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ABSTRACT OF THE DISSERTATION 

 

Roll-to-Roll, Shrink-Induced Superhydrophobic Surfaces for Antibacterial Applications, 

Enhanced Point-of-Care Detection, and Reduced Blood Coagulation 

 

By 

 

Jolie McLane Nokes 

 

Doctor of Philosophy in Biomedical Engineering 

 

 University of California, Irvine, 2015 

 

Professor Michelle Khine, Chair 

 

 

 

Superhydrophobic (SH) surfaces are desirable because of their unique anti-wetting behavior. 

Fluid prefers to bead up (contact angle >150˚) and roll off (contact angle hysteresis <10˚) a SH 

surface because micro- and nanostructure features trap air pockets. Fluid only adheres to the peaks 

of the structures, causing minimal adhesion to the surface. Here, shrink-induced SH plastics are 

fabricated for a plethora of applications, including antibacterial applications, enhanced point-of-

care (POC) detection, and reduced blood coagulation. Additionally, these purely structural SH 

surfaces are achieved in a roll-to-roll (R2R) platform for scalable manufacturing. 

Because their self-cleaning and water resistant properties, structurally modified SH surfaces 

prohibit bacterial growth and obviate bacterial chemical resistance. Antibacterial properties are 

demonstrated in a variety of SH plastics by preventing gram-negative Escherichia coli (E. coli) 

bacterial growth >150x compared to flat when fluid is rinsed and >20x without rinsing. Therefore, 

a robust and stable means to prevent bacteria growth is possible.   

Next, protein in urine is detected using a simple colorimetric output by evaporating droplets 

on a SH surface. Contrary to evaporation on a flat surface, evaporation on a SH surface allows 



xv 

 

fluid to dramatically concentrate because the weak adhesion constantly decreases the footprint 

area. On a SH surface, molecules in solution are confined to a footprint area 8.5x smaller than the 

original. By concentrating molecules, greater than 160x improvements in detection sensitivity are 

achieved compared to controls. Utility is demonstrated by detecting protein in urine in the pre-

eclampsia range (150-300µgmL-1) for pregnant women. 

Further, SH surfaces repel bodily fluids including blood, urine, and saliva. Importantly, the 

surfaces minimize blood adhesion, leading to reduced blood coagulation without the need for 

anticoagulants. SH surfaces have >4200x and >28x reduction of blood residue area and volume 

compared to the non-structured controls of the same material. In addition, blood clotting area is 

reduced >5x using whole blood directly from the patient.  

In this study, biocompatible SH surfaces are achieved using commodity shrink-wrap film and 

are scaled up for R2R manufacturing. The purely structural modification negates complex and 

expensive post processing, and SH features are achieved in commercially-available and FDA-

approved plastics.  
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CHAPTER 1: INTRODUCTION 

1.1 Motivation 

1.1.1 Commercial Applications of Plastics 

Plastics are used for a wide variety of applications, ranging from everyday consumer products to 

complex medical instruments. The Federal Drug Administration (FDA) deems plastics such as 

polypropylene (PP), polyethylene (PE), and polystyrene (PS) safe for food and medical use[1] and 

therefore, such plastics are used extensively. Often, plastics are not directly compatible for medical 

applications and must undergo processing to be functional. For example, external and implantable 

polymers cause adverse effects such as blood thrombosis, septicemia, hemolysis, and protein 

adsorption.[2,3] To combat these side effects, polymers are coated with chemicals that decrease or 

diminish the adverse responses.[2–4] Alternatively, patients can be treated with medication to 

combat side effects, such as anticoagulant chemicals to prevent thrombosis.[3] 

Chemical coatings and medications can have drawbacks,[5] however, and there is a need for a 

biocompatible material that will not adversely affect patient health. In addition, the material must 

be easily employed with current plastic manufacturing techniques. Rather than chemically 

modifying a plastic, structural modification is desirable to alter the characteristics of a plastic. 

Structurally modified polymers have been shown to affect thrombosis,[2] bacterial adhesion,[6] fluid 

behavior,[7–9] and diagnostics.[7,10] By controlling the interaction between the structured polymer 

and bodily fluids, a structurally modified polymer can behave similarly to coatings and 

medications without the adverse drawbacks. Further, purely structural modification negates excess 

processing steps for manufacturing, and modifications can be achieved directly in the plastic.  
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1.1.2 Biomimetic Inspiration 

Structurally modified substrates are seen in nature, and organisms leverage the altered properties 

of structural modification for various applications. For example, the lotus leaf is known for its self-

cleaning and superhydrophobic (SH) properties due to its micro and nanoscale roughened 

papillae.[11] Similarly, rose petals, butterfly wings, springtails, termite wings, desert beetles, water 

striders, and many more organisms leverage micro and nanoscale features to achieve 

superhydrophobicity[11–19] for self-cleaning, bacterial resistance, flight efficiency, water retention 

and removal, heating and cooling, and water travel.[11,20,21]  In addition to the structural 

modification, these plants and animals have chemical coatings that lower the surface energy and 

prevent water from wetting the surface.[8,22,23]   

 

1.1.3 Superhydrophobic Biomaterial Applications 

The self-cleaning, non-wetting, anti-fouling, antibacterial, low adhesion, and anticoagulant nature 

of SH surfaces begs the need for commercial products with these characteristics. Such 

characteristics could benefit medical tubing, catheters, food packaging, biosensors, films and 

coatings, and many more. In addition, the ease of manufacturing purely structured SH surfaces 

would allow easy access of these commercial products to consumers. 

 

1.2 Overview of the Dissertation 

1.2.1 Superhydrophobic Surfaces 

Chapter 2 focuses on superhydrophobic (SH) surfaces, the theory of superhydrophobicity, and the 

fundamental fabrication of shrink-induced SH surfaces. Briefly, SH surface are desirable because 

of water’s unique interaction with the surfaces. Water does not wet SH surfaces but rather beads 
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up and slides off the surface.  SH surfaces have micro- to nanoscale features with peaks and valleys 

that trap air. Water only contacts the peaks of the hierarchical structures and has minimal adhesion 

with the surface.  This behavior allows SH surfaces to be non-wetting and self-cleaning, giving 

rise to many commercial applications. 

Here, SH surfaces are achieved by depositing a thin bilayer of metal on the pre-stressed 

polymer polyolefin (PO). PO shrink 20x in area when heat is applied, and the thin, stiff layer of 

metal on the surface causes the substrate to form wrinkles during the shrinking process. These 

wrinkle features are micro- to nanoscale and trap pockets of air when fluid is applied to the surface, 

thus achieving superhydrophobicity. These SH features can subsequently be imprinted into 

inherently hydrophobic materials, such as silicones and plastics, to exponentially achieve SH 

products.  

 

1.2.2 Scale-Up Manufacturing 

Chapter 3 focuses on the scale-up manufacturing of the SH surfaces. Initially, the SH surfaces 

were small silicone samples about the size of a quarter. Next, the SH features were imprinted into 

hard plastics, making the samples more desirable for commercial applications. Finally, we have 

worked with VTT Technical Research Centre of Finland to scale up manufacturing of the SH 

surfaces in a roll-to-roll (R2R) platform. Figure 1.1 shows an evolution of the SH samples 

construction. The samples shown are bigger than a hand (~10cm in width) and can be extended 

any length. The SH features can also be imprinted into a variety of hard plastics for commercial 

use. 
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Figure 1.1: Superhydrophobic surfaces were initially small silicone samples and have evolved into large areas of 

plastic using roll-to-roll manufacturing. 

 

1.2.3 Applications of Superhydrophobic Surfaces 

Amongst other applications, SH surfaces are desirable because they are antibacterial (Chapter 4), 

can be used for enhanced point-of-care diagnostics (Chapter 5), and reduce blood coagulation 

(Chapter 6).  

Because of the low surface energy of the SH surfaces, bacteria cannot adhere and grow on the 

surfaces. Escherichia coli (E. coli) is placed on flat and SH surfaces, and SH surfaces reduce 

bacterial adhesion >20x compared to flat surfaces. In addition, due to the self-cleaning nature of 

the SH surfaces, rinsing the SH surfaces decreased bacterial adhesion >150x compared to flat. 

Overall, total bacteria adhesion is reduced >1500x on the SH surfaces and >10x on the flat 

surfaces.  

SH surfaces are also used to enhance protein detection in urine. By simply evaporating droplets 

with low concentration on a SH surface, molecules are highly concentrated to a small pellet (8.5x 

smaller than the initial footprint and infinitely smaller than the initial volume). These pellets can 

undergo simple colorimetric assays to detect previously undetected concentrations of protein, and 
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we have seen >160x enhancements compared to controls. With this method, protein levels 

indicative of pre-eclampsia can detected and distinguished from normal levels of protein in urine. 

Blood coagulation is reduced on the SH surfaces compared to flat. Upon adhering to a surface, 

platelet cells trigger the blood coagulation cascade to form a blood clot. Because SH surfaces have 

minimal adhesion, platelet cells are less activated on a SH surface compared to a flat surface. We 

have shown >4200x reduction in blood residual area and >28x reduction in blood residual volume 

on a SH surface. Additionally, blood coagulation has reduced >5x compared to flat, and platelet 

maturity and fibrin network formation are less advanced on the SH surfaces.  

Chapter 7 focuses on further avenues of research with SH surfaces. The conformal nature of 

the commodity shrink film allows for 3-dimensional SH shapes. Thus, microfluidic applications 

can be achieved. In addition, the SH surfaces can be patterned for molecular capture, and a single 

device can be achieved to enhance disease detection.  
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CHAPTER 2:  Superhydrophobic Surfaces 

2.1 Introduction of Superhydrophobicity 

2.1.1 Superhydrophobic Surfaces 

On a superhydrophobic (SH) surface, water prefers to bead up and roll off the surface rather than 

wet the surface.  Because surface tension is high at the solid-liquid interface of SH surfaces, water 

beads into a sphere to conserve energy.[8,15,20,22,24]  SH surfaces have a contact angle (CA) greater 

than 150° and a sliding angle (SA) less than 10° with water.  CA measures the water droplet angle 

at the solid-liquid interface, and SA measures the angle at which a water droplet will slide off the 

surface when tilted.[8,20,22,24] Figure 2.1 shows a diagram of CA measurements of a hydrophobic 

and hydrophilic surface. 

 

2.1.2 Superhydrophobic Fabrication 

Superhydrophobicity can be achieved artificially through structural[25,26] or chemical[27,28] 

alterations to allow for free movement of water across a surface.  Current fabrication techniques 

employ complex production methods such as photolithography,[29,30] chemical vapor 

deposition,[31] and self-assembled monolayers[32] to create highly organized structures.  

Heterogeneous micro- to nanoscale structures can also achieve superhydrophobicity, and common 

production techniques utilize gels, colloids, and oxides.[25,26,33,34]  In addition, post processing with 

chemical additives (such as fluorocarbons and hydrocarbons) are required to achieve low surface 

energies indicative of superhydrophobicity.[35,36]  

However, these fabrication methods pose technical challenges to manufacturing as well as time 

consuming and costly barriers to production. By simplifying the fabrication process to achieve 

scale-up manufacturing and structural integration into existing surfaces, the benefits of SH surfaces 
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can be readily available to a range of materials for various biomedical (e.g. implants, coatings) as 

well as for consumer applications. 

 

2.2 Superhydrophobic Theory 

2.2.1 Young’s Theory 

The phenomenon of superhydrophobicity is explained in part by a triad of equations that 

thermodynamically balances the interaction of the solid, liquid, and vapor phases. The fluid drop 

shape created between water and a smooth, flat surface can be calculated using Young’s 

equation[37] where the three interfaces, solid-vapor 
SV , solid-liquid 

SL , and liquid-vapor 
LV , 

describe the material’s resulting water CA 
Y  during thermodynamic equilibrium (1).   

                                                       
  

cos 0SV SL LV Y                                                           (1) 

In particular, as the solid-liquid interfacial tension increases, the droplet’s CA increases, and there 

is less surface contact between the droplet and the surface.[38]  Figure 2.2a shows the CA resulting 

from the interfacial surface tensions on a smooth surface.   

 
Figure 2.1: CA of a hydrophobic and hydrophilic surface. Water prefers to bead up on a hydrophobic surface and has 

a high CA θ. Water prefers to spread out on the hydrophilic surface and has a low CA θ.  
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Figure 2.2: Theories of wetting. (A) Young’s equation predicts the behavior of water on a smooth surface. (B) Water 

follows Wenzel’s equation when the surface is roughened, and the CA is increased.  (C) Air trapped in multiscale 

features prevents water from wetting the entire surface in the Cassie-Baxter theory, and the CA is further increased.[19]  

 

2.2.2 Wenzel’s Theory 

Further analysis of wetting can be performed with Wenzel’s theory[9] where the roughness factor 

r , determined by a ratio of the geometric surface to the apparent surface, is directly associated 

with the change in CA W  of the roughened surface (2), as shown in Figure 2.2b. 

                                                              cos cosW Yr                                                                (2) 

As the surface is roughened, the contact area between the droplet and the surface is enhanced.  

If the solid-liquid surface tension is initially strong, the CA will increase due to increased contact 

between the droplet and surface. In more general terms, this equation explains the ability to 

increase hydrophobicity on hydrophobic surfaces and increase hydrophilicity on hydrophilic 

surfaces merely through roughening the surface and increasing the solid-liquid interface.   

 

2.2.3 Cassie-Baxter Theory 

Another model was developed by Cassie and Baxter[8] in which the surface roughness is enhanced 

so greatly that water only contacts the peaks of the roughened surface (Figure 2.2c).  Air pockets 

are trapped in the valleys of the roughened surface so that the water droplet interacts with the solid 

as well as the vapor phase at the apparent surface. This increase in liquid-vapor contact further 

enhances the CA of the water droplet. The summation of interactions between the liquid with the 
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solid and vapor determines the CA C  and is characterized by the Cassie-Baxter equation (3), 

where  is the solid fraction of the droplet in direct contact with the solid surface. 

                                                       cos cos 1C Y                                                            (3) 

The high surface tension, minimal surface contact, and ease of movement exhibited by water 

on SH surfaces can be attributed to the presence of multiscale (micro- to nanoscale) structures.[20]  

Cheng et al. demonstrated the importance of these features on the lotus leaf by removing the 

nanostructures which resulted in a decrease in water contact angle, as predicted.[11]  Furthermore, 

surfaces must be inherently hydrophobic[9] and have a low surface energy[39] to become 

superhydrophobic when structurally modified. 

 

2.3 Superhydrophobic Features   

 

2.3.1 Wrinkling Phenomenon   

Wrinkles are generated by mechanical instabilities of soft matter.[40,41] A thin film of a stiff material 

with a relatively higher Young’s modulus can be deposited on the surface of a thicker, relatively 

soft substrate to create a bilayer system. By applying a compressive force to the bilayer system, 

the mismatch in stiffness causes the thin, stiff film to buckle and generate wrinkles, as shown in 

Figure 2.3. The wavelength of wrinkles can be controlled by the thickness of the stiffer material 

as well as the Young’s moduli of the thin material and soft substrate. The amplitude of the wrinkles 

can be controlled by the film thickness as well as the amount of strain and critical strain of the 

bilayer system.[40,41] 
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Figure 2.3: Wrinkles are created by compressing a bilayer with a mismatch in stiffness. The wavelength and amplitude 

of wrinkles can be controlled by the thickness of the film, the Young’s moduli of materials, and the strain of the 

bilayer.  

 

Wrinkles can be seen in nature and have been artificially generated as biomimetic 

substrates.[42–46] Commonly, a polymer substrate (such as polydimethylsiloxane (PDMS)) is 

stretched, a thin film (such as an oxide) is deposited on the stretched polymer substrate to generate 

a stiff film, and upon release of the bilayer system, wrinkles are formed.  Khare et al. has created 

tunable, open-channel microfluidic systems using anisotropic sinusoidal grooves formed by 

wrinkles from stretched PDMS and oxide, and the fluidic wetting behavior on the grooves has 

been characterized corresponding to the amount of bilayer compression. The Khine Lab leverages 

their pre-stressed shrink polymer to achieve wrinkles by depositing a thin bimetallic film on the 

polymer surface. Upon heat, the polymer shrinks, and micro- to nanoscale wrinkles are formed, as 

shown in Figure 2.4.[42,43] Uniaxial or biaxial wrinkles are achieved by compressing uniaxially or 

biaxially. Lee et al. has generated anisotropic hierarchical wrinkles in polymer films by 

compressing the bilayer system uniaxially. The wavelength and amplitude of wrinkles has been 

successfully controlled to yield tunable wrinkles. 

Wrinkles have been used to modify fluid behavior on substrates due to the enhanced roughness, 

and SH surfaces have been created using wrinkles.[6,7,44,45] Rahmawan et al. achieves wrinkles by 

forming diamond-like carbon on PDMS. This mismatch in stiffness forms wrinkles, and the 

features are in the SH regime. Freschauf et al. utilizes the wrinkles formed from the mismatch in 

stiffness from their shrink substrate and bimetallic film to achieve SH features. These features can 
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be imprinted into various materials and are used for antibacterial applications. Manna et al. also 

leverages the shrink film with a cross-linked stiff film to achieve SH features in molded shapes.  

 

2.3.2 Pre-stressed Polymer 

The Khine Lab leverages pre-stressed polymers as a platform for fabrication.[42,47–50]  Polyolefin 

(PO) is a biaxially stretched thermoplastic that isotropically shrinks 20x in area when heated above 

its glass transition temperature (160°C).  By patterning PO at the macroscale and shrinking, high 

resolution devices can be fabricated using inexpensive equipment, thereby minimizing costs of 

manufacturing.  Because the shrink substrate is a plastic, it is compatible with commercial 

production such as roll-to-roll manufacturing and scale-up production.  The PO can also withstand 

many harsh conditions associated with fabrication such as chemicals during photolithography, 

making pre-stressed PO a good candidate for a variety of applications.   

The Khine Lab has previously utilized the shrink film PO for microfluidic devices,[47,49–53]  

stem cell growth and formation,[54–58] microlens arrays,[59,60] photolithography,[59,61] and 

education.[52]  When stiff metals are deposited on the surface of PO and the PO is heated, the stiff 

metals buckle and fold as the PO shrinks, and multiscale (micro to nano) features are 

formed.[40,42,45]  These multiscale wrinkles are currently being used for enhanced point-of-care 

detection and fluorescent enhancement,[7,42,43,62–65] magnetic trapping,[53] high surface area 

electrodes,[66] and superhydrophobicity.[6,7]  These features can then be imprinted into hard plastics 

to create superhydrophobic substrates. 
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Figure 2.4: Uniaxial and biaxial wrinkles are generated by depositing a thin, bimetallic film on the pre-stressed 

polymer shrink substrate. A) Upon heat, the polymer compresses to yield wrinkles. Micro-to nanoscale features are 

generated B) biaxially and C) uniaxially.[42] 

 

2.3.3 Polymer Manufacturing 

Micro manufacturing techniques such as photolithography have propelled the biomedical 

engineering field because substrates can be controlled on similar dimensions as the biological 

systems. Further, utilizing high throughput reproduction techniques at high resolution (such as soft 

lithography) have enhanced manufacturing techniques, making biological application more 

practical and accessible.[67–70] PDMS is often used to mold micro and nano features due to its good 

optical clarity, high resolution molding, gas permeability, biocompatibility, and mechanical 

properties.[71] Molding with PDMS, however, has its drawbacks as PDMS adsorbs proteins due to 

its hydrophobic nature.[72] For biological applications, nonspecific protein adsorption is 

problematic and may interfere was with assays. Other silicones have a decreased amount of protein 

absorption while maintaining the positive qualities of PDMS,[71] but generally, silicones are not 

desirable for commercial manufacturing of biomedical products.  

Plastics are ideal for manufacturing because they are easily moldable, are inexpensive to 

produce, can yield high throughput, and have good working temperatures.[73] Common 

manufacturable plastics are polymethylmetacrylate (PMMA), polycarbonate (PC), polystyrene 

(PS), and cyclic-olefin copolymer (COC).[73–77]. Plastics can either be manufactured directly or by 
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replicating features into plastics.[73,75,78] Direct manufacturing techniques include micromachining,  

injection molding, photopolymerization, and laser ablation.[73,75,78] To replicate high resolution 

features, thermoplastics can be hot embossed by applying heat and pressure, and plastics can mold 

with good fidelity.[73–77]  

To leverage the advantages of both PDMS and plastics, PDMS can be used as a master to hot 

emboss micro and nano features into plastics.[75,76] Goral et al. leveraged this novel approach by 

sandwiching the PDMS master and a sheet of PS between two glass slides, applying pressure with 

binder clips, and heating the entire device above the glass transition temperature of PS. The PS 

molds the high resolution features from PDMS, and the PDMS mold can be used for multiple 

replications. This approach allows for rapid, reproducible plastic devices using a single master 

mold, and can also be compatible with scale-up manufacturing of hot embossing into plastics. 

 

2.4 Superhydrophobic Surface Fabrication 

2.4.1 Generating Superhydrophobic Wrinkles on Shrink Film  

Superhydrophobic hard plastics were created from the shrink film PO, metal, and hard plastics.[6,7]  

PO (Sealed Air) was first pretreated with oxygen plasma (SPI Supplies) to temporarily increase 

the surface energy for better adhesion and was then sputter coated (Quorom) with silver and gold.  

The PO film was then heated to 160ºC, causing the PO to fully shrink.  While the PO shrinks due 

to heating, the stiff metal film buckles and folds, creating extremely rough, high-aspect, and 

multiscale structures.[42]  When casted with PDMS (Dow Corning Co.), the metallic PO mold 

transfers its physical shape, producing multiscale roughening on the PDMS surface and enhancing 

its natural hydrophobic properties (due to Wenzel’s and Cassie’s equations).   
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2.4.2 Imprinting Superhydrophobic Features 

PDMS is further used as a cast because of its thermally and mechanically stable properties.  These 

heterogeneous features are imprinted from PDMS into the inherently hydrophobic hard plastics 

PS (Grafix Plastics), PC (McMaster-Carr), and PE (McMaster-Carr).  To produce structurally 

modified hard plastics, PS, PC, and PE were casted to the superhydrophobic PDMS mold by 

applying uniform pressure and heat.[75]  Figure 2.5 depicts a process flow of this fabrication method 

paired with CA images for each step. 

 
Figure 2.5: Process flow of the superhydrophobic substrates formed from shrink film paired with their respective CA 

images. (i) PO film is plasma treated with oxygen (ii) Treated PO film is sputter coated with silver and gold (iii) PO 

film is shrunk at 160ºC to induce metal buckling and folding (iv) PDMS is poured over fully shrunk PO film for 

casting (paired photo features flat PDMS) (v) Superhydrophobic PDMS cast is removed from shrunk PO (vi) Hard 

plastics are casted into superhydrophobic PDMS mold by applying pressure and heat (paired photo features flat PC) 

(vii) Superhydrophobic PC casted from superhydrophobic PDMS. 
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Figure 2.6: Top down SEM images and AFM of the structurally modified surfaces’ multiscale structures.  Features 

are shown in (A) shrunk, metallic PO, (B) transferred in PDMS, and (C) imprinted in PS from PDMS.  Scale bars are 

10μm. (D) 3D AFM image of the morphology and height profile. 

 

2.5 Superhydrophobic Surface Characterization 

2.5.1 Micro- to Nanoscale Superhydrophobic Features 

The heterogeneous nano and microstructures of the metal, PDMS, and PS were analyzed using a 

scanning electron microscope (SEM) (Hitachi S-4700-2 FES) shown in Figure 2.6a-c.  The 

roughness from the shrunk, metallic PO mold is translated directly into the PDMS and 

subsequently into the PS, PC, and PE.  Nanostructures can be seen on the surface of the 

microstructures, leading to the enhanced hydrophobicity explained by the Cassie-Baxter theory.[8]  

Further visualization of morphology and height was achieved using Atomic Force Microscopy 

(AFM) (Asylum MPF3D), shown in Figure 2.6d, displaying a three dimensional view of the 

shrunk, metallic PO mold with a heterogeneous microstructure height range of 2.8µm and a root 

mean square (RMS) value of 700nm. 

Further, the two dimensional Fast Fourier Transform (2D FFT) was calculated on the SEM 

images to determine the spatial frequency of the metal, molded PDMS, and embossed plastics PS 

and COC.[42,79] The SEM images had a scale bar of 1-2µm, and samples had the highest probability 

at ~1.4µm wavelength. Metal has a second high probability at ~750nm. Data is normalized to the 

maximum probability in the graph.  
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Figure 2.7: The FFT graph shows the spatial frequency for the metal, PDMS mold and subsequent mold in COC.  

 

2.5.2 Contact angle and sliding angle measurements 

The superhydrophobic properties of the structurally modified substrates and the original flat 

substrates were characterized with CA and SA measurements, as shown in Figure 2.8.  A contact 

angle meter (Drop Shape Analysis System DSA100, KRUSS) was used to measure the CA of 

initial PDMS molds.  Further CA measurements were taken with a drop analysis program[80] on 

PS, PC, and PE.  The SA measurements were performed using a tool clamp with a 90º rotational 

arm. 
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Figure 2.8: Graphs depicting CA and SA for the structurally modified surfaces compared to flat. (A) Contact angle 

measurements of structurally modified and flat PDMS, PS, PC, and PE.  (B) Sliding angle measurements of 

structurally modified and flat PDMS, PS, PC, and PE. + represents measurements >90°. 

 

CA values averaged above 150º with a maximum of 167º measured with the KRUSS system, 

and the average SA was below 5º with a minimum of less than 2º in PDMS (Figure 2.9).  PC and 

PE yielded similarly high CA values and low SA values indicative of superhydrophobicity.  PS 

produced slightly lower CA values and higher SA values but showed hydrophobic enhancement 

from its flat comparison.  Higher levels of hydrophobicity were achieved through structural 

modification of initially more hydrophobic polymers (PC and PE) versus initially less hydrophobic 

polymers (PS).  While roughening of the PS surface did increase hydrophobicity, it did not achieve 

characteristic values to be truly superhydrophobic because of its naturally less hydrophobic state 

when flat.  Thus, for optimal superhydrophobic surfaces, beginning with a more hydrophobic 

polymer is favorable.   
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Figure 2.9: The low SA of SH PDMS allows the water droplet to easily slide off the surface. (A–C) A droplet being 

placed on the surface of SH PDMS retracts onto the dropper. (D–F) A droplet sliding off the same surface immediately 

after placement at a 5˚ angle. 

 

2.5.3 Mold Fidelity 

Over the course of three casts from the shrunk, metallic PO to PDMS, the CA remained 

consistently above 150º (data not shown).  In addition, casting PS, PC, or PE from a single PDMS 

mold has yielded superhydrophobic substrates for more than 100 casts.  The effect of temperature 

on the superhydrophobicity in PDMS molds was also investigated, and superhydrophobicity 

remained stable across a range of heat exposure from 25-100ºC.  PDMS samples were placed on 

a hotplate at 10°C intervals and allowed to acclimate to the indicated temperature over the course 

of 5 minutes with a 5 µL water droplet until CA values were taken (data not shown). 
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2.5.4 Solid Fraction 

Calculation of the solid fraction   from the Cassie-Baxter equation (3) can be calculated using 

the average flat CA Y  and the average structurally modified CA C  for each surface (4). 

                                                               
cos 1

cos 1

C

Y






 


                                                                (4) 

The solid fraction   is a ratio of the surface contacting the water droplet to the entire structured 

surface.  Since all structures are imprinted from the same initial metal PO mold to the polymers, 

each polymer would theoretically have the same solid fraction  .  However, the initial 
Y  is 

different for each polymer due to intrinsic chemical differences, causing slight variation in   

between materials.  Table 2.1 shows calculated values of   for our roughened substrates.  The 

low values are similar to the findings of Zhu et al. whose calculated   was typically less than 0.1, 

indicating a highly structured surface.[81]  As apparent from equations 3 and 4, as   approaches 

0, C  approaches 180°. 

 

Table 2.1. The solid fraction   was calculated using the average flat CA Y  and the average structurally modified 

CA C  for each material.  A low value of   represents minimal water contact with the surface. 

Material C  (°) Y  (°)   

PDMS 152 108 .17 

PS 145 70 .14 

PC 151 95 .14 

PE 155 87 .09 
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2.6 Summary 

Here, we have presented a novel method of producing a superhydrophobic surface from PO by 

simply molding our unique multi-scale features into PDMS and again into hard plastics such as 

PS, PC, and PE.  This process is rapid, reproducible, and eliminates the need for post processing 

of chemical alterations to the surface. These superhydrophobic surfaces become much more robust 

due to the reliance solely on physical geometry at the surface.  In addition, using PDMS as a means 

to transfer the SH micro- to nanoscale structures presents the opportunity to produce a substantial 

number of superhydrophobic hard plastics from a single mold.  Finally, this technique is 

compatible with roll-to-roll manufacturing and scale-up production methods due to the use of 

polymers, making this process potentially accessible for many different applications. 
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CHAPTER 3: Scale-up Manufacturing of Superhydrophobic Surfaces 

3.1 Current Fabrication Approaches 

Due to their unique properties, SH surfaces have been used for bacterial prevention, drag reduction, 

non-adhesion, energy conservation, and green energy.[6,20,21,82,83] A SH surface has a low surface 

energy as well as micro- to nanoscale features, which are often achieved through a combination of 

chemical and structural modification. To lower the surface energy, fluorocarbon and hydrocarbon 

chemicals can be deposited on roughened surfaces to achieve superhydrophobicity.[35,36,84] 

Additionally, surfaces with low surface energies can be structurally roughened using a variety of 

techniques such as plasma etching, chemical etching, lithography, sol-gel processing, laser 

ablation, electrospinning, crystallization, and oxidation.[23,36,85–89]  

However, these production methods are often complex, expensive, serial, and require post-

processing, preventing mass scale manufacturing.[20,21,82] Therefore, commercial applications of 

SH surfaces heretofore have been limited.[90,91] Furthermore, the addition of hydrophobic 

chemicals are often not desirable for food or medical applications. A common mass manufacturing 

technique that yields high throughput is roll-to-roll (R2R) processing where alterations to a surface 

are performed in a single, quick process on a large roll of a material.[92,93] Originating from the 

printing industry, R2R manufacturing is nowadays widely used in printed electronics and printed 

diagnostics applications for high-volume, low-cost manufacturing of disposable components and 

can be performed in a variety of materials such as thin films, flexible polymers, and conformal 

tapes.[94] The ability to inexpensively manufacture large areas of SH surfaces without chemical 

modifications with high throughput and high fidelity would enable SH surfaces for a wide range 

of medical and healthcare applications.  

 



22 

 

3.2 Roll-to-Roll Manufacturing 

3.2.1 Flatbed Superhydrophobic Surfaces 

As described previously, SH surfaces have been developed by depositing a thin layer of silver and 

gold on the pre-stressed polymer PO.[6,7] Upon shrinking the pre-stressed polymer substrate, the 

mismatch in elastic moduli between the stiff metals and polymer yields a hierarchy of features 

supportive of superhydrophobicity.[6,7]  

Next, the fabrication protocol becomes compatible with scale-up manufacturing by depositing 

a thin layer of stiff material on the pre-stressed polymer in a R2R platform. Since gold was not a 

viable material to deposit R2R and because a bimetallic layer is necessary to form SH wrinkles, a 

combination of materials compatible with R2R deposition was first characterized in a sheet 

evaporation setup. Combinations of zinc, copper, and calcium were paired with silver due to the 

high Young’s modulus of each material. The deposition of silver (Ag) and calcium (Ca) on pre-

stressed polystyrene (PS) was chosen as the optimal deposition materials, and the process flow of 

fabricating SH wrinkles in hard plastics is shown in Figure 3.1.  
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Figure 3.1: Sheet evaporation on PS was characterized with 20nm Ag + 5nm Ca, 20nm Ag + 10nm Ca, 25nm Ag + 

5nm Ca, 25nm Ag + 10nm Ca, 30nm Ag + 5nm Ca, and 30nm Ag + 10nm Ca. A) i) Silver is first deposited, ii) then 

calcium is deposited in sheet evaporation. iii) The SH features are formed while shrinking the metalized film, and the 

SH features are iv) molded into an intermediary silicone and v) embossed into plastic to achieve the final product. B) 

SEM images of the hierarchical features in plastic show hierarchical winkles. Scale bars are 1µm for all images. C) 

CA of water and bodily fluids on all conditions are SH. D) CAH of water and bodily fluids on all conditions are SH. 
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To further optimize SH wrinkles, the deposition ratio of silver to calcium was characterized.[6,7] 

Figure 3.1b shows Scanning Electron Microscopy (SEM) images of the features from shrunk PS 

with 20nm Ag + 5nm Ca, 20nm Ag + 10nm Ca, 25nm Ag + 5nm Ca, 25nm Ag + 10nm Ca, 30nm 

Ag + 5nm Ca, and 30nm Ag + 10nm Ca deposited. All features yielded micro- to nanoscale 

structures, imprinted into hard plastics with high fidelity, and demonstrated superhydrophobicity. 

Figure 3.2a graphs the Fast Fourier Transforms (FFTs) and shows the spatial frequency of the SH 

features on the sheet evaporation. The SEM images had a scale bar of 2µm, and all samples had 

the highest probability at ~750nm wavelength, indicating that these features are tighter than initial 

features. Data is normalized to the maximum probability in the graph. 

 

Figure 3.1c-d graph the CA and CAH of water, urine, saliva, and blood on the six deposition 

conditions molded into the hard plastic polypropylene (PP). Water has a CA greater than 150˚ for 

all substrates, and the CA of water ranges from 158˚ ± 4˚ to 161˚ ± 5˚. Urine, saliva, and blood 

also have SH CA values on the six different deposition conditions. CA values of urine range from 

149˚ ± 8˚ to 152˚ ± 7˚. CA values of saliva range from 148˚ ± 8˚ to 156˚ ± 4˚. CA of blood range 

from 148˚ ± 6˚ to 154˚ ± 4˚. Note that standard deviations overlap, and conditions are not 

statistically different.  

 
Figure 3.2: The FFT graph shows the spatial frequency for the sheet evaporation, and wavelengths have the highest 

probability ~750nm.  
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CAH values were measured by taking the difference in advancing and receding CA values. 

CAH values are also indicative of superhydrophobicity for water, urine, saliva, and blood. CAH 

values for water range from 6˚ ± 2˚ to 9˚ ± 4˚. CAH values for urine range from 5˚ ± 1˚ to 9˚ ± 2˚. 

CAH values for saliva range from 4˚ ± 1 to 6˚ ± 1˚. CAH values for blood range from 6˚ ± 1˚ to 8˚ 

± 2˚.  

The 20nm Ag + 5nm Ca deposition was chosen as the optimal condition because 

superhydrophobicity is consistently achieved for all fluids (i.e. CA >150˚ and CAH <10˚). The 

20nm Ag + 5nm Ca deposition also requires the least amount of materials and is the most beneficial 

for manufacturing. 

 

3.2.2 Roll-to-Roll Superhydrophobic Surfaces 

Next, R2R deposition on pre-stressed PS was performed, and SH features were created in a R2R 

platform. Figure 3.3a shows the process flow of R2R production. Silver and calcium are deposited 

on a pre-stressed roll of PS. Sections of the roll are shrunk, and the SH features are imprinted into 

silicones and hard plastics as the final product. Figure 3.3b-c show the R2R deposition equipment 

and the actual size of the metalized roll, shrunk master, and molded PP product. The fidelity of the 

roll was tested by characterizing the front, middle, and rear of the roll.  
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Figure 3.3: SH surfaces are fabricated in a R2R platform. A) i) 20nm Ag, then 5nm Ca are deposited on the pre-

stressed PS film in a R2R deposition chamber, ii) the metalized PS shrink film is shrunk to achieve SH features, and 

iii) the SH features are imprinted into hard plastics. B) Materials are deposited on the shrink film in the VTT EVA 

R2R Evaporator Line. C) (i) A roll of metalized shrink film is 30cm x 300m. (ii) The metal film is shrunk), and (iii) 

large SH hard plastics are created. D) SEM images of the front, middle, and rear of the metalized PS roll were tested 

to show the consistency of deposition throughout the roll. Scale bars are 1µm for all SEM images. E) CA of water, 

urine, saliva, and blood on all conditions are SH. F) CAH of all fluids are SH on all conditions. 
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Figure 3.3d shows the SEMs of the mico- to nanoscale features of the front, middle, and rear 

of the roll. Features are consistent throughout the roll, and therefore metal deposition and 

superhydrophobicity are consistent throughout the roll. Figure 3.4a graphs the FFTs of the spatial 

frequency of the SH features on the R2R deposition, and the spatial frequency yields the highest 

probability at ~750nm. Figure 3.4b overlays the 20nm Ag + 5nm Ca FFT from the sheet 

evaporation with the FFT data for the front, middle, and rear of the R2R roll to show that wrinkle 

features are similar with heterogeneous variation. The SEM images had a scale bar of 2µm, and 

all samples had the highest probability at ~750nm wavelength. R2R features are comparable to the 

sheet evaporation features, and the R2R has tighter features compared to the initial small-scale 

fabrication method. Data is normalized to the maximum probability in the graphs. 

Figure 3.3e-f graph the CA and CAH values for water, urine, saliva, and blood tested on the 

front, middle, and rear of the roll. CA and CAH values for water and bodily fluids are indicative 

of superhydrophobicity. The average CA values are 162˚ ± 5˚ for water, 158˚ ± 6˚ for urine, 154˚ 

± 6˚ for saliva, and 154˚ ± 5˚ for blood.  

 
Figure 3.4: The FFT graphs show the spatial frequency for the A) R2R and B) R2R overlayed with the 20+5 condition 

from the sheet evaporation. 
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CAH values average 6˚ ± 1˚ for water, 7˚ ± 1˚ for urine, 7˚ ± 1˚ for saliva, and 9˚ ± 2˚ for blood. 

The standard deviation of the front, middle, and rear of the roll overlap for CA and CAH values 

for each fluid, confirming that superhydrophobicity is consistent throughout the roll. Note that 

CAH values for saliva on the R2R surfaces are greater than CAH values on the sheet evaporation 

surfaces. The surface tension of saliva, however, is shown to fluctuate between 45mNm-1 to 

69mNm-1 depending on when subjects drank water prior to collection and also the time of testing 

post collection.[95]  The CA and CAH can be dramatically affected by such fluctuation but notably, 

values are consistently indicative of superhydrophobicity on the R2R surfaces.  

 

3.3 Summary 

SH surfaces are created in a R2R platform with high fidelity and high throughput. The purely 

structural modification allows for inexpensive embossing into any commercially-available and 

FDA-approved plastic for medical applications, and post processing is not necessary. The SH 

surfaces are phobic to water, blood, urine, and saliva. The proposed SH biomaterial is 

biocompatible and can therefore function as an effective material for a plethora of medical 

applications, for example, as catheters and medical tubing.  
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CHAPTER 4:  Superhydrophobic Surfaces for Antibacterial Applications 

4.1 Introduction 

4.1.1. Bacterial Infections 

The spread of bacteria is a common problem and is the main source of health associated infections.  

In 2009, such health associated infections cost the healthcare industry $28-45 billion and ranged 

from food poisoning to septicemia, often leading to extensive hospital care and even death.[96–98]  

Bacterial exposure can occur during surgical procedures or can be transferred patient-to-patient 

from infected hospital surfaces.[98]  Hospitals are a major source of bacterial spread, but everyday 

facilities also act as distributors of bacterial disease.  Flores et al. has shown that public restrooms 

house at least nineteen strains of bacteria, ranging from skin, gut, and soil sources that can be 

transferred by touch.[99] Furthermore, multiple bacterial strands are capable of growing on plastics 

and fabric surfaces for days and even months.[99–101]  Therefore, there is a growing demand for 

reliable antibacterial surfaces to combat this common occurrence of contamination. 

 

4.1.2 Antibacterial Agents 

Currently, there are fabrication methods for antibacterial reagents and structurally modified 

antibacterial surfaces.  Silver nanoparticles have been used as a bacterial growth inhibitor as the 

heavy metals disrupt and inactivate the proteins in bacteria, preventing growth.[102,103]  Functional 

groups on self-assembled gold monolayers have also been used to decrease bacterial motility and 

attachment, preventing cell adherence, growth of bacteria on surfaces, and the formation of 

biofilms.[104]  Zheng et al. has shown that high molecular weights of chitosan inhibit gram-positive 

bacteria such as Staphylococus aureus due to lack of nutrient adsorption whereas low molecular 

weights of chitosan inhibit gram-negative bacteria such as Escherichia coli (E. coli) due to a 
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disturbed metabolism.[105] Chemically modified superhydrophobic surfaces have also been shown 

to inhibit bacterial growth because of the low surface energy and minimal contact with the surface 

for bacterial adhesion.[33]  While many antibacterial reagents and chemicals effectively inhibit the 

growth of bacteria, they can lead to bacterial resistance and become ineffective over time.[106]  

Purely structural antibacterial surfaces, however, do not induce bacterial resistance and are 

therefore ideal for preventing the spread of infectious bacteria.  Superhydrophobic surfaces have 

become particularly desirable as stable antibacterial surfaces because of their self-cleaning and 

water resistant properties. 

Thus, leveraging these superhydrophobic surfaces for antibacterial applications is feasible.  

Due to the minimal solid-liquid contact, the inherently low surface energy of the material, and low 

SA of the substrate, bacteria prefer to remain in solution rather than adhere to the surface.[107,108]  

When a droplet containing bacteria contacts a superhydrophobic surface, there is minimal contact 

where the bacteria can adhere to the surface.  Additionally, in this low contact area, there is low 

surface energy which allows only weak interactions between the surface and bacteria, preventing 

strong bacterial adhesion.[109]  Since the superhydrophobic surface also has a low SA, bacteria in 

solution easily slide off the surface when tilted and do not adhere to the surface.  Privett et al. even 

show that structural modification dominates over chemically modified hydrophobic surfaces such 

as fluorination for antibacterial properties.[33]  With solely a structural modification, a 

superhydrophobic surface will repel bacteria in solution rather than kill them, negating the 

potential for resistance as would occur due to chemical reagents. 
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4.2 Reduced Bacterial Adhesion on Superhydrophobic Surfaces 

Antibacterial testing was performed on PS, PC, and PE samples for both flat and SH substrates 

using DH5-α gram-negative E. coli.  Plating concentrations were determined as 100,100 colony 

forming units per mL (CFU)/mL for PS and PC and 25,800 CFU/mL for PE.  For testing 

antibacterial properties, 10μL of bacterial solution was placed on the surface of each substrate.  

Substrates were tilted at 90° to allow bacterial solution to roll off, if possible.  Subsequently, 

samples were either rinsed with sterile phosphate buffered saline (PBS) or not rinsed.  The surfaces 

of the substrates were then stamped face-down in agar plates (Fisher Scientific) to transfer residual 

bacteria. 10µL of bacterial solution was added directly to the control agar plates.   

 
Figure 4.1: PS, PC, and PE structured and flat substrates were contaminated with a bacteria solution, either rinsed or 

not rinsed, and transferred to agar plates.  The resulting bacterial growth can be observed in each plate as colonies.  

(A) Substrates were rinsed with PBS after bacteria solution was deposited on the surface.  (B) Substrates were not 

rinsed. 
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Superhydrophobic surfaces exhibit a significantly reduced amount of bacterial growth 

compared to flat surfaces, as shown in Figure 4.1.  Rinsed superhydrophobic surfaces yielded <100 

CFUs for PS and PE, and no bacteria was observed on rinsed superhydrophobic PC (Table 4.1).  

The flat rinsed surfaces had much higher CFU counts where 10% of the initial number of cells was 

transferred to the agar plates.  The no rinse superhydrophobic surfaces were also effective at 

preventing bacterial adhesion with only ~2% of the original number of cells plated in the final 

CFU count.  Not rinsed flat surfaces had >34% of the original number of bacteria plated.  Note 

that all samples experienced a loss of bacteria due to gravity during the tilting step of the 

experiment. 

 

Overall, bacterial adhesion on the SH surfaces was decreased >20x compared to flat without 

rinsing, purely due to the low adhesion properties of the SH surfaces. With rinsing, bacterial 

adhesion was reduced >150x compared to flat due to the self-cleaning behavior of SH surfaces. 

Total bacterial adhesion was reduced >1500x on the SH surfaces compared to >10x on the flat 

surfaces.  

Table 4.1: CFU counts for structured versus flat surfaces. 

*One agar plate yielded a condensed area of cell growth, hindering the ability to count individual colonies.  Thus, this 

value is an underestimate. 

Condition Substrate PS PC PE 

% Adherence 

(Average of 

Condition/Control) 

Rinse 
Structured 70 0 30 <0.1% 

Flat 15,700 10,700 900 10% 

No Rinse 
Structured 2,100 1,500 300 2% 

Flat >36,900* 30,700 8,900 >34%* 

Control Control 100,100 100,100 25,800 100% 
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4.3 Summary 

SH surfaces are antibacterial because of their minimal solid-liquid contact at the surface, weak 

surface interactions with bacteria, and low SA.  As a result of these properties, it is energetically 

favorable for the bacteria to remain in solution and to roll off the surface when tilted rather than 

adhere to the SH surface.  This self-cleaning principle is the key to antibacterial properties of SH 

surfaces.  Dirt and bacteria adhere to water better than the surface and are, therefore, cleaned easily 

by simple rinsing, mitigating the need for antibacterial reagents.  Since this antibacterial design is 

purely structural, a product with permanent features can be manufactured for everyday use with 

minimal maintenance for the customer. 
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CHAPTER 5:  

Superhydrophobic Surfaces for Enhanced Point-of-Care Diagnostics 

5.1 Point-of-Care Diagnostics 

Point-of-care (POC) diagnostics aim to shorten the gap between patients and medical tests by 

making sensitive diagnostics more affordable and accessible. With more accessible devices, 

diseases can be detected at their onset, and patients can attain faster and more successful treatment. 

Bodily fluids such as urine are ideal mediums for POC devices because sample collection is non-

invasive, poses minimal threat to the patient, and can be performed frequently for temporal 

resolution. However, the low concentration of biomarkers in urine begs the need for highly 

sensitive devices for accurate detection. To detect low concentrations, biosensors often employ 

complex features such as nanoparticles[110–112] and structured surfaces[63,113,114] with equipment 

intensive amplification methods such as surface plasmon resonance[43,62,115] to enhance the 

detection signal. Another approach for enhanced detection is increasing the concentration of 

biomolecules to a range detectable using standard techniques (such as a colorimetric output). One 

simple, low-cost approach to increase the concentration is to evaporate molecules on a 

superhydrophobic (SH) surface.  

 

5.2 Evaporation on Surfaces 

5.2.1 Evaporation on a Flat Surface 

As a droplet of water sits on a surface, fluid will evaporate into the atmosphere at the air-liquid 

interface.[116–120]  As the volume decreases due to evaporation, the balance of interfacial forces is 

constantly changing, causing capillary flow within the droplet and driving particles to the droplet’s 

contact line.[116–118] On a flat surface, the water droplet’s strong adhesion to the surface pins the 
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volume of fluid to the initial footprint, and the contact line remains constant. When fluid is 

completely evaporated, the particles have flowed to the edge of the droplet and are contained at 

the droplet’s contact line, known as the coffee ring effect.[116,117]  

 

5.2.2 Laplace Pressure 

The size of the water droplet on a surface affects the adhesion properties between the solid and 

liquid because of the droplet’s internal Laplace pressure, which can be quantified by 

2
P

R


              (1) 

where   is the surface tension of the fluid, and R  is the radius of the droplet.[22,121]  

As the size of the droplet decreases, the internal pressure increases, which can alter the droplet 

from being in the Cassie-Baxter regime (air pockets between the solid and liquid with minimal 

adhesion to the surface) to the Wenzel regime (no air pockets with maximum adhesion to the 

surface). As the internal pressure increases, the balance of forces is continually changing, and the 

water droplet can change from balancing on the peaks of the surface (Cassie) to sinking into the 

multiscale structures (Wenzel).[22,122–124] A water droplet can naturally transition from Cassie to 

Wenzel due to a change in internal droplet pressure.  

 

5.2.3 Evaporation on a Superhydrophobic Surface 

When a droplet of fluid evaporates into the atmosphere on surface, the balance of forces at the air-

liquid interface constantly increases the droplet’s surface tension and applies an inward force at 

the droplet’s contact line (air-liquid-solid interface).[118] On a SH surface, the droplet’s inward 

pulling force (due to the localized increase in surface tension) is greater than the droplet’s adhesion 

to the surface, and the droplet’s contact line continually moves inward, creating a smaller footprint 
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and contact diameter for the droplet,[118–120,125–128] as shown in Figure 5.1. Therefore, as volume 

decreases, contact area also decreases due to pinning and depinning of water.[125,126]   

The pinning and depinning can be attributed to the change in surface tension during 

evaporation and the peaks in the Cassie-Baxter phenomenon. As the water evaporates and the 

volume decreases, surface tension locally increases at the three phase interphase, and the contact 

angle slightly decreases at the edge of the surface-liquid interface.  When this increased surface 

tension has enough force to pull the water droplet inward, the water depins from the edge of the 

peaks of the SH surface.  As the water droplet is pulled inward, the surface tension relaxes, and 

the CA slightly increases.  The droplet then repins to a new peak of the SH surface and 

momentarily maintains equilibrium.  As the droplet continues to evaporate, the droplet depins and 

repins, thus decreasing the contact area of the water droplet with the surface.   

 

 
 

Figure 5.1: Evaporation on a SH surface. (A) Fluid evaporates from the SH droplet at the air-liquid interface, and 

particles concentrate. (B) The dimensions of a SH droplet containing food dye shrink during evaporation, 

concentrating molecules to a small footprint area. Scale bars are 500μm.  
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Eventually, this pinning and depinning ends when the water droplet collapses into its final 

footprint.  As the volume decreases, the Laplace pressure increases, and the pressure of the water 

droplet overcomes the upward force from the air pockets.[22,122]  Fluid then collapses into the micro- 

and nanoscale features of the surface and permanently pins to the surface (i.e. transitions from the 

Cassie-Baxter to the Wenzel state).  Fluid will stay pinned at this reduced contact area until 

evaporation is complete.  This reduced contact area contains the content of the droplet with the 

molecules concentrated only on a small footprint. Figure 5.2 overlays time lapse images of a 

droplet of green food evaporating. As fluid evaporates, the green molecules concentrate, and the 

contact footprint decreases. Finally, the molecules collapse into a small footprint.  

 

 
Figure 5.2: Time lapse images of a droplet of green food dye evaporating. The footprint decreases as molecules 

concentrate to a final pellet.[7] 
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This simple approach enables large concentration increases compared to a flat 

surface.[119,120,125,129] McLauchlin et al. show a 5-fold improved sensitivity of protein detection by 

evaporating droplets on a patterned hydrophilic-superhydrophobic substrate.[120] Choi et al. has 

characterized droplet evaporation on their SH surfaces and has shown compatibility with 

biological fluids, claiming their device has potential to enhance biological detection.[119] Using 

evaporation on a SH surface and surface enhanced Raman spectroscopy (SERS) techniques, 

4.8agmL-1 (10-18) of Rhodamine and a single strand of lambda DNA have been detected.[125,129] 

While these approaches are promising, they are either still lacking in detection sensitivity or too 

costly and complex for POC diagnostics. Thus, there is still a need for enhanced sensitivity while 

minimizing detection costs to enable true zero-cost diagnostics. 

 

5.3 Characterization of Evaporation on a Superhydrophobic Surface  

5.3.1 Droplet Characterization 

First, water droplet parameters are characterized at time point zero (i.e. no evaporation). Larger 

volumes have larger diameter (D), height (H), and contact diameter (CD) (Figure 5.3a). With the 

increasing volume, the droplet’s mass increases, and the effect of gravity is more noticeable. As 

expected, the droplet’s height increases less dramatically than the diameter, and larger droplets 

have a lower H/D ratio compared to small, more spherical droplets with H/D approaching 1. 

Calculated volume is consistent with the applied volume (Figure 5.3b). Large volumes of water 

have relatively low and constant Laplace pressures ranging from 46-69Pa for 50-200µL. As the 

volume decreases, the internal droplet pressure dramatically increases, and a 2µL droplet has a 

pressure greater than 200Pa. CA remains above 150° for all volumes, indicating that the balance 

of forces at the contact line maintains superhydrophobicity for all volumes shown (Figure 5.3c). 
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Figure 5.3: Droplet characterization. (A) As the droplet’s volume increases, the droplet’s diameter, height, and contact 

diameter increase. (B) The H/D ratio decreases as volume increases due to the mass. Calculated volume compares 

with deposited volume. (C) Internal droplet pressure increases as the volume decreases, and the CA consistently stays 

above 150° for all volumes. N = 3 

 

5.3.2 Evaporation of Water 

Figure 5.4 shows images of water droplets of various volumes evaporating over time, and Figure 

5.5 shows the characterization of water droplet evaporation over time for 1-20µL. Water 

completely evaporates, and nothing is left on the SH surface. Larger volumes take longer to 

evaporate (30min for 1µL compared to 180min for 20µL).  The droplet dimensions such as 

diameter, height, CD, and calculated volume also decrease as a function of time. Indicative of a 

SH surface, the CD decreases during evaporation because the surface is in the SH Cassie regime.  

The volume at which the CA falls below SH values (i.e. transitions from Cassie to Wenzel) is 
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~300nL, and the corresponding transition pressure is ~360Pa.  This internal pressure overcomes 

the upward force of air trapped beneath the water droplet and allows the fluid to collapse into the 

multiscale features (i.e. pin to the surface).  This pressure is similar to the pressures used by Lafuma 

and Quere (~250Pa),[22] showing that our substrates can withstand high pressures before 

transitioning. Eventually, all water evaporates into the atmosphere, and no footprint remains for 

pure water. Multiple experiments were performed on the same substrate, and all data yielded SH 

characteristics, showing that the transition from the Cassie to the Wenzel regime is reversible once 

fluid is completely evaporated and air pockets are present. 

 
Figure 5.4: Images of pure water droplet evaporation. The droplet’s diameter, height, contact diameter, and volume 

decrease, but the CA remains SH. Eventually, the droplet completely evaporates. 
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Figure 5.5: Characterization of water evaporating on a SH surface. A) Diameter, (B) Height, (C) Contact Diameter, 

(D) Volume, I Pressure, and (F) Contact Angle of water during evaporation. N=3 

 

5.3.3 Evaporation of BSA 

Bovine serum albumin (BSA) is used as a model protein, and evaporation of 2µL of BSA is 

compared to evaporation of 2µL of water (larger volumes are not graphically compared). After all 

solution evaporates from the droplet, the BSA particles reside as a pellet on the SH surface in a 

confined footprint (defined by the final CD). All concentrations of BSA solutions have similar 

evaporation rates and dimensions as pure water (Figure 5.6).  The diameter is similar to water for 

all concentrations of BSA, and the height of all BSA droplets is consistently lower than water. 

Low concentrations of BSA have similar CD, but higher concentrations have higher CD due to the 

presence of molecules increasing interacts with the surface. CA values remained SH for BSA until 

pressures were large enough to pin the droplet to the surface (~250Pa). The droplet volume 

decreases from 1.97±0.02µL to 4.9±1.7nL (at the time frame before evaporation is complete), and 

particles concentrate at least 171x with a maximum of 405x. In addition, the average contact area 

decreases from 0.41±0.06mm2 to 0.09±0.04mm2 on an unpatterned SH surface, which is a 4.7x 

reduction with a maximum of 8.5x. Therefore, particles in the droplet are highly concentrated due 

to evaporation on a SH surface.  
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Figure 5.6: Characterization of 2μL of BSA suspended in water evaporating on a SH surface. A) Diameter, (B) Height, 

(C) Contact Diameter, (D) Volume, I Pressure, and (F) Contact Angle of BSA during evaporation. N=3 

 

5.4 Protein Detection 

5.4.1 Detection of BSA 

Evaporating BSA on a SH surface enhances detection compared to the standard, as shown in Figure 

5.7. Droplets of 2µL, 10µL, and 20µL of BSA are confined to 500µm hydrophilic anchor points 

and during evaporation, the CD decreases 1.4x for 2µL and 2.5x for 10µL and 20µL, confining 

the contact area more than 5x for larger volumes. The anchor spots confine the evaporated droplet 

to a predictable footprint, ensure more even distribution of molecules in the final pellet, and allow 

high throughput detection using a patterned array (Figure 5.8). Evaporation on a SH surface yields 

a limit of detection (LOD) as low as 5µgmL-1 for all tested volumes, and the detectable range is 

within 12.5-400µgmL-1. The signal intensity is distinguishable for all BSA concentrations tested, 

and therefore, BSA concentration is quantifiable. Larger volumes have more pronounced signals 

with smaller error bars, allowing more precise diagnostics. Evaporation on a SH surface yields 

better signals compared to controls.  
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Figure 5.7: Evaporation on a SH surface improves protein detection, and BSA can be detected and distinguished 

between 12.5-400µgmL1. (A) The colorimetric signal (due to the addition of detection dye) and drop shape are 

visualized on: a SH surface using evaporation, a SH surface without evaporation, and a glass surface with evaporation. 

The colorimetric signal is quantified with a (B) 2µL, (C) 10µL, and (D) 20µL droplet, and signal is highest for 

evaporation on a SH surface. Dashed blue lines represent the LOD signal for a SH surface, and dashed red lines 

represent the LOD signal for a glass surface. N=5 
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Figure 5.8: Hydrophilic anchor points allow consistent spot sizes, better distribution of molecules in the final pellet, 

and patterned arrays. A) Top down view of green food dye evaporated without and with anchor points. B) Contact 

diameter is larger with the anchor point, but molecules are more evenly distributed. Scale bars are 500µm. 

 

As a control, the SH surface without evaporation has a detection range from 200-1500µgmL-

1. By comparing the detectable range with evaporation to the detectable range without evaporation 

on a superhydrophobic surface (Figure 5.9), the concentration effect due to evaporation is 

characterized (Figure 5.10), and evaporation on a SH surface yields 16x detection enhancement 

compared to without evaporation (in the linear detectable range). Molecules are also evaporated 

on the glass control, and the flat drop shape yields a low detection signal, leading to no BSA 

detection even at the highest concentrations tested. In addition, the inconsistent drop footprint on 

the glass surface leads to a higher background signal, preventing a detectable signal. Therefore, 

evaporation on a SH surface achieves greater than 160x enhancement compared to evaporation on 

glass.  
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Figure 5.9: The linear regions of detection are used to determine the final concentration of BSA after evaporation. 

The signal of evaporated BSA (top) and signal of stock BSA is graphed for (A) 2µL, (B) 10µL, and (C) 20µL. 

 

These results are significantly greater than the 5x enhancement achieved by McLauchlin et al. 

due to their detection reaction (protein crystallization) occurring during droplet evaporation. In the 

proposed design, the protein is completely evaporated before reacting with detection dye, and 

evaporation does not interfere with the detection reaction for signal enhancement. Also, detection 

dye has been evaporated on the SH surface, and BSA is added for protein detection. This resulting 

signal is comparable to evaporating BSA and adding detection dye (data not shown). By preloading 

detection dye for protein detection, the time to results can be decreased, making the device 

attractive for POC.  

 

5.5 Pre-eclampsia Detection 

5.4.1 Pre-eclampsia 

Pre-eclampsia effects 5-10% of pregnant women globally, and the diagnosis is critical to prevent 

seizures, stroke, organ failure, and even death to the mother and/or baby.[130–132] Symptoms of pre-

eclampsia include weight gain, dizziness, swelling, nausea, and abdominal pain, but detection is 

concluded by a physical examination and a high level of protein in urine (more than 0.3g over a 
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24hour period). Urine must be collected over a long period of time and then sent to a trained 

technician for testing, making time to results more than one day. Therefore, a device sensitive 

enough to detect protein in urine from one sample would be beneficial. In one sample of urine, the 

average protein levels indicating pre-eclampsia range from 150-300µgmL-1. 

 

5.4.2 Enhanced Detection of Protein in Urine for Pre-eclampsia 

To test for pre-eclampsia, protein was spiked in urine samples from patients ranging from 0-

310µgmL-1 to analyze the normal and pre-eclampsia range of protein in urine (Figure 5.11). 

Normal protein levels (0-80µgmL-1) are distinguishable from abnormal protein levels (150-

300µgmL-1) for all volumes tested. Horizontal error bars represent the variability of protein in 

urine from patient samples, and the level of protein in each sample is calculated based on the 

concentration curve from Figure 5.7. Also based on Figure 5.7, neither of the controls could detect 

the normal to pre-eclampsia range of protein. 

 

 
Figure 5.10: The stock concentration of BSA is plotted against the evaporated concentration of BSA, and the final 

concentration due to evaporation is determined. 
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Figure 5.11: BSA spiked in urine is detectable and distinguishable using evaporation on a SH surface. Protein levels 

indicative of normal (dashed grey) to pre-eclampsia (dashed black) are shown. X-axis error bars represent the 

variability of protein in urine from patient samples. N=5 

 

5.6 Summary 

Evaporation on a SH surface concentrates molecules and reduces the contact area up to 8.5x. This 

concentrating effect leads to enhanced detection, and by evaporating on a SH surface, protein 

detection is 16x more sensitive than not evaporating (in the linear detectable range) and is greater 

than 160x more sensitive than the glass slide control. In addition, protein levels in urine are 

detectable and distinguishable to diagnose pre-eclampsia. This technique is simple to implement, 

is relatively fast (1-3hr), and does not require external processing or preparation. The colorimetric 

signal negates the need of expensive labeling and external equipment, as in fluorescence detection. 

Importantly, this simple method could also be readily integrated with more advanced detection 

techniques for improved detection. Finally, these SH surfaces are extremely simple and 

inexpensive to manufacture for true low-cost diagnostics.  

 

 



48 

 

CHAPTER 6: Reduced Blood Coagulation on Superhydrophobic Surfaces 

6.1 Blood Coagulation 

Blood clotting poses significant challenges for medical devices and clinical applications. In 

medical applications, the blood coagulation cascade is initially triggered by the intrinsic pathway 

when blood is exposed to a foreign surface such as glass or plastic.[133,134] Upon exposure, the 

protein Factor XII on the surface of platelets is activated by binding to the charged surface, in turn 

activating thrombin conversion to fibrin.[134–136]  Thrombin polymerizes fibrinogen to form the 

non-globular protein fibrin that acts as glue in a blood clot, and the amount of fibrin correlates 

with the progression of blood clotting.[134] Fibrin networks are formed when strands of fibrin cross-

link, and fibrin networks act as scaffolds for cells (such as platelets and fibroblasts) and blood 

clotting factors.[137–139] Blood clotting is then amplified by the adherence of platelets to fibrin 

networks, and additional platelets are recruited to adhere, forming a hemostatic plug on a 

thrombogenic surface.[133,134,140] As fibrin networks form and platelets bind to fibrin, blood 

thickens and forms a blood clot within minutes.[141,142]  

 

6.2 Blood Behavior on Superhydrophobic Surfaces 

To prevent blood clotting in medical devices, anticoagulant drugs such as heparin and sodium 

citrate are pervasively used.[143–146] However, these drugs have drawbacks and may interfere with 

patient medication, medical procedures, or medical testing.[147–149] Alternatively, biomaterials have 

been used to prevent blood clotting by minimizing platelet adhesion and preventing  the contact-

activation pathway from being triggered.[133,150,151] SH surfaces have been shown to prevent the 

adhesion of protein and cells (i.e. more spherical and less spread out).[152–154] Further, SH surfaces 

have been shown to prevent platelet adhesion and therefore reduce blood coagulation.[143–146,150,151] 
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Sun et al. has shown a reduction in platelet adherence to their SH surface and has also shown that 

platelets adhered to SH surfaces are less mature than platelets adhered to flat surfaces.[150] Further, 

Leslie et al. has shown a reduced fibrin network as well as reduced thrombosis under flow in vitro 

and in vivo on their SH surfaces.[143] Both these systems show that SH surfaces reduce the 

activation of blood clotting. Of particular note, however, both systems use anticoagulants in their 

experiments and therefore have drawbacks to clinical applications.  An ideal commercial device 

would obviate the use of anticoagulants altogether in order to be more compatible with clinical 

medicine.  

 

6.3 Reduced Blood Adhesion to Superhydrophobic Surfaces 

Figure 6.1 shows the behavior of blood on a SH surface compared to a flat surface. Multiple drops 

of blood are required for a droplet to slide off the 1”x3” flat strip (within 15 seconds), and visually, 

a significant amount of blood residue is smeared on the flat surface. Blood slides off the 1”x3” SH 

strip within 0.25 seconds and visually, no blood sticks to the SH surface. Visually, more blood 

adheres to the flat surface than the SH surface. 
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Figure 6.1: Still images of blood sliding on a flat and SH surface are taken with a high speed camera. A) Multiple 

drops of blood are required for blood to slide off the flat surface. Blood smears and partially slides off the flat surface 

within 15 seconds. B) One droplet of blood completely slides off the SH surface within 0.25 seconds and leaves no 

visual residue. Scale bar is 10mm for flat and SH. C) Blood residue area is reduced >4200x on the SH surface 

compared to flat. D) Significantly less blood volume adheres to the SH surface compared to flat (>28x). 
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Figure 6.2: Blood volume residue is characterized by comparing absorbance values of a phenol-blood assay to a 

standard dilution curve. A) A standard curve for dilutions of blood in an absorbance plate reader (at 570nm). B) 

Absorbance values from blood residue were compared to absorbance values of blood dilutions to measure the amount 

of blood residue volume on flat and SH surfaces. Percent volume is calculated based on the standard curve. 

 

Figure 6.1c-d measure the amount of blood residue area and volume adhered to a flat surface 

compared to a SH surface. The area of blood residue on the flat surface is 21 ± 5% and is within 

the noise for the SH surface (0.005 ± 0.004%), which is a more than 4200x reduction of blood area 

adherence. Blood residue volume on the SH and flat surfaces is measured using a phenol-blood 

assay. A standard dilution curve is created using dilutions of blood (Figure 6.2), and the absorbance 

values for blood residue volume are compared to the standard curve. 80 ± 15% of blood volume 

sticks to the flat surface compared to only 3 ± 2% of blood volume sticks to the SH surface, which 

is more than 28x reduction compared to flat and more than 35x reduction of overall blood volume 

adherence. [155] 

 

6.4 Reduced Blood Coagulation on Superhydrophobic Surfaces 

SH surfaces are shown to prevent blood coagulation using blood directly from the patient (i.e. 

without anticoagulants). Figure 6.3 shows the amount of fluorescently-labeled fibrin on the flat 

and SH surfaces, indicating the amount of blood clotting. Within the first 10min of incubation, the 

SH surfaces have significantly less blood clotting area compared to the flat surfaces, and the trend 
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continues for the 20 - 50min incubation times. Clotting area is reduced >170x for the initial 10min 

incubation time and is reduced >27x for the 20min and 30min incubation times. By the 40 – 50min 

incubation times, clotting is reduced 5x on the SH surfaces compared to flat. Blood coagulation is 

delayed on the SH surfaces due to the decrease in contact activation. Figure 6.3a pairs images of 

fluorescently-labeled fibrin with the data quantified in Figure 6.3b as the percent area of the fibrin 

clot.[143] Further, our SH surfaces use whole blood directly from the patient and negate the need 

for anticoagulants.  

 

 
Figure 6.3: Blood coagulation is reduced on SH surfaces compared to flat. A) Fluorescently-labeled fibrinogen 

indicates blood coagulation on flat (top) and SH (bottom) surfaces. Scale bar is 200µm. B) SH surfaces have 

significantly less blood coagulation compared to flat (>5x reduction at 50min). 
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Figure 6.4: SEM images of blood coagulation on flat and SH surfaces for 0-50min time points. A) Flat surfaces show 

platelet maturation and fibrin formation within the first 20min of incubation. B) SH surfaces have less mature platelets 

up to 40min and fibrin formation is less prominent at the lower time points. Scale bars are 1µm for all images. 

 

Figure 6.4 shows SEM images of the 10 - 50min blood coagulation incubation times as well 

as controls without blood coagulation for the flat and SH surfaces. Platelets begin to mature and 

fibrin networks begin to form by the 20min incubation time on the flat surfaces. By 30min, platelets 

are maturing and fibrin networks are forming. Platelets continue to mature, and fibrin networks 
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continue to grow at 30 – 50min incubation times on the flat surfaces. On the SH surface, however, 

platelets remain immature at the 40min incubation time and by 50min, platelets mature and spread 

along the peaks of the micro surfaces. Fibrin networks are seen at the 30min incubation time on 

SH surfaces and continue to form in the 40min and 50min incubation times. The fibrin networks 

form on the peaks of the micro structures, and platelets and fibrin span the micro valleys and attach 

to the micro peaks on the SH surfaces. Overall, SH surfaces have reduced fibrin network formation 

and platelet maturation on their surface compared to flat.[155]  

 

6.5 Summary 

Blood residue area is reduced >4200x, and blood residue volume is reduced >28x on the SH 

compared to flat. Blood coagulation is reduced >5x after 50min incubation, and platelet and fibrin 

network formation are less mature on a SH surface compared to the nonstructured flat counterpart. 

The anticoagulant nature of the SH surfaces negates the need for anticoagulant chemicals, 

broadening the potential medical applications of the SH surfaces. The proposed SH biomaterial is 

biocompatible and reduces blood coagulation. Therefore, the SH surfaces can function as an 

effective material for a plethora of medical applications.  
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CHAPTER 7: Summary and Future Directions 

7.1 Summary 

In this dissertation, shrink-induced SH features have been translated from conception to 

application through scale-up manufacturing. By elegantly achieving hierarchical micro- to 

nanoscale features from commodity shrink film, purely structural SH features can be embossed 

into any commercially-available and FDA-approved plastics to achieve superhydrophobicity 

(Chapter 2). Making the fabrication process compatible with R2R manufacturing broadens the 

applications of SH technology and makes the technology readily-available for commercialization 

(Chapter 3).  

Though there are infinite applications for SH technology, this dissertation has focused on 

antibacterial, enhanced POC detection, and anticoagulation. The SH plastics have been shown to 

prevent bacterial adhesion >150x more than a flat surface (Chapter 4). Detection in bodily fluids 

has been enhanced >160x for POC by simply evaporating fluid on the SH surface, and normal 

concentrations of protein in urine are distinguishable from pre-eclampsia concentrations of protein 

in urine (Chapter 5). Blood coagulation is reduced >5x on the SH surface using whole blood 

directly from the patients (Chapter 6). 

This dissertation has demonstrated a few examples of SH applications, but there are still 

multiple applications to test. Thus, many more projects can be performed with the SH surfaces. 

Initial experiments include creating SH tubing and conformal shapes, generating the SH features 

directly in the shrink film, patterning the SH surfaces for additional detection assays using various 

bodily fluids, and implementing all the technology into a single fluidic detection device. 
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7.2 Future Directions 

7.2.1 Rolled Superhydrophobic Tubing 

The R2R metalized masters are conformal during the shrinking process, and rolled SH tubes can 

created, as shown in Figure 7.1. SH features can be achieved on the inner and outer circumference 

of the tubes, and various diameters of tubes can be achieved for various applications. The SH 

features can be subsequently molded into polydimethylsiloxane (PDMS) to achieve SH rolled 

tubes of various diameters. Fluid slides through the flat and SH tubes (still images in Figure 7.1c 

and Figure 7.1d), and no residue remains on the SH tube, while fluid adheres to the flat tube. Due 

to the anticoagulant nature of the SH features and the conformability of the metalized PS master, 

the SH surfaces have potential for medical materials such as catheters, medical tubing, and 

microfluidic tubing. Such tubing could prevent blood clotting and tubing clogging for medical 

applications. 

 

7.2.2 Argon Plasma Treated Superhydrophobic Shrink Film 

SH features can be achieved directly in the commodity PO shrink film by plasma treating with 

argon (Ar). Argon plasma treatment effectively etches the surface of the PO film and causes 

nanoscale roughness. Upon shrinking, the stiffness mismatch forms microscale wrinkle structures, 

and this hierarchy of features caused the substrate to become SH. SEM images in Figure 7.2 reveal 

the micro- to nanoscale features caused by Ar treatment. These substrates have CA >150˚ and 

CAH <10˚. FFT graphs reveal that Ar treated samples have features in the same SH regime as the 

initial SH samples and the R2R SH samples with the highest probability at ~1.2µm.  
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Figure 7.1: Metalized PS sheets are shrunk as rolled tubes with varying diameters. A) SH features are formed on the 

outside of the rolled PS, and when PDMS molds the features, SH PDMS tubes with features on the inside are created. 

Droplets of yellow food dye inside the tube have SH CA values. B) SH features are formed on the inside of the rolled 

PS, and when PDMS molds the features, SH cylinders with SH features on the outside are created. C) Still images of 

yellow food dye sliding in a flat tube. Multiple drops are needed for the droplet to slide off, and residue is left on the 

surface. D) Still images of yellow food dye sliding in a SH tube. Visually, no residue is left on the surface, and one 

droplet slides off within 0.2s. 

 

Currently, substrate fabrication is limited by the argon chamber size as well as the time to treat 

the sample (more than 30min), which is dependent on the argon power. Argon plasma treatment 

is compatible with R2R manufacturing, and the argon power and time need to be optimized in a 

R2R platform to achieve mass production of SH features directly in the commodity shrink film. 
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Figure 7.2: Shrink film is plasma treated with 60min of argon to achieve superhydrophobicity directly in the 

commodity shrink film. FFT graph shows the spatial frequency of argon treated samples with the R2R samples and 

initial fabrication protocol in embossed COC. 

 

7.2.3 Patterned Detection on Superhydrophobic Shrink Substrates 

Previously, hydrophilic anchor points have been patterned on the SH surfaces by plasma treating 

through a negative mask (silica can also be deposited for longer hydrophilic effects compared to 

plasma). These hydrophilic anchor points can be achieved directly on the SH shrink film, and small 

volumes of fluids can be simply patterned on the SH surfaces.  When fluid is deposited or rolled 

on the patterned SH surface, fluid preferentially sticks to the patterned anchor points and does not 

adhere to the SH regions. Therefore, fluid spatial deposition can be controlled. Enhanced 

concentration of protein in urine can be achieved by simply evaporating, and additional assays can 

also be performed.   
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Figure 7.3: Hydrophilic anchor points are created on the SH surface, and blood preferentially sticks to the hydrophilic 

regions. Due to the small volumes, colorimetric assays can be performed directly from whole blood.   

 

Notably, assays can be performed directly from whole blood samples. Normally, the deep red 

color of blood hinders colorimetric assays, and blood must be diluted or pre-processed (such as 

centrifugation) to perform simple colorimetric assays. With the small volume capture method 

using the hydrophilic anchor points, colorimetric assays can be performed with whole blood, 

negating the need for processing, as shown in Figure 7.3.  

Patterning the SH surfaces and capturing small volumes of blood will make the substrates 

compatible with complex bioassays that are often achieved using large volumes of separated blood 

in wells. The patterned SH substrate will require minimal reagents, and initial blood separations 

will be negated. Therefore, bioassays can be performed quickly without the need for large volumes 

of blood from patients.  

 

7.2.4 Micro Superhydrophobic Ultra Rapid Flow (MicroSURF) 

Microfluidic devices are presently used for detection, but commercial adoption is hindered due to 

loss of reagents, sidewall adsorption, surface fouling, the need to drive flow, and interface issues. 

SH surfaces would elegantly address these issues to improve the state of microfluidic detection 

because of the unique physics of fluids on a SH surface.  
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The non-wetting behavior of the SH surfaces prevents loss of reagents and sidewall adsorption. 

In addition, the SH surfaces reduce fluid drag and have large slip lengths, approaching a “no-slip” 

condition. Therefore, instead of having a zero velocity at the channel wall (which results in the 

characteristic parabolic flow profile of pressure driven flow in microfluidic channels), flow on SH 

substrates slip on the surface. This results in a significantly lower pressure drop in microfluidic 

channels, minimizing the pressure needed to drive flow and also minimizing interface issues.  

The need to detect very few molecules within a large dilute sample is a common challenge in 

biomedical microfluidic devices. A simple and elegant solution can be developed by integrating 

SH microfluidics with the enhanced detection in bodily fluids by simply evaporating large dilute 

volumes and detecting molecules in the concentrated solution. With this combination, previously 

complex biological assays can be easily performed.  
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