briefly, capture antibody was deposited on the wells through EDC-NHS 
chemistry, and then dipped in solution containing 2500 pg/mL IL-6. Subsequently, the 
sample was subjected in biotinylated IL-6 antibody and streptavidin dye. And for blank, 
all the steps were kept the same but for the IL-6 incubation. e) Representative fluorescent 
images of the assay used in (d).  
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To demonstrate the capability of the patterned hydrophilic/superhydrophobic surfaces in 

digitizing water droplets they were dipped into aqueous solutions containing food 

colouring and fluorescent dyes (Figure 3-5c.ii-iii). We used this droplet digitization 

strategy to create a fluorescence biosensor for analyzing IL-6 (Supplementary Figure 3-

2). To transform the patterned surfaces to biosensors, we first modified the hydrophilic 

areas with molecular linkers for antibody binding (APTES modification followed by 1-ethyl-

3-(-3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) 

bonding). 177,203 The hydrophilic areas were then functionalized with anti-IL6 capture 

antibodies. The assay was performed by dipping the biosensor into the target (IL-6) or 

control solutions (PBS), incubation for 60 minutes, washing the unreacted analyte, and 

dipping the biosensor into the solution of secondary antibodies modified with a Cy5 

fluorescent label. In this assay, we observed a significant difference between the 

fluorescence intensity of the target and control solutions (Figure 3-5,e), demonstrating the 

potential of this materials-inspired digitization strategy for use in biosensing assays.  

 

3.5 Conclusion 

We have developed a scalable and low-cost method for producing patterned repellent 

surfaces. The repellency is created by introducing hierarchical structuring using NMW 

designed to combine nanoscale features with microscale wrinkles. We demonstrated that 

hierarchical structuring results in superior performance in reducing blood coagulation and 

contamination compared to planar and nanostructured surfaces chemically-functionalized 

using fluorosilane. Furthermore, we introduced hydrophilic patterns into our substrate 

alongside the superhydrophobic areas, leading to virtual wells that can be used for the 
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digitization of liquids in high throughput assays. The tunability of these surfaces allows 

for controlling the volume of the digitized drops as well as the localization of biomolecules. 

The facile fabrication method developed here can be applied to instances where both 

repellency and specificity are required for meeting functional requirements. This Cassie-

based hierarchical surface (surface having hierarchical structures leading to Cassie state) 

opens up applications for in vitro assays in complex liquids, mainly for shorter periods of 

contact times (e.g. biosensing assays) for which Cassie state is satisfied.  
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3.7 Supplementary Information 
 

 

Supplementary Figure 3-1: a) Adhesion test on the patterned hierarchical surface, 
demonstrating the 5B class  b) Classification table Adapted from 204 
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Supplementary Figure 3-2: IL-6 assay components. 
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Chapter 4 A Repellent Plastic Wrap With Built-In Hierarchical Structuring Prevents 

the Contamination of Surfaces with Coronaviruses 

Preface: 

In Chapter 3, we developed a scalable method for creating hierarchically structured 

surfaces with superhydrophobic and oleophobic properties, that displayed antifouling 

properties towards whole human blood. One significant drawback of this work was the 

PS substrate, which suffers from poor material properties. These drawbacks included the 

need for UVO treatment to assist in the formation of microscale wrinkles and the change 

in material properties becoming stiff and brittle after shrinking. To address these issues, 

work with Sara M. Imani was performed to translate this repellent platform to PO 

substrates, and characterize their bacterial repellency. Within this work, I contributed to 

the optimization of the repellent surface structure on the PO substrates and the 

characterization of the surface wettability, which can be found in Appendix A.  

Continuing from this work, we hypothesized that the repellant surfaces, in addition to 

bacterial repellency, would demonstrate virus repellency.54 To investigate this, a touch-

based viral transmission assay was designed with PDMS stamps, to simulate the physical 

contact of a contaminated finger with a repellent surface (Objective III). This chapter 

furthers the work in the previous chapter (Objective I) by investigating the liquid repellent 

properties under dynamic wetting conditions and their durability after repeated physical 

contact, via CA and CAH measurements respectively.  To thoroughly investigate this, the 

surfaces were tested for both the hydrophobic and oleophobic properties, as well as 

imaging of the surface to observe any physical damage after repeated physical contact.  
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Methodology: 

Continuing from the work in the previous chapter, we made some modifications to the 

manufacturing of the repellent coatings by changing the polymer substrate and the type 

of nanoparticles used. The polystyrene substrates used in the previous chapter (chapter 

3) became extremely glassy and stiff after shrinking at 145oC, preventing their use as 

coatings. The new polyolefin substates used in this chapter remain flexible and compliant 

after shrinking allowing them to be easily wrapped around objects or surfaces. To reduce 

the cost of manufacturing, Silica nanoparticles were used instead of gold nanoparticles. 

The repellency of the developed surface was initially characterized through contact angle 

and contact angle hysteresis measurements of multiple liquids (water, glycerol, ethylene 

glycol and hexadecane) with different surface tension properties. Since the surfaces are 

designed to be used in high touch settings, their durability under repeated physical 

touches with human hands was extremely important. Therefore, their repellency was 

measured after a given number of touches or abrasion cycles. Durable surfaces showed 

sustained repellency, while fragile surfaces revealed a decrease in their liquid repellent 

properties. Next, viral adhesion was tested on the durable surfaces by simulating the 

physical contact of a contaminated human finger. PDMS stamps were selected as stamps 

due to their ability to hold moisture onto their surface, as extensively shown in 

microcontact printing studies of proteins. 205 Following the stamping of the surfaces with 

the viruses, the surfaces were washed and plated was conducted to quantify the 

transferred viruses. To examine whether repeated physical contact with contaminants 

would lead to increased surface contamination, the viral stamping assay was repeated 

and multiple touches were performed. Quantification of the transfer of pathogens to the 
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surfaces was performed using cell culture methods. The results were further validated 

using  SEM imaging to visualize the viruses on different materials. 

Authors: Roderick MacLachlan*, Fatemah Vahedi*, Sara M. Imani, Ali A. Ashkar, Tohid 

F. Didar and Leyla Soleymani  

* Indicates equal contribution to the work 

Publication: ACS Applied Materials an Interfaces 2022, 14, 9, 11068-11077 

Publication Date: February 28, 2022 

 

4.1      Abstract 

Amidst the COVID19 pandemic, it is evident that viral spread is mediated through several 

different transmission pathways. Reduction of these transmission pathways is urgently 

needed to control the spread of viruses between infected and susceptible individuals. 

Herein we report the use of repellent plastic wraps (RepelWrap) with engineered surface 

structure at multiple lengthscales (nanoscale to microscale) as means of reducing the 

indirect contact transmission of viruses through fomites. To quantify viral repellency, we 

developed a touch-based viral quantification assay to mimic the interaction of a 

contaminated human touch with a surface through the modification of traditional viral 

quantification methods (viral plaque and TCID50 assays). These studies demonstrate that 

RepelWrap reduced contamination with an enveloped DNA virus as well as the human 

coronavirus 229E (HuCoV 229E) by more than 4 log 10 (>99.99%) compared to a 

standard commercially-available polyethylene plastic wrap. In addition, RepelWrap 

maintained its repellent properties after repeated 300 touches and did not show an 
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accumulation in viral titer after multiple contacts with contaminated surfaces while 

increases were seen on other commonly-used surfaces. These findings show the 

potential use of repellent surfaces in reducing viral contamination on surfaces, which 

could in turn reduce surface-based spread and transmission. 

 

4.2     Introduction 

The transfer of viral pathogens from host to a healthy individual is typically broken into 

three mutually non-exclusive modes of transmission: airborne, droplet, and contact 

transmission. Airborne and droplet modes of transmission are important for perspired 

droplets released by the host and are classified by an aerodynamic diameter (da) smaller 

than 100 µm.5,206 This small size allows the droplets to stay suspended in the air and 

easily travel deep into the respiratory tract and interact with mucus membranes in the 

mouth and nose.5 Alternatively, contact transmission occurs from either direct physical 

contact with infected individuals (via touch, sexual contact, oral secretions, and body 

lesions) or indirectly through contact with contaminated surfaces.5 Surfaces may become 

contaminated through contact with other contaminated materials206 or through the 

deposition of large respiratory droplets and the residual solid material from an evaporated 

droplet.11,12 Droplets with a da > 100 µm settle quickly (<8 seconds)13 from air onto 

surfaces and contribute greatly to surface contamination.9 While the main transmission 

pathway of SARS-CoV-2 is through the contact of infected respiratory droplets with 

mucosal membranes207, there is also a risk of viral transmission with contaminated 

hands.207,208 Furthermore, high touch surfaces (keyboards, door handles, telephones and 

medical equipment) in hospital centers have shown significant contamination.208 
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Inanimate objects, that when contaminated, assist in the transfer of infectious materials 

to a new host are known as fomites, and play a key role in the spread and transmission 

of viruses and pathogenic infections via direct and indirect contact.5,10 The indirect 

contamination pathway of viruses commonly occurs between fomites and hands (Figure 

4-1a), and can effectively transfer up to 65% of the virus concentration from the fomite to 

uncontaminated hands.10  Contaminated hands can then transfer the virus to the body 

through the mouth, nose, or eyes.10,206 In addition to spreading the virus to a new host, 

fomites also increase the lifetime of viruses outside a host, contributing to increased 

overall viral transmission rates.  Pathogens from the coronavirus family (SARS-CoV-2, 

Middle East Respiratory Syndrome (MERS) and Human Coronaviruses (HuCoV)) have 

been shown to remain infective for up to 9 days on common surface materials such as 

metal glass or plastic.209 In particular, human coronavirus 229E (HuCoV-229E), in low 

titers (103 pfu/mL and 102 pfu/mL), stay active and infective for up to 5 days210, and 4 

days211, respectively when deposited within organic matter/debris (human lung cell 

debris, in human faeces)210,212, implying that contaminated organic matter/debris can 

increase the lifetime and survivability of a virus outside the host.  

Engineered Surfaces that prevent or greatly reduce contamination when exposed to 

viruses show great promise in mitigating the spread of viruses via indirect contact transfer. 

Antiviral Coatings made from disinfectants (ethanol, glutaraldehyde, hydrogen peroxide, 

sodium hypochlorite)213 or engineered materials (coper214, zinc215, silver216, TiO2
217, N,N- 

Dimethylhexadecylamine218) are commonly used to reduce the viral titer on high touch 

surfaces. These reagents and/or materials are either harmful to the surface (hydrogen 

peroxide)219, to the individuals touching them (Peracetic acid)220, or to the environment 
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(Sodium hypochlorite)31,220, or present a delay, in the order of hours (>4h) between 

contamination and disinfection (TiO2
221, copper222), leading to the spread of viruses during 

such long transition times.  

An alternative rapid and safe way of halting surface-mediated transmission of viruses 

involves the use of liquid repellent surfaces (repelling high and low surface tension fluids) 

surfaces that reduce virus binding onto surfaces, the formation of fomites, and 

contamination of surfaces with potentially contaminated droplets. Two classes of liquid 

repellent surfaces, liquid-infused 40,179,223–225 and hierarchically-structured 

surfaces51,52,54,226,227, have shown to significantly repel contaminating liquids while also 

preventing the adhesion of pathogens and formation of biofilms at the surface. Liquid 

infused surfaces integrate a lubricating liquid into a porous or rough surface using the 

chemical affinity that exists between the surface and the lubricant, causing contaminants 

to slide away from the surface, resulting in self-cleaning properties.38 Lubricant infused 

surfaces significantly reduce the attachment and growth of bacteria and their biofilms by 

over 90% over the course of multiple days.228,229 Introduction of antipathogenic materials, 

such as carvacrol and antibiotics, into the lubricant has also been utilized to reducing the 

transmissibility of bacteria (Staphylococcus aureus and Pseudomonas aeruginosa), fungi 

(Bacillus subtilis) and viruses (Zika Virus) by nearly 100%.230,231 Lubricant infused 

surfaces have also displayed self-healing properties through the swelling of the surface 

structure in the presence of the lubricant,232 however the number of healing cycles is 

limited by the amount of lubricant trapped in the surfaces. 230 Despite high performance 

in liquid40,187 and pathogen223,228,230,233  repellency, liquid infused surfaces are difficult to 

operate in open-air conditions due to the evaporation of the liquid layer and the limited 
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stability of such surfaces.35 On the other hand, hierarchically-structured surfaces do not 

rely on liquid infusion and provide liquid repellent properties by reducing the apparent 

surface energy through the formation of unique wetting states by trapping air pockets 

within their surface structure (Cassie state).119,234–236 This effect is enhanced through 

chemical modification with hydrocarbon and fluorocarbon chains,101 improving repellency 

with low surfaces tension liquids237 and resulting in liquid repellent properties.  

Hierarchically-structured surfaces with an extremely high liquid repellency have 

demonstrated significant pathogen repellency238. Among these surfaces, a hierarchically-

structured surface with diamond architecture, created through hot Filament chemical 

vapor deposition, reduced the adherence of Pseudomonas aeruginosa and Escherichia 

Coli on the surface  by >90%.52 Similar performance has also been achieved through the 

use of photoablation226 and photolithographic techniques51 to achieve >89% and 99% 

reduction in the adhesion of E. coli respectively. In addition bacterial repellency, reduced 

adhesion of adenoviruses HAdv4 (2.10 log) and Hadv7a (1.62 log) has also been 

demonstrated with superhydrophobic textiles modified with fluorinated 

polytetrafluoroethylene NPs.227 While having high performance, many of these surfaces 

are fabricated using difficult-to-scale and expensive methods such as photolithography51, 

chemical vapor deposition52 or photoablation226. In response, we have developed a facile 

and scalable method, based on all-solution-processing and heat shrinking, to create 

hierarchically-structured surfaces on flexible substrates.54,129 These surfaces decreased 

the formation of biofilms of pathogenic Gram negative (P. aeruginosa) and positive 

(Methicillin-Resistant Staph aureus (MRSA)) bacteria by ~85%, and demonstrated a 20-

fold decrease in bacterial (E. coli) adhesion.54 These surfaces have also significant 
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repellency toward biological liquids (whole blood CA 144±2o 54 and Fetal Bovine Serum 

CA 158.3±2.6o 227) which can mediate the transmission of pathogens.10 Recent studies 

have also displayed superhydrophobic surfaces having significant reduction in viral 

contamination when interacting with virus laten droplets.239,240 These surfaces can 

significantly reduce the contamination from air born droplet during sneezing or the 

interaction of the surface with bodily fluids.239 However, these studies have only looked 

at the interaction of surfaces with the liquid phase and data is still missing on how liquid 

repellent surfaces interact under direct contact (ie surface to surface) transmission of 

viruses. 

In this work, we evaluate a hierarchically-structured superhydrophobic flexible plastic that 

has been previously shown to repel low and high surface energy liquids and reduce the 

adhesion of bacteria and formation of biofilms54,238 in its ability to reduce the adhesion of 

viruses. To model the transfer of viruses between surfaces, we developed a touch assay 

coupled with viral quantification to detect the presence of active viral particles transferred 

to surfaces with high sensitivity. To stablish the assay, we first used an enveloped virus, 

Herpes Simplex Virus 2 (HSV-2) with a similar size as SARS-CoV-2, we then used Hu-

Cov-229E, a coronavirus from the same family as SARS-CoV-2, to evaluate the viral 

repellency of the engineered surfaces. Our experiments demonstrate that such 

engineered surfaces, when placed on regular surfaces, can greatly reduce the level of 

viral contamination. 

 



Ph.D. Thesis – Roderick MacLachlan; McMaster University – Engineering Physics 

89 
 

4.3     Methods 

Reagents: (3-Aminopropyl)triethoxysilane (APTES, 99%), 1H,1H,2H,2H-

Perfluorodecyltriethoxysilane (FS, 97%), and Ludox TMA colloidal silica were purchased 

from Sigma-Aldrich (Oakville, Ontario). Ethanol (anhydrous) was purchased from Green 

Field global (Mississauga, Ontario). Polydimethylsiloxane, elastomer and curing agent, 

were purchased from Ellsworth Adhesives (Stoney Creek, 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. HSV-2 Thymidine kinase- deficient (TK2/2) 

HSV-2 ATCC, Vero cell line Vero (ATCC® CCL-81™), Human coronavirus 229E (ATCC® 

VR-740™) were purchased from ATCC (Manassas, Virginia). Huh7.5 cells were kindly 

provided by Dr. Charles M. Rice (Rockefeller University, New York City, NY, USA)  

Surface Fabrication: Polyolefin (PO) (Cryovac D-955) was cut into 15 mm discs and 

subsequently cleaned with ethanol and milli-Q water and dried with compressed air. The 

PO substrates were then exposed to air-plasma in an expanded plasma cleaner (Harrick 

Plasma) on HIGH RF power for 1 min. The surfaces were then immediately placed into a 

10% aqueous APTES solution for 18 h. Following the deposition of APTES, the surfaces 

were rinsed with Milli-Q water and sonicated for 10 min in milli-Q water, and dried with 

compressed air. The silica nanoparticle (SiNP) solution was then prepared by mixing 1-

part Ludox TMA colloidal silica with 2-parts milli-Q water and sonicated for 30 min, the 

diameter of the SiNP is 27nm. The substrates were then placed into the SiNP solution for 

3 h followed by sonication in Milli-Q Water and dried with compressed air. The SiNP-

modified surfaces were placed in the FS. The FS solution was prepared by mixing ethanol 

and Milli-Q water in a 3:1 ratio, followed by the addition of a catalytic amount of 



Ph.D. Thesis – Roderick MacLachlan; McMaster University – Engineering Physics 

90 
 

hydrochloric acid (0.1%wt) into the solution with 0.5%wt of FS. This solution was heated 

at 40o C for 1 hr before use. The surfaces were rinsed with ethanol followed by sonication 

in both ethanol and Milli-Q water for 10 min then dried with compressed air. These 

surfaces were then shrunk in an oven for 10 min at 145o C. 

Surface Physics Characterization: SEMs imaging was performed on a JEOL 70000F. 

Samples were coated with 5 nm of platinum before imaging. CA, CAH and SA 

measurements were taken on a KRUSS DSA30S Drop Shape Analyzer (Hamburg, 

Germany) with droplets of water (5 µL) and hexadecane (5 µL). 

Durability to Physical Contact Test: CA and CAH were measured on RepelWrap with 

KRUSS DSA30S Drop Shape Analyzer (Hamburg, Germany) to characterize the 

wettability of the surfaces. PDMS stamps and human fingers were repeatedly brought 

into contact with the hierarchically structured surfaces for a given number of contacts (30 

and 150 for the PDMS stamp and human finger, respectively). This process was then 

repeated several times for each surface. 

PDMS Stamp Fabrication: Sylgard 184 silicone elastomer base and elastomer curing 

agent were mixed in a ratio of 10:1. Once fully mixed, the elastomer was cured overnight 

in an oven at 60 o C. The elastomer was then cut into their final shape, 1 cmx1 cm cubes, 

and sonicated in ethanol for 10 min followed by drying with compressed air. 

Cell cultures: Human hepatoma cells, Huh7.5, were maintained in Dulbecco’s modified 

Eagle medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum 

(FBS), (Life Technologies Inc.), 100 µg mL−1 penicillin, 100 mg mL−1 streptomycin 

(Sigma-Aldrich, Oakville, ON, Canada), 10 μM of 4-(2-hydroxyethyl)-1-
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piperazineethanesulfonic acid (HEPES) (McMaster University) and 2 μM L-glutamine (L-

glu) (Life Technologies Inc.). Experiments were performed with cells at passages 2–6. All 

cells were incubated at 37 °C in a humidified 5% CO2 incubator.  

Vero cells (ATCC) were cultured in Minimum Essential Medium Eagle- Alpha Modification 

(α-MEM) media supplemented with 5% FBS in addition to all the additives mentioned 

above for DMEM. 

Virus Contact Transfer Assay: The Stamping surface was contaminated by pipetting 20 

µL of DMEM + 10% FBS with a viral load of 1 x 105 pfu/mL, onto the stamp, this was then 

followed by placing a glass coverslip on the contaminated side of the stamp to evenly 

disperse the solution across the surfaces and left for 10 min. After removal of the glass 

slide, the stamps were left until the remaining excess solution was adsorbed or 

evaporated from the now contaminated surface. Before stamping, the high touch surface 

models were disinfected with 70% ethanol for 5 min and then dried with compressed air 

to ensure no contaminants were present on the surfaces. The virus-contaminated stamps 

were then placed, contaminated side down, onto the surfaces for 1 min with a 70g weight 

on their non-contaminated side. The stamp was then removed, and the surfaces were 

placed into a 12-well plate containing 400 µL DMEM 10%FBS. This solution was then 

used for titration. 

HSV-2 Titration (Plaque assay): A Vero-cell plaque assay, previously described 

elsewhere241, was used to quantify the virus concentration on the touch transferred 

surfaces. 
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huCov229e Titration (TCID50): Huh-7.5 Cells in a 96-well plate at a seeding density of 

5x104 cells per well were cultured in DMEM 10% FBS. The cells were then left in the 

incubator until 100% confluency was reached. The virus-containing solution was then 

serially diluted in DMEM and 0% FBS and 50 µl of each viral dilution was added to the 

corresponding well of confluent cells, starting at the highest dilution. The plate was left for 

2 h in 37 °C, in a 5% CO2 incubator and was shaken every 15 min. Then 150 µL of DMEM 

and 10% FBS solution was added to each well. The cells were incubated for 6 days and 

finally stained using crystal violet solution. The Reed and Muench method was used for 

the calculation of the virus titer.242 

Viral Infectivity of Fluorosilane: FS solutions were made by adding 2 µl of DMSO to 30 µl 

of FS stock (30%). The solutions were diluted using a-MEM 0%. The FS surfaces were 

manufactured using the protocol discussed above. A 60 µL viral solution was added to 

the FS solutions. These were then incubated for 20 minutes before the virus concentration 

was quantified. In the surface assays, 6 µL of the viral solution was added to the surfaces 

and incubated for 20 minutes. These surfaces were then washed with cell media and viral 

concentration was quantified. The initial viral titer (HSV-2) of 10^6 pfu/ml was used for 

both the FS solutions and surfaces. This experiment was repeated two times and the 

results were consistent. 

Scanning Electron Microscopy – Virus Fixation: The Hu-Cov-229E were stamped onto 

the polymer and metallic surfaces as described in the previous section. The stamped 

surfaces were then incubated in 4% Paraformaldehyde (PFA) (EM grade) in Phosphate 

Buffer Silane (PBS) to fix the viruses. Then surfaces were rinsed with Milli-Q water and 
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air-dried, and afterwards coated with 3 nm of platinum for imaging using a JEOL 70000F 

(JEOL, Peabody). 

 

4.4     Results and Discussion 

4.4.1     RepelWrap Fabrication and Quantification of Surface Repellency and 

Durability 

The repellent plastic wrap (RepelWrap) was created by coating the surface of a shrinkable 

plastic wrap with an aminosilane linker (APTES) for binding the plastic to the NP layer; 

depositing a layer of SiNP as a stiff layer needed for wrinkle generation; and a adding a 

molecular layer of FS as the hydrophobic chemistry (Figure 4-1b). Following the coating 

of the plastic wrap with the desired materials, it was heat shrunk to form hierarchical 

micro/nanoscale wrinkles decorated with SiNP (Figure 4-1c, i).54,82,83,129 The RepelWrap 

combines a unique physical structure, microscale wrinkles with SiNP building blocks, with 

chemical functionalization for achieving repellency.54  
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Figure 4-1: RepelWrap and its role in reducing viral transmission. (a) schematic 
illustration of person-to-person transfer of viruses through common (i) and RepelWrap-
coated (ii) high touch surfaces. (b) Schematic diagram illustrating the manufacturing 
process of the RepelWrap (c) Scanning electron micrograph of i) polyethylene, ii) 
aluminum and iii) RepelWrap. The scale bars represent 1 µm. The inset provides a high 
magnification image of the surface with a scale bar of 100 nm.  

 

To quantify the repellent properties of RepelWrap, we measured its static CA and CAH, 

and compared these metrics to other materials (polyethylene and aluminum) commonly 

used in high touch surfaces such as handles, railings, hand tools, and countertops. CA is 

a measure of the wettability of the surface and is used to assess the surface free 

energy,243 whereas CAH measures the difference between advancing and receding CAs 
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and is used to assess the activation energy required for a droplet to slide on the 

surface.244 RepelWrap showed superior hydrophobicity (water CA:153o ± 3.6o) compared 

to both polyethylene and aluminum (water CA:104o ± 3.7o and 94o ± 1.8o respectively, 

Figure 4-2a). The CA of the surfaces was also analyzed using hexadecane, glycerol and 

ethylene glycol to provide insight into different liquid surface interactions and to measure 

their level of wettability to the surface. Hexadecane in particular has a significantly lower 

surface tension than water (27.47 mN/m vs. 72 mN/m) and only interacts with itself and 

surfaces through dispersive forces, unlike water that interacts with surfaces through 

dipole-dipole interactions and hydrogen bonding.245 These properties make hexadecane 

more efficient at wetting and contaminating surfaces, and make it suitable for quantifying 

the molecular interaction of dispersive forces at a surface. RepelWrap displayed superior 

performance in repelling hexadecane (hexadecane CA: 124o +/- 1.6o) compared to the 

control surfaces (hexadecane CA: polyethylene 35o +/- 7.2o and aluminum 10o +/- 2.6o). 

RepelWrap showed superior CA of 153.6o ± 1.3o for glycerol and 141.6o ± 2.7o for ethylene 

glycol, compared to the control surfaces of aluminum (glycerol CA: 42.0o ± 1.9o and 

ethylene glycol CA: 24.8o ± 1.3o) and polyethylene (glycerol CA: 92.9o ± 3.6o and ethylene 

glycol CA: 83.2o ± 3.7o). Additionally, RepelWrap exhibited much lower CAH with various 

liquids in comparison to the control surfaces (Figure 4-2a). A SA of < 5o (5 µL) was also 

seen on the RepelWrap for both water and glycerol; however sliding was not observed 

with ethylene glycol and hexadecane due to pinning of the liquid droplets into the surface 

structure. SA is a measure of droplet mobility98 and strongly correlates with CAH, with low 

SA being strongly correlated to repellency.113 The strong repellency of all the test liquids 

(all CA > 90o and CAH < 20o)246 observed here are the result of the formation of Cassie-
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Baxter wetting states on the micro and nanoscale features of the surface (Figure 4-1c 

i),119 which are not present on the planar surfaces of polyethylene and aluminum (Figure 

4-1c ii, iii).54 In order to confirm that all solutions were in the Cassie-Baxter wetting state 

on the surface of the RepelWrap, the fractional wetting of the surface was calculated for 

both water (0.122) and hexadecane (0.299). Values of fractional wetting smaller than one, 

as observed here, represent Cassie-Baxter wetting.247,248 Furthermore, modulation of the 

SiNP size (27 nm, 100 nm and 200 nm diameter) was used to tune the scale of the micro 

and nano-structures (Supplementary Figure 4-3). Comparison of the three surfaces 

showed that the increase in scale results in a decrease in the CA (Supplementary Figure 

4-3d) and an increase in the CAH (Supplementary Figure 4-3e) for all probing liquids. 

This ability to control the wettability for all probing liquids also allows for the easy tunability 

of the surfaces wetting for relevant applications.  Furthermore, it was previously 

determined that a significant portion of the hexadecane performance was due to the 

presence of fluorine groups (FS) on the surface, making the combination of the physical 

structure and the chemical modification essential for repellency.54 
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Figure 4-2: Evaluation of surface repellency and durability. (a) Graph displaying the 
contact angle (bars) and contact angle hysteresis (cross) of different surfaces with water 
(blue), hexadecane (green), glycerol (orange), and ethylene glycol (yellow). Images of 
water CA are inserted blow. (b) Schematic representation of the stability testing 
experiments where the contact angle of a newly fabricated surface was evaluated (i), the 
surface was physically contacted using an elastomeric stamp or a human finger (ii), and 
the physical characteristics of the surface were re-evaluated (iii). (c) Graph demonstrating 
the change in contact angle and contact angle hysteresis of water and hexadecane after 
repeated contact with an elastomeric stamp. (d) Graph demonstrating the change in 
contact angle and contact angle hysteresis of water and hexadecane after repeated 
touches with a human finger. All error bars represent the standard deviation from the 
mean. 
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To determine the stability and resiliency of RepelWrap, we re-evaluated the repellent 

properties of the surfaces before and after repeated contact with both elastomeric stamps 

and a human finger (Figure 4-2c, 4-2d). For the elastomeric stamp experiments, the water 

CA of the surfaces was measured every 30 stamps, each with a duration of 10 s and force 

of 699 ±1 mN, up to a total 90 stamps. There was no measurable change in the 

hydrophobicity (~150o CA and >5o CAH) and oleophobicity (~120o CA and > 15o CAH for 

Hexadecane) of the surfaces upon repeated stamping demonstrating the robustness of 

RepelWrap (Figure 4-2c). For the finger touch experiment, the surfaces were pressed 

with a force of 10793 ±1213 mN for roughly 1s, with a time delay of 1-2 s between the 

touches. The CA was measured after every 150 touches, and no significant change in 

repellency of water (~150o CA and >5o CAH) or hexadecane (~120o CA and > 15o CAH) 

was observed for the maximum number of touches that was assessed (Figure 4-2d), 

further demonstrating the resiliency of the surfaces against frequent usage on high touch 

surfaces (Figure 4-2b). The shear stability of the surface was also quantified to better 

understand how forces parallel to the surface will impact the wettability. After shearing of 

the surface with 200g and 500g weights no significant change was seen in the wettability 

of the surface, however after shearing with 1000g weight there was a significant decrease 

in the CA (by 20o ± 2.5o and 36.4o ± 15.7o) and increase in the CAH (by 27.4o ± 7.1o and 

15.7o ± 8.8o) for both water and hexadecane respectively. From Supplementary Figure 4-

5 it is also clear that the effects of shearing have a greater effect on the wetting of 

hexadecane, as greater variation in the CA measurement was observed for all shear 

cases compared to the control. The sustained CA (>150o) and SA (<10o) of water have 

been well reported for hierarchical wrinkled structures for various deformations 
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(stretching, bending and torsion) as well as abrasion and compression of the surface.88,89 

We have also previously shown that it is possible to cover objects with different form 

factors using the shrinking process involved in the fabrication of RepelWrap.54 The 

surface structure after both repeated stamping and touching with a finger was also 

investigated using SEM (Supplementary Figure 4-3). These images show slight 

damage/crushing on the peak of the hierarchical wrinkle structure, however the internal 

deeper re-entrant structure of the wrinkles, which is mainly responsible for the formation 

and stability of Cassie-Baxter wetting states,119 remains intact. Similar structural damage 

to hierarchical wrinkled microstructures have been observed in the past, which was 

paralleled with a decrease in the water CA from 160o to 147o.89 

 

4.4.2      Evaluation of RepelWrap in reducing viral contamination using an 

enveloped virus (HSV-2) as a model 

Once it was determined that the RepelWrap remains repellent following frequent 

touching, as is the case with high touch surfaces, we sought to determine whether the 

liquid repellent properties of the RepelWrap (high CA with various liquids and low SA)54  

can be translated to viral repellency (Figure 4-3). For this purpose, viral quantification was 

performed for HSV-2 (diameter of ~125 nm).249 This pathogen was chosen because it 

contained a phospholipid envelope and had a similar size as SARS-CoV-2 (diameter of 

60-140 nm)250, allowing it to be used as a surrogate model to evaluate the potential 

applicability of RepelWrap against the spread of COVID-19. The assay was performed by 

first contaminating an elastomeric stamp with a solution of Dulbecco’s Minimum Eagle 

Medium (DMEM) containing the virus (1.33x105 pfu/mL), then stamping the surfaces with 
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the stamp to mimic contamination with the human touch, and finally incubating the 

contaminated surface with cell growth media used in the viral quantification assay (Figure 

3a). It is important to note that DMEM has a similar viscosity (0.94 cP) and CA (152.3o ± 

3o) on RepelWrap as water, while the CAH of DMEM differs significantly from water (35o 

± 5o). This indicates that interactions between DMEM droplets on contaminated surfaces 

should have slightly higher wetting and attractive properties compared to water droplets 

during contact transmission of viruses. The virus titer present in the media was quantified 

using the vero-cell plaque assay (Figure 4-3b), in which the number of developed viral 

plaques were counted for different serial dilution factors (10-fold) and used to calculate 

the viral titer. The potential antiviral properties of the FS molecule and surface coating 

was also investigated (in solution and on planar surfaces) to ensure that the reduced 

surface contamination of viruses was due to the repellent properties of the hierarchical 

wrinkled structure. These control experiments demonstrated no measurable decreases 

in the viral titer in the presence of FS indicating the importance of the hierarchical 

structuring of RepelWrap in viral repellency (Supplementary Figure 4-1). It is evident from 

the abovementioned assay that RepelWrap is far less susceptible to becoming 

contaminated after contact, showing more than 4 logs reduction in HSV-2 titer compared 

to aluminum and polyethylene (Figure 4-3b).  
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Figure 4-3: Evaluation of the viral titer of RepelWrap after exposure to stamps 
contaminated with HSV-2. (a) schematic showing the stamp-based surface contamination 
assay (b) image showing the plaque assay performed on the three surfaces (c) 
Quantification of viral load on different surfaces after contamination using the stamping 
technique depicted in (a), the red line represents the concentration of viruses deposited 
onto the stamp prior to contact with the surface. 

 

4.4.3    RepelWrap significantly reduces contamination with coronaviruses 

Given the remarkable ability of RepelWrap in reducing contamination with HSV-2, we 

sought to answer whether it would also be possible to reduce contamination caused by 

HuCoV-229E (diameter of 80-120 nm)251, a coronavirus from the same family as SARS-

CoV-2, which is responsible for the COVID-19 pandemic. As such, the abovementioned 

stamping assay was used to contaminate RepelWrap and control surfaces with HuCoV-

229E, and the viral titer transferred to the surfaces was quantified using an endpoint 

dilution assay in which the serial dilution at which 50% cell lysis occurred was used to 

calculate the initial viral titre, via the Reed-Muench method.242 Similar to the HSV-2 
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experiment, RepelWrap reduced the viral titer by 4-logs compared to aluminum and 

polyethylene, confirming its high performance in repelling viruses. To further analyse the 

ability of the RepelWrap in reducing contamination on high touch surfaces, a multi-touch 

version of the assay was performed using HuCov-229E, in which the surfaces were 

stamped three consecutive times (each with a viral titer of 9.80x105 TCID50/mL) with 1 

min intervals between stampings. The comparison of the single- and multi-touch 

experiments shows a 0.33- and 0.16-log increase in contamination on the polyethylene 

and aluminum (Figure 4-4a), respectively, after the two additional touches. Remarkably 

repeated contact with a contaminated surface causes no increase in the viral titer 

measured on the RepelWrap. This, in conjunction with the maintained liquid repellency 

(~150o) after repeated physical contact (Figure 4-2c, 4-2d), show that the repellent 

properties sustain after repeated exposure to both contamination and mechanical strain.  

The ability of RepelWrap in repelling contamination is further confirmed using electron 

microscopy (Figure 4-4b). Scanning electron microscopy show clusters of viruses 

adhered to both polyethylene and aluminum; however, no visible contamination is 

observed across the RepelWrap (Figure 4-4b). To further confirm that the contamination 

seen in Figure 4b is in fact the viral particles (and not crystalized culture solution), control 

surfaces were contaminated with culture solution with and without the virus 

(Supplementary Figure 4-4). Unlike the virus contaminated surfaces, the particles of 

crystallized culture media on the control surface were much more sparsely distributed 

across the surface and much larger in diameter (500 nm – 5 µm) then the viral particles 

(diameter ~100 nm) seen in Figure 4-4b. These findings are in strong agreement with the 
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viral quantification assay and highlight the superior performance of RepelWrap for 

repelling viruses when coming in contact with fomites.  

 

Figure 4-4: Evaluation of the viral titer of RepelWrap after exposure to stamps 
contaminated with HuCoV-229E (a) The amount of viral titer measured on surfaces after 
contact with stamps contaminated with HuCov-229E. The red and blue line shows the 
total concentration of viral samples deposited on the stamp before contact with the 
surface. (b) SEMs of aluminum (i, ii), polyethylene (iii, iv) and RepelWrap (v, vi) after 
contact with contaminated HuCov-229E stamps. The scale bars represent 1 µm (i, iii, v) 
and 10 µm (ii, iv, vi). 
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4.5 Conclusion 

In this work, a contact transfer viral quantification assay was developed to investigate the 

interaction of viruses with RepelWrap, a highly repellent hierarchically structured surface. 

The quantification of the viral contamination was conducted with both DNA (HSV) and 

RNA (HuCov-229E) viruses. RepelWrap repelled various liquids (water CA 153o and 

Hexadecane CA 124o) and maintained its repellent properties after repeated physical 

contact with both elastomeric stamps and a human finger. When brought into physical 

contact with stamps contaminated with viruses, RepelWrap showed little to no 

contamination with HSV-2 or HuCov-229E, while other materials commonly used in high 

touch surfaces (aluminum and polyethylene) showed significant contamination. These 

repellent properties were retained after repeated contact with contaminated stamps, 

whereas the common surfaces displayed an increase in the amount of contamination.  

We attribute the virus repellency of RepelWrap to the reduced interaction of virus-

containing water droplets with the surface, reduced interaction of viral capsid proteins and 

biomolecules with the surface, or a combination of both.252,253 It is possible that moisture 

mediates the suspension and transfer of viral particles to high touch surfaces;254 as such,  

superhydrophobic surfaces that are highly effective in repelling water are less likely to get 

contaminated. Alternatively, reduced interaction/adsorption of viral capsid proteins in the 

presence of super-hydrophobic wetting states could reduce the adhesion of viruses from 

stamps to RepelWrap.227 Similar mechanisms have also been used to explain the 

reduced formation of biofilms54 and blood clots238 on hydrophobic given that protein 

adsorption is the first step in these processes.253 The adsorption of proteins to a surface 

is strongly related to the chemical properties, surface charge, surface structure, and the 
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hydrophilicity/hydrophobicity of the surface, the most significant of these effects are the 

long-range electrostatic interactions and hydrophobic effect,255 and as such the unique 

properties of the RepelWrap could attribute to reduce protein adhesion.113,252,253 More 

research is needed to better understand the exact mechanisms at play for the interaction 

of viruses with these class of surfaces. Better understanding of these interactions may 

also help to develop new classes of surfaces for preventing the spread and survivability 

of pathogens on surfaces.227,256 
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4.7      Supplementary Information  

4.7.1 Inactivation of viruses from Fluorosilane 

The infectivity of the FS molecule and surface coating was also investigated (in solution 

and on planar surfaces) to ensure that the reduced surface contamination of viruses was 

due to the repellent properties of the hierarchical wrinkled structure. These control 

experiments demonstrated no measurable decreases in the viral titer in the presence of 
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FS indicating the importance of the hierarchical structuring of RepelWrap in viral 

repellency (Figure S1). No difference between the samples (Figure S1), all conditions 

look similar so no inhibitory effect by FS in HSV-2 infection in cell culture for both FS 

solutions and modified surfaces. This experiment was repeated two times and the results 

were consistent. 

 

 

Supplementary Figure 4-1: Effect of fluorosilane on HSV-2 proliferation. Various 
concentrations (3%, 0.3%, 0.03%) of fluorosilane solution (blue) and different 
surfaces(unmodified glass (red), fluorosilane modified glass (white) and fluorosilane 
modified polyethylene (yellow)) after incubation with 6µL of 106 pfu/mL virus solution for 
20min. 

 

4.7.2 Partial wetting of surface structure with different liquids 

The following process was used to determine whether the RepelWrap is in a Cassie-

Baxter wetting state while wetting with hexadecane. The wetting of a surface under 

Cassie-Baxter wetting state is governed by the following equation257: 

cos(𝜃𝐶𝐵) = 𝜑𝑠(1 + cos(𝜃𝑌)) − 1 (Equation 4.1) 
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Where 𝜃𝐶𝐵, 𝜃𝑌 and 𝜑𝑠 are the Cassie-Baxter CA, the Young CA and the fractional wetting 

of the surface. Rearranging, we get the following equation for the fractional wetting of the 

surfaces for a given liquid247: 

𝜑𝑠 =
(1+cos(𝜃𝐶𝐵))

(1+cos(𝜃𝑌))
 (Equation 4.2) 

For a surface sustaining Cassie Baxter wetting state, the fractional wetting will be 0 <

𝜑𝑠 < 1.  Values closer to 0 will represent a smaller amount of wetted surface area while 

values closer to 1 will represent a higher amount of wetted surface area. Values of 𝜑𝑠 ≥

1would represent more than 100% surface wetting and are not modeled by Cassie Baxter 

Wetting. In this case, other models such as Wenzel wetting should be used to analyze 

surface wettability of rough surfaces. 52,247 Since the surface of the SiNPs is coated in a 

FS monolayer, the CA found for water and hexadecane of planar FS PO surface from 

previous work (96 o ± 3.8o for water and 62o ± 2.4o  for hexadecane)238 represents the 

Young CA of the RepelWrap surface. The values of 𝜃𝐶𝐵 found in Figure 3-2a result in the 

fractional wetting (𝜑𝑠) for water and hexadecane of 0.122 and 0.299 respectively. 

4.7.3 Tunable Wetting with change in nanoparticle size 

To tune the surface structure of RepelWrap, we varied the diameter (27 nm, 100 nm and 

200 nm) of its SiNP building blocks. The formation of wrinkled microstructures is governed 

by the following equation. 

𝜆 =
𝜋 𝑡𝑓

√𝜀𝑐
 (Equation 4.3) 

In which 𝜆, 𝜀𝑐 and 𝑡𝑓 are the wavelength of the wrinkle structure, the critical strain of the 

system and thickness of the thin film, respectively. Considering this equation, we 
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hypothesized that an increase in the NP size would increase the thickness of the buckling 

thin film, which would in turn increase the wavelength and amplitude of the wrinkled 

microstructure. Such predicted change in surface morphology is evident in the SEM 

images obtained from surfaces created from SiNPs of various diameters (Supplementary 

Figure 4-3a, 4-3b, 4-3c)). The increased wrinkle size in conjunction with the larger size of 

NPs increases the overall feature sizes observed on the hierarchical structures, which in 

turn reduces the CA of surfaces built using larger SiNPs (Supplementary Figure 4-3d). 

Further wetting analysis also showed an increase in the CAH of the larger structured 

surfaces (Supplementary Figure 4-3e), which reduced the repellency of the surfaces 

created using larger SiNPs. 
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Supplementary Figure 4-2: SEM images of RepelWrap surfaces created from 
nanoparticles having diameters of a) 27 nm, b) 100 nm and c) 200 nm. Scale bar 
represents 1 µm. (d), (e)Wettability analysis of RepelWrap surfaces created from 
nanoparticles in (a)-(c). 
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Supplementary Figure 4-3: Surface structure before (a,b) and after repeated stamping 
(c,d) and repeated touching with a finger (e,f) for 90 and 300 times respectively. The scale 
represents 1 µm (a,c,e) and 10 µm (b,d,f) 
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Supplementary Figure 4-4: Polyethylene Surface after stamping with culture media at 
two separate locations demonstrating debris (a,c) and surface defects (b,d).  

 

4.7.4 Surface Durability to shearing 

To measure the durability of the surface to sheering, the CA and CAH of water and 

hexadecane was measured before and after various masses were dragged across the 

surface.89,258,259 The bottom of all weights was wrapped in a nitril glove such as to replicate 

the surface texture seen in the finger touch durability assay (Figure 3-2d). Each mass 

was dragged over each surface five times before the CA and CAH were measured 

(Supplementary Figure 4-5). 
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Supplementary Figure 4-5: Contact angle after surface sheering with different weights 
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Chapter 5 A Super-Omniphobic and Photoactive Surface Presents Antimicrobial 

Properties by Repelling and Killing Pathogens  

Preface: 

In chapter 4, we characterized the ability of the repellent surface to prevent the adhesion 

of viral pathogens, and their durability to a large number of repeated touches. In this 

chapter, we focus on creating a dual-functional material capable of both repelling 

(Objective III) and killing bacterial contaminates which adhere to the surface (Objective 

IV). A deeper investigation into the adhesion of bacterial pathogens was done with 

multiple pathogenic bacteria strains (E. coli, B. subtilis, P. aeruginosa and MRSA), both 

individually and in conjunction. Photoactive TiO2 was integrated into the hierarchically 

structured repellent to enable the dual-functionality properties. The photoactive 

antimicrobial properties of the repellant surfaces were tested with and without light 

exposure. The performance of the dual-functional properties was additionally 

characterized under biofouling conditions with bacteria latent fecal matter, showing 

sustained pathogen repellency and antimicrobial effects. We also developed a more rapid 

manufacturing method than those used in the previous chapters (Objective I) in order to 

make the process more amenable to commercialization and large volume processing. 

Methodology: 

The aim of this chapter is to integrate photoactive materials into the surface structure of 

the omniphobic coating, enabling the surface to both repel pathogens as well as 

photoactively decontaminate the surface. An additional motivation behind modifying the 

repellent surfaces with photoactive materials was to improve manufacturing as 

photoactive metal oxides have different linking chemistry than that of the previous 
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nanomaterial’s materials used. The methods discussed in the previous chapter, while 

easily scalable, require very long incubation times to properly coat the polymer substrate. 

Dip-coating the surfaces with TiO2 nanoparticles was the method of choice, bringing down 

the manufacturing time of the hierarchical structures from roughly 24 hours to under 20 

minutes. 

To examine the transmission of bacteria on the surfaces, a similar stamping assay was 

conducted to the one described in the previous chapter (chapter 2), however an agar 

(3%) stamp was used instead of PDMS. The hydrophilic and hydrogel nature of agar 

stamps allowed for better absorption of the pathogens on their surface, resulting in the 

transfer of relatively equal amounts of contamination between the surfaces. After 

contamination of the surfaces, they were washed in phosphate buffer solution and 10-fold 

serial dilutions were performed. The dilutions were then plated using the tear drop 

method, allowing simultaneous plating and quantification of the number of colonies in the 

solution. To quantify the transfer on the different substrates, the number of bacteria 

cultured was compared directly to the number of bacteria deposited on the stamp before 

contamination. The latter method was then employed for the UV exposure assay, wherin 

surfaces were exposed to UV light for different lengths of time, after stamping and before 

washing of the substrates. Different types of bacterial species with varying cellular 

structures (Gram-positive or Gram-negative) and cell shapes (rod or spherical) were 

investigated. Furthermore, the testing of mixed cocktails of bacteria was also performed, 

as contaminated surfaces often have more the one pathogen present on their surface. It 

was also found that the fecal samples used also contained multiple different strains of 

bacteria. 
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Due to the extremely high liquid repellent properties of the superomniphobic surfaces, the 

measurement of the contact angle and contact angle hysteresis was quite challenging, 

as droplets would often roll off the surface before a measurement could be taken. One 

challenge in the photoactivity assays was the drying up of the transmitted bacteria on the 

surface, which increased the variances in the results, specifically on the control 

substrates. To solve this issue, the surfaces were incubated in phosphate buffer solution, 

in light and dark conditions, which led to more consistent and less variable results. 

Overall, the assays performed to test the transmittance and photoactive deactivation of 

pathogens validated the surfaces’ strong ability to both repel and kill pathogens. 

Authors: Roderick MacLachlan, Farhaan Kanji, Sadman Sakib, Shadman Kahn, Cedric 

Pattyn, Tohid F. Didar and Leyla Soleymani 

Publication: To be submitted in 2023 

 

5.1 Abstract 

Nosocomial (healthcare acquired) infections place significant burdens on both the cost 

associated with and quality of patient care in hospitals. Reducing the spread and 

prevalence of these infections is achievable by reducing the number of contaminated 

surfaces within healthcare environments. Herein we report a dual functional surface, with 

photoactive TiO2 integrated into the repellant hierarchical structures (OmniKill). To 

quantify the pathogen repellent properties of the OmniKill wrap, we developed a touch-

based assay, capable of simulating the transfer of individual pathogens, multiple 

pathogens and pathogen laten fecal matter from hands to environmental surfaces. These 
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films were capable of repelling significant amounts of bacterial pathogens, 2.77-log 

(99.8%) reduction in transmission for all tested strains (E. coli, B. subtilis, P. aeruginosa 

and MRSA). As a result of the photoactive material in the surface structure the omniphobic 

coating was capable of further reducing the viability of pathogens on the surface showing 

a 2.43-log (99.6%) reduction in viable bacteria on the surface after 1 hour of light 

exposure. In addition, we also showed that these anti pathogenic effects (both repellence 

and deactivation of pathogens) were not affected by more complex biological 

contaminates such as feces. These findings show the potential use of dual functional 

material in reducing the physical transmission of bacterial pathogens in healthcare 

setting. 

 

5.2 Introduction 

Contamination of surfaces with pathogens plays a significant role in the transmission of 

infectious diseases, accounting for a significant amount of nosocomial infections 

worldwide.20,141,260  Surfaces within our environment may become contaminated through 

a variety of pathways: deposition of respiratory droplets,230 direct physical contact with 

contaminating secretions or biological materials,261,262 and direct physical contact with 

other contaminated inanimate materials,260 after which physical contact may result in 

the transmission of the contaminating pathogens to uninfected hosts/individuals. 

Disinfection and hygiene protocols are commonly used in healthcare environments to 

reduce the risk of surface-mediated pathogen transmission.20 However, surfaces 

cleaned with traditional disinfectants are only able to remain sterile for a short period 

after cleaning and are vulnerable to recontamination.20 Additionally, hygiene may be 
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ineffective when materials are heavily contaminated,64 especially if the minimum 

infective dose for a specific pathogen is low.263 As a result, antipathogenic coatings and 

materials have gain much attention over the past decade as a viable solution to address 

surface contamination.  

Antipathogenic coatings can typically be broken down into biocide-releasing, contact-

killing, or pathogen-repelling coatings.62,65 Although purely antipathogenic (biocide-

releasing or contact-killing) properties can significantly reduce the concentrations of 

infectious pathogens on surfaces, it is well established that they suffer from the 

depletion of antipathogenic agents,62 buildup of dead pathogens and biological debris 

,62 and the development antimicrobial resistance.141 These factors result in the buildup 

of viable pathogens on surfaces, which can later be transmitted though physical contact. 

An alternative to solely antipathogenic coatings is pathogen-repellant 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.38  Liquid-infused surface coatings function 

through the infusion of a lubricating liquid into the surface structure or chemical 

coating.184,264–266 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.38,181,267 Air-infused coatings function by trapping air 

pockets within the surface structure, which inhibit the homogenous wetting of the solid 

surface.36 The resulting unique wetting state of the air-infused coatings, also known as 

Cassie-Baxter states, is responsible for the observed superhydrophobic and oleophobic 

properties of these materials.54,125 Generally, both classes of surfaces are manufactured 
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to have rough surfaces with high surface areas and are typically either porous, micro-

structured, nano-structured, or hierarchically structured.36,54,264 For both liquid- and air-

infused surfaces, the presence of hierarchically structured surface topography has 

shown significant increase in liquid repellency and robustness of the surface 

properties.38,268 The hierarchical structure used for liquid-infused surfaces helps retain 

larger amounts of the lubricating liquid within the structure,35 while for air-infused 

surfaces the hierarchical structure helps to increase the stability of the air pockets within 

the surface.125 Hierarchically structured surfaces also have the added benefit of 

significantly reducing the area of interaction between the solid surface and pathogens, 

significantly decreasing pathogen adhesion/contamination.52 

Even though repellant materials significantly reduce the spread and proliferation of 

pathogens in a variety of environments,54,269 they suffer from several shortcomings. In 

particular, liquid-infused coatings, despite recent progress for long-term lubricant 

retention,233,266 might not be appropriate for high-touch surfaces due to the slippery 

nature of the coating.35 Air-infused surface coatings are limited by the stability of the air-

pockets trapped within the surface structure.36 In submerged environments, the stability 

of the air pockets is dependent on the hydrostatic pressure, air diffusion, and shear flow 

near the surface; whereas in open air droplet impingement, mechanical abrasion, and 

chemical contamination are critically important.36 More specifically, in case of coating 

degradation, there is a decrease in repellent properties of the air-infused surfaces, 

which increases the susceptibility of the surface to pathogen contamination50 due to the 

formation of pathogen adhesion sites. Furthermore, pathogen repellent surfaces cannot 

provide the complete elimination of pathogen adhesion to their surfaces and their 
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repellency breaks down when the pathogen concentration exceeds a certain threshold 

value.50  

These issues can be resolved through the addition of antipathogenic materials into the 

repellant coating, allowing for any adhered pathogens to be deactivated, resulting in the 

material retaining its low levels of pathogen contamination.31 Coatings with the ability to 

both repel and kill pathogens are classified as dual-functional materials and have 

significant upside to the traditional pathogen-repellent or anti-pathogenic material 

coatings.63,264,270 

The current strategies used to develop dual-functional materials, with both pathogen-

repelling and antipathogenic properties include the co-deposition of repellent and 

antipathogenic materials such as co-polymers,63,270 fluorinated metal oxide 

nanoparticles,50,66 and fluorinated transition metal nanoparticles,41,67,271  the 

impregnation or loading of repellant coating with anti-pathogenic material,41 the use of 

switchable surfaces that change from repellent to pathogen killing states,61,69,270 and the 

use of photoactive materials within the repellant coatings.31,66,68  Dual-functionality 

achieved through co-deposition of repellent and antipathogenic materials is usually 

manufactured by the polymerization of an antiadhesive and antipathogenic monomer to 

form polymer brushes.63 While co-deposition and loading methods allow for the 

simultaneous repulsion and killing of pathogens, the two properties on the monomers 

are naturally contradictory in function, since anti-adhesion components repel pathogens, 

while antipathogenic components attract pathogens in order to deactivate them.63 As a 

result, creating material systems  which allow for control over when desired materials 

properties (anti-pathogenic or pathogen-repellent) are expressed  are of great benefit to 
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long term functionality of the coating. Switchable dual-functional surfaces can address 

this, allowing for switching between pathogen repellent and anti-pathogenic state, which 

is typically triggered through external stimuli such as temperature75, humidity, and 

hydration,69,76 light,66,68 or gas exposure (ex. CO2).61,270  Furthermore, the use of 

photoactive materials into repellent surface structure allows for control over the 

production of anti-pathogenic agents. When disinfection is required, the coating can be 

stimulated with light, producing reactive oxygen species capable of deactivation 

pathogens,151 allowing the surface to spend most of it working time in the pathogen-

repellant state. 

Herein, we developed a hierarchically structured air-infused omniphobic wrap integrated 

with photoactive TiO2 nanoparticles (NPs) named OmniKill. We then characterized the 

dual-functional properties of OmniKill and studied its role in reducing the surface 

mediated transmission of pathogens. The pathogen repellency and anti-pathogenic 

properties of the superhydrophobic and omniphobic versions of the wrap were 

characterized using a touch transfer assay that modeled the physical transmission of 

pathogens from contaminated hands (modelled by an agar stamp) to high touch 

surfaces. Using this approach, we were able to characterize the surface mediated 

transmission of the surfaces with single and multiple pathogens, as well as under real-

life conditions. We designed an experiment in which human finger mimicked by a stamp 

was contaminated with mouse feces, which was used to transfer contamination on 

secondary surfaces. Our study helped develop a new material system for reducing 

surface-mediated transmission of pathogens using repel and kill mechanisms and led to 
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a number of critical assays for modeling and studying surface-mediated transmission of 

pathogens with a single or multiple pathogens. 

 

5.3 Methods 

Functionalization of Polymer substrate with NP: Polyolefin (PO, Cryovac D-955) was cut 

into 15 mm discs and 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) 150W Radio Frequency (RF) power for 3 min. TiO2(P25) 

nanoparticles were then deposited on the surface via Dip coating at a pull rate of 1-2 

mm/s. TiO2 NPs were prepared by adding 60 mg of P25-TiO2 NP (~21 nm) 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 with compressed air.   

Fluorosilanization of Surfaces: 75 mL of anhydrous ethanol was heated to 55o C for 30 

min at which point 200 uL of 1 M HCl and 75 uL of FS making a 0.5 wt% solution. This 

was allowed to mix for 10 mins. The surfaces were then exposed to oxygen-plasma again 

for 3 min and subsequently placed into the FS solution for 1 hour. After the FS deposition 

the surfaces were washed in water for 5min and left to dry overnight. The wrap was then 

sonicated in ethanol for 10min and dried with compressed air. They were then shrunk via 

thermal shrinking at 145oC in an oven for 10min. 

Surface characterization: SEM and EDX imaging was performed on a JEOL 70000F. 

Samples were coated with 5-10 nm of platinum before imaging. CA and CAH 

measurements were taken on a KRUSS DSA30S Drop Shape Analyzer (Hamburg, 
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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 test269 and 

mechanical abrasion test272 are found elsewhere. A 200g 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 a microwave for 2 min. Hot agar suspension was then poured into 10 cm petri 

dishes and let cool at room temperature for 30 min. Stamps were then cut out using 6 

mm biopsy punches (Integra Miltex Disposable Biopsy Punch 6mm and Thermo-Fisher). 

In each stamp, 10 uL of overnight bacteria 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 into 

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 bacteria culture was prepared by creating an 

overnight culture of each bacteria strain. 100 µL of the overnight bacteria culture were 

added to 10mL of tryptic soy broth (TSB) media and mixed thoroughly. Contaminated 

Agar stamps were prepared as previously described with this mixed culture solution. After 

Plating of the bacterial dilutions the cells were differentiate though their individually 

distanced colony morphologies (Supplementary Figure 5-6). E. coli was GPF expressing 

and could be distinguish by a bright green colour (Supplementary Figure 5-6b), B. subtills 
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and P. aeruginosa were distinguished by a white colony and MRSA was distinguished by 

a yellow colony. The B. subtilis and P. aeruginosa we then 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 using the same method 

described for the bacterial touch transfer assay. However instead of washing in 500 µL of 

PBS 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. surface 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 was removed and 

transferred to a 1.5 mL microtube and subsequently followed by the contaminated surface 

and vortexed for 10 s. This solution was then used for dilution and platting.  

Fecal Transfer Assay: Mouse fecal samples were collected from the Farncombe Family 

Digestive Health Research Institute (Hamilton, Canada). Two pellets of either bacteria 

containing, or sterile mouse feces was placed into a 1.5 mL tube, to which 500 µL of 

phosphate buffer solution was added. This tube was then left to sit for 10min before 

shaking vigorously and vertexing at the max 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 let dry for 10 min. The stamping and plating procedure followed that 

of the Bacterial touch Transfer Assay. 
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Sequencing of Bacteria in Mouse Feces: To identify the bacterial colonies, the colonies 

were subcultured on Tryptic Soy Broth (TSB) agar to yield pure cultures. V3V4 16S rRNA 

PCR gene amplification was performed at the Surette laboratory (Hamilton, ON). Sanger 

DNA sequencing was performed at Mobix (Hamilton, ON). The DNA sequences were 

matched to corresponding bacteria using the National Center for Biotechnology 

Information's nucleotide collection database and the megablast program (Sayers et al, 

2022). 

 

5.4 Results and Discussion 

5.4.1 Manufacturing and Wettability of the Omniphobic Wrap 

The OmniKill Wraps were fabricated by first depositing the photoactive TiO2 NPs on a 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 5-1a). The functionalized polymer 

sheet was then modified by dip-coating through submerging it into an aqueous 

suspension TiO2 NPs (~21 nm) and then quickly removing it to deposit a thin layer of the 

NPs on the wrap. The TiO2 NPs are attached/bound to the surface through condensation 

reaction.134,273 This process was accelerated by baking the coated surface at 60oC for 10 

min (Figure 5-1a, ii). Following the formation of the TiO2 NP layer, the surfaces were 

treated with FS (1.5 h, 0.5 wt%) in order to reduce the surface energy (Figure 5-1c).54,269  

The final microstructure of the wrap was formed by thermally shrinking the polymer at 

145oC, which resulted in buckling of the thin film and the formation of hierarchical 

structures with micro-scale and nano-scale features (Figure 5-1a, iv). Such buckling of 

NP thin films is expected as the NP act as a stiff layer, capable of buckling under a critical 
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strain.129 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.129 

Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) 

images of the surface show great uniformity in both surfaces structure and coverage of 

the surface with fluorine groups (Supplementary Figure 5-1). 

 

Figure 5-1: Fabrication and characterization of the OmniKill Wrap. a) Schematic diagram 
depicting the manufacturing process of the OmniKill Wrap: i) oxygen Plasma treatment of 
the polyolefin substrate, ii) dip-coating of the substrate into a TiO2 nanoparticle 
suspension, iii) fluorosilanization of nanoparticles on the substrate, and iv) formation of 
microstructure through shrinking of the polymer substrate, along with the corresponding 
SEM images. e) Surface repellency of the 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 colour boxes in the graph 
represent the contact angle hysteresis. Dynamics of liquids bouncing on the surface of 
OmniKill Wrap using f) water and g) hexadecane. Scale bars on the SEM images are 3 
µm. 
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To quantify the wettability and omniphobicity (CA > 150o and CAH < 10o for all test 

liquids)46 of the functionalized wraps, we examined its interaction with various liquids with 

a wide range of surface tension, surface tension components (dispersive, polar) and 

viscosity (Supplementary Table 5-1). The PO substrate displayed CA of 96.7o±2.3o 

(water), 99.4o±1.5o (glycerol), 80.4o±1.7o (formamide), 73.1o ± 5.3o (ethylene glycol) and 

26.2o± 10.7o (hexadecane). Following the formation of the hierarchical structures made 

from TiO2 NPs (PO+TiO2), the wrap displayed superhydrophobic properties and a 

significant increase in the CAs of water (152.3o ± 2.0o), glycerol (132.8o ± 4.9o), formamide 

(106.8o ± 4.1o) and ethylene glycol (101.6o ± 5.0o). Interestingly the hexadecane CA of 

~0o, displayed a breakdown of the Cassie-Baxter wetting states with the decrease in liquid 

surface tension (Figure 5-1e). This was further evident as the fraction of surface wetting 

was increased with decreasing surface tension (Supplementary Figure 5-3) for the 

PO+TiO2 surface, displaying a direct transition of the Cassie-Baxter wetting states into 

Wenzel states with decrease in surface tension. The addition of FS increased the liquid 

repellency of the wrap for every tested liquid (water 159.3o ± 1.7o, glycerol: 158.5o ± 1.3o 

, formamide: 157.7o ± 0.6o , ethylene glycol: 155.76o ± 2.0o , hexadecane: 150.8o ± 3.1o 

), achieving omniphobic wetting.46 The most significant change in wettability for the PO + 

TiO2+ FS was seen with hexadecane, with an increase in over 150o compared to PO + 

TiO2, which is due to the FS modification, as the PO+TiO2 and PO+TiO2+FS surface have 

the same topography. The Cassie-Baxter state on the PO+TiO2+FS surfaces was 

significantly more stable than the PO+TiO2 surfaces maintaining a solid fraction of wetting 

of less than 16.5% for all liquids (Supplementary Figure 5-3). This indicates that adding 

FS causes the droplets of various liquids not to transition to Wenzel wetting states, which 
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is likely due to a large energy barrier between the solid/vapor and solid/liquid interfaces 

at the surface.274 

Even though the 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 6.9o-13.5o, the lowest hysteresis being for water and the largest being for 

hexadecane. The PO+TiO2 showed a larger variation in CAH (2.7o - 12.3o), with the 

smallest being water and the largest being ethylene glycol. Due to the high wettability of 

the Hexadecane on the PO+TiO2 surface, the CAH of hexadecane was unmeasurable. 

The PO+TiO2+FS surface had a significant decrease in CAH when compared to 

PO+TiO2, showing a CAH of less than 2o for all liquids excluding hexadecane, which had 

a CAH of 5.0o ± 1.4o (Figure 5-1e). To further characterize wettability under dynamic 

conditions, 5 µL droplets (water and hexadecane) were dropped onto various surfaces. 

The PO surfaces did not show any detachment of either water (SV 1) or the hexadecane 

(SV 2) droplets after impact with the material. On PO+TiO2 surfaces, water (SV 3) droplets 

fully detached from the surface after impact, but hexadecane (SV 4) fully wetted the 

surface. For the PO+TiO2+FS surface, both water (Figure 5-1f, SV 5) and hexadecane 

(Figure 5-1g, SV6) 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.97,275  The repellency of the PO+TiO2+FS surface toward both high and low 

surface tension liquids indicates wide range repellency36 and points to the potential for 

pathogen repellency.31 
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The durability of OmniKill Wrap was analyzed by observing the change in surface 

wettability after 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 (Supplementary Figure 5-4a); 

however, the CA of hexadecane was significantly decreased after 200 touches, falling by 

17.7% to below 150o (124.5+± 17.4o 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 (SI Figure 

5-4b).  
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5.4.2 Interaction of Omniphobic Hierarchical structures with Pathogens  

 

Figure 5-2: Characterization of the pathogen repellency of the OmniKill Wrap. a) Log-plot 
depicting the number of bacteria transferred between a contaminated stamp and sterile 
surface after physical contact. Red lines indicate the initial concentration of bacteria on 
the contaminating stamp. b) SEMs of bacteria (E. coli; i, ii, iii. B. subtilis; iv, v, vi. P. 
aeruginosa; vii, viii, ix. MRSA; x, xi, xii) on surface after contamination through physical 
contact. Scale bars on the SEM images are 3µm. 
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Once the liquid repellency of the PO+TiO2+FS surface was characterized, we 

investigated whether omniphobicity translated to bacteria repellency. To quantify the 

amount of bacteria that could be transmitted between a contaminated and a clean 

surface, agar stamps were contaminated with overnight culture of various bacteria and 

pressed into the clean surfaces. After stamping, the surfaces were washed with 500 uL 

of Phosphate Buffer 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), Bacillus Subtills (B. subtilis), Pseudomonas 

aeruginosa (P. aeruginosa) and Methicillin Resistant Staphylococcus aureus (MRSA), 

respectively from the initial concentration of the bacteria present on the stamp (Figure 5-

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 5-2b (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 for E. coli, B. subtilis, P. aeruginosa and MRSA reduction, respectively 

from the initial concentration of bacteria. The SEM of the PO+TiO2 surface reveals that 

the surfaces are only contaminated with individual bacterium and not with large 

aggregates. Interestingly, most of these contaminating bacteria are found within the 

groves of the surface microstructure (Figure 5-2b (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, 
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which is in line with previous work.54 The PO+TiO2+FS surface displayed a reduction of 

2.65 log, 3.57-log, 2.35-log, and 2.52-log for E. coli, B. subtilis, P. aeruginosa and MRSA 

from the initial concentration of bacterial. This is the highest reduction seen with the tested 

surfaces and is reflected in the SEM images of the PO+TiO2+FS surface after 

contamination, which show little to no bacterial contamination for all strains used in this 

study (Figure 5-2b (iii, vi, ix and xii)). 

  

Figure 5-3: Antimicrobial properties due to the photoactivity of TiO2. Concentration of live 
a) P. aeruginosa and b) MRSA on the surfaces after exposure to UV light. Red lines 
indicate the initial concentration of bacteria on the stamp before contamination. SEMs of 
the surfaces contaminated with c) P. aeruginosa and d) MRSA after 1h exposure to UV 
light; i) PO+TiO2+FS, ii) PO+TiO2, iii) PO, and in the dark; iv) PO+TiO2+FS, v) PO+TiO2, 
vi) PO. Scale bars on the SEM images represent 3 µm. 

 

Light-induced bacterial deactivation was measured on both PO+TiO2 and PO+TiO2+FS 

surfaces by exposing them to ultraviolet (UV) light after contamination with bacteria 

through stamping. More specifically, the surfaces were contaminated with P. aeruginosa 
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(Gram-negative) and MRSA (Gram-positive) via stamping, they were then exposed to low 

amounts of UV light for up to 60 min, and finally they were washed with 500 µL of PBS 

and the 100 µL was cultured to determine the amount of live bacteria present on the 

surfaces following contamination and light exposure. For both tested bacteria, no change 

bacteria concentration was seen on the PO surfaces after 60 min of exposure to UV light. 

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 transmitted pathogens. Interestingly, the 

PO+TiO2+FS surfaces showed an even greater reduction in the number of bacteria, 2.65-

log for P. aeruginosa and 2.21-log for MRSA compared to the initial number of transferred 

bacteria, after a 60 min light exposure. From the inoculating concentration on the stamps, 

this presents a 5.0-log and 4.74-log reduction in P. aeruginosa and MRSA concentration, 

respectively. Even though both PO+TiO2 and PO+TiO2+FS surfaces showed reductions 

in viable bacteria concentration 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, 

indicating that this reduction is related to the photoactivity of TiO2. This reduction in viable 

bacteria on the surface is generally attributed to photocatalysis and the formation of 

oxygen radicals on the surface of TiO2.151 It is well established that the formation of free 

reactive oxygen species by TiO2 causes oxidative stress to the inter- and extra-cellular 

components of bacteria, which ultimately leads to their deactivation.31,151 Omniphobic and 

superhydrophobic surfaces have been shown to prevent bacteria from forming protective 

biofilms,54,264 which leaves the bacteria more vulnerable to damage from their 

environment.276 Without the protective biofilm, the oxygen radicals produced by the TiO2 

on the surface can more easily interact with the bacterial cell membrane, causing 
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irreversible damage to the bacteria.151 Additionally there is evidence in the literature that 

alkylsilane and fluoroalkylsilanes may increase the rate and efficiency of oxygen radical 

formation.277 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 PO+TiO2+FS surface, explains its superior bactericidal effects of 

this surface.  

 

5.4.3 Testing of Anti-Pathogenic Properties in Real-World Conditions 

  

Figure 5-4: Multi-pathogen assay characterizing the simultaneous contamination of 
surfaces with multiple bacteria.  a) contamination of the surfaces using the stamp assay 
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 
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and iii) PO+TiO2+FS 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. 

 

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, the PO, PO+TiO2 and PO+TiO2+FS surface displayed a reduction 

of 0.53-log, 1.16-log and 2.15-log reduction in total bacterial adhesion (Supplementary 

Figure 5-5) compared to the initial concentration of bacteria on the stamp. The 

concentration of each individual strain was also determined by analyzing the colony 

morphology as discussed in the methods section. After differentiating the colonies 

(Supplementary Figure 5-6) a reduction of 1.96-log (E. coli), 1.52-log (B. subtilis), 1.93-

log (P. aeruginosa), 1.56-log (S. aureus) compared to the initial concentrations of each 

individual bacteria on the stamp, was seen on the PO+TiO2+FS (Figure 5-4a). This was 

very similar to that of the individual bacterial results seen in Figure 5-2a, indicating that 

the deposition of multiple strains of bacteria at once does not significantly affect their 

adhesion. 

To determine the ability of OmniKill Wrap in reducing 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 the contamination with mouse feces and subsequent washing and culture, two 

distinct colony morphologies were seen on the agar plates (large white colonies with 
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smooth edges and small clear colonies with rough edges) (Supplementary Figure 5-7). 

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 Lactobacillus murinus. We saw a reduction of 1.2, 0.46, and 3.15-log 

in Bacillus cereus concentration for PO, PO+TiO2 and PO+TiO2+FS surfaces compared 

to initial concentration of bacteria in the fecal matter. For Lactobacillus murinus, a 

reduction of 0.57, 0.36 and 3.29-log was also seen for the PO, PO+TiO2 and PO+TiO2+FS 

surfaces compared to initial concentration of the fecal bacteria on the stamp, respectively 

(Figure 5-4b). The bacterial contamination was also seen visually on the surfaces 

contaminated with feces-soiled stamps (Figure 5-4c). The PO+TiO2+FS surface showed 

the least amount of visible contamination compared than the other surfaces, which is in 

line with the viability results. These results indicate that the OmniKill Wrap is effective in 

reducing the transfer of contamination from intermediate surfaces. 

The deactivation of pathogens transferred from the feces was quantified by exposing 

contaminated surfaces to UV irradiation for 1 hour (Figure 5-4d). No reduction in bacterial 

contamination was seen for the PO or PO+TiO2 surfaces after the 1 hour of light exposure. 

The PO+TiO2+FS surface displayed a reduction of 0.89-log, 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 5-4d), 

compared to the bacteria in growth media (Figure 5-3), and the reduced decontamination 

seen on the PO+TiO2+FS, is likely a result of the fecal matter acting as a protective barrier 

between the oxygen radicles generated by the surface and the bacteria.  
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5.6 Conclusion 

We created two highly repellent and photoactive surface which were distinguished by 

their superhydrophobic and omniphobic properties. After characterization and 

classification of their liquid repellency, we quantified the pathogen repellency and found 

significant reduction in the physical adsorption of bacteria/pathogens to the omniphobic 

vs superhydrophobic surfaces. An average of 2.77-log (omniphobic) vs 1.57-log 

(superhydrophobic) of the pathogens remained on the contaminating surface after 

physical contact. After contamination of the surface an enhanced pathogen deactivation 

under UV light exposure on the fluorinated TiO2 vs the TiO2 was observed. After exposure 

to UV the OmniKill Wrap was able to reduce 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, while the non-fluorinated substrates were only able to reduce the pathogen 

concentrations by 1.24-log (MRSA) and 0.65-log (P. aeruginosa). This increase in the 

deactivation of the OmniKill wrap was attributed to the poor environment of the 

omniphobic surface for bacteria attachment and proliferation, allowing the bacteria to be 

more susceptible to damage from oxygen radicles generated by the surface, or the 

increased generation of ROS seen by FS modified TiO2. 

Additionally, the real-world interaction of the surfaces was analyzed through 

contamination with bacteria latent feces, which is a commonly found contaminate in 

health care environments. A significant decrease in the repellency of the PO+TiO2 surface 

was seen under the fecal contamination, showing less then half a log reduction in the 

bacteria contamination and clear visible contamination of the surface with feces. The 

OmniKill wrap on the other hand preformed significantly better, retaining the high 
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repellency in the presence of feces, showing a reduction of 3.22-log vs 0.405-log on the 

PO+TiO2 compared to the initial number of pathogens in the feces. The OmniKill wrap 

also showed deactivation of the transmitted fecal bacteria (reduction of 0.89-log) under 

UV irradiation, while the non-fluorinated TiO2 was unable to change the concentration 

after contamination. Overall the combination of omniphobic properties vs 

superhydrophobic properties in combination with controllable antipathogenic effects, 

were found to be superior. The combination of omniphobicity and photoactivity was able 

to passively and effectively reduce various different forms pathogenic contamination, 

during and after a contamination event, significantly reducing the exposure of physical 

pathogen transmission between people and surfaces. 

5.7 Acknowledgements 

The electron microscopy was carried out at the Canadian Center for Electron Microscopy 

(CCEM), a national facility supported by the NSERC and McMaster University. R.M. was 

the recipient of the Ontario Graduate Scholarship. L.S. is Tier II Canada Research Chair 

in Miniaturized Biomedical Devices. 

 



Ph.D. Thesis – Roderick MacLachlan; McMaster University – Engineering Physics 

138 
 

5.8 Supplementary Information  

5.8.1 EDX Data on the surfaces 

 

Supplementary Figure 5-1: EDS images of the Fluorine coverage of the a) 
microstructure and b) nanostructure  

 

5.8.2 Properties of Probing Liquids 

Supplementary Table 5-1: Surface Tension Components of Probe Liquids 

Liquid 𝛾 𝛾𝐿𝑊 𝛾+ 𝛾− 𝜇 
Water 72.8 22.6 25.5 25.5 0.01 
Glycerol  63.4 40.6 3.92 57.4 648 
Formamide 58.2 36 2.28 39.9 3.23 
Ethylene Glycol 48 29 3 30.1 18.376 
Hexadecane 27.5 27.5 0 0 3.454 

 

5.8.3 Fraction of Surface Wetting 

To determine the fraction of wetting the following equation was derived from the Cassie-

Baxter wetting equation, as seen in previous work.269 To determine the fraction of surface 

wetting the CA of the surface before the presence or in the absence of the microstructure 

is needed (Supplementary Figure 5-2).  The resulting fractions of surface wetting for each 

surface were plotted against each probing liquids total surface tension (Supplementary 

Figure 5-3). The blue data, which represents the TiO2 without the presence of FS shows 
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a significant increase in the wetting of the surface with a decrease in liquid surface tension 

and thus as poor omniphobicity. The TiO2 surface with the FS however show very little 

change in the fraction of wetting with the tested probing liquids and thus display very good 

omniphobicity. 

 

Supplementary Figure 5-2: Static Contact angle for surface before and after formation 
of the microstructure. 
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Supplementary Figure 5-3: Fraction of surface wetting for PO+TiO2 and PO+TiO2+FS 
surfaces 

 

 

5.8.4 Surface Durability 

 

Supplementary Figure 5-4: Stability of the omniphobic properties to a) surface 
compression and b) mechanical abrasion. 
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5.8.5 Mixed Bacteria Transfer Assay  

After measuring the initial number of colonies, the agar plates were left to grow for an 

additional 24-36h. At this point the difference in morphology between the different strains 

became clear. The bacteria we platted on Tryptic Soy Broth (TSB) plates and TSB 

Nalidixic Acid (TSB-NXA) plates. The TSB plates showed growth for all bacteria, E. coli 

was GPF expressing and could be distinguish by a bright green colour (Supplementary 

Figure 5-5b), B. subtills and P. aeruginosa were distinguished by a white colony and 

MRSA was distinguished by a yellow colony. The B. subtilis and P. aeruginosa we then 

further distinguished by the colony morphology with the former having solid edges while 

the latter has clear edges. The MRSA and P. aeruginosa we also cultured on TSB-NXA 

plates in case they were out competed buy the E. coli and B. subtilis. The MRSA 

concentrations did not seem to vary between the two plates however the P. aeruginosa 

grew better on the TSB-NXA plates (Supplementary Figure 5-5a). 

 

Supplementary Figure 5-5: Total contamination of Surface After mixed assay transfer. 
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Supplementary Figure 5-6: Different colony morphologies of the various bacterial 
strains, a) TSB-NXA plates and b) TSB plates. 

 

5.8.6 Determination of Fecal Bacteria Strains 

After platting of the feces onto TSB agar plates two-three distinct colony morphologies 

were seen. Two of them had larger spherical shapes with a white or a beige colour, the 

third was smaller, clear and had a much less spherical shape (Supplementary Figure 5-

7). These distinct colonies were then individually grown in TSB media overnight and then 

sent for PCR sequencing to determine what each individual bacterium was. The results 

of the PCR came back and reported the clear colony was Bacillus cereus the white colony 

was Rothia terrae and the Beige colony was Lactobacillus murinus. 
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Supplementary Figure 5-7: Different colonies found in mouse fecal samples 

 

The following are the results of each colonies sequencing: 

Clear colony: 

NNNNNNNtgcgcgTGCCTAATACaTGCaAGTCGAaCGAAACTTCTTTAtNccGAGTGCT

TGCACTCACCGATAAAgaGTT  

GAGTGGCGAACGGGTGAGTAACACGTGGGCAACCTGCCCAAAAGAGGGGGATAA

CACTTGGAAACAGGTGCTAATACCGC 

ATAACCATAGTTACCGCATGGTAACTATGTAAAAGGTGGCTATGCTACCGCTTTTG

GATGGGCCCGCGGCGCATTAGCTA 

GTTGGTGGGGTAAAGGCTTACCAAGGCAATGATGCGTAGCCGAACTGAGAGGTTG

ATCGGCCACATTGGGACTGAGACAC 

GGCCCAAACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCACAATGGGCGAAAG

CCTGATGGAGCAACGCCGCGTGGGTG 

AAGAAGGTCTTCGGATCGTAAAACCCTGTTGTTAGAGAAGAAAGTGCGTGAGAGTA

ACTGTTCACGTTTCGACGGTATCT 

AACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGC

AAGCGTTATCCGGATTTATTGGGCG 
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TAAAGGGAACGCAGGCGGTCTTTTAAGTCTGATGTGAAAGCCTTCGGCTTAACCG

GAGTAGTGCATTGGAAACTGGGAGA 

CTTGAGTGCAGAAGAGGAGAGTGGAACTCCATGTGTAGCGGTGAAATGCGTAGAT

ATATGGAAGAACACCAGTGGCGAAA 

GCGGCTCTCTGGTCTGTAACTGACGCTGAgGTTCGAAAGCGTGGGTAGCAAACAG

GATTAGATACCCTGGTAGTCCACGC 

CGTAAACGATGAATGCTAAGTGTTGGAGGGTTTCCGCCCTTCAGTGCTGCAGCTAA

CGCAATAAGCATTCCGCCTGGGGA 

GTACGACCGCAAGGTTGAAACTCAAAGGAATTGAACgG 

White colony: 

NNNNNNNgTGNcgcgTGCTTAANACATGCaAGTCGAACGATGAaGACCGGTGCTTGC

ACTGGTTGGATtAGTGGCGAACG  

GGTGAGTAATACGTGAGTAACCTGCCTTTGACTCTGGGATAAGCCTTGGAAACGA

GGTCTAATACCGGATATGACACAGT 

TTCGCATGAAATCTGTGTGGAAAGGGTTTGTACTGGTTTTAGATGGGCTCACGGCC

TATCAGCTTGTTGGTGGGGTAATG 

GCTCACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGTGACCGGCCACACTG

GGACTGAGACACGGCCCAGACTCCTAC 

GGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCGACG

CCGCGTGAGGGATGACGGCCTTCGGG 

TTGTAAACCTCTTTCAGCAGGGGAGAAGCGAAAGTGACGGTACCTGCAGAAGAAG

CGCCGGCTAACTACGTGCCAGCAGC 

CGCGGTAATACGTAGGGCGCGAGCGTTGTCCGGAATTATTGGGCGTAAAGAGCTT

GTAGGCGGTTTGTCGCGTCTGCTGT 

GAAAGCCCGGGGCTTAACTCCGGGTTTGCAGTGGGTACGGGCTAACTAGAGTGCA

GTAGGGGAGACTGGAATTCCTGGTG 

TAGCGGTGGAATGCGCAGATATCAGGAGGAACACCGATGGCGAAGGCAGGTCTC

TGGGCTGTAACTGACGCTGAGAAGCG 

AAAGCATGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCATGCCGTAAACGTT

GGGCACTAGGTGTGGGGGACATTCC 

ACGTTTTCCGCGCCGTAGCTAACGCATTAAGTGCCCCGCCTGGGGAGTACGGTCG

CAAGGCTAAAACTCAAAGGATTGAA 

CNGG 
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Beige colony: 

NNNNNNNNNTGcgcgtGCCTAATACaTGCaGTCGAGCGaNTGNattAAGAGCTTGCTCT

TATGAAGTTAGCGGCGGacGG  

GTGAGTAACACGTGGGTAACCTGCCCATAAGACTGGGATAACTCCGGGAAACCGG

GGCTAATACCGGATAACATTTTGAA 

CCGCATGGTTCGAAATTGAAAGGCGGCTTCGGCTGTCACTTATGGATGGACCCGC

GTCGCATTAGCTAGTTGGTGAGGTA 

ACGGCTCACCAAGGCAACGATGCGTAGCCGACCTGAGAGGGTGATCGGCCACAC

TGGGACTGAGACACGGCCCAGACTCC 

TACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGACGAAAGTCTGACGGAGCAA

CGCCGCGTGAGTGATGAAGGCTTTC 

GGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTGCTAGTTGAATAAGCTGGCAC

CTTGACGGTACCTAACCAGAAAGC 

CACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTATCC

GGAATTATTGGGCGTAAAGCGCGCG 

CAGGTGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCAACCGTGGAGGGTCAT

TGGAAACTGGGAGACTTGAGTGCAG 

AAGAGGAAAGTGGAATTCCATGTGTAGCGGTGAAATGCGTAGAGATATGGAGGAA

CACCAGTGGCGAAgGCGACTTTTCT 

GGTCTGTAACTGACACTGAGGCGCGAAAGCGTGGGGAGCAACAGGATTAgATACC

CTGGTAGTCCACGCCGTAAACGATG 

AGTGCTAAGTGTTAGAGGGTTTTCCGCCCTTTAGTGCTGANGTTAACGCATTAAAG

CACTCCGNCTGGGGAGTACGGCCG 

CAAGGCTGAAACTCAaANGAatTNGACGGN 
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Chapter 6 Summary, Conclusions, Limitations, and Future Work 

Preface: 

This final chapter summarizes the work done in the thesis, as well as discuss the impact 

of this on the development of antipathogenic and pathogen repellant materials. This will 

finish off with a discussion of the limitations of the current work and opportunities for future 

improvements. 

6.1 Thesis Summary 

The goal of this thesis was to develop and investigate the use of omniphobic surfaces in 

reducing the physical contamination of surfaces with biological contaminates. Photoactive 

TiO2 was integrated into the hierarchical structures to create an additional layer of 

protection against surface contamination. This study provides insight into the physical 

adhesion of pathogens to omniphobic surfaces in open-air environments and the dual 

functional effects of photoactive materials integrated into the surface of repellent 

structures.  

Solution-based and layer-by-layer manufacturing techniques were chosen due to low-

cost, scalability, and uniformity. The structural properties and chemical composition of the 

hierarchical structures were analyzed using scanning electron microcopy (SEM) and 

energy dispersed spectroscopy (EDS). Liquid repellent properties were characterized 

through contact angle (CA) and contact angle hysteresis (CAH) measurements with 

liquids of various surface tensions, including water and hexadecane. The resistance to 

biological contaminates was analyzed through exposure to blood fouling and pathogen 

transmission assays. Blood staining and coagulation studies were used to assess the 

repellent surfaces resistance to blood fouling. Transmission assays as well as SEM 
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imaging were used to quantify both the quantity of transmitted viral and bacterial 

pathogens on the repellent surfaces and their antimicrobial effects. 

We have demonstrated that repellent materials, with omniphobic properties, can repel a 

wide variety of biological contaminates including blood, fecal matter, bacteria, and 

viruses. Modification of the surface structure with photoactive materials was also found 

to add another layer of antipathogenic effects allowing the surfaces to both repel and kill 

pathogens. 

 

6.2 Thesis Conclusions 

1) Hierarchically structured wrinkled surfaces were developed through solution-

based and dip coating methods, resulting in inexpensive and scalable deposition 

of NP films. These methods allow for the easy tuning of the structure geometry by 

changing parameters like the size of deposited NPs and the amount of strain 

applied to the film. The topography of the surface structure can be tailored by 

changing the size of nano particles used (200 nm-12 nm), with smaller particles 

allowing for smaller nano and micro scale features, which results in stronger 

omniphobic properties. The hierarchically structured wrinkled surfaces displayed 

homogeneous and robust omniphobic wetting properties showing CA > 150o and 

SA < 5o  for water and hexadecane. 

2) We investigated the effect of surface texture over multiple length scales (ie. 

hierarchical structures) in their resistance to biofouling. The hierarchically 

structured wrinkled omniphobic surface showed significant improvements in anti-
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biofouling properties compared to the same micro- and nano-scale features on 

their own, with a greater than 90% reduction in the adherence of blood to the 

surface. The presence of hieratical structures also had significant impact on the 

wettability of the surface structures, with the hierarchical structures (water CA 

149.9o ± 3.7o) having much stronger liquid repellent properties then the micro 

(water CA 78o ± 5.1o) and nano (water CA 127o ± 9.4o) structures. Under dynamic 

conditions blood cells were unable to adhere to the repellant surface (this was 

verified though SEM imaging of the surface after flow), while non-hierarchical 

surface structures were heavily contaminated with blood cells. It is evident from 

this work that hierarchy in the surface topography is critical in producing strong 

and robust omniphobic and anti-biofouling properties, under static and dynamic 

conditions.  

3) We showed that hierarchically structured omniphobic surface significantly reduce 

the physical adsorption of pathogens in open-air environments. The presence of 

hierarchical surface structures has a significant impact on the interacting surface 

area of the solid interface, limiting the cohesive interaction of liquids and 

pathogens with the surface. In this respect, a reduction of greater than 2-log was 

shown by hierarchical structures with all pathogens. Omniphobic hierarchical 

structures reduced the adsorption similarly for several pathogenic bacteria 

species with differing cell morphologies (rod and spherical) and cell membrane 

structure (Gram-negative and Gram-positive). The strongest pathogen repellant 

properties were seen for viral pathogens, which showed a roughly 5-log reduction 

in the adsorption when compared to non-hierarchical materials. 
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4) Omniphobicity was found to be superior to superhydrophobicity in repelling all 

forms of biological contamination in open-air environments. Differences in the 

pathogenic adhesion of bacteria on superhydrophobic vs omniphobic hierarchical 

structured surfaces was seen from SEM of their surfaces after contamination. 

Surfaces with only superhydrophobic properties, and no repellency to oils, trap 

bacterial pathogens inside their surface structures, resulting in higher amounts of 

pathogen adhesion. Bacterial culture also supported these observations with the 

omniphobic surface showing a 2.15-log reduction in contact transmission 

compared to the 1.16-log reduction seen on the superhydrophobic surfaces. 

Moreover, omniphobic surface structures showed significantly reduced surface 

biofouling with feces, when compared to superhydrophobic surfaces, which were 

significantly contaminated. While both have shown reduction in the adhesion of 

isolated pathogens, superhydrophobic surfaces were unable to prevent the 

contamination of pathogens when fecal matter was present.  

5) Photoactive materials (TiO2) were integrated into the surface structure of a 

hierarchically structured omniphobic coating, showing robust dual functional 

(pathogen repellent and anti-pathogenic) effects. The photoactive hierarchal 

strictures displayed strong omniphobic (water and hexadecane CA of 159.3o± 1.7o 

and 150.8o± 3.1o respectively) repellent properties, and displayed no antimicrobial 

effects under dark conditions. Illumination of the surface with ultraviolet light was 

able to further reduce the number of physically transferred bacteria from a 

contaminated stamp by an additional ~2.43-log compared to dark conditions. The 

combination of highly repellant and photoactive materials significantly reduced 
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pathogen contamination, compared to the individual effects of these properties, 

allowing for a combined total reduction in contamination of ~4.87-log. 

 

6.3 Contributions to the Field 

The work described in this thesis has led to the following contributions to the field: 

Scalable all-solution process for the manufacturing of tunable superhydrophobic and 

oleophobic materials 

Techniques to develop hierarchically structure surfaces with high liquid repellency 

commonly depend on photolithography,117 reactive ion etching,45 electrospinning,117,278 

electrochemical etching/ anodizing,279,280 and laser ablation118  in order to create their 

surface structures. These manufacturing processes suffer from several draw backs 

including difficulty to scale to large areas and substrate/material restriction.281 The 

development of manufacturing methods described here, which utilize the layer-by-layer 

deposition of NPs129 and fluorinate coatings onto pre-strained polymer substrates, allows 

for the inexpensive and scalable functionalizing of superhydrophobic and omniphobic 

materials. Additionally, these methods allow for the easy coating of pre-strained polymer 

substrates that have the ability to shrink and conform to any shape, which allows for the 

easy application of liquid repellent coatings in various areas and environments. 

Furthermore, manufacturing parameters including NP size (12 nm-200 nm), NP materials 

(AuNP, SiNP and TiO2 NP) and chemical modifications (OTS, FS) can be varied to 

achieve different levels of repellency (liquid and pathogen), geometry of the surface 
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structure and material properties (such as photoactivity) of the surfaces, as seen 

throughout the work. 

Quantification of the physical transmission of individual pathogens and the simultaneous 

transmission of multiple different pathogens to surfaces  

The quantification of pathogen repellency is typically achieved through biofilm growth 

assays,54 inhibition zone assays282–284 and aqueous/spray contamination assays.73,285 

These methods replicate the adherence of pathogens in aqueous environments or are 

limited to the testing of individual pathogens at one time, all of which do not simulate the 

real-world physical transmission of pathogens between surfaces in open air 

environments. We developed a touch transfer assay which simulated the transmission of 

pathogens from human fingers to various test materials. The stamps used in this assay 

were easily functionable with a wide range of individual pathogens and combinations of 

different pathogens, which allow for the high throughput screening of the pathogen 

transmission to different materials. This will permit researchers to sample/simulate 

various contamination conditions and environments, ultimately aiding in the design of 

repellent surfaces that are tailored for specific situations. This work also displayed one of 

the first examples of omniphobic surface preventing the physical transmission and 

adsorption of viral pathogens under physical contact with contaminated solid interfaces. 

Enhanced Repellency of omniphobic vs superhydrophobic surfaces 

The adhesion of pathogens to surfaces with poor wettability has demonstrated a large 

disconnect between what is seen experimentally and what is expected theoretically,95 

with theoretical models suggesting that pathogen adhesion should be promoted to these 
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surfaces while experimentally this is not the case. To this extent, we tested the differences 

in pathogen adhesion for repellent surfaces with only superhydrophobic (super repellent 

to only water) properties and those with omniphobic (super repellent to all liquids) 

properties. We demonstrated that both superhydrophobic and omniphobic materials can 

significantly reduce the adhesion of virus (both RNA and DNA) and bacteria (both Gram-

negative and Gram-positive) pathogens, which the omniphobic materials showing 

improved performance. The benefit of omniphobic versus superhydrophobic surfaces 

was further evident through SEM of the surface, which showed that a significant portion 

of the contamination of bacterial pathogens on superhydrophobic surfaces were found 

trapped within the repellant surface structure. The superhydrophobic material also lost all 

repellent properties under contamination with bacteria latent fecal matter, while the 

omniphobic materials were able to maintain the pathogen repellency.  

Light stimulated antipathogenic properties integrated into omniphobic surface structures 

While pathogen repellent materials have shown a great ability to prevent the initial 

adhesion of pathogens to their surface,31,42,54 they suffer from some significant 

drawbacks. Specifically, damage or defects to the surface structure will lead to a buildup 

of contaminants,50 environmental instability in the repelling phenomena,35,36 and 

breakdown in repellency at sufficiently large pathogen concentrations.50 In this work, we 

explored the use of photoactive NPs that are integrated into the hierarchical structure of 

the omniphobic material to address these issues. This was achieved by the addition of 

TiO2 into the surface structure, which displayed both reduced adhesion of pathogens 

through physical contact and surface decontamination under UV exposure. The reduced 

adhesion of pathogens resulted from the hierarchical and omniphobic structures made by 
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the Fluorinated TiO2 NPs, while the self-decontaminating properties arose from the 

photoactivity of the TiO2 NPs in the surface. Interestingly, the combination of the 

photoactive material and omniphobic properties displayed an enhancement of 

antipathogenic effects of the surface under light exposure, which was not seen on the 

superhydrophobic versions of the surface. 

 

6.4 Future Work 

Mechanistic study on the adhesion of pathogens to surface with superhydrophobic and 

omniphobic properties 

In chapter 2, we discussed the mechanisms of pathogen adhesion and the different 

models which have been developed in order to select and design materials capable of 

preventing and/or significantly reducing this adhesion. The issue with the discussed 

models is that they only describe the interaction of pathogenic particles with planar 

smooth surfaces. In fact, it is well understood in the literature that there is a disconnect 

between adhesion predicted observed on superhydrophobic and omniphobic surfaces.95 

This disconnect arises as the hydrophobic interactions  between the pathogens and the 

solid-liquid interfaces of superhydrophobic and omniphobic surfaces predict that these 

materials should favor the adhesion of pathogens.95 However, in both chapter 4 and 5 

this was not observed, and similar observations of superhydrophobic and omniphobic 

surface pathogen repelling properties have also been seen throughout the 

literature.42,54,95,271 In order to better characterize the interaction of pathogen-surface 

adhesion on superhydrophobic and omniphobic materials, an in-depth study comparing 
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the adhesion of various pathogens with different wetting states and material surface 

energies should be conducted.  

With the methods of creating tunable wrinkled hierarchical structures employed 

throughout this work, we can create surfaces with a variety of wetting properties; 

hydrophobic-oleophobic, superhydrophobic-oleophilic, superhydrophobic and 

oleophobic, and omniphobic, which all have similar surface structure. By combining this 

with the pathogen touch transfer assay we have developed, we can directly compare the 

number of pathogens transferred to the surface with their wettability, and look for models 

which describe the observed pathogen transfer to these surfaces. Specifically, we can 

use the wettability data to determine the surface tension components of both the bacteria 

and the repellant materials, which has been done extensively with planar materials in 

order to relate wettability and pathogen adhesion.37,109 Gaining a better understanding of 

the physical interactions and mechanisms of pathogen adhesion at hierarchically 

structured repellent interfaces may lead to improved or new methods or approaches in 

reducing the adhesion of pathogens to surfaces. 

 

Integrating visible light adsorbing photoactive materials into omniphobic surfaces 

In chapter 5 we integrated photoactive TiO2 into the hierarchical structure of the repellant 

surfaces. These showed great performance in reducing the contamination of pathogens, 

under both physical contact and light exposure. However, the TiO2 was only able to 

decontaminate the surface under exposure to UV light, which has a few draw backs; low-

levels or lack of ambient UV light in the environment will limit the antimicrobial properties 
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of surfaces and UV light can be damaging to human eyes, depending on the intensity. To 

address these issues the use of visible light adsorbing photoactive materials should be 

used, which will allow for the passive and continuous decontamination of the surface from 

ambient light in the environment.  

One way to achieve this would be to modify the integrated TiO2 NP so they are visible 

light adsorbent. This can be done by functionalizing the TiO2 NP with catechol ligands.134 

Catechol’s are benzene derivatives with two adjacent hydroxyl groups,286 and are known 

for their great adhesive and oxidative properties.286–288 Catechol based molecules readily 

bond to metal oxides and have been used extensively in photoelectron chemistry to 

change the light absorption of TiO2.289 Particularly, the catechol’s 3,4-

dihydroxybenzaldehyde (DHBA) and Caffeic Acid have shown to significantly shift the 

absorption spectra of TiO2,273,290 as well have shown to significantly increase the 

photocurrent generation.290 Furthermore, catechols have been used for antimicrobial 

coatings as catechol oxidation produces significant ROS,291 making them excellent 

candidates for dual-functional surfaces. 
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Figure 6-1: Modification of TiO2 coated PO with catechols a) Schematic of the surface 
manufacturing b) TiO2 surface modified with different catechols c) SEM of CA modified 
TiO2 surface. 

 

Following the dip-coating of TiO2 NP as seen in chapter 5, we can create a uniform TiO2 

film which can be easily functionalized by submerging it in the catechol solution for 30s 

(Figure 6-1a). Figure 6-1b shows the TiO2 surface with three different catechol 

modifications (Hematoxylin (red), DHBA (orange) and CA (yellow)), to which the shift in 

the adsorption spectra can be seen visually with the change in colour of the surface. 

These catechol modified surfaces also all show superhydrophobicity and a robust 

wrinkled microstructure when shrunk (Figure 6-1c). 
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Wrinkling without shrinking 

One of the key issues with the designed material systems in this work is the requirement 

for a prestrained polymer substrate in order to form the hierarchical wrinkled 

microstructure. In order to create the hierarchical surface structure, the substrates were 

heated above the glass transition temperature, causing them to shrink significantly, with 

the PS substrates used in chapter 2 shrinking by 60% and the PO substrates used in 

chapter 4 and 5 shrinking by 90%. This process results in a significant increase in the 

cost of manufacturing for these materials because the final usable surface area of the 

coating is significantly lower than that of the functionalized polymer film. To solve this 

issue, investigations should be done into creating a manufacturing method of hierarchical 

wrinkles which do not require the straining of the polymer substrate in order to form. To 

create spontaneous wrinkles without thermal shrinking of the polymer substrate, the 

following techniques have been developed:  

1) Wrinkling of Hydrogel Films: Generally, the wrinkles are induced by generating 

internal stress and strain throughout the hydrogel film. This has been achieved in 

two main ways: curing of the film during dehydration of the hydrogel130 and photo-

cross-linking of the hydrogel at the surface.292,293 In the first case, partial 

dehydration of the film is done (through vacuum and heat exposure) creating a 

strain gradient across the film. The surface is then exposed to UV light until the 

hydrogel is fully cured, causing the film to hold the wrinkle structure. In the second 

case, photo initiators are diffused into the surface and activated with UV light. This 

results in cross linking and stiffening of the upper portions of the film, creating a 

strain gradient and wrinkling formation at the surface.292,293  
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2) Wrinkling of polyelectrolyte multilayer films: In this process, two polyelectrolyte 

chains are deposited simultaneously onto the substrate surface. The electrostatic 

interactions of these chains can cause instability within the film.294 These 

instabilities can be exaggerated by swelling the films, which creates significant 

internal stresses resulting in the formation of wrinkles.295 Once swollen, these 

layers can be crosslinked together, allowing the film to hold its wrinkled 

structure.294–296  

These processes involve creating internal stress/strain gradients throughout the coating, 

which causes the formation of the micro wrinkle structure. Combining these wrinkling 

methods with the NP functionalization and fluorination process discussed throughout this 

thesis may result in unique and easy to manufacture hierarchical and repellant surface 

structures.  
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Appendix A: Formation of Hierarchical wrinkled structure on PO substrates 

The work in this section describes and discusses the results of my contributions to the 

work published in ACS Nano on December 13, 2019, which was led by Sara M. Imani. 

The repellent surface described in chapter 3, while displaying excellent blood repellent 

properties, suffered from a few drawbacks including non-flexible substrate after shrinking 

and expensive AuNP. To address this the substrate was switched from PS to PO, which 

maintains its flexibility after shrinking. The PO substrate also had substantially higher 

strain compared to the PS, shrinking to 10% of its original area compared to the 40% of 

the PS. Comparison of the hierarchical structure of the PO and PS surface can be found 

in Figure A-1. 
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Figure A-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 (27nm SiNPs). The scale 
bars on larger SEM images represent 1um and for the insets represent 100nm. The insets 
provide high magnification representative image from the imaged substrate. 
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After the desired surface structure was achieved, the wetting properties of the wraps were 

compared to the original PS surface structures made in chapter 3. The hierarchically 

wrinkled structures on the PO substrates showed similar properties to  that of the PS 

surface, displaying contact angle of 154o±4o, 124o±2o and 142o±5o for water, blood, and 

hexadecane respectively. Additionally, the PO substrate also maintained its liquid 

repellent properties under deformation, allowing it to conform around objects without 

losing its repellent properties. Further, characterization of the surface wettability under 

dynamic conditions was also conducted in this work, as seen with the slow-motion snap 

shots (Figure A-1b) and measurements of the advancing/receding contact angles and 

contact angle hysteresis (Figure A-1c). The omniphobic surface here showed great 

antiwetting properties under dynamic conditions, as impact water droplets were able to 

completely detach from the surface after impact (Figure A-1b), indicating robust 

superhydrophobic wetting states. 
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Figure A-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 colour-coded image of the contact angle (CA represents contact angle). 
The inset shows the blood contact angle on a bent PO-Hierarchical-FS, showing he 
robustness of the surface upon bending. b) slow-motion snapshots of 10uL droplet on 
PO-hierarchical-FS at 4ms intervals. c) Advancing/receding contact angles, contact angle 
hysteresis and calculated sliding angle. Error bars represent standard deviation from the 
mean for at least three samples. The “dot” represents the individual data points leading 
to the averages plotted as bars. 


