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1 Introduction 

In the millions of years of evolution, nature has developed a variety of high performance 

materials that function from the nanoscale to the macroscale. The understanding of these 

functions provided by nature can guide us to imitate and fabricate micro and nanomaterials that 

not only increase our standard of living but can also contribute towards sustainability and 

environmental protection. In general, the adaption or inspiration from biology for technical 

applications is referred as biomimetics. It involves the understanding of biological functions, 

natural structures, and principles for the purpose of fabricating artificial materials with similar 

properties. Living organisms are composed out of numerous interfaces that are highly organized 

in hierarchical structures. The interplay in nature between surface structures and physical and 

chemical properties results in a variety of different functionalities. In the last decade, scientists 

from chemistry, biology, physics, and material science have prepared various materials with 

outstanding properties that have been inspired by nature. In most of these cases, the wettability 

plays a key role as the most fundamental parameter of interfacial materials regarding the 

functionality of a surface. Especially in the area of materials with special wettability states (e.g., 

superhydrophobicity or superhydrophilicity), there has been incredible progress since the 

discovery of the lotus effect.[1] Nowadays, we consider superhydrophobicity only one part of a 

broad spectrum of different extreme superphilic or superphobic wetting states in the concept of 

superwettability. Based on the broad concept of superwettability, many surfaces for various 

applications have been reported, including self-cleaning, drag reduction in fluid flow, anti-

reflective, anti-icing, anti-bacterial, anti-corrosion, and self-healing materials.[2-3] Therefore, a 

variety of novel chemical and physical methods have been explored for fabricating functional 

surfaces with special wetting properties. Although a large number of reported applications and 

fabrication protocols have been published, the broad industrial and technological distribution 

has remained on a low level, mainly due to three points. First, most of the reported fabrication 

protocols involve a tedious multistep protocol and/or specialized equipment. Second, most of 

the reported surface coatings are substrate-specific and heavily rely on the underlying materials’ 

properties. Third, there is still a fundamental problem with the long-term durability of coatings 

with superwettability.  

A process in nature, whose mimicry could possibly solve all these above-mentioned 

problems, is the adhesion process of mussels. While commercial adhesives hardly adhere under 

water, the mussel is able to adhere on all kinds of surfaces (e.g., rocks, ships, ropes) under 

extreme conditions, such as saltwater conditions, in an amazingly short time. The secret of this 
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unique adhesion lies in an extremely sticky mixture of so-called mussel foot protein (mfp) in 

the mussel byssus that is secreted by the mussel foot (see Figure 1). In the last two decades, 

research has focused on understanding this complex adhesion mechanism as well as the 

characterization and imitations of these mussel foot proteins to develop a synthetic underwater 

adhesive. Additionally, mussel-inspired materials have also received great attention in the field 

of surface coatings because of their substrate-independent, strong, and robust adhesion to the 

substrate. 

A combination of two separate and biomimetic concepts of mussel-inspired adhesion and 

highly hierarchical lotus-like surface structures will be presented in the first part of this thesis. 

Therefore, both concepts will be introduced in the theoretical part of this work. Building on this 

knowledge, an entirely substrate-independent and universal fabrication method for various 

super-wetting systems on any kind of material will be presented. In the second part, new 

applications of coatings with superwettability and simplification of the coating processes will 

be discussed.  

 

Figure 1. (a) Mussel with an extensive byssus attached to a substrate. (b) Schematic illustration 

of a mussel. The byssus consist out of a bundle of threads with adhesive plaques. Reprint from 

with permission ref. [4]. Copyright 2011 Copyright Clearance Center. 
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2 Theoretical Section 

2.1 Wetting Behavior on Solid Surfaces 

2.1.1 Wetting on Flat Surfaces 

Young's equation is a way to determine the wetting of a perfectly smooth and chemically 

homogeneous solid surface.[5] The equation describes a thermodynamic equilibrium and allows 

one to calculate the theoretical contact angle (θ0). 

cos θ0 =  
𝛾SV− 𝛾SL

𝛾LV
       (Eq. 1) 

In Eq. 1, the terms γSV, γSL, and γLV refer to the interfacial surface tensions of the solid-

vapor, solid-liquid, and the liquid-vapor phase. According to Young’s equation, 90° degrees is 

considered as the mathematic threshold to determine whether a solid material is hydrophilic or 

hydrophobic. From this classical point of view, it was assumed that any surface with θ < 90° 

was considered hydrophilic and any surface with a θ > 90° is hydrophobic. However, recent 

empirical and investigations studies have shown that a θ = 65° rather than 90° from the 

theoretical model determines the border between hydrophilic and hydrophobic.[6-7] This border 

is also called the intrinsic wetting threshold (IWS) and also known as the Berg limit.[8-9] 

Moreover, the border of 65° only applies for water and every single liquid has its own IWS that 

is dependent on the liquid’s surface tension (Figure 2).[9] According to Equation 1, the 

hydrophobicity of a surface increases with a decrease of the free energy of the solid-vapor 

interface. A water contact angle of 120° was found for the lowest surface free energy of the 

solid-air interface material, e.g., perfluorinated materials such as Teflon. For an even further 

increase in hydrophobicity, the manipulation of surface roughness and topography is required.  
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Figure 2. Schematic illustration of droplet placed on an (a) hydrophobic and (b) hydrophilic 

flat surface. (c) Quantitative definition of the terms ‘hydrophobic’ and ‘hydrophilic’ from 

surface force investigations. Attractive hydrophobic forces were observed between surfaces 

with a water contact angle of around 65°, which is termed the Berg limit. (d) The intrinsic 

wetting thresholds (IWT) for different liquids. Modified reprint with permission from ref. [10]. 

Copyright 2017 Nature Publishing Group. 

2.1.2 Wetting on Rough Surfaces 

In reality, most surfaces are not flat and completely homogeneous like in Young’s theories. 

Rather the opposite, they show a certain degree of surface roughness and are covered with 

micro- and/or nanoscale rough grooves. The surface roughness strongly affects the wetting of 

a surface and plays a key role in the design of surfaces with extreme wettability. Wenzel, Cassie, 

and Baxter extensively studied the effect of roughness on wettability. Two basic models of 

wetting were established (Figure 3): Wenzel's mode (penetration state) and Cassie-Baxter mode 

(suspension state).[11-12] In the Wenzel state, a water droplet fully penetrates the rough grooves 

of a textured surface. Consequently, the effective contact area of a droplet with the surface 

increases and a roughness factor has to be considered (Equation 2). 

 

 cos θW = RF cos θ0       (Eq. 2) 
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In Equation 2, θW corresponds to the apparent contact angle, θ0 represents the contact angle 

on the ideal flat surface, and RF represents the roughness factor. The RF is given by the ratio of 

the solid-liquid area to its projection on a flat plane. In other words, RF = 1 (θW is equal to θ0) 

for perfectly smooth surfaces and RF > 1 for a rough surface. The model predicts that a 

hydrophobic surface becomes even more hydrophobic with an increase in roughness, and that 

hydrophilic surfaces become even more hydrophilic with increasing roughness. For hydrophilic 

surfaces with a certain roughness, the liquid completely wets the surface and the roughness 

grooves completely absorbs the wetting liquid. However, for non-wetting surfaces composed 

out of small protrusions, the liquid cannot completely penetrate the texture, resulting in the 

formation of air pockets. The so-called Cassie-Baxter Model (Eq. 3) describes this wetting 

phenomenon. 

cos θCB  =  ∅𝑆 (1 + cos θ0) – 1      (Eq. 3) 

In Equation 3, θCB corresponds to the apparent contact angle, θ0 refers contact angle of the 

ideal flat surface, and the surface fraction ∅s corresponds to the ratio of the surface on top of 

the roughness grooves (in contact with the liquid) and the apparent surface of the substrate. In 

the Cassie-Baxter model, basic guidelines emerge for the fabrication of superhydrophobic 

surfaces with extremely high contact angles. First, the fraction of the solid (∅s) should be as 

small as possible. Second, the material should show the highest possible contact angle for an 

ideally flat surface (θ0). It should be mentioned that both models, the Wenzel state and Cassie-

Baxter state, represent two extremes. In reality, the air can only be entrapped to a certain degree, 

indicating various transition states between Wenzel and Cassie-Baxter states.[13] 

 

Figure 3. Schematic illustration of droplet a droplet in (a) the Wenzel state, (b) the Cassie 

Baxter state, and (c) Cassie-Baxter to Wenzel transition state.  
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2.1.3 Contact Angle Hysteresis and Dynamic Contact Angle 

The dynamic contact angles and the contact angle hysteresis (CAH) are other important 

characteristics of a solid-liquid interface.[14-15] Dynamic contact angles are non-equilibrium 

CAs and can be observed in a moving droplet. The contact angle hysteresis (CAH) is given by 

the difference of the contact angle (CA) at the front of the moving droplet (advancing CA) and 

the CA at the back of the moving droplet (receding CA, Figure 4). The CAH is a result of 

roughness and heterogeneity of a surface. The CAH can be measured by increasing or 

decreasing the volume of a droplet and monitoring the CA and the change in the solid-liquid 

interface.  When the volumes of the droplet are increased, the CA of the largest possible drop 

that can stay without increasing the interfacial area between the liquid and solid corresponds to 

the advancing angle. Similarly, when the volume is removed from the droplet, the CA of the 

smallest possible droplet without a change in the liquid-solid contact line is referred to as the 

receding CA. The CAH of the droplet on the surface is crucial for the design of non-wetting 

surfaces such as superhydrophobic or superamphiphobic surfaces.  

 

Figure 4. (a) Tilted surface profile with a droplet rolling down showing an advancing (θAdv) 

and a receding contact angle (θRec). (b) and (c) Schematic illustration of the techniques for 

determination the θAdv, θRec, and the correlated hysteresis. 

The CAH is a parameter for describing the energy dissipation during the flow of a droplet 

along the surface. Consequently, surfaces with low CAH show nearly no adhesion of the droplet 

and low rolling-off or tilting angles. The tilting angle or rolling-off angle refers to the critical 

angle between the substrates and the horizontal, at which the water droplet begins to roll off the 

surface. Surfaces with a high water CA (over 150°) and low CAH (below 10°) are described by 
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the Cassie-Baxter model. The air is entrapped inside the roughness grooves supports the water 

droplet on top and pins the three-phase contact line on the topside of the surface structure. In 

contrast, surfaces in the Wenzel mode show significantly higher CAH than in the Cassie-Baxter 

mode. As a result, the surface typically shows a relatively high adhesion and the droplet strongly 

pins to the surface. 

2.1.4 Cassie-Baxter to Wenzel State Transition 

The Cassie-Baxter and the Wenzel State are considered separate energy minima with an energy 

barrier in between. Based on the textured solid-air-liquid interface, a water droplet on a 

superhydrophobic surface remains in the Cassie-Baxter state, which prevents the transition in 

the completely wetted Wenzel state. However, the balance of solid-air-liquid interface can only 

be maintained until a certain impalement pressure, which is proportional to the surface tension 

of a liquid (Equation 4).[16]  

𝑃 ≈
2 × 𝛾 ×𝑅

𝑎2  𝑠𝑖𝑛2 𝛩𝑀

2
        (Eq. 4) 

In Equation 4, γ is the surface tension of the liquid, R is the radius of the spherical 

aggregates, r is the minimal distance between protrusions, and ΘM is the advancing contact 

angle of the liquid on a flat fluorinated surface (see Figure 5). The transition from the Cassie-

Baxter state to the Wenzel state is an irreversible process, because the droplet in Wenzel state 

is energetically more favored. The transition can occur mainly because of drop impact from a 

certain height, applying external pressure, evaporation of droplet, or vibration of the surface.  

 

 

Figure 5. Schematic of the superamphiphobic layer consisting of pillars of spheres from side and 

top view. The liquid is suspended on top in the Cassie state. If no pressure is applied, the liquid 

surface is planar. With pressure the contact line moves downwards and the interface starts to curve. 
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2.2 Special Wettability / Superwettability 

2.2.1 Superhydrophobicity and the Lotus Effect 

Superhydrophobic surfaces are the most analyzed systems with special wettability and the 

research on it dates back more than one century. In 1907, Ollivier firstly described a CA of close 

to 180° on a surface coated with soot, arsenic trioxide, and lycopodium powder.[17] A few years 

later, Coghill and Anderson found in 1923 that a rough surface of galena modified with stearic 

acid showed a CA of more than 160°. However, despite these and other examples, research on 

superhydrophobic surfaces received limited attention and slowly developed until the mid-

1990s, because of the lack of a general principle for superhydrophobicity. In 1997, Barthlott et 

al. first described the lotus effect and laid the foundation for a complete area of research.[1] With 

the help of scanning electron microscopy (SEM), they first described the lotus leaves’ surface 

structure in detail. They found that the surface consists of many micrometer-scaled bumps, 

which are further covered with many small hydrophobic, nanometer-scaled wax crystalloids. 

They pointed out that superhydrophobicity is the result of a combination of a micro-

/nanostructured surface and a hydrophobic material with a low surface free energy. With this 

basic understanding of concept of superhydrophobicity, a scientific boom was triggered and 

there still is an accelerating increase in publications in this area. Many studies have pointed out 

the importance of hierarchical structures with two-tier roughness on both the micro- and the 

nano-levels with low CAH and the associated self-cleaning effect.[18-21] The lotus leaves are one 

of the most famous examples among all natural occurring superhydrophobic surfaces (Figure 

6).[22-24] A water droplet placed on the leaf has almost a spherical shape, shows a CA of 164° 

with a CAH of 3°, and can easily roll off. The Lotus effect is a well-known slogan and has its 

origin in the self-cleaning properties of the plant leaves. For a surface contaminated with dust 

particles, the contact area and the interfacial interactions between the dust particles and the 

surface are minimized. Consequently, the adhesion of the dust particle to the surface is very 

low. When water droplets from rainfall rolls over the dust particles, they can collect the 

contamination particles and carry them away by rolling off the surface. Besides the lotus leaves, 

many plants or insects, such as water striders, butterflies, and the cicada also show 

superhydrophobic properties.[25-26] The water striders are remarkable, because their 

superhydrophobic legs enable them to stand effortlessly on water.[27] Inspired by these 

remarkable properties in nature, to date, more than a thousand different strategies have been 

reported for the fabrication of artificial superhydrophobic surfaces for many potential 
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applications in various areas, such as self-cleaning, anti-corrosive, non-sticky, anti-bacterial or 

anti-fouling surfaces.[2-3, 28]  

 

Figure 6. (a) Lotus leaves, which exhibit impressive water repellency on their upper side. (b) 

Atomic force microscopy (AFM) image and surface height map of the upper leaf side the 

hierarchical surface structure consisting of papillae, wax clusters and wax tubules, (c) Scanning 

electron microscopy (SEM) image of the upper leaf side. Wax tubules on the upper leaf side. 

Modified reprint with permission from ref. [18, 22]. Copyright 2009 and 2013 Royal Chemical 

Society. 

2.2.2 Superamphiphobicity 

Superhydrophobic surfaces usually are wetted by liquids with surface tensions lower than water 

(∼ 72 mN/m). Therefore, it remains a challenge to fabricate superolephilic surfaces that repel 

even liquids with a much lower surface tension than water (< 30 mN/m). In general, a surface 

is considered superoleophobic when the organic solvents such as hexadecane (27.5 mN/m) 

contacting the surface show a CA over 150° and the rolling-off angle is less than 10°.[29] Most 

superoleophobic surfaces are also superhydrophobic, because water can be repelled more easily 
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due to its high surface tension. However, surfaces have recently been reported that are 

superoleophobic and yet superhydrophilic.[30-31] Therefore, surfaces that display both 

superhydrophobicitiy and superoleophobicity are considered as superamphiphobic surfaces 

(see Figure 7). Unfortunately, the nomenclature in the literature is not always clear and the 

terms superamphiphobic, superoleophobic, and superomniophobic are often used as synonyms. 

Here it is worth mentioning that, unlike superhydrophobic surfaces, superamphiphobic surfaces 

cannot be found in nature and are completely artificial. However, their outstanding repellent 

properties result in a much broader range of applications, which opens the door for a  solvent-

free synthesis of polymeric microspheres on a surface or handling of biologically sensitive 

liquids.[32-33] However, the established ways to fabricate superhydrophobic surfaces are no 

longer sufficient to produce superamphiphobic surfaces and an even more precise design of 

micro- to nano-scaled hybrid structures is required.[16] In the last decade, there have been several 

reports about the importance of re-entrant structures and hierarchical surface roughness, which 

led to several examples for superamphiphobic surfaces with precisely designed surface 

topographies.[34-39] However, all superamphiphobic surfaces display some limitations and repel 

liquids only down to a certain surface tension. In some examples in the literature, it was possible 

to repel liquids with surface tensions down to 20 mN/m (e.g., octane or heptane) by 

electrospinning microbeads of fluoropolymers on stainless steel meshes.[40-41]  

 

Figure 7. The liquids with low surface tension cause the transition from the Cassie-Baxter state 

to the Wenzel state on a superhydrophobic surfaces but not on superamphiphobic surfaces. 
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In a recent example, it was possible to repel liquids with the lowest known value of 10 

mN/m (i.e., FC-72) by a special designed double-reentrant structure.[42] This example is of 

particular interest, because it shows that even an inherent oleophilic material can be tuned 

superoleophobic, which is contradictory to our basic understanding of wetting as discussed in 

Chapter 2.1. This phenomenon was further analyzed by Whyman and Bormashenko.[43] They 

studied the stability of the Cassie–Baxter state for different shapes of roughness patterns 

calculating the potential barrier separating the Cassie-Baxter and Wenzel states. These shapes 

can include spheres and spherical cavities and pillars with changing cross section and with side 

facets (Figure 8). For hydrophobic surfaces, the multiscale roughness increases the energy 

barrier for the wetting transition. More interestingly, even for inherently hydrophilic materials, 

the energy gain due to the wetting of a hydrophilic pore is overcompensated by the energy loss 

due to the growth of a water–air interface. Consequently, apparent hydrophobicity on an 

inherently hydrophilic material is possible when the appropriate pattern is introduced.  

 

Figure 8. Surface profiles with potential barriers for the Casse-Baxter to Wenzel transition: 

spheres and spherical cavities, overtuned truncated cones, and pillars with side facets. 

2.2.3 Superhydrophilic and Slippery Surfaces 

Superhydrophilic surfaces that represent the opposite extreme of wettability have received less 

attention compared to superhydrophobic surfaces.[44-46] However, superhydrophilic surfaces 

have their own advantages and are extremely promising candidates regarding oil/water 

separation, anti-fogging, or water harvesting.[22, 47-48] In general, a superhydrophilic surface 

shows a CA of less than 10° and the droplet completely spreads over the surface. A general 

guideline to construct superhydrophilic surfaces is to create rough structures with a hydrophilic 

component according to Wenzel’s theory.[23, 49] An alternative approach is to irradiate titanium 

dioxide (TiO2) with UV, which leads to a photo-induced hydrophilic (PIH) effect that generates 

a superhydrophilic surface even without a microstructure.[50] Zink oxide (ZnO) also possesses 
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the same PIH mechanism. Furthermore, TiO2 and ZnO have a photocatalytic effect on 

decomposing organic waste, thus are very useful in the area of self-cleaning surfaces.[51-52] 

Although the photogeneration is a reliable method to prepare superhydrophilic surfaces, the 

materials with the PIH effect are limited to TiO2, ZnO, tin dioxide (SnO2), tungsten trioxide 

(WO3), and vanadium oxide (V2O5) until now.[53] The Nepenthes pitcher plant is an example of 

a natural SHL surface that is always lubricated, which is due to the extreme hydrophilicity. As 

a result, the liquid-infused surface becomes highly slippery and insects can easily fall into the 

pitcher-shaped leaves. Inspired by the Nepenthes pitcher plant, Aizenberg and coworkers 

reported slippery liquid-infused porous surfaces (SLIPS) as a good alternative to classical air-

supported super-repellent systems.[54] The concept of SLIPS is based on the infiltration of a 

low-surface-energy porous surface with a fluorinated lubricating liquid (Figure 9).  The reported 

SLIPS surface easily repelled various liquids and showed extremely low sliding angles, even 

for extremely complex liquids with a low surface tension such as human blood. The infused 

lubricant has to fulfill three requirements. First, the lubricant should be captured safely inside 

the porous texture. Second, the substrate should be preferentially wetted by the lubricant rather 

than by the liquid to be repelled. Last, the lubricant and the liquid to be repelled should be 

immiscible. To date, various SLIPS made out of various materials and lubricants have been 

reported. All these examples confirmed that the concept of SLIPS represents a straightforward 

solution for liquid repellency, resistance to fouling, pressure stability, and anti-icing properties 

combined with an extremely simple fabrication process.[55-59] 

 

 

 

 

 

 

 

Figure 9. (a) Schematics showing the fabrication of a slippery surface. Repellency of the SLIPS 

fluids such as (b) crude oil and (c) human blood. Modfied reprint from ref. [54] with permission. 

Copyright 2011 Nature Publishing Group. 
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2.2.4 The Concept of Superwettability  

In the last decade, there was a significantly accelerated development of nature-inspired artificial 

surfaces with extreme wetting states. Besides classical wetting conditions for surfaces in air, 

various extreme wetting states under different media (e.g., under oil/water) have been 

discovered.[60] The recently introduced concept of superwettability combines all these different 

wetting states. In total, there are 24 different wetting states, which are summarized in Figure 

10. The inner circle shows the extreme wetting states under, for example, superhydrophobicity, 

superhydrophilicity, superoleophilicity, and superoleophobicity, superamphiphobicity, and 

superamphiphilicity. The outer circle shows extreme wetting states under different media 

including, in particular, superoleophilicity, superoleophobicity, superaerophilicity, and 

superaerophobicity under water; and superhydrophilicity, superhydrophobicity, 

superaerophilicity, and superaerophobicity under oil.[61-62]  

 

 

Figure 10. The concept of superwettability. The middle part: different wetting states in air 

before and after introducing micro/nanoscale two-tier roughness. Left blue semicircle: wetting 

states under water upon rough substrates. Right orange semicircle: wetting states under oil upon 

rough substrates. Reprint with permission from reference [61]. Copyright 2016 American 

Chemical Society.  
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2.2.5 Design Principles for Surfaces with Superwettability 

Both Wenzel and Cassie-Baxter theories have pointed out that a certain surface roughness is 

essential for enhancing hydrophobicity or hydrophilicity. In addition to the fundamental 

theories of wetting of surfaces, the study of biological surfaces with superwettability plays a 

key role to reveal the mechanism behind it. Figure 11 shows some selected examples of natural 

surfaces with special wetting properties, including superhydrophobic, superhydrophilic, 

anisotropic, and superadhesive surfaces.  

 

 

Figure 11. Examples of biological surfaces with superwettability and their multiscale 

structures. (a) Superhydrophobic lotus leaf and superhydrophilic fish scales; high adhesion 

surfaces of (b) salvinia and rose petals and (c) the foot of a gecko and a tree frog; (d)| transparent 

superhydrophobic surfaces of the mosquito eye and cicada wing; (e) anisotropic surfaces of the 

rice leaf and filefish skin; (f) asymmetric surfaces with dynamic wettability. Reprint with 

permission from ref. [10] and all included references. Copyright 2017 Nature Publishing Group. 
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Interestingly, every single example displays multiscale structures and a certain surface 

roughness. These and many other examples from biomimetic research revealed that the 

combination of multiscale roughness and the intrinsic wetting properties of the material are 

responsible for the extreme wetting properties and the resulting multifunctionality. From these 

findings, three major principles can be deduced. First, two-tier roughness on both micro and 

nano levels have a key role in determining superwetting or anti-wetting properties of a solid 

material. Second, the arrangement and orientation of the multiscale structures can control the 

dynamics of the wetting state and motion of the droplet. Lastly, the intrinsic wetting threshold 

(IWT) determines whether a roughness-enhanced surface will result in either a superwetting or 

anti-wetting surface. In other words, when multiscale roughness is introduced into an intrinsic 

hydrophobic/oleophobic material, a superhydrophobic/superolephobic surface is obtained. 

When multiscale roughness is introduced to an intrinsic hydrophilic/oleophilic material, a 

superhydrophilic/superoleophilic surface is obtained. This correlation is highlighted in Figure 

12. 

 

Figure 12. Design principle of surfaces with superwettability. Roughness enhanced the intrinsic 

wetting properties of a material. The intrinsic wetting threshold (IWT) determines whether a 

roughness-enhanced surface will result in a superwetting or an anti-wetting surface. 

 

 



 

 

16 

 

2.2.6 Fabrication of Surfaces with Superwettability 

According to the discussed design principles, artificial surfaces with superwettability are 

fabricated by combining rough surface morphologies and right chemical compositions or 

functionalization. The introduction of roughness into a solid material can be obtained by 

physical and chemical methods.  

 

Physical Methods  

The physical methods usually describe the direct introduction of roughness into a material by 

using nanofabrication processes, such as template[63-65] and lithographic methods,[66-68] 

micromachining,[69] etching, and plasma treatments.[70-71] These physical methods are also 

referred to as top-down approaches in the literature. Among them, photolithography has turned 

out to be the most common technology, especially in the academic area for fundamental studies 

about wettability. In photolithographic approaches, light is irradiated through a photomask 

(with the desired patterns) onto a substrate with a photoactive polymer layer (photoresist). The 

desired pattern is obtained after removal of the exposed or unexposed polymer in the developed 

area and subsequent etching. The importance of photolithography for academic research 

become obvious in taking an example from Butt.[72] They analyzed the influence of pattern 

consisting out of pillars generated by photolithography using SU-8 as photoresist on different 

wetting phenomena (see Figure 13). The wetting properties of the pattern surface were precisely 

controlled by changing the height, diameter, and the distance between the pillars. This and other 

examples clearly demonstrate that the importance of precise design of patterned surfaces 

tremendously contribute to our general understanding of material wetting. 

 

Figure 13. Scanning Electron Microscopy (SEM) image of patterned SU-8 surfaces at different 

magnification. Reprint with permission from ref. [73]. Copyright 2004 Institute of Physics 

Publishing.  

 

javascript:popupOBO('CHEBI:60027','b712575p')
javascript:popupOBO('CHEBI:60027','b712575p')


 

 

17 

 

Chemical Methods 

On the other hand, smaller building blocks are used in the bottom-up approaches to construct a 

more complex nanoscale assembly resulting in a low-energy surface. Contrary to the physical 

approaches, the chemical fabrication methods (also called bottom-up approaches) usually 

utilize smaller precursors to build up a more complex structure on a substrate. These smaller 

components can be molecules, nanoparticles, or single atoms, which have the ability to self-

assemble and to self-organize into nanostructures like sheets, rods, fibers, spheres, pillars, or 

wires to give a material a certain roughness. Bottom-up approaches have been used for the 

preparation of surfaces with superwettability by many different methods, such as chemical 

vapor/bath deposition (CVD/CBD),[74-76] layer-by-layer assembly,[77-78] colloidal assembly,[79-

80]  sol–gel methods,[24, 81] or chemical synthesis.[82-83] In general, these bottom-up methods have 

several advantages: they are usually very cheap, easy to perform, do not require any large and 

expensive manufacturing machines, and various functional units can be integrated into the 

structure, which leads to a variety of functional surfaces.  

 

Chemical Post-Functionalization 

In general, two main approaches have been developed to generate surfaces with 

superwettability. One approach is to directly increase the above-described surface roughness of 

hydrophobic/hydrophilic materials to obtain superhydrophobic/superhydrophilic surfaces, 

respectively. In the second approach, first a certain surface roughness is created, which is then 

further chemically modified to decrease or increase the surface free energy. The most common 

way to post-modify a surface is to deposit a monolayer coating by using self-assembled 

monolayers (SAMs) or chemical functionalization that can anchor or react with the surface.[84-

85] Typical anchor groups are thiols for gold, silanes for silicon oxide, phosphates for metals, 

and activated carboxylic acids for amine rich surfaces. Depending on the monolayer’s tail, 

coating the wetting properties can be tuned. For a superhydrophobic surface, long hydrophobic 

alkyl or fluorinated side chains are necessary to lower the surface energy. To achieve 

superamphiphobicity fluorination of the surface is necessary. In the case of superhydrophilic 

surfaces, more hydrophilic side chains such as zwitterionic polymers or other charged polymers 

should be used.  
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2.2.7 Application of Surfaces with Superwettability 

In addition to the continuous development of novel fabrication protocols, the applications of 

surfaces with special wettability have come into the focus of academic and industrial research.  

There are a great many applications now available ranging from the classic areas, e.g., anti-

corrosion, self-cleaning or anti-icing surfaces, to emerging applications, such as printing, oil-

water separation, and control of bioadhesion. These and more examples of applications for 

surfaces are exemplified in Figure 14.[15, 86] In the following, some applications of particular 

interest are discussed in more detail.  

 

Figure 14. Examples for different extreme wetting states resulting in various applications such 

as fog-harvesting, self-cleaning, anti-corrosion, controlled bioadhesion, anti-icing, and anti-

fogging. Modified reprint with permission from ref. [87-92]. Copyright 2016 American 

Association for the Advancement of Science, 2016 Nature Publishing Group, 2013 Elsevier, 

2017 Applied Physics Letters Publishing, 2012 American Chemical Society, and 2007 Institute 

of Physics Publishing 
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Self-Cleaning 

The probably most famous applications of superwettability application are self-cleaning 

surfaces. Their advantage is obvious: if active cleaning becomes unnecessary, large amounts of 

energy, water and detergents can be saved. Therefore, self-cleaning surfaces not only increase 

our standard of living but can also contribute towards sustainability and environmental 

protection. The self-cleaning technology has already emerged in diverse areas ranging from 

window glass and anti-soiling architectural coatings to solar cell panels.[93] Most of the 

technically produced self-cleaning materials are based on lotus effect-inspired 

superhydrophobic surfaces or TiO2-based superhydrophilic self-cleaning surfaces.[15, 53, 86] 

Except for several commercial products, however, there has not much widespread distribution 

of these products because of the inherent drawbacks of superhydrophobic surfaces, such as 

pressure dependency, susceptibility to mechanical wear, or failure towards oils and surfactant-

containing solution. For this reason, novel technologies (e.g., superamphiphobic surfaces or 

slippery surfaces) have recently become the focus.  

 

Anti-Icing 

Passive anti-icing surfaces are areas of great interest because of their significant economic, 

energy, and safety implications in the prevention of icing. Textured surfaces with 

superwettability have emerged as a powerful tool to influence water-phase-transition 

phenomena, such as icing or condensation. For example, a multiscale hierarchical 

superhydrophobic surface can stay ice-free down to a temperature of -30 °C because of the 

entrapped air that acts as a lubricating, thermal protection barrier between the solid and the 

liquid.[94] Recently, slippery surfaces have received a great deal of attention, because they are 

considered an alternative anti-icing strategy that overcomes the inherent drawbacks of 

superhydrophobic systems.[55, 88] However, which superwettability approach works best is still 

under debate.[95-97] Therefore, it is important to understand the nature of ice repellency in all 

environments to identify the limitations of current solutions and to design new materials with 

robust anti-icing properties. 

 

Fog-Harvesting 

Another interesting example is the water collection mechanism of the Namib Desert beetle.[98] 

Based on a special structure on their back, which consists of an array of hydrophilic bumps 

distributed on a superhydrophobic background, they are capable of harvesting fog. Tiny water 
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droplets can accumulate at the hydrophilic area of the structure and coalesce. When the droplet 

reaches a certain size, gravity of the droplet will overcome the binding forces of the hydrophilic 

region. Consequently, the droplet detaches and rolls down the superhydrophobic surface to the 

beetle's mouth. In addition to this amazing water collection method, surfaces with 

superhydrophobic and superhydrophilic patterns have further applications in microfluidic 

channels and biological assays.[99]  

 

Oil-Water Separation 

To address the environmental problem of oil pollution by industrial discharge or accidents 

during offshore oil production, the oil-water separation has received a great deal of interest in 

the last decade. Interfacial materials with superwettability have proven to be highly efficient 

for oil-water separation purposes.[100-105] Porous materials in combination with 

superhydrophobicity and superoleophilicity can selectively filter or absorb oil from oil–water. 

On the other hand, material that combines superhydrophilicity and underwater 

superoleophobicity can selectively separate water from oil–water mixtures.[106]  

 

Controlled Bioadhesion 

Selective cell or protein adhesion has become one of the most important aspects in the design 

of biomaterials for in vivo applications. In the last decade, various systems with 

superwettability have been used in the control of bioadhesion. In the area of antifouling 

coatings, a common strategy is to use superhydrophilic, polymer coatings to prevent non-

specific protein adsorption or cell adhesion. These extreme hydrophilic coatings highly interact 

with water, which then acts as a lubricating protection layer that prevents the protein 

adsorption.[107-111] As an alternative, superamphiphobic surfaces were recently reported to show 

nearly no protein adsorption for complex biological liquids (e.g., human serum or blood) by 

taking advantage of the nearly contact-free solid-liquid interface.[32] The geometry of the texture 

of the superamphiphobic surfaces creates an energy barrier to prevent the liquid from 

penetrating into the pores. In this case, the entrapped air acts as a lubricating protection layer. 

Recently, Aizenberg and coworkers also reported fluorinated lubricant-infused slippery surfaces 

(SLIPS) alternative antifouling coating.[57] In comparison to superamphiphobic coatings, 

slippery surfaces can withstand high pressures, and can bear strong shear forces and mechanical 

damage. However, the role of a fluorinated lubricant in contact with human blood or in general 

inside the human body is still under debate.   
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2.3 Substrate-Independent Universal Coatings 

2.3.1 Universal Polymer Coatings 

Modification of common materials properties plays an increasingly important in many aspects 

of physical, chemical, biomedical and material science. In order to cope with the high demand 

for functional materials, the area of universal polymer coatings has grown enormously in recent 

years. Unlike conventional coating strategies, universal coatings are suitable to modify the 

properties of a broad range of different materials. Ideally, universal coatings are substrate-

independent regardless of the chemical and physical properties of the underlying substrate.[112] 

To develop such universal coatings, the design of the anchoring interaction of the polymer and 

the substrates is crucial. Specific covalent binding between the polymer and the substrate (as 

for example in self-assembled monolayers) must be avoided in order to achieve substrate-

independency. In the past various approaches based on chemical, physical and bio-inspired 

processes have been developed. Irradiative chemisorption by irradiation with high energy in 

combination in combination with subsequent polymerization, is one example for a universal 

coating technology for organic materials.[113-114] Various radiation methods, including plasma, 

UV light, lasers, and electronic beams, have been used to activate the corresponding materials 

surface.[115-117] The chemical functionality of the resulting surface can be tuned by the choice of 

the monomer during the polymerization. On the other hand, physisorption by multiple 

noncovalent interactions, such as electrostatic attraction, hydrophobic interaction, van der 

Waals forces, and hydrogen bonding, is another well-established strategy for universal coatings. 

These noncovalent interactions are relatively weak in comparison to covalently attached 

polymers. Therefore additional intra-layer interactions, such as physical or chemical crosslinking 

can be used to enhance the stability of the coating. Based on these universal interactions, some 

technologies, including layer-by-layer (LbL) assembly, spin coating, and CVD, have been developed 

to obtain universal coatings.[118-121] Within the last decade, bio-inspired coatings have emerged as an 

extremely efficient fabrication method for completely substrate-independent, universal coatings. 

Such bio-inspired coatings various processes in nature, such as the adhesion of blood proteins,[122-

123] mussel foot proteins,[124] or polyphenols in plants.[125] Among them, the mussel-inspired coatings 

are the most widely used universal coating approach and will be discussed and discussed in detail. 
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2.3.2 Mussel-Inspired Chemistry for Surface Modification 

Marine mussels adhere rapidly under extremely harsh environmental conditions onto solid 

surfaces in the sea.[126-127] The reason for these unique, outstanding adhesion properties is a 

complex protein mixture containing 25-30 different mussel foot proteins (mfp). These complex 

protein cocktail is expressed and excreted by the mussel to form the so-called adhesive 

byssus.[4] White and coworkers were the first ones to systemically analyze the mussel byssus 

and describe the underlying biochemistry.[4] They described 3,4-dihydroxyphenyl-l-alanine 

(DOPA) and its key role in the bonding mechanism, because 3,4-DOPA contributes to cohesion, 

builds crosslinks between adhesive proteins, and is responsible for the adhesion to the 

substrate.[128] The byssus is a bundle of mussel threads that are tipped with mussel plaque. 

Although both parts are necessary for the mussel rapid adhesion, the plaque shows the most 

adhesive proteins and plays the key role in the bonding mechanism. Inside the plaque, the mfp 

3 and mfp 5 are considered the most adhesive proteins located in the byssal-substrate interface 

(see Figure 15).[129] Exactly these two proteins show a conspicuously high amount of catechol 

(in the form of DOPA) and amine groups that further proves the importance of these 

functionalities for the adhesion process.  

 

Figure 15. (a) Schematic illustration of mussel foot proteins (mfps) in a byssal plaque showing 

the approximate location of the major proteins. (b) Schematic view of all known mfp 

interactions as determined by atomic force microscopy (AFM). Reprint from with permission 

ref. [4]. Copyright 2011 Copyright Clearance Center. 
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2.3.3 Polydopamine 

Inspired by these two functional groups, Messersmith et al. reported PDA as the ideal strategy 

for substrate-independent coatings.[124] In general, PDA is formed by pH-induced, oxidative 

polymerization of dopamine in alkaline solutions. The simple immersion of a substrate into an 

aqueous solution of dopamine buffered to alkaline pH results in a spontaneous deposition of a 

thin PDA film. Although the preparation is relatively simple, the molecular mechanism of the 

coating formation has not been completely understood yet. It is widely agreed that the first steps 

include the oxidation of dopamine to the dopamine-quinone (Figure 16), the intramolecular 

cyclization to the dopamine chrome, and formation of 5,6-dihydroxyindole (DHI) and 5,6-

indolequinone (IDQ).[130-132] The IDQ molecules then undergo further crosslinking reactions 

with each other to oligomers, which then aggregate via a combination of hydrogen bonds and 

π-stacking interactions to form a stable coating (see Figure 16).  

 

Figure 16. Polydopamine synthesis occurring via two pathways. Reprinted with permission 

from Ref. [133]. Copyright 2017 Royal Chemical Society.  
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Various interactions of the catechol moiety, including hydrogen bonding, metal–catechol 

coordination, electrostatic interaction, cation–π interaction, and π–π aromatic interactions, are 

responsible for the strong adhesion to different substrates (Figure 17).[129, 134] Strong non-

covalent interactions (hydrogen bonds or π–π stacking interactions) can be found between 

catechol groups and inorganic substrates such as glass or mica.[135-136] In the case of metal 

oxides (e.g., TiO2), catechol groups have been assumed to form strong metal–catechol 

coordination bonds.[137] In the case of more hydrophobic substrates or even inert polymer 

materials, hydrophobic interaction, π-stacking, and van der Waals’ forces between catechol and 

the substrate are believed to contribute to the strong interaction.[138-139] Moreover, the covalent 

and noncovalent cross-linking of the PDA oligomers extend the monovalent interaction with 

substrates to polyvalent anchoring, which results in a stable coating.[112]  

 

Figure 17. Catechol-mediated adhesion to different substrates such as mica, polystyrene (PS), 

TiO2 via hydrogen bonding, aromatic interactions, and metal coordination. Modified reprint 

with permission from Ref. [140]. Copyright 2017 American Chemical Society.  

One interesting property of PDA is the possibility for various secondary modifications that 

can be applied by immobilizing different functional molecules onto polydopamine coatings via 

residual free amine and catechol groups. For this reason, PDA became one of the most popular 

universal surface coatings and its versatility has been demonstrated in many examples in 

literature (Figure 18).[141-142] In several reports, PDA coatings were functionalized with 

hydrophilic, bioinert top layers to form antifouling coatings in a substrate-independent 

approach.[143-144] Biospecific molecules, such as vascular endothelial growth factor, adhesion 

peptides, and glycosaminoglycan, have been immobilized onto PDA coatings to obtain coatings 

with specific cell adhesion.[145-146] By using the reducing effect of the catechol groups, in-situ 

deposition of nanoparticle (e.g. silver) coatings with excellent antibacterial properties were 

obtained.[147-148] In other examples, PDA was combined with nano particles, templates or 

meshes to construct rough surfaces with superhydrophobic properties.[149-150] Since the first 

report of polydopamine in 2007, researchers have developed various PDA coating strategies 
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using UV light, microwave or oxidant accelerated coatings, spray-coating approaches, or 

organic solvent based coatings.[151-155] Among the various strategies, the most widely used 

approach is called one-pot PDA functionalization. In this method, the target molecule (with a 

certain function) is immobilized on the substrate by co-dissolving it in the coating mixture.[156]  

 

Figure 18. Mussel-inspired polydopamine (PDA) as universal multifunctional coatings for 

various applications by simple post-functionalization. Reprint with permission from Ref. [112] 

and all included references. Copyright 2015 Royal Chemical Society.  
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2.3.4 Polymeric Mussel-Inspired Adhesives 

While in nature the adhesion and solidification of a mussel byssus only requires 3-10 min, the 

approximate coating time for a 50 nm thick PDA film requires more than 20 hours.[124, 157] 

Several researchers addressed this problem and reported various methods to accelerate the 

speed of PDA-based coatings. However, the most obvious reason lies in the difference of the 

precursor for the coating. The responsible protein for the adhesion, the mfp-5, is a high 

molecular weight biopolymer with multiple catechol and amine groups. Dopamine effectively 

mimics the chemical functionality, but neither the molecular weight nor the molecular structure 

is taken into account. For this reason, the direct attachment of catechol derivatives to polymer 

architectures has turned out to be a good strategy to overcome these inherent drawbacks of PDA 

(Figure 19).[109, 158-161] Catechol functionalities can be incorporated into macromolecules as 

main, side, and end-chain groups by employing various synthetic pathways. In these 

macromolecular architectures, the catechol normally serves as an anchor and crosslinking group 

at the same time. The amount of catechol inside such a polymer is crucial for the adhesion to 

the substrate and has to be adjusted depending on the substrate.[162] Because the adhesion to 

metal oxide surfaces (e.g., TiO2) of the catechol is the strongest, only one catechol unit per 

molecule might be enough for the adhesion to the substrate. However, due to oxidative 

detachment, multiple catechol units are required to anchor the surface. In the case of inert 

substrates, such as Teflon, an even higher amount of catechol groups is necessary or 

hydrophobic moieties are required to form a stable coating.  

 

Figure 19. Schematic illustration of different mussel-inspired polymer architectures, such as 

linear, linear block, star-like or hyperbranched polymers. Modified reprint with permission from 

Ref. [140]. Copyright 2017 American Chemical Society. 
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2.3.5 Mussel-Inspired Polyglycerol 

Haag and Wei recently introduced mussel-inspired dendritic polyglycerol (MI-dPG) that not 

only mimics the functional groups of mfp-5 but also their molecular weight and molecular 

structure (Figure 20).[163] MI-dPG is a dendritic polyglycerol scaffold functionalized with 60% 

amine and 40% catechol moieties. Similar to the natural protein, the combination of both the 

catechol and amine functionalities is responsible for the strong adhesion to the substrate. 

Buffered to alkaline pH, the MI-dPG can undergo covalent crosslinking and form a stable 

coating on the various substrates. Amines can couple with catechols under oxidizing conditions 

via Michael addition or Schiff base reactions to enhance the crosslinking of the coatings.[164] As 

a result, the MI-dPG can form stable multilayer coatings on nearly every kind of material.  

 

 

Figure 20. Top left: structural formula of the mussel-foot proteins mfp-5 shows the peptide 

sequence that contains amine (blue) and catechol (red) units in their side chains. Top right: the 

chemical structure of mussel-inspired dendritic polyglycerol (MI-dPG). Bottom: the covalent 

crosslinks of the universal surface coatings. Reprint with permission from Ref. [140]. Copyright 

2017 American Chemical Society. 
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The MI-dPG coatings are still chemically active surfaces due to numerous catechol and 

amine groups on top. Different amines, thiols, or carboxylic acids can be immobilized on the 

surface to generate a variety of functional surfaces. By post-functionalization of the MI-dPG 

adhesive layer with hydrophilic polymers (e.g., dendritic polyglycerol with a small amount of 

catechol groups), a perfect antifouling surface can be achieved. This coating can totally prevent 

protein and cell adhesion. Another important property of the MId-PG is the influence on the 

physical properties (e.g., surface roughness and morphology) of the coating. It was shown that 

the MI-dPG could form a coating with micrometer-scaled roughness within several hours. The 

change in surface roughness highly affected the wetting properties of the coating and a 

superhydrophilic surface was obtained. Subsequent perfluorination of the coating resulted in a 

superhydrophobic surface with a water contact angle higher than 150° (Figure 21). 

 

Figure 21. (a) Synthetic coating concept of the superhydrophilic (SHL) and superhydrophobic 

(SHP) MIdPG. (b) The surface morphology of the bare glass and the superhydrophilic and 

superhydrophobic coatings on glass. (c) The related static water contact angle of the bare 

substrate, SHL, and SHP MI-dPG. Modified reprint with permission from Ref. [140]. Copyright 

2017 American Chemical Society. 
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2.3.6 Substrate-Independent Superwettability 

As discussed in Chapter 1.2, there are several ways to fabricate surfaces with special wetting 

properties. To address the problem of substrate specificity of most coatings with 

superwettability, several groups focused on the development of novel substrate-independent 

methods to construct superwetting surfaces on any kind of substrate by PDA-based approaches 

during. In recent years, several attempts were utilized with PDA to prepare superhydrophobic 

surfaces. For example, Hong reported a perfluorinated dopamine derivative that formed a 

structurally rough film of various materials upon oxidative polymerization.[165] The resulting 

superhydrophobic coatings showed water contact angles higher than 150° and low sliding off angles. 

In other examples PDA was combined with various particles, templates, or meshes to obtain 

superhydrophobic surface coatings.[149-150] Furthermore, several groups reported mussel-inspired 

chemistry as a versatile strategy to tailor the wettability of membranes and/or sponges to obtain 

effective oil-water separation materials.[102, 166-167] In a recent example from Li and coworkers, it 

was even possible to construct a microscale porous superamphiphobic coating by combining 

PDA silica NPs with ice templation and chemical vapor deposition.[168] However, all these 

examples show that PDA-based coatings cannot directly be used to produce sufficient 

roughness that is necessary for superwettability systems. Reasons for this are the narrow 

aggregate size and limited coating thickness of PDA-based coatings. In all these reported 

examples, the lack of roughness control was overcome by the combination of PDA with various 

particles and meshes.  
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3 Scientific Goals 

3.1 Mussel-Inspired Polyglycerol as Platform for Superwettability 

From the theoretical part of this work, two main points appeared. First, fabrication of a surface 

with special wetting properties has been the subject of extensive study over last the few decades. 

Nevertheless, the preparation processes mainly involve a complex fabrication protocol, 

specialized equipment, and/or are limited to certain substrates. Facile approaches for fabricating 

substrate-independent coatings with special wettability are limited. Second, mussel-inspired 

polyglycerol (MI-dPG) has emerged as a highly efficient way to produce a variety of functional 

surfaces on nearly every kind of substrate. Furthermore, physical properties such as surface 

roughness and morphology could be influenced during the coating.  

Therefore, the main objective of this work is to combine the unique mussel-inspired 

adhesion properties of catechol-functionalized polyglycerols with highly hierarchical lotus-like 

structures to develop a universal fabrication method for various systems with special wettability 

on any kind of material (Figure 22). In order to achieve this, the MI-dPG coating process will 

be analysed in detail to gain a complete understanding of its coating mechanism. The effect of 

the various coating parameters, such as pH-value, concentration, and coating time or coating 

depth will be studied. By accurately adjusting the coating parameter, control is achievable over 

the surface roughness. The final goal is to build up a highly hierarchical structure on every kind 

of material that can serve as a universal platform for various superwettability systems. 

Subsequent post-modification of these highly hierarchical structures with hydrophobic 

molecules yields a surface with super-repellent properties. Through the specific choice of the 

side chain of the hydrophobic molecule, various super-repellent wetting states will be 

obtainable. By fluorination of the hierarchical structures superamphiphobic surfaces that repel 

both water and oil shall be obtained. These superamphiphobic surfaces will be also analyzed 

regarding their repellency towards biofluids and their antifouling properties. As an alternative 

to fluorinated surfaces, the post-modification with fatty acids shall yield a 

superhydrophobic/superoleophilic coating. Based on the superhydrophobic/superoleophilic 

properties the potential for the oil/water separation will be studied. Furthermore, such a highly 

hierarchical alkylated surface can be infiltrated by a non-fluorinated lubricant (e.g., oils) that 

will yield a completely fluorine-free slippery surface.  



 

 

31 

 

 

Figure 22. Combinatorial Biomimetic approach for the design of highly hierarchical surfaces 

on any kind of material by combining mussel-inspired adhesion with lotus-inspired roughness.  

Another project of this work focuses on the simplifying the MI-dPG coating process in 

order to get one step closer to an industrial application. The major drawback of a mussel-

inspired adhesive, is the requirement for dip-coating. To address this problem, the MI-dPG will 

be applied as a universal spray coating using a simple gas driven spray coater. The spray coating 

shall be analyzed regarding stability, roughness, wetting properties, and post-modification 

possibilities.  

3.2 Hydrogel Bead Preparation on Super-Repellent Surfaces 

In another part of this work, new fabrication methods of micro gels based on the super-repellent 

properties of superamphiphobic and slippery surfaces will be established. It is expected that a 

droplet of a hydrogel precursor solution will be repelled by the superamphiphobic surface. The 

droplet will be forced in a spherical shape on the superamphiphobic and a hemispherical shape 

on the slippery surface that is probably remained during the gelation. By depositing small micro 

droplets of various gel precursor solutions, micro gel beads will be easily accessible. 

Furthermore, the cell encapsulation with this newly proposed method will be tested.  
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3.3 Supramolecular Polymers as Surface Coatings 

In the last part of this work aims to utilize the properties of low-molecular-weight gelators 

(LMWGs) to self-assemble into fibrous network of supramolecular polymers with 

superhydrophobic properties (Figure 23). Fluorinated LMWGs meet all the requirements for 

application as a superhydrophobic surface coating. In particularly, their versatility to form 

complex and nanostructures will be utilized to form hierarchical structures with low surface 

energy. Because LMWGs have never been applied in such a supramolecular polymerization 

process on a surface, the first step shall be the quantitation of the process and a systematic study 

about the coating parameters. Furthermore, the fibrous network made by gelators will be used 

as a skeleton to entrap a fluorinated lubricant to enhance the liquid repellency. Since 

supramolecular polymers are dynamic systems and well known for their self-healing ability, 

both super-repellent surfaces shall be studied regarding their self-healing properties.  

 

 

Figure 23. Schematic illustrations of the supramolecular polymerization process leading to 

gelation and network formation. 
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4 Publications 

4.1 Surface-Independent Hierarchical Coatings with Superamphiphobic 
Properties 

 

 

Figure 24. Graphical abstract. Modified reprint with permission from ref. [169]. Copyright 

2016 American Chemical Society. 
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4.2 Fluorine-Free Super-Wetting Systems: Construction of 
Environmentally Friendly Superhydrophilic, Superhydrophobic, and 
Slippery Surfaces on Various Substrates 

 

 

Figure 25. Graphical abstract. Reprint with permission from ref. [170]. Copyright 2016 Royal 

Chemical Society. 
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4.3 Mussel-Inspired Polymer-based Universal Spray Coating for Fast 
Surface Modification 

 

 

 

Figure 26. Graphical abstract. Universal MI-dPG spray coating (sMI-dPG) and post-

modification strategies. 
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4.4 Surfactant-Free Preparation of Hydrogel Beads on Superamphiphobic 
and Slippery Surfaces 

 

 

Figure 27. Graphical abstract. Gel bead preparation on top of superamphiphobic and slippery 

surfaces. 
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4.5 Supramolecular Polymers as Surface Coatings: Rapid Fabrication of 
Healable Superhydrophobic and Slippery Surfaces 

 

 

Figure 28. Graphical abstract. Modified reprint with permission from ref. [171]. Copyright 2016 

Royal Chemical Society. 
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5 Summary and Conclusion 

This work deals with the developments of novel bio-inspired surface coatings with extreme 

wetting properties such as superhydrophobicity, superamphiphobicity, or superhydrophilicity. 

Surfaces with such extreme wetting properties exhibit a variety of interesting properties that 

makes them promising candidates for functional coatings, such as self-cleaning, antireflective, 

non-sticking or icing-resistant coatings. A technical implementation of surfaces with such 

properties into our daily life, would not only mean an increase in our standard of living, but 

also contribute to the sustainability and environmental protection. In the last decade, there was 

a tremendous amount of interest for coatings with extreme wetting properties. Although, 

numerous examples for different preparation methods, a wide distribution of such coatings in 

our society has not yet been found. Reason for this is that most coatings are limited to a certain 

substrates, show relatively poor durability, and involve a complex multistep fabrication 

protocol. In contrast, mussels in nature developed an outstanding adhesion mechanism that 

could solve all the above-mentioned problems. Thanks to extremely adhesive proteins mussel 

can adhere to nearly every kind of surface under extremely harsh conditions. The aim of this 

work was to mimic mussel adhesion with the purpose to use it for surface coatings with extreme 

wetting properties. By combining two separate biomimetic concepts, the mussel-inspired 

adhesion and that of the lotus-like hierarchical structures, a substrate-independent method for 

the preparation of stable coatings with extreme wetting properties on any kind of surface was 

developed. To achieve this goal, a catechol- and amine-functionalized dendritic polyglycerol 

(MI-dPG) was used that effectively mimics the most adhesive proteins of the mussel with regard 

to its chemical functionality, structure and molecular weight. By dipping any object into an 

alkaline-buffered solution of MI-dPG, a polymeric film can be coated on any substrate, 

regardless of the material.  

In the first part of this thesis, mussel-inspired dendritic polyglycerol (MI-dPG) was 

successfully applied as a universal hierarchical coating for various surfaces with 

superwettability. To achieve this goal, the first project (see Section 4.1) focused on the 

quantification of the MI-dPG process in order to gain control over the aggregate size and the 

resulting surface roughness and morphology. Based on this control over surface roughness, a 

two-layer approach for the fabrication of highly hierarchical structures was introduced. 

Additionally, the MI-dPG coating was combined with in-situ generated silver or gold 

nanoparticles to construct hierarchical structures by using the reducing effect of the remaining 

catechol groups inside the coating. The generated hMI-dPG coatings showed universal 



 

 

139 

 

applicability with moderate mechanical robustness on various rigid and flexible solid substrates 

including plastic, ceramic, metal, and metal oxide materials. Perfluoralkylation of these hMI-

dPG coatings resulted in a superamphiphobic coatings with impressive repellency to water, 

surfactant-containing solutions, and biological liquids, such as human serum. In the second 

project (see Section 4.2), the problem of non-degradability and bioaccumulation of fluorinated 

buildings was addressed. Based on alkylation of the hMI-dPG coatings, an entirely fluorine-

free approach was investigated for constructing more environmentally friendly coatings with 

superhydrophobic/superoleophilic properties. The fluorine-free superhydrophobic/ 

superoleophilic coating was applied to commercially available sponges to transfer them into an 

adsorbent material for the oil-water separation. Furthermore, the alkylated hMI-dPG structures 

could be infused with sunflower oil, and fluorine-free slippery surfaces were obtained. Both the 

fluorine-free superhydrophobic/superoleophilic and the slippery surfaces showed similar anti-

wetting properties as their fluorinated analog regarding water. In conclusion, the biomimetic 

concepts of mussel-inspired adhesion and lotus-like hierarchical structures were successfully 

combined. Therefore, hMI-dPG represents a universal superwettability platform that can be 

used as a highly efficient strategy to construct coatings with extreme wetting properties on any 

material. 

In the third project area (see Section 4.3) of this thesis, MI-dPG was successfully applied 

as a universal spray-coating strategy for substrate-independent surface modification using a gas 

driven spray coater. The MI-dPG spray-coated substrates (sMI-dPG) were further 

functionalized with various functional nanoparticles via spray coating. Post-modification with 

an aqueous AgNO3 solution via spray coating resulted in an AgNP-embedded sMI-dPG surface 

with excellent, long-term antimicrobial properties. Additionally, a universal superhydrophobic 

spray was developed by combining sMI-dPG with hydrophobic SiO2 nanoparticles. Finally, the 

sMI-dPG spray coating approach provided an easy-to-use strategy for multifunctional surface 

modification for large surfaces, which opens the door for industrial applications of mussel-

inspired coatings.  

The fourth project (4.4) was focused on developing a novel, simple, surfactant-free method 

for preparing macrogel beads. This method utilized the super-repellent properties of 

superamphiphobic and slippery surfaces to force a droplet of a gel precursor solution into a 

specific shape. A droplet on a superamphiphobic surface and slipper surface showed a spherical 

and hemispherical shape, respectively. Both shapes were maintained during the gelation 

process. The final gel particles could be removed easily from the super-repellent layer without 
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any surfactant. This makes this method simple to use for gel bead preparation and compatible 

for cell encapsulation. Because of the perfect antifouling properties of superamphiphobic 

surfaces, living cells and proteins hardly interacted with the coated substrate. Therefore, the cell 

encapsulation of MC3T3 cells was possible in situ. In conclusion, the results from this project 

proved the applicability of super-repellent surfaces for microgel preparation and cell 

encapsulation.  

The fifth project focused on application of supramolecular polymers as an easy and 

efficient method to fabricate superhydrophobic and slippery surfaces. Based on the cooperative 

and hierarchical polymerization of fluorinated bis-amide LMWGs and their ability to self-

assemble and self-organize into a highly entangled fibrous network, the construction of a lotus-

like hierarchical structure was possible. The synergistic effect of hydrogen-bonding-mediated 

polymerization into long fibers and the fluorinated side chains resulted in the construction of a 

self-cleaning, superhydrophobic surface. Furthermore, it was shown that the fibrous network 

could be infused by a fluorinated lubricant yielding a slippery surface with enhanced liquid 

repellency. Both surfaces, the superhydrophobic and the slippery surface, showed self-healing 

properties, because of the dynamic properties on supramolecular scaffold. In conclusion, it was 

demonstrated that supramolecular polymers and LMWGs have an excellent potential for a 

simple and rapid fabrication of functional surfaces. 
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6 Outlook 

This work demonstrated the universal applicability of the MI-dPG to build up highly 

hierarchical structures on any kind of material and to influence the wetting properties. 

Therefore, MI-dPGs possess a great potential for various industrial and technological 

applications. The transfer from a dip to a spray coating of the MI-dPG-coating process was 

already a large step towards large-scale industrial application of mussel-inspired adhesives. 

However, unlike in academic research, it is necessary to reduce production costs and use easily 

or even commercially available starting materials. Therefore, the development of simpler 

mussel-inspired polymers with similar properties as the MI-dPG is highly desired. Here, 

commercially available, hyperbranched polyethylene imine (PEI) could be of great interest. PEI 

could be functionalized with catechol moieties in a one-step synthesis yielding a hyperbranched 

mussel-inspired polymer with a nearly similar structure as the MI-dPG (Figure 24). 

Alternatively, PEI could be directly copolymerized with pyrocatechol (1,2-dihydroxybenzene) 

to achieve a universal coating only by using exclusively commercially available starting 

materials. Both PEI-based systems would mean a significant decrease in the reduction of the 

synthetic effort and production costs in comparison to the MI-dPG. 

 

Figure 29. A structure comparison of a four-step MI-dPG synthesis (left) to the one-step, 

mussel-inspired hyperbranched polyethylene imine synthesis (right). Both are expected to show 

similar coating properties. 
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7 Kurzzusammenfassung  

In der vorliegenden Arbeit geht es um die Entwicklung von neuen biologisch inspirierten 

Oberflächenbeschichtungen mit superhydrophoben (wasserabweisend) und superamphiphoben 

(wasser- und ölabweisend) Eigenschaften. Solche Oberflächen mit extremen 

Benetzungszustände zeigen äußerst interessante Eigenschaften für verschiedene Anwendungen, 

wie zum Beispiel selbstreinigende, antireflektierende, nichthaftende, oder vereisungsgeschützte 

Beschichtungen. Eine technische Implementierung von Oberflächen mit solchen Eigenschaften 

würde nicht nur eine Steigerung unseres Lebensstandards bedeuten, sondern auch einen Beitrag 

zur Nachhaltigkeit von Materialien und Umweltschutz leisten. Obwohl in der Literatur 

zahlreiche Beispiele für die Herstellung solche Oberflächenbeschichtungen zu finden sind, ist 

eine weite Verbreitung in unserer Gesellschaft noch ausgeblieben. Das liegt vor allem an drei 

Gründen: Erstens, viele dieser Beschichtungsmethoden sind äußerst komplex und verlangen 

eine Vielzahl von Synthese- und Arbeitsschritten oder spezielle Ausrüstung. Zweitens, die 

meisten der bekannten Beschichtungen sind abhängig von zu beschichtenden Substrat und 

können nicht universell eingesetzt werden. Und der letzte Punkt sind die hohe Anfällig 

gegenüber Kratzen oder anderen mechanischen Einflüssen, was sich in einer kurzen Haltbarkeit 

bemerkbar macht. Die Muschel und ihre starke Adhäsion ist ein Beispiel, das sehr elegant die 

genannten Probleme lösen könnte. Dank extrem adhäsiver Proteine, haften Muscheln nicht nur 

an alles möglichen Materialien, sondern das auch noch extrem stark und schnell. Das Ziel dieser 

Arbeit war es das Muscheladhäsion nachzuahmen und es für die Herstellung für 

Oberflächenbeschichtungen mit extremen Benetzungseigenschaften zu verwenden. Durch die 

Kombination zweier biomimetischer Konzepte, das der Muscheladhäsion und das der Lotus-

artigen hierarchischen Strukturen, wurde ein substratunabhängiges Verfahren entwickelt, das es 

erlaubt superbenetzbare oder superabstoßende Eigenschaften auf allen möglichen Materialien 

hervorzurufen. Hierzu wurde Brenzcatechin- und Amin-funktionalisierte dendritisches 

Polyglycerol (MI-dPG) verwendet, welches das adhäsivste Muschelprotein bezüglich der 

chemischen Funktionalität, der Struktur und auch des Molekulargewichts nachahmt. Durch 

Eintauchen in eine basisch gepufferte Lösung aus MI-dPG kann ein Substrat, unabhängig vom 

Material, mit einem Polymerfilm überzogen werden. Im ersten Projekt der vorliegenden Arbeit 

konnte durch gezielte Einstellung der Beschichtungsparameter Kontrolle über die entstehende 

Rauigkeit der Beschichtung gewonnen werden. Mit Hilfe der Rauigkeitskontrolle konnten 

durch schrittweiser Ablagerung verschieden großer Aggregate oder Nanopartikel (NP) hoch 

Lotus-ähnlichen hierarchische Strukturen (hMI-dPG) mit superhydrophilen Eigenschaften 
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hergestellt werden. Dadurch konnten die Benetzungseigenschaften von extrem hydrophoben 

Materialen (z.B. Teflon) komplett verändert werden. Durch Perfluorierung der hMI-dPG 

Oberflächen konnten superamphiphobischen Oberflächen mit beeindruckenden 

Abstoßungseigenschaften gegenüber biologische Flüssigkeiten (z.B. Blut oder Serum) 

und/oder Ölen gewonnen werden. In dem zweiten Projekt dieser Arbeit, konnten dank der hoch 

hierarchischen Struktur, durch Alkylierung der hMI-dPG Oberflächen mittels verschiedener 

Fettsäurechloriden, komplett fluorfreie superhydrophobe Beschichtungen erlangt werden. Im 

Vergleich zu den fluorierten superhydrophoben Beschichtungen zeigten diese fluorfreie 

Beschichtungen keinerlei Einschränkungen bezüglich ihrer wasserabstoßenden Eigenschaften.  

Allerding zeigten die fluorfreien Beschichtung neben den superhydrophoben Eigenschaften 

eine extreme Oleophilie (Superolephilität). Durch Beschichtung kommerziell erhältlicher 

Schwämme mit dieser fluorfreien superhydrophoben/superoleophilen Beschichtung konnten 

Ölabsorber hergestellt werden, die selektiv Öl aufsagen und gleichzeitig Wasser abstoßen. In 

dem dritten Projekt dieser Arbeit wurde das MI-dPG auf ein Sprühbeschichtungsverfahren 

übertragen um den Beschichtungsprozess zu vereinfachen (sMI-dPG). Dabei wurde gezeigt das 

die Eigenschaften der sprühbeschichtenden Oberflächen mit denen aus dem 

Tauchbeschichtungsverfahren sehr ähnlich sind. Weiterhin wurde durch Zugabe von 

hydrophoben SiO2 extrem wasserabweisende Sprühbeschichtungen erlangt. Durch 

Funktionalisierung (mittels Sprühbeschichtung) der sMI-dPG Beschichtungen mit einer 

Silbernitratlösung, wurden Silbernanopartikel in-situ auf der Oberfläche reduziert und stabil 

eingelagert. Diese mit Silbernanopartikeln funktionalisierte sMI-dPG Schicht zeigte perfekte 

antibakterielle Eigenschaften.  

 

In vierten Projekt dieser Arbeit wurde ein neues, tensidfreies Verfahren zur Herstellung von 

Makrogelen etabliert. Diese neue Methode basiert auf die extrem hydrophoben Eigenschaften 

von superamphiphobischen und von mit einem Schmiermittel-imprägnierten rutschigen 

Oberflächen (Englisch: slippery Liquid-infused surface, SLIPS). Wenn ein Tropfen einer 

Lösung mit einem geeigneten Gelierungsmittel (z.B. Gelatinelösung) auf eine solche 

superabweisende Oberfläche platziert wird, wird der Tropfen in eine spezifische Form 

gezwungen, welche während der Gelierung erhalten bleibt. So kann nach der Gelierung auf der 

superamphiphobischen Oberfläche eine rundes Makrogel und auf der rutschigen Oberfläche 

eine halbkugelförmiges Makrogel erhalten werden. Die darauf resultierenden Gelpartikel 

konnten hafteten nicht auf den abweisenden Oberflächen und konnten leicht von der Oberfläche 
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durch Neigung abgerollt und gesammelt werden. Basierend auf den bioinerten Eigenschaften 

(Englisch: antifouling) von superamphiphobischen oder rutschigen Oberflächen, war es 

möglich die Methode für die Verkapselung von Zellen in die Gelpartikel durchzuführen. Der 

Nachweis der Machbarkeit wurde über die Einkapselung von MC3T3-Zellen in ein 4-arm PEG-

Gel gezeigt auf der superamphiphobischen Oberfläche gezeigt.  

 

Das fünfte Projekt konzentrierte sich auf die Anwendung von supramolekularen Polymeren als 

eine einfache und effiziente Methode zur Herstellung von superhydrophoben und mit 

Schmiermittel-imprägnierten rutschigen Oberflächen. Basierend auf der kooperativen 

supramolekularen Polymerisation von fluorierten niedermolekularen Gelatoren (Englisch: low-

molecular weight gelators, LMWGs), und ihrer Fähigkeit zur Selbstorganisation zu einem stark 

verstrickten Fasernetzwerk, war der Aufbau einer Lotus-ähnlichen hierarchischen Struktur 

möglich. Der synergistische Effekt der des faterartigen Netzwerk mit hoher Rauigkeit und der 

fluorierten Seitenketten resultierende in einer selbstreinigenden, superhydrophoben Oberfläche. 

Weiterhin, wurde gezeigt, dass das faserige Netzwerk mit einem fluorierten Schmiermittel (FC-

70) imprägniert werden kann, und eine rutschige Oberfläche mit erhalten wird. Beide 

Oberflächen zeigten selbstheilende Eigenschaften aufgrund der dynamischen Eigenschaften 

des supramolekularen Polymergerüsts. Diese supramolekularen Polymere haben ein großes 

Potential für die Herstellung von dynamischen, funktionellen Oberflächen. 
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