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Lay Abstract 

Repellent surfaces have a variety of applications in healthcare, for coating medical devices 

(e.g. indwelling implants, stethoscopes, and other external devices.), coating hospital 

surfaces for blood and pathogen repellency, and for developing anti-fouling diagnostic 

devices. Furthermore, they can be applied in the food sector for limiting contaminations, 

and in public areas on high-touch surfaces to eliminate the spread of infection. Therefore, 

there is a need for repellent surface which can be easily applied to surfaces with various 

form factors while having an easy fabrication method. Featuring hierarchical structures on 

a heat-shrinkable material, a repellent wrap was designed to be integrated on existing 

surfaces and repel pathogens and suppress the spread of infection as an intermediate 

surface. Similar concept was used for designing blood repellent surfaces which were 

patterned with hydrophilic regions for a rapid dip-based biosensing platform. Finally, 

surface textures on conductive materials with liquid infused repellent coatings were 

investigated for electrochemical biosensing in complex biological liquids. 
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Abstract  

Development of repellent surfaces which can supress bacteria adhesion, blood 

contamination and thrombosis, and non-specific adhesion on diagnostic devices has been a 

topic of intense research as these characteristics are in high demand. This thesis focused on 

design and development of omniphobic surfaces based on hierarchical structures and their 

application for preventing pathogenic contamination and biosensing. First, a flexible 

hierarchical heat-shrinkable wrap featuring micro and nanostructures, was developed with 

straightforward scalable methods which can be applied to existing surfaces. These surfaces 

reduced biofilm formation of World Health Organization-designated priority pathogens as 

well as minimized risk of spreading contamination from intermediate surfaces. This is due 

to the broad liquid repellency and the presence of reduced anchor points for bacterial 

adhesion on the hierarchical surfaces. Next, the developed surfaces were applied to 

minimize blood contamination and clot formation as well as facile integration of 

hydrophilic patterns. This led to droplet compartmentalization and was utilized for 

detection of Interleukin 6 in a rapid dip-based assay. Furthermore, in a review article the 

need for anti-viral or virus repellent surfaces and future perspectives were discussed as the 

global COVID-19 pandemic surged and attracted interest toward innovative technologies 

for suppressing the spread of pathogens. To address the pressing issue of non-specific 

adhesion in diagnostics devices, an omniphobic liquid infused electrochemical biosensor 

was developed. This was achieved by electroplating gold nanostructures on fluorosilanized 

gold electrodes. These electrodes demonstrated rapid and specific detection of Escherichia 

coli within an hour in complex biological liquids (blood, urine, etc.) without dilutions or 
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amplification steps from clinical patient samples which are major bottle necks when rapid 

detection systems are sought for at the point of care.  
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1 Chapter 1: Introduction 
 

Preface 

This chapter presents an introduction on bioinspired structured repellent surfaces and 

discusses principles of hydrophobic surfaces and importance of hierarchical texturing. 

Fabrication methods are then discussed with applications of such structured interfaces in 

bacteria and blood repellency. Furthermore, liquid infused coating as a universally repellent 

coating is introduced and its applications are discussed. Importance of repellency and 

blocking methods in biosensors and then discussed. Finally, this chapter will conclude with 

the objectives and the thesis outline.  

 

1.1 Literature Review 
 

1.1.1 Repellent surfaces and their principles  
 

Repellent surface being hydrophobic, oleophobic, or omniphobic (universally repellent to 

high and low surface tension liquids) have found a range of applications in many fields. 1,2 

Some examples of these applications are anti-corrosion, anti-bacterial, anti-fungal, self-

cleaning, anti-icing, anti-fogging, anti-wetting, and anti-fouling surfaces. 1–10 These types 

of surfaces or more specifically, superhydrophobic surfaces (contact angle >150º), have a 

growing market value with a prediction of more than 50 million USD market value by year 

2030. 11 The emergence of the global COVID-19 pandemic, raised awareness towards 
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surface contaminations and means for reducing pathogen presence on common surfaces. 

Therefore, the awareness and need for such repellent or antimicrobial coatings, have led to 

an estimated market value being more than 5.5 billion USD by 2030. 12 Another class of 

self-cleaning surfaces are superhydrophilic surfaces which lock down water on their 

interface (contact angle <10º) and have applications in oil-water separations, anti-fogging 

surfaces, and etc. 13 In this section, water repellent surfaces are discussed.  

Biomimicry from nature and understanding the natural superhydrophobic and self-cleaning 

properties of the lotus plant leaves, has attracted many researchers to inspire from these 

phenomena in nature (Figure 1.1). 1,3,5,9,14–18 The superhydrophobic properties of lotus 

plants are due to their inherent micro and nanostructures, and this observation has led to 

developing surfaces with repellent properties with multiple scales of structures. 1,3,5,14,15,19 

The multiscale roughness of micro and nanostructures, also referred to as hierarchical 

structuring, is key to a stable repellency, as it increases the liquid-air infaces and limits the 

solid-liquid interface resulting in higher contact angle measurements (Figure 1.1). 1,3,5,14,20–

24 
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Figure 1.1 Bioinspired surfaces. (a) i showing a lotus leaf, ii and iii showing scanning 

electron microscopy images of the hierarchical structure on the leaf.  18 (b) Springtail 

cuticle’s hierarchical structure as a blueprint for developing omniphobic surfaces. 25 (c) 

An example from literature showing hierarchical structures of silica. 26 

 

Contact angle is the angle at the edge of the droplet with solid surface and is a measure for 

demonstrating to what extent a surface is hydrophobic or hydrophilic (Figure 1.2). 1,22,27 

Young’s contact angle was introduced to understand a droplet’s contact angle on smoosh 

surfaces: 

   Equation 1.1 

Young’s theory did not explain the role of added roughness and the enhanced 

hydrophobicity on the same material into account. Wenzel and the Cassie-Baxter models 

are mainly considered when studying textured surfaces. 1,28,29 In Wenzel state (Figure 1.2 

a.ii), the droplet completely permeates the surface roughness, and the contact angle is 

determined by this relation where r is the surface roughness (the ratio of the actual surface 

area to the projected surface area): 1,17,29 
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    Equation 1.2 

As r is larger than unity, the wetting (θ<90º) or non-wetting (θ>90º) amplifies. In the 

Cassie-Baxter state (Figure 1.2 a.iii), the liquid does not completely penetrate the surface 

texture and air pockets remain underneath the droplet. 28 The droplet penetrated till the local 

texture angle (ψ), becomes equal to the equilibrium Young’s contact angle (θ). 1,30 The 

contact angles can be determined using the Cassie–Baxter relation: 

     Equation 1.3 

In this equation,  fSL is the area fraction of the solid–liquid interface, fLV is the area fraction 

of the liquid–air interface underneath the liquid droplet on a surface with uniform 

roughness. 1,30 In Cassie-Baxter state, apparent contact angle of θ*>>90º can be realized 

θ<90 and for low surface tension liquids where fSL is low and the fLV is sufficiently high. 

This is in contrast with the Wenzel state which results in further reduction in the contact 

angle when introducing roughness for low surface tension liquids. Therefore, Cassie–

Baxter state is essential for having an omniphobic surface. 1,30 

The texture’s angle (ψ) is also important for having an omniphobic surface for low surface 

tension liquids with Young’s contact angle θ<<90º (Figure 1.2 b). 1,30 The liquid contacting 

the texture in Cassie-Baxter state, holds a contact angle equal to the Young’s contact angle 

θ. The texture can be concave with texture angle ψ>90º or convex with texture angle ψ<90º. 

In order to have a stable Cassie-Baxter state, θ should be equal to or bigger than ψ, 

otherwise the net traction on the liquid–vapor interface would be downward, resulting in 

the liquid to wick in the solid and demonstrating a Wenzel state. 1,30 Therefore, for low 



Ph.D. Thesis – S. M. Imani                       McMaster University – Biomedical Engineering 

5 

 

surface tension liquid (θ<90º) to show a robust Cassie–Baxter state, the texture angle should 

be ψ<90º (re-entrant texture).14,31 

 

Figure 1.2 Schematic of droplets in different states. (a) i Young’s contact angle (θ), ii 

liquid droplet in the Wenzel state, iii liquid droplet in the Cassie–Baxter state. 15 (b) i a 

concave texture with texture angle ψ>90º, showing a liquid droplet with θ>90º in the 

Cassie–Baxter state. ii a convex texture (re-entrant texture) with texture angle ψ<90º, 

showing a lower surface tension liquid with θ<<90º in the Cassie–Baxter state. 1 (c) 

Schematics of a liquid droplet in the Cassie–Baxter state on a i microstructured surface, ii 

a nanostructured surface, and iii a hierarchically textured surface. 1 

 

Significance of hierarchical structured surfaces shows itself when looking into nature and 

speculating naturally repellent surfaces such as lotus leaves or springtail cuticle (Figure 

1.1). 1,25 When Cassie-Baster state is dominant on the surface of hierarchical structures for 

all their length scales, liquid droplets would display higher apparent contact angles 

compared to a single scale textured surface. 1,25 This is due to multiple scales of trapped air 

for hierarchically structured surfaces while this is happening for only one length scale on 
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single scale surfaces. By recursively writing the Cassie–Baxter relation, contact angles on 

hierarchically structured surfaces can be concluded as: 

      Equation 1.4 

where n=1, 2, 3, 4, …, is the number of length scales of texture; fLV,n is the area fraction of 

the liquid-air interface for each scale of texture (nth); θ*
n and θ*

n-1 are the apparent contact 

angles on hierarchically structured surfaces with n and n-1 scales of texture, respectively. 

This Equation shows that θ*
n increases as the number of scales of texture (n) increases. 1 

Furthermore, increasing in the number of hierarchical levels, enlarges the energy difference 

between the Cassie-Baxter and Wenzel states and therefore stabilize the Cassie state. 1 In 

terms of contact angle hysteresis, for hierarchical surfaces it is lower compared to surfaces 

with a single scale of texture. Contact angle hysteresis relies on the energy barriers that a 

liquid droplet encounters as it moves along the surface, therefore it characterizes the 

resistance to the droplet movement. 1,30 Lesser pinning points as a result of lower solid–

liquid contact area in hierarchical surfaces, leads to lower resistance of droplet movement 

and lower contact angle hysteresis. 1,32 Therefore, the conclusion is that in order to have a 

stable repellent surface, scales of texture along with a proper angle of texture is required 

(Figure 1.2 c). 1,30 These finding and the continued research in the field developing 

omniphobic surfaces, has led to developing many smart materials with multi-functionality. 

In following subsections, examples and application from literature are discussed.  

A recently developed class of omniphobic surfaces which uses another technology to 

integrate repellency into interfaces is liquid infused surfaces. 33–35 This concept was first 
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introduced by Wong et al. and was inspired by pitcher plants as they have microstructures 

on their surface and trap a layer water, making their surface slippery such that insects would 

fall in the plant. 33 This class of surfaces have found many applications in anticorrosion 

techniques, 36–39 , anti icing 40–44 , droplet manipulation 45–48, biomedical engineering (e.g. 

anti-thrombogenic coatings for medical devices, and anti biofouling). 44,49–5152–54 The main 

design principles for such surfaces are that the (i) lubricating layer should wet and spread 

in the solid, and (ii) as for maintaining a proper functionality and repellency, the lubricating 

layer and test liquids should be immiscible, and (iii) the surface should have a higher 

affinity towards the lubricant than the other liquids which come in contact with the system. 

33,55,56 Some of the drawbacks when comparing to the hierarchical lubricant-free surfaces, 

are that there is a chance that the liquid layer evaporates in open air setups. Also, it cannot 

be used in high-touch contact areas, as this coating is wet and does not have a proper design 

to be touched by human hand. However, liquid infused coatings can be a great candidate 

for indwelling medical devices or biosensors. 

1.1.2 Fabrication of scales of structures and repellent coatings and their 

applications  
 

In the following paragraphs, some of the recent advancements in fabricating surfaces with 

scales of structures, and liquid infused platforms are introduced. Furthermore, some studies 

on the interaction of bacteria and blood with structured repellent surfaces are discussed. 
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1.1.2.1 Structured surfaces  

 

A variety of methods have been developed to create microstructures, nanostructures, or 

hierarchical structures to add repellency to existing surfaces or to engineer new materials 

with repellent properties. Fabrication of microstructures, nanostructures, or hierarchical of 

then rely on the following techniques: photolithography, 14 casting, 57,58,  chemical vapour-

phase deposition, 59 emulsion templating, 60 electrospinning, 14,59,61 reactive ion etching, 62–

64 electrochemical etching/anodizing, 65 three-dimensional printing, etc. 66 Many studies 

used chemical modifications with fluorine-based chemicals as well to improve repellency. 

9  

One of the most common techniques in developing repellent surfaces is lithography 

methods which creates well defined features and patterns and is mainly used to investigate 

theories of wetting. 2 Pillar shaped structures have been investigated in many studies, 

Darmanin et al.  showed electrodepositing conductive polymers (polypyrrole) on array of 

pillars on conductive materials, Kota et al. investigated spraying FluoroPOSS (Fluorinated 

Polyhedral Oligomeric SilSesquioxanes) on PDMS pillars. 1,8 Studies also focused on 

having re-entrant features, Tuteja et al. showed Micro-hoodoo (mushroom-like arrays) 

were fabricated by lithography, etching, and silanization. 14 The surface demonstrated low 

contact angle hysteresis of high and low surface tension liquids and superhydrophobicity. 

14 Mushroom-like re-entrant structures were fabricated by digital light processing, a three-

dimensional printing, volumetric shrinkage, and deformation, showing above 150º contact 
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angle without any sliding angles. 66 Double-ring mushroom was recently developed by 

reactive ion etching and lithography, showing above 150º for both oil and water. 67  

Wrinkled structures have also been used for adding repellency to surfaces. Scarratt et al., 

spin coated Teflon, a fluoropolymer, on a shrinkable polymer to create wrinkled structures 

post heat shrinkage. 4 This method resulted in large contact angle hysteresis and 

hydrophobicity. Using oxygen reactive ion etch and controllable strain recovery on 

polystyrene, Sarwate et al. created microwrinkles and nanowires resulting in contact angles 

of above 150º. 68 Using acid etching and sand-blasting, a micro/nano patterned supper 

hydrophobic titanium surface was fabricated showing wavy and pitted structure, 

demonstrating more than 150º contact angle for the fluorinated version. 69  

Many of the introduced repellent surfaces in literature, lack the applicability in real-life 

scenarios, as fabrication methods are too complicated and expensive to scale up, or they 

are material-specific with limited applications. The introduced repellent surfaces in this 

thesis mitigated such complications.  

1.1.2.1.1 Structured surfaces – bacteria attachment  

 

A topic which has been researched a lot yet limited strong answers to fundamental 

questions were found, is the antibacterial or bacterial repellency on structured surfaces, to 

find their relation with the scales of structure in order to facilitate design of  such repellent 

surfaces. 70 These surfaces can be valuable in reducing contamination of biomedical 

products with pathogens as this is one of the main causes of healthcare acquired infections 

(HAI). 71 Initial research had focused on use of active biocidal agent, which can contribute 
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to antibiotic resistance of bacteria or toxicity concerns. 72 However, the focus of this thesis 

and many other research is to look into the antifouling activity caused by the bacteria-

surface interaction and the geometry of the surface. 70–72 

The attachment response of bacteria was studied on wrinkled gold surfaces having either 

micro or nano structures, showing reduced attachment when having roughness on the 

surface with elevated contact angles of above 120º. 73 Further studies into marine 

antifouling showed decreased fouling on uniaxially wrinkled and fluorosilanized PDMS 

surfaces. 74 Freschauf et al. showed a pattern transfer of wrinkled metallic surfaces into 

plastics and demonstrated lower bacteria recovered from bacteria drops on the textured 

surfaces compared to flat. 75 Laser-treated titanium superhydrophobic titanium surface with 

a contact angle of above 160º, was investigated for Staphylococcus aureus and 

Pseudomonas aeruginosa attachment, showing suppression of P. aeruginosa’s attachment 

while S. aureus was colonizing on the surface even more than that of the flat polished 

surface (Figure 1.3 a). 76 Variola et al. investigated oxidative nanopatterning on titanium 

and showed reduced adhesion of S. aureus and E. coli due to the structure. 77 Another study 

showed the number of viable S. aureus is reduced on nanostructured gold electrodes (nano-

pillar, nano-ring, etc.), however no further surface characterizations were reported. 78 By 

interpenetrating polymer network of polyurethane was sprayed with fluoro functionalized 

silica and zeolitic imidazolate frameworks (ZIF-8) mixed with fluorosilane, Ashok et al. 

showed a dual action surface that is superhydrophobic and has active agents (Figure 1.3 b). 

79 
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Figure 1.3 Bacteria attachment on structured surfaces. (a) i SEM images of structured 

titanium surface. ii S. aureus colonized on the surface while iii P. aeruginosa is repelled. 
76 (b) Dual functional coating for shielding surfaces from bacteria and viruses. i the air 

pockets preventing surface contamination, ii Localized loss of superhydrophobicity and the 

subsequent antimicrobial effect of active nanoparticles. 79 

 

In the following chapters of the thesis, novel and straightforward methods are introduced 

and experimented to create hierarchically structured repellent surfaces and test their 

antifouling properties with detailed bacterial studies with a vision for real-life applications 

and scaling up capacities which not only can be applied to existing surfaces, but also can 

be used as novel repellent material as its own. 
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1.1.2.1.2 Structured surface – blood attachment  

 

Due to the significant reduction in the blood-surface contact area, textured repellent 

surfaces have been investigated for their hemocompatibility, as they can be utilized in blood 

contacting medical devices and diagnostics in whole blood. 30,80,81 The area available for 

protein adsorption and blood cell or platelet adhesion is reduced, leading to minimizing 

thrombosis, contaminations, and other complications. 30 

Hou et al. developed superhydrophobic polypropylene surfaces with contact angles of 

above 150º and contacted them by platelet-rich plasma and fresh human whole blood, 

demonstrating suppression of platelet and blood cell attachment. 82 Rough needle-like ZnO 

nanofilms fabricated by electrochemical deposition showed superhydrophobic and 

anticoagulant properties. 83 Under flow conditions, microstructures of PDMS significantly 

reduced platelet adhesion compared to unstructured surface. 84 Poly(carbonate urethane) 

with fluorinated alkyl side chains was casted on densely packed multiwall carbon 

nanotubes, making the surface supper hydrophobic with contact angle of above 160º 

(Figure 1.4 a). 85 These surfaces were investigated for platelet adhesion demonstrating little 

adhesion of the platelets compared to non-structured surface. 85 However, they did not 

perform anti-thrombogenic studies on these surfaces. Bartlet et al. fabricated titania 

nanotube surfaces via electrochemical anodization followed by surface modification with 

fluorocarbons and demonstrated superhydrophobicity, reduced adsorption of human serum 

albumin and human fibrinogen protein. 86 Paven et al. coated stainless steel meshes with 

fluorinated silica particles and showed human blood protein adsorption was inhibited by 

more than 95%) (Figure 1.4 b). 87 A porous fluoropolymer membrane was sprayed with 
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fluorine-based nanoparticles of (poly(vinylidenefluorideco-hexafluoropropylene) followed 

by fluorocarbons treatment fand used blood membrane oxygenation. 88 Polyurethane 

sponge were coated with nanoparticles and fluorocarbons which enhanced the nanoscale 

roughness resulting n reduction in fibrinogen and platelet adhesion without toxic effects. 89 

Hierarchically structured superhydrophobic silica surfaces modified with fluorocarbon 

were investigated by Zhao et al. and they showed reduction in the number of adhered 

platelets compared to an unmodified glass surface. 26 

A point lacking in many studies in the field is that they characterize the repellent behaviours 

of water rather than blood even though blood surface tension ( ≈ 56 mN m-1) is lower 

compared to water surface tension (≈ 72 mN m-1). 30 Many studies have also focused on 

proteins such as BSA and claimed potential for blood repellency, they lacked using whole 

blood or design studies carefully for blood interactions. Furthermore, most studies, have 

characterized the interaction with blood under static conditions without a flow. 30,80 These 

are points that I tired to address in this thesis by developing straightforward fabrication 

methods to develop hierarchically structure blood repellent surfaces with detailed studies 

on blood repellency and coagulations in static and dynamic conditions.  



Ph.D. Thesis – S. M. Imani                       McMaster University – Biomedical Engineering 

14 

 

 

Figure 1.4 blood attachment on structured surfaces. (a) i smooth polymer film, ii platelet 

adhesion on the smooth polymer film (iii zoomed in) iv Nanostructured superhydrophobic 

polymer films, v after platelet adhesion remains clean, vi one detected platelet. 85 (b) i 

uncoated Teflon membrane, ii coated stainless steel meshes with fluorinated silica particles 

after whole human blood was pumped through a flow cell through them. iii whole human 

blood rinsed out of fluorinated silica particle coated membrane. 87 

 

1.1.2.2 Liquid infused surfaces 

 

Another class of repellent surfaces, introduced in section 1.1.1 is liquid fused surfaces 

firstly introduced by Wong et al. where Teflon nanofibrous membranes were perfused with 

Fluorinert FC70, and a slippery interface was characterized. 33 Leslie et al. fluorosilane-

treated variety of medical surfaces by liquid phase chemical modification techniques and 

showed suppression in bacteria biofilm formation (Figrue 1.5 a,b). 51 This class of coating 

has been integrated into many metallic materials, such as titanium, 90 stainless steel, 91 

cupper, 36 gold, 35 and aluminum 40,92, and non-metallic surfaces such as glass, 46,53 silicon, 
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45,49,93 PDMS, 94–96 polystyrene (PS), 97 and poly(methyl methacrylate). 51 Liquid phase 

deposition and chemical vapor deposition are the two main approaches to induce low-

energy chemical coatings to build the liquid infused surface when lubricant properties does 

not match the surface. Chemical vapor deposition method creates a more homogeneous 

coating with lesser chemical being used than the Liquid phase deposition method. 53,98 

 

Figure 1.5 Liquid infused surfaces. (a) schematic of a blood droplet on a liquid infused 

surface and its components.51 (b) Depositing blood droplets on untreated and treated 

surfaces, showing blood drops sliding off. 51 (c) Dual functionality of liquid infused 

surfaces, i they repel blood (undesired species), ii but promote selective adhesion of 

endothelial cell (desired targets, red fluorescent). 53 

 

Many studies showed that having scales of texture and roughness on liquid infused surfaces 

benefits adhesion and the retention of the infiltrated lubricating liquid. 33,40,49,55,99 

Electrodeposition of highly textured polypyrrole on Aluminum, 40 or boehmitization of 

Aluminum surfaces followed by addition of fluorocarbon and lubricating layer showing a 

low contact angle hysteresis. 55 Kim et al. investigated liquid infused flat, microscale, 
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nanoscale, and hierarchically textured surfaces post lubricant infusion for lubricant 

retention and omniphobic properties, demonstrating textured surfaces have superior 

performance with the nanostructures one showing the best performance. 55 

Other studies showed dual functionality of this class of surfaces, meaning that not only they 

are repellent towards undesired species, but also promote selective adhesion of desired 

targets. 52–54,100,101 Glass substrates modified with a mixture of fluorosilanes and 

aminosilanes, followed by biorecognition element immobilization on aminosilane 

molecules and lubricant infusion, were able to promote cell growth while inhibiting blood 

clot formation (Figure 1.5 c). 53,101 Other studies, showed the similar concept for 

immunofluorescence detection with patterns of biofunctional sites microcontact printed on 

a substrate, followed by addition of fluorosilane and liquid infusion. 101,102 

In the following chapters of the thesis, a textured, conductive, repellent, and liquid infused 

surface was fabricated to assess biosensing properties in an electrochemical biosensor for 

E. coli detection. 

 

1.1.3 Role of repellency in biosensors for reducing non-specific 

absorption 
 

An important application for repellent surfaces is reducing non-specific adhesion in 

biosensors and biofunctional surfaces which has attracted many researchers. The aim and 

motivation for examining non-specific adsorption techniques are achieving maximum 

sensitivity, specificity, and selectivity for a particular biosensing application. 103–105 
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Electrochemical biosensors in particular, have gained a lot attention due to the potential to 

be implemented in clinical setups as they are easy processing, low cost and accurate. 106,107   

Electrochemical biosensors contain biorecognition elements that are immobilized on 

transducers (conductive electrodes). 106 Target analytes then selectively bind to the 

biorecognition elements, generating an electrical signal dependant on the concentration of 

the target of interest in the detection solution. 106,108 Proper blocking techniques are 

imperative to implement in electrochemical biosensors to reduce or eliminate undesired 

species to interfere with the target capture and recognition on the surface of the electrodes. 

107 Non-specific absorptions of the foulant molecules, specially in cases that detection in 

complex liquids (blood, urine, sewage, etc.) is essential, often decrease sensor’s 

performance, result in high background signals, result in false-positive or false-negative 

responses, and affect reproducibility of the data, making the sensor unreliable. 106,108–119 

Biofouling happens via several mechanisms where clinical sample matrixes, other analytes, 

and potentially side products of electrochemical reactions, through hydrophobic or 

electrostatic forces tend to form a passivating layer on the electrode resulting in blockage 

of recognition elements and electrodes. 106,108,109,112,119 

There are several techniques for reducing non-specific adhesion, and they can be 

categorized into physical or chemical modifications. 106,112 Physical surface blockers are 

often governed by van der Waals forces, hydrophobic interactions, and electrostatic 

interactions. One of the widely used strategies is blocking with bovine serum albumin 

(BSA). 106 However, BSA has several drawbacks, having steric hinderance affecting small 

molecules interaction with the transduction layer, forming a nonuniform layer. 53,106 
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Forming polymer films with spin-coating, dip coating and spray coating is another avenue 

for physical modification strategies for making antifouling electrodes. 106  

Chemical methods often provide stronger immobilization techniques. Self-assembled 

monolayers (SAMs) of various molecules could be formed such as Poly- (ethylene glycol) 

(PEG), oligo (ethylene glycol) (OEG), zwitter- ionic, 6-mercaptohexanol (MCH) and 11-

mercaptoundecanol, and peptide-based molecules. 49,53,106,112 In a study by Wu et al. 

zwitterionic polymer was used to passivate a glucose sensor, showed promising sensing in 

human blood plasma, however, they did not show rapid detection in whole blood. 118 

Another study showed protease detection in a detection liquid containing BSA as a fouling 

molecule and a PEG as the blocking agent on the electrode, they did not perform studied in 

whole biological liquids. 117 Polyaniline (PANI) modifications are another strategy to add 

antibiofouling properties. 100,102,108,112 By incorporation PANI, studies showed COVID-19 

N-gene from 10% fetal bovine serum (FBS), 116 another study showed target detection in 

human serum by PEGylated PANI nanofibers as the blocking agent. 116 Thiol-terminated 

sulfo-betaine was used for prostate specific antigen (PSA) in human serum albumin (HSA) 

for mimicking human whole blood. 113 

One of the most widely used blocking agent is MCH which has negatively charged –OH 

head group. Therefore, MCH repels the negatively charged phosphate backbone of ssDNA, 

prevents its adsorption to the electrode surface, and helps the probe DNA to stand 

perpendicularly to the electrode surface so it would be capable of hybridizing with target 

DNA, even though the negatively charged MCH backfill exists. 107 However, practical and 

clinical use of such systems were not possible due to poorly reproducible results. 107 
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The recently emerging blocking method, liquid infused coatings, 33 have shown promising 

results for repelling undesired species in a variety of applications. Inspired by pitcher plant, 

6,33,51,55,56 liquid infused surfaces were initially developed to be used for indwelling medical 

devices to attenuate blood clot formation. 51 However, a dual functionality was then 

introduced to promote targeted binding on the surface while repelling unwanted species. 

52,53,100–102 This lubricant-infused biofunctional coating, found applications in implant 

integrations, cell patterning, patterned fluorescent based biosensors. 52,53,100–102 These 

studies showed enhanced performance when comparing to other blocking methods such as 

BSA or PEG. 49,53 

In Chapter 5, a rapid electrochemical biosensor was introduced which integrates for the 

first time, a liquid infused coating as a blocking agent, along with nanostructures of gold 

as sites for probe immobilization to then enable detecting from complex biological liquids. 

Most of the developed biosensors so far, have either diluted clinical samples, used artificial 

complex liquids, or have further used amplification steps for the signal processing. This 

electrochemical biosensor and the integrated blocking method can be useful for a 

developing a reliable rapid sensor in blood, urine, and other complex liquids, without 

dilution or complicated amplification steps.  

 

 

 



Ph.D. Thesis – S. M. Imani                       McMaster University – Biomedical Engineering 

20 

 

1.2 Objectives 
 

The overall objective of this thesis was to develop novel technologies for fabrication of 

repellent hydrophobic (or omniphobic) surfaces and exploring their application for 

supressing biofilm formation, bacterial repellency, blood repellency, anti-thrombogenic 

behaviour, droplet digitization, and biosensing in complex biological liquids and clinical 

setups. 

 

Objective A. Enhancing the scalability of hierarchical surface fabrication and exploring 

the importance of hierarchical structuring on bacteria repellency  

Development of repellent surfaces is often relied on complicated steps without an insight 

on scale-up or universal use. Additionally, the role and importance of hierarchical 

structuring in repellency and its comparison with other structured surfaces, is an area which 

is not explored extensively, specially for bacteria repellency. Here, we explore an all 

solution-based, scalable fabrication method for creating hierarchically structures, and the 

capability of the designed surface for flexibility in conforming into various shapes as a 

heat-shrinkable wrap. We further evaluate the importance of hierarchical structuring by 

comparing it by carefully designed experiments with other scales of texture. We explore 

whether the engineered hierarchical surface, significantly reduces bacteria biofilm 

formation and bacteria attachment, and compare its performance with other textured 

surfaces to understand whether hierarchical structuring is important or not.  
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Objective B. Developing all solution-based processes for developing patterned 

hierarchical surfaces for blood repellency and biosensing  

Patterning hydrophilic regions within highly repellent surfaces in a straightforward way is 

beneficial for biosensing and droplet digitization purposes. Furthermore, extensive and 

systematic studies on blood repellency for textured surfaces, evaluating surfaces with 

whole human blood, mimicking real-life applications, and contacting blood in dynamic 

conditions with repellent surfaces, are points missing in many studies in literature. Here, 

we design an all solution-based hierarchical surface and compare its performance in blood 

repellency with other scales of texture to explore whether hierarchical structuring 

significantly reduces clot formation and blood adhesion or not, both in static and dynamic 

conditions. By integrating hydrophilic patterning, we investigate implementing the 

patterned surface for high throughput biosensing to examine whether biosensing is possible 

or not.   

 

Objective C. Developing liquid infused electrodes for rapid and specific electrochemical 

detection of pathogens and minimizing non-specific absorption 

Non-specific absorption has been a challenge when designing electrochemical biosensors, 

specifically, for detecting from complex biological liquids, imposing an adverse effect on 

biosensor’s performance. Additionally, rapid diagnosis within an hour and eliminating 

sample dilutions are challenges in detection systems. Here, we investigate integrating a 

highly repellent liquid infused coating into an electrochemical biosensor to see whether the 

coating improves the biosensor’s performance in terms of minimizing non-specific binding, 



Ph.D. Thesis – S. M. Imani                       McMaster University – Biomedical Engineering 

22 

 

detection of pathogens and specificity, and compare it with electrodes without the designed 

blockings system. Furthermore, the potential of a rapid one-pot pathogen detection system 

for clinical setups was investigated to minimize detection time and sample processing with 

no sample dilution.  

 

1.3 Thesis outline 
 

The content of each chapter is briefly discussed in the following paragraphs: 

Chapter 2: “Antimicrobial Nanomaterials and Coatings – a Closer Look at Current 

Antiviral Mechanisms and Future Perspectives to Control the Spread of Viruses Including 

SARS-CoV-2” This review thoroughly discusses the antiviral materials and coatings that 

could be implemented for limiting the spread of viruses including SARS-CoV-2 via 

contaminated surfaces. We also present future perspectives with regards to emerging 

antimicrobial technologies such as omniphobic surfaces. This review article has been 

published in ACS Nano. 

Chapter 3: “Flexible Hierarchical Wraps Repel Drug Resistant Gram Negative and Positive 

Bacteria” This chapter introduces a flexible plastic wrap that combines a hierarchical 

wrinkled structure and nanoparticles with chemical functionalization. These engineered 

wraps demonstrate a broad liquid repellency and therefore, reduce bacterial adhesion, 

biofilm formation, and the transfer of bacteria through an intermediate surface. These wraps 



Ph.D. Thesis – S. M. Imani                       McMaster University – Biomedical Engineering 

23 

 

can be applied to already existing high-risk surfaces via heat shrinking and can conform 

into multiple form factors. This chapter has been published in ACS Nano. 

Chapter 4: “Hierarchical structures, with submillimeter patterns, micrometer wrinkles, and 

nanoscale decorations, suppress biofouling and enable rapid droplet digitization” This 

chapter introduces an all solution-based, scalable method for producing liquid repellant 

flexible films. These surfaces were fabricated through nanoparticle deposition and heat-

induced wrinkling. They suppressed blood adhesion, and clot formation, furthermore, 

hydrophilic patterns were created on them providing a platform for droplet digitization and 

was further used for Interleukin 6 detection. This chapter has been published in Small. 

