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Summary 

Based on the diverse structures and configurations of polymers, their range of properties and 

functionalities, and thus the conceivable applications of polymeric materials, are basically unlimited. 

However, it is also this diverse structure and configuration, based on long chains of monomeric units, 

which makes understanding and predicting the behavior of polymeric materials so complex – 

especially on a microscopic to molecular scale. In particular the adhesive behaviors of polymeric 

materials, i.e., their interactions with other materials, are frequently of interest: here, the properties 

are predominantly dictated by the surfaces of and interfaces between the assessed materials. 

Thus, in this thesis, the interactions of polymeric materials, based on synthetic and/or natural 

polymers, with each other and with their surrounding environment are assessed, and the surface and 

interface related mechanisms underlying those interactions are discussed. The gained understanding 

can help broaden the knowledge about polymer-polymer interactions and can support the 

development of polymeric materials and devices employing specific functionalities. 

Therefore, different synthetic polymer materials (e.g., poly(vinyl alcohol), polydimethylsiloxane, or 

polyurethane) were compounded with different natural polymers (e.g., mucin, hyaluronic acid, or 

dextran) via different coupling routes (e.g., glutaraldehyde crosslinking, carbodiimide-medicated 

coupling, dopamine-based coupling, or physical interactions). The adhesive, mechanical, and 

tribological properties of the resulting constructs were assessed in different environments, i.e., 

atmospheric, or aqueous. Furthermore, the constructs were exposed to various challenging treatments, 

such as long-term usages, storage, or sterilization procedures. Afterwards, the performance and 

functionality of the treated constructs was evaluated.  

The observed behaviors of the established compounds are interpreted, based on relevant theoretical 

fundamentals, such as the concepts of surface energy, of adhesion, and of (bio-)tribological systems 

(which are also explained in this thesis). Therefore, first the establishment and feasibility of a thin 

bilayer construct with (anti-)adhesive properties on either side of the construct are discussed. Then, 

the effects of different surface activation strategies on synthetic polymeric materials are explained. 

Afterwards, these surface activations were employed to establish surface coatings with biopolymers 

as top-layer. The successful establishment of the desired surface properties and the avoidance of 

undesired influences on the bulk of the substrate material are assessed. Moreover, the good 

lubrication between two strongly autohesive, elastomeric foils (achieved by substrate-adjusted 

surface modifications combined with suitable lubricants) is rationalized. Additionally, the resilience 

and performance of the differently compounded materials are compared: different coating 

strategies (i.e., dopamine-based and carbodiimide-mediated) as well as different bio-

macromolecules employed as top-layers (i.e., mucins and dextrans) are evaluated.  

Overall, in this thesis, surface modifications of polymeric materials by (mainly) biopolymers are 

assessed and the suitability of the achieved functionalizations to influence the adhesive behavior, of 

the compounded materials, in specific manners is confirmed and explained.  
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Zusammenfassung 

Aufgrund der vielfältigen Strukturen und Konfigurationen von Polymeren sind die Bandbreite ihrer 

Eigenschaften und Funktionalitäten und damit der denkbaren Anwendungen von Polymer-basierten 

Materialien im Grunde unbegrenzt. Jedoch, genau diese vielfältige Struktur (die auf langen Ketten 

von Monomereinheiten beruht) ist es, die das Verständnis und die Vorhersage des Verhaltens von 

Polymer-basierten Materialien so komplex macht - insbesondere auf mikroskopischer bis molekularer 

Ebene. Speziell das Adhäsionsverhalten von Polymer-basierten Werkstoffen, d.h. ihre 

Wechselwirkungen mit anderen Materialien, ist häufig von Interesse: Hier werden die Eigenschaften 

überwiegend von den Oberflächen der und Grenzflächen zwischen den untersuchten Materialien 

bestimmt. 

In dieser Arbeit werden daher die Wechselwirkungen Polymer-basierter Materialien, hergestellt aus 

synthetischen und/oder natürlichen Polymeren, untereinander sowie mit ihrer Umgebung untersucht 

und die Oberflächen- und Grenzflächenmechanismen, die diesen Wechselwirkungen zugrunde 

liegen, diskutiert. Das gewonnene Verständnis kann dazu beitragen, das Wissen über Polymer-

Polymer-Wechselwirkungen zu erweitern und die Entwicklung von Polymer-basierten Materialien und 

Geräten mit spezifischen Funktionalitäten zu unterstützen. 

Daher wurden verschiedene synthetische Polymerwerkstoffe (z.B. Polyvinylalkohol, 

Polydimethylsiloxan oder Polyurethan) mit verschiedenen natürlichen Polymeren (z.B. Mucin, 

Hyaluronsäure oder Dextran) über unterschiedliche Kopplungswege (z.B. Glutaraldehyd-

Vernetzung, Carbodiimid-vermittelte Kopplung, Dopamin-basierte Kopplung oder physikalische 

Wechselwirkungen) verbunden. Die adhäsiven, mechanischen und tribologischen Eigenschaften der 

entstandenen Konstrukte wurden in verschiedenen Umgebungen, d.h. atmosphärisch oder wässrig, 

bewertet. Darüber hinaus wurden die Konstrukte verschiedenen kritischen Behandlungen ausgesetzt, 

z.B. Daueranwendung, Lagerung oder Sterilisationsverfahren. Anschließend wurde die Funktionalität 

der behandelten Konstrukte bewertet.  

Die beobachteten Verhaltensweisen der hergestellten Verbundmaterialien werden auf der 

Grundlage relevanter theoretischer Grundlagen, wie den Konzepten der Oberflächenenergie, der 

Adhäsion und von (bio-)tribologischen Systeme (die in dieser Arbeit ebenfalls erläutert werden), 

interpretiert. Daher wird zunächst die Entstehung und Umsetzbarkeit eines dünnen 

Doppelschichtkonstrukts mit (anti-)adhäsiven Eigenschaften auf den gegenüberliegenden Seiten des 

Konstrukts diskutiert. Anschließend werden die Auswirkungen verschiedener 

Oberflächenaktivierungsstrategien auf synthetische, polymer-basierte Materialien erläutert. Ferner 

wurden diese Oberflächenaktivierungen eingesetzt, um Oberflächenbeschichtungen mit 

Biopolymeren als Deckschicht herzustellen. Die erfolgreiche Erzeugung der gewünschten 

Oberflächeneigenschaften und die Vermeidung von unerwünschten Einflüssen auf den Kern des 

Trägermaterials werden beurteilt. Darüber hinaus wird die gute Schmierung zwischen zwei stark an 

sich selbsthaftenden, Elastomerfolien (erreicht durch an das Trägermaterial angepasste 

Oberflächenmodifikationen in Kombination mit geeigneten Schmiermitteln) erörtert. Darüber hinaus 

werden die Belastbarkeit und die Leistungsfähigkeit der entstandenen Verbundmaterialien 

verglichen: verschiedene Beschichtungsstrategien (z.B. Dopamin-basiert und Carbodiimid-vermittelt) 

sowie verschiedene Bio-Makromoleküle, die als Deckschicht verwendet werden (z.B. Mucine und 

Dextrane) werden bewertet.  

Insgesamt werden in dieser Arbeit die Oberflächenmodifikationen von Polymer-basierten 

Werkstoffen durch (hauptsächlich) Biopolymere bewertet und die Eignung der generierten 

Funktionalisierungen zur spezifischen Beeinflussung des Adhäsionsverhaltens der Verbundwerkstoffe 

wird bestätigt und erläutert. 
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1 Introduction 

Due to their property-wise exceptionally broad diversity and adaptability, the utilization 

of polymeric materials is ubiquitous in our modern world. Especially in the biomedical, life 

sciences, and the cosmetic fields, the employment of polymers, whether of synthetic or of 

natural origin, has become substantial. 

Polymers are macromolecules constituted of long chains of repeating units, so-called 

monomers, which typically are organic molecules or include organic groups, i.e., they are 

composed to a high degree of carbon and hydrogen atoms. In general, there are 

homopolymers, which are established by a single identical monomer, and heteropolymers, 

which are established by at least two different monomers. Additionally, depending on the 

available linking options between the monomers, linear and branched polymers can be 

distinguished. Similar to the linking options of monomers, there are also different crosslinking 

and interaction behaviors of polymer chains. Here, mainly the formation of physical 

entanglements, transient interactions, and covalent bonds establish slightly or highly 

crosslinked polymer networks, which arrange into amorphous or (semi-)crystalline 

structures.1,2 

Whereas synthetic polymers are mainly categorized according to their degree of 

crosslinking and thermal behavior, the type of monomer is used as the main distinctive 

feature of natural polymers. Thus, for the latter, polynucleotides (e.g., RNA, DNA) based on 

nucleotides (each constituted of a nucleobase, a pentose sugar, and a phosphate group), 

polypeptides (e.g., polyglutamate, serum albumin) based on amino acids, and 

polysaccharides (e.g., starch, cellulose, alginic acid, hyaluronic acid, dextrans) based on 

simple sugars are differentiated. Additionally, sometimes the source of the natural polymers, 

i.e., animal origin, plant origin, or microbial/algae origin, is distinguished. In contrast, 

synthetic polymers are commonly categorized into thermosetting, thermoplastic, or 

elastomeric polymers.3–5 

Thermosetting polymers are formed in an irreversible curing process establishing an 

extensively crosslinked, permanent network. Such thermosets differ from thermoplastic 

polymers regarding the type of crosslinks and from elastomeric polymers regarding the 

density of crosslinks. The networks of thermoplastic materials are established by transient 

interactions which weaken at increased temperatures, thus enabling their name giving 

thermo-softening behavior. This characteristic behavior enables reshaping of such materials 

at elevated temperatures by specialized processing techniques such as injection molding, 

extrusion, or thermoforming. In contrast, thermosetting polymers disintegrate and decompose 

at elevated temperatures. Elastomeric polymers are formed by only slightly crosslinked 

networks; however, these networks can be established predominantly by transient or by 

permanent crosslinks alike. Thus, elastomers are available as thermosetting variants (e.g., 

polydimethylsiloxane, PDMS) and as thermoplastic variants (e.g., thermoplastic 

polyurethanes). Owing to the low density of crosslinks, the mobility of the polymer chains is 

less restricted. This enables the characteristic abilities of elastomeric polymers to reversibly 

stretch and to deform to a considerable degree, as the polymer chains can slide along each 

other and reconfigure themselves. Consequently, elastomers can be compliant and resilient 

at the same time. 2 This constitutes an extraordinary property combination, which makes 

them suitable for challenging applications, which require a flexible but also durable 

material. 
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The most prominent everyday use of such elastomeric materials is in balloons, but they are 

also found in tights or rubber bands. Life sciences and healthcare applications include single-

use gloves or condoms; in the (bio-)medical field, they are used in medical tubings, urethral 

catheters, as inflatable balloons of stents or of intubation tubes, and in implants and 

prosthetics. Even though implants from elastomers were initially mainly used for 

reconstructive and cosmetic reasons, e.g., as breast implants, they have also been used for 

highly functional applications as artificial skin, vascular grafts, or even as artificial tendons 

or heart valves. All those examples make use of the capability of elastomers to maintain 

their flexibility and robustness even as considerably thin structures. Thus, more recently, 

further applications of such thin and flexible implants have been envisioned, e.g., as flexible 

retinal implants, flexible biosensing implants, or as components for cushion-like implants 

aiming at separating damaged articular surfaces in small joints or replacing intervertebral 

disks. 6–12 

Over the last four years, an example for such a thin flexible joint implant has been 

envisioned and developed in the course of the APRICOT project (a European Union founded 

Horizon 2020 FET Open project, grant number: 863183) in a joint effort of seven trans-

European partners. The aim of this project was to develop a radically new type of implant 

for the treatment of osteoarthritis of small joints in the hand, as displayed in Figure 1.1.  

 
Figure 1.1: Schematic representation of the APRICOT implant: For the treatment of osteoarthritis in finger 
joints, the APRICOT implant (pink) is intended to be placed into the joint gap to restore the natural mobility 
of the joint.  

The therefore developed novel polymer-based technique should not require invasive surgery 

and enable the preservation of healthy bone and tissue. Consequently, among other 

objectives, it was required to design an extremely thin, compliant implant with an integrated 

lubrication system fulfilling the identified mechanical, geometric, biological, and regulatory 

implant design requirements. By the employment of an integrated lubrication system, which 

reduces friction and wear inside of the implant, the APRICOT implant should be able to 

restore smooth and natural movement of the respective joint. 13 Thus, a material which is well 

shapeable into specific thin structures, repetitively deformable, durable, and suitable for the 

employment in the body (i.e., biocompatible) was required. Here, elastomeric materials such 
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as PDMS and polyurethane-based materials, which are also available as medical-grade 

materials, appeared to be an obvious choice. 

However, elastomeric materials have been reported to behave considerably adhesive which 

can interfere with intended applications. When implanted into the body, unspecific protein 

adsorption could promote pathogen adhesion which might trigger further bio-fouling events 

and, potentially, infections.14–16 Furthermore, in the case of e.g., a vascular graft or a heart 

valve, the establishment of a biofouling layer would partially block the available diameter 

and thus reduce the achieved flow volume. Moreover, the reported strong propensity of 

some elastomeric materials to adhere to themselves, the so-called autohesive behavior17,18, 

can further impair the intended functionality of the implants. Such autohesive behavior is 

typically associated with reptation and entanglements of polymer chains across the interface 

of both materials.1,19,20 For the described medical devices, such autohesive behavior could 

increase the resistance of an artificial heart valve to reopen or reduce the smoothness and 

range of motion of replaced joints or intervertebral discs. Yet, suitable alternative materials 

with appropriate bulk properties are scarce. Thus, coating such polymeric materials to 

specifically adjust their surface properties is the currently preferred method to render them 

suitable for the intended (medical) applications. 21–25 

However, efficiently applying surface modifications onto polymeric materials is not trivial as 

synthetic polymers typically behave chemically rather unreactive to inert and often are 

intrinsically uncharged.26 Consequently, their propensity to interact with other materials to 

establish (chemical) intermolecular interactions is rather limited. Moreover, synthetic 

polymers tend to be considerably hydrophobic and/or insoluble in water 27,28 which 

particularly restricts their interaction with biopolymers (which commonly are hydrophilic 

and/or soluble in water, as they occur (and were evolutionary developed) in aqueous 

environments). Additionally, biopolymers are often found to be charged polymers carrying 

various functional groups, which form the base for their rather reactive behavior.3,4 

Consequently, synthetic polymers and biopolymers generally show no high affinity to 

(permanently and strongly) bind to each other as charge-wise, wettability-wise, or from a 

chemical reactivity point of view, they rarely possess similar properties which would promote 

molecular interactions between them. 

However, there is a range of biopolymers which carry hydrophobic groups at least on parts 

of the molecules (i.e., amphiphilic molecules), such as lipids, or some amino acids and thus 

proteins. Accordingly, such amphiphiles can, due to hydrophobic effects, to some degree 

interact with synthetic polymers.29 One of these amphiphilic biopolymers is mucin, a very 

large, bottlebrush-like structured glycoprotein. Even though, for the largest part, it is 

constituted of hydrophilic glycan sidechains, the termini (which do not carry any side chains) 

behave hydrophobic.30–32 Thus, hydrophobic interactions 33–35 of the termini of mucin with 

synthetic polymers are feasible. This enables passive adsorption of mucins to the surfaces of 

synthetic polymer substrates in aqueous environment. Such an adsorbed layer can already 

be understood as a coating; and such passive mucin layers have frequently been reported 

to restrain cell integration with surfaces and adsorption of proteins or lipids and thus 

biofouling. Furthermore, it was shown that such mucin layers can reduce friction as well as 

the generation of wear. 36–41 However, as the layer is only formed transiently, it will not be 

very resistant to different kinds of stresses, e.g., mechanical, chemical, or thermal stresses. 

Consequently, to establish stable biopolymer coatings on synthetic polymer substrates, a 
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connecting aid is required; and such an aid is typically provided by a tailored surface 

coating strategy. 

Such coatings strategies are typically only suitable for specific functional groups (which they 

connect) and must be selected explicitly for a certain combination of substrate and top layer. 

To ensure an efficient coupling, the exact coupling procedure, and its parameters (e.g., 

treatment times, temperatures, or concentrations) must be optimized for the individual 

application. In this thesis, mainly two prominent coupling strategies are assessed to support 

the compounding of synthetic and natural polymers: carbodiimide-mediated (carbo) 

coupling and dopamine-based (dopa) coupling.42–44 

Especially in the bioconjugation field, carbodiimide-mediated coupling is a frequently 

employed strategy, as it permanently connects carboxyl groups with amine groups. 

Therefore, the carboxyl groups are activated via the introduction of a carbodiimide, which 

eventually will be replaced by a primary amine group available on the target molecule. 

Thus, the carbodiimide only mediates the conjugation but is not actually a part of the final 

product.44 Whereas carboxyl- and/or amine groups are commonly found on a broad range 

of biomolecules, they are typically not available on synthetic polymers. Consequently, a 

pretreatment of the synthetic polymers to introduce either carboxyl or amine groups is 

required. Especially for the pretreatment of surfaces, a frequently employed technique is 

plasma activation followed by a silanization.20 Here, the employed silane is selected such 

that the desired functional group is introduced onto the material surface. 

Thus, the carbodiimide-mediated conjugation is established by a comparably complex multi-

step process of specific chemical reactions. In contrast, dopamine-based coupling is rather 

unspecific, as it can employ a combination of various secondary interactions (e.g., hydrogen 

bridges, π-stacking, van der Waals interactions) and has also been reported to establish 

primary bonds with specific functional groups.45,46 Consequently, in a simplified manner, it 

can be understood as a molecular multipurpose glue connecting two entities. To modify a 

surface via dopamine, a simple dip-coating process is sufficient. 47–50 Nonetheless, 

differences in the interaction efficiency and behavior of dopamine treated materials have 

been observed.51–53 Thus, the suitability of a coupling strategy to be employed on a given 

material must be verified.  

In addition to, coupling a (bio-)polymer to a (synthetic) material surface (which will be mostly 

discussed in this thesis), the carbodiimide-mediated coupling strategy is also suitable for a 

direct conjugation of molecules, to e.g., achieve a special functionalization of a polymer. This 

approach is frequently used to attach fluorescent labels to (macro-)molecules but can also 

be employed to attach individual dopamine molecules via their amine group to 

biomacromolecules such as hyaluronic acids or mucins.54,55 In contrast, a simple dopamine 

coincubation with another (macro-)molecule (which has been used to establish a single step 

coating process 56) is not suitable for such a specific conjugation as the diverse interaction 

possibilities of dopamine would lead to oligomeric clusters. Thus, instead of specifically 

attaching individual molecules to a target molecule, the formation of large agglomerates of 

a random mixture of both molecules can be triggered. 

So far, mainly mucins have been introduced as biopolymeric candidates suitable for 

modifications of synthetic polymer materials. However, even though the broad range of 

beneficial functionalities provided by mucins have been examined and reported in the 

literature for more than half a century 57–59, actual industrial applications or clinical usages 

(either in trials or in real clinical applications) are still scarce. 60–63 



 Introduction 
  

____________________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________

5 

Here several potential reasons can be found explaining this limited usage of such a 

promising, multi-functional biopolymer. First of all, mucins are typically animal-sourced 

(commonly from pigs or cows). These animals have to be raised, and the mucins must be 

harvested and purified. 64,65 Overall, this is a very time- and work-consuming production 

route. However, owing to the animal source, considerable biological variation between 

separately purified mucin batches can be observed, making it difficult to reliably obtain 

fully functional, high-quality mucins. Moreover, it has been reported that the aggressive 

purification process employed for (some) commercially available mucins has compromised 

their functionality.66 Thus, it remains a challenge to obtain high amounts of mucins with a 

reproducible purification quality that qualify for medical grade applications. Furthermore, 

the animal-source in general, and the porcine origin in particular, can be problematic for 

the acceptance among vegetarian or vegan people and among Jewish or Muslim 

populations, respectively. Even though there a several approaches capable of (to some 

degree) creating mucin-inspired structures, up to now, no efficient synthesis route has been 

reported for mucins.67,68 An alternative approach would be to use the knowledge gathered 

about (the origin of) the functionalities of mucins in various research fields (such as biological, 

medical, material, and polymer research) and try to mimic certain mucin functionalities by 

polymers that are less complex (to obtain). 

Here, dextrans are suggested and evaluated as potential alternative polymers. Like mucins, 

dextrans are biopolymers but of microbial origin. They are linear polysaccharides 

constituted solely of glucose monomers; thus, dextrans are structurally much simpler than 

mucins. Accordingly, their industrial production in bioreactors employing bacterial strains, as 

well as their purification, sorting by molecular weight, and modification with a broad range 

of functional groups is well established. Furthermore, several clinical applications of 

dextrans, such as volume expanding, blood flow improving, and antithrombogenic usages, 

have been employed for decades. More recently, the employment of dextrans for the 

formation of hydrogels and as drug delivery carrier has been discussed. 69–74 

In this thesis, two different dextran variants are employed to establish dextran coatings on 

synthetic materials, via the above introduced coupling strategies. Moreover, such dextran 

coatings are compared to mucin coated materials. Their influences on the wettability and 

adhesive properties of the coated synthetic materials are evaluated; in a further step, those 

dextran coatings are combined with different macromolecular lubricants to evaluate the 

achievable lubrication performance. Such combinations were chosen as it has been reported 

that the combination of a suitable macromolecular lubricant with a macromolecular coating 

can improve the lubrication behavior. 75 

Similar to most reported bio-macromolecular surface functionalizations, also those discussed 

in this thesis mainly aim at a biomedical application. For a safe biomedical application, 

effective sterilization of the employed medical devices is crucial. To obtain a sterilized, 

coated medical device, two strategies are feasible: either an individual sterilization of the 

components with a subsequent application of the coating or a sterilization of a previously 

coated medical device. However, owing to the limiting necessity of a complex sterile clean 

room environment, the latter approach appears more practical. Consequently, it was 

assessed whether mucin- or dextran coatings maintain their functionality if exposed to 

commonly used sterilization procedures. Furthermore, for the less established dextran-

coatings, the most suitable storage conditions were evaluated. 
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In this thesis, the development, manufacturing, and characterization of bio-functionalized 

material compounds is discussed. The employed functionlizations aim at controlling specific 

surface properties of the compounds and the resulting interactions with the surrounding 

environment. Especially those properties and interactions influencing the adhesion behavior 

(or influenced by it) are analyzed. 

To confirm the suitability of the designed constructs for the desired applications:  

1. the successful establishment of the construct based on the employed e.g., conjugation-

, compounding-, or coating-techniques must be verified,  

2. it must be ensured that the employed materials do not have any undesired or 

unintended influences on other materials/properties of the construct, 

3. the desired functionalities of the constructs must be demonstrated, and 

4. for certain applications, further treatments such as storage or sterilization might be 

required; consequently, it must be shown that the introduced functionalities are 

maintained after exposure to such treatments. 

Based on this list of requirements, the results presented in the publications summarized by 

this thesis will be discussed, starting with the mainly bio-based bi-layer construct introduced 

by Kimna et al. 202276. Here, primarily the establishment of pro-adhesive and anti-

adhesive properties on either layer of the thin construct is assessed. Afterwards, the effects 

of different surface activation strategies on different synthetic polymer materials as 

described in Bauer et al. 202177 and in Bauer and Lieleg 202378 are evaluated to ensure 

the applicability of the intended carbo- and dopa-coating strategies. Based on 

Bauer and Lieleg 202378, the influences of such coatings employing either mucins or 

dextrans on the wettability and the autohesive behavior of elastomeric polymer foils are 

compared. Further, the effects enabling efficient lubrication by the dextran coatings in 

combination with macromolecular lubricants as presented in Bauer et al. 202379 are 

assessed. Lastly, the application-relevant behavior of sterilized, mucin-coated and of 

sterilized, dextran-coated materials, as presented in Rickert et al. 202180 and 

Bauer et al. 202379, respectively, is discussed. 
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2 Materials & Methods 

In this section an overview of the predominately used materials, surface modifications, 

treatments, and examination methods is given. 

2.1 Materials 

In general, two different main groups of materials, used in the scope of this thesis, can be 

differentiated. First, synthetic polymers, which were primarily used as substrate materials to 

which the different surface modifications were applied, and second, natural polymers, which 

were mainly used to modify or functionalize a substrate material. 

2.1.1 Synthetic Polymers 

Synthetic polymers are a broad range of typically petrol-based materials, which are 

ubiquitous in our everyday lives. The here used material types, i.e., polyurethane 

(Figure 2.1 a) and polydimethylsiloxane (Figure 2.1 b), are polymers which are also used in 

(bio-)medical applications. 

a Polyurethane b Polydimethylsiloxane 

 

 
Figure 2.1: Chemical structures of the repetitive units of PU and PDMS: a) R1 and R2 are substitutes for various 

potential residual groups, the mutually shared and name-giving part of PUs are the connecting urethane 

groups (–NH–CO–O–); b) PDMS is constituted of a siloxane backbone alternating silicon atoms and oxygen 

atoms, with methyl groups (–CH3) attached to the silicon atoms. 

2.1.1.1 Polyurethane 

The term polyurethane summarizes a large range of versatile and structurally diverse 

materials, which typically show extraordinary mechanical, physical, and chemical behaviors. 

PUs can even combine competing properties such as high robustness and good flexibility. 

They are synthesized via polyaddition of isocyanate groups (–N=C=O) found on 

polyisocyanates with hydroxy groups (–OH) available on polyhydric alcohols. Thus, resulting 

in the chemical feature that all PU materials share, a urethane group (–NH–CO–O–), the 

general structure of PU materials is displayed in Figure 2.1 a. To fit different requirements, 

PU‐based materials can be tailored in terms of chemistry, by varying either monomers or 

the type (linear or branched) and degree of cross‐linking. Furthermore, their appearance 

and physical state can be adapted: they can be manufactured into e.g., solid materials, 

soft/hard foams, foils, accordingly, the range of applications that PU materials can be used 

for is vast.7,81–83 

For the studies discussed in this thesis only solid PU materials were examined, in particular 

the aromatic, polycarbonate-based polyurethane Carbothane™ AC-4085A (Lubrizol Life 

Science, Cleveland, USA) was assessed, which is a clear, medical-grade, thermoplastic 

elastomer.84 Therefore, thin extruded sheets (thicknesses of ~ 100 – 200 µm) were 
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obtained either as material samples from the manufacturer directly or from Gerlinger 

Industries GmbH (Netzschkau, Germany). Trimming those sheets into the test-specific, desired 

shape and dimensions was conducted manually. 

2.1.1.2 Polydimethylsiloxane 

Polydimethylsiloxane (chemical formula: CH3[Si(CH3)2O]nSi(CH3)3) is a clear and elastomeric 

silicone polymer, frequently used in cosmetics, life-sciences products and (bio-)medical 

devices, as it is non-toxic and inert, especially for the first two use cases it is also referred 

to as dimethicone. Typically, PDMS is synthesized via a polymerization reaction which 

additionally produces an acidic component, i.e., hydrochloric acid or acetic acid. The 

structure of the final polymer is displayed in Figure 2.1 b, based on the number of repetitive 

monomer units (indicated by n) the mechanical properties of the material can be influenced. 
8,85,86 

In the scope of this thesis, mainly a two-part PDMS curing kit (SYLGARD™ 184 Silicone 

Elastomer Kit, Dow Corning, Midland, USA) was employed, therefore the PDMS oil was 

mixed with the curing initiator in a ratio of 10:1, cast in bespoke molds, cured at 70°C, and 

tempered at 110°C. Any further trimming, required to achieve the test-specific shapes and 

dimensions was conducted manually. 

2.1.2 Natural Polymers 

In contrast, to synthetic polymers natural polymers are produced by biological organisms 

and only must be harvested, purified, and - if desired - modified (e.g., with functional groups 

or fluorescent dyes) to obtain the wanted product. For this thesis, mostly three different types 

of biomacromolecules, i.e., mucins, dextrans, and hyaluronic acids, were used (Figure 2.2). 

a Mucin 

 

b Dextran c Hyaluronic acid 

  

Figure 2.2: Chemical structures of mucins, dextrans and HA: a) schematic representation of a mucin molecule 

with a protein backbone (green), a hydrophilic, glycosylated (blue) and anionic (red) central region, and 

hydrophobic non-glycosylated termini. B) dextrans are constituted of glucose monomer units and c) HA is 

constituted of disaccharide subunits. 
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2.1.2.1  Mucins 

Mucins are a group of endogenous, elongated glycoproteins and constitute the main 

macromolecular component found in the mucus layer which typically covers wet mucosal 

tissues in mammals, e.g., the oral tract, the gastrointestinal tract, or the eyes. Since this mucus 

layer functions as initial barrier between the external environment and the internal tissues 

and body systems, it must fulfill a broad range of functions, such as good lubrication, 

avoidance of tissue damage, protection from pathogens, and uptake of nutrients. 

Consequently, this multifunctionality has made mucins a promising candidate for many 

biomedical applications, and their suitability for such applications has been shown in a 

multitude of scientific publications in the last few decades. Mucins achieve their beneficial 

properties mainly due to their specific structure, which is established by a protein backbone 

carrying a polyanionic, highly glycosylated and hydratable bottlebrush-like central region 

and barely glycosylated, hydrophobic termini at either end of the molecule, carrying a 

higher degree of cationic groups as well as cysteine knots.30,31 Whereas the central region 

allows for the formation of a hydration shell around the macromolecule, which has previously 

been found to be crucial for the lubrication and anti-adhesive properties of mucins, the 

termini enable hydrophobic interactions with e.g., hydrophobic surfaces, oligomerization of 

the several mucin molecules, and are well accessible for modifications to e.g., conjugate them 

with other molecules or to attach them to surfaces.22,39–41,87,88 As it was reported previously 

that the structure of commercially available mucins is compromised, diminishing their 

functionality, the mucins employed in the scope of this thesis were lab-purified porcine gastric 

mucins.66 They were harvested and purified as described in detail by 

Marczynski et al. 2022.65 In brief, the mucosal layer was manually harvested from pig 

stomachs, diluted, homogenized and treated with a bactericide agent. Subsequently, the 

obtained solution was either ultracentrifuged or filtrated via several filters prior to running 

them over a size exclusion chromatography column, exposing the collected eluent to a high 

salt treatment and employing a diafiltration against ultrapure water. Finally, the gained 

mucins solution was frozen and lyophilized to obtain a white, cotton candy-like material. 

2.1.2.2  Dextrans 

Dextrans are bio-macromolecules based on glucose units connected via α-1,6 and/or α-1,4 

glycosidic bonds. Glucose is known as the main energy source of the body and is stored in 

the liver as glycogen. In contrast to the branched glycogen molecules, dextrans are mostly 

linearly linked and not endogenous to humans but can be elaborated by different bacteria 

stems such as Leuconostoc mesenteroides. Nevertheless, owing to the very high structural 

similarity of dextran to glycogen, dextran molecules are highly biocompatible. Additionally, 

dextrans are commercially available at a high degree of purity, different molecular weights 

(ranging from a few kDA to about a MDa), and with different functional modifications 

and/or fluorescent labeling.69–71,89,90 

In the scope of the thesis the mainly employed dextran derivates were lysine-dextran (LDex, 

TdBLabs, Uppsala, Sweden)91, Q-dextran (QDex, TdBLabs)92, and carboxymethyl-dextran 

(CMDex, TdBLabs)93 were used. As its name says, LDex is modified by attaching the 

zwitterionic amino acid lysine via either of its two amine groups to the dextran backbone 

(achieving a degree of substitution between 0.005 - 0.03 (mol lysine/mol glucose)). QDex 

is a polycationic derivate functionalized with a quaternary ammonium group at about each 
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fourth glucose unit. For the polyanionic CMDex, a carboxymethyl group was attached to 

about every fifth glucose unit (which is equivalent to a carboxyl content of about 5%). 

2.1.2.3  Hyaluronic Acids 

The glycosaminoglycan hyaluronic acid is a polyanionic, linear macromolecule comprising 

disaccharide subunits, namely D-glucuronic acid, and the N-acetyl-D-glucosamine, which are 

ß-glycosidically linked via 1,3 or 1,4 bonds. Since the incorporated carboxyl- and N-acetyl 

groups can form hydrogen bonds HA, like mucins, establishes a hydration shell in aqueous 

solution due to its high water-binding capacity.94–96 Physiologically, hyaluronic acid is 

present in joint fluids contributing to their good lubricity but also in the extracellular matrix 

of connective tissues, here it is known to support cell proliferation and -migration.45,97–99 

Accordingly, hyaluronic acids and their beneficial properties have frequently been 

employed for tissue engineering approaches.100,101 Similar to dextrans hyaluronic acids can 

be produced using bacteria stems such as Streptococcus equi and HAs are commercially 

available at high purity and with different ranges of size. These are typically categorized 

into low MW (< 50 kDA), medium MW (hundreds of kDA) and high MW (>700 kDA). In the 

scope of this thesis predominantly the latter two size ranges were used. 

 

2.2 Methods 

The relevant methods for this thesis have been summarized into three main categories, first 

surface modifications which typically aim at attaching the above-described natural polymers 

to either of the substrate materials manufactured from the synthetic polymers. Second, 

treatments, which describe conditions and procedures such coated materials were exposed 

to, e.g., to examine the coatings’ performance, durability, or resilience. And third, the 

examination methods which were used to characterize the coatings and their properties and 

performance. 

2.2.1 Surface Modifications 

2.2.1.1  Surface Activation & Pre-Treatments 

Various surface treatment procedures to activate or hydrophilize polymeric materials have 

been presented in the literature, previously; here, some of the most prominent strategies, 

i.e., plasma treatment and dopamine treatment were employed. 

Plasma Treatment 

The term “plasma treatment” summarizes numerous methods/processes that generate 

(partially) ionized gas and/or radicals, which are frequently applied to various materials 

for different purposes, e.g., cleaning, sterilization, surface modification, or etching. Mostly, 

plasma processes require either low ambient pressure (or even vacuum)102 or high treatment 

temperatures (greater than or equal to several hundred degrees Celsius),103 which in 

addition to the desired treatment can have negative influences on the properties of the 

treated materials. Consequently, for each material and desired aim of the treatment, a 

suitable plasma process and specific treatment conditions (i.e., type of gas, treatment time, 

employed power, etc.) must be chosen. For plasma treatments of the different materials 
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discussed here, commercial plasma generators, operating at low pressure (pabs = 0.4 mbar) 

and ambient temperature, were used. Therefore, clean and dry samples were inserted into 

the plasma chamber and either oxygen or atmospheric air was employed as ignition gas, 

using power ranges from 30 W to 60 W with exposure times of 1.5 to 25 min. To maintain 

enough unreacted plasma in the chamber, the used plasma/gas was removed by the vacuum 

system and unused gas was provided and ionized alternately during the treatment. To avoid 

hydrophobic recovery, the treated samples were used directly once the plasma treatment 

process had finished. Since plasma can only reach uncovered surfaces, to mainly convert 

nonpolar methyl groups into hydroxy groups, only the upwards facing sample surfaces were 

used for any further modifications or investigations. 

Dopamine Treatment 

In contrast to the first surface activation strategy, typically no adaptation of the process 

type or conditions is required for dopamine treatments as the employed conditions are 

comparably mild. Additionally, the multitude of adhesion processes putatively combined by 

dopamine molecules achieves an almost material unspecific applicability. This solution‐

based, additive process was first introduced in 200747 and mimics marine mussels producing 

adhesive proteins, which contain a specific amino acid called L-3,4-Dihydroxyphenylalanin 

(L-DOPA). Like L-DOPA dopamine hydrochloride (which was used to prepare the dopamine 

solutions) contains an amino group as well as a catechol group (a benzene ring to which two 

hydroxy groups are attached at neighboring C-atoms). This combination of functional groups 

enables (non-)covalent binding interactions of the dopamine molecules with each other and 

with a broad range of surfaces enabling dopamine layer deposition. Even though the 

detailed mechanisms driving this layer formation are not fully understood yet (despite 

extensive studies),50,104,105 it was agreed that the process is initialized by oxidative reactions 

leading to o-quinones. Many options of how dopamine can interact with other 

molecules/objects have been observed/suggested. Dopamine has been found capable of 

forming covalent bonds with e.g., the amino acid side chains of lysine, cysteine and histidine, 

furthermore at basic pH it can auto-polymerize into poly-dopamine strands. However, 

interactions with surfaces are typically established by non-covalent interactions such as 

hydrogen bonding, π-π electron stacking, cation-π interactions and interactions with metal 

oxides.52,106–109 Previously, it was shown that this strategy can be successfully applied to a 

broad range of materials including metals, glass, ceramics, and different polymeric 

materials.47 

Here, a thin layer of (poly)dopamine was established on the surfaces of materials exposed 

to basic dopamine solutions (pH ~8.5), by oxidatively initiating dopamine polymerization 

and surface adhesion through exposure to atmospheric oxygen.  

2.2.1.2  Macromolecular Coatings 

Carbodiimide-Mediated Coatings 

Carbodiimide crosslinker chemistry is a frequently used technique to activate carboxyl-

groups (-COOH) of a substance and conjugate them to primary amine-groups (-NH2). Since 

carbodiimides such as 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) 

only establish a crosslink during the coupling reaction but are not actually a part of the final 
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product, they belong to the class of zero-length crosslinkers and allow for a direct 

conjugation of amine-groups to carboxyl-groups.  

To initiate the coupling reaction, the carboxyl groups designated to be crosslinked are 

exposed to EDC dissolved in acidic buffer (the highest efficiency of this step is obtained at 

pH 4.5) devoid of any further carboxylic acid residues. However, since the created 

intermediate ο-acylisourea is unstable and very prone to hydrolysis (which would lead to 

the regeneration of chemically inactivated carboxyl-groups), N-hydroxysuccinimide (sulfo-

NHS) is added to the solution; this molecule temporarily stabilizes the activation until the 

final conjugation partner (containing a primary amine-group) is introduced. This second step, 

where the actual conjugation process takes place, has its highest efficiency at physiological 

pH 7.44 

Previously, based on this chemical conjugation process, a covalent coupling procedure to 

bind macromolecules containing primary amines onto synthetic polymer materials has been 

presented.75 There, the coupling process was optimized to efficiently function on PDMS, for 

the application on PU process parameters of the different coating process steps such as 

exposure/incubation time, temperature, reagent concentrations or washing solutions, had to 

be adjusted. In brief, the process step are as follows:  

Surface Activation: As most synthetic polymer materials are rather unreactive, a pre-

treatment of the surfaces is required. Therefore, the samples are exposed to a plasma 

activation as described above. This plasma treatment introduces mostly hydroxyl groups 

and, to a smaller extent, carboxyl groups to the material surface. Once the plasma treatment 

has finished, the activated samples were directly placed into the silane solution to avoid 

hydrophobic recovery, which would re-establish an unreactive surface. 

Silanization: To establish carboxylated surfaces, suitable for the final macromolecular 

coupling, silane molecules were covalently bound to the activated surface. Here, a silane 

solution containing the coupling agent N-[(3-trimethoxysilyl)propyl]ethylenediamine triacetic 

acid trisodium salt (TMS-EDTA, abcr GmbH, Karlsruhe, Germany) diluted in an acidic buffer 

(pH 4.5) was employed. To allow the silanes to react with the activated surfaces, the samples 

were incubated in the silane solution at 37 – 60°C for 5 – 8h. Afterwards, the silanization 

was stabilized by either exposing the samples to increased temperature or to low pressure 

and unbound silanes were removed by washing the samples in ethanol. 

Macromolecular Coupling: To activate the carboxyl groups of the silane layer, the precoated 

samples were incubated in an acidic solution (pH 5) containing 5 mM EDC and 5 mM sulfo-

NHS at room temperature (RT) for 30 min. Afterwards, the EDC–NHS solution was 

exchanged by Dulbecco’s phosphate buffered saline (DPBS) solution (pH 7.4) containing the 

desired macromolecule at a concentration of 0.05 % w/v. The reaction was allowed to take 

place for at least 12 h and eventually all samples were washed in ethanol and stored in 

DPBS until further use. 

Furthermore, carbodiimide chemistry was also used to conjugate dopamine molecules to 

hyaluronic acids. Here, the carboxy groups of HA were activated via incubation with EDC 

and sulfo-NHS, and subsequently the HA solution was mixed with a freshly prepared 

dopamine solution, avoiding dopamine polymerization.  
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Dopamine-Based Coatings 

As indicated by the name this surface coating process is based on the above-described 

dopamine treatment. Instead of only applying a dopamine layer, its capability of 

interacting with a broad range of different materials is used to additionally attach a 

macromolecular top-layer. Therefore, a simple dip-coating process was employed, in which 

the “sticky” properties of dopamine were used first to form a (poly-)dopamine base layer 

on the material surface and second to further bind macromolecules to this layer and hence 

to the surface. Therefore, the samples were first immersed into a freshly prepared basic 

solution (pH 8.5) containing 0.4 % (w/v) dopamine hydrochloride for 3h. To achieve a 

homogenous dopamine layer and avoid sedimentation of big dopamine agglomerates onto 

the sample surface, the samples were placed into the solution such, that the surface intended 

to be coated was oriented vertically. After the removement of unbound dopamine molecules, 

the samples were further incubated in a solution (pH 7) containing 0.1 % (w/v) of the 

designated macromolecule for at least 12h. 

2.2.2 Treatments 

To assess the resilience of the different (pre-)coatings, (un-)coated samples were exposed 

to different application-relevant treatments to evaluate and compare the influence of those 

treatments on the functionality of the coatings. 

2.2.2.1  Storage 

Almost any product will undergo some period of storage within its lifetime, consequently, to 

assess the durability of the (pre-)coatings, coated samples were stored in different dry and 

wet conditions for time periods of up to 200 days. In detail, samples were either stored 

immersed in PBS at different temperatures ranging from 7°C to 37°C or stored dehydrated 

at a room temperature of about 21°C. 

2.2.2.2  Disinfection & Sterilization 

Especially, for (bio-)medical products, surfaces void of pathogens are crucial, therefore 

those products typically undergo disinfection or sterilization procedures. Thus, to be used in 

biomedical applications a surface coating must maintain its functionality when exposed to 

such disinfection or sterilization. The procedures examined here, were exposure to UV-

irradiation or to γ-irradiation, autoclavation, or fumigation with ethylene oxide gas. 

Whereas the autoclavation as well as the treatment with UV-irradiation could be conducted 

in the chair’s laboratory, procedures involving γ-irradiation or ethylene oxide gas were 

performed by an external company specialized in sterilization procedures. 

2.2.2.3  Mechanical Treatments 

These treatments typically aim at generating structural changes and/or wear on a material 

and on evaluating the capability of different modifications to avoid such undesired 

influences. Short-term (several minutes) and long-term (up to 9h) mechanical treatments were 

used on different materials, always employing the linear tribology setup, in detail described 

in section 2.2.3.3. In brief, a measuring head, applying a specific load, is moved over the 

sample fixated on a bottom plate, in an oscillating manner.  
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2.2.3 Examination Methods 

The following examinations methods were used predominately to evaluate the influence of 

coatings on the substrate material as well as the influence of the treatments on the coatings. 

2.2.3.1  Contact Angle Measurements 

A material’s wettability by a liquid is dictated by the surface energy of both or, in detail, 

the proportion of cohesive forces to adhesive forces. Cohesive forces hold the molecules of 

the liquid material together, adhesive forces are established between the liquid and the 

solid material when they come close to each other. The sum of attractive forces in the area 

between the solid phase and the liquid phase is also referred to as interfacial tension. If this 

interfacial tension is higher than the surface tension of the liquid, i.e., if the attractive forces 

of the solid phase towards the liquid phase are higher than the attractive forces inside the 

liquid phase, the liquid will wet the solid. Typically, high energy surfaces can establish high 

interfacial tensions. Thus, if the surface energy of the solid phase is higher than the surface 

energy of the liquid phase, the liquid will spread on the surface.  

To determine these wetting properties of the differently coated and treated materials, 

contact angle measurements were conducted. Therefore, a droplet of 4 – 10 µL of 

deionized water was placed onto a dry and clean sample and a transversal image of the 

liquid–solid interface was captured using a high-resolution, high-speed camera. The contact 

angle (CA) is defined at the contact point of solid and liquid phase with the surrounding gas 

phase. Here, the angle between the tangent aligned along the droplet surface and the solid 

surface is determined inside of the droplet. If the CA is smaller than 90° the surface exhibits 

good wettability by the liquid, if the CA is above 90°, the wettability is low. In the context 

of water as liquid phase, surfaces showing such wetting properties are referred to as 

hydrophilic and hydrophobic, respectively (Figure 2.3).  

a b 

 
Figure 2.3: Exemplary images obtained for contact angle measurements: a) depicts a droplet on a hydrophobic 

surface and b) a droplet on a hydrophilic surface. The detected droplet contours are fitted in blue and the 

determined contact angles are displayed in green. 

2.2.3.2  Confocal Laser Scanning Microscopy 

Confocal laser scanning microscopy (CLSM) is an advanced light/laser microscopy technique 

which creates quantitative 3D-images of surfaces with enhanced contrast and optical 

resolution without requiring special preparation (e.g., gold sputtering) of the samples prior 

to imaging. Therefore, a special beam path configuration (confocal principle, displayed in 

Figure 2.4 a), cover discs with tiny holes (so-called pinholes) to block out-of-focus light, and 

optical sectioning, i.e., the stacking of multiple 2D-images captured at different depths are 

a b c

d e
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employed. Two beam paths are called “confocal” if they share the same focal point. Thus, 

a CLSM is configured such that the beam path from the light source to the sample surface 

and the beam path reflected from the sample surface to the detector have the same focal 

point. Additionally, the pinholes limit the light reaching the detector to light reflected from 

a region adjacent to the focal plane only. For each location in the X-Y-plane, the Z-

coordinate is identified as the z-position that achieved the highest light intensity on the 

detector. By using several pinholes to scan the surfaces and examine several locations at the 

same time, and by stacking the slices detected at different depths, an image of the surface 

metrology can be obtained (exemplary image depicted in Figure 2.4 b). From such images, 

quantitative surface roughness parameters can be derived to compare the roughness and 

surface structure of different samples. 

Here, images of dry and clean samples were captured employing a VK-X1000 laser 

scanning microscope (Keyence, Oberhausen, Germany) equipped with objectives either with 

a 20x magnification (numeric aperture NA = 0.46) or a with 50x magnification 

(NA = 0.95). Subsequently, those images were postprocessed by removing a macroscopic 

tilt and/or waviness from the images. Finally, based on ISO 25178-2 the following surface 

roughness parameters were determined: 

Sq, the root-mean-square-height: 
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  (Equation 2.1) 

The resulting value of this height parameter is equivalent to the standard deviation of the 

height profile of the analyzed sample area A. 

Sdr, the developed interfacial area ratio: 
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The Sdr value quantifies the percentage of additional surface area contributed by the 

texture as compared to an ideal plane. It is zero if the surface is completely flat and 

perpendicular to the orientation of the height. As a hybrid parameter, the Sdr value is 

sensitive towards both feature amplitude and wavelength. 

Spc, the arithmetic mean peak curvature: 
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𝑘=1   (Equation 2.3) 

This is a feature parameter examining the average curvature of all peaks detected on the 

surface. A large value indicates pointy peaks, whereas a low value is determined for 

rounded peaks. 

Sxp, the peak extreme height: 

This functional parameter represents the difference in height between the peaks and the 

central plane of the surface. Therefore, based on the areal material ratio distribution, the 

height value at 50% is subtracted from the height value at 2.5% (excluding outliers and 

extremely high peaks). 
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Figure 2.4: Relevant aspects of confocal laser scanning microscopy: a) displays a beam path (yellow and blue 
lines) in a confocal configuration; b) depicts an exemplary representation of a surface morphology and c) 
shows a areal material ratio distribution.  

2.2.3.3  Examinations on a Modular Shear Rheometer 

As rheometers are intended to determine rheological parameters such as viscosity or 

viscoelasticity, they are designed to very precisely set and determine the torque, the 

deflection angle, and the number of revolutions by employing a highly precise rotational 

engine, an optical encoder, and air bearings very precisely. Additionally, the temperature 

and the normal force can be influenced and traced. Generally, a rheometer is set up of a 

temperature-controlled bottom plate unit (onto which the sample is applied) and a 

maneuverable measuring head, which induces the movement and a normal force. However, 

due to the modular concept of the used rheometer a broad range of different units can be 

inserted. Owing to the multitude of detectable parameters (from which even more can be 

calculated) and the modular construction of the employed rheometer (a MCR302 from Anton 

Paar, Graz Austria), several different modifications were applied here to enable rotational 

and linear tribology measurements as well as tests examining the lap shear, detachment, 

and flexibility behavior of different samples (Figure 2.5). 

Rotational Tribology 

Rotational tribology examines the friction behavior of two material partners in static contact. 

For all examinations conducted here, a lubricant was applied to the system. However, dry 

friction behavior could also be determined. Rotational tribology examinations were 

conducted in a ball-on-three-pins or ball-on-three-plates setup, always employing a 

stainless-steel sphere (Ø = 12.7 mm) and a fixed normal force and temperature (the exact 

setup is described in Boettcher et al. 2014110). The examined (coated) material was inserted 

as pins or plates, depending on the availability of the material in those shapes. During the 

measurement, the sliding velocity was varied ranging from 0.01 – 1000 mm*s-1. Based on 

the Sommerfeld number S, which is defined as:  
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𝑆 =

𝑠𝑙𝑖𝑑𝑖𝑛𝑔 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 ∗ 𝑙𝑢𝑏𝑟𝑖𝑐𝑎𝑛𝑡 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦

𝑛𝑜𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒
 (Equation 2.4) 

And Hertzian pressure theory111, due to which the average contact pressure is defined by 

the geometric contact type (here, always a sphere on a plane), the applied normal force 

(which was selected to be always the same) and the Young’s modulus as well as the Poisson’s 

ratio of the employed contact partners (of which one was always steel), the remaining 

parameters influencing the friction behavior are the viscosity of the lubricant and the 

material properties of the examined material. Mostly elastomers with mechanical properties 

and lubricants with viscosities in a similar range (see Appendix A1.1) were used. The 

determined coefficient of friction µ is defined as: 

Where Ff is the detected friction force and Fn the applied normal force. In this thesis, µ is 

displayed directly over the used sliding velocity instead of the Sommerfeld number. 

Lap Shear Tests 

In lap shear tests, the normal force applied to detach the samples is oriented parallel to the 

contact interface of two samples. Such tests were performed by employing two in-house 

made clamps (first presented in 76) which can be attached to the rheometer bottom plate as 

well as to the measuring shaft.  

To prepare the measurements, two foil samples were partially pressed on top of each other 

thus generating an overlap region of ≈ 10 mm2. The non-overlapping part of either sample 

was inserted into one clamp each and they were pulled apart by lifting the measuring head. 

Since the required normal force to separate the samples as well as the z-position of the 

measuring head were traced during the measurement, it was possible to determine the lap 

shear resistance. Such tests were employed to examine the influence of applied coatings on 

the autohesive behavior of the substrate foils. 

 
Figure 2.5: Schematic representations of the setups employed in a modular shear rheometer: By employing 
several different modifications to the same rheometer, it was feasible to enable rotational and linear 
tribology measurements as well as tests examining the lap shear, detachment, and flexibility behavior of 
different samples. Schematics are not to scale. 
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𝜇 =

𝐹𝑓

𝐹𝑛
 (Equation 2.5) 
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Detachment Tests 

For detachment tests, the normal force applied to detach the samples was oriented 

perpendicular to the contact interface of two samples. These tests were conducted by 

attaching a sample each to the planar bottom plate and to the planar measuring head. 

Then, load was applied to the samples in contact before lifting the measuring head to initiate 

the detachment. Once more, the necessary normal force and the z-position of the measuring 

head were traced during this process to evaluate the detachment resistance of the samples. 

Like laps shear tests, these tests aim at examining the influence of the surface coatings on 

the autohesive properties of the materials. 

In addition, detachment tests of samples in contact with different porcine tissues were 

conducted. Therefore, the same clamp as for lap shear tests was inserted into the measuring 

head and a bespoke sample holder designed to fixate tissue samples was connected to the 

bottom plate. The samples were inserted into the clamp, brought into contact with the tissues, 

and the energy required to detach them from the wet surface was determined. 

Flexibility Tests 

For flexibility tests, the same two clamps as for lap shear tests were employed but only one 

sample was inserted into both clamps, which were positioned 10 mm apart from each other. 

Then, the top clamp was moved in an oscillating manner to bend the sample back and forth 

several hundred times. Here, the required torque was compared for differently coated 

samples to assess any influence of the coatings on the flexibility of the thin foils. 

Subsequently, CLSM was employed to examine the effects of the repetitive deformation on 

the surface structure of the material. 

Linear Tribology 

Friction measurements in a migrating contact, so called linear tribology measurements, were 

conducted by employing a setup based on the one described by Winkeljann et al 2018112. 

In brief, this setup works as follows: a sample holder made from stainless steel, providing a 

planar surface, was connected to the bottom plate. The opposing, maneuverable measuring 

head was equipped with three custom-made PDMS pins (cylinders, Ø = 7 mm) having 

rounded edges on the down-facing side (radius = 3 mm); as, those dedicated PDMS pins 

provide a planar surface with a diameter of 3 mm, this combination allows for conducting 

plane-on-plane friction measurements while avoiding undesired edge artefacts. 

For each measurement run, three rectangular samples were attached to the stainless-steel 

bottom plate, and a round foil sample was attached to each of the three PDMS pins in the 

measuring head. For each measurement run, only identical samples (i.e., same coating and 

same treatment) were used. The designated lubricant was applied before the samples were 

brought into contact; to avoid evaporation of this lubricant a moisture trap was installed 

around the setup. As the employed migrating movement of the top samples leads to 

alternatingly loaded and unloaded periods on different locations of the bottom samples the 

such employed load is typically assumed to resemble a physiological loading situation (e.g., 

in a joint) more closely than the static loading during rotational tribology measurements. 

The described setup was also used to tribologically stress constructs fabricated from mainly 

natural polymers. Therefore, the constructs were applied onto a PDMS based bottom plate 

and the above-described PDMS pins were directly moved over the constructs.  
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2.2.3.4  Zeta Potential Analysis 

If a charged object, which might be a macroscopic sample, a nanoparticle, or even a 

macromolecule, is immersed into an electrolyte solution, an electrical double layer (EDL) is 

established at the interface between the object and the surrounding fluid. Here, the first 

layer, the so-called Stern layer, is constituted of counterions that are rather firmly adsorbed 

to the object surface. The second layer is formed by loosely bound ions, mainly attracted to 

the surface by Coulomb forces. Driven by electrostatic interactions as well as thermal 

fluctuations, these ions move around the object in close proximity. Thus, this layer is called 

the diffusive layer. The EDL forms a stationary fluid layer around the dispersed object and 

screens the initial surface charge of the object from the bulk medium. The interface between 

the object associated EDL and the mobile bulk medium is called the slipping plane. The zeta 

potential is defined as the electrokinetic potential at this slipping plane. Since it accounts for 

all charges bound in the slipping plane, it represents an electrical net charge. Even though 

the zeta potential is not equal to the electric surface potential of an object, it is often the 

only readily detectable potential of an object dispersed in a medium. Nonetheless, the zeta 

potential indicates the magnitude of electrostatic repulsion such charged objects would 

experience in this medium if they came next to each other. 

For this thesis, mainly the zeta potentials of macroscopic solids were determined by 

employing a SurPASS Eco 3 device (Anton Paar). Here, two identically coated and treated 

samples were placed into the sample chamber with a gap of ~ 100 µm between them. An 

electrolyte solution flushed through this gap leads to a pressure difference Δp before and 

after the samples and induces a streaming potential Ustr due to movements of the surface 

associated charges at the solid/fluid interface in the sample chamber. By varying the 

pressure difference and detecting the resulting streaming potential, a linear relation can be 

found between those two parameters. The zeta potential of the examined surface is 

proportional to the slope 
𝑑𝑈𝑠𝑡𝑟

𝑑∆𝑝⁄ . 

Such surface analyses were conducted to comprehend the influence of the different surface 

coatings and their intermediate steps on the sample surface, as well as to evaluate the 

influence of different treatments on the surface coatings. 

2.2.3.5  UV/Vis Spectroscopy 

This technique was used for different purposes, e.g., to confirm the successful conjugation of 

dopamine to HA, to assess the influence of the surface coatings on the transparency of the 

materials, or to determine the drug release from different layers. 

Generally, this method works by sending a laser beam at specific wavelengths in the spectral 

range of ultraviolet and visible light (~ 190 – 800 nm) through a sample and detecting the 

light after transmission of the sample.  
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3 Relevant Theoretical Fundamentals 

3.1 Surface Tension 

In an ideal liquid, the molecules in the bulk of the liquid establish an isotropic, dynamic 

equilibrium, where each molecule is constantly exposed to attractive and repulsive forces 

caused by its surrounding molecules. However, for long time periods, those differently 

directed forces compensate each other and the net force a molecule experiences will on 

average be zero.113 Nonetheless, these intermolecular interactions with adjacent molecules 

are thermodynamically beneficial, as they reduce the potential energy of a molecule and 

thus stabilize the system.114 Since repulsive forces generally have a short range (and 

typically only become relevant at extremely high external pressures), the intermolecular 

interactions are governed by attractive forces leading to cohesion of the molecules of the 

liquid.115  

When including a surrounding gaseous phase with a density distinctively lower than the 

density of the liquid into the considerations, the molecules close to the surface have less 

available neighbor molecules than the molecules in the bulk of the liquid and show 

anisotropic behavior. As the molecules at the interface of liquid and gas cannot establish the 

same number of interactions, they experience a higher potential energy.116 This higher 

potential energy of the surface molecules, also referred to as interface potential energy, 

induces a shear stress parallel to the interface (due to deviant tangential pressures close to 

the surface of the liquid) which establishes the surface tension of a fluid.117 This surface 

tension can also be defined as the interface potential energy per interface area. As lower 

energy potentials are always preferred, the surface molecules aim at integrating into the 

bulk of the liquid, generating a pulling force into the liquid normal to the surface. As the 

molecules try to escape the disadvantageous position at the surface of the liquid, the surface 

area is decreased until the geometry with the smallest surface/volume ratio, i.e., a sphere, 

is reached.116 This movement of molecules from the surface inward of the liquid leads to a 

reduced concentration of molecules close to the surface, which creates a concentration 

gradient decreasing from the bulk towards the surface creating an opposing, outward force, 

which traps the surface bound molecules at the undesired state of a high energy potential, 

maintaining the surface tension.116 Eventually, the inward bound densifying process will draw 

the molecules in such close proximity that the repulsive forces between the molecules become 

relevant, and this avoids a full collapse of the fluid sphere.118  

Upon adding an ideal, solid surface to the system, such that the solid comes in contact with 

the liquid and with the gas, the predominantly relevant interacting forces are expanded: 

now, there are cohesive forces in the liquid, adhesive forces between the liquid and the gas, 

as well as adhesive forces between the liquid and the solid.119,120 At the contact line, the 

location where the liquid surface meets the solid surface, a balance of the interacting forces 

is established. The equations associated with this mechanical equilibrium, set up for the 

components parallel to the solid surface, became famous as Young’s equation:121 

 𝛾𝐿𝑉𝑐𝑜𝑠𝜃 = 𝛾𝑆𝑉 − 𝛾𝑆𝐿 (Equation 3.1) 

Here, 𝛾𝐿𝑉 is the above-described surface tension between the liquid and the gaseous phase 

(denoted as V for ‘vapor’). Accordingly, 𝛾𝑆𝑉 describes the surface tension for the solid-vapor 
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interface, and 𝛾𝑆𝐿 the surface tension for the solid-liquid interface. 𝜃 is the contact angle, 

i.e., the angle between the liquid surface and the solid surface measured at the contact line 

and inside of the liquid (Figure 3.1); this intersection is also referred to as the three-phase-

point. As mentioned above this equation assumes an ideal solid phase, i.e., a smooth, flat, 

rigid, chemically homogenous, insoluble, and non-reactive phase.  

For real (non-ideal) solid phases, surface irregularities such as roughness, chemical variations, 

as well as reactions with the gas phase or with the liquid phase can influence the resulting 

contact angle.122,123 Furthermore, the surface tensions on the right-hand side of the equation, 

which are associated with the solid phase, are frequently regarded as (free) surface 

energies of the solid, corresponding to the tangential stresses induced by the solid on the 

interface with the respective fluid.124 Thus, the terms “surface tension” and “surface energy” 

are often used interchangeably; however, mostly “surface tension” is used with fluids and 

“surface energy” with solids. 

 
Figure 3.1: Typical wetting situations and the corresponding surface tensions at the 3-phase-point: 

Schematics of a liquid (L) phase in contact with a vapour (V) phase, and a solid (S) phase. Wetting 

situatuins are displayed with a) a contact angle 𝜃 < 90°, and with b) a contact angle 𝜃 > 90° on 

a planar solid surface. Surface/interfacial tensions γ are directed tangential to the corresponding 

interface and are indexed according to the contacting phases. 
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3.2 Fundamentals of Adhesion 

Already for Aristotle, Galileo, and Sir Isaac Newton, adhesion was a fascinating topic which 

asked for further investigations. Whereas the macroscopic, practical outcome of adhesion is 

simple to identify and has been extensively optimized experimentally, understanding the 

underlying microscopic and molecular fundamentals behind the adhesion between two 

phases is not trivial.19 At the interface of the material phases, effects and processes from 

different scientific fields such as macromolecular science, physical chemistry of surfaces and 

interfaces, materials science, mechanics and micromechanics of fracture, and rheology 

interact and interfere, making fundamental adhesion a highly complex topic.20 Thus, only in 

the early 20th century, scientific theories (e.g., the adsorption theory, the mechanical theory, 

and the electrostatic theory) about those adhesion fundamentals started to be proposed 

and were controversially discussed; in fact, those theories were mainly understood as 

mutually exclusive and contrary.19 Nowadays, having access to examination, analysis, and 

modeling techniques with much higher resolution, sensitivity, and capacity, it is mainly 

assumed that a complex interplay of the processes proposed in the theories almost 100 

years ago establishes the adhesive bond between two phases. However, the degree of 

contribution of each effect is highly dependent on the parameters, conditions, and 

application of the adhesive bonding, e.g., the types of materials, the environment, and the 

bonding time.19,20,125,126 Instead of explaining the historic theories individually, a symbiotic 

approach will be followed to explain the processes and fundamentals of adhesion in the 

following paragraphs. 

The first and obvious requirement for adhesion is that two phases must be brought into close 

contact with each other to enable interactions between both. Here, good wettability, i.e., 

compatible surface energies of the phases, supports the efficient approximation of both 

surfaces.127 This, enables adsorption interactions between molecules of both phases at the 

interface, due to (at least) London dispersion forces (a type of van-der-Vaals forces formed 

between two transient dipoles). Furthermore, also all other types of bonds and forces 

enabling physical (e.g., hydrogen bonds, van-der-Vaals forces, polar and electrostatic 

interactions) and chemical (i.e., covalent, ionic, and metallic bonds) adsorption are assumed 

to participate in adhesion processes; however, the specific types of interacting bonds and 

forces and their degree of contribution are highly dependent on the employed material 

pairing.19,126 Here, not only the strength of the individual types of bonds is relevant for the 

resulting adhesive strength, but especially a high amount and density of interactions is crucial 

to achieve a strong bonding between the phases. Consequently, to increase the amount of 

available bonding partners and thus the number of interactions, a large interface area is 

beneficial. Accordingly, a pronounced surface roughness, often established at a nanoscopic, 

microscopic, and macroscopic scale, leading to an accessible surface area much larger than 

the projected area of the bond, is helpful to achieve high adhesive strength. However, this 

effect requires good wetting properties between both phases; otherwise, generating a 

multiscale rough surface can lead to the opposite effect. Here, insufficient wetting 

interactions can be further promoted by rough surfaces, as the points of contact are reduced 

to mainly the peaks of the surfaces. This enables that air cushions are maintained (in the 

cavities between the phases), which minimize the contact between the phases and thus the 

accessible interaction partners.19,128 Furthermore, high surface roughnesses, under the 

perquisite of good wetting interactions, can promote mechanical interlocking, which 
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physically promote the resultant adhesion strength. Thus, adhesion can be promoted by 

symbiotic interactions of good wettability, enabling molecular contact between the phases, 

surface roughness, majorly increasing the accessible interface area and the initial surface 

energy, and the availability of suitable molecular interaction partners leading to form a 

high number of physical and chemical adsorption interactions. Thus, the effects behind the 

general fundamentals of adhesion can be understood as a joint effort between mechano-

physical, molecular-chemical, and thermodynamic effects.129 

However, in this thesis, mainly polymers and their interactions are examined. Thus, in the 

following paragraphs, polymer specific adhesion effects arising from polymer intrinsic 

properties and behaviors are discussed in more detail.  

Polymer materials have intrinsic properties specific to their constitution from mainly flexible 

polymer chains. Especially elastomers and thermoplastics – above their glass transition 

temperature Tg – contain mobile polymers with only a low number of (permanent) inter-

polymer crosslinks, leading to their amorphous and viscoelastic behavior. In addition to 

permanent, covalent crosslinks, such polymer materials can also be held together e.g., by 

physical entanglements of different flexible polymer chains (i.e., polymers with chain lengths 

much larger than the polymer specific persistence length) or by secondary bonding forces 

such as van-der-Vaals forces or hydrogen bonds between the polymer chains. Thus, overall, 

the polymer chains are only loosely bound within the polymer material and can rotate and 

migrate within the surrounding polymer network.1 This migrating movement of an individual 

polymer embedded in the network is also referred to as “reptation”, a model developed 

based on the work on molecular dynamics by de Gennes130, and by Doi and Edwards131. 

Here, a polymer chain is imagined to be enclosed within an initial tube (defined by obstacles 

caused by the surrounding polymers), from which the polymer gradually migrates by thermal 

fluctuations, establishing a snake-like, creeping movement.19 

At an interface between two polymer phases (amorphous, and T > Tg), such reptation 

movements of polymer chains can establish interdiffusion of (parts of) polymer chains from 

either phase into the other. Considerable interpenetration depths in the range of the radius 

of gyration of a polymer chain can be achieved.19 However, the toughness and efficiency 

of such interdiffusion processes highly depend on the contact parameters (e.g., time, 

temperature, pressure) and polymer properties (e.g., molecular weight, polarity, and type 

& degree of crosslinking).20,132 Especially the lack of mutual solubility of two different 

polymers is often seen as a limiting factor for the establishment of interdiffusion. From a 

thermodynamic perspective, most polymers exhibit low compatibility with other polymers: 

mixing of different, long polymer chains typically leads to an increase in Gibb’s free energy 

of the system (based on the second law of thermodynamics). However, if two phases of the 

same polymer are brought into contact (so-called autohesion), interdiffusion is not expected 

to be limited by a lack of mutual solubility.19,20 Instead, given enough time, the interactions 

between the polymer surfaces could theoretically develop so far that the interface is 

disintegrated and one cohesive phase is formed.126 Depending on the contact time as well 

as the molecular weight, i.e., the available chain length, of the polymer chains, different 

dominant interaction behaviors of interdiffused polymers have been reported. Typically, 

interdiffusion will be initiated by the penetration of the tails of the polymers into the other 

phase, comparable to nails. Progressing further, prolonged reptation will enable 

entanglements with the polymer chains of the penetrated phase. Eventually, bonds between 

the polymer chains of both phases would be established.19 
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However, the aforementioned lack of mutual solubility between different polymers also 

applies to additives, impurities, or low-molecular fractions found in most of the polymer 

materials. With time, dissolution of the mixed sub-phases will lead to an accumulation of the 

smaller components close to the surface of the polymer material. This typically reduces the 

strength of the cohesive forces in that area, e.g., due to less entanglements feasible with 

shorter polymer chains.20,133 Often, failure of adhesion of polymer materials is found to 

happen in this layer close to the surface of either phase, rather than at the 

interface.126,134,135 

Different from synthetic polymers, which are mostly uncharged, natural polymers frequently 

are charged molecules. They are typically encountered in the context of physiological 

solutions (aqueous solutions containing considerable amounts of ions). Consequently, 

interactions between natural polymers can additionally include, e.g., electrostatic attraction 

or repulsion,136 interactions with water molecules such as hydrolysis 137 or hydrophobic 

effects,33–35 or complexation with multivalent metal ions.138–140 
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3.3 Basics of Tribology 

Tribology is the science and engineering of two surfaces in relative motion. It investigates 

phenomena regarding friction, lubrication, and wear of tribological systems. Consequently, 

the resulting findings are always associated with a specific combination of materials and the 

employed parameters and conditions. In addition to the two tribological material partners, 

i.e., the two surfaces in relative motion, the type of lubricant (if applied) and its viscosity, 

the applied normal pressure, the sliding velocity, the temperature, and mode of contact 

(either static or migrating contact) are of high relevance.141,142 

Friction is the resistance which any body experiences when moving over another body. 

Typically, static and kinetic/sliding friction are distinguished. As tribology examines systems 

in relative motion, only the sliding friction is of interest here. For the rest of the thesis, if not 

stated differently, the term “friction” refers to sliding friction. Furthermore, different types 

of friction are known, of which tribology mainly investigates dry friction and lubricated 

friction. In addition, at very high sliding velocities, fluid friction can become relevant. As in 

this thesis no dry friction is regarded, the following explanations will mainly focus on 

lubricated friction. Even though friction is present and employed ubiquitously in our everyday 

lives (e.g., when matches are lit, when a rolling ball comes to a hold, or in the shower, where 

the ground becomes slippery once wetted with soapy water - an effect caused by a lack of 

friction due to lubrication) understanding the phenomena behind friction is not trivial: In 

addition to the already mentioned system parameters, friction is also influenced by other 

factors such as adhesive/repulsive interactions between the surfaces, surface roughness, 

surface deformations, geometric properties of the surface contact (e.g., point, line or areal 

contact), and (if a lubricant is employed) interactions with the lubricant.143 Consequently, it 

is a very complex system, which is typically examined empirically. Therefore, the friction 

behavior of a system is examined and interpreted by the empirical, dimensionless 

parameter named “coefficient of friction” (CoF) (also known as friction factor) µ which is 

defined as:144 

 
µ =

𝐹𝑓
𝐹𝑁

⁄  (Equation 3.2) 

Here, Fn is the applied normal force pressing the surfaces together, and Ff is the force of 

friction (also Coulomb’s force) between the surfaces (directed parallel to the surface and 

opposite to the moving direction), which impairs movement.145 The kinetic energy required 

to overcome the friction resistance is (at least partially) converted into thermal energy; 

consequently, a tribological system can heat up during applications. µ can take any value 

between 0 (the absence of friction) and above 1 (e.g., steel on silicone can reach values 

above 1). However, for most applications and examinations, the value range between 0 

and 1 is observed; values above 1 are associated with very high friction and insufficient 

lubrication. 

Lubrication is the utilization of a lubricant, i.e., a fluid which makes motion or action smooth 

or reduces friction, in the contact between both surfaces. A lubricant works by interacting 

with both surfaces and thus modifying the contact, it carries (parts of) the applied load and 

dissipates the introduced energy. Since the tribological movement constantly shears the 

lubricant from the contact, it is typically provided abundantly such that the lubricant can 
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constantly be replaced. A good lubricant does not only reduce friction but also avoids the 

generation of wear and abrasion on the surfaces. 

Wear is the process or condition of a material being worn or gradually reduced in bulk or 

impaired in quality by continued use, friction, attrition. Thus, it describes the deterioration of 

the surfaces occurring during tribology measurements, typically caused by mechanical or 

chemical processes (e.g., an unsuitable material pairing, or lubricant can lead to corrosion). 

Wear residues, e.g., abraded material, can influence the tribological system if they remain 

in the contact area and/or lubricant and damage to the surfaces can impede their 

functionality as it influences material properties such as ductility and surface roughness 

(which, in turn, can influence the resulting friction). In the worst case, wear can lead to failure 

of one component and thus to failure of the tribological system.  

However, counterintuitively, wear and friction do not necessarily correlate with each other. 

Typical technical material pairings, where this becomes obvious, is the comparison of steel 

moving on silicone to steel moving on polytetrafluorethylene (PTFE). Here, the resulting 

friction generally will be high for the first pairing and low for the second pairing; however, 

the wear observed on either material of the first pairing will be close to negligible, whereas, 

for the second pairing clear signs of wear on the PTFE material will be observed.88 Similar 

effects have also been observed for biological tissues. Here, even though the determined 

CoF are in a similar range, wear detected on corneas after tribological contact with coated 

contact lenses was much less pronounced than for uncoated contact lenses.37,146 

Owing to the many components, parameters, conditions, and phenomena influencing a 

tribological system, evaluating and comparing results is not trivial. Therefore, the CoF is 

frequently evaluated over the so-called Sommerfeld number S,147 sometimes also referred 

to as Hersey number,148 or Stribeck number.149,150 This is a dimensionless number relating 

some of the relevant parameters, i.e., the viscosity  of the lubricant, the employed sliding 

velocity v and the applied normal pressure p. Accordingly, the Sommerfeld number is 

defined as: 

 
𝑆 =

 ∗ 𝑣

𝑝
 (Equation 3.3) 

Evaluating traditional tribological (e.g., steel on PDMS with an aqueous buffer) systems 

results in a characteristic graph shape as displayed in Figure 3.2, which is referred to as 

“Stribeck curve”. 

Based on Stribeck’s theory,149,150 which applies for a standard, technical tribological system 

(i.e., two surfaces in relative motion, employing a fluid lubricant a lubricant) this curve can 

be subdivided into three different lubrication regimes, which are associated with specific 

contact states between the surfaces and distribution behaviors of the lubricant (going from 

left to right in Figure 3.2): 

(a) the boundary lubrication regime: Here, the two surfaces are in full contact and most of 

the lubricant is displaced from the contact area; only very little remains in asperities e.g., 

dents or cavities, between the two surfaces, resulting in high CoFs,151,152 

(b) the mixed lubrication regime: this is the intermediate regime, the two surfaces start to 

slightly separate thus giving way for the lubricant to creep into the established gap and fill 

the asperities, leading to gradually decreasing CoFs,153 and 
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Figure 3.2: Typical shape of a Stribeck curve: The CoF is displayed on the y-axis and the 

Sommerfeld number S is displayed at the x-axis. From left to right a) the boundary lubrication 

regime, b) the mixed lubrication regime, and c) the hydrodynamic lubrication regime with each a 

corresponding schematic of the interfacial contact are displayed.  

(c) the hydrodynamic lubrication regime: here, a continuous lubrication film has formed 

between the two surfaces with a thickness in the range of the size of the surface roughnesses. 

This limits the direct contact of the two surfaces thus resulting in especially low CoFs.154–156 

Further increasing the Stribeck number (e.g., by increasing the sliding velocities) can lead to 

rising CoFs as at very high sliding velocities. Thus, fluid friction, turbulences and fluid film 

ruptures become relevant.141 

To reduce potential influences from the vast number of parameters and to facilitate 

comparison and interpretation, the viscosity of the lubricant as well as the applied normal 

pressure are often maintained during a set of measurements. The friction behavior can then 

be directly evaluated as a function of to the employed sliding velocities. Consequently, in a 

system with fixed viscosity and normal pressure, the three characteristic regimes can be 

associated with (a) low, (b) medium, and (c) high sliding velocities. 

So far, the principles of technical tribology systems were discussed, in the next section, 

mechanism typically associated with biotribology will be discussed. 
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3.4 Hydration Lubrication and Sacrificial Layer Formation 

Lubrication is a substantial process in most complex living organisms. In the human body, 

efficient lubrication is crucial for e.g., swallowing, blinking, joint movement, or blood flow in 

(small) arteries and veins. Accordingly, over millions of years, nature has developed highly 

efficient lubrication systems. In the scope of biotribology, such sophisticated systems are 

identified and analyzed to understand their functionality and reveal the underlying 

mechanisms. Furthermore, it is aimed at transferring the functionality of bio-lubrication 

systems to technical systems, especially for biomedical applications such as artificial joints or 

invasive procedures like intubation or catheterization. Typically, this involves employing 

specific biomolecules in the technical systems or by trying to mimic the identified mechanisms 

with technical/synthesized molecules.157–160 

Two of those specific mechanisms promoting bio-lubrication are sacrificial layer formation 

and hydration lubrication (Figure 3.3).  

The basic concept behind hydration lubrication is, that water molecules associate around 

hydrophilic/charged molecules in a confined way, forming densely hydrated hydration 

shells around the molecules. Then they can withstand high normal pressures, for which the 

water molecules still behave fluid-like. At the same time the relaxation times of the water 

molecules under shear are still very low such that rapid exchange of confined water 

molecules with free water molecules from the bulk fluid is feasible.161–163 

The formation of hydration shells around charges originates in the strong dipole of water 

molecules, which enables them to interact with cationic as well as anionic charges.164 As the 

association of the water molecules with the charges, leads to a strong reduction of the self-

energy of the charges, permanent removal of water molecules from the hydration shell turns 

out to be rather difficult.161 As the water molecules associated with a charge will mainly be 

oriented such that their counter-charged pole faces the central charge, this leads to the 

formation of the outer shell area by the other pole of the water molecules. This uniform 

association (which should be understood as a simplified model of highly dynamic scenario 

depicting the most likely state averaged over time) leads to a strong, short-range repulsion 

of steric origin between the hydration shells surrounding the central charges, referred to as 

hydration repulsion.165–170 At the same time, the replacement of associated water molecules 

with ‘free’ water molecules from the surrounding bulk fluid can still take place rapidly: 

relaxation times found for of water molecules bound to specific ions were only about 100 

times longer than for water molecules in the bulk (yet, also much higher relaxation times can 

apply for the association with other ions), and maintaining a rapid exchange mechanism has 

been identified as an important contribution to hydration lubrication.171,172 Additionally, 

another beneficial property very specific to water, has been identified, as it is capable of 

maintaining its bulk-like fluidity even at very high normal pressures and for ultra-thin layers 

with a thickness in the range of monolayers (~ 3nm).173 This is in contrast to other frequently 

used lubricants based on organics or oils, which behave like solid layers at such 

conditions.174–176 The explanation for this exceptional behavior is found in the density 

abnormality of water, a property basically unique to water: the liquid phase of water can 

obtain higher densities than the solid phase, which suppresses the tendency to solidify at 

high pressures.177 
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Figure 3.3: Lubrication mechanism and friction response of mucins: schematics showing lubrication 

mechanisms typical of biomolecules, hydration lubrication (left) and sacrificial layer mechanism 

(right).  

Consequently, the attachment of a charged polymer to a surface in an aqueous environment 

leads to the formation of a hydration layer on the surface, which is highly hydrated and can 

be interpreted as a permanent fluid film established on the surface (Figure 3.3, left). For a 

broad range of challenging conditions, such hydration layers are capable of avoiding 

compression due to hydration repulsion between the hydration shells associated with the 

individual charges, of enabling energy dissipation even at low shear forces due to the rapid 

exchange of confined water molecules with free water molecules, and of maintaining the 

bulk-like fluidity of water due to the fact that water reaches its highest density in the liquid 

phase. Therefore, these extraordinary properties of hydration layers can enable good 

lubrication even at boundary lubrication conditions.161,171 

The sacrificial layer formation mechanisms (Figure 3.3., right) on the other hand, involves the 

establishment of a thin and transiently bound layer as the most superficial zone on a 

substrate surface. In case of external stresses or shear forces, e.g., induced by sliding 

motions, such a sacrificial layer (SL), as indicated by the name, is sacrificed instead of the 

underlying substrate surface. This dissipates the externally introduced energy thus reducing 

friction and avoiding wear of the substrate surface. To be efficient, an SL must be constantly 

renewed with attachment rates higher than the detachment rates. Therefore, the surface 

affinity of the molecules establishing the SL must be high and such molecules must be 

available at high redundancy.178–180 

A bio-macromolecule capable of employing both mechanisms simultaneously is mucin. In 

contact with a hydrophobic surface, the hydrophobic termini of the mucin can transiently bind 

to the surface via hydrophobic interactions and the hydrophilic, bottlebrush-like structured 

central region allows for the establishment of a hydration layer. Thus, if mucins in an aqueous 

solution are used as a lubricant in a suitable tribological system, e.g., steel on PDMS, the 

resulting friction is very low and almost independent of the used sliding velocities, i.e., of the 

lubrication regime.36,40,41,66,87  

Here, Stribeck’s theory149,150 does no longer apply. This can be explained as Stribeck’s 

theory assumes two solid, intrinsically static surfaces employed in the tribological system. 

However, the introduction of a hydration layer and/or a sacrificial layer establishes a new, 

intrinsically dynamic, and much more complex layered surface. 

hydration shell

adsorption

readsorption
shear off

H2O molecule lubricant molecule aquoeus medium
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4 Summaries of the Publications 

4.1 Summary of “Multifunctional “Janus-Type” Bilayer Films Combine Broad-

Range Tissue Adhesion with Guided Drug Release” 

A research article published by Ceren Kimna, Maria G. Bauer, Theresa M. Lutz, Salma Mansi, 

Enes Akyuz, Zuleyha Doganyigit, Percin Karakol, Petra Mela, and Oliver Lieleg in 

“Advanced Functional Materials” in April 2022.76 

In this study, an asymmetrically designed bilayer construct was introduced, which was 

engineered such that the opposing sides were distinctively functionalized with specific bio-

macromolecules, i.e., dopamine-conjugated hyaluronic acid (dHA) and lab-purified porcine 

gastric mucin (MUC). These bio-macromolecules were selected to promote good wet tissue 

adhesion and accelerated wound healing on one side and to avoid inflammatory reactions, 

mechanical abrasion, or unspecific protein or tissue adhesion on the other side, respectively 

(Figure 4.1 a). Such a complex construct is necessary as tissue healing is a challenging process 

which requires managing conflicting issues simultaneously: The handling of the construct in a 

dry state should be convenient, the application to a wound should not require any aids or 

sophisticated training (like for sutures), unidirectional drug release (of e.g., antibiotics for 

the treatment of infected wounds), from the dHA layer would be desirable, and the 

compound should fully decompose in wet environments, leaving no residues or alterations on 

the treated tissue, so no consecutive removal step is required. 

To confirm the suitability of the bilayer concept for efficient wound healing applications and 

to prove the above-described, desired multi-functionality of the construct, multi-faceted 

examinations were conducted in this study. First, the successful production route for the 

bilayer films, employing casting for the carbodiimide-coupled dHA layer and electro-

spraying for the generation of a homogenous, fibrous MUC layer, was confirmed via UV-

spectroscopy, SEM imaging (Figure 4.1 b), and contact angle analysis. In a next step, the 

mechanical superiority of the bilayer film compared to single layer films was shown by 

stretching tests investigating the normal force at break and by mechanically challenging the 

films in a linear tribology setup followed by surface morphology evaluations 

(Figure 4.1 c&d). Subsequently, by spectroscopically analyzing the eluents of the films 

incubated in buffer and by high-speed imaging of the films’ swelling behavior, the time 

dependent degradation behavior and the uni-directional drug-release capability in 

different simulated body fluids (Figure 4.1 e) as well as the hydrogel-forming behavior of 

a dry film encountering a wet surface were demonstrated. The desired interactions of either 

side of the films with different types of cells and proteins was verified in vitro by detecting 

the amount of adhered proteins, epithelial HeLa cells, or prokaryotic cells (S. aureus, E. coli) 

on either side of the films via (fluorescent) microscopy and colony forming unit counts. 

Moreover, the immune response to the construct was examined by comparing the cytokine 

expression levels of monocyte-derived macrophages after cultivation on either side of the 

films. Lastly, the time dependent recovery behavior of a damaged HeLa cell monolayer 

covered by a bilayer film was traced by employing microscopy imaging. To confirm the 

beneficial influence of the bilayer film in vivo, its wound healing performance was 

investigated by the application of bilayer films to wounds created on the back of Sprague-

Dawley rats.  
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Figure 4.1: Schematic overview of the study and exemplary data sets: a) depicts a schematic representation 
of the bilayer patch intended for wound healing applications, presented in this study. b) depicts SEM images 
of the bilayer patch (left) and the PVA/MUC fibers (right). c) shows exemplary force-displacement curves 
determined in stretching tests. d) images of a d-HA monolayer (left) and a crosslinked bilayer patch (right) 
acquired after exposure to tribological stress are displayed. e) unidirectional drug release from the bilayer 
patch. Error bars denote the standard error of the mean as obtained from at least n = 3 measurements. If 
no error bars are visible, their size is on the order of the symbol size. 

The wound healing behavior of untreated wounds, wounds treated with a bilayer film, and 

wounds treated with a drug-loaded bilayer film was traced for up to 14 postoperative 

days. Therefore, tissue sections were taken from the wounds and compared to healthy skin 

sections via hematoxylin and eosin as well as Masson’s trichrome stainings from which the 

epidermis thickness, the number of hair follicles, and the collagen index were derived. In a 

last set of tests, the strong attachment behavior of bilayer films to different porcine tissue 

samples was determined ex vivo and topographical imaging was employed to demonstrate 

that, after the disintegration of the bilayer films, no residues of the film or tissue alterations 

could be observed. 

The candidate’s contributions: I conducted the tribology and swelling experiments, for which I 

also participated in the design of the graphics and writing of the associated paragraphs in the 

manuscript. I participated in conducting the shearing tests and drug release studies. I critically 

revised the original manuscript draft. 
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4.2 Summary of “Wetting Behavior and Stability of Surface‐Modified 

Polyurethane Materials” 

A research article published by Maria G. Bauer, Rosa Reithmeir, Theresa M. Lutz, and Oliver 

Lieleg in “Plasma Processes and Polymers” in September 2021.77 

In this study, seven different surface modification approaches (i.e., an oxygen plasma 

treatment, two dopamine layer deposition methods and four wet chemical etching solutions) 

were tested for their suitability to enhance the wettability of three different polyurethane 

(PU) materials - in detail two medical-grade materials, i.e., the aromatic ‘AC’ and the 

aliphatic ‘PC’, and a technical-grade material ‘PUR’. However, at the same time, the surface 

morphologies and structures of the materials should remain unchanged.  

Such surface modifications are often desired for synthetic polymer materials, which typically 

behave hydrophobic, but are intended for applications in biological environments or for 

applications which require enhanced interactions with aqueous solutions, e.g., for tribological 

applications. 

In this publication, first the efficiencies to render the surfaces of the different polyurethane 

materials hydrophilic without influencing their surface morphologies were compared for all 

seven treatment approaches. Therefore, contact angle measurements and confocal laser 

microscopy images (Figure 4.2 a) as well as surface roughness parameters derived from 

those images were evaluated before and after either treatment applied to the different PU 

materials. Subsequently, the durability of the efficient treatments (i.e., plasma treatment and 

the two dopamine layer depositions) was demonstrated - by examining the wettability of 

the treated samples at various time points - for up to a month (Figure 4.2 b): in particular, 

when exposed to wet storing conditions, in contrast to dry storing. 

In the next step the robustness of the surface modifications to UV irradiation for up to 30 

min was shown. Such a treatment was required to obtain disinfected samples, which were 

necessary to reliably confirm the noncytotoxic behavior of and good cell attachment onto 

the modified medical-grade PU variants (i.e., AC and PC). For the technical material PUR, 

rotational tribology assessments were conducted as an application-oriented test instead. 

Here, especially for the oxygen plasma treated samples, a friction reducing effect was 

detected (Figure 4.2 c), as the treatment improved the interaction of the surface with the 

aqueous lubricant without introducing a sticky layer as observed for the dopamine layer. 

Overall, this study showed that with a suitable treatment it is possible to modify the surface 

properties of PU materials for extended time periods. Furthermore, the results emphasized 

the importance of selecting a designated surface treatment, specifically, for the exact 

material variant as even within the same family of materials each modification can have 

different effects. Moreover, the results of this study can be used to optimize surface 

modifications, like (multi-) functional surface coatings, and their process steps for the 

application onto PU materials which could further broaden the field of applications of PU 

materials consequently. 
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Figure 4.2: Schematic overview of the study and exemplary data sets: As depicted in the schematic at the 
bottom left of the figure the surfaces of the PU samples were modified employing three different treatment 
strategies and their influences on the sample wettability were assessed. Data were obtained before 
(beige/gray) and after the implementation of the designated surface activation strategies, i.e., plasma 
activation (dark gray/circles), two types of dopamine treatments (light blue and dark blue/diamonds), and 
four chemical etching approaches (different shades of green). Surface morphologies were examined by 
confocal laser scanning microscopy, exemplary images acquired on PC samples are depicted in (a). Contact 
angle measurements were conducted over a period of 2–4 weeks as shown in (b) for AC samples stored in 
PBS at 37°C. (c) The technical-grade PUR samples were assessed via a tribological examination in a 

rotational ball‐on‐three‐plates setup. The scale bar in (a) represents 100 μm and applies to all microscopy 

images in (a). Error bars denote the standard error of the mean as obtained from at least n = 3 
measurements. If no error bars are visible, their size is on the order of the symbol size. 

The candidate’s contributions: I participated in the conceptualization of the study and design of 

experiments. I performed all experiments involving samples exposed to chemical etching, all 

light profilometry analyses, and tribological examinations and participated in the contact angle 

measurements. I evaluated and interpreted all acquired results (except for the data regarding 

tests with eukaryotic cells) and designed all included graphics. I participated in writing the 

article by drafting the manuscript. 
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4.3 Summary of “Bio-Macromolecular Surface Coatings for Autohesive, 

Transparent, Elastomeric Foils” 

A research article published by Maria G. Bauer and Oliver Lieleg in “Macromolecular 

Materials and Engineering” in February 2023.78 

This study investigated the impact of two different coating strategies (carbodiimide-

mediated coatings (carbo) and dopamine-based coatings (dopa)), their intermediate layers, 

and the different top-layer molecules (overall anionically charged mucins vs. dextrans 

comprising cationic groups) on the resulting (surface) properties when applied to two 

different polymeric substrate materials (polydimethylsiloxane (PDMS) and polycarbonate-

based polyurethane (PCU)). Such elastomeric, thermoplastics combine a broad range of 

beneficial properties like mechanical robustness, transparency, and flexibility; however, 

their application is often limited by their adhesive behavior, especially their propensity to 

stick to themselves, which is referred to as autohesive behavior. This property not only 

impedes handling and processing but can also interfere with the designated applications. 

To overcome this undesired behavior, bio-macromolecular coatings were applied in this 

study and their influence on the autohesive behavior of the foils was examined, while 

ensuring that those coatings did not negatively influence the flexibility, transparency, or 

surface roughness of the substrate materials. First, contact angle measurements were 

conducted and confirmed the successful application of either coating onto the substrates as 

the wettability of the coated materials was improved for all variants. The influence on the 

autohesive behavior of the materials was examined by employing lap shear tests and 

detachment tests (Figure 4.3 a&b). Overall, the influence of the coatings on the PCU samples, 

which initially showed the stronger autohesive behavior, was more pronounced, and 

especially the carbo-coatings achieved clearly reduced resistances in either test. For the 

dopa coatings on both materials, the sticky behavior of the dopamine layer used to apply 

the designated macromolecules appeared to influence the overall results, as the reduction 

of either resistance was comparably low. Even though both materials initially showed similar, 

strongly negative surface potentials, surface zeta potential analyses showed that the surface 

properties of PDMS are more dominant as, once again, the effects of the coatings on the 

PCU samples were more pronounced. Here, the dopa-coating employing dextrans even 

resulted in positive surface potentials (Figure 4.3 c). Using UV/Vis spectroscopy, no influence 

of any coating/macromolecule combination on the transparency of either substrate material 

was detected. Additionally, confocal laser scanning microscopy revealed similarly low 

surface roughness parameters for uncoated and coated samples alike. Lastly, the foil 

flexibility was assessed by repeatedly twisting the samples in a reciprocating manner. Here, 

only the carbo-mucin coating slightly softened the material response of the PCU. When 

conducting a post-examination of the samples, no narrowing of the samples or any influences 

on the surface structure due to the flexibility tests was detected. 
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Figure 4.3: Schematic overview of the study and exemplary data sets: Resistance of (surface modified) foils 
against a) lap shear and b) detachment. c) Zeta potentials of bare and coated substrate materials. The 
grey bar labeled with uncoated indicates results obtained for the uncoated substrate. Results for uncoated 
(dark grey lines), carbo-LDex coated (intense green lines), dopa-Qdex coated (dashed, light green lines), 
carbo-mucin coated (intense blue lines), and dopa-mucin coated (dashed, light blue lines) are depicted. 
Error bars denote the standard error of the mean as obtained from at least n = 3 measurements. If no error 
bars are visible, their size is on the order of the symbol size. Asterisks denote statistically significant 
differences between samples (based on a p-value of 0.05). 

Overall, it was demonstrated that the final surface properties of coated polymeric foils were 

not purely dictated by the properties of the applied top layer-molecules but could still be 

strongly impacted by the substrate as well as the specific coating strategy. Thus, especially 

the following aspects should be considered for future coating applications: First, the facile 

and broad range application of dopamine-based coatings appears to come at the price of 

a comparably dominant, sticky intermediate dopamine layer. Second, to achieve a desired 

behavior tailor-made for the intended usage, it is important to choose a substrate- and 

application-specific coating strategy in combination with a suitable top-layer molecule. 

Candidate’s contribution: I participated in the conceptualization of the study as well as the 

design of the experiments. I performed and evaluated all experiments and designed all included 

graphics. I contributed to the writing of the manuscript by writing the draft of the text. 
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4.4 Summary of “Comparing the Resilience of Macromolecular Coatings on 

Medical-Grade Polyurethane Foils” 

A research article published by Maria G. Bauer, Kjetil Baglo, Luca Reichert, Jan Torgersen, 

and  liver Lieleg in “Surfaces and Interfaces” in August 2023.79 

In this study, the functionality of two different coatings, obtained via a carbodiimide-

mediated (carbo) and a dopamine-based (dopa) coating process, employing dextrans with 

cationic groups as top-layers applied to polyurethane (PU) foils was compared after those 

coated foils were exposed to different application-oriented treatments (including long-term 

usage, storage, and sterilization procedures). 

As elastomeric, thermoplastic materials such as the here examined PCU often show 

autohesive properties they are often deemed unsuitable for tribological applications which 

demand a smooth relative motion between two samples. However, in this study the feasibility 

of obtaining efficient gliding motions between two PCU foils was demonstrated in a linear 

tribology setup. This was achieved by altering the surface properties of the foils via 

combining either hydrophilic surface coating with a suitable macromolecular lubricant to 

utilize hydration lubrication and (potentially) sacrificial layer formation between both 

coated foils. Both coatings were found to be about or even less than 1 μm thick. To assess 

the resilience of the examined coatings, first, long-term tribological measurements running 

for 9 h were conducted. Here, even though the determined coefficients of friction were 

rather similar, the carbo-coated samples were the most reliable, steady, and reproducible; 

for uncoated and dopa-coated samples, the detected friction traces showed lots of 

variability. Furthermore, for the latter two sample types, the autohesive behavior of the PCU 

material induced a full inhibition of the movement at several occasions; thus, restarts during 

most of the measurements were necessary. Confocal laser scanning microscopy was 

conducted to assess the surface morphology of the samples after long-term usage and 

further emphasized the tribological superiority of the carbo-coating as no signs of wear 

were visible. This observation was confirmed by surface roughness parameters derived from 

those surface morphology images. In a second set of tests, the durability of coatings exposed 

to different storing conditions was examined (Figure 4.4). Here, in addition to the CoFs, the 

effective runtime (i.e., the time the samples were freely gliding over each other) was 

recorded. Generally, for both coatings hydrated storage appeared more beneficial than 

dry storage, and the carbo-coated samples were found capable of maintaining their 

functionality for up to 200 days (under certain conditions). Lastly, the effects of commonly 

used sterilization methods (i.e., ethylene oxide fumigation (ETO) and gamma-irradiation 

(gamma)) were assessed. Once again, the carbo-coated samples were least affected and 

especially the ETO treatment had barely any influence on the performance of the coatings. 

