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Superhydrophobic surfaces are proposed to be ideal blood-compatible biomaterials attributed to their beneficial

characteristics.
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1. Introduction

Materials with superhydrophobic properties have been receiving hefty attention since their discovery. Superhydrophobic

surfaces have been vastly studied and incorporated into applications across various fields. In light of their non-wetting

behavior, superhydrophobic properties have been highlighted in the development of biomaterial for medical devices.

Blood-contacting medical devices are commonly seen in medical and healthcare settings, either for their diagnostic

purpose or treatment purpose. Medical implants and external medical devices, including stents, vascular graft, heart

valve, artificial kidney, pacemaker, guidewires, extracorporeal circulation, tubing, and catheters are examples of medical

devices that are particularly close in contact with blood during their applications. Despite their inevitable role in clinical

practice, blood-contacting medical devices are associated with thrombotic complications . Furthermore, hemolysis and

device-related infection are also often the major drawback of blood-contacting medical devices .

Many approaches have been taken in order to circumvent these problems. Nonetheless, blood compatibility remains a

long-existing challenge in developing biomaterials for blood-contacting medical devices. Significant blood-compatible

biomaterials suitable for medical devices are difficult to be forged as the mechanism of adhesion of blood cells and

microorganisms on the surface are complex and multifactorial . Boundary condition also takes part in affecting the

interaction between molecules and surface. Superhydrophobic surface depicts a promising result in enhancing the blood

compatibility of medical devices. The hierarchical structures on superhydrophobic surfaces have substantiated to offer

good hemocompatibility by diminishing adhesion force. Blood travels across superhydrophobic surfaces with a greater

velocity on the boundary layer, thus reducing the collision frequency of blood cells with the surface . Consequently, this

results in lesser adhesion and deformation of blood cells.

2. Characteristic of Superhydrophobic Surface

The superhydrophobic surface is defined by a surface exhibiting an apparent contact angle greater than 150°, contact

angle hysteresis lesser than 10°, and sliding angle lesser than 10° . Contact angle is the angle depicted by water

droplet at the contact line when it comes in contact with the solid surface. It is commonly used as a measure of wettability.

Contact angle hysteresis is the difference between the advancing contact angle and receding contact angle. It is used to

evaluate the repellency of the solid surface towards the water droplet. The advancing contact angle is usually greater than

the receding contact angle. The lesser the difference between these angles, the greater the non-stickiness of a droplet on

the surface. In other words, superhydrophobic surface with a high apparent contact angle and low contact angle

hysteresis allows the water droplet to roll off easily . On the other hand, if the high apparent contact angle is

accompanied by high contact angle hysteresis, this situation is known as the rose petal effect, whereby the droplet is

pinned on the surface . The differences between these two superhydrophobic wetting conditions will be further

discussed in this section.

Superhydrophobicity is elucidated by two physical principles: low surface energy and high surface roughness. Both

surface chemical composition and surface morphology are the major factors in interfering with the interaction between

liquid and solid interface. Surface energy influences the adhesion of substances, including fluid and microorganisms, on

the surface. Low surface energy reduces the work of adhesion and therefore increases the water repellency. According to

Wendel’s model and Cassie–Baxter’s model, surface roughness plays a critical role in wettability (Figure 1). The

micro/nanostructure of the surface allows entrapment of air layer beneath the contacting liquid, therefore reducing the
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contact area between the liquid and solid surface . Besides, the presence of air pockets on the surface endows

lower frictional drag, which allows effective fluid flow . Hence, the collaboration of surface roughness and low surface

energy of the fluorinated polymers are to be highlighted in superhydrophobicity.

Figure 1. Wetting states of surface based on (A) Wenzel’s model and (B) Cassie–Baxter’s model. (C) Schematic of a

water droplet slides off a tilted surface. θ  represents the apparent contact angle, which measures the wettability of the

surface by a liquid droplet. θa, θr, and θs represent advancing contact angle, receding contact angle, and sliding angle,

respectively.

As the topography of the nano-/micro-scale roughened surface and/or chemically heterogeneous surface are not able to

be viewed under regular optical means, hence the wetting of these surfaces is characterized by apparent contact angle

. However, pure Wenzel and Cassie–Baxter wetting states are rare to be observed in nature. Instead, a condition

known as the mixed-wetting state is more common to be seen, whereby the droplet is partially supported by the air as well

as the rough chemically homogenous surface . It is noteworthy that the Cassie state is metastable, even on a rough

surface. The entrapped air may escape and transition into the Wenzel state.

In order to maintain the thermodynamic stability of the Cassie state, the critical angle of the air entrapped below the water

droplet must be small . A thermodynamic equilibrium of the liquid/solid/vapor system must be attained to generate an

ideal wetting surface. Air-trapping which occurs in the Cassie–Baxter state, as aforementioned, is found to be metastable

as it gradually shifts to the Wenzel state . Therefore, maintaining the entrapment of air pockets is important for the

Cassie regime as the irreversible transition can be due to the invasion, such as condensation or evaporation of water

droplets, or through external pressure . The superhydrophobic surface loses its water-repellent properties when the air

gap between the structured surface is filled with water. The Cassie–Baxter state demonstrated weak drop adhesion and

reduced friction properties, therefore providing the “Lotus effect” or self-cleaning properties. Remarkably, shifting from the

Cassie–Baxter state to the Wenzel state affects the drag reduction by altering the flow rate . Besides, the surface loses

its self-cleaning effect and promotes adhesion of the water droplets instead when the wetting state shifts from the Cassie–

Baxter to the Wenzel regime . The Wenzel state allows the water droplet to pin on the surface (known as the rose

petal effect) while exhibiting higher contact angle hysteresis, as compared to the Cassie state, which exhibits low contact

angle hysteresis . The Wenzel state promotes the pinning of the droplet on the surface due to the complete wetting on

the ground level of texture . Based on the distinction between both wetting states, the Cassie–Baxter regime is

hence preferable and should be taken into consideration during the development and fabrication of superhydrophobic

surfaces in medical devices.

3. Development of Superhydrophobic Surface

The principles of superhydrophobic surface are inspired by nature (Table 1). The most classic example would be the lotus

leaf. Besides having a high contact angle, the hierarchical structure on the lotus leaf endows its superhydrophobicity. The

term “Lotus effect” is derived from its self-cleaning behavior. Non-adhesive lotus leaf surface is able to repel water

droplets and allows them to easily slide off. Further examples of superhydrophobic surfaces that can be found in nature

are available in other studies . While producing superhydrophobic surfaces by mimicking lotus leaf is the most

common approach among previous studies, endothelial cells lining of a human blood vessel is also another biomimetic

structural superhydrophobic surface .

Table 1. Examples of superhydrophobic surfaces present in nature.
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  Contact Angle (°) References

Plant    

Lotus leaf (Nelumbo nucifera) 162

Rice leaf (Oryza sativa) 157

Chinese watermelon 159

Lyme grass (Leymus arenarius) 161

Perfoliate knotweed (Polygonum perroliatum) 162

Ramee leaf (Boehmeria nivea) 164

Taro plant leaf (Colocasia esculenta) 164

Purple setcreasea (Setcreasea purpurea) 167

Insect    

Horsefly (Tabanus chrysurus) wings 156

Butterfly (Parantica sita) wings 161

Walker’s cicada (Meimuna opalifera) wings 165

Water strider legs 167.6

Artificial superhydrophobic surfaces can be produced via different routes and techniques, including surface treatment,

changing their surface composition, or altering their surface texture (Table 2). Some materials hitherto less hydrophobic

can be transformed into superhydrophobic via modifications. For example, hydrophilic polyvinyl alcohol (PVA) film (contact

angle 72.1°) was transformed into a superhydrophobic film (contact angle 171.2°) by adding PVA nanofibers . The

addition of silicon nanofibers increases the contact angle of a hydrogen-terminated silicon surface from 74° to 160° .

Introduction of nanostructures and fluorinated alkyl side chains on smooth poly(carbonate urethane) film increases its

contact angle from 109.1° to 163.6° . The progress of developing an efficient superhydrophobic surface during the past

few years has been reviewed. Different types of approaches to fabricate superhydrophobic surfaces have been analyzed

.

Table 2. Examples of artificial superhydrophobic surfaces.

Materials Fabrication Process Contact
Angle (°) References

Carbon nanofiber coating Mixing of carbon nanofiber with polytetrafluoroethylene to form
composite dispersion 162.1

Fluorinated polymer foam
(Fluoropor)

Photoinitiated radical polymerization of fluorinated
perfluoropolyether methacrylate and alcohol derivatives 163.7

Graphene Reduced graphene oxide surface-treated with silane 157

Polystyrene film Vacuum casting of polystyrene film on porous template 151

  Electrospinning of polystyrene film and modified with
perfluorodecyltrichlorosilane vapor deposition 168

Polytetrafluoroethylene Plasma etching treatment using argon and oxygen gases 171.4

Silicon dioxide Mixing of silicon dioxide nanoparticles with poly(methyl
methacrylate) to form a dispersion 163.3

Titanium
Adonization process and modified with chemical vapor

deposition of (heptadecafluoro-1,1,2,2-
tetrahydrodecyl)trichlorosilane

164

As aforementioned, surface morphology can act as a significant factor in influencing superhydrophobicity. Surface

roughness endows a higher apparent contact angle, therefore enhancing the wettability of the surface. As described by

Cassie and Baxter, the surface texture creates air pockets between the protrusions. These air pockets limit the contact

point between the liquid and solid surface. Modifying surface texture is a simple and economical way to enhance

superhydrophobic properties. With the help of modern technology, surface roughness can be increased, for instance,
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through oxygen plasma treatment or via a simple lithography technique known as the nanoimprint process to create

nanostructures on the surfaces . On the other hand, modification of the surface chemical composition is another

alternative to prepare a superhydrophobic surface .

The height of protrusion that made up the hierarchical patterned surface acts as a factor in swaying the self-cleaning

ability of the surface. As the protrusion is sufficiently high to allow the contaminant partially to fill in between them, or the

contaminant is small enough to penetrate the coating, it will produce a surface with increased roll-off angle, whereby the

self-cleaning effect is futile. Micro/nanopatterned surfaces with pore sizes below 500 nm withstand most kinds of

particulate contamination . On the other hand, another study indicated that microstructured surfaces with protrusions

size range below 5 µm can be cleaned easily by fog, as the size of water droplets within the fog appears to be higher than

that .

Self-cleaning can be enhanced by introducing structures with appropriate height and width on the surface. Low protrusion

height and wide protrusion size endow a larger contact area for the contaminant to attach, which causes higher difficulty in

removal. As the distance between the protrusion is sufficient to disable the filling of the contaminant in between, and at the

same time, the water droplets elevated by the protrusions confer a low roll-off angle, the self-cleaning effect is said to be

plausible .

Superhydrophobic properties can be enhanced by altering the surface structure while maintaining the chemical

composition of the target surface, as reported by Mao et al. and Ryu et al. . Both studies transformed smooth

polymer surfaces into an ideal blood-contacting superhydrophobic biomaterial. Mao et al. fabricated polystyrene nanotube

films by mimicking the structure of lotus leaf, whereas Ryu et al. performed plasma-etching on polytetrafluoroethylene.

The superhydrophobic polymer surfaces exhibit high contact angles, 151° and 171.4°, respectively. In addition to their

self-cleaning effect, the surface also demonstrated high durability, although negligible deformation on the nanoscale

structure surface was observed under SEM after prolonged usage and exposure to air. Importantly, the

nano/microstructures of superhydrophobic films contribute to the low adhesion of blood cells and platelets. On the other

hand, Helmer et al. fabricated a transparent fluorinated polymer foam via a simple one-step photoinitiated radical

polymerization . The nano/microstructure of the foam-like polymer provides its superhydrophobic characteristic with a

contact angle of 163.7° and a contact angle hysteresis of 6.1°. This easy-to-fabricate material is resistant to abrasion as

well. The hierarchical surface roughness is substantiated to increase the superhydrophobic effect, thus improving the

anticoagulation and blood-repellent effects.
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