Chapter 5: “Liquid Nano Electrodes enable One-pot Electrochemical Detection of Bacteria 

in Complex Matrices” This chapter introduces a repellent coating integrated within a 

conductive nanostructured gold electrode which promotes target binding and repels 

unwanted species. These electrodes were tested against conventional nanostructured 

electrodes for Escherichia coli detection and showed prominent performance. Furthermore, 

a panel of clinical patient urine samples and patient blood culture samples were tested on 

the developed electrodes and showed identification of E. coli. This chapter will be 

submitted to Advanced Functional Materials. 

Chapter 6: “Conclusion and Future Directions” In this chapter, some general conclusions 

are mentioned, and future directions are discussed.  
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Preface 

This chapter presents and extensive literature review on antiviral materials and coatings 

with the potential to be implemented for suppressing the spread of SARS-CoV-2. Various 

classes and mechanisms of action of the antiviral properties are discussed along with 

environmental and toxicity concerns which are comparable with existing means of 

antibacterial action. Finally, future perspectives with regards to emerging antimicrobial 

technologies for potential use in mitigating viral contaminations are discussed, specifically 
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we speculate use of virus repellent surfaces, following the extensive research done as 

discussed in chapter 3 on bacteria repellent surfaces.  

2.1 Abstract 
 

The global COVID-19 pandemic has attracted considerable attention toward innovative 

methods and technologies for suppressing the spread of viruses. Transmission via 

contaminated surfaces has been recognized as an important route for spreading SARS-

CoV-2.  While significant efforts have been made to develop antibacterial surface coatings, 

the literature remains scarce for a systematic study on broad-range antiviral coatings. Here, 

we aim to provide a comprehensive overview of the antiviral materials and coatings that 

could be implemented for suppressing the spread of SARS-CoV-2 via contaminated 

surfaces. We discuss the mechanism of operation and effectivity of several types of 

inorganic and organic materials, in the bulk and nanomaterial form, and assess the 

possibility of implementing these as antiviral coatings. Toxicity and environmental 

concerns are also discussed for the presented approaches. Finally, we present future 

perspectives with regards to emerging antimicrobial technologies such as omniphobic 

surfaces and assess their potential in suppressing surface-mediated virus transfer. Although 

some of these emerging technologies have not yet been tested directly as antiviral coatings, 

they hold great potential for designing the next generation of antiviral surfaces.  
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2.2 Introduction  
 

The COVID-19 pandemic has intensified the world’s attention toward the spread of 

contamination facilitated by high touch surfaces. In response, surfaces and coatings capable 

of minimizing the presence of active viral pathogens are being explored for application in 

a variety of settings such as healthcare centres, long-term care facilities, public transport, 

schools, and various businesses, to reduce human exposure and mitigate the spread of 

infectious pathogens. 

One area of particular significance in the transmission of infectious diseases is the ability 

of microbes to survive on surfaces, both in healthcare settings and on common surfaces. 

Considerable research has been conducted to investigate solutions that prevent bacterial 

transmission and biofilm formation by killing and/or reducing attachment of microbes. 

These have been realized through surface-bound active antimicrobials and biocidal 

coatings 1 or passive pathogen-repellent surfaces 2 developed using nanomaterials, 

chemical modifications, and micro- and nanostructuring.2–5  

Many of the previously-reported antimicrobial coatings have focused on antibacterial 

capabilities; however, there has been much less focus on antiviral surfaces and coatings. 

Persistence of active viruses on surfaces varies dramatically based on the type of the surface 
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and the virus.6 For example, the viability of coronaviruses on surfaces ranges from 2 hours 

to 9 days.6 Lack of host cells, immediate inactivation of some viruses on surfaces (e.g. 

Rinderpest virus),7 and incapability of some viruses to spread outside the body (e.g. Human 

Immunodeficiency Virus-HIV),8 have attracted less attention to the transmission of viruses 

via surfaces. However, infectious viruses such as SARS-CoV-2 that remain viable on 

surfaces pose a great risk for transmission via the surface route, highlighting the urgent 

need for effective solutions that prevent the survival of viruses on surfaces.6,9 In order to 

highlight antimicrobial research which has definitively demonstrated antiviral capabilities, 

throughout this review we will use the term antiviral to refer to nanomaterials and coatings 

which have proven antiviral capabilities, whereas the term antimicrobial will be used as a 

more general term to characterize nanomaterials and coatings that demonstrate 

effectiveness against other microorganisms, such as bacteria, but to date have no proven 

antiviral capability.     

A challenge encountered in reviewing the antiviral surface literature is related to the wide 

range of viruses used in testing. It is common to find tests conducted using bacteriophages, 

influenza, or HIV, however, there is often no systematic study that allows for the precise 

understanding of virucidal behaviour. Viruses have a multitude of architectures – 

enveloped or non-enveloped, RNA-based or DNA-based – and can be further classified as 

positive- or negative-sense, or single- or double-stranded, respectively. This is only the 

high-level variation witnessed in viruses, which illustrates the clear need for more robust 

testing when claiming antiviral capabilities.  
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Despite these caveats related to the lack of standardized evaluation methods, this review 

aims to provide a comprehensive summary of the current state of research toward antiviral 

materials and surfaces (Figure 2.1), using antimicrobial research as a starting point, whereas 

other review papers regarding reducing the spread of COVID-19 have focused on 

therapeutics and tools that inactivate SARS-CoV-2.10,11 First, we present a comprehensive 

review of metal and inorganic materials, with a focus on nanomaterials, with antiviral 

properties namely, copper, silver, zinc, and titanium dioxide. We then discuss polymeric 

and organic surface coatings such as polyelectrolytes and photosensitizer materials that 

inactivate viruses (Figure 2.1). The toxicity and environmental concerns considered for 

each of these approaches will also be discussed. We finally present and propose emerging 

technologies that have not yet been used for antiviral purposes but hold great promise and 

potential for the future engineering of antiviral surfaces as they have been tested for their 

antimicrobial properties.  
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Figure 2.1 Schematic diagram of the current research and emerging antiviral coatings 

and surfaces, including metal and inorganic nanomaterials, polymeric and organic 

coatings and emerging technologies such as omniphobic pathogen-repellent coatings. 

2.3 Metal and Inorganic Materials as Antiviral Agents 
 

2.3.1 Copper 
 

Copper is perhaps the most widely-recognized and well-characterized antimicrobial metal 

used to date.12 Use of copper in medicine, as an antiseptic and anti-inflammatory agent, 

dates back millennia.13 Through bacterial investigations, modern research has identified 

multiple antimicrobial mechanisms for copper such as: (1) plasma membrane 

permeabilization, (2) membrane lipid peroxidation, (3) alteration of proteins, (4) inhibition 
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of protein assembly and activity, or (5) denaturation of nucleic acids.14 Membrane 

disruption can occur due to the electrostatic forces exerted by copper ions on the outer 

plasma membrane of cells.15  Damage to proteins occurs via the displacement of essential 

metals from their native binding sites on proteins or direct interactions with the proteins.16 

Copper-binding sites on nucleic acids also enable protein denaturation.17 Additionally, 

cyclic redox reactions between Cu+ and Cu2+ are known to produce highly reactive 

hydroxyl radicals. Reactive oxygen species (ROS) are either responsible for or contribute 

to cell death by interaction with the cell membrane.18 

While some hypotheses have been made into the virucidal action of copper, the majority of 

antimicrobial copper research is focused on its antibacterial properties.12 Research has 

demonstrated that copper targets the viral genome, particularly encoding genes that are 

essential for viral infectivity (Figure 2.2a).19 It has been demonstrated that the primary 

effectors of inactivation for viruses such as murine norovirus are Cu(II) and Cu(I).20 

Additionally, many researchers have postulated that the same ROS mechanism found in 

antibacterial activity can act on the viral envelope or capsid.12 Notably, viruses are 

susceptible to the damage induced by copper since they do not possess the repair 

mechanisms found in bacteria or fungi.14 

Mechanisms that result in the immediate deactivation of microbes upon contact are 

commonly referred to as “contact killing”.21 Researchers have taken advantage of this 

functionality to create copper-based antiviral surfaces (Table 2.1). Inactivation of influenza 

A was demonstrated to be significantly higher on planar copper in comparison to stainless 

steel, leaving only 500 infectious virus particles after 6 hours from the 2 x 106 virus particles 
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inoculated, while stainless steel retained 500,000 infectious virus particles after 24 hours.22 

Influenza A and Escherichia bacteriophage (Qβ) were also tested on solid-state copper 

compounds and compared to solid-state silver compounds, with efficient inactivation 

achieved using cuprous oxide in solid-state but not cupric oxide or silver sulfide solid-

states.23 This difference between cuprous oxide solid-state copper and cupric compounds 

was in line with work by Sunada et al. using bacteriophage Qβ, which revealed a 6-log 

reduction for cuprous oxide (Cu2O) in 30 minutes but a less than 1-log reduction on cupric 

oxide (CuO) in the same duration.18 In tests on copper coupons, a copper-mediated 

inactivation was illustrated for a range of bacteriophages by Li and Dennehy.24 This study 

included a range of double-stranded DNA, single-stranded DNA, and single-stranded RNA 

bacteriophages, with lipid-containing bacteriophages demonstrating the most susceptibility 

to copper in solution, such as Pseudomonas bacteriophage (bacteriophage Φ6) showing a 

2-log reduction in the first hour.24 Studies using copper have also demonstrated significant 

reduction to orthopoxviruses, with monkeypox virus and vaccinia virus being inactivated 

within three minutes of contact with copper surfaces.21 Warnes and Keevil have highlighted 

the effectiveness of copper alloys, with 60% or higher copper component, in completely 

inactivating dry touch murine norovirus as fast as 5 minutes and showing significant 

reductions to wet fomite infectivity, up to complete inactivation within 60 minutes.20 Of 

particular interest for the current COVID-19 pandemic, in 2015 Warnes et al. investigated 

the use of copper alloys for the inactivation of human coronavirus 229E and showed that 

complete inactivation of 103 PFU applied to a 1 cm2 coupon occurred in less than 60 
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minutes on a range of alloys, with Cu/Zn brasses being very effective at 70% or higher 

copper concentrations.25    

Researchers have also investigated the incorporation of copper ions into other materials to 

invoke antiviral capabilities. The research in this area was pioneered by Karlstrom and 

Levine in 1991 when the inhibition of proteases, proteins essential for viral replication, 

from human immunodeficiency virus 1 (HIV-1) was investigated under the influence of 

copper and mercury ions, Cu2+ and Hg2+.16 This study demonstrated that oxygen was not 

required for the inactivation of the protease and that approximately stoichiometric 

concentrations of copper and mercury ions caused rapid and irreversible inactivation. While 

this research notes that a clear cation binding site exists on aspartic proteases, tests have 

also shown that copper does not directly inactivate these proteases. Instead, it is postulated 

that copper acts on the substrates for proteases, though this has not been clearly 

demonstrated.16   

Copper ions and particles have also been used in antimicrobial and antiviral textiles, filters, 

and polymeric materials such as latex.26–29 Early examples of this include the work by 

Borkow and Gabbay, which created latex gloves impregnated with copper for testing 

against HIV-1 and copper filters tested with both HIV-1 and West-Nile virus (WNV).26 

Antiviral effectiveness of latex samples in this study was based on the amount of copper 

incorporated in a dose-dependent manner, while the filters demonstrated a roughly 5-log 

reduction for both HIV-1 and WNV. Filters constructed from a layer of nonwoven 

polypropylene fibers on top of nonwoven carbon fibers were doped with copper-oxide and 

investigated in a study by Borkow et al. that demonstrated reduction in various viruses, 
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starting at a maximum of 2-log reduction of rhinovirus-2, and decreasing reductions were 

seen with yellow fever, influenza A, measles, respiratory syncytial, parainfluenza 3, Punta 

Toro, Pichinde, HIV-1, adenovirus type 1, and cytomegalovirus, with vaccinia virus 

demonstrating the lowest reduction of just 0.47 log (see Table 2.1).27 Interestingly, copper 

oxide was incorporated into face masks, which resulted in the elimination of the human 

influenza A virus within 30 minutes, compared to 4.67 ± 1.35 log10 TCID50 (Median Tissue 

Culture Infectious Dose) recovered from control masks (Figure 2.3a) by aerosolized 

challenge with 5.66 ± 0.51 log10 TCID50 of the virus.28 It has also been demonstrated that 

by using a cotton textile on which zeolite A was chemically synthesized, the structural 

component Na+ can be replaced with Cu2+ ions to then allow the textile to inactivate both 

highly pathogenic H5N1 and less pathogenic H5N3 influenza viruses.29  

Copper nanoparticles (CuNPs) present great promise for use in antimicrobial and antiviral 

surfaces due to their smaller size and high surface to volume ratio. This facilitates 

interaction with microbes and allows broad-spectrum antimicrobial and antiviral activity.30 

Li et al. used CuNPs as part of a layered system, by combining the antimicrobial and 

antiviral properties of copper and chlorine dioxide (ClO2).
31 This work investigated the use 

of a polymeric micelle preparation, coated on glass, for the slow release of ClO2 over a 15-

day span. In order to increase the contact killing efficiency of this material, CuNP were 

covalently clustered on the micelle surface.31 Testing of this coating demonstrated a broad 

spectrum of activity that killed a range of microbes including viruses (H1N1), bacteria, and 

spores. Transmission electron microscope (TEM) images demonstrated significant 

degradation in virus structure upon contact with this coating (Figure 2.3b). The complete 
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inactivation of the influenza virus was demonstrated via plaque assay with this coating 

within one minute.31 

 
Figure 2.2 Antiviral mechanisms of inorganic materials. (a) Antimicrobial contact killing 

mechanisms for copper, include membrane degradation, genotoxicity and potentially ROS. 

Reproduced with permission from 12 (b) Four prominent routes of antimicrobial action for 

silver include adhesions to cell membrane (i), penetration into cell and nucleus (ii), cellular 

toxicity and ROS generation (iii) and modulation of cell signaling (iv). Reproduced with 

permission from 32 (c) The actions of zinc throughout the cell and proposed mechanisms 

for antiviral properties include free virus inactivation (1), inhibition of viral uncoating (2), 

viral genome transcription (3), and viral protein translation and polyprotein processing 

(4) Reproduced with permission from 33 (d) The photocatalytic process by which TiO2 

nanoparticles and TiO2 compounds produce reactive oxygen species (ROS) to cause 

disturbance of lipid membranes and damage to genetic information, ultimately resulting in 

bacterial cell death or viral inactivation. Reproduced with permission from 34 

 

Finally, work published by Champagne et al. has demonstrated different methods of 

applying copper powder on surfaces.35 Specifically, they tested spray coating methods with 
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copper powder to convey antimicrobial and antiviral effects. They also discovered that 

using a cold-coating approach, coating at a velocity of 500-1000 m/s and a temperature of 

150-400°C, similar to many commercial approaches that exist to apply metal coatings, was 

most effective against influenza A, with 100%  inhibition after just 10 minutes of exposure 

to a 100 µL aliquot of virus.35 

2.3.2 Silver 
 

Silver is another antiviral material that deactivates viruses by interaction with the viral 

envelope and viral surface proteins, blocking of viral penetration into cells, blocking 

cellular pathways, interaction with the viral genome, and interaction with viral replication 

factors (Figure 2.2b).36 A significant portion of antiviral research for silver remains in 

solution.32 Nevertheless, previous studies have specifically investigated the use of silver in 

the form of ions, nanoparticles, and hybrid coatings to develop antiviral surfaces (Table 

2.1). Work by Lara et al. aimed at elucidating the mechanism of viral deactivation for silver 

using HIV-1, suggesting that silver nanoparticles (AgNPs) function as early-stage antivirals 

that disrupt viral replication.37 They hypothesized these to inhibit viral entry by binding or 

fusion to cells, though AgNPs also demonstrated inhibition at later stages in viral 

replication for which the mechanism was not confirmed.37 It is also evident that silver 

interacts differently with different families of viruses.38  Unlike copper, solid-state silver 

compounds do not appear to have strong antiviral capabilities. In a comparative study 

conducted by Minoshima et al., it was found that while solid-state cuprous oxide effectively 

inactivated influenza A virus and bacteriophage Qβ, solid-state silver sulfide showed little 

antiviral activity.23 Silver as an antimicrobial and antiviral has an affinity toward sulfur and 
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phosphate groups,39 which can disrupt the cell membrane due to the interaction with 

phospholipid tails and proteins containing cysteine or methionine. Additionally, Ag+ 

produces reactive oxygen species (ROS) within cells, leading to an antimicrobial and 

antiviral ability.40 In bacterial studies, AgNPs are thought to disrupt the mitochondrial 

respiratory chain leading to the production of ROS.41 More specific to antiviral activities, 

AgNPs are thought to inhibit the entry of the virus to cells due to binding of envelope 

proteins, such as glycoprotein gp120, which prevent CD4-dependent virion binding, fusion 

and infectivity.37 

The use of metal ions within coatings is a common approach found in literature. A study 

conducted by Hodek et al. investigated the use of silver, as well as copper and zinc, as part 

of a sol-gel, hybrid coating.42 Antiviral tests used HIV-1, dengue virus, herpes simplex 

virus (HSV), influenza virus, and coxsackievirus to provide comprehensive analysis on 

enveloped and non-enveloped, as well as DNA- and RNA-based viruses. Results were most 

favourable with HIV-1, with one method of coating showing a 99.8% reduction in virus 

titer.42 Log-scale reductions were significant for all types of viruses (Table 2.1), though this 

coating was less effective against influenza and coxsackievirus, which is thought to be due 

to the nature of each virus as negative-sense RNA based or non-enveloped, respectively.42 

Castro-Mayorga et al. demonstrated the effectiveness of both silver nitrate and AgNPs in 

reducing recovered titer levels of norovirus surrogates for up to 150 days.38 Using feline 

calicivirus (FCV) and murine norovirus (MNV), statistically significant reductions in 

surface recovery of both viruses were seen in the presence of the ions and AgNPs (see Table 

2.1). Notably, AgNP activity as an antiviral increased or remained constant up to 150 days 
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if the concentration was higher than 2.1 mg/L, however, silver nitrate was most effective 

over only the first 75 days, likely due to the reduction and aggregation of ions.38 Here, silver 

nitrate was more effective against FCV, while AgNPs maintained higher and more 

prolonged effectiveness against MNV. This study further tested a AgNP film, produced by 

electrospinning a coating of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) 

(PHBV)/AgNP fiber mats, which were tested at both 25°C and 37°C.38  Reductions of 1.42- 

and 0.14-log were demonstrated for FCV and MNV, respectively at 25°C, which were not 

shown to be statistically significant compared to control PHBV films exposed to the virus.38 

At 37°C, the reduction of FCV was greater than 2.26-log, while the reduction in MNV was 

less successful, at only 0.86-log. It is here hypothesized that the release of silver ions from 

the immobilized AgNPs are responsible for the viral inactivation observed here; however, 

further testing and research is required to confirm this mechanism.38 

Similar to the work of Castro-Mayorga et al., AgNPs are combined with many different 

materials to lend antiviral capabilities. For example, chitin-nanofiber sheets (CNFS) have 

been combined with AgNPs to form antimicrobial and antiviral biomaterials including a 2-

log decrease in influenza A.43 Integration of AgNPs into sheets was also the approach taken 

by Chen et al., with their research on the antiviral activity of graphene-oxide sheets with 

silver particles (GO-Ag).44 Using both an enveloped and non-enveloped virus, researchers 

found that inhibition of viruses depended on the concentration of GO-Ag.44 The minimum 

concentration of GO-Ag required to inhibit infectious bursa virus (IBDV) inoculated at 9 x 

102 TCID50/mL was 0.125 mg/mL, while a higher inoculation of the virus, 9 x 103 

TCID50/mL IBDV, required 1 mg/mL of GO-Ag for inhibition. For inoculation of 4.7 x 104 
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TCID50/mL of feline coronavirus (FCoV), 0.1 mg/mL concentration of GO-Ag caused 

24.8% inhibition.44 For this study, silver doubled the capability of graphene oxide sheets 

against enveloped viruses, while it was the sole source of inhibition against the non-

enveloped virus.  

Integration of nanoparticles into membranes and filters is another common theme 

throughout the literature. Similar to copper, AgNPs can be incorporated into textiles and 

membranes in order to confer antiviral capabilities. Zodrow et al. investigated the use of 

AgNPs with polysulfone membranes, which exhibit promising antiviral properties, 

although a significant loss of silver from the membrane resulted in short-lived antibacterial 

and antiviral activity.45 While the exact mechanism for antiviral capabilities was not 

confirmed, the possibility of change in membrane permeability, depth of filtration, 

electrostatic adsorption or inactivation by Ag+ ions allowed for influent concentrations of 

up to 5±0.2 x 105 PFU/mL to be completely removed, while membranes without silver 

retained 102 PFU/mL.45 Similarly, work by De Gusseme et al. produced biogenic silver, 

which is associated with the bacterial cell surface of Lactobacillus fermentum, immobilized 

onto polyvinylidene fluoride (PVDF) membranes.46 This work tested antiviral properties 

using bacteriophage UZ1 and based on the slow release of Ag+, at least a 3.4-log decrease 

in virus load was achieved. Integration of silver into polylactide (PLA) films functions in 

the same manner as biogenic silver on PVDF, with the slow migration of silver from the 

film as demonstrated by Martinez-Abad et al. when tested against FCV.47  Similar to this 

approach with membranes, silver can be integrated into filters in order to trap airborne virus 

particles. In research conducted by Joe et al., AgNPs were coated onto a medium air filter, 
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which showed increased filter efficacy over 15 minutes of testing, with a density of 1.5 x 

109 particles/cm2 demonstrating roughly 70% antiviral efficiency without the presence of 

dust.48 Importantly, efficiency increased with silver density but decreased as dust buildup 

accumulated.  

Research to date has demonstrated that the size of AgNPs influences their effectiveness as 

antiviral agents, with 25 nm as their upper size limit.49 Interestingly, Rogers et al. 

discovered that larger AgNPs – at diameters of 25 nm, 55 nm, and 80 nm – increase the 

number of plaque-forming units compared to controls, promoting virus survival.50 A 

proposed explanation for this is that when the AgNPs are too large to establish a strong 

physical interaction with the glycoprotein present on viruses, they are unable to inhibit viral 

binding to cell surfaces and instead, these nanoparticles may agglomerate facilitating 

interaction of the virus with the host cells.50  
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Figure 2.3 Examples of inorganic antiviral coatings. (a) Copper impregnation on face 

mask. Reproduced with permission from 28 (b) Demonstration of virucidal capabilities 

conferred through a multi-functional antimicrobial and antiviral coating consisting 

micelles containing copper nanoparticles. (i) TEM image of influenza H1N1; (ii) TEM 

image of H1N1 virus after contact with coating. Reproduced with permission from 31 (c) i. 

Surface of composite nanostructured anatase-rutile-carbon (NsARC) coating on stainless 

steel. ii. SEM of NsARC coating surface morphology. iii. SEM of NsARC coating cross 

section. The nanoscale features resembling anatase sheets (mille-feuille) and rutile cones 

(strobili) increase the coating’s surface area, promoting efficient charge separation to 

elicit the photocatalytic effect. iv.  Reduction in the number of E. coli live cells after 4 h 
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exposure to UV light, visible light, and dark conditions on uncoated stainless steel and 

NsARC-coated stainless steel. Reproduced with permission from 51 (d) Antiviral 

performance of a TiO2 solid coating on glass with UVA irradiation intensities of 0, 0.001, 

0.01, and 0.1 mW/cm2 against (i) Bacteriophage Qβ and (ii) Bacteriophage T4. Reproduced 

with permission from 52 

 

2.3.3 Zinc 
 

Zinc has also been demonstrated as an antiviral agent since the publication of a study in 

1974 by Korant et al. demonstrating its effectiveness against the human rhinovirus 

(HRV).53 Their use of 0.1 mM zinc chloride provided a 99.99% reduction in the number of 

plaques formed for HRV. It was also demonstrated in this work that the most dramatic 

effect of zinc as an antiviral was in inhibiting proteolytic cleavage, thereby halting the 

synthesis of viral polypeptides.53  As with most metals, the mechanism for antiviral 

applications varies between viruses. Studies have shown mechanisms that interfere with 

viral replication, including free virus inactivation and inhibition of viral uncoating, viral 

genome transcription, and viral protein translation and polyprotein processing (Figure 

2.2c).33 For example, the effects of zinc on  HSV-1 and -2 have been studied for over 40 

years and research has suggested antiviral functionality in all aspects of the virus life cycle 

including polymerase function, protein production and processing, and free virus 

inactivation.54–56 It is worth noting that many viruses rely on a zinc-finger architecture for 

their replication by host cells, demonstrating the relevance of zinc as an antiviral agent. 

Zinc-fingers are  protein motifs that contain one or more amino acid sequence that allows 

the coordination of one of more zinc ions.57 Williams et al. illustrated that subtle changes 

in the zinc-finger structure of the nucleocapsid protein in HIV-1 reduced the effectiveness 
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of chaperone activity that destabilizes nucleic acids during the reverse transcription process 

of viral replication.57  

For antiviral surface applications, zinc is typically combined with other metals, whether as 

part of an alloy 19 or as an ion within a coating.42 Researchers have investigated the use of 

solid surfaces containing zinc combined with copper to create an antiviral alloy. Surfaces 

showed synergistic capabilities between zinc and copper with up to 40% zinc showing some 

efficacy to inactivate murine norovirus (MNV) and alloys containing up to 30% zinc 

completely inactivating 5 x 105 PFU/cm2 within 2 hours.19 Notably, this study found a 1-

log reduction in the infectivity of MNV using pure zinc, which conveys its capability as an 

antiviral on its own.  

Zinc oxide (ZnO) has also been used to create structures that act as viricidal agents. Mishra 

et al. generated zinc oxide micro-nano structures (ZnO-MNSs), which mimicked the 

naturally-occurring filopodia-like structures observed on the surface of HSV-1.  These 

structures are thought to compete with the virus to bind heparan sulfate on the cell surface 

and also efficiently trap virions outside cells due to partial negatively charged oxygen 

vacancies.58 Pre-incubation of ZnO-MNSs with HSV-1 for 90 minutes significantly 

blocked viral entry. Monitoring the enzymatic activity of infected cells measured using 

optical density showed that at a ZnO-MNSs concentration of 100 µg/mL, below 20% of 

HSV-1 entered the cell, which increased to just below 30% entry when the ZnO-MNSs 

concentration is at 0.1 µg/mL, while the PBS control showed roughly 70% HSV-1 entry 

into cells.58 This reduction of virus cell entry was increased by the use of ultraviolet (UV) 

light to create oxygen vacancies in the structure of ZnO-MNSs.  
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Zinc ionophores, substances responsible for transporting zinc ions across lipid membranes, 

are another intriguing use of the metal for antiviral capabilities. In research conducted by 

Qiu et al., the use of pyrithione (PT), which is a zinc ionophore, proved effective in 

inhibiting HSV-1 and HSV-2 replication.59 Here, PT facilitated the inhibition of HSV late 

gene expression and the production of viral progeny, which is presumed to be due to its 

role in the transport of  Zn2+, as inactivation was dependent on ion presence. 

 

2.3.4 Titanium Dioxide (TiO2) 
 

TiO2 has attracted much attention for its photocatalytic properties and its resultant 

applications to the inactivation of bacteria and viruses. The mechanism of pathogenic 

inactivation in TiO2 is related to light absorption, electron/hole generation, and the 

oxidation of organic material by ROS, such as superoxide anions and hydroxyl radicals, 

generated via valence band holes and conduction band electrons (Figure 2.2d).34,60–63 As 

with other compounds, research into the antimicrobial properties of TiO2 has largely 

focused on antibacterial applications, leaving studies into its virucidal activity relatively 

scarce. 

Early studies investigated the mechanisms of TiO2 photoinactivation of microbes in 

solution. Akhtar et al. developed TiO2 colloidal nanoparticles by a sonochemical method 

and demonstrated antibacterial and antiviral activity.64 The authors note that gram-negative 

bacteria were more resistant to TiO2, citing enzymatic and DNA damage as probable 

mechanisms alongside membrane disruption. They qualitatively demonstrated antiviral 

activity by inoculating chick allantoises with Newcastle disease virus (NDV) and a sample 
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of nano-colloids (see Table 2.1). The presence of active virus was characterized by 

hemagglutination of the allantois; virucidal behaviour was demonstrated at concentrations 

above 6.25 µg/mL.64  

Planar surface coatings of TiO2 have been effective antibacterial agents. Nakano et al. 

tested the antibacterial activity of TiO2-coated glass slides on a range of bacteria, finding 

that all tested strains were photocatalytically inactivated on TiO2-coated glass under UVA 

exposure. They also demonstrated that gram-negative bacteria were significantly more 

resistant to TiO2 catalysis, further implicating the lipid membrane as a locus of ROS 

activity.65 Krumdieck et al. report growing a nanostructured, solid, composite surface 

coating of anatase and rutile formations of TiO2 with carbon on stainless steel by a scalable 

vapour deposition method.51 The co-deposition of amorphous carbon enhances the 

photocatalytic activity of the coating by broadening the range of excitation wavelengths. 

They reported sizeable reductions of bacterial activity under UV and visible light 

irradiation and under totally dark conditions (Figure 2.3c).51 Several studies have identified 

alterations to cell membrane potential, increasing permeability to damaging agents, as a 

possible “dark” mechanism of TiO2 antimicrobial action.51,66,61 These techniques are likely 

to be effective in antiviral applications, particularly against enveloped viruses in which the 

outer lipid membrane is susceptible to the same disruption mechanisms as the bacterial 

plasma membrane.   

With the antibacterial nature of TiO2 nanoparticles and coatings well-established, some 

recent studies have focused on the direct application of TiO2 compounds to the 

development of antimicrobial – and, in growing numbers, antiviral – surfaces for use in 
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areas with high rates of infection, such as hospitals (Table 2.1). Nakano et al. demonstrated 

virucidal photocatalytic activity in TiO2 coatings using the enveloped influenza virus and 

non-enveloped FCV.65 They report a 3.6-log reduction in influenza virus activation after 4 

h of UVA exposure on the TiO2-coated glass and 1.7-log inactivation of FCV after 8 h. 

Inactivation of the viruses past the lower detection limit of their experiment occurred at 8 

h and 16 h for influenza virus and FCV, respectively.65  Similarly to the bacterial case, they 

ascribe this stark difference to the absence of a phospholipid bilayer in non-enveloped 

viruses like FCV.65 Ishiguro et al. demonstrated antiviral activity of TiO2 spin-coated on 

glass plates against bacteriophages Qβ and T4 upon exposure to 0.1, 0.01, and 0.001 

mW/cm2 intensity UVA light (351 nm) (Figure 2.3d).52 The lowest intensities they tested 

are representative of the typical UVA irradiation encountered indoors. At the lowest 

intensity, they showed 5-log and 2-log reductions in viral activity after 24 h of irradiation 

for bacteriophages Qβ and T4, respectively.52 More rapid inactivation was observed at 0.1 

and 0.01 mW/cm2 for both viral species. They also hypothesized that the probable target of 

ROS released by photocatalysis is the protein capsid of the bacteriophage after performing 

tests with bovine serum albumin in solution as a competitor,52 which resulted in lower 

bacteriophage activation. The results of Nakano et al. discussed above indicate that this 

surface coating may perform better against enveloped viruses, in which the outer lipid 

envelope would be more effectively targeted than a protein capsid.65  

The effect of modifications to TiO2 surface coatings with fluorine compounds to increase 

the efficiency of ROS production is also an active area of research. Park et al. investigated 

the virucidal activity of fluorinated TiO2 surface coatings on bacteriophage MS2, FCV, and 
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MNV.60 Their goal was to adapt the high-energy photon requirements of normal TiO2 

photocatalytic activity through fluorination, which would allow the phenomenon to occur 

with only the intensity of UVA irradiation encountered in a typical office with fluorescent 

lighting (3.5 µW/cm2 of UVA at a wavelength of ~365 nm).60 They suspended TiO2 

nanoparticles in a PEG solution before spreading, drying, and calcifying the mixture onto 

glass slides, followed by immersion in a NaF solution to achieve fluorination.60 They 

obtained 90% inactivation of bacteriophage MS2 under 3.5 µW/cm2 of UVA (~365 nm) 

intensity after 42 mins on glass with an F-TiO2 surface coating. In a realistic office setting, 

residual UVA exposure from fluorescent lighting is typically around 2.4 µW/cm2. 

Infectivity of MS2 on their coating fell below detection levels after 12 h under these 

conditions, validating the potential for F-TiO2 coatings to prevent viral transmission in 

indoor environments.60 

In addition, creating coatings that combine TiO2 with other metals demonstrates higher 

viral inactivation (e.g. bacteriophage MS2) compared to coatings that contain only TiO2. 

As demonstrated by Rao et al., loading TiO2 nanowire membranes with silver and copper 

increased the disinfection of drinking water in comparison to TiO2 alone, or in combination 

with just one metal.67 Testing with bacteriophage MS2 demonstrated a 4.02-log reduction 

for Cu-Ag-TiO2 in the UV light irradiation condition compared to less than 3-log reduction 

for TiO2 alone, a difference that was attributed directly to the co-loading of Ag and Cu.67 

Furthermore, Moongraksathum et al. demonstrated the antiviral capability of a silver-doped 

TiO2 coating prepared using a sol-gel method and deposited on a glass substrate.62 They 

achieved photocatalytic activity under both UVA and visible light irradiation, demonstrated 
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by the degradation of a methylene blue solution, and observed that a 1 wt% concentration 

of Ag in the TiO2 sol-gel produced the most photoactive coatings.62 They tested the antiviral 

capability of their coating against influenza A and enterovirus and achieved a >99.99% 

(>4.17-log) reduction in viral activity after irradiation with a 15 W UVA lamp for 20 mins. 

They also confirmed that the Ag-TiO2 composite outperformed a simple TiO2 coating in 

terms of percent antibacterial effectiveness by more than six times.62   

2.3.5 Other inorganic antiviral materials  
 

Although copper, silver, zinc, and TiO2 are the most widely studied inorganic materials, 

other inorganic materials and nanoparticles (e.g. gold, magnesium, transition metals, silica, 

and perovskites) have also been investigated in the antiviral research literature (Table 2.1).  

Gold nanoparticles (AuNPs) have historically been used for drug delivery alone or in 

combinations with other, more viricidal, metals such as copper.68 Different surface 

modifications, such as increased porosity or sulfate-ended ligands,  as well as combination 

with other bioactive metals, such as copper or iron,  have been used to achieve antiviral 

and, more often, antibacterial functionality.68–70 Broglie et al. investigated a gold/copper 

sulfide core/shell nanoparticle which was able to rapidly inactivate norovirus GI.1 

(Norwalk) virus-like particles, that replicate the activity of human norovirus in solution.68 

This work provided evidence that capsid protein degradation and capsid damage appeared 

to be the mechanism associated with viral inactivation, showing a direct reliance on 

nanoparticle concentration as well as treatment time. Reports as far back as 2010 from Di 

Gianvincenzo et al. hold promise for the use of capped gold nanoparticles as functional 

units that could be applied to surfaces to convey antiviral capabilities.70 These AuNPs were 
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coated with multiple copies of an amphiphilic sulfate-ended ligand that is able to bind to 

HIV and inhibit the infection in vitro. More recent work by Cagno et al. seems to suggest 

a similar possibility for surface coating, this time implementing gold nanoparticles as well 

as iron oxide.71 Using long and flexible linkers that mimic heparan sulfate proteoglycans 

(HSPG), tests with HSV-2, vesicular stomatitis virus pseudo-typed lentivirus (LS-VSV-G), 

human papillomavirus (HPV) and respiratory syncytial virus (RSV) illustrated the 

effectiveness as an antiviral agent.71 

Use of transition metals, including iron, magnesium, and manganese, has also proven 

effective in combination with TiO2 due to their higher sensitivity to visible light for the 

creation of radicals. Choi and Cho created a visible-light-induced photocatalyst coating 

using a sol-gel method, which eradicated more than 99% of influenza virus H1N1 within 

30 minutes.72 Here, the proposed mechanism of action is through the hydroxyl radicals that 

are generated in photocatalytic reactions, similar to the mechanisms discussed for TiO2 

itself.72 

A silica nanoparticle-based antimicrobial and antiviral coating was developed by Botequim 

et al. by incorporating quaternary ammonium cationic surfactant, 

didodecyldimethylammonium bromide (DDAB) on the surface of nanoparticles.73 They 

showed complete inactivation of influenza A/PR/8/34 (H1N1) virus on glass coated with 

DDAB treated nanoparticles with 0% virus survival. Notably, the antiviral mechanism does 

not require leaching of DDAB from the particle’s surface and is predicted to be similar to 

polycations with quaternary ammonium monomeric unity where they attract the viruses 

through favorable surface charges.73  
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Use of perovskites for antimicrobial capability is another growing area of research. 

Perovskites, referring to all compounds with the same crystal structure as calcium titanate, 

have been the subject of recent energy research, with perovskite-based solar cells reported 

in 2009.74 The application of these materials for antimicrobial and antiviral use has gained 

traction due to their superb oxidative ability, as reported by Weng et al..75 Using 

nonstoichiometric perovskite-type LaxMnO3, research has demonstrated the oxidation of 

amino acid residues within the viral envelope which neutralized the infectivity of influenza 

A virus. The best disinfection was achieved using La0.9MnO3 drop-coated onto glass 

coverslips, which neutralized 76% of influenza A within 15 minutes.75 Additional research 

has remained focused on antibacterial capabilities of materials such as perovskite 

lanthanum aluminate (PLA) and La0.8Ag0.15MnO3 (LAMO) magnetic nanoparticles 

(MNPs), which are thought to function through the interaction of positively charged NPs 

with the negatively charged cell wall of bacteria such as  S. aureus, Bacillus subtilis, E. 

coli, and Pseudomonas aeruginosa.76,77 

 

Table 2.1 Metal and inorganic antiviral materials 

Material 

Form 

Virus 

Virucidal 

Activity 

Deactivation 

time 

Proposed 

application

s 

Re

f. Name 
Envelo

pe 

Geneti

c 

Materi

al 

Copper 

Solid state Influenza A 
Envelo

ped 

Negativ

e sense 

ssRNA 

2 x 106 reduced 

to 500 infectious 

virus particles  

6 hours 

Replacemen

t of steel 

fittings; 

Copper 

surfaces in 

schools and 

healthcare 

facilities 

22 

Solid 

(coupons) 

Bacteriopha

ge Φ6 

Envelo

ped 
dsRNA 

2-log decline  

 
1 hour 

Noted 

copper 
24 
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Material 

Form 

Virus 

Virucidal 

Activity 

Deactivation 

time 

Proposed 

application

s 

Re

f. Name 
Envelo

pe 

Geneti

c 

Materi

al 

usage in 

sanitary and 

medical 

contexts 

Solid state 

(coupons) 

Monkeypox 
Envelo

ped 
dsDNA 

Complete viral 

inactivation 

uponcontact 

3 minutes Positioned 

as useful in 

hospital 

trials 

21 

Vaccinia 

virus 

Envelo

ped 
dsDNA 

Complete viral 

inactivation upon 

of contact 

3 minutes 

Copper alloys 
Murine 

norovirus 

Non-

envelop

ed 

Positiv

e sense 

ssRNA 

Dependent on 

alloy 

composition 

Dry touch: 

Complete 

inactivation Wet 

fomite: Range 

from complete 

inactivation to a 

2-4 log reduction  

Dry touch: 

5 to 120 minutes 

Wet fomite: 

Within 

2 hours 

Suggest use 

of copper 

alloys as dry 

surfaces in 

health care 

and 

community 

environment

s to prevent 

spread of 

pathogens, 

in 

combination 

with regular 

and efficient 

cleaning and 

decontamina

tion regimes 

20 

Copper/Zinc 

alloy 

Human 

coronavirus 

229E 

Envelo

ped 

Positiv

e sense 

ssRNA 

Inactivation for 

dry fingertip 

method  

103 PFU in wet-

droplet 

contamination 

(20 µl per cm2) 

inactivated  

Dry fingertip: 

5 mintues 

Wet Droplet: 

<60 minutes 

Incorporatio

n of copper 

alloy 

surfaces 

along with 

effective 

cleaning 

regimens 

and good 

clinical 

practice. 

25 

Solid state 

oxide 

(Cuprous 

oxide) 

Influenza A 
Envelo

ped 

Negativ

e sense 

RNA 

3.7-log reduction 

after exposure to 

2.1 µmol on 

glass slide 

30 minutes 

Tackle 

novel forms 

of the virus 

and 

potential 

resistance to 

drugs to 

reduce 

transmission

. Treatment 

of both 

public and 

living 

spaces to 

23 
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Material 

Form 

Virus 

Virucidal 

Activity 

Deactivation 

time 

Proposed 

application

s 

Re

f. Name 
Envelo

pe 

Geneti

c 

Materi

al 

help limit or 

prevent 

future 

pandemics 

Solid state 

oxide 

(Cuprous 

oxide) 

Bacteriopha

ge Qβ 

Non-

envelop

ed 

Positiv

e sense 

ssRNA 

6-log reduction  30 minutes 

Demonstrate

d potential 

for public 

and private 

living 

environment

s to reduce 

the risk of 

infections 

from 

pathogens 

18 

Copper-oxide 

within filters 

Rhinovirus-2 

Non-

envelop

ed 

Positiv

e sense, 

ssRNA 

2 ± 1.7 log 

reduction  
2 minutes 

Represent 

an 

inexpensive 

way to 

quickly 

deactivate 

viruses in 

contaminate

d liquids. 

27 

Yellow fever 

virus 

Envelo

ped 

Positiv

e sense 

ssRNA 

1.1 ± 0.5 log 

reduction  
2 minutes 

Influenza A 
Envelo

ped 

Negativ

e sense 

RNA 

1.77 ± 0.87 log 

reduction  
2 minutes 

Measles 

virus 

Envelo

ped 

Negativ

e sense 

ssRNA 

≥3.67 log 

reduction  
2 minutes 

Respiratory 

syncytial 

Envelo

ped 

Negativ

e sense 

ssRNA 

1.5 ± 0.5 log 

reduction  
2 minutes 

Parainfluenz

a virus 3 

Envelo

ped 

Negativ

e sense 

ssRNA 

1.11 ± 0.5 log 

reduction  
2 minutes 

Punta Toro 

virus 

Envelo

ped 

Negativ

e sense 

ssRNA 

1.73 ± 1.55 log 

reduction  
2 minutes 

Pichinde 

virus 

Envelo

ped 

Negativ

e sense 

ssRNA 

1.7 ± 1.47 log 

reduction  
2 minutes 

HIV-1 
Envelo

ped 

Positiv

e sense 

ssRNA 

4.6 ± 0.6 log 

reduction  
2 minutes 

Adenovirus 

Non-

Envelo

ped 

dsDNA 
2.2 ± 0.36 log 

reduction  
2 minutes 

Cytomegalo

virus 

Envelo

ped 
dsDNA 

4.3 ± 0.26 log 

reduction  
2 minutes 

Vaccinia 

virus 

Envelo

ped 
dsDNA 

0.47 ± 0.45 log 

reduction  
2 minutes 

Copper oxide 

impregnated 

face masks 

Influenza A 
Envelo

ped 

Negativ

e sense 

RNA 

No infectious 

titers recovered 

from surface  

30 minutes 

Reduction 

of 

contaminati

on risk 

28 
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Material 

Form 

Virus 

Virucidal 

Activity 

Deactivation 

time 

Proposed 

application

s 

Re

f. Name 
Envelo

pe 

Geneti

c 

Materi

al 

during use 

or removal 

of masks 

Ionic 

impregnation 

of latex and 

filters 

HIV-1 
Envelo

ped 

Positiv

e sense 

ssRNA 

Latex: 

Dose dependent 

withincubation 

on glove surface 

Filter: 

5-log reduction  

Latex: 

20 minutes 

Filter: 

5 mL/min 

Example of 

reduction of 

nosocomial 

infections in 

hospitals 

using copper 

in fabrics, 

paper, latex, 

etc. 

 

26 

West Nile 

Virus 

Envelo

ped 

Positiv

e sense 

ssRNA 

5-log reduction  5 mL/min 

Zeolite 

textiles, Cu2+ 

H5N1 avian 

influenza 

Envelo

ped 

Negativ

e sense 

ssRNA 

Ck/Yamaguchi/7/

04: 

> 5.0 log 

reduction  

Who.s/Hokkaido/

1/08: 

2.3-log reduction 

Ck/Yamaguchi/7/

04: 

30 seconds 

Who.s/Hokkaido/

1/08: 

1 minute 

CuZeo-

textile has 

wide 

applications 

as a 

microbicidal 

agent or in 

environment

al healthcare 

goods. Can 

be applied 

as a 

comprehensi

ve 

healthcare 

item such as 

in protective 

wear 

(clothes, 

masks and 

gloves), 

sheets 

covering 

beds or 

pillows in 

hospitals, 

and air or 

water 

purifiers in 

facilities 

such as 

hospitals or 

farms, etc. 

29 

H5N3 avian 

influenza 

Envelo

ped 

Negativ

e sense 

ssRNA 

> 5.0 log 

reductionfor 

Whi.s/Shimane/4

99/83 

10 minutes 
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Material 

Form 

Virus 

Virucidal 

Activity 

Deactivation 

time 

Proposed 

application

s 

Re

f. Name 
Envelo

pe 

Geneti

c 

Materi

al 

Nanoparticles 

within 

coating 

Influenza 

H1N1 

Envelo

ped 

Negativ

e sense 

ssRNA 

Complete 

inactivation  
1 minute 

Authors 

propose that 

this anti-

pathogen 

coating can 

provide an 

additional 

measure of 

protection 

against the 

spread of 

diseases in 

natural and 

manmade 

disasters, 

and during 

outbreaks of 

disease in 

either 

human or 

animal 

populations. 

31 

Copper 

powder 

within spray 

Influenza A 
Envelo

ped 

Negativ

e sense 

RNA 

100% inhibition  10 minutes 

Demonstrati

on of spray 

coating that 

is effective 

as an 

antimicrobia

l, which can 

be used on 

surfaces 

within 

healthcare 

facilities. 

35 

Silver 

Hybrid 

coating 

(ionic) 

HIV-1 
Envelo

ped 

Positiv

e sense 

ssRNA 

99.8% reduction  20 minutes 
A broad-

spectrum 

antimicrobia

l surface 

coating 

would have 

great impact 

on the battle 

against 

hospital-

acquired 

42 

Dengue 

virus 

Envelo

ped 

Positiv

e sense 

ssRNA 

1.1log TCID50 

reduction  
4 hours 

HSV 
Envelo

ped 
dsDNA 

Complete 

inactivation  
4 hours 

Influenza 
Envelo

ped 

Negativ

e sense 

ssRNA 

0.7-log TCID50 

reduction 
4 hours 
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Material 

Form 

Virus 

Virucidal 

Activity 

Deactivation 

time 

Proposed 

application

s 

Re

f. Name 
Envelo

pe 

Geneti

c 

Materi

al 

Coxsackie 

Non-

envelop

ed 

Positiv

e sense 

ssRNA 

0.2-log TCID50 

reduction 
4 hours 

infections. 

Potential to 

provide 

antimicrobia

l protection 

on surfaces 

and 

materials in 

hospital 

settings. 

Silver Nitrate 

in solution 

Feline 

calicivirus 

Non-

envelop

ed 

Positiv

e sense 

ssRNA 

3-log reduction 

in recovery in 

2.1mg/L 

concentration 

75 days 

Technology 

proposed 

here would 

allow for 

custom 

design of 

active, 

adaptive 

packaging 

and contact 

surfaces. 

38 

 

Murine 

norovirus 

Non-

envelop

ed 

Positiv

e sense 

ssRNA 

1 log reduction 

after 75 days 

with 2.1mg/L 

concentration 

75 days 

Nanoparticle 

in solution or 

film 

Feline 

calicivirus 

Non-

envelop

ed 

Positiv

e sense 

ssRNA 

In solution: 4-log 

reduction in 

recovery of virus 

if concentration 

was higher than 

10.5mg/L 

As film: 

1.42 log 

reduction of FCV 

at 25°C 

Complete 

inactivation of 

FCV at 37°C 

In solution:  

Maintained over 

150 days 

As film: 

Overnight 

incubation 

Murine 

norovirus 

Non-

envelop

ed 

Positiv

e sense 

ssRNA 

In solution:  

Initial 3-log 

reduction in 

recovery of virus, 

increased to 

complete 

inactivation over 

150 days if 

concentration 

was higher than 

10.5mg/L 

As film: 

0.14 log 

reduction of 

MNV at 25°C 

0.86 log 

reduction of 

MNV at 37°C 

In solution:  

1 day, increased 

over 150 days  

As film: 

Overnight 

incubation 

Nanoparticle 

impregnation 

Influenza A 

(A/PR/8/34 

(H1N1)) 

Envelo

ped 

Negativ

e-sense 

RNA 

2-log decrease at 

concentration of 
1 hour 

Chitin-

nanofiber 

sheets with 

43 
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Material 

Form 

Virus 

Virucidal 

Activity 

Deactivation 

time 

Proposed 

application

s 

Re

f. Name 
Envelo

pe 

Geneti

c 

Materi

al 

of nanofiber 

sheets 

AgNPs at 8.5 

µl/cm2  

potential to 

act as 

wound 

dressings 

Nanoparticle 

within 

Graphene 

Oxide 

Infectious 

bursa virus 

Non-

envelop

ed 

dsRNA 

0.125mg/mL led 

to complete 

inhibition of 9 x 

102 TCID50/mL; 

1 mg/mL against 

the infection of 9 

x 103 TCID50/mL  

1 hour 

Further 

application 

of GO and 

GO-Ag can 

be 

considered 

for personal 

protection 

equipment 

to decrease 

the 

transmission 

of viruses 

44 

Feline 

coronavirus 

(FCoV) 

Envelo

ped 

Positiv

e sense, 

ssRNA 

0.1mg/mL 

caused 24.8% 

inhibition for 4.7 

x 104 TCID50/mL  

1 hour 

Nanoparticle 

within 

membrane 

Bacteriopha

ge MS2 

Non-

envelop

ed 

Positiv

e sense 

ssRNA 

5 ± 0.2 x 105 

PFU/mL 

completely 

removed 

Flow rate not 

reported 

Membranes 

used for 

water 

treatment 

45 

Nanoparticle 

within 

membrane 

Bacteriopha

ge UZ1 
- - 

3.4-log decrease 

in virus load  

Flux of 3.1 L m-2 

h-1 

Developmen

t of an 

innovative 

strategy for 

preventing 

outbreaks of 

waterborne 

diseases 

46 

Nanoparticle 

within film 

Feline 

Calicivirus 

(FCV) 

Non-

envelop

ed 

Positiv

e sense 

ssRNA 

> 4.4 log 

TCID50/mL 

reduction after 

contact with 

films 

24 hours 

Excellent 

potential for 

PLA-silver 

films for 

food contact 

applications 

as well as in 

active 

packaging 

technologies 

for food 

safety and 

quality. 

47 

Nanoparticle 

within filter 

Bacteriopha

ge MS2 

virus 

Non-

envelop

ed 

Positiv

e sense 

ssRNA 

Density of 1.5 x 

109 particles/cm2 

demonstrates 

roughly 70% 

antiviral 

efficiency 

without the 

presence of dust 

15 minutes 

Use as air 

filters within 

all types of 

public 

facilities. 

48 

Zinc 
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Material 

Form 

Virus 

Virucidal 

Activity 

Deactivation 

time 

Proposed 

application

s 

Re

f. Name 
Envelo

pe 

Geneti

c 

Materi

al 

Solid state 
Murine 

norovirus 

Non-

envelop

ed 

ssRNA 
1-log reduction 

for pure zinc  
2 hours 

Suggests the 

incorporatio

n of copper 

alloy 

surfaces to 

help prevent 

infection 

spread, such 

as within 

hospitals 

19 

Zinc Oxide 

filopodia-like 

structures 

Herpes 

simplex 

virus type 1 

Envelo

ped 
dsDNA 

Dose dependent 

reduction of viral 

entry; incubation 

with 100ug/mL 

ZnO-MNSs led 

to below 20% 

entry 

90 minutes 

Suggests 

developmen

t of these 

micro-

nanostructur

es as a 

topical agent 

for 

prevention 

of HSV-1 

infection. 

58 

Ionic solution 
Human 

rhinovirus 

Non-

envelop

ed 

Positiv

e sense, 

ssRNA 

99% reduction in 

number plaques 

using zinc 

chloride after 

virus exposure  

1 hour 

Investigatio

n focused on 

the 

mechanism 

of action. 

53 

TiO2 

Colloidal 

nanoparticles 

Newcastle 

disease virus 

Envelo

ped 

Negativ

e sense 

ssRNA 

Qualitative; 

chick allantoises 

did not 

hemagglutinate 

after incubation 

with nano-

colloids  

96 hours 

Starting 

point for the 

developmen

t of antiviral 

drugs 

64 

Solid state 

coating 

Influenza 

virus 

Envelo

ped 

Negativ

e sense 

ssRNA 

3.6-log reduction 

(UVA intensity 

0.1 mW/cm2) 

4 hours 

Integration 

into surfaces 

in high-risk 

environment

s to reduce 

the spread 

of infection, 

such as at 

hospitals 

and daycare 

centers 

65 

Feline 

calicivirus 

Non-

envelop

ed 

Positiv

e sense 

ssRNA 

1.7-log reduction 

(UVA intensity 

0.1 mW/cm2) 

8 hours 

Solid-state 

anatase 

coating 

Bacteriopha

ge Qβ 

Non-

envelop

ed 

Positiv

e sense 

ssRNA 

4.5-log reduction 

(UVA intensity 

0.1 mW/cm2) 

4 hours 

Prevention 

of viral 

transmission 

52 
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Material 

Form 

Virus 

Virucidal 

Activity 

Deactivation 

time 

Proposed 

application

s 

Re

f. Name 
Envelo

pe 

Geneti

c 

Materi

al 

Bacteriopha

ge T4 

Non-

envelop

ed 

dsDNA 

2-log reduction 

(UVA intensity 

0.1 mW/cm2) 

4 hours 

in indoor 

and outdoor 

living 

spaces 

Fluorinated 

nanoparticles 

Bacteriopha

ge MS2 

Non-

envelop

ed 

Positiv

e sense 

ssRNA 

2.6-log reduction 

(UVA intensity 

0.01 mW/cm2) 

60 minutes 
Prevention 

of viral 

transmission 

in indoor 

commercial 

spaces with 

fluorescent 

lighting 

60 Feline 

calicivirus 

Non-

envelop

ed 

Positiv

e sense 

ssRNA 

2.0-log reduction 

(UVA intensity 

0.01 mW/cm2) 

60 minutes 

Murine 

norovirus 

Non-

envelop

ed 

Positiv

e sense 

ssRNA 

2.6-log reduction 

(UVA intensity 

0.01 mW/cm2) 

6 minutes 

Ag- and Cu-

doped 

nanowire 

membranes 

Bacteriopha

ge MS2 

Non-

envelop

ed 

Positiv

e sense 

ssRNA 

4.02-log 

reduction after 

filtration 

30 minutes 

Filtration 

and 

disinfection 

of drinking 

water 

67 

Ag-doped 

solid-state 

coating 

Influenza A 
Envelo

ped 

Negativ

e sense 

ssRNA 

≥4.17-log 

reduction 15 W 

UVA light from 

35 cm) 

20 minutes 
Disinfection 

of publicly-

used 

surfaces and 

breakdown 

of organic 

pollutants 

62 

Enterovirus 

Non-

envelop

ed 

Positiv

e sense 

ssRNA 

≥4.17-log 

reduction (15 W 

UVA light from 

35 cm) 

20 minutes 

Other inorganic antiviral materials 

Modified 

Gold 

Nanoparticle 

in solution 

Virus-like 

particles 

(VLPs), 

replicating 

human 

norovirus, 

GI.1 VLPs 

Replica

tes 

Non-

envelop

ed 

Replica

tes 

RNA 

Complete 

inactivation of 

VLPs at a 

concentration of 

0.37 µg/mL 

using 0.083 µM 

Au/CuS NPs 

1 hour 
Proposed as 

an antiviral 
68 
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Material 

Form 

Virus 

Virucidal 

Activity 

Deactivation 

time 

Proposed 

application

s 

Re

f. Name 
Envelo

pe 

Geneti

c 

Materi

al 

Multivalent 

gold 

nanoparticles 

with sulfate 

ligands 

HIV 
Envelo

ped 

Positiv

e sense 

ssRNA 

<20% infection 

rate of T-cells 

after incubation 

with sulfonated 

gold 

nanoparticles 

30 minutes 

Developmen

t of a 

multifunctio

nal 

therapeutic 

anti-HIV 

system 

70 

Gold 

nanoparticles 

with 

undecanesulf

onic 

acid(MUS)-

containing 

ligands 

HSV-1 

 

Envelo

ped 
dsDNA 

Irreversible loss 

of infectivity (0 

PFU) after pre-

incubation of 

virus with gold 

NPs 

1 hour 

Production 

of virucidal 

drugs to 

fight viral 

infections 

71 

HSV-2 

 

Envelo

ped 
dsDNA 

Irreversible loss 

of infectivity (0 

PFU) after pre-

incubation of 

virus with gold 

NPs 

1 hour 

Human 

papillomavir

us type 16 

(HPV-16) 

 

Non-

Envelo

ped 

dsDNA 

Irreversible loss 

of infectivity (0 

FFU) after pre-

incubation of 

virus with gold 

NPs 

1 hour 

RSV 

 

Envelo

ped 

Negativ

e sense 

ssRNA 

Irreversible loss 

of infectivity (0 

PFU) after pre-

incubation of 

virus with gold 

NPs 

1 hour 

Vesicular 

stomatitis 

virus 

pseudo-

typed 

lentivirus 

(LV-VSV-

G) 

Envelo

ped 

Negativ

e sense 

ssRNA 

Irreversible loss 

of infectivity (0 

transduction 

units) after pre-

incubation of 

virus with gold 

NPs 

1 hour 

Adenovirus-

5(AD5) 

Non-

Envelo

ped 

dsDNA 
No inhibition 

(virus is not 
1 hour 
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Material 

Form 

Virus 

Virucidal 

Activity 

Deactivation 

time 

Proposed 

application

s 

Re

f. Name 
Envelo

pe 

Geneti

c 

Materi

al 

HSPG-

dependent) 

Ion doping of 

coating with 

Transition 

Metals (i.e. 

iron, 

magnesium, 

manganese) 

Influenza 

H1N1 

Envelo

ped 

Negativ

e-sense 

RNA 

99% eradication 

with a 

fluorescent lamp 

30 minutes 

Suggest use 

for 

inactivation 

of virus 

inside 

buildings 

with 

fluorescent 

light. 

72 

Silica 

Nanoparticle 

in coating 

Influenza 

A/PR/8/34 

(H1N1) 

Envelo

ped 

Negativ

e-sense 

RNA 

Complete 

inactivation after 

incubation of 

virus suspension 

on surface  

30 minutes 

Use as a 

microbicidal 

coating 

73 

Nonstoichiom

etric 

perovskite-

type 

LaxMnO3 

Influenza A 
Envelo

ped 

Negativ

e-sense 

RNA 

Neutralized 76% 

of influenza A  
15 minutes 

Proposed as 

a sterilizing 

method to 

minimize 

transmission 

of virus via 

multiple 

routes, 

including 

aerosol and 

contaminate

d fluids 

75 

 

 

2.4 Polymeric and Organic Antiviral Coatings 
 

2.4.1 Polyelectrolyte-coated Surfaces 
 

It has been shown that the positive charge of polycations in polymers such as 

polyethylenimine attracts viruses having an inherent negative charge, interferes with their 

genomic content or structural units, and causes complete viral disintegration  (Figure 

2.4a).78,79 It has been claimed that this class of coating, typically applied through “painting”, 

can permanently convey antiviral and antibacterial properties even after being subjected to 
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multiple washes.80 Herein, the literature involving polycations, mainly polyethylenimines, 

is discussed and is summarized in Table 2.2. 

Immobilizing polycations on various surfaces has been shown to convey antiviral 

properties for both enveloped and non-enveloped viruses.81,82 Immobilized hydrophobic 

polyethylenimine-based and dendrimer-based polycations have reduced the titer of viruses. 

A study on bacteriophage PRD1 interaction with polyethylenimine coated glass slides 

demonstrated that positive charges and hydrophobicity (conferred by 4-bromobutyrylated 

polyethylenimine treated glass with N,Ndimethylhexadecylamine) result in a significant 

decrease in the virus titer compared to uncoated glass.82 Overall, having only polycations 

(minimal hydrophobicity) also showed a reduction in the virus titer, however, the 

combination of hydrophobicity with acetylated surfaces and positive charges of 

polyethylenimine was more effective.82 The antiviral activity was also proportional to the 

surface area of the treated glass. This was also confirmed by exposing treated glass powders 

to the virus solution, demonstrating higher titer reduction compared to treated surfaces.82 

Moreover, N-alkylated polyethylenimines, namely linear N,N-dodecyl,methyl 

polyethylenimines, have also demonstrated antiviral properties for non-enveloped viruses 

when “painted” on polyethylene.81 Using this method, Larson et al. showed slightly 

elevated antiviral activity as incubation time was increased and nearly 100% virucidal 

activity after 15 minutes of  

incubation.81 Furthermore, they tested another N-alkylated polyethylenimine, branched 

N,N-hexyl,methyl via covalent attachment to glass slides, and similarly demonstrated 

complete elimination of the rotavirus after 30 minutes of incubation.81 Their studies showed 
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effective antiviral behaviour of the polycation coating not only on enveloped viruses such 

as influenza but also on non-enveloped viruses such as poliovirus and rotavirus.81 To 

elucidate the role of the polyethylenimines, Haldar et al. demonstrated that their molecular 

weight is important for the virucidal characteristics, as they must be large enough to 

penetrate the viruses.83 They tested 750 kDa, 25 kDa, and 2 kDa sizes of polyethylenimines, 

with only the 750 kDa polyethylenimine showing complete inactivation of the influenza 

virus. Moreover, the polycation (polyethylenimines) was compared to a polyanion and a 

neutral coating.83 It was shown that the polyanion has partial virucidal activity, while the 

neutral coating was not virucidal. The fact that both polycations and polyanions showed 

antiviral characteristics was hypothesized to be due to availability of both positively and 

negatively charged domains on the virus (i.e. influenza virus), with the negatively charged 

domains being dominant, which explains the superiority of polycations in antiviral activity 

(polycation and polyanion having 100% and 66% viricidal activity respectively).83 

Similarly, a study by Dang et al. showed positively- and negatively-charged polyelectrolyte 

multilayers (PEMs) deposited on a quartz crystal microbalance (QCM).84 They claimed 

that with various designs for the PEMs it is possible to manipulate the adhesive properties 

of the surfaces towards viruses. Negatively charged surfaces (e.g. poly(styrene-4-sulfonate) 

terminated) showed relatively lower amounts of bacteriophage MS2 due to the unfavorable 

electrostatic interaction between the bacteriophage and the anionic surface.84 On the other 

hand, positively charged PEMs showed higher amounts of MS2 deposition, which is in line 

with the findings by Haldar et al. From the molecular perspective, polycations with both 

branched and linear polyethylenimines (e.g. N,N-dodecyl,methyl-polyethylenimine) were 
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lethal towards influenza virus A,85–87  even to strains which were resistant towards 

commercial drugs.87 PEMs can be easily applied to surfaces using methods such as spray 

coating, dip coating, and painting, for the development of scalable antiviral coatings. 

 
Figure 2.4 Polycation coatings. (a) Mechanism of enveloped virus inactivation by 

polycation coating. (i) diffusion of the virus particle to the surface from solution (ii) 

adhesion on polycation surface (iii) the genomic material leaks out and the virus gets 

inactivated. Reproduced with permission from 79 (b)  SEM images of influenza virus after 

exposure to uncoated (i) and N;N-dodecyl,methyl-PEI-coated (ii and iii) silicon wafers. 

Reproduced with permission from 79 (c) SEM images of a polyethylene surface coated with 

Quat-12-PU nanoparticles. (i) Top view (ii) cross-section Reproduced with permission 

from 88 (d) The SEM of Quat-12-PU electrospun nanofibers. Reproduced with permission 
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from 88 (e) Antiviral activities of uncoated and Quat-12-PU coated polyethylene 

slides solution-based or nanosuspension deposition. Reproduced with permission from 88. 

 

Further studies by Hsu et al. investigated the role of the underlying substrate on the antiviral 

properties.79 Polyethylene and polypropylene were used as alternatives to glass. It was 

discovered that all three types of substrates used for coating demonstrated complete 

disinfection of the virus, proving that the polycation painting is the key to the antiviral 

activity of the materials.79 In order to better understand the mechanism and fate of viruses 

when coming in contact with the polycation coating, the viral nucleoprotein was assayed 

using colorimetric ELISA as a marker indicating viral rupture.79 The assay demonstrated 

the disappearance of the viral particles from the solution exposed to the polycation, 

indicating that the viruses attach to the hydrophobic polycationic coatings (Figure 2.4a). 

Furthermore, real-time reverse-transcriptase PCR (qRT–PCR) was used to evaluate the 

detectable viral RNA in solution where its presence would indicate loss of infectivity of the 

virus due to the viral genomic material being exposed.79 It was shown that a significant 

amount of viral RNA was detectable, therefore the polycation layer is not only attracting 

the virus but also inactivating the virus.79 This was also validated with scanning electron 

microscopy (SEM) (Figure 2.4b) of the influenza virus, showing that the integrity of the 

influenza virus was compromised for 54% of the 132 surveyed viruses.79 The monomer of 

the polycation N;N-dodecyl,methyl-polyethylenimine, dodecyltrimethylammonium 

bromide (DTAB), was also capable of inactivating the influenza virus in test solutions. This 

hinted towards the antiviral activity being related to the hydrophobic quaternary ammonium 



Ph.D. Thesis – S. M. Imani                       McMaster University – Biomedical Engineering 

76 

 

salt moiety, that is maintained within the polymeric and surface-immobilized form of the 

polycation.  

In another approach for coating the polycations, a study by Liu et al. demonstrated use of 

N,N-hexyl,methyl-polyethylenimine with an aerosol-assisted plasma deposition technique 

on glass surfaces.89 This allows for the covalent immobilization of N,N-hexyl,methyl-

polyethylenimine through a one-step method and has been shown to be thermally stable 

(up to 150 ºC) and durable upon exposure to vigorous washes and exposure to detergents. 

This study demonstrated a greater than 4-log reduction in the influenza H1N1 virus for 

N,N-hexyl,methyl-polyethylenimine treated surfaces.89 

Another class of polyelectrolytes used as antiviral coatings is polyurethane-based materials, 

such as N,N-dodecyl,methyl-polyurethane (Quat-12-PU), which are versatile, abrasion-

resistant, and robust for long periods of time.88 Quat-12-PU can be coated onto surfaces 

through three different methods: (1) spray coating on polyethylene or glass slides, (2) 

synthesizing Quat-12-PU nanoparticles by dissolving Quat-12-PU in Tetrahydrofuran 

(THF) and subsequently spraying the nanoparticle solution on glass slides (SEM image 

shown in Figure 2.4c i and ii) or, (3) by electrospinning Quat-12-PU nanofibers onto glass 

slides (scanning electron microscopy image shown in Figure 2.4d).88 The study by Park et 

al. demonstrated antiviral properties with complete inactivation of influenza virus 

(enveloped, with 0 PFU/ml of virus detected) but not poliovirus (non-enveloped) by 

subjecting the solution-treated or nanoparticle-treated surfaces to the respective virus 

solutions and comparing each to uncoated substrates (Figure 2.4e).88 The antiviral 

properties were attributed to the Quat-12-PU interfering with the lipid envelope of the virus 
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protecting its RNA. Comparing the Quat-12-PU to the N,N-dodecyl,methyl-

polyethylenimine coated surfaces, it was previously shown that the latter disinfects 

poliovirus.81 Park et al showed that the polioviruses adhere to N,N-dodecyl,methyl-

polyethylenimine surfaces but not to Quat-12-PU coated ones by subjecting N,N-

dodecyl,methyl-polyethylenimine surfaces to detergent washes and assessing the extent of 

the recovered viruses. This can be attributed to the different chemistries on these surfaces.88  

A polyelectrolyte-based method was used to develop filtration membranes for reducing the 

amount of virus in drinking water.78  Through a covalent layer-by-layer deposition method, 

multiple layers of polyethyleneimine were created with use of terephthalaldehyde as the 

cross-linking agent. It was found that there was a 4-log reduction in the virus titer from the 

solution.78 Furthermore, silver and copper nanoparticles were incorporated within the 

polyethyleneimine layer and tested for antiviral properties, indicating 4.5- to 5-log 

reduction in PFU.78 They also ran qRT-PCR on the permeates of the membrane, which 

confirmed the hypothesis that the polycationic coating actually inactivates the virus and 

exposes the genomic content.78 Their overall findings suggested that this polyelectrolyte 

coating can be integrated on a planar surface (e.g. glass), as well as on irregular surfaces 

(e.g. porous membranes).78 

In another study, quaternary ammonium compounds (QACs) were coated onto glass and 

plastic surfaces in order to add antiviral properties. The QAC polymer was dissolved in 

acetone and a thin layer was added to either glass or well plates and subsequently dried, 

making a positively charged layer.90 Enveloped influenza A (H1N1) virus and non-

enveloped poliovirus Sabin 1 were tested for virucidal activity on the surfaces. Influenza A 
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showed reduction in the virus infectivity after 2 minutes; on the other hand, poliovirus did 

not show reduction even after longer incubation times.90 

 

2.4.2 Photosensitizer materials  
 

A number of recent studies have integrated photosensitive compounds other than TiO2, 

such as rose bengal and C60, onto surfaces to exploit the ROS-dependent antimicrobial and 

antiviral pathways.91 Photosensitizers, light-activated molecules,  are also used for 

antimicrobial photodynamic therapy as an alternative for antibiotic chemotherapies.92 

Antimicrobial photodynamic inactivation operates on the principle that a photosensitizer 

gets excited via visible light absorption and subsequently reacts with oxygen.92 There are 

two pathways (type I and type II), shown in Figure 2.5a, through which active products are 

generated that induce damage to viruses, bacteria, or other organic species. In the type I 

pathway, the photosensitizer reacts with bio-organic molecules and produces ROS (e.g. 

superoxide, hydroxyl radicals, and hydrogen peroxide). The type II pathway occurs as the 

excited photosensitizer transfers energy to molecular oxygen and generates singlet oxygen 

(1O2), which induces oxidative damages to biological species.92,93 More specifically, 

saturated lipids are the target for free radicals and singlet oxygen attacks. This leads to lipid 

peroxidation and the alteration of surrounding proteins, nucleic acids (mainly guanine) and 

other molecules. Therefore, it is hypothesized that the generation of ROS damages the viral 

envelope and causes viral inactivation.93 This makes enveloped viruses more susceptible to 

photodynamic inactivation than non-enveloped ones. However, non-enveloped viruses 

have also shown photodynamic inactivation of their viral proteins.93 The advantages of 
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such antimicrobial pathways over antiviral and antimicrobial drugs include non-specific 

damage leading to an inability to develop resistance, 1O2 being environmentally benign, 

and the non-toxicity of photosensitizers.92,93   

Si et al. reported on developing a fine membrane of electrospun poly(vinyl alcohol-co-

ethylene) nanofibers functionalized with benzophenone tetracarboxylic dianhydride and 

chlorogenic acid.94 They recognized the limitations of UV-dependent photoactivity 

exhibited by most photoactive materials and sought to develop an antibacterial and antiviral 

surface excitable in daylight conditions by ambient visible and UVA light. They achieved 

a 5-log reduction in viral activity of bacteriophage T7 in daylight conditions, with similar 

results for antibacterial action against E. coli and L. innocua.94  As mentioned previously, 

non-enveloped bacteriophages such as T7 generally show increased resistance to most 

ROS- or contact-killing-based antiviral mechanisms, and the authors predicted that 

enveloped viruses would be targeted even more effectively due to the presence of a lipid 

membrane.94 The nanofiber membrane is also notable for its filtration capabilities, which 

effectively impedes the penetration of small particles and microorganisms. It also possesses 

the ability to “store” photoactivity by achieving a metastable electronic structure in the 

event that hydrogen abstraction is not completely reversed by ROS production.94 This 

allows it to maintain its antimicrobial characteristics in the dark. Si et al. tested their 

nanofiber membrane on personal protective equipment such as lab coats and N100 masks 

and demonstrated that it provided a nearly 6-log reduction in T7 phage plaque-forming 

units compared to the unmodified materials.94 
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Cellulose has been researched with the aim to reduce nosocomial infections in hospital 

textiles.95 In order to introduce antimicrobial and antiviral characteristics to cellulose, 

Alvarado et al. developed photosensitizer-linked nanofibrillated cellulose (PS-NFC) 

through utilizing triazine linking and covalently bonding a porphyrin-based photosensitizer 

to nanofibrillated cellulose (NFC).95 The antiviral behaviour of this technology relies on 

the production of reactive singlet oxygen (1O2) and other ROS upon illumination of the 

photosensitizer and the extremely high surface area of NFC is a contributing factor. Free-

base, [5-(4-aminophenyl)-10,15,20-tris-(4-N-methylpyridinium)porphyrin (A3B3+)], and 

metallated, [5-(4-aminophenyl)-10,15,20-tris- (4-N-methylpyridinium) porphyrinato] 

zinc(II) (Zn-A3B
3+), photosensitizers were applied to NFC (A3B3+-NFC and Zn-A3B

3+-

NFC) (Figure 2.5b and c) in order to integrate photoactive behaviour to NFC.95 Vesicular 

stomatitis virus (VSV) and dengue-1, both enveloped viruses, were used to assess the 

antiviral behaviour of the modified NFC. After illumination, both treated NFC materials 

showed complete inactivation of the viruses (Figure d and e).95 A study by Carpenter et al. 

conjugated cationic, anionic, and neutral porphyrins to cellulose fibers to add antimicrobial 

properties to the surface against enveloped (dengue-1 and influenza A) and non-enveloped 

viruses (human adenovirus-5 (Had-5)).96 The anionic and neutral porphyrins did not show 

promising results in a reduction in CFU/mL in their bacteria studies, which they attributed 

to electrostatic repulsion and/or hydrophobicity of those surfaces not allowing interaction 

of the porphyrins with the bacteria.96 For the virus studies, they implemented porphyrin-

positive treated cellulose, due to its better performance with bacteria. Dengue-1 and 

influenza A showed >99.995% and ∼99.5% reduction in FFU/mL, however, the non-
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enveloped viruses (HAd-5) were harder to inactivate and showed ∼99% reduction in 

FFU/mL using immunofoci staining. The reductions in FFU were attributed to the protein-

based capsid and the lipid-bilayers, which in the case of enveloped viruses, were found less 

resistant towards photosensitization.96 In another study, wipes with polypropylene fibers 

were coated with the photosensitizer rose bengal, which is immobilized on the fibers 

through multiple amide bonds and produces singlet oxygen during exposure to visible 

light.97 Wipes were spiked with various viruses including the human norovirus GI.4 and 

GII.4, murine norovirus 1 (MNV-1), human adenovirus type 5 (hAdV-5), and influenza 

virus H1N1. The non-enveloped viruses did not exhibit prompt inactivation, with the time 

needed for the first 1-log reduction being more than 7 hours, while enveloped viruses 

showed immediate and complete inactivation (more than 4-log).97 Furthermore, the transfer 

and persistence of viruses from a steel surface were tested after being wiped with the treated 

and untreated wipes, and the proportion of viruses recovered from the wiped surface to the 

unwiped one through viral genome quantification was reported. For MNV-1 and influenza 

virus, no viruses were discovered after wiping the contaminated steel surfaces. However, 

residual amounts (0.2%-0.6% residual virus proportions) of norovirus were found on the 

steel surfaces.97 Notably, in this case, no difference was found between the treated and 

untreated wipes. They further tested the already used wipes (used on steel surfaces) on a 

secondary steel surface to investigate cross contamination and revealed that non-enveloped 

viruses demonstrated cross-contamination.97 The development of wipes that remain clean 

is an avenue for reducing cross-contamination and halting the spread of infection via 

surfaces. 
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Figure 2.5 Photosensitizer–cellulose conjugate materials. (a) Schematic representation 

of the photosensitization process. Reproduced with permission from 93  (b)  A3B3+-NFC 

and (c) Zn-A3B3+-NFC. Photodynamic inactivation studies of the (d) dengue-1 and (e) 

vesicular stomatitis virus (VSV). Dark yellow and dark green bars are dark controls. Light 

yellow and light green bars are illuminated.  Black bar is the initial virus concentration. 

Slight decrease in the virus infectivity was observed in dark environments, which, due to 

observed strong virucidal behaviour in illumination conditions, was attributed to the 

accidental light exposure while running the assays. Reproduced with permission from 95 (f) 

Fabrication process of C60 coated stainless-steel mesh and virus assay setup. (i) 
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Electrospraying silica particles on stainless-steel mesh; (ii) hot pressing (iii) APTES 

treating silica (iv) covalent C60 attachment (v) visible-light-sensitized remote singlet 

oxygenation and virus inactivation setup. Reproduced with permission from 98. 

 

A C60-based sensitizer was developed to evaluate virus inactivation in air due to its high 

yield of singlet oxygen production. Briefly, SiO2 was electrosprayed on a stainless-steel 

mesh to serve as a support for a layer of (3-aminopropyl)triethoxysilane (APTES).98 This 

allowed for the SiO2 to attach to the double bonds of C60. To assess antiviral activity in air, 

inactivation rates of bacteriophage MS2 were evaluated at various distances from the 

singlet oxygen source (C60 coated mesh).98 The schematic of the production process and 

virus assay setup are shown in Figure 2.5f. It was found that bacteriophage MS2 was 

deactivated ((N0-N)/N0, the quantity of the residual bacteriophage MS2 remaining relative 

to the initial quantity in PFU/mL) by 55.8%, 37.7%, and 24.3% respectively when the C60 

coated mesh was used at 5, 15, 30 cm distances after 3 hours.98  

Within the field of photosensitized material and their virucidal activity, there are some 

studies that produce polycaprolactone, polyurethane, and polyacrylonitrile nanofibers, and 

dope them with photosensitizers such as 5,10,5,20-tetraphenylporphyrin, polyacrylonitrile, 

and porphyrin positive mixtures while electrospinning the fibers.99,100 These have been 

shown to inactivate non-enveloped viruses such as polyomaviruses (30 minutes, 

quantification was not elaborated) and adenovirus 5 (30 minutes, ~99.8% reduction in 

PFU/mL), as well as enveloped viruses such as baculoviruses and VSV.99,100 

 

2.4.3 Other coatings 
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To introduce antiviral properties to textiles, Iyigundogdu et al. immersed cotton fabrics into 

a solution containing sodium pentaborate pentahydrate and triclosan.101 They tested 

adenovirus type 5 and poliovirus type 1, demonstrating that the amount of decline for the 

virus titer is 3-log on the sodium pentaborate pentahydrate and triclosan solution-treated 

textiles, whereas the non-treated textiles do not show any decrease.101 This was confirmed 

by observing the cell deaths as a result of contact with the virus solution passed through the 

fabrics.  

 

Table 2.2 Polymeric and organic antiviral coatings 

Material Virus 
Viruci

dal 

Activit

y 

Deacti

vation 

time 

Propos

ed 

applica

tions 

R

ef

. Coating Method 

Backbo

ne 

Materi

al 

Name 
Enve

lope 

Gen

etic 

Mat

erial 

Polycations 

4-bromobutyrylated 

N,Ndimethylhexadecyl

amine 

Covalen

t 

bonding 

Glass, 

glass 

powder 

Bacteriop

hages 

PRD1 

Non-

envel

oped 

dsD

NA 

77± 3% 

titer 

reducti

on 

24 

hours 

Removi

ng 

viruses 

from 

water 

by 

adsorpt

ion 

82 

 

N,N-hexyl,methyl 

polyethylenimines 

(750 kDa) 

Covalen

t 

bonding 

Glass poliovirus 

Non-

envel

oped 

Posit

ive 

sens

e 

ssR

NA 

100% 

virucid

al 

activity 

(PFU/

mL) 

30 

minute

s 

disinfec

t 

aqueou

s 

solutio

ns 

81 

 

N,N-dodecyl,methyl- 

polyethylenimines 

(217 kDa) 

Physical 

absorpti

on 

(paintin

g) 

Polyeth

ylene 
poliovirus 

Non-

envel

oped 

Posit

ive 

sens

e 

ssR

NA 

~100% 

virucid

al 

activity 

(PFU/

mL) 

30 

minute

s 

disinfec

t 

aqueou

s 

solutio

ns 

81 

 

Physical 

absorpti

on 

(paintin

g) 

Polyeth

ylene 
rotavirus 

Non-

envel

oped 

dsR

NA 

100% 

virucid

al 

activity 

(PFU/

mL) 

15 and 

30 

minute

s 

disinfec

t 

aqueou

s 

solutio

ns 

81 

 



Ph.D. Thesis – S. M. Imani                       McMaster University – Biomedical Engineering 

85 

 

Material Virus 
Viruci

dal 

Activit

y 

Deacti

vation 

time 

Propos

ed 

applica

tions 

R

ef

. Coating Method 

Backbo

ne 

Materi

al 

Name 
Enve

lope 

Gen

etic 

Mat

erial 

Physical 

absorpti

on 

(paintin

g) 

Glass, 

Polypro

pylene, 

Polyeth

ylene 

WSN 

influenza 

strain 

WSN/33 

(H1N1), 

PR/8/34 

(H1N1), 

turkey/M

N/833/80 

(H4N2 

Non-

envel

oped 

Neg

ative 

sens

e 

dsR

NA 

Final 

viral 

titer 

(PFU/

ml) = 0 

 

100% 

virucid

al 

activity 

(PFU/

mL) 

 

viral 

nucleo

protein 

by 

ELISA 

=< 0.1 

(pfu/ml

) 

 

qRT–

PCR 

RNA 

leakage 

detecti

on 

<50% 

viral 

RNA in 

solutio

n 

 

Scanni

ng 

electro

n 

micros

copy 

survey 

for 

damage

d 

viruses, 

54% 

showed 

structur

al 

damage 

 

5 

minuut

es 

Not 

specifie

d 

 

Antimi

crobial 

surface

s 

79 
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Material Virus 
Viruci

dal 

Activit

y 

Deacti

vation 

time 

Propos

ed 

applica

tions 

R

ef

. Coating Method 

Backbo

ne 

Materi

al 

Name 
Enve

lope 

Gen

etic 

Mat

erial 

N,N-hexyl,methyl-

polyethylenimine (Mw 

non specified) 

 

Covalen

t 

aerosol-

assisted 

plasma 

depositi

on 

 

Glass 

Influenza 

A/PR/8/3

4 (H1N1) 

Non-

envel

oped 

Neg

ative 

sens

e 

dsR

NA 

>4 log 

reducti

on in 

viral 

titer 

10 

minute

s 

Not 

specifie

d 

 

Antimi

crobial 

surface

s 

89 

 

N,N-dodecyl,methyl- 

polyethylenimines 

(750 kDa) 

Physical 

absorpti

on 

(paintin

g) 

Glass 

influenza 

virus 

A/WSN/3

3 (H1N1) 

envel

oped 

Neg

ative 

sens

e 

ssR

NA 

100% 

virucid

al 

activity 

(PFU/

mL) 

30 

minute

s 

Prevent

ing the 

spread 

of 

infectio

n 

83 

 

Physical 

absorpti

on 

(paintin

g) 

influenza 

A Wuhan 

(H3N2), 

avian 

influenza 

A turkey 

(H4N2) 

virus, 

drug-

resistant 

strains of 

a human 

influenza 

A Wuhan 

(H3N2) 

and an 

avian 

influenza 

A turkey 

(H4N2) 

envel

oped 

Neg

ative 

sens

e 

ssR

NA 

Final 

viral 

titer 

(PFU/

ml) = 0 

30 

minute

s 

prevent

ing the 

spread 

of 

influen

za 

87 

 

N,N-dodecyl,methyl-

polyurethane (Quat-

12-PU) 

 

 

solution 

treated 

or 

nanopart

icle 

treated 

by spray 

coating 

(physica

l 

absorpti

on) 

Glass 
Influenza 

virus 

envel

oped 

Neg

ative 

sens

e 

ssR

NA 

Final 

viral 

titer 

(PFU/

ml) = 0 

15 

minute

s 

Not 

specifie

d 

 

Antimi

crobial 

surface

s 

88 

 

Polyethyleneimine (25 

kDa) 

 

 

chemica

l-

crosslin

king 

(covalen

t) 

Glass, 

micro- 

filtratio

n 

membra

nes 

Bacteriop

hage MS2 

Non-

envel

oped 

Posit

ive 

sens

e 

ssR

NA 

4-log 

of 

reducti

on in 

the 

30 

minute

s 

filtratio

n 

membr

anes for 

drinkin

g water 

78 
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Material Virus 
Viruci

dal 

Activit

y 

Deacti

vation 

time 

Propos

ed 

applica

tions 

R

ef

. Coating Method 

Backbo

ne 

Materi

al 

Name 
Enve

lope 

Gen

etic 

Mat

erial 

virus 

titer 

 

 

3–3.5-

log of 

reducti

on in 

the 

virus 

titer 

qRT- 

PCR 

for 

quantifi

cation 

of 

genom

e 

copies 

~2-log 

reducti

on 

Polyethyleneimine (25 

kDa)+ AgNP and/or 

CuNP 

 

 

chemica

l-

crosslin

king 

(covalen

t) 

Glass, 

micro- 

filtratio

n 

membra

nes 

Bacteriop

hage MS2 

Non-

envel

oped 

Posit

ive 

sens

e 

ssR

NA 

4.5- to 

5-log 

reducti

on in 

the 

virus 

titer 

 

qRT- 

PCR 

for 

quantifi

cation 

of 

genom

e 

copies 

>2-log 

reducti

on 

30 

minute

s 

filtratio

n 

membr

anes for 

drinkin

g water 

78 

Quaternary 

ammonium 

compounds (QACs) 

Physical 

absorpti

on by 

thin 

layer 

depositi

on 

Glass, 

Plastic 

influenza 

A (H1N1) 

 

 

envel

oped 

 

 

 

Neg

ative 

sens

e 

ssR

NA 

 

Compl

ete 

inactiv

ation, 

 

 

 

1 hour 

Not 

specifie

d 

 

Antimi

crobial 

90 
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Material Virus 
Viruci

dal 

Activit

y 

Deacti

vation 

time 

Propos

ed 

applica

tions 

R

ef

. Coating Method 

Backbo

ne 

Materi

al 

Name 
Enve

lope 

Gen

etic 

Mat

erial 

poliovirus 

Sabin 1 

non-

envel

oped 

 

Posit

ive 

sens

e 

ssR

NA 

No 

inactiv

ation 

observe

d 

1 hour 

surface

s 

Photosensitizer materials 

poly(vinyl alcohol-co-

ethylene) nanofibers 

functionalized with 

benzophenone 

tetracarboxylic 

dianhydride and 

chloro- genic acid 

Electros

pinning 

followed 

by 

grafting 

N/A 

(standal

one 

membra

ne) 

Bacteriop

hage T7 

Non-

envel

oped 

dsD

NA 

5-log 

PFU/m

L 

reducti

on  

5 mins 

dayligh

t 

exposu

re 

Protecti

on of 

high-

risk 

surface

s and 

persona

l 

protecti

ve 

equipm

ent 

(e.g. 

protecti

ve suit) 

94 

 

free-base 5-(4-

aminophenyl)-

10,15,20-tris-(4-N-

methylpyridinium)por

phyrin (A3B3+) 

Covalen

t 

bonding 

nanofibr

illated 

cellulos

e 

Vesicular 

stomatitis 

virus 

(VSV) 

envel

oped 

Neg

ative 

sens

e 

ssR

NA 

Final 

viral 

titer 

(PFU/

ml) = 0 

30-

minute 

illumin

ation 

Integrat

ion in 

textiles 

for the 

prevent

ion of 

nosoco

mial 

infectio

ns 

95 

Dengue-1 
envel

oped 

Posit

ive 

sens

e 

ssR

NA 

Final 

viral 

titer 

(PFU/

ml) = 0 

30-

minute 

illumin

ation 

metallated [5-(4-

aminophenyl)-

10,15,20-tris-(4-N-

methylpyridinium)por

phyrinato]zinc(II) 

(Zn-A3B3+) 

Covalen

t 

bonding 

nanofibr

illated 

cellulos

e 

Vesicular 

stomatitis 

virus 

(VSV) 

envel

oped 

Neg

ative 

sens

e 

ssR

NA 

Final 

viral 

titer 

(PFU/

ml) = 0 

30-

minute 

illumin

ation 

Integrat

ion in 

textiles 

for the 

prevent

ion of 

nosoco

mial 

infectio

ns 

95 

Dengue-1 
envel

oped 

Posit

ive 

sens

e 

ssR

NA 

Final 

viral 

titer 

(PFU/

ml) = 0 

30-

minute 

illumin

ation 

cationic porphyrin 

Covalen

t 

bonding 

cellulos

e fiber 

(paper) 

dengue-1 
Envel

oped 

Posit

ive 

sens

e 

>99.99

5% 

reducti

on in 

30-

minute 

illumin

ation 

autono

mously 

sterilize 

materia

96 
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Material Virus 
Viruci

dal 

Activit

y 

Deacti

vation 

time 

Propos

ed 

applica

tions 

R

ef

. Coating Method 

Backbo

ne 

Materi

al 

Name 
Enve

lope 

Gen

etic 

Mat

erial 

ssR

NA 

 

 

 

FFU/m

L 

 
 
 

ls for 

hospital

s and 

healthc

are-

related 

industri

es, 

prevent

ing the 

spread 

of 

infectio

n 

Influenza 

A 

 

Envel

oped 

Neg

ative 

sens

e 

ssR

NA 

 

 

 

∼99.5

% 

reducti

on in 

FFU/m

L 

 

 

30-

minute 

illumin

ation 

human 

adenoviru

s-5 (HAd-

5) 

non-

envel

oped 

dsD

NA 

∼99% 

reducti

on in 

FFU/m

L 

30-

minute 

illumin

ation 

rose Bengal 

Covalen

t 

bonding 

wipes 

with 

polypro

pylene 

fibers 

murine 

norovirus 

1 (MNV-

1), 

 

 

non-

envel

oped 

 

 

Posit

ive 

sens

e 

ssR

NA 

 

8.7 

hours 

first 1-

log 

reducti

on 

 

 

8.7 

hours 
one-

step 

proced

ure for 

cleanin

g and 

disinfec

ting 

influen

za 

virus-

contam

inated 

surface

s 

97 

human 

adenoviru

s type 5 

(hAdV-5), 

 

non-

envel

oped 

 

dsD

NA 

 

 

7 hours 

first 1-

log 

reducti

on 

 

 

7 hours 

influenza 

virus 

H1N1 

envel

oped 

Neg

ative 

sens

e 

ssR

NA 

Immedi

ate and 

comple

te 

inactiv

ation 

(more 

than 4-

log) 

0 

minute

s 
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Material Virus 
Viruci

dal 

Activit

y 

Deacti

vation 

time 

Propos

ed 

applica

tions 

R

ef

. Coating Method 

Backbo

ne 

Materi

al 

Name 
Enve

lope 

Gen

etic 

Mat

erial 

C60 

Covalen

t 

bonding 

SiO2 

electros

prayed 

on a 

stainless

-steel 

mesh 

Bacteriop

hage MS2 

Non-

envel

oped 

Posit

ive 

sens

e 

ssR

NA 

inactiv

ation 

levels 

at 5 cm 

distanc

e = 

55.8% 

3-hour 

illumin

ation 

remote 

disinfec

tion 

98 

Other 

Sodium pentaborate 

pentahydrate and 

triclosan 

Physical 

absorpti

on by 

immersi

on 

Fabric 

adenoviru

s type 5 

 

 

 

 

 

non-

envel

oped 

 

 

 

 

dsD

NA 

 

 

 

 

 

3-log 

decline 

in virus 

titer 

based 

on 

micros

copic 

observa

tion of 

the 

infecte

d cells 

 

 

Not 

Given 

antivira

l textile 

finishes 

for 

medical 

applicat

ions, 

daily 

use, 

and 

technic

al 

textiles 

10

1 

poliovirus 

type 1 

non-

envel

oped 

 

Posit

ive 

sens

e 

ssR

NA 

3-log 

decline 

in virus 

titer 

based 

on 

micros

copic 

observa

tion of 

the 

infecte

d cells 

Not 

Given 

poliovirus 

Sabin 1 

non-

envel

oped 

 

Posit

ive 

sens

e 

ssR

NA 

No 

inactiv

ation 

observe

d 

Not 

applica

ble 
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2.5 Toxicity and environmental considerations 
 

The use of metals and inorganic materials can present health and environmental risks. 

Bowkow and Gabbay conducted animal studies with antimicrobial and antiviral fabrics 

impregnated with copper to determine the fabric’s skin-sensitizing potential in both guinea 

pigs and rabbits.26 In studies that looked at exposure to these fabrics, no skin irritation was 

demonstrated over a 14 day period.26 Furthermore, Gerhard et al. reviewed the effects of 

TiO2 on the skin and found that there was little evidence to suggest that the use of TiO2 

nanoparticles in cosmetics pose a risk to human health.102 However, Scokaj et al. reported 

in a similar review that the evidence for the safety of TiO2 in humans is still under debate, 

especially for its nanoparticulate forms.103 For example, Qiang et al. demonstrated that a 

culture of HFL1 cells treated with a 0.50 mg/mL suspension of TiO2 nanoparticles and 

incubated for 48 h experienced a 40% reduction in viability relative to control cultures 

using an MTT assay (for cell metabolic assessment).104  

Research conducted by Hodek et al. performed cytotoxicity tests of their hybrid coating 

containing silver, copper, and zinc on Vero and HeLa cells, demonstrating viability values 

above 90% for both cell lines after 4 hours.42 Similarly, the graphene-oxide-silver 

nanocomposite created by Chen et al. successfully immobilized AgNPs to prevent 

toxicological effects and reduce potential downstream environmental impacts caused by 

free AgNPs.44 Additionally, some research has suggested that AgNP exposure induces 

metabolic arrest rather than cell death and that human cells have greater resistance than 

other organisms, providing some justification for their use for healthcare.105,106 
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Polyethyleneimine compounds have shown minimal cytotoxicity in mammalian cells.78 A 

study by Shi et al. evaluated the cytotoxicity of polyethyleneimines through an MTT assay 

on 3T3 mouse fibroblasts, showing no statistically significant difference between the 

polyethyleneimine treated surfaces, untreated surfaces, and growth culture medium.107 

Furthermore, photosensitizer materials such as rose bengal, which have been implemented 

in wipes, have also shown no toxic effect on mammalian cells.97 

Impact of metal nanoparticles on the environment has been a concern since their popularity 

increased due to antimicrobial activity without the possibility for resistance.36 The 

mechanism of toxicity for nanoparticles is through association with the cell surface, 

dissolution of material by releasing toxic ions which impair enzyme function or DNA, or 

generation of ROS leading to oxidative stress.108 Recent studies have considered the 

environmental toxicity of the fabrication of these nanoparticles. In the study conducted by 

Li et al., copper nanoparticles were generated via a biosynthesis method, which 

incorporates L-vitamin C to avoid the toxicity of ROS created when CuNPs are exposed to 

air.31,109 Additionally, strategies have been considered which will reduce the environmental 

impact of nanoparticles, such as negative surfaces on nanomaterials to reduce cell surface 

interactions,110 capping of nanoparticles to reduce dissolution via toxic ions,111 and 

tethering of antioxidant molecules to nanoparticle surfaces to reduce ROS impact.112  

 

2.6 Emerging technologies and future perspective 
 

In the previous sections, we introduced antiviral agents and coatings that have shown 

antiviral effects. Although these technologies have been effective in inactivating viruses on 
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various surfaces, they still suffer from several shortcomings that inhibit their practical 

application for use in daily life. Most of these methods are not universal and their 

effectiveness depends on the type of the virus. In addition, they might require long 

incubation times with the attached viruses that could contribute to the interim transmission 

of the virus. Challenges with mass production and material cost are other drawbacks to 

many of these technologies, including polyethyleneimine-based antiviral coatings and 

nanoparticle-based antiviral solutions. In this section, we introduce potential emerging 

technologies that could be used stand-alone or in combination with the currently-available 

antiviral technologies to provide synergistic effects for creating antiviral surfaces (Table 

2.3). 

Pathogen-repellent surfaces, rather than surfaces impregnated with microbicides, have 

shown great promise for preventing bacterial adhesion and biofilm formation;2 however, 

there is limited information on the applicability of these surfaces in repelling viruses. These 

repellent surfaces are mostly inspired by natural systems and involve combining 

nanostructures, microstructures, and chemical functionality. Bioinspired hierarchical micro 

and nanostructures have been shown to demonstrate antimicrobial effects, while also 

preventing the binding and attachment of pathogenic organisms to the surface in the first 

place.2 Due to the unique wetting properties/states of hierarchical structures, many 

biological contaminants have been shown to have poor adhesion to these surfaces.2 This 

has been most commonly seen with complex fluids such as blood,113 as well as with 

solutions containing bacteria, showing low surface contamination and bacterial growth.114 

Nanostructuring of surfaces is a bioinspired technique that researchers regularly employ to 
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obtain self-cleaning characteristics and varying levels of repellency. Similar to the lotus 

leaf and pitcher plant providing inspiration for self-cleaning surfaces,115 insect wings have 

inspired a nanostructured approach for antimicrobial capability.116 In addition to this, 

combining the chemical modifications, micro and/or nanostructures with an infused liquid 

layer, mimics the effect of the pitcher plant,117,118 thus creating a class of surfaces called 

lubricant-infused surfaces. These surfaces have displayed superior performance in 

suppressing blood contamination and clotting,119–124 while also preventing the growth and 

attachment of bacteria and their biofilms.5,125–127 Figure 2.6a shows the growth of 

planktonic bacteria biofilm after 21 days of incubation on dissolved oxygen-permeable 

membranes with and without a lubricant-infused coating. Although lubricant-infused 

surfaces show superior properties for pathogen repellency compared to other technologies, 

the stability of the lubricant layer, especially on surfaces open to air, is a current drawback 

of these coatings that could be addressed by choosing more stable lubricants. 

Recently, nanostructured surfaces were tested by Hasan et al. for the purpose of antiviral 

capabilities (Figure 2.6b). Studying the impact of wet etching with NaOH on aluminum 

alloy Al 6063, it was found that rhinovirus-16 (RV-16) was very susceptible to loss of 

viability over a 24 hour period, showing a 3- to 4-log reduction.128 The same research 

revealed a lesser impact on the viability of respiratory syncytial virus 4 (RSV4), with the 

virus naturally showing reduction after 24 hours on Al 6063 alone, though significant 

decreases were recorded after just 2 hours when nanostructures were present.128  

We recently developed a flexible omniphobic wrap featuring hierarchical structures (i.e. 

multiple length-scale structures) with repellent properties towards a multitude of fluids and 
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pathogenic bacteria, including Staphylococcus aureus and Pseudomonas aeruginosa, as 

well as inhibition of biofilm formation on the surface (Figure 2.6c).2 To evaluate the 

repellency, a pathogen transfer analysis was demonstrated with GFP-expressing E. coli 

contaminating the repellent wrap and a commercial wrap through a simulated touch 

experiment (Figure 2.6c). The repellent wraps showed a significant reduction in the 

transferred bacteria between surfaces. In another work by Chauhan et al.,129 cotton fabrics 

were modified with hexadecyltrimethoxysilane (HDTMS) to create a superhydrophobic 

and durable surface. To investigate antimicrobial effects, these surfaces were incubated 

with E. coli (1 x 105 CFU/mL) at 37 ºC for 24 hours and E. coli was unable to bind to the 

surface resulting in cell death and the formation of an inhibition zone around the treated 

substrates.129 
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Figure 2.6 Emerging technologies with potential applications as antiviral coatings. (a) 

Permeable membrane with fluorosilane based lubricant-infused coating (i, ii, iii) schematic 

of biofouling on membrane with and without the lubricant-infused layer, (iv) SEM of 

biofouling on untreated membrane and (v) SEM of biofouling on lubricant-infused 

membrane, after 21 days of incubation. Reproduced with permission from 125. (b) The 

induced nanostructures on Aluminum 6063 are shown here via SEM, created by wet etching 

for (i) half hour, (ii) one hour and (iii) three hours (Scale bars = 2 µm, inset scale bars = 

1 µm). (iv) Schematic representations of the etched samples at higher (top) and lower 

(bottom) magnification. (v) SEM of the three-hour etched surface at higher magnification 

revealing the presence of random nanostructures (Scale bar = 500 nm). Reproduced with 

permission from 129. (c) An omniphobic hierarchical wrinkled structure that prevents the 

adhesion of bacteria and the growth of their biofilms. SEM of the fixed biofilm of P. 

aeruginosa on (i) planar polystyrene and (ii) hierarchically structured polystyrene surface. 

The scale bars on larger SEM are 1 µm and the inserted are 100 nm. (iii) analysis of 

bacterial transfer from an intermediate surface to human hands (iv) bacterial transfer from 

contaminated surface to planar plastic shrink film and hierarchically structured shrink 

film. Reproduced with permission from 2. (d) GAG mimetic modified mesoporous silica 

nanoparticles (i, ii) plaque reduction assay of SSN-SO3 and for HSV1 and HSV2 

respectively, (iii) synthesis of GAG mimetic silica nanoparticles, (iv) schematic of proposed 

mode of antiviral activity. Reproduced with permission from  130. 

 

Mannelli et al. demonstrated the effect of wetting properties on the stability of influenza A 

on glass surfaces treated with various hydro and fluoro-carbon chain lengths silanes. Three 

wetting condition combinations were considered; hydrophilic/oleophilic, 

hydrophobic/oleophilic, and hydrophobic/oleophobic.131 They were able to demonstrate the 

degradation of the viral envelope in the latter two cases, with the hydrophobic/oleophilic 

surface showing the largest amount of viral inactivity, an 80% reduction in viral activity, 

while for glass there was little to no reduction in the virus activity.131 These emerging 

natural pathogen repellent/inactivating technologies could potentially be used for 

preventing viral contamination of high-contact surfaces in various settings.  

Other emerging materials that utilize micro and nanostructures to create antimicrobial 

effects are being investigated and developed using safe compounds while still displaying 
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promising antimicrobial properties. For example, solid and mesoporous silica nanoparticles 

(SSN and MSN, respectively) functionalised with glycosaminoglycan (GAGs) have been 

implemented to attract viral glycoproteins and eliminate virus entry to host cells in 

solution.130 This method could provide a close proximity for virucidal agents to act on the 

virus, providing a dual functionality (i.e. capture and deactivation). The electrostatic and 

hydrophobic interaction between the GAGs and the virus (e.g. HSV-1 and -2), along with 

the facility of surface functionalization and biocompatibility of silica nanoparticles, make 

this system a promising method for eliminating infection in solution.130 This effect can be 

seen with the plaque reduction assay run on both HSV-1 (Figure 2.6d i) and HSV-2 (Figure 

2.6d ii) which both displayed significant antiviral activity compared to the control case. 

Micro-sized SiO2 particles (SiO2 MPs) were also used for antiviral studies in solutions 

where the surface of the SiO2 MPs were treated with APTES to add C60 to their surface as 

a photosensitizer. Under blue LED light at a wavelength of 470 nm, these particles showed 

antiviral behaviour. These treated particles could potentially be coated on to existing 

surfaces to confer antiviral properties.98 

Another class of materials based on pyridinium has been used to capture viruses in 

solution,132 and air,133 and could potentially be used as surface coatings. Cross-linked 

poly(N-benzyl-4-vinylpyridinium bromide) (BVP) and crosslinked poly(N-benzyl-4-

vinylpyridinium chloride) have been used for removing pathogenic viruses and have been 

shown to remove more than 99.5% of viruses such as of enterovirus, HSV, poliovirus, and 

HIV.132,133 The affinity of the viruses towards pyridinium was attributed to the combination 

of the positive charge of the resin and the negative charge on the surface of the viruses, as 
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well as the hydrophobic interactions. This affinity can potentially be exploited to 

incorporate antiviral agents within the matrix of the resin to attract and inactivate the viruses 

on site. Xue et al. showed more than 90% virucidal effect in solution with only 50 ppm of 

the synthesised polymers, which consisted of quaternary pyridinium-type polymers (e.g. 

Poly(4VP-co-NVP)), comprising of 4-Vinylpyridine (4VP) and N-vinyl pyrrolidone 

(NVP), quaternized with benzyl halides,134 which can potentially be added as a coating to 

surfaces.  

Quantum dots (QDs) are another category of optically active nanomaterials that have 

potential for use in antimicrobial coatings. More recently, research has been directed at 

fabricating antimicrobial coatings using QDs as an active agent. Ristic et al. evaluated the 

antibacterial effectiveness of graphene quantum dots (GQDs), which, unlike other types of 

semiconducting QDs, are biocompatible while retaining the ability to produce ROS.135 

They suspended MRSA and E. coli with varied concentrations of GQDs before irradiation 

with blue light (465-475 nm, 1W). They used propidium iodide (PI) staining to visualize 

membrane damage and found that approximately 90% of both cell species were not viable 

after 15 min of irradiation in a 200 µg/mL GQD suspension.135 Similarly, Habiba et al. 

demonstrated antibacterial activity in Ag-NPs decorated with GQDs, which were further 

surface modified with PEG to promote biocompatibility. Minimum inhibitory 

concentrations of 50 µg/mL and 25 µg/mL were obtained for the nanoparticle suspensions 

against P. aeruginosa and S. aureus, respectively.136 The non-toxicity of GQDs has been 

well-established. For example, Zhu et al. demonstrated that adding 400 µg of GQDs to 

150µL of MG-63 cell culture medium resulted in no significant reduction to cell viability 
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in an MTT assay.137 To the best of our knowledge, research has yet to test the antiviral 

potential of QDs on surfaces, however, based on the ROS mechanism seen with other 

antiviral agents this material shows promise for antiviral capabilities.  

In an effort to develop technologies with antiviral properties, several companies have 

utilized antiviral strategies to manufacture products and coatings. EnvisionSQ  has 

developed a product called GermStopSQ,138 a coating that claims to adhere to any surface 

and is semi-permanent. The EnvisionSQ website states that their technology is 99.9999% 

effective in eliminating bacteria, fungi and viruses (both enveloped and non-enveloped). 

Covalon has recently introduced a product called CovaGuard,139 which they assert is 

formulated to inactivate SARS-CoV-2 and other viruses, as well as bacteria, both 

immediate and sustained.  They highlight the use of benzalkonium chloride (BAC) in their 

formulation, which can be applied (through spraying) on any surface and remains 

antimicrobial and antiviral for four days. Biogate is another company which has a product 

called MicroSilver BG™,140 comprising of microporous silver additive. They have claimed 

that their product is not cytotoxic and can be incorporated into various materials. Bio-Fence 

has fabricated chlorine-binding polymer coatings that are antimicrobial and antiviral.141 

Once the surface is depleted, it can be coated again by spraying the Chlorine, according to 

their website. SurfaceWise2 is another surface coating approved by United States 

Environmental Protection Agency (EPA) to have antiviral activity with a single 

application.142 Caliwel™ BNA Coating, based on calcium hydroxide, has also been 

approved by EPA for its antiviral and antimicrobial behavior.143,144 BioFriend™ 
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BioMask™ is another company with FDA approval that produces masks that are able to 

trap pathogens including viruses and inactivate them.145 

In the future, a combination of pathogen-repellent coatings with antiviral materials could 

create synergistic effects, through which the surface repels the majority of the viruses while 

the coated antiviral agents inactivate any attached viruses that have not been repelled, 

providing a double layer of protection against viruses. This could greatly reduce the number 

of pathogens transferred from fomites to person, and then from person to person. The 

improved biocompatibility and lower toxicity of structurally-engineered repellent materials 

would allow them to be used in a larger range of applications including the highly regulated 

food146 and medical industries.147 

Combining a spectrum of materials with different antimicrobial mechanisms is expected 

to lead to smart surfaces that attract, bind, and eliminate a multitude of pathogens. 

Finally, integrating simple and real-time sensing capabilities to these antimicrobial 

surfaces, in addition to mitigating the risk of transmission, could help in identifying the 

pathogens present in the environment, and eventually aiding the public health authorities 

in managing infectious disease outbreaks.  

Table 2.3 Emerging technologies with potential to be used as antiviral coatings 

Material and Structure 
Antimicrobial Testing Promising 

Features 
Challenges Ref. 

Virus Bacteria 

Micro/nano Structuring 

Nanostructured 

Aluminum 

Respiratory 

syncytial virus 

(RSV)  

Rhinovirus 

(RV) 

Pseudomonas 

aeruginosa 

Staphylococcus 

aureus 

Dual action of 

antiviral and 

antibacterial 

3-4 log 

reduction in 

viability 

counts of RV 

within 2 hours 

Limited to 

aluminum 

surfaces 

Nanostructures 

are not 

controlled 

during 

fabrication 

128 
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Material and Structure 
Antimicrobial Testing Promising 

Features 
Challenges Ref. 

Virus Bacteria 

More rapid 

reduction of 

RSV than 

control 

92% 

inactivation of 

P. aeruginosa 

87% 

inactivation of 

S. aureus, 

respectively 

within 3 

hours. 

Mechanically 

durable, 

viable option 

for high-touch 

surfaces 

Nanostructured anatase-

rutile-carbon (NsARC) 

coating 

N/A 
Escherichia 

coli 

Photocatalytic 

activity was 

shown to 

present in UV 

light (4-log 

reduction in 

EOP, over 4 

hours) and 

visible light 

(3-log 

reduction, and 

in the dark (2-

log 

reduction). 

These results 

broaden the 

possible 

applications 

to everyday 

environments. 

Did not 

investigate 

durability; 

currently only 

grown on 

stainless steel 

surfaces. 

51 

Hierarchical micro and 

nanostructure based on 

thin film wrinkling on 

plastic shrink wraps. 

N/A 

Staphylococcus 

aureus 

Pseudomonas 

aeruginosa 

Escherichia 

coli 

Reduces 

biofouling for 

bacteria. 

Flexibility 

allows them 

to be used in 

both medical 

devices or as 

medical 

surfaces 

Requires 

heating to 

temperatures of 

145C to 

conform 

around an 

object/surface. 

2 
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Material and Structure 
Antimicrobial Testing Promising 

Features 
Challenges Ref. 

Virus Bacteria 

Hexadecyltrimethoxysilane 

(HDTMS) modified cotton 

fabric 

N/A 
Escherichia 

coli 

Extremely 

durable, 

maintained its 

repellent 

properties 

after washing 

in solvents 

and hot water. 

Simple 

manufacturing 

method. 

Inactivation 

of E. coli via 

inhibition 

zone started 

showing after 

12 hours and 

continued up 

to 24 hours 

Does not 

investigate why 

the inhibition 

zone is created 

by the 

hydrophobicity, 

or how the 

chemical 

modification 

would work on 

other fabrics 

129 

 

Lubricant-infused surfaces 

 

Fluorosilane-based 

omniphobic lubricant- 

infused coating on 

permeable membrane 

N/A 
Planktonic 

bacteria 

Significantly 

reduced the 

formation of 

biofilm 

growth and 

formation of a 

21-day period 

Did not 

investigate 

potential 

antibiofouling 

effects on 

pathogenic 

bacteria. 

125 

Tethered-liquid 

perfluorocarbon surface 
N/A 

Pseudomonas 

aeruginosa 

Escherichia 

coli 

Pseudomonas 

aeruginosa 

was grown in 

coated PVC 

medical 

tubing for 6.5 

weeks and 

showed an 

eight-fold 

reduction in 

the formation 

of the biofilm. 

The surfaces 

also reduced 

blood related 

biofouling 

Reduction of 

biofilm in vitro 

only lasted 24 

hours. 

Lubricant layer 

can evaporate 

over time 

resulting in the 

loss of 

performance. 

5 

PTFE membrane infused 

with perfluoropolyether 
N/A 

Staphylococcus 

aureus 

Pseudomonas 

aeruginosa 

Escherichia 

coli 

The PTEF 

lubricant-

infused 

substrates 

showed 

99.6% 

decrease in 

biofilm 

formation in a 

7-day 

incubation 

Lubricant layer 

can evaporate 

over time 

resulting in a 

loss of 

performance. 

119 
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Material and Structure 
Antimicrobial Testing Promising 

Features 
Challenges Ref. 

Virus Bacteria 

under flow, 

for Staph. 

aureus. While 

showing a 96-

97.2% 

reduction for 

the other two 

pathogens in a 

2-day period 

 

Liquid/particle-based material 

 

GAG mimetic 

functionalized solid and 

mesoporous silica 

nanoparticles (SSN-SO3 

and MSN-SO3) 

HSV-1 and 

HSV-2 
N/A 

The GAG 

mimetic MSN 

and SSN act 

as a viral 

binding 

inhibitor that 

inhibits HSV 

1 and 2 from 

infecting cells 

within 1 hour 

GAG 

modification is 

attractive 

towards 

viruses, so it 

should be 

combined with 

an antiviral 

modification 

130 

poly(N-benzyl-4-

vinylpyridinium bromide 

(BVP) resin 

enterovirus, 

HSV, 

poliovirus, 

and HIV 

coxsackievirus 

and echovirus 

human 

rotavirus, 

influenza 

virus, human 

adenovirus, 

and Japanese 

encephalitis 

virus 

N/A 

efficient 

removal of 

viruses from 

aqueous 

solutions 

based on 

pyridinium 

affinity for 

viruses. 64-

fold reduction 

for HRV, 256 

fold reduction 

for Influenza 

A, 32-fold 

reduction Ad-

37 and 16 fold 

reduction in 

JEV after 30 

min. 

Toxicity was 

not discussed 

and means of 

use on various 

surfaces. This 

method is 

attractive 

towards 

viruses, so it 

should be 

combined with 

an antiviral 

modification 

132 

poly(N-benzyl-4-

vinylpyridinium chloride) 

Bacteriophage 

T4 
N/A 

efficient 

removal of 

viruses from 

air based on 

pyridinium 

affinity for 

viruses 

A membrane 

was fabricated, 

addition of this 

material to 

existing 

membranes 

was not 

investigated. 

This method is 

attractive 

towards 

viruses, so it 

should be 

combined with 

133 
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Material and Structure 
Antimicrobial Testing Promising 

Features 
Challenges Ref. 

Virus Bacteria 

an antiviral 

modification 

water-soluble 

pyridinium-type 

polyvinylpyrrolidones with 

different counter anions 

comprising of 4-

Vinylpyridine (4VP) and 

N-vinyl pyrrolidone (NVP) 

(Poly(4VP-co-NVP), 

quaternized with benzyl 

halides 

Influenza 

virus 

Staphylococcus 

aureus 

and 

Escherichia 

coli 

Adsorption of 

the polymer 

onto the virus 

envelope 

followed by 

penetration 

inactivates the 

virus at small 

titers (50 

ppm). They 

also displayed 

the ability To 

inactivate E. 

coli within 3 

min. 

Only showed 

antiviral effect 

on enveloped 

viruses. 

Potential to add 

on surfaces was 

not explored 

134 

Graphene quantum dots 

(GQDs) suspension 
N/A 

E. coli and 

MRSA 

90% of both 

cell species 

were not 

viable after 15 

min of 

irradiation 

with blue light 

in a 200 

µg/mL GQD 

suspension. 

Performed in 

solution, not 

tested against 

virus titers 

135 

Silver nanoparticles (Ag-

NPs) decorated with GQDs 
N/A 

P. aeruginosa 

and S. aureus 

Minimum 

inhibitory 

concentrations 

of 50 µg/mL 

and 25 µg/mL 

were obtained 

for the 

nanoparticle 

suspensions 

against P. 

aeruginosa 

and S. aureus, 

respectively, 

after 

incubation 

with NPs for 

24 h. 

Performed in 

solution, not 

tested against 

virus titers 

136 

 

2.7 Conclusion 
 

Modification of surfaces to confer antiviral capabilities is an area that is ripe for 

investigation. With the current SARS-CoV-2 pandemic, there has been a rapid surge in the 
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number of studies that focus on quantifying the survival of SARS-CoV-2  on various 

surfaces.6,148,149 We anticipate that several of the technologies presented here could be used 

as surface coatings to reduce the spread of infectious diseases, including COVID-19, via 

surfaces. We petition researchers to apply a more systematic approach to their 

investigations in studying the antimicrobial properties of surfaces, rigorously testing each 

category of viruses – enveloped or non-enveloped, DNA-based or RNA-based – prior to 

making claims of effectiveness. Above all, it is imperative that research claiming 

antimicrobial capabilities becomes more accurate about effectiveness against viruses, only 

making these claims when viral studies have been executed. Surfaces capable of 

immediately repelling and/or inactivating pathogens are urgently needed, and it is now the 

responsibility of scientists, industry, and governments to work together towards this goal.  
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2.10 Vocabulary 
 

Plaque assay: A method of viral quantification relying on the formation of plaque-forming 

units of infected (lysed) cells in vitro after inoculation with a viral titer. Plaque-forming 

units are counted manually and given in units of PFU/mL. Alternatively, immunostaining 

targeting viral antibodies can be used to quantify viral activity, measured in units of focus 

forming units (FFU/mL). Reactive oxygen species (ROS): Oxygen-containing free radicals 

produced during photoactivity and a variety of metabolic processes. In excess quantities, 

cause oxidative damage to components of the cell, including lipid membranes and genetic 

material. Bacteriophage: A virus that specializes in infecting and replicating inside 

bacteria. Photocatalysis: A process in which chemical reactions are generated in the 

presence of light. In semiconductors, this can result in the development of electron/hole 

pairs and reactive oxygen species in the presence of oxygen-containing compounds. 

Enveloped virus: Virus whose outermost layer is an envelope derived from the host cell's 

plasma membrane and composed of phospholipids, lipoproteins, and glycoproteins. Non-

enveloped viruses are instead protected mainly by a shell-like protein capsid. All viruses 

possess a capsid, but not all are enveloped. Electrospinning/spraying: Related fabrication 

processes by which polymer solutions in an electric field are forced through an opening 

when electrostatic repulsion between droplets exceeds surface tension. Electrospinning 

occurs when the droplets form a continuous stream; electrospraying occurs when the 

droplets separate. Positive and negative-sense ssRNA: Viruses that replicate using single 

stranded RNA may produce a strand complimentary or identical to the genetic material 

produced in the host cell. Positive-sense strands possess the same nucleotide sequence, and 

may be directly translated into proteins, while negative-sense strands possess the 

complimentary sequence. 
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Preface 

Objective A  

In order to universally utilize repellent surfaces and take them from bench to real world, 

they need to be easily scalable, facile to produce, and effective in covering complex objects. 

This chapter focuses on developing an all solution-based flexible wrap, with built-in 

hierarchical structures which holds the potential of scaling-up while being able to conform 

onto various objects. The proposed fabrication method is amenable with the existing role-
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to-role fabrication methods in companies in the field of plastic production and functional 

coatings, making it implementable in such setups. A detailed study on the importance of 

hierarchical structuring on repellency is conducted. Suppression of bacterial biofilms is 

studied on various surface textures, demonstrating the significance of hierarchical 

structuring in reducing biofilm formation. Transferring bacteria and contamination of 

intermediate surfaces is also studied to mimic real-life means of bacteria transfer which is 

shown to be suppressed by implementing hierarchical surfaces.   

3.1 Abstract 
 

Healthcare acquired infections are a major human health problem, and are becoming 

increasingly troublesome with the emergence of drug resistant bacteria. Engineered 

surfaces that reduce the adhesion, proliferation, and spread of bacteria have promise as a 

mean of preventing infections and reducing the use of antibiotics. To address this need, we 

created a flexible plastic wrap that combines a hierarchical wrinkled structure with 

chemical functionalization to reduce bacterial adhesion, biofilm formation, and the transfer 

of bacteria through an intermediate surface. These hierarchical wraps were effective for 

reducing biofilm formation of World Health Organization-designated priority pathogens 

Gram positive methicillin-resistant Staphylococcus aureus (MRSA) and Gram negative 

Pseudomonas aeruginosa by 87 and 84 %, respectively. In addition, these surfaces remain 

free of bacteria after being touched by a contaminated surface with Gram negative E. coli. 

We showed that these properties are the result of broad liquid repellency of the engineered 

surfaces and the presence of reduced anchor points for bacterial adhesion on the 
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hierarchical structure. Such wraps are fabricated using scalable bottom-up techniques and 

form an effective cover on a variety of complex objects, making them superior to top-down 

and substrate-specific surface modification methods. 

 

Keywords: nanostructuring, microsturcturing, super hydrophobic, omniphobic, bacterial 

repellency, healthcare acquired infections. 

 

3.2 Introduction 
 

Bacterial contamination of hospital surfaces is a major cause of healthcare-acquired 

infections, resulting in mortality, prolonged hospital stays, increased use of antibiotic 

treatments, and a substantial cost to the healthcare system. 1–5 Multi-drug resistant 

pathogens including methicillin-resistant Staphylococcus aureus (MRSA) and 

Pseudomonas aeruginosa are identified by the World Health Organization (WHO) as 

priority pathogens for which urgent action is needed towards prevention and spread. 6 These 

pathogens have been detected on a number of hospital surfaces as sources of nosocomial 

infections even after cleaning with highly effective disinfecting solutions. 7 Hospital 

acquired infections caused by these pathogens are fatal, with reported 90-day mortality 

rates of 21% for MRSA and 19% for P. aeruginosa  for patients in the United States. 8 

Furthermore, this cause is the fourth leading origin of death in Canada which has increased 

in the past two decades as reported by Health Canada. 9 Surfaces that inhibit the adhesion 

and proliferation of bacteria are critical for minimizing the spread of multi-drug resistant 

bacteria in hospitals and high risk settings. 10 It is impractical and economically unfeasible 
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to replace everyday items with surfaces that are inherently repellent; however post-

manufacturing treatments that can be easily and inexpensively applied to existing high risk 

surfaces provide a feasible solution for combating the spread of pathogens through surface 

contamination. 

Flexible omniphobic surfaces having a high contact angle (>150°) and a low sliding angle 

(<5°) for water and low surface tension liquids are highly desirable for the abovementioned 

applications since they can be applied to a wide range of surfaces with various form factors 

for repelling liquid contaminants. The liquid repellency of omniphobic surfaces can be 

translated into anti-biofouling properties to reduce bacterial contamination and biofilm 

formation on high risk objects. 11–19 Lubricant-infused surfaces are a newly developed class 

of omniphobic surfaces, which demonstrate anti-biofouling properties and extremely low 

adhesion towards liquids with various surface tensions. 15,20–25 In spite of this, for such 

surfaces to sustain their repellency, their lubricant layer should remain intact throughout 

use, making them inapplicable to dry, open air, or in operando conditions involving fluidic 

flow, washing, or potential cycling where there is a potential for lubricant leaching. 26 A 

material with a bio-repellency profile in line with lubricant-infused surfaces that retains its 

properties in open air conditions is desired for protecting high risk surfaces from bacterial 

contamination, and has motivated this work. 

To overcome the practical limitations of lubricant-infused surfaces, we sought to develop 

a new class of lubricant-free omniphobic flexible wraps that are applicable to a wide range 

of surfaces. Introduction of structures having features in the nano or microscale enables a 

robust omniphobicity without the use of lubricant due to the entrapment of air pockets 
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within the structures (Cassie state). 27–32 Additionally, hierarchically-organized structures 

with re-entrant textures have been used for creating high performance omniphobic surfaces 

with water and hexadecane contact angles as high as 173.1° and 174.4° respectively. 33–37 

Several of the fabrication methods that are currently used for developing microstructures, 

nanostructures, or hierarchical omniphobic surfaces rely on photolithography, 38 emulsion 

templating, 39 electrospinning, 38 reactive ion etching, 36 and electrochemical 

etching/anodizing, 40,41 which are difficult to scale up for use in large area and high volume 

applications. 42 Alternatively, methods such as laser ablation 43 and microfluidic emulsion 

templating 39 are used to solve the scalability challenges that are involved in fabricating 

textured omniphobic surfaces. However, the physical and chemical processing steps 

involved in these methods are not compatible with flexible plastic wraps that can be 

universally applied to a wide range of surfaces. 42  

Wrinkling is a bottom up fabrication process that can be used to create tunable hierarchical 

structures with microscale and nanoscale features. 44–47This method involves applying 

strain to a shape memory polymer substrate modified with a stiff layer. 44,48–51 Owing to 

their unique hierarchical structure, these surfaces can be created to be superhydrophobic 

(water contact angle of >163°) 49 and oleophobic (hexadecane contact angle> 101°) 52 with 

sliding angles below 5°, 49 which collectively reduce bacterial adhesion by detaching the 

liquid contaminants and reducing  the contact area available for bacterial attachment. 11 

Such surface have been previously used for studying the attachment of mammalian cells; 

53–55however, the challenge in applying these wrinkled surfaces as a universal omniphobic 

wrap is that, to date, the stiff layer needed for creating wrinkles has been deposited using 
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techniques such as sputtering, 56 spin coating, 48 and electrochemical deposition, 52,57 which 

are either too costly, not directly applicable to soft plastics, or not suitable for large area 

and high volume manufacturing. In this work, we sought to develop universal omniphobic 

flexible wraps, which are fabricated using scalable methods and can be applied to everyday 

surfaces to prevent bacterial contamination. To address this goal, we first investigated 

whether nanostructuring, microstructuring, or their combination into hierarchical 

architectures are important for creating repellent surfaces. Through this understanding, we 

implemented hierarchical structures combining “soft wrinkles” with fluorination and 

nanoparticles on the surface of commonly used plastic shrink wraps using a series of all-

solution-processing techniques that are amenable to industry-scale batch processing. This 

allowed for the manufacturing of large plastic sheets, which can be wrapped and shrunk 

around a variety of objects, creating a scalable omniphobic coating for preventing bacterial 

adhesion and biofilm formation.  

 

3.3 Results 
 

3.3.1  Producing omniphobic flexible wraps 
 

In order to create a flexible repellent wrap, we first investigated the role of microstructuring, 

nanostructuring, and hierarchical structuring on the surface properties of commonly-used 

polymer surfaces such as polystyrene (PS) and polyolefin (PO). Microstructuring was 

induced by Ultraviolet-Ozone (UVO) activation of a pre-strained heat shrinkable PS 

substrate, followed by thermal shrinking (Figure 3.1a, c). This processing results in the 
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creation of wrinkles on the PS substrate (PS-Micro) due to the stiffness difference between 

the surface layer and the bulk caused by the UVO treatment, and the degree of wrinkling 

can be tuned by varying the UVO exposure time (Supplementary Figure 3.5). 58 We also 

subjected the microstructured surfaces to fluorosilane (FS) treatment (PS-Micro-FS) to 

further lower their surface energy (Figure 3.1a, d). 59 Nanostructuring was induced by 

depositing colloidal silica nanoparticles (SiNPs) on (3-Aminopropyl)triethoxysilane 

(APTES)-modified PS substrates (Figure 3.1b, d), which were further modified by 

fluorosilane treatment (PS-Nano-FS). Finally, hierarchical structures (PS-Hierarchical-FS) 

were created by thermally shrinking the nanostructured samples (PS-Nano-FS) to combine 

shrinking-induced microscale wrinkling with the nanotexturing induced by nanoparticles 

(Figure 3.3.1b, d).  
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Figure 3.1 Schematic illustrating the process for fabricating omniphobic surfaces and 

wraps.  (a) Steps for creating microstructured surfaces (PS-Micro and PS-Micro-FS). (b) 
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Steps for creating nanostructured surfaces (PS-Nano-FS) and hierarchical surfaces (PS-

Hierarchical-FS). Similar process is done for producing PO-Hierarchical-FS. (c) 

Corresponding scanning electron microscopy (SEM) images to each processing step with 

high magnification insets showing the visible nanostructures (27 nm SiNPs). The scale bars 

on larger SEM images represent 1 µm and for the insets represent 100 nm. The insets 

provide high magnification representative images form the imaged substrates. 

 

To investigate whether it would be possible to induce the same type of hierarchical 

structuring on a flexible material that could be universally applied to objects, we applied 

the same fabrication methods to pre-strained PO wraps that remain flexible after heat 

shrinking. The hierarchical structures created on PO (PO-Hierarchical-FS) demonstrated 

the same class of microscale wrinkles as observed with PS; however, the PO wrinkles 

contained a greater degree of fine secondary wrinkles (see Supplementary Figure 3.6 for 

marked secondary wrinkles). The observed difference in wrinkle sizes is attributed to the 

larger thermally-induced strain for PO (95%) 60 compared to PS (40%). 45 Although the 

chemical surface modification with fluorosilane was not visible in the SEM images, these 

were verified for the hierarchical surfaces using X-ray Photoelectron Spectroscopy (XPS) 

(Supplementary Figure 3.7).  Incorporation of hierarchical structures within heat-

shrinkable polymers presents a scalable approach towards tuning the surface properties of 

materials. 

To evaluate the omniphobicity of the developed structures and compare the behavior of 

planar, microstructured, nanostructured, and hierarchical surfaces (schematics shown in 

Supplementary Figure 3.8), we measured the static contact angle  of various test liquids 

such as milli-Q grade water (surface tension of 72.75 mJ/m2 61), hexadecane (surface 

tension of 27.76 mJ/m2 61), human whole blood (surface tension of approximately 55 mJ/m2 
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18), and various ethanol/water concentrations (Figure 3.2 and Supplementary Figure 3.9). 

As expected, microstructuring made the PS surface more hydrophobic with PS-Micro 

having a water contact angle of 100±6° as compared to PS-Planar having a contact angle 

of 78.9±1.3°, which can be explained by the Cassie model (Supplementary Note 1). The 

contact angle further increased to 125±4° following the fluorosilane treatment (PS-Micro-

FS) due to the decrease in the surface free energy leading to higher Young’s contact angle 

and Cassie contact angle. The induction of nanotexturing (PS-Nano-FS) increased the water 

contact angle to 135±4°, which is beyond what was observed for the planar and 

microstructured surfaces. The hierarchical surfaces (PS-Hierarchical-FS) demonstrated 

superhydrophobicity with a water contact angle of 155°, which was not observed for the 

other surfaces.  The increase in the number of length-scales elevates the contact angles by 

reducing the solid-liquid contact area and providing more trapped air in the underlying 

interface compared to having a single length-scale. 33 This can also be approximated by 

rewriting Cassie-Baxter relation recursively (Supplementary Note 1). 33,62 Additionally, 

hierarchical structures improve the stability of the solid-liquid-air interface, inhibiting 

filling of the air pockets within the structure. 30   

As a common measure for omniphobicity, we determined the oleophobicity of the surfaces 

by measuring the hexadecane contact angle. According to Young’s relation, comparing 

hexadecane contact angle to water for the same surface, a smaller contact angle for 

hexadecane (lower surface tension) is predicted. Consequently, PS-Planar and PS-Micro 

demonstrated oleophilic behavior with contact angles too low to be accurately be measured. 

PS-Micro-FS demonstrated decreased oleophilicity (26±7°) due to the effect of 
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fluorosilanization on lowering the surface energy. PS-Nano-FS surfaces revealed a 

significantly higher hexadecane contact angle (55±3°) compared to the microstructured 

surfaces. Nanoparticles create a re-entrant texture and a more effective Cassie state for low 

surface tension liquids compared to the concave structure of the wrinkles (Supplementary 

Note 1). 30,33 The combination of both micro- and nano-structures observed in the PS-

Hierarchical-FS surfaces led to an increase in oleophobicity as the contact angles reached 

123±5°. This type of omniphobicity is also present with up to 70% ethanol (Supplementary 

Figure 3.9, Supplementary Note 2), which has an ultralow surface tension (25.48 mN/m 

63). In the hierarchical structures, the addition of nanoparticles distorts the concave texture 

of the wrinkles, allowing improved repellence of lower surface tension liquids compared 

to microstructures. Additionally, having wrinkles along with the nanoparticles provides a 

higher fraction of air beneath the droplet. The findings from water and hexadecane contact 

angle measurements indicate that hierarchical structuring enhances the water and 

hexadecane contact angles compared to micro- or nano-structured surfaces, resulting in 

improved omniphobicity.  
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Figure 3.2 Surface repellency and assessment of omniphobicity. (a) Graph showing the 

contact angle of different surfaces for water, hexadecane, and blood as test liquids. Table 

showing sliding angles for water on various surfaces (SA represents sliding angle) and 

representative color-coded images of the contact angles (CA represents contact angle). The 

inset shows the blood contact angle on a bent PO-Hierarchical-FS, showing the robustness 

of the surface upon bending. (b) Slow-motion snapshots of 10 μL droplet on PO-

Hierarchical-FS at 4 ms intervals. (c) Advancing/receding contact angles, contact angle 

hysteresis, and calculated sliding angles. Error bars represent standard deviation from the 

mean for at least three samples. The “dots” represent the individual data points leading to 

the averages plotted as bars. 

 

To further validate the self-cleaning characteristics of our developed surfaces under 

biological conditions, the contact angle of whole human blood on each surface was 

examined. Blood is commonly used as an example for a complex liquid to test for 
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repellency of a surface. 64 PS-Hierarchical-FS surfaces maintained a high contact angle of 

142±7° (Figure 3.2a). This hinted towards a self-cleaning and anti-biofouling behavior for 

the hierarchical structures.  

We also measured the sliding angle of our surfaces, which is an essential measure for 

repellency and adhesiveness. Droplet sliding was only observed for the hierarchical 

structures, demonstrating their low adhesion and self-cleaning properties. The ability of the 

droplet to slide off the hierarchical surface with a low sliding angle (<5°) is due to the 

unevenness of the wrinkles as well as the presence of nanoparticles. As the surface is tilted, 

the droplet detaches itself sequentially from small areas due to the rough nature of the 

surface. 65 This results in a smaller adhesive force compared to the control groups, which 

have a larger surface area in contact with the water droplet.  

The advancing/receding contact angles and the resultant contact angle hysteresis are also 

important metrics of omniphobicity and repellency since lowering the solid/liquid 

interfacial area results in a decrease in contact angle hysteresis. 33,66 The high 

advancing/receding contact angle (~140°) and low contact angle hysteresis (~10°)  

observed for the hierarchical surfaces (Figure 3.2c) allow for the low sliding angle (Figure 

3.2c) and bouncing behavior of these surfaces (Figure 3.2b, Supplementary Figure 3.11a,c, 

and Supplementary Video 1-4). Low contact angle hysteresis and sliding angles as well as 

high advancing/receding contact angles, enables water to stay in a suspended Cassie state, 

49 which is of key importance for achieving self-cleaning and anti-fouling properties 

(Supplementary Note 3,4). 
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Given the exceptional omniphobic performance of the hierarchical structures, we 

implemented these structures on flexible polyolefin wraps commonly used as packaging 

material (e.g. food industry). Similar to polystyrene, hierarchically-structured polyolefin 

wraps (PO-Hierarchical-FS) demonstrated super-hydrophobicity (water contact 

angle=154±4°), oleophobicity (hexadecane contact angle=124±2°), blood repellency 

(contact angles of 144±5°), and droplet sliding (sliding angles <5°). Furthermore, when 

bent, these surfaces showed a blood contact angle that is comparable to the unbent samples, 

demonstrating their omniphobic behavior under different form factors (Figure 3.2). Similar 

advancing/receding contact angle, contact angle hysteresis, and calculated sliding angle 

were recorded for PO samples as PS, resulting in a bouncing behavior for water droplets as 

shown in Supplementary Video 5-10, both on treated surfaces and also as a food packaging 

material (Supplementary Video 10). Furthermore, we have performed resiliency tests on 

the developed surfaces (Supplementary Table 3.1), subjecting them to vacuum (3 hours), 

sonication in ethanol (3 hours), and incubation in bleach (2 hours). In all cases, the surfaces 

remained repellent by maintaining their low sliding angle. These findings display 

omniphobic performance on a flexible surface with significance robustness and stability. 

 

3.3.2  Assessment of bacterial attachment: biofilm formation and 

bacteria transfer to hierarchical wraps 
 

We studied the effect of hierarchical structuring on the anti-biofouling behavior of our 

surfaces using various bacterial adhesion assays (Figure 3.3). We evaluated the biofilm 

formation of P. aeruginosa PA01, a Gram-negative bacterium, and S. aureus USA300 
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(MRSA), a Gram-positive bacterium, on various surfaces to investigate whether micro, 

nano, or hierarchical structuring has a significant effect on reducing biofilm attachment. P. 

aeruginosa and MRSA are clinically relevant pathogens that commonly form biofilms on 

medical devices and are found on various hospital surfaces. 7,67 To simulate the composition 

of a bacterial biofilm matrix, the adherence of alginate, a carbohydrate proxy for the 

extracellular polymeric substance (EPS) of a biofilm, was first tested, which showed a 10-

fold reduction in adherence (Supplementary Figure 3.12). 68,69 This was followed by a 

biofilm assay that quantified the formation of P. aeruginosa and MRSA biofilms on various 

surfaces (Figure 3.3a, b). It is evident from the biofilm assay that the hierarchical structures 

effectively attenuate biofilm formation compared to the other control groups (reduced by 

~85% compared to PS-Planar) for both MRSA and P. aeruginosa. Although PS-Micro-FS 

and PS-Nano-FS also reduced biofilm formation (66% and 78% for MRSA, 11% and 62% 

for P. aeruginosa), they did not achieve the same level of biofilm attenuation. This is 

explained by the occurrence of Cassie state in the hierarchical surfaces, 33 which makes the 

initial bacterial attachment to the surface unfavorable, thereby inhibiting the formation of 

mature biofilms. 11,14,15,70 
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Figure 3.3 Biofilm assay on various polystyrene surfaces. Crystal violet biofilm assay for 

MRSA (a) and P. aeruginosa (b) and representative images of the well containing the 

resuspended crystal violet as a measure of the extent of biofilm formation. The data is 

normalized to PS-Planar. (c) SEM of fixed biofilm of MRSA on PS-Planar (i) and on PS-

Hierarchical-FS (ii). (d) SEM of fixed biofilm of P. aeruginosa on PS-Planar (i) and on 

PS-Hierarchical-FS (ii). The scale bars on larger SEM images are 1 µm and for the insets 

are 100 nm. Error bars represent standard deviation from the mean for at least three 

samples. The “dots” represent the individual data points leading to the averages plotted 

as bars. 

To visualize the interaction of the P. aeruginosa and MRSA biofilms with our hierarchical surfaces, 

we performed SEM on these surfaces and compared them to unmodified surfaces (Figure 3.3c, d) 
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under conditions where mature biofilm formation is possible. These images demonstrate the 

abundance and stacking of coccoid MRSA bacteria on the untreated polystyrene surface 

(PS-Planar), whereas adding the hierarchical texture significantly decreased the amount of 

adhered MRSA on PS-Hierarchical-FS (Figure 3.3c.i, ii). Deposition of MRSA cells within 

the ridges of the microstructure is observed, however the ability of these cells to form 

mature biofilms appears to be sterically hindered by the hierarchical surface structure. 

Similarly, the rod-shaped P. aeruginosa and the biofilm matrix joining adjacent cells  (EPS) 

was clearly evident on the untreated surfaces (Figure 3.3d.i), but was almost completely 

abolished in the hierarchical (PS-Hierarchical-FS) sample (Figure 3.3d.ii). Unlike with 

MRSA, we do not see deposition of P. aeruginosa (Figure 3.3d.ii) within the ridges of the 

hierarchical structure, likely resulting from larger cell size and shape of P. aeruginosa cells. 

11,18,71 These findings are well in agreement with the quantitative crystal violet assay and 

confirm the anti-biofouling behavior of the hierarchical samples. As expected, when the 

hierarchical structuring was implemented on the surface of the flexible PO wraps, the same 

type of anti-biofouling behavior was visualized through SEM of the biofilms (Figure 3.4a.i-

iv).  
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Figure 3.4 Biofilm and bacterial adherence on hierarchical wraps and touch assay. (a) 

SEM of fixed biofilm of MRSA and P. aeruginosa on planar and hierarchical wraps. 

Figures i-iv show: (i) MRSA biofilm on PO-Planar (ii) MRSA biofilm on PO-Hierarchical-

FS (iii) P. aeruginosa biofilm on PO-Planar (iv) P. aeruginosa biofilm on PO-

Hierarchical-FS. Scale bars on larger SEM images are 1 µm and for the insets are 200 nm. 

(b) GFP expressing E. coli touch assay on planar and hierarchical polyolefin wraps, 

demonstrating repellency of the PO-Hierarchical-FS toward contact with a bacteria 

contaminated agar plug. Error bars represent means ± SD of at least three samples. (c) 

Touch assay performed on wrapped objects. Figures i-vi show: (i) SEM of PO-Planar 

(demonstrating surface texture, scale bar 1 µm) (ii) SEM of PO-Hierarchical-FS 

(demonstrating surface texture, scale bar 100 nm) (iii) E. coli transfer to PO-Planar 

wrapped around a stethoscope (iv) E. coli transfer to PO-Hierarchical-FS around a 

stethoscope (v) E. coli transfer to PO-Planar around a pen (vi) E. coli transfer to PO-

Hierarchical-FS wrapped around a pen. (d) E. coli transfer from contaminated PO-Planar 
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(i) and PO-Hierarchical-FS (ii) to human skin. Qualitative assessment legend for the 

amount of the available bacteria is also shown. 

An important factor in the spread of infections is the transfer of bacteria to an intermediate 

surface, which would serve as a niche point for biofilm production or further bacterial 

transfer. 72 To evaluate the ability of our surfaces in reducing the spread of infection, we 

designed a touch-assay to quantify the transfer of bacteria from contaminated to clean 

surfaces. For the transfer of bacteria, agar plugs were used and were inoculated with GFP 

expressing Escherichia coli to mimic a contaminated object. Then both planar and 

hierarchical wraps were ‘touched’ with the inoculated agar plugs, and levels of fluorescence 

were measured to determine the magnitude of bacterial transfer (Figure 3.4b).  PO-

Hierarchical-FS films showed a 20-fold decrease in the fluorescent signal compared to PO-

Planar, indicating that there is significantly less E. coli transferred to the hierarchical 

surfaces (Figure 3.4b). A similar experiment was performed on hierarchical polystyrene 

surfaces, showing a 15-fold decrease in the fluorescent signal on the treated surface 

compared to planar surfaces (Supplementary Figure 3.13). These results demonstrate the 

promise that these flexible hierarchical wraps hold for covering surfaces that pose a high 

risk for transferring infections. To demonstrate the applicability of the hierarchical wraps 

for reducing contamination on everyday objects, we covered a pen (Figure 3.4c), a 

stethoscope (Figure 3.4c), and a key (Supplementary Figure 3.14) as every objects or 

medical devices that are at high risks of bacterial contamination. 3,7 The same bacterial 

touch assay with GFP expressing E. coli was conducted and evaluated by a fluorescent 

scanner (Figure 3.4c). The objects covered with the hierarchical surfaces (Figure 3.4c.iv,vi) 

showed little or no measurable fluorescence signal after being ‘touched’ with the 
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contaminated agar plugs, whereas, objects covered with the control surface (Figure 

3.4c.iii,v) showed large amounts of fluorescence. This demonstrates the ability of the 

hierarchical wraps to conform to the shape of different objects and reduce the transfer of a 

bacterial (E. coli) contaminant. 

 

In addition, we investigated the performance of our surfaces in halting the transfer of 

bacterial contamination to a human hand. A hierarchical wrap and a control surface were 

“touched” with E. coli infused agar plugs, and then the contaminated surface was touched 

by a human hand. The transfer of the bacteria from hierarchical and control surfaces onto 

human skin was imaged using a surface imaging device (see methods section for details) 

designed to assess microbial contamination levels (Figure 3.4d). These images clearly 

demonstrate that building hierarchical structuring into our wraps significantly reduce the 

transfer of bacteria (E. coli) from a contaminated surface through an intermediate surface 

to the human skin. It is also interesting to note that the hierarchical wraps hold their 

repellent properties, under strain and while conforming to different form factors.  

3.4 Conclusions 
 

In this work, a comprehensive study was conducted to understand the role of micro, nano, 

or hierarchical structuring on the omniphobic and anti-bacterial properties of surfaces. We 

created three classes of structures through wrinkling (microstructured), self-assembly of 

nanoparticles (nanostructured), and their combination (hierarchically-structured). We 

found that hierarchical structuring provides superior hydrophobicity and oleophobicity 

with water contact angle of above 150°, blood contact angle of above 140, hexadecane 
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contact angle of above 110°, and sliding angles lower than 5°. All of the surfaces included 

a fluorosilane treatment for enhancing their hydrophobicity and oleophobicity; however, 

omniphobic behavior was not observed with microstructured or nanostructured surfaces 

even with the fluorosilane treatment.  The omniphobicity originates from the stable Cassie 

state and the increased air pockets trapped beneath the liquids contacting the hierarchical 

surfaces for both low and high surface tension liquids. 33 When interfacing these 

hierarchical surfaces with bacterial contaminants, we observed that their omniphobicity can 

decrease biofouling by MRSA and P. aeruginosa (Figure 3.3). The latter are priority 

pathogens according to the World Health Organization, pose a substantial threat to 

morbidity and mortality worldwide, 6 and have an established role in healthcare-acquired 

infections. 67 Reducing the spread of bacteria is a key strategy for decreasing the incidence 

of life threatening bacterial infections. 19,67  

Similar to our rigid hierarchical surfaces, the flexible hierarchical wraps repel liquids with 

various surface tensions and prevent biofilm formation proving they retain the repellency 

characteristics observed with the rigid hierarchical surfaces. To understand if our surfaces 

were effective in reducing the spread of bacteria by serving as an intermediate transfer 

surface, we developed a “touch-assay”. We showed that the application of this hierarchical 

omniphobic surface onto everyday items and medical devices reduced the transfer of E. 

coli onto these objects from a contaminated agar plug. As a result, less E. coli was 

transferred to human skin that came into contact with the contaminated hierarchical 

surfaces compared to contaminated control surfaces. Surfaces containing antibiotics, 73 

lubricant-infused layers, 15,20 and micro/nanostrucutring 11 have been previously developed 
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to deliver antibacterial properties and bacterial repellency to various classes of medical 

devices. Surface coatings that contain antibiotics are expected to further exacerbate the 

emergence of antibiotic resistance, 7,74 lubricant-infused surfaces are difficult to use in 

open-air conditions due to lubricant evaporation, 26 and several of the previously-developed 

micro/nanostructure omniphobic materials are difficult to manufacture in the industrial 

scale, 36,40 posing a need for new strategies for developing scalable repellent coatings. Our 

hierarchical wraps could easily be applied onto various surfaces in hospitals that are 

commonly contaminated with bacterial pathogens such as, door knobs, bed tables, bed rails, 

and other high risk surfaces. 6 Additionally, since the hierarchical surfaces are fabricated 

through all-solution-processing, they would be amenable to large area applications and 

large volume manufacturing, being applicable to a wide range of surfaces that have a risk 

of being in contact with liquid-borne contaminants.  

3.5 Methods 
 

Reagents. (3-Aminopropyl)triethoxysilane (99%), 1H,1H,2H,2H-

Perfluorodecyltriethoxysilane (97%), Ludox® TMA colloidal silica, and Alginic Acid 

sodium salt (sodium alginate), crystal violet were purchased from Sigma-Aldrich (Oakville, 

Onatrio). Ethanol (anhydrous) was purchased from Commercial Alchohols (Brampton, 

Ontario). Hydrochloric acid (36.5–38%) was purchased from Caledon (Georgetown, 

Ontario). Milli-Q grade water (18.2 MΩ) was used to prepare all solutions. LB Broth, 

Granulated Agar, Casamino Acids was purchased from Fisher Scientific (Canada). 20% 

Glucose Solution was purchased from TekNova (Canada). Glacial Acetic acid was 

purchased from Bioshop (Burlington, Ontario). 



Ph.D. Thesis – S. M. Imani                       McMaster University – Biomedical Engineering 

140 

 

 Wrinkled Surfaces Fabrication. Pre-strained polystyrene (Graphix Shrink Film, 

Graphix, Maple Heights, Ohio) and polyolefin (Cryovac D-955) was cut into desired 

substrate sizes using Robo Pro CE5000-40-CRP cutter (Graphtec America Inc., Irvine, 

California). The substrates were cleaned with ethanol, milli-Q water and dried with air. The 

PS was placed in a ramped up (4 minutes) UVO cleaner (UVOCS model T0606B, 

Montgomeryville, Pennsylvania) in order for the UV lamp to reach a stable intensity 

ensuring similar UVO treatment condition for all of the samples. PO was subject air-plasma 

in an Expanded Plasma Cleaner (Harrick Plasma) on HIGH RF power setting for 1 minute. 

To create the non-fluorinated microstructured sample, PS-Micro, the UVO treated PS was 

subject to thermal treatment by placing the substrates into an oven (ED56, Binder, 

Tuttlingen, Germany) pre-heated to 140°C for 5 minutes. To create the fluorinated 

microstructured sample, PS-Micro-FS, the activated substrates were submerged in a 

prepared fluorosilane solution for approximately 3 hours with agitation at room temperature 

in an incubating mini shaker (VWR International, Mississauga, Ontario) to covalently bond 

an FS layer onto the surface through hydrolysis and condensation reactions. 75 For the 

deposition of fluorosilane, a mixture of ethanol and milli-Q water with volume ratio of 3:1 

was prepared. A catalytic amount of hydrochloric acid (0.1 wt%) was added into the 

solution with 0.5 wt% of fluorosilane. The solution was incubated at 40° for an hour before 

use. The fluorosilane deposition is similar with a protocol used to create omniphobic micro- 

and nano-structured fabrics. 76 Following deposition of coating, the substrates were 

sonicated in Milli-Q water and subsequent 10 min sonication in ethanol for 10 minutes and 

dried.  
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To create PS-Nano-FS and PS-Hierarchical-FS, the activated PS substrates (UVO treated) 

were submerged in 10% aqueous APTES (for creating the seed layer for nanoparticle 

solution for respected samples) for approximately 3 hours with agitation at room 

temperature in an incubating mini shaker. Following deposition of coating, the substrates 

were sonicated in Milli-Q water for 10 minutes and dried. SiNPs solution was created by 

vertexing 1 part Ludox TMA colloidal silica with 2 parts milli-Q water for 10 seconds and 

sonication for half an hour. The size of the SiNPs were measured using dynamic light 

scattering (DLS), and were found to be 27±0.6 nm (Supplementary Figure 3.15).  For the 

deposition of SiNPs (after the APTES treatment), the substrates were fixed in petri dishes 

using double sided tape and submerged in the SiNPs solution overnight. The amine 

terminus on the aminosilane had electrostatic interactions with the negative surface charge 

of the SiNPs and allowed for the deposition of the nanoparticles on the surface. Following 

deposition, the substrates were sonicated in Milli-Q water for 10 minutes and dried. The 

SiNPs surface were placed in the prepared fluorosilane solution for approximately 3 hours 

with agitation (PS-Nano-FS). The substrates were then sonicated in milli-Q water for 10 

minutes and dried. At this step, the Planar, nanoparticle treated samples are prepared (PS-

Nano-FS). To add the microstructures to the nanoparticle treated surface, thermal treatment 

was performed by placing the substrates into an oven pre-heated to 140°C for 5 minutes 

(PS-Hierarchical-FS). 

To create the PO treated wraps, the activated wrap was subject an overnight APTES 

treatment as described earlier followed by 10 minutes sonication in Milli-Q water. 

Subsequently, samples were immersed in SiNP solution (as described) for 3 hours followed 
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by 3 hours fluorosilane treatment (as described earlier). The treated surface was then further 

subject to heat shrinking either by a heat gun (Amtake HG6618) or by incubation in a pre-

heated oven at 140°C for 5 minutes. To wrap the treated PO before the shrinking process, 

the object was wrapped and sealed with a sealer and further subject to the heat gun. 

 Surface physical characterization. SEM imaging was performed on a JEOL 7000F. 

Samples were coated with 3 nm of platinum prior to imaging. Contact angle measurement 

was made on a goniometer (OCA 20, Future Digital Scientific, Garden City, NY) with 

water droplets (5 µL) dispensed by automated syringe, and hexadecane (5 µL) and human 

whole blood (5 µL) by hand using a pipette. The sessile drop contact angle was provided 

via image processing software (Dataphysics SCA 20) through ellipse curve fit shape 

analysis of the droplets. Whole human blood was collected from healthy donors in BD 

heparinized tubes. All donors provided signed written consent and the procedures were 

approved by the McMaster University Research Ethics Board. Sliding angle measurements 

were made on a self-made tilting platform with angle controlled by an automated servo. 

Each value was averaged over at least three measurements. 

 Advancing and receding contact angle. Advancing and receding contact angle were 

evaluated using goniometer (OCA 20, Future Digital Scientific, Garden City, NY) via 

needle in sessile drop method. 5 µL of water was dispensed onto the surface and the contact 

angle was measured continuously in real time. The volume of the drop was then increase 

by 5 µL at a rate of 1 µL/s, then decreased by 5 µL at 1 µL/s. This cycle repeated 4 times 

for each sample in order to get an accurate reading of the two angles. 
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 Surface chemical characterization. X-ray Photoelectron Spectroscopy (XPS) was used 

to assess the surface chemical composition of the hierarchical structures. Three samples 

were used for each condition, and means were determined. A Physical Electronics (PHI) 

Quantera II spectrometer equipped with an Al anode source for X-ray generation was used 

to record the XPS spectra (BioInterface Institute, McMaster University). XPS results were 

obtained at 45° take-off angles with a pass energy of 224 eV. The atomic percentages of 

carbon, oxygen, fluorine, nitrogen and silicon were calculated using the instrument’s 

software. 

 Alginate assay for simulating fouling. A solution of 1% w/v sodium alginate in milli-Q 

water was made with constant stirring. The extent of alginate adhesion to different sample 

conditions was assessed by incubating each sample in the alginate solution for 30 seconds 

and subsequently weighing the sample without washing or drying. Samples were also 

weighed before being subject to alginate solution in order to calculate the amount of the 

adhered alginate. 

  

Biofilm Adherence assays. Pseudomonas aeruginosa PAO1 and Staphylococcus aureus 

USA300 JE2 (MRSA) 77 were streaked from frozen onto LB agar and grown overnight at 

37ºC. From this, overnight cultures in LB broth were diluted 1/100 in MOPS-minimal 

media supplemented with 0.4% glucose and 0.5% casamino acids (TekNova,United States) 

for P. aeruginosa, 78 or TSA media supplemented with 0.4% glucose and 3% NaCl for 

MRSA. 79 A 24-well polystyrene assay plate (Corning, United States) was prepared by 

inserting a single nanoparticle-treated or untreated device into each well, then subsequently 
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flooding each well with 2 mL of the 1/100 diluted bacterial suspension. The assay plates 

were then incubated without shaking at 37°C for 72 hours for P. aeruginosa and 24 hours 

for MRSA without any substitution of the media to allow biofilms to form. Post incubation, 

the devices were removed from each well using sterile forceps and rinsed gently with water 

by submersing them 4-5 times into a beaker of water to remove planktonic bacterial cells. 

Biofilms attached to the devices were stained with 0.1% crystal violet, washed with sterile 

water, then solubilized in 30% acetic acid. A 200 µL bacterial suspension and solubilized 

crystal violet were transferred to a 96-well microtiter plate (Corning, United States). The 

optical density (OD) of the bacterial suspension (bacterial culture following the period used 

for biofilm production) was read at 600 nm using a Tecan Infinite m1000 plate reader 

(Tecan, United States) to evaluate the culture density. The OD of the resuspended crystal 

violet was measured at 570 nm. Relative biofilm adherence was calculated by the ratio of 

biofilm adhered (OD570) to culture density (OD600) as shown in the equation below.” 

 

 

 Scanning Electron Microscopy – Bacteria Biofilm Fixation. MRSA and P. aeruginosa 

biofilms were grown on polystyrene and polyolefin surfaces as described in the previous 

section. Samples were then placed in a 0.25% glutaraldehyde solution (in sodium 

cacodylate buffer) for fixation for a minimum of 24 hours. Samples were subsequently 

rinsed with buffer before being stained with 1% osmium tetraoxide in sodium cacodylate 

buffer (pH=7.4). Samples were then sequentially dehydrated with ethanol solutions from 

25% (in Milli-Q water) to 100%. Finally, samples were critically point dried (Leica 

𝑹𝒆𝒍𝒂𝒕𝒊𝒗𝒆 𝑩𝒊𝒐𝒇𝒊𝒍𝒎 𝑭𝒐𝒓𝒎𝒆𝒅 =
𝑩𝒊𝒐𝒇𝒊𝒍𝒎 𝑭𝒐𝒓𝒎𝒂𝒕𝒊𝒐𝒏 (𝑶𝑫𝟓𝟕𝟎)

𝑪𝒆𝒍𝒍 𝑫𝒆𝒏𝒔𝒊𝒕𝒚 (𝑶𝑫𝟔𝟎𝟎)
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Microsystems, Wetzlar, Germany) and sputter coated with 3 nm of platinum before 

examination under SEM. Samples were imaged using a JEOL 7000F (JEOL, Peabody, MA) 

at an accelerating voltage of 4 keV. Images were artificially coloured to improve 

recognition of bacteria using GIMP (GIMP 4.0). 

Bacteria contact touch assay. An overnight culture of Escherichia coli MG1655 

harboring pUA66-GadB, 80 which constitutively expresses high levels of GFP, was grown 

in LB with 50 µg/ml kanamycin then pelleted. Cells were then re-suspended in 1/50 of the 

original volume of the culture to create a concentrated cell suspension. Agar plugs were 

made from 3% agar by dissolving 3 grams of agar in 100 mL water with a magnetic stirrer 

at room temperature. The temperature was then raised to 95 ºC while stirring for 20 minutes, 

then the solution was poured into petri dishes and cooled in room temperature. Once 

solidified, agar plugs were harvested from the cooled agar plated by poking tubes with 

approximately 15 mm diameter in it. 20 µL of 50x concentrated E. coli overnight culture 

was added to each agar plug, under a laminar air flow in a biosafety cabinet, and allowed 

the excess media to absorb within the agar, creating a layer of the bacteria on top of the 

agar. Subsequently, the bacteria infused agar plugs were contacted with PS-Planar, PS-

Hierarchical-FS, PO-Planar, PO-Hierarchical-FS surfaces for 10 seconds, allowing the E. 

coli to transfer and stick to the them. The surfaces were then analyzed using a Chemidoc 

imaging system (BioInterface Institute, McMaster University) by fluorescein channel.   

 Bacterial transfer to human skin. In a similar method described in bacteria contact touch 

assay section, the contaminated PS-Planar, PS-Hierarchical-FS, PO-Planar, PO-

Hierarchical-FS surfaces were touched with human skin and the extent of bacteria transfer 
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were analyzed. This was done through a handheld surface imaging technology provided by 

OptiSolve®, enabling imaging various surfaces and assessing their extent of contamination 

in real time.  

 

3.6 Associated Content 
 

Supporting information  

The Supporting Information is available free of charge on the ACS Publications website. 

Assessing the chemical composition of the surface, discussion of the measured contact 

angles, schematic of the structures and their local geometric angle, discussion of the ethanol 

CA measurements, various ethanol/water concentration contact angle measurements, 

advancing/receding angles, contact angle hysteresis, calculated sliding angles, Pinning and 

bouncing of droplets, relative alginate adherence, GFP expressing E. coli touch assay on 

polystyrene, E. coli transfer to a wrapped key (PDF). 

Video showing 10 μl of Water dropped onto PS-Planar from one inch at 480fps.  

Video showing 10 μl of Hexadecane dropped onto PS-Planar from one inch at 480fps.  

Video showing 10 μl of Water dropped onto PS-Hierarchical-FS from one inch at 480fps.  

Video showing 10 μl of Hexadecane dropped onto PS-Hierarchical-FS from one inch at 

480fps. Video showing 10 μl of Water dropped onto PO-Planar from one inch at 480fps.  

Video showing 10 μl of Hexadecane dropped onto PO-Planar from one inch at 480fps.  

Video showing 10 μl of Water dropped onto PO-Hierarchical-FS from one inch at 480fps.   

Video showing 10 μl of Hexadecane dropped onto PO-Hierarchical-FS from one inch at 

480fps. Video showing slow motion water droplets continuously running from a water 
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bottle on top of a PO-Hierarchical-FS surface, demonstrating bouncing and rolling off of 

the water droplets.  

Video showing implementing the developed surface for food packaging, showing 

wrapped meat with polyolefin (PO-Planar and PO-Hierarchical-FS). The water droplets 

bounce off the treated surface and get stuck on the untreated PO. 
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3.10 Supplementary Information for Flexible Hierarchical Wraps Repel 

Drug Resistant Gram Negative and Positive Bacteria 
 

 

Supplementary Figure 3.5 UVO treatment performed for 1, 2, 3, and 4 minutes on PS 

followed by thermal shrinkage, demonstrating control over the degree of wrinkles. Scale 

bars are present 100 nm. 

 

Supplementary Figure 3.6 Secondary wrinkles shown on PO-Hierarchical-FS. The scale 

bars represent 1 µm and 100 nm on the image and inset respectively. 

 

 

 

 



Ph.D. Thesis – S. M. Imani                       McMaster University – Biomedical Engineering 

160 

 

 

Supplementary Figure 3.7 Assessing the chemical composition of the surface. To 

quantitatively assess the chemical composition of the hierarchical surfaces and confirm the 

success of the performed modifications, we performed X-ray photoelectron spectroscopy 

(XPS) on the PS-Hierarchical-FS and PO-Hierarchical-FS and compared them to the 

planar samples. Both pristine surfaces (PS-Planar and PO-Planar) were mainly composed 

of carbon (more than 95%) and oxygen (less than 5%). However, when subject to the 

treatments and inducing the hierarchical structures, the fluorine element appeared in the 

elemental analysis for PS-Hierarchical-FS and PO-Hierarchical-FS (27.7 % and 16.8%) 

which is indicative of successful FS treatment. Furthermore, presence of silicon element 

indicates the availability of SiNPs. The decrease in carbon comparing to the planar 

samples can be explained by the addition of other elements to the surface. The increase in 

the oxygen element (~32%) can be attributed to the surface activation and introduction of 

hydroxyl groups in the course of the modification steps. The performed XPS was a survey 

scan, therefore enabled us to do an elemental analysis rather than bond analysis (requires 

high resolution XPS). In spite of this, previous studies have used similar methodology for 

their treatments (APTES treatment, FS treatment) and have demonstrated successful 

modifications. 1–6   

Supplementary Note 1 - discussion of the measured contact angles: 

Static contact angle measurements were made for 5 µL droplets of milli-Q grade water 

(surface tension of 72.75 mJ/m2 7) deposited onto the surfaces (Figure 3.2). The polystyrene 

surfaces showed hydrophilic characteristics as they had contact angles of 78.9±1.3° for PS-

Planar. Based on the Wenzel model, 8 for a fully wetted state between the droplet and 

surface, the apparent contact angle can be estimated by, 8  



Ph.D. Thesis – S. M. Imani                       McMaster University – Biomedical Engineering 

161 

 

,  (1) 

where r is the ratio of the actual surface area in contact with the droplet to the projected 

surface area of the droplet and θ is the contact angle based on Young’s relation. This 

equation indicates that a rough surface, with fully wetted state, would result in a lower 

Wenzel contact angle for θ<90°, and higher Wenzel contact angle for θ>90°. PS-Planar is 

hydrophilic (θ<90°), therefore by Wenzel model, it is assumed that the wrinkled non-

fluorinated surface would be hydrophilic, however, based on the results for the PS-Micro 

surfaces, they were hydrophobic showing a contact angle higher than 90° (100±6°). To 

better describe the phenomenon happening, Cassie model should be implemented, 9 The 

contact angle for the droplet, θc , can be estimated as, 9–11 

   (2) 

where is the ratio of the total area of solid-liquid interface to the projected area of the 

drop and is the ratio of the liquid-air interface to the projected area of the drop. This 

enables prediction of a higher Cassie contact angle due to fraction of liquid-air interface 

beneath the droplet regardless of the starting Young’s contact angle. The fluorinated 

wrinkled surfaces (PS-Micro-FS) had higher contact angle (125±4°) compared to the PS-

Micro surfaces. This is explained by the decrease in the surface free energy, which results 

in a higher Young’s contact angle and leads to a higher Cassie contact angle. 

The combination of both micro- and nano-structures on the surfaces achieved 

hydrophobicity of more than 150°. For hierarchical structures, the contact angle can be 

approximated theoretically by rewriting Cassie relation recursively, 12 
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   (3) 

where correspond to the number of length scales present in the textured surface, 

with larger index corresponding to larger length scale. This means that the contact angle is 

expected to increase as the number of length scale increases. 10 It had also been shown in 

previous studies that multiscale roughness assists to improve the stability of solid-liquid-

air interface. 13 Here, we demonstrated that having a combination of both nanoscale and 

microscale structures improved the hydrophobicity by approximately 20°. 

 

Supplementary Figure 3.8 Schematic of the structures and their local geometric angle. 

The oleophobicity was tested with 5 µL droplets of hexadecane (surface tension of 27.76 

mJ/m2 7) deposited onto the surfaces and their static contact angles measured (Figure 3.2a). 

The non-fluorinated surfaces were oleophilic, with contact angles that were too low to 

accurately be measured. This was as expected since the Young’s relation predicts a smaller 

contact angle for lower surface tension liquids. The inclusion of non-fluorinated wrinkles 

on surfaces (PS-Micro), also does not assist in making the surface less oleophilic. However, 

PS-Micro-FS samples, made the surface less oleophilic (26±7°) due to the effect of 

fluorosilanization on lowering the surface energy. 

PS-Nano-FS surfaces revealed a significantly higher contact angles (55±3°) compared to 

the wrinkled surfaces (both PS-Micro and PS-Micro-FS) for improving the contact angle 

for hexadecane than water. This could be explained by the re-entrant texture of 
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nanoparticles compared to that of wrinkles ( <90° Supplementary Figure 3.8b). The 

wrinkles alone were not effective for keeping lower surface tension liquid in the Cassie 

state. In a Cassie state, when pockets of air are trapped beneath the droplet, the liquid forms 

a three-phase contact line at the local structure (Supplementary Figure 3.8), where the local 

geometric angle, , becomes equal to the equilibrium contact angle, θ , based on Young’s 

relation. 10 The structure of a wrinkle is similar with that of a concave texture where the 

local geometric angle has a high value, >90° (Supplementary Figure 3.8a). Previous 

studies had concluded that concave structure does not support a stable Cassie state. 10,14 For 

a stable Cassie state, the Young’s contact angle must be higher than the local geometric 

angle 10 and Young’s relation equilibrium contact angle decreases for lower surface tension 

liquid. When the angle decreases to below the local geometric angle, the net traction on the 

liquid-air interface is downwards due to capillary forces, 10,15 which will lead to a fully 

wetted Wenzel state. For local geometric angles of high values, such as for wrinkles, the 

surface tension of the liquid needs to be high for a stable Cassie state. 

The combination of both micro- and nano-structures in the PS-Hierarchical-FS samples, 

led to achieving oleophobicity as the contact angles reached to 123±5°. The addition of 

nanoparticles decreased the limitation of the concave texture of the wrinkles, allowing 

better repellence of lower surface tension liquid (Supplementary Figure 3.8c). In the 

meantime, having wrinkles also provided for a higher fraction of air beneath the droplet. 

The results showed that the surfaces created are omniphobic, with oleophobicity (>110°) 

and superhydrophobicity (>150°).  
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Supplementary Note 2 - discussion of the ethanol CA measurements: 

 

Supplementary Figure 3.9 Measurement of contact angle at various ethanol/water 

concentrations. 

To further validate the omniphobic behavior of the developed hierarchical surfaces, we 

performed contact angle measurements using different ethanol and water contents ranging 

from 0% to 100%. This gives the advantage of tuning the liquid surface tension and 

validating the omniphobicity of the surface. Work by Epstein et al, showed multiscale 

roughness and the chemistry of the biofilm of bacteria such as B. subtilis, had previously 

revealed a contact angle plateau of ~135° for 0 % to 80% ethanol and this is in contrast 

with artificial replicas which have a drastic decrease in contact angle. 16 Our developed 

hierarchical surface, PS-Hierarchical-FS, showed a contact angle of above 100° from 0% 

to 70% ethanol content. The PO-Hierarchical-FS, however maintained the above 90° 

contact angle until 60% solution. PS-Nano-FS maintained a contact angle of above 100° 

with 20% ethanol (102°), while PS-Micro-FS was the least effective (61° contact angle at 
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20% ethanol), agreeing with earlier hexadecane contact angle results. We see that the 

addition of the hierarchical structures results in a repellency plateau, which greatly differs 

from the pseudo linear curve seen in PS-Nano-FS.  

Supplementary Note 3 - Advancing Receding Angles and Contact Angle Hysteresis 

The dynamic water droplet properties of treated and untreated polyolefin and polystyrene 

are evaluated. The contact angle hysteresis (∆θH) of a given substrate is determined from 

the difference between the advancing and receding contact angle: 

∆θH =θA-θR      (S1) 

Where θA and θR are the advancing and receding contact angles. The contact angle 

hysteresis of a surface is an indication of the activation energy needed to move a droplet 

across a surface 17 in such a way that surfaces with a lower contact angle hysteresis would 

require less energy for a droplet to detach itself from the surface with less pinning, thus 

repelling water. 18 This leads to sliding or bouncing of the droplets on the surfaces. Low 

∆θH values are a sign that the wetting on the surface is in a Cassie state, 18 which is of key 

importance for super hydrophobic and oleophobic self-cleaning surfaces. On micro and 

nanostructured surfaces, contact angle hysteresis can be expected to be very low. The 

Sliding angle of a given droplet on a surface can be calculated via the advancing and 

receding contact angles: 

sin(α) = kγL / ρVg (cos(θR) - cos(θA))   (S2) 

Where α is the sliding angle, k is a dimensionless factor, γ is the surface tension of water, 

L is the diameter of the contact, ρ is the density of water, V is the volume of water and g is 

the gravitational coeffect. 19 The coefficient k represents the shape and the elongation of 
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the droplet on a surface and is the percent difference between the contact length of the 

droplet on the surface (L) and the original diameter of the droplet (D) and can be calculated 

with the following formula: k = (D-L)/D. 20 Droplets on superhydrophobic surfaces can be 

assumed to be spherical, L will approach a value of 0, with this we assumed that k would 

have a value of 1. The calculated sliding angle for PS-Planar was evaluated to not exist 

(kγL/ρVg (cos(θR) - cos(θA))>1), which indicates that the equation is not satisfied for no 

angle and water does not slide on PS-Planar (allocated sliding angle of 90o for graphing). 

For both PS and PO, the reduction in the contact angle hysteresis (less than 5o for PS-

Hierarchal-FS and around 5o for PO-Hierarchical-FS) and simultaneous increase in the 

advancing and receding contact angle, resulted in a large reduction in the sliding angle and 

overall adhesion of the water droplets to the surface. These findings agree with the 

measured results for the sliding angles seen in Figure 3.2a.  

Supplementary Note 4 - Pinning and bouncing of droplets  
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Supplementary Figure 3.10 Images of Pinning and bouncing of droplets  

Slow-motion snapshots of the dynamic interaction of different surfaces with a 10 µL water 

droplet. Snap shots are taken at 2 ms intervals over 12ms. a) PO-Hierarchical-FS. b) PO-

Planar. c) PS-Hierarchical-FS. d) PS-Planar. Full video of each sample can be seen in 

Supplementary Video 1-8. As discussed in Supplementary Note 3, the decrease in the 

contact angle hysteresis for the PS-Hierarchical-FS and PO-Hierarchical-FS corresponds 

to lower adhesion and thus a reduction in the amount of pinning of droplets on the surface. 

For the PO-Hierarchical-FS and PS-Hierarchical-FS, a complete release of the water 

droplet after contact with the surface is seen.  For the PS-Planar and PO-Planar, complete 

pinning of the water droplet to the substrate occurs. Overall the introduction of both the 

micro and nano hierarchical structures on our flexible wraps had a large impact on the 

repulsion of liquids under different dynamic conditions.  This dynamic repulsion and 
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release of water from surfaces is important when discussing self-cleaning properties as 

many of the interactions between liquids and surfaces do not occur under static conditions.

 

Supplementary Table 3.1 Resiliency tests on hierarchical surfaces. Demonstrating 

repellency by maintaining their low sliding angle. 

 

 

Supplementary Figure 3.11 Relative alginate adherence. Extracellular polymeric 

substance (EPS) of bacteria such as Pseudomonas aeruginosa, has shown to be rich in 

alginate, a polysaccharide which substantially contributes to antibiotic resistance, 

persistence, and attachment of the biofilm to solid surfaces 21,22. Furthermore, effect of 

alginate has extensively been studied as a fouling substance in different applications, such 

as studying membrane efficacy and fouling in various conditions for application such as 

waste water treatments. 23–25 To investigate the developed hierarchical surfaces repellency 

towards alginate, each treated or untreated polystyrene sample was submerged in alginate 

solution and the amount of the adhered alginate was evaluated. PS-Hierarchical-FS 
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surfaces, demonstrated a significantly lower amount of alginate adhered to them which is 

about 10 times decreased compared to the other control groups (PS-Planar, PS-Micro, PS-

Micro-FS, and PS-Nano-FS).  

 

Supplementary Figure 3.12 GFP expressing E.coli touch assay on polystyrene. (a) Touch 

assay on pristine and hierarchical polystyrene surfaces, demonstrating repellency of the 

PS-Hierarchical-FS toward bacteria’s contact. Error bars represent means ± SD of at least 

three samples. (b) bacteria transfer from contaminated PS-planar (i) and PS-Hierarchical-

FS (ii) to human skin. 

 

 
Supplementary Figure 3.13 E. coli transfer to a wrapped key. (a) and (b) representative 

SEM images of PO surfaces. (c) and (d) GFP expressing E.coli touch assay on hierarchical 

and pristine polyolefin surfaces, demonstrating repellency of the PS-Hierarchical-FS 

toward bacteria’s contact. 
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Supplementary Figure 3.14  DLS measurements for SiNP. The peak of each measurement 

is the radius of the particles in the solution (3 different particle solutions were used). 

Solutions containing particles of different radii will have multiple peaks. Here, we have 

one distinct peak which is at 27±0.6 nm.  

Supplementary Videos: 

 

Available at: ACS Nano 

▪ File Name: Supplementary Video_1: 

o Description: 10 μl of Water dropped onto PS-Planar from one inch at 480 

fps. As such, when the droplet meets the surface of the the PS-Planar it 

begins to spread out but is pulled back together by the surface tension of the 

water. This droplet remains pinned to the surface of the PS-Planar. 

▪ File Name: Supplementary Video_2: 

o Description: 10 μl of Hexadecane dropped onto PS-Planar from one inch at 

480 fps. Complete wetting of the surface from hexadecane is seen. As the 

droplets meets the surface the droplet begins to spread evenly across the 

surface until fully wetted and remains in this state. 

▪ File Name: Supplementary Video_3: 

o Description: 10 μl of Water dropped onto PS-Hierarchical-FS from one inch 

at 480 fps. As the droplet meets the surface of the PS-Hierarchical-FS, it 

spreads out across the surface and is pulled back together by the surface 

tension of the water. Unlike hexadecane, the surface tension of water is 

much greater allowing the water droplet to return to a spherical shape and 

dislodge from the surface completely, resulting in the droplet bouncing off 

https://pubs.acs.org/doi/10.1021/acsnano.9b06287
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the surface. Furthermore, the post-interactions of the droplet with the 

surface, even though having a lower velocity, results in the droplet bouncing 

off the surface with a lower amplitude.   

▪ File Name: Supplementary Video_4: 

o Description: 10 μl of Hexadecane dropped onto PS-Hierarchical-FS from 

one inch at 480 fps. Unlike the PS-Planar, the addition the hierarchical 

structures on the surface prevents the full wetting of the hexadecane on the 

surface. As such, when the droplet meets the surface of the of the PS-

Hierarchical-FS, it begins to spread out but is pulled back together by the 

surface tension of the hexadecane, due to the apparent reduction in the 

surface energy, thus returning the droplet to a spherical shape on the surface. 

This shows further oleophobic behaviors of the surfaces under dynamic 

conditions. 

▪ File Name: Supplementary Video_5: 

o Description: 10 μl of Water dropped onto PO-Planar from one inch at 480 

fps. As such, when the droplet meets with the surface of the PO-Planar it 

begins to spread out but is pulled back together by the surface tension of the 

water, because PO is slightly hydrophobic the water droplet returns to a 

semi-spherical shape on the surface. This droplet remains pinned to the 

surface of the PO-Planar and is not repelled from it. 

▪ File Name: Supplementary Video_6: 

o Description: 10 μl of Hexadecane dropped onto PO-Planar from one inch at 

480fps. Complete wetting of the surface from hexadecane is seen. As the 

droplets meet the surface, the droplet begins to spread evenly across the 

surface until fully wetted and remains in this state. 

▪ File Name: Supplementary Video_7: 

o Description: 10 μl of Water dropped onto PO-Hierarchical-FS from one inch 

at 480 fps.  As the droplet meets the surface of the PO-Hierarchical-FS the 

droplet spreads out across the surface and is pulled back together by the 

surface tension of the water. Unlike hexadecane, the surface tension of water 

is much greater allowing the water droplet to return to a spherical shape and 

dislodge from the surface completely, resulting the droplet bouncing off the 

surface. Furthermore, the post-interactions of the droplet with the surface, 

even though having a lower velocity, results in the droplet bouncing off the 

surface with a lower amplitude.  

▪ File Name: Supplementary Video_8: 

o Description: 10 μl of Hexadecane dropped onto PO-Hierarchical-FS from 

one inch at 480 fps. Unlike the untreated pre-strained polyolefin, the 
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addition the hierarchical structures on the surface prevents the full wetting 

of the hexadecane on the surface. As such, when the droplet meets the 

surface of the of the PO-Hierarchical-FS it begins to spread out but is pulled 

back together by the surface tension of the hexadecane, due to the apparent 

reduction in the surface energy, thus returning the droplet to a spherical 

shape on the surface. This shows further oleophobic behaviors of the 

surfaces under dynamic conditions. 

▪ File Name: Supplementary Video_9: 

o Description: Slow motion video of water continuously running from a water 

bottle on top of a PO-Hierarchical-FS surface, demonstrating bouncing and 

rolling off of the water droplets.  

▪ File Name: Supplementary Video_10: 

o Description: Implementing the developed surface for food packaging, 

showing wrapped meat with polyolefin (PO-Planar and PO-Hierarchical-

FS). The water droplets bounce off the treated surface and get stuck on the 

untreated PO. 
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Preface 

Objective B 

In this chapter an all solution-based fabrication method is introduced to create hierarchical 

structures as a blood repelling material. In this study the importance of having hierarchical 

structures for blood repellency and inhibition of clot formation was explored. Furthermore, 

as the fabrication method is facile, patterning hydrophilic regions was integrated into the 
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hierarchical surface for droplet compartmentalization and a dip-based rapid biosensing 

platform. 

 

4.1 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 nanoparticle 

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.  

 

4.2 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. [1] 
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These processes are initiated by the non-specific adsorption of blood proteins on surfaces 

and the formation of a complex protein layer. [2] To address this issue, surface modification 

strategies have focused on using bioinert polymers, [3–6] antithrombotic agents, [7–12] or 

changing the surface charge, wettability, chemical affinity and hydrophilicity. [13–17] 

Anticoagulants such as heparin have been widely used as coatings on biomedical devices 

to overcome these adverse effects. [18] 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 (HIT), reported to occur in 1-5% of surgical patients. [19]  

Recently, omniphobic coatings have been introduced on the surface of biomedical devices 

for reducing biofouling and the resultant blood coagulation, [20–29] while minimizing the 

administration of anticoagulants. [30] 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. [20–25,27–30] 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. [31] Another class of omniphobic surfaces 

are those with structural modifications wherein the micro- and nano-scale topography of 
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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, [32] 

resulting in elevated contact angles and low sliding angles which lead to omniphobicity. 

[32] Additionally, the formation of the Cassie state reduces the effective 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. [33] 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. [34,35] 

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 PDMS, [36] electrochemical anodization of titania, [37] and laser ablated stainless 

steel and titanium), [38] 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, [39] emulsion templating, [40] electrospinning, [41] 

electrochemical techniques, [42] and reactive ion etching. [43] Among these, methods that 

allow for controlling the materials architecture over a range of length scales and can be 
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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.  

Nanoparticle-induced microscale wrinkling (NMW) is a process that uses the self-assembly 

of nanoparticles on pre-strained substrates followed by the application of strain to create 

microscale wrinkles with nanoscale features. [44] The nanoparticle 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 contact angles 

> 163° and 101° respectively, and sliding angles > 5°). [45,46] 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 
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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. 

4.3  Results and discussion 
 

4.3.1 Fabrication and characterization of hierarchical liquid repellant 

surfaces 
 

In order to create hierarchically-structured surfaces using NMW, we designed a fabrication 

process (Figure 4.1a) in which gold nanoparticles (AuNPs) modified with a molecular 

fluorosilane (FS) layer for reducing surface energy were deposited on the surface of a pre-

strained polymer substrate (Figure 4.1b,i) to create a stiff layer (Figure 4.1b,ii). Upon 

shrinking, this stiff layer transformed into a hierarchical surface combining nanoscale 

features with microscale wrinkles (Figure 4.1b,iii).  

The fabrication process started with surface activation of pre-strained polystyrene (PS) 

using ultraviolet-Ozone (UVO) treatment to induce hydroxyl groups on PS (Figure 4.1a,ii) 

for subsequent surface functionalization with (3-Aminopropyl)triethoxysilane (APTES) 

(Figure 4.1a,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 4.1a,iv). [47,48] A self-assembled monolayer (SAM) 

of fluorosilane (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 4.1a,vi). 
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Figure 4.1 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 

(iii, PS-AuNP-Shrunk). The scale bars in the larger SEM images represent 1 μm and those 

in the insets represent 100 nm. 

 

The repellency of PS-AuNP-Planar and PS-AuNP-shrunk was evaluated alongside the 

untreated polystyrene (PS-planar), polystyrene substrate after shrinking (PS-shrunk), and 

polystyrene substrate after fluorosilinizaiton (PS-FS-Planar) by measuring contact angles 

(CA) using various test liquids, as well as sliding angles (SA) (Figure 4.2a). 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), [49] hexadecane (surface tension of 27.76 mJ/m2), [49]  human whole blood (surface 

tension of approximately 55 mJ/m2) [50] and various ethanol/water concentrations (%v/v).  
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The hydrophobicity of the various surfaces created here was evaluated by measuring the 

water contact angle (Figure 4.2a) 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 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 nanoparticles (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°). [51,52] The water CA and contact angle hysteresis 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 contact angle hysteresis 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 polystyrene 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 contact angle 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 fluorosilane (PS-FS-Planar) and 

nanoparticles 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°.  
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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 

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. [53] 

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 4.2b, 

the hierarchical surfaces were able to maintain contact angles 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) [54] 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 contact angle 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. 
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Figure 4.2 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 ability of the fabricated surfaces in repelling liquid droplets was further assessed by 

measuring the sliding angle, which is a key metric for classifying surfaces as repellant 

(Figure 4.2a).  Among the investigated surfaces, only PS-AuNP-Shrunk demonstrated 
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droplets sliding off with sliding angles below 5°, which can be attributed to the roughness 

of the hierarchical surfaces (Figure 4.1b,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. [55] These discrete contact patches decrease the adhesive 

forces 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 contact 

angle following the blood incubation, demonstrating a water contact angle 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 4.6) 

 

4.3.2 Interaction of hierarchical surfaces with human whole blood 

(heparinized and citrated) 
 

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 
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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. [56] 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 4.3a). In 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 4.3a). 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. [57] 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 4.3a). 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.  



Ph.D. Thesis – S. M. Imani                       McMaster University – Biomedical Engineering 

187 

 

 

Figure 4.3 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). 

 

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 
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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 4.3b, 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 4.3cii). 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 [30,58] 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. 

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 4.4a). This is also apparent in the 

acquired optical images (Figure 4.4a.i,ii) which a clear red stain is left in the PS-Planar 

channel. Furthermore, images obtained using optical microscopy indicate that blood cells 
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are visible in PS-Planar channel (Figure 4.4c,i), whereas in the PS-AuNP-Shrunk (Figure 

4.4c,ii) the wrinkles are visible but there no blood cells found. 

 
 

Figure 4.4 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). 

 

4.3.3 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 4.5a.i-v. Briefly, a vinyl mask 
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was patterned on the polystyrene surface using a craft cutter to protect the hydrophilic areas, 

while the substrate was modified with the nanoparticle and fluorosilane 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. [59,60] The structural difference between the patterned area and the rest of the surface 

is clearly demonstrated in the SEM images in Figure 4.5b.  

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 4.5c.ii-iii). We used this droplet digitization strategy to create 

a fluorescence biosensor for analyzing IL-6 (Supplementary Figure 4.7). 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). 

[20,61] 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 4.5.e), demonstrating the potential of this materials-inspired 

digitization strategy for use in biosensing assays.  
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Figure 4.5 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).  

 

 



Ph.D. Thesis – S. M. Imani                       McMaster University – Biomedical Engineering 

192 

 

4.4 Conclusion 
 

We have developed a scalable and low-cost method for producing patterned repellent 

surfaces. The repellency is created by introducing hierarchical structuring using 

nanoparticle-induced wrinkling 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 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.  

 

4.5 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, 
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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. Polystyrene (PS) pieces then were cleaned with ethanol and 

milli-Q water and dried. In a pre-warmed UVO cleaner (UVOCS model T0606B, 

Montgomeryville, Pennsylvania), PS samples were placed and UVO treated for 4 mins. 12 

nm gold nanoparticles (AuNPs) were synthesized as described elsewhere and were kept at 

4°C until used. [44] Activated PS substrates were incubated on a shaker in 10% aqueous 

APTES (for creating the seed layer for nanoparticle solution for respected samples) for 3 

hours at room temperature followed by sonication in water. To coat the AuNPs covered PS 

with fluorosilane, 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 
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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 fluorosilane. The solution was incubated at 40° for an hour before 

use. [62] 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 nanoparticle 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 contact angle measurement a goniometer (OCA 20, Future Digital Scientific, Garden 
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City, NY) was used and water droplets were dispensed by automated syringe and other 

liquids by using A pipette. The sessile drop contact angle was provided via image 

processing software (Dataphysics SCA 20) through ellipse curve fit shape analysis of the 

droplets. Sliding angles 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 contact angle 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 
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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. The 

weight difference was then reported in Figure 4.3b 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. [63] 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 
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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). 

 

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 and 5 mM NHS in 

0.1 M MES 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% 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 
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system (BioInterface Institute, McMaster University) by Cy5 channel. A schematic of the 

assay component can be found in Supplementary Figure 4.7. 
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4.7 Supplementary Information for Hierarchical structures, with 

submillimeter patterns, micrometer wrinkles, and nanoscale 

decorations, suppress biofouling and enable rapid droplet 

digitization  
 

 

 

 
Supplementary Figure 4.6 a) Adhesion test on the patterned hierarchical surface, 

demonstrating the 5B class  b) Classification table Adapted from [1] 
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Supplementary Figure 4.7 IL-6 assay components. 

 

 

 

4.7.1 References for Supplementary Information for Hierarchical 

structures, with submillimeter patterns, micrometer wrinkles, and 

nanoscale decorations, suppress biofouling and enable rapid 

droplet digitization  
 

 

[1] “Elcometer 1542 Cross Hatch Adhesion Tester,” can be found under 

https://www.elcometer.com/en/coating-inspection/adhesion-testers/cross-hatch-adhesion-

testers/elcometer-1542-cross-hatch-adhesion-tester.html. 
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Preface: 

Objective C 

In this chapter, liquid infused coatings are integrated into an electrochemical biosensor to 

minimize the adverse effects of non-specific absorption on the sensing capabilities of the 

electrodes in complex biological liquids. Furthermore, in a one-pot rapid detection system 

(within an hour), a DNA barcode was released and captured by the designed electrodes to 

reduce the diagnosis time. For this study, clinical samples were tested with the developed 
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assay and electrodes, demonstrating rapid pathogen detection compared to non-treated 

electrodes.  

 

5.1 Abstract 
 

Non-specific absorption has posed a challenge in accurate target recognition in biosensing 

platforms, specifically when analyzing complex biological liquids where the target of 

interest (pathogens, biological analytes, etc.) often exists in. To address the need for 

reducing non-specific absorption, we integrated a repellent liquid infused coating within 

nanostructured gold electrodes (Liquid Nano Electrodes or LNEs) coated with 

biorecognition elements, in this case a double-stranded DNA probe specific to an 

Escherichia coli barcode. The LNEs promote selective target binding while repelling 

undesired species and generate an electrochemical signal upon contact with the released 

electroactive E. coli barcode in a one-pot assay where biological samples of interest are 

mixed with redox DNAzymes. The LNEs are effective in analyzing panels of clinical 

samples, distinguishing E. coli infected urine and blood culture samples from patient 

samples infected with other bacteria or non-infected. The assay was rapidly done within an 

hour with no sample dilutions, whereas nanostructured electrodes without the liquid infused 

coating were not able to detect infected complex biological samples nor buffer spiked 

samples (limit of detection of 102 CFU/ml for LNEs). The emergence of DNAzymes for 

identifying various bacteria, along with the developed on-pot assay and LNEs, rapid 

universal pathogen recognition can be realized. 
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5.2 Introduction  
 

Electrochemical biosensors using nucleic acids as the biorecognition element have been 

developed for the detection and identification of bacteria. [1] These systems provide a rapid 

and point-of-care alternative to growth culture-based techniques for infectious disease 

diagnostics, and are envisioned to be less operationally-complex and expensive than 

standard methods for detecting bacterial nucleic acids via nucleic acid amplification. [1–3] 

Despite great promise, these electrochemical systems often lack simplicity due to the need 

for 1) sample processing when working with clinical specimens [2,3] and 2) step-wise 

addition of reagents inhibiting one-pot and one-step operation. [4–6] The underlying reason 

for the two abovementioned challenges is related to nonspecific binding. [7] Particularly, 

nonspecific binding of molecules in complex biological matrices reduces the signal 

generated on the biosensor surface, requiring sample processing steps such as target 

extraction and specimen dilution. Additionally, the presence of signal generating probes 

such as redox molecules before target introduction can generate large background signals 

due to non-specific interaction of these molecules with the sensor surface in the absence of 

the target. To overcome these limitations associated with non-specific binding, nucleic acid 

probes on the electrode surface are commonly mixed with low-fouling self assembled 

monolayers such as mercapto hexanol, hexane dithiol, dithiothreitol, and ethylene glycols. 

[8,9] These methods are generally effective but still require specimen dilution when working 

with complex matrices, which adds to the operational complexity of the assay and reduces 

the amount of target molecules available for analysis. [10–12]. Other blocking agents 
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commonly used in optical immunoassays such as bovine serum albumin are also used in 

electrochemical assays; [13] however, these result in the passivation of the electrode surface 

and the reduction of conductivity. Strategies for preserving electrode conductivity while 

reducing nonspecific binding have been developed by creating porous networks of 

antifouling reagents and conductive nanoparticles , [14] as well as developing anti-fouling 

conductive polymers. [15,16] Liquid infused surfaces provide an alternative for creating anti-

biofouling electrochemical biosensors since they provide repellency against a broad range 

of background materials [17–19] while preserving electrochemical activity of surfaces. [20]  

These surfaces have shown strong repellency against complex media such as blood and 

plasma, [19,21,22] pathogenic contamination, [22] as well as proteins, [21,23] which has not been 

collectively achieved using other anti-biofouling strategies. [18,21] This makes liquid infused 

surfaces ideally-suited for one-pot biosensing in which a heterogeneous of mixture of 

known and unknown materials is present.   

 Herein, we sought to develop a one-pot bacterial sensor by combining liquid infused 

nanostructured electrodes (Liquid Nano Electrodes or LNEs) with redox DNAzymes for 

one-pot bacterial sensing. We determined whether it would be possible to mix clinical 

specimens with redox DNAzymes and use this one-pot solution on LNEs for one-pot 

sensing. We compared the ability of Liquid Nano electrodes with standard nanostructured 

electrodes in supressing the background signals generated by redox DNAzymes and 

reducing anti-biofouling in blood, plasma, and urine and benchmarked their limit-of-

detection. We finally evaluated the ability of the one-pot assay in identifying Escherichia 

coli in specimens from patients with urinary and blood-stream infections. 
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5.3 Results and discussion 
 

5.3.1 Fabricating Liquid Infused Electrochemical Biosensors  
 

In order to fabricate LNEs, 100 nm of Au was sputtered on polystyrene surfaces, which 

were covered by a mask containing a star-shaped electrode design (Figure 5.1a). 

Subsequently, electrodes were fluorosilane (FS) treated through a 3-hour chemical vapour 

deposition method to lock down a fluorocarbon liquid layer for creating a repellent coating. 

After the chemical vapour deposition, nanostructures of gold were created by electroplating 

(FS-NanoAu) as shown in the scanning electron microscopy (SEM) images in Figure 5.1b 

i. The star-shaped design, having multiple sharp edges, leads to diffusion-limited growth 

and high-aspect-ratio electrodeposited architectures, providing a high surface area for 

thiolated DNA probes to bond to the electrode surface via thiol–gold chemistry (Figure 

5.1b). [2,24] Gold electrodes where also electroplated without any prior FS treatments 

(NanoAu) to provide a control group against FS-NanoAu. Similar to FS-NanoAu surfaces, 

NanoAu electrodes demonstrated nanostructured features (Figure 5.1b.ii); however, the 

structures found on the latter are smaller. The larger features on FS-NanoAu electrodes can 

be attributed to the negatively charged FS covered surface, attracting more positively 

charged Au ions from the electroplating solution than the non FS treated surface (NanoAu), 

leading to electroplating larger structures per each growth-point. The electroactive surface 

area was also evaluated (Supplementary Figure 5.6 a,b,c), showing similar characteristics 
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for FS-NanoAu and NanoAu electrodes, however, NanoAu showed 28% less electroactive 

surface area than FS-NanoAu. 

 
Figure 5.1 Fabrication and characterization of LNEs. (a) Steps for creating LNEs. (b) 

Scanning electron microscopy images of (i) FS-NanoAu and (ii) NanoAu surfaces. The 

scale bars on larger SEM images represent 10 μm and for the insets represent 1 μm. (c) (i) 

Contact and (ii) sliding angle measurements of Au, NanoAu, FS-Au, and FS-NanoAu 

surfaces by deposition of 5 µL deionized water droplet. Representative images of the 

contact angle of water droplets are shown. 

 

Successful immobilization of the FS monolayer and repellent behaviour of the surfaces 

were evaluated by contact angle (CA) and sliding angle measurements (SA) shown (Figure 

5.1c i,ii). Au and NanoAu surfaces showed a static water contact angle measurement of 

83±12º and 61±9º which was then elevated to 115±1º and 152±5º for FS-Au and FS-

NanoAu, respectively. This was due to the decrease in the surface free energy by the FS 

treatment, leading to higher Cassie-Baxter’s contact angle, demonstrating successful FS 

immobilization. The increase in contact angles from FS-Au to FS-NanoAu, is due to the 

presence of multiple structural length scales in FS-NanoAu and having more stable Cassie-
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Baxter states while having a low surface energy. [25,26] On the other hand, the further 

decrease in the contact angle from Au to NanoAu can be explained by the existence of the 

Wenzel state, in which the contact angle decreases if the surfaces are roughened for contact 

angles below 90º. [25,26] Furthermore, sliding angle measurements were performed post 

liquid infusion on both FS-treated and non FS-treated surfaces. The FS-treated surfaces 

showed sliding angles of below 5º as water droplets immediately started to move and slide 

off (shown as 5º on Figure 5.1c ii). On the non-treated surfaces, the drops got pinned and 

did not move (shown as 90º on Figure 5.1c ii). Therefore, FS-NanoAu electrodes provide 

a repellent platform that is expected to reduce interference by unwanted molecules on the 

surface of biosensors.  

In order to create a one-pot electrochemical assay for detecting Escherichia coli, we used 

RNA-cleaving DNAzymes with an electroactive region tagged with methylene blue. The 

interaction between E. coli and the methylene blue-tagged DNAzyme, results in the release 

of a DNA barcode, which is captured by the probe immobilized on the electrode (Figure 

5.1a and Figure 5.2a). [2,27] Similar to the commercially-available rapid tests, the assay 

involves two steps. First the specimen is added to the reagent vial (30 minutes), and then a 

drop of the reagent/specimen mixture is added to the biosensor (30 minutes), after which 

the electrochemical current is measured. The reagent vial contains DNAzymes, whereas 

the specimen consists of E. coli spiked in buffer or biological fluids, or clinical samples 

derived from individuals with an E. coli infection. The thiolated DNA probes used herein 

are designed as double-stranded, one strand is complementary to the released DNA 

barcode, while the other strand serves as a protector to reduce the probability of 
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hybridization between the thiolated probe and the unreacted DNAzyme. Our results 

indicate that the use of this double stranded probe is critical in ensuring a sufficient target-

to-blank ratio (Supplementary Figure 5.7a). Immobilization of the double-stranded DNA 

probe was validated using cyclic voltammetry on both FS-NanoAu and NanoAu electrodes 

(Supplementary Figure 5.6 d,e), showing probe deposition on both classes of electrodes. 

The highly repellent behaviour of the liquid infused chips is expected to result in an 

enhanced detection system due to the reduction of non-specific binding between the 

components of the reagent vial and specimen and the surface of the electrode.   
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Figure 5.2  E. coli detection using the LNEs. (a) Schematic diagram of mixing DNAzymes 

with E. coli CIM for methylene blue barcode release, followed by incubation on LNEs for 

barcode detection from buffer or complex biological matrixes (e.g. urine) (b) Varying 

concentration of E. coli spiked in buffer to evaluate the response of the LNEs following 

incubation for 30 min at 37 °C with the vial mixture containing the released methylene blue 

barcode. (i) bar graph (ii) representative square wave scans. (c) Similar evaluation was 

done on NanoAu electrodes. Since the vial mixture contains buffer, CIM, redox DNAzymes, 

and released methylene blue barcode, can be considered complex. Therefore, the on 

NanoAu electrodes which do not have proper blocking, are showing large error and 

inconsistent data. (i) bar graph (ii) representative square wave scans.  (d) Human whole 

plasma, whole blood, urine, and buffer were used as test liquids to assess E. coli detection 

on (i) LNEs and (ii) NanoAu electrodes. LNEs are showing significance difference in 

between E. coli spiked and the background signal of the respected test liquid. However, 

NanoAu electrodes are showing random and inconclusive data on E. coli detection in 

various test liquids. 

 

5.3.2 Electrochemical response of LNEs against E. coli for various test 

liquids  
 

Detection and identification of E. coli in biological fluids such as urine or blood are critical 

for diagnosing urinary tract infections [28,29] or blood stream infections. [30] There is a need 

for rapid and simple assays for identifying bacterial pathogens such as E. coli that can be 

used at the point-of-care without the long turnaround times (24-48 hours) [31,32] associated 

with growth cultures.   

To evaluate the performance of the liquid infused electrodes and compare them with 

nanostructured electrodes, the two classes of electrodes were used to analyze the crude 

intracellular matrix (CIM) of E. coli at varying concentrations (102 – 106 CFU/mL). 

Following the on-chip incubation of the bacteria, the solution was washed off and a 

negative pulse was applied to the electrodes to remove weakly bound or non-specifically 

adsorbed DNA strands. This practice showed an improvement in minimizing signal 
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variations for the same concentration by about 30% for the clinical data (Supplementary 

Figure 5.7b). The LNEs were able to detect E. coli at a concentration of 102 CFU/mL in 

buffer (Figure 5.2b i,ii); whereas, the NanoAu surfaces, showed indistinguishable data from 

the blank for all concentration, leaving the detection inconclusive (Figure 5.2c i,ii). This 

shows that the repellent coating on the LNEs enhances the limit-of-detection of the assay 

by lowering the blank signal.  

 

 

Figure 5.3 – E. coli specificity test. Specificity test ran by mixing 10
4

 CFU/mL of K. 

pneumoniae, S aureus, B. subtilis, E. coli, or buffer with the redox DNAzymes followed by 

incubation on (a) LNEs and (b) NanoAu electrodes. LNEs are showing a significant 

difference in between E. coli and the other control group whereas NanoAu electrodes are 

showing inconclusive data for E. coli detection along with considering bacteria and buffer. 

The error bars represent the standard deviation from the mean obtained using at least three 

separate electrodes per sample. 

 

The ability of the assay to detect E. coli in various complex biological liquids was also 

tested. Human plasma, whole blood, urine, and buffer were spiked with 104 CFU/mL of E. 

coli and tested using nanostructured and LNEs (Figure 5.2d i,ii). For all E. coli samples, 

the LNEs showed significantly higher signals compared to blanks. However, the NanoAu 

electrodes demonstrated indistinguishable signals when comparing spiked specimens and 

blanks. This is likely due to the finding that the blank specimens, still containing the redox 
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DNAzymes, showed lower amounts of background signal on LNEs (less than 150 nA) than 

that of the NanoAu ones, ranging from 211 nA to 508 nA. Based on these findings, we 

expected the LNEs to be suitable for one-pot analysis of clinical specimens.  

To validate the specificity of the assay and its ability to identify E. coli amongst other 

bacteria, various Gram-negative and Gram-positive bacteria (Klebsiella pneumoniae, Staph 

aureus, Bacillus subtilis, and E. coli at 104 CFU/mL) were analyzed using LNEs and 

NanoAu chips (Figure 5.3 a,b). The LNEs demonstrated stronger and statistically 

significant electrochemical signal for E. coli, therefore leading to specific and reliable 

detection of E. coli compared to other bacteria. Such characteristics was not observed in 

the case of NanoAu electrodes, as they did not allow for E. coli identification, showing 

higher signals for B. subtilis and buffer than E. coli (Figure 5.3 b). This data confirms that 

the LNEs highly promote less interferences from unwanted species and molecules in a 

complex detection liquid leading to specificity in detection and bacterium identification.  
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Figure 5.4 Clinical study on patient urine samples. (a) The collected data comprises of 

11x E. coli+/culture+ (>105), 5x E. coli+/culture+ (104-105), 11x E. coli-/culture-, 4x E. 

coli-/culture+ (>105 of Enterococcus, K. oxytoca, S. aureus, K. pneumoniae) tested on 

LNEs. The clinical study shows confident detection of above 104 on LNEs. All E. coli 

infected samples are statistically significant from the non infected ones. (b) Schematic 

illustration of E. coli detection steps in patient’s urine samples. (c) Box and whisker plot 

demonstrating distribution of E. coli+ and E. coli- samples. (d) 2x E. coli+/culture+ (>105) 

and 2x E. coli-/culture- samples tested on NanoAu electrodes. 

 

5.3.3 Detecting clinical urinary tact infections (UTIs) caused by E. coli  
 

Given the promising behaviour of LNEs in analyzing spiked samples, we sough to 

determine whether this assay can be used in analyzing specimens from patients having 

urinary tract infection symptoms.  We collected 31 urine samples from such patients, which 

included 11 E. coli+/UTI+ (>105 CFU/mL), 5 E. coli+/UTI+ (104 -105 CFU/mL), 11 E. 
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coli-/UTI-, and 4 E. coli-/UTI+ (>105 CFU/mL of Enterococcus, Klebsiella oxytoca, S. 

aureus, K. pneumoniae) specimens (Figure 5.4a). These clinical specimens were added to 

the reagent vial and were tested on LNEs (Figure 5.4b).  

To determine the clinical sensitivity and specificity of this assay a detection threshold of 

370 nA was calculated based on a 95% confidence interval by Analyse-it for Microsoft 

Excel.  This threshold led to the sensitivity of 100% and specificity of 98% (one data point 

on the X marked bar in Figure 5.4b was =>370 nA), enabling categorization of E. coli+ 

samples from the E. coli- ones (Figure 5.4c). This was in accordance with >104 CFU/mL 

threshold for UTI+ patients,. [2,33–35] To evaluate the diagnostic ability of the developed 

platform, A receiver operating characteristic (ROC) plot was constructed (Supplementary 

Figure 5.8). The area under the curve (AUC) was measured to be 1 for the ROC plot, which 

meets the standard criteria for evaluating diagnostic tests.  

The NanoAu electrodes were also tested (Figure 5.4d) for a smaller subset of clinical 

samples (2 E. coli+/culture+ (>105 CFU/mL) and 2 E. coli-/culture-). As expected, based 

on the spiked study, there are no substantial differences detected for the no growth and 

positive samples.    

 

5.3.4 Clinical study for detecting blood stream infection caused by E. coli 

and specificity assessment  
 

To assess whether the developed detection system would be effective in the detection of E. 

coli in the blood of patients suspected of having blood-stream infections or bacteremia, we 
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used the LNEs to analyze specimens derived from such patients (Figure 5.5). Clinical 

blood cultures having E. coli (quantified in Supplementary Figure 5.9, Supplementary 

Note 1), S. aureus, or no bacteria were acquired from patients with symptoms of bacteremia 

or sepsis after the samples were analyzed using the liquid culture-based BacT/ALERT 

system [36] at the hospital. Upon receiving the samples, the blood cultures were incubated 

inside the reagent vial and subsequently incubated on LNEs (Figure 5.5b). Among these 

specimens, three were E. coli+, two were E. coli-/culture+ (S. aureus+), and four were 

culture-. The LNEs were able to specifically detect E. coli infected samples by 

demonstrating larger signal amplitudes than S. aureus infected and negative blood samples, 

differentiating E. coli+ samples from the other control groups (Figure 5.5a). Even though 

our analysis includes a limited number of clinical specimens, our ability in identifying the 

microorganism causing the blood-stream infection without the commonly used sub-

cultures conducted following the use of the BacT/Alert system [36] shows the promise of 

our approach in rapid and culture-free bacterial identification. Rapid bacterial identification 

is critical in patients with bloodstream infections as it will guide physicians in prescribing 

precision and effective treatments more rapidly for a condition that is time sensitive has a 

high fatality rate. [31,37] 
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Figure 5.5 Clinical study on patient’s blood culture samples. (a) Symptomatic patient’s 

blood culture samples being E. coli+, S. aureus+, or with no bacteria were tested on the 

LNEs. All E. coli infected samples are statistically significant from the non infected ones. 

(b) Schematic of collected patient blood culture samples and detection steps  

 

5.4 Conclusion  
 

In response to the high demand for E. coli detection in clinical setups as a major pathogen 

in urinary tract and blood stream infections, rapid and point-of-care assays are sought for. 

[28,30] Testing pathogens in a range of complex and unprocessed clinical specimens using 

simple and one-pot assays has proven to be challenging due to interference of the sample 

matrix with the biosensor, as well as the interference of the signalling probes with the 

biosensor in the absence of the target analyte. 
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To develop a one-pot assay that is universally applicable to a range of specimen type, we 

created a new class of anti-biofouling electrodes and combined these with E. coli-specific 

redox DNAzymes that release a redox DNA barcode in response to the target. These 

released targets are detected on the anti-biofouling electrodes, which 1) reduce the 

interference of the unreacted redox DNAzymes with the electrode surface and as such 

reduce blank signals and 2) reduce the impact of the specimen type on the analytical 

performance of the assay.  

In this work, we identified E. coli in buffer, unprocessed plasma, unprocessed whole blood, 

and unprocessed urine using the newly developed anti-biofouling electrodes created using 

a liquid infused surface modification, which was not possible using electrodes that lacked 

this surface processing step. Furthermore, without any sample processing, clinical 

specimens from symptomatic urinary tract infection patients were analyzed with a 

sensitivity of 100% and specificity of 98%. Additionally, specimens from patients with 

blood stream bacteria or sepsis was studied. LNEs were able to successfully identify the E. 

coli infected blood specimens. Reducing the sample-to-result time from days obtained with 

growth culture to an hour using the newly developed assay would be life saving for patients 

suffering from sepsis whose survival rates are ~80% for the first hour of antibiotic 

administration and this number is decreased for every hour of delay in treatment 

administration by ~8%. [37,38] The one-pot assay developed here, enabled by the anti-

biofouling electrodes, can be easily applied to the detection of other pathogens and even 

non-pathogenic clinical biomarkers. 

5.5 Materials and Methods 
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 Materials  

Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (FS), perfluoroperhydrophenanthrene 

(PFPP), 6-mercapto-1-hexanol (MCH, 99%), tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP), sodium chloride (NaCl, ≥99.0%), magnesium chloride (MgCl2, ≥99.0%), 

Phosphate buffer solution (1.0 M, pH 7.4), gold(III) chloride solution (HAuCl4, 99.99%), 

potassium hexacyanoferrate(II) trihydrate ([Fe(CN)6]4−, ≥99.95%) were purchased from 

Sigma-Aldrich. Hydrochloric acid (HCl; 37% w/w) was purchased from LabChem. 

Sulfuric acid (H2SO4, 98%) and 2-propanol (99.5%) were purchased from Caledon 

Laboratories. Methylene blue NHS ester was purchased from Glen research (Virginia, 

United states). Urea, and 40% 29:1 bis/acrylamide were from Bioshop (Ontario, Canada). 

The DNA oligonucleotides were purchased from Integrated DNA Technologies (IDT) and 

Yale. Sequence details can be found in Supplementary Table 1. The water used in all 

experiments was purified with a Milli-Q Synthesis A10 water-purification system and 

further autoclaved.  

 

Electrode fabrication 

Polystyrene sheets (Graphix Shrink Film, Graphix) were cleaned with IPA and water and 

air-dried. Subsequently, the sheet was covered with a vinyl mask (FDC 4304, FDC Graphic 

Films) and then cut to the working electrode pattern using a Robo Pro CE5000-40-CRP 

cutter (Graphtec America). The masked substrates were then gold sputtered to a final 

thickness of 100 nm with a direct current sputtering machine (MagSput, Torr International). 

The sputtered working electrodes were then cut and cleaned with IPA. For fabrication the 
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FS treated electrodes, they were placed in an air plasma cleaner (Harrick Plasma Cleaner, 

PDC-002, 230 V), and exposed to high-pressure air plasma for 3 min to be functionalized 

with hydroxyl groups. Then, they were transferred to a desiccator and 300 µL of FS was 

added in a container along with the electrodes in a separate container. The vacuum pump 

was then turned on so that the pressure of −0.08 MPa was reached to start the chemical 

vapour deposition process to create self-assembled monolayers or FS. The reaction was 

carried out for 3 hourse at room temperature. Subsequently, the electrodes were removed 

from the desiccator and placed in an oven at 60 °C for a minimum of 18 h. To ensure the 

removal of noncovalently attached FS molecules, the electrodes were sonicated for 5 

minutes (VWR SympHony 97043-936 ultrasonic cleaner). Subsequently gold 

nanostructures were electrodeposited onto the electrodes by applying a static potential of 

−0.6 V for 600 s in a solution of 10 mM gold chloride (HAuCl4) and 5 mM HCl using a 

PalmSens4 (PalmSens) with Ag/AgCl as the reference and platinum wire as the counter 

electrode. 

 

Methylene blue tagging and purification 

The lyophilized 5’-Amino- modified E. coli DNAzyme is diluted in 0.1 M 

Carbonate/Bicarbonate buffer (pH 9) and mixed with Methylene Blue NHS Ester, then left 

to react for two hours at room temperature following the manufacturer instructions. To 

remove the excess methylene blue, the DNAzyme is then purified using 10% urea 40% 

29:1 Bis/Acrylamide page gel (denaturing gel). An Ethanol precipitation step is performed 

by adding 0.1x Sodium acetate (pH=5.2), 2.5x 100% ethanol and left in -20ºC for 20+ 
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minutes and centrifuged at 15,000 rpm, 4ºC. The precipitated sample is diluted in 

autoclaved water and loading dye, then loaded to the gel and run for 1 hour (36W). The 

DNAzyme bands are vitalized and cut using UV light (240 nm). Afterwards, the gel is 

crushed and eluted using an in-house elusion buffer (200 mM NaCl, 10 mM Tris pH=7.5, 

1 mM EDTA). The crushed gel is eluted two more times on a vortex at setting 3 for 30 

minutes. A final ethanol precipitation step is applied, the retrieved DNAzyme is then 

diluted in RNA/DNA free water and stored in -20ºC for future use.     

 

CIM preparation steps 

E. coli, S. aureus, K. pneumoniae, and B. Subtilis crude intracellular matrix was prepared 

by culturing a single colony in LB media overnight until optical density OD600 ~1.0 (~2 

Å~ 109 cells/ml). After that, 1 mL of each bacterial culture is centrifuged at 10000g for 10 

minutes and the clear supernatant is discarded. Cells are then suspended in 500 μL of 1X 

reaction buffer (HEPES 50 mM, NaCl 150 mM, MgCl2 15 mM, Tween 20 0.01%, pH 7.5). 

Subsequently, the cells suspension is lysed by heat (90 °C for 10 minutes). The Lysed cells 

are then centrifuged at 13000 g for 10 minutes and the clear supernatant is collected. 

Finally, the supernatant is passed through a 0.2 μm filter disc, aliquoted, and stored at −20 

°C for future DNAzyme cleavage experiments. This CIM preparation protocol is adapted 

from. [39] 

Surface physical characterization 

Scanning electron microscopy imaging was performed on a JEOL 7000F. Contact angle 

measurements were done on a goniometer ((DSA30, Krüss Scientific, Hamburg, Germany) 
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with water droplets (5 μL) dispensed by automated syringe. The sessile drop contact angle 

was provided via image processing software ((Krüss ADVANCE). Sliding angle 

measurements were done using a digital angle level (ROK, Exeter, UK) and prior to each 

measurement electrode were infused with PFPP and a 5 µL water droplet was deposited. 

The angle which the droplet started to move was recorded as the sliding angle. Each value 

was averaged over at least three measurements. 

 

Double-stranded probe immobilization 

The electrodes were washed with IPA. Then they were electrochemically cleaned by 

applying cyclic voltammetry in 0.1 M H2SO4 (0–1.5 V, 100 mV s–1, 40 cycles). The 

electrodes were then incubated for 20 hours with 3 µL drop of 2 µM thiolated double-

stranded probe solution which was reduced for 2 hours prior to deposition with 2 mM TCEP 

solution in the dark at room temperature. After probe deposition, the electrodes were back 

filled with 100 mM MCH for 15 minutes in the dark at room temperature. All of the 

electrochemical measurements were performed using a PalmSens4 (PalmSens). 

 

 Electrochemical characterization 

 

The immobilization of the thiolated ssDNA probe was confirmed by using a cyclic 

voltammetry scan from 0 V to 0.5 V at a scan rate of 50 mV s–1 in 2 mM potassium 

hexacyanoferrate(II) solution. Electroactive surface area measurements were done by 

scanning electrodes in 0.1 M H2SO4 using cyclic voltammetry (0 V-1.5 V, 100 mV/s). 
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Detection of bacteria in buffer 

The bacterial CIM samples were spiked in 25:25 buffer (100 mM MgCl2, 0.001% Tween 

20) and mixed with methylene blue tagged DNAzyme (0.5 µM) in a 1:1 ratio and incubated 

in the dark at room temperature for 30 minutes. The FS treated electrodes were infused 

with the lubricant (PFPP), then both FS treated and nano-structured electrodes were 

incubated with 3 µL of the E. coli CIM and methylene blue tagged DNAzyme mixture for 

30 min at 37 °C. Healthy urine samples were also used instead of 25:25 buffer. 106 to 102 

CFU/mL concentrations were evaluated in both matrixes. To assess the specificity, three 

control CIMs of other bacteria (S. aureus, K. pneumoniae, B. Subtilis) at 104 CFU/mL were 

measured and compared with the same concentration of E. coli and buffer. To assess the 

performance in complex matrixes whole blood, plasma, unfiltered urine samples were 

compared for 104 CFU/mL E. coli spiked vs. non-spiked. urine and whole human blood 

were collected from healthy donors. All donors provided signed written consent and the 

procedures were approved by the McMaster University Research Ethics. 

 

 

Clinical study with patient urine samples and blood culture samples 

Patient urine sample set (total 31) comprising of 11x E. coli+/culture+ (>105 CFU/mL), 5x 

E. coli+/culture+ (104 – 105 CFU/mL), 11x E. coli-/culture-, 4x E. coli-/culture+ (>105 

CFU/mL of Enterococcus, K. oxytoca, S. aureus, or K. pneumoniae) were tested on LNEs. 

2x E. coli+/culture+ (>105 CFU/mL) and 2x E. coli-/culture- samples were tested on 
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NanoAu electrodes. For the assessment, CIM extraction was done such that urine samples 

were heat treated at 55 ºC for 15 mins followed by centrifugation at 11K x g for 5 mins. 

The supernatant was then removed and mixed with methylene blue tagged DNAzyme in a 

1:1 ratio and incubated in the dark at room temperature for 30 minutes. Subsequently, the 

mixture was incubated on the respected electrodes and electrochemical measurement were 

performed.  

Patient blood samples comprised of 3 E. coli+, 2 S. aureus+, and 4 negative samples. To 

acquire the samples, blood specimens were collected from symptomatic patients and 

transferred to blood culture bottles. When flagged positive, blood cultures were further sub-

cultured to verify the bacteria species. Vials of blood cultures (E. coli+, S. aureus+, and 

negatives) were transferred from Hamilton General Hospital to our lab. CIM was extracted 

and tested as mentioned in the previous paragraph.  
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5.7 Supplementary Information for Liquid Nano Electrodes enable 

One-pot Electrochemical Detection of Bacteria in Complex 

Matrices 
 

 

Supplementary Figure 5.6 Surface area characterization of (a) FS-NanoAu and (b) 

NanoAu electrodes in 0.1 M H2SO4 using cyclic voltammetry (0 V-1.5 V, 100 mV/s). (c) 

Electroactive surface area comparison. Validation of probe deposition on in (d) FS-

NanoAu and (e) NanoAu electrodes via cyclic voltammetry (0 V-0.5 V, 100 mV/s) in 2 mM 
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potassium hexacyanoferrate (II) before probe deposition (post cleaning, blue), after probe 

deposition (red), and after backfilling with 6-mercapto hexanol (green) 

 

 

Supplementary Figure 5.7 (a) Comparing single stranded DNA probe (unprotected probe) 

vs. double stranded DNA probe (protected probe) for 103 E. coli detection in buffer. The 

results indicate that the protected strand results in a sufficient target-to-blank ratio as well 

as more consistent data for each condition. (b) evaluating the percentage change in the 

error bars before and after the negative pulsing, demonstrating about 30% decrease in the 

error bars.  
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Supplementary Figure 5.8 ROC plots. Sensitivity versus (1-Specificity) plot for the clinical 

data from (a) 31x patient urine samples (b) 9x patient blood culture samples. 
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Supplementary Figure 5.9 E. coli+ blood culture samples cultured on LB-Agar for 

quantification. 

 

Supplementary Note 1 - The E. coli+ blood culture samples were plated on LB-Agar for 

quantification. All samples showed 108 CFU/mL range. The range of blood stream bacteria 

can be 10-104 CFU/mL, [1] or even higher ranges of 108 CFU/mL. [2] Bacteria growth can 

occur from the time point that blood is collected from patients to the time point that blood 

cultures are positively flagged and transferred to our research lab.  
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Supplementary Table 5.1 – Summary of the oligonucleotides used. 

Sequence Note 

5’ TAG CTA GGA AGA GTC ACA CA-Thiol 

 

Capture 

probe 

3’ – T CCT TCT CAG TGT GT – 5’ 

 

Protecting 

strand 

5'- Amino -

TTTTTTGTGTGACTCTTCCTAGCTrATGGTTCGATCAAGA 

GATGTGCGTCTTGATCGAGACCTGCGACCGTTTTTTTTTT-

biotin -3'    

E. coli 

specific 

DNAzyme 

without MB 

tagging  

 

5.7.1 References for Supplementary Information for Liquid Nano 

Electrodes enable One-pot Electrochemical Detection of Bacteria in 

Complex Matrices 
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6 Chapter 6: Conclusions and Future Direction 

 

6.1  Thesis summary 
 

In this thesis robust methods for creating textured repellent surfaces with real-world 

applications were thoroughly discussed and introduced. Two different technologies were 

implemented, hierarchical structuring to create flexible repellent wraps and liquid infused 

electrodes for developing anti-biofouling selective electrochemical biosensors.  

The developed hierarchical wraps have promising characteristics for setups that require 

anti-fouling, anti-microbial, anti-thrombogenic behavior by nanoparticle-induced 

wrinkling. Experiments were carefully designed to mimic real-life applications to 

investigate the potentials of the developed surfaces. With a theoretical perspective along 

with careful experimental design, the role of micro, nano, or hierarchical structuring on the 

omniphobic and antibacterial properties of surfaces were thoroughly studied. We 

demonstrated that a hierarchical structuring provides superior hydrophobicity and 

oleophobicity, leading to prominent bacterial repellency. Priority pathogens according to 

the World Health Organization were tested and potential role of intermediate surface for 

spread of infectious disease were tested with a developed a “touch-assay”. A potency of 

use of another class of the developed hierarchical surface for blood contacting setups were 

investigated by assessing blood repellency, contamination of surfaces by blood, and anti-

thrombogenic behaviors, both in dynamic and static conditions. Furthermore, patterns of 

hydrophilic regions were integrated on these hierarchical repellent surfaces for droplet 
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digitization and means of a rapid dip-stick biosensing assay was assessed and introduced. 

In all these developed platforms, the main focus was that the fabrication methods will be 

easily scalable, will not require complicated machinery, and will be low cost.  

To focus more on the enhancement of biosensing with proper blocking methods, as another 

application of repellent surfaces, we introduced electrochemical biosensing for the first 

time on liquid infused conductive surfaces. By implementing micro/nanostructures of gold 

grown on a fluorosilanized gold electrode, followed by DNA probe immobilization and 

lubricant infusion, a biofunctional repellent electrochemical biosensor for E. coli detection 

was fabricated. With a vision for real-life applications, clinical urine samples and blood 

samples from infected patients were tested and the developed chips were able to 

successfully perform and identify E. coli infected samples. 

 

6.2 Thesis conclusions 
 

1. A flexible repellent hierarchical surface featuring micro and nanostructures was 

created and tested among other textured surfaces for the evaluation of physical 

repellency, bacteria biofilm attachment, bacteria attachment, bacteria transfer via 

human touch. It was found that hierarchical surfaces outperformed micro and 

nanostructured surfaces in terms of physical characteristics (e.g. water CA>150º, 

SA<5º) and pathogen repellency. The hierarchical surfaces minimized biofilm 

formation by 85% and resulted in a 20-fold decrease in bacteria transfer. The 
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flexibility and ability to heat shrink, allowed for the developed wrap to be applied 

to various object while maintaining its repellency.       

2. An all solution fabrication method for creating hierarchical surfaces with integrated 

patterns of hydrophilic regions was devised and blood repellency was explored on 

the hierarchical surface. We found that by comparing the hierarchical surface with 

other textured surfaces, there is a reduced blood adherence by over 90%. The 

patterned surfaces were also utilized for IL-6 detection. 

3. By exploring the literature in antiviral materials and coatings, we found that this is 

a topic which can be further explored. Use of omniphobic or hierarchical repellent 

surfaces is an avenue which can be further researched for antiviral or virus repellent 

platforms.  

4. A blocking method for reducing non-specific absorption in electrochemical 

biosensors was introduced by integrating liquid infused coatings within gold 

structured electrodes. A one-pot electroactive DNAzyme-based assay was designed 

to rapidly (within an hour) and specifically detect E. coli from samples, especially 

when detecting from clinical specimens (urine, whole blood). The limit of detection 

for buffer samples spiked with E. coli was 102 CFU/ml. In case of clinical urinary 

tract infection (UTI) samples, the developed electrodes demonstrated sensitivity of 

100% and specificity of 98%, distinguishing positive samples from the negative 

ones with the >104 CFU/mL diagnosis threshold for UTI+ positive patients. For 

blood stream infections, we were able to specifically detect E. coli infected samples 

with no false positives or false negatives.   
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6.3 Contributions to the field 
 

Flexible hierarchical wrap developed with facile fabrication methods for bacteria 

repellency 

- A facile, streamlined, and all solution-based method for creating highly repellent 

flexible surfaces (hierarchical surfaces) was introduced for the first time. These 

surfaces can find applications for pathogen repellency, blood repellency, and 

biosensing.  

- The flexible repellent wrap is capable of being wrapped and heat shrunk on various 

objects with different forms, solving the issue of applicability of repellent coatings 

to various surfaces.  

- Systematic study of bacteria biofilm attachment for both Gram positive and 

negative bacteria (WHO priority pathogens) was performed to explore repellency 

on surfaces with various structures. This systematic and comprehensive study can 

be a benchmark when other researchers characterize repellent surfaces.  

- A methodology for mimicking pathogen transfer from human hand to an 

intermediate contaminating surface was introduced, which can be utilized for 

studies on various pathogen when exploring repellent surfaces for real life 

applications. 
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Patterned hierarchical surfaces, with patterns of hydrophilic regions for biosensing and 

blood repellency  

- Broad and systematic study of blood repellency on hierarchical repellent surface, 

both in static and dynamic conditions can be a benchmark when researchers design 

experiments for characterizing blood repellent surfaces. 

- Hydrophilic regions were patterned into highly repellent hierarchical structures in 

a facile straightforward method. 

- A patterned dip-based biosensor was introduced which opens up an avenue for rapid 

biosensing from complex liquids. 

 

A comprehensive review on antiviral surfaces with directions for future research 

- The need for more systematic research on antiviral surface was identified, allowing 

for a better understanding of virus interactions with surfaces, and development of 

more technologies to mitigate the spread of infection. 

- To reduce the spread of viruses via contaminated surfaces, surface modification 

technologies with high potency were introduced (e.g. virus repellent surfaces).  
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Minimizing non-specific binding on electrochemical biosensors by implementing liquid 

infused coating  

- Liquid infused coatings were implemented in an electrochemical biosensor for the 

first time to mitigate non-specific absorption for detection in complex biological 

liquids.  

- Identification of E. coli from clinical samples was done rapidly, reducing the 

standard 24-48 hour diagnostic time to an hour for both urinary tract and blood 

stream infections. 

- A one-pot electroactive DNAzyme-based assay was introduced for detecting E. coli 

for the first time form clinical samples.  

- Broad clinical studies were performed with clinical specimens containing bacteria. 

Two diseases were covered, urinary tract infection and blood stream infection, 

caused by the same pathogen.  

- The developed diagnosis system is able to identify pathogens without dilution, 

amplification steps, or complicated steps. 

 

6.4  Future work 
 

Materials and methods for repellent surface fabrication 

In terms of the developed flexible hierarchical repellent surfaces, further studies on 

alternative chemicals can be performed such that more eco-friendly chemicals than 

fluorosilane or fluorine-free chemicals can be investigated such as natural waxes (soybean, 
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bee’s wax, etc.). 1,2 FDA approved materials which lowers the surface energy can be further 

studied.  Active nanoparticles with antimicrobial activity as well as repellency such as TiO2, 

Ag, etc., or naturally sourced particles can be used for the repellent wrap development. 3 

Natural and biodegradable materials instead of the heat-shrinkable plastics can be studied 

to induce the similar concept of a heat-shrinkable wrap. Alternative means for integrating 

repellency on existing surfaces can be used, such as spraying methods. 4 

 

Universal pathogen studies for development of repellent surfaces  

In the effort to create repellent surfaces and characterizing them, other pathogens such as 

viruses, fungi, and etc. can be further evaluated alongside bacteria studies. Studies have 

shown nosocomial fungal pathogen, Candida albicans lasting for up to four months on 

hospital surfaces. 5  Respiratory tract viruses such as coronaviruses and human influenza 

viruses can last for few days, gastrointestinal tract viruses such as human astrovirus and 

hepatitis A virus (HAV) can be detectable for two months on hospital surfaces. 5 Such 

findings suggests that more systematic research should be done for development of 

universally repellent surfaces to repel a wider range of pathogens. 

 

Fundamental understanding of bacteria attachment to textured surfaces  

In efforts to understand mechanisms and behavior of bacteria attachment or repellency on 

structured surfaces, more microscopical studies can be performed. Ideally, an online 
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imaging system where bacteria can be imaged while being incubated on the surfaces (i.e. 

liquid-phase electron microscopy). 6 

 

Blood contacting medical devices 

The developed platform for blood repellency can be used to detect from complex biological 

liquids such as blood, as it has both repellent sites (hierarchical) and hydrophilic sites 

(biofunctional). More systematic studies can be performed to investigate limits of detection 

for the IL-6 system used in chapter 4. Furthermore, since the developed blood repellent 

surface is flexible and able to conform into different shapes, it can be applied to medical 

blood contacting devices.  

 

Multiplexing liquid infused electrochemical electrodes and portability  

The developed electrochemical biosensing platform can be further studied for other bacteria 

in urine such as K. pneumoniae and Enterococcus, or bacteria in blood such as S. aureus 

and P. aeruginosa, as it has shown promising behavior in complex liquids. 7–9 Rapid and 

selective detection in complex biological liquids, without dilutions or amplification steps 

has been a goal which has been long sought for in biosensing studies. With the developed 

highly repellent liquid infused electrodes, this goal has been realized. This opens the route 

for further investigations for other nucleic acid-based detections.  
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Large-scale clinical study on E. coli detection 

The patient sample studies performed in chapter 5, are small-scale pre-clinical studies (31 

urinary tract infections, 9 blood stream infections). Beyond the pilot scale ran in chapter 5, 

based on the disease prevalence and acceptable sensitivity and specificity, more populated 

samples sizes can be further tested. 10,11 
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