For the dopa-coating, the long duration of the sterilization treatments already affected their 

performance to such a degree that the influence of the sterilization procedures themselves 

was difficult to reliably identify. Furthermore, both coatings seemed to shield the substrate 

material from the negative influences of the sterilization treatments as only little to no change 

in FTIR scans was observed for coated and sterilized samples compared to uncoated and 

sterilized samples. 
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Figure 4.4: Schematic overview of the study and exemplary data sets: In this study the resilience of fucntionality 
of dopa-Qdex coatings and carbo-LDex coatings was compared. a) depicts the friction response 
determined initalliy for dopa-QDex coated PCU. b) displays the lubrication performance of stored carbo-
LDex coated PCU samples. c) gives a comparison of the lubrucaiton perfomrance obtained for uncoated 
(white), carbo-LDex coated (light blue), or dopa-QDex coated samples, either stored, or exposed to 
sterilizatiion treatments with ethylene oxide (green) or with gamma-irradiation (yellow). Error bars denote 
the standard error of the mean as obtained from at least n = 3 measurements. If no error bars are visible, 
their size is on the order of the symbol size. 

This study showed that either coating is suitable to overcome the autohesive behavior of the 

PCU foils and enable efficient gliding; however, especially for long-term applications, wear 

avoidance, and applications requiring sterilization, the carbo coatings outperform the dopa 

coatings. 

The candidate’s contributions: I participated in the conceptualization of the study and the design 

of the experiments. I performed and evaluated all experiments except for the curation and 

interpretation of the dynamic scanning calorimetry measurements, the interpretation of the FTIR 

scans, as well as the acquisition of the scanning electron microscopy images. I designed all 

included graphics and contributed to the manuscript by writing the draft of the text. 

 

 

 

 

 

 

 

 

 

  



Controlling the Adhesive Properties of  
Polymeric Materials by Surface Functionalizations 
_____________________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________ 

38 

4.5 Summary of “Effects of Sterilization Methods on the Integrity and 

Functionality of Covalent Mucin Coatings on Medical Devices” 

A research article published by Carolin A. Rickert, Maria G. Bauer, Julia C. Hoffmeister, and 

 liver Lieleg in “Advanced Materials Interfaces” in December 2021.80 

In this study the influence of commonly used sterilization methods (i.e., autoclavation (AC), 

ethylene oxide fumigation (EO), γ-irradiation (γ), and UV-irradiation (UV)) on the structural 

integrity and functionality of covalently coupled mucin coatings applied onto three medical 

devices (urethral catheters, intubation tubes, and contact lenses) made from different 

polymeric materials (i.e., polyurethane (PU), polyvinylchloride (PVC), or 

polydimethylsiloxane (PDMS) was investigated. Previously, such covalent mucin coatings 

– established with lab-purified MUC5AC - had been found to exhibit beneficial properties 

with great potential to improve different surface characteristics of the substrates, such as 

their wettability, lubricity, and anti-biofouling behavior. However, to be employed as part 

of a medical device, effective sterilization is indispensable. However, sterilization processes 

typically are aggressive treatments and require harsh conditions, which might unintentionally 

impede the structural integrity and functionality of the applied coatings. Thus, to assess the 

structural integrity of the mucins - coated onto either medical device and treated with any 

of the sterilization procedures - two specific detection methods (i.e., ELISA and a lectin 

depletion assay) were employed (Figure 4.5 a). Here, it was found that the bottlebrush-like 

glycosylation found in the central part of the mucin molecules appears to shield the protein 

backbone of the molecule from the influence of the physico-chemical challenges: the 

glycosylated part of the mucins demonstrated to be more resilient than the un-glycosylated, 

hydrophobic termini of the mucin molecules.  

 
Figure 4.5: Schematic overview of the study and exemplary data sets: 

Sterilization of the coated devices was conducted via γ-irradiation (yellow), autoclaving (red), ethylene 

oxide fumigation (green), or UV irradiation (purple). The normalized fluorescence intensities obtained with 
an ELISA on mucin-coated PU samples are shown in (a). b) Exemplary contact angle images of a PVC based 
medical device surface and the same set of surfaces carrying a mucin coating (prior to any sterilization 
process). In c) the Stribeck curves obtained for mucin coated and sterilized PDMS samples are displayed. 
Additionally, a) and c) show results for uncoated (black) and coated but untreated (grey) samples. The error 
bars denote the standard error of the mean as obtained from n ≥ 4 samples. Asterisks and rhombi denote 
statistically significant differences between a treated sample and the untreated reference or the blank 
sample, respectively (based on a p-value of 0.05). 
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Assessing the wettability via contact angle measurements (Figure 4.5 b) showed that the 

hydrophilic characteristics of the mucin surface coatings were maintained for almost all 

examined treatments. Moreover, for neither of the sterilization procedures, any influence on 

the lubricity provided by the mucin coatings, was detected by rotational tribology 

examinations (Figure 4.5 c). Furthermore, lipid adsorption tests (evaluating the anti-

biofouling potential of the coating) emphasized the overall finding that coatings exposed 

to ethylene oxide outperformed the coatings subjected to any of the other techniques in 

maintaining the integrity and functionality of the mucin coatings.  

Generally, the results of this study further promote the suitability of mucin coatings for 

medical devices, as the various beneficial properties established by such mucin coatings 

were demonstrated to be robust towards commonly used sterilization processes (to different 

extents), which represents a crucial advancement in the development of mucin coated 

medical devices to qualify for usage in a clinical context. 

The candidate’s contributions: I participated in the conceptualization of the study as well as in 

the design and the analysis of the experiments. I critically revised the original manuscript draft. 
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5 Discussion 
In this thesis, different approaches to achieve specific adhesive properties of polymeric 

materials are discussed. Depending on the chosen material and intended application, the 

desired adhesive properties can range from strongly adhesive bonds, over reservable 

physical interactions, to anti-adhesive, repellent behavior. To successfully develop a material 

employing specific adhesive properties (required for the envisioned application), it is 

necessary to assess and understand the potential chemical, physical, and biological 

interactions, which the polymers can establish with each other and with their surrounding 

environment. 

The mainly bio-based construct presented by Kimna et al. 202276, was a thin bi-layer patch 

employing specific functionalizations in either layer aiming at an optimized wound healing 

management provided by the construct. From a material engineering point of view, 

achieving the desired (anti-)adhesive behavior of both layers and, at the same time, good 

interconnection of those layers is not trivial. Additionally, sufficient mechanical stability of 

the patch was required to ensure good manageability and resistance against external 

mechanical stresses. Here, for the tissue facing layer, good wet tissue adhesion was achieved 

by conjugating dopamine to hyaluronic acid thus forming d-HA. In contrast, the anti-adhesive 

properties of the environment facing layer were established by the incorporation of mucin 

molecules into the poly(vinyl alcohol) (PVA) network as schematically depicted in Figure 5.1. 

This network was established by long, randomly oriented, electro-spun PVA/MUC fibers and 

mechanically reinforced by glutaraldehyde (GTA) crosslinks. GTA is a short organic molecule 

with a carbonyl group at either terminus, and GTA is frequently used to permanently 

crosslink proteins and to fixate biological tissues.181,182 It has been reported that GTA 

interacts predominantly with amine, but crosslinking of PVA has been reported, too. For the 

latter, it has been suggested that the connection is formed between two neighboring hydroxy 

groups of the PVA with a carbonyl group of GTA.183–185 Thus, for the PVA/MUC network, a 

high degree of crosslinking between the polymers inside a fiber as well as between different 

fibers should be established.  

 

Figure 5.1: Schematic representation of polymer interactions of the bilayer patch: the predominate polymer 
interactions of a) the PVA/MUC layer (grey) and the d-HA layer (green) in a dry state and of b) the swollen 
d-HA layer in contact with biological tissue (pink) and the hydrated PVA/MUC layer in aqueous 
environment. The schematics are not to scale. 
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Here, the effectiveness of the crosslinks was confirmed practically by detecting a maximum 

rupture force for the crosslinked bilayer constructs that was higher than the sum of rupture 

forces obtained for both single layers. Additionally, the absence of distinctive spreading 

observed for the bilayer patch after exposure to tribological load confirmed that the 

crosslinked fiber network resists deformation and that the fibers do not align in the movement 

direction in a pronounced manner. This indicates good stability of the crosslinks as the patch 

behaved as one entity rather than a conglomeration of many individual chains. 

Furthermore, the good interconnection between both layers was assessed by lap shear tests 

of partially overlapping bilayer constructs. As the locus of failure was always found in a 

monolayer rather than between both layers, considerable adhesion between both layers 

must have been achieved. However, GTA driven crosslinks of the d-HA layer are unlikely, 

as crosslinking of HA via GTA requires an acidic medium as catalyst 100,186, and the amine 

group of the dopamine has already been employed in the conjugation process with HA. 

Based on the mode of crosslinking discussed above for PVA, it is speculated that bonding of 

GTA with the two neighboring hydroxy groups of the catechol groups of the dopamine 

molecules could be conceivable. Other than that, the adhesive interactions between both 

layers are presumably formed mainly by hydrogen bridges, entanglements of the involved 

polymers, and interactions of the catechol groups with the PVA/MUC layer. Indeed, a good 

interaction of dopamine with mucins has already been reported.88,187,188 Furthermore, the 

limited crosslinking of d-HA by GTA is underscored by the behavior observed for hydrated 

d-HA layers and bilayer patches: Here, distinctive swelling of the d-HA layer was observed, 

and strong limitations of swelling have been reported for GTA crosslinked 

materials.185,189,190 Additionally, as basically the same viscoelastic behavior was determined 

for d-HA monolayers and for crosslinked bilayer patches, an entirely GTA crosslinked 

construct appears doubtable. Still, the d-HA layer showed storage-modulus dominated, and 

therefore gel-like, elastic behavior in those rheological assessments. This indicates good 

intermolecular interactions in the d-HA network. This points towards a transiently crosslinked 

network (established by the incorporation of dopamine molecules) rather than a mainly 

physically entangled solution as typical for pure HA in an aqueous medium.96,191 

Additionally, the catechol groups introduced by the dopamine molecules clearly promote 

tissue adhesion: about 10 times as much energy was required to detach a d-HA layer from 

wet tissues than for an HA layer. As putative interactions, hydrogen bonds, oxidations, and 

Schiff base reactions with amines, carboxyl groups, hydroxy groups, or thiols available on 

the tissue surface have been reported for adhesion of dopamine materials to biological 

tissues; and the reported detachment energies were in a similar range.45,192,193 For the anti-

adhesive properties of the PVA/MUC layer, the desired behavior was confirmed by 

detachment tests from tissues, as well as incubation tests performed with proteins, eukaryotic 

cells, and prokaryotic cells. This indicates, that neither the low content of mucins (< 5 weight-

%) in the PVA/MUC layer nor the reported, negative influences of GTA crosslinking on the 

functionality of some proteins182 could inhibit the anti-adhesive properties brought about by 

the mucins. For the former, the restriction of swelling introduced by GTA crosslinking might 

be beneficial, as it maintains a high density of mucins even in a hydrated state. For the 

latter, as the anti-adhesive properties of mucins are mainly associated with hydration shells 

formed around the glycosylated part of the protein39,55,194,195, any changes potentially 

introduced to the structure of the folded termini appear negligible. Lastly, the reported 

reduced solubility of GTA crosslinked materials might contribute to the delayed degradation 
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observed for the PVA/MUC layer.186,196 Overall, even though the specific functionalities of 

the bilayer patches were introduced by the incorporation of certain (macro-)molecules, the 

coexistence of partially contrary properties was achieved by spatially compartmentalizing 

the functionalized polymers by a consecutive preparation of the full construct in two layers. 

Additionally, the bespoke behavior of either layer was maintained even in an aqueous 

environment by carefully chosen suitable crosslinking agents.  

In the next section, the attachment of biopolymers to the surfaces of synthetic polymer-based 

materials is discussed. As explained in the introduction, to establish such an attachment, the 

low reactivity of synthetic polymer materials must be overcome. Therefore, in 

Bauer et al 202177, different surface activation strategies were examined on PU materials. 

For the identified, effective activation strategies, i.e., strategies that achieved distinctively 

enhanced wettability without negatively influencing the surface morphology, the durability 

of the achieved modifications in atmospheric and in aqueous environment was assessed.  

As expected, dry storage had adverse effects on the plasma activated samples, which were 

attributed to hydrophobic recovery. This effect is associated with the re-establishment of the 

un-reactive material surface, and it is caused by polymer chain reptation and rotation 

transporting activated polymer chain segments into the bulk of the material. 197,198 In 

contrast, a preservation of the activated surface was achieved in an aqueous environment 

as polar interactions temporarily stabilized the activated polymer chain segments on the 

material surface. Qualitatively, dopamine treated samples stored in atmospheric 

environment showed a similar behavior as plasma activated samples. However, it is 

important to consider that dopamine layer deposition does not establish a continuous, 

monomolecular layer but rather forms a supramolecular aggregate constituted of diversly 

interacting oligomeric and polymeric dopamine snippets.199 If these snippets do not establish 

any permanent bonds with the material surface, they can be gradually detached. Moreover, 

some oligomeric snippets might still be small enough to be affected by the effects of 

hydrophobic recovery, and thus can be transferred into the material. For dopamine treated 

surfaces stored in aqueous medium, the wettability was even further enhanced within the 

first days of storage. Even though water uptake of the substrate material might have also 

contributed to this effect, rearrangements of the dopamine molecules and of the interactions 

between them would be conceivable, which could have enabled the establishment of an 

energetically more advantageous structure of the dopamine layer. Thus, higher surface 

energy and consequently enhanced wettability would have been achieved. 

As it is reversible by hydrophobic recovery, the plasma treatment would have been too 

instable in an atmospheric environment to reliably conduct more complex examinations. Thus, 

to avoid such activation reversing effects, silane precursors were attached to the surfaces 

directly after the plasma activation. In an acidic, aqueous medium, the silanes hydrolyzed 

to form silanols (-Si-OH), which readily reacted with the plasma induced, hydroxylated 

surfaces by forming a strong connection via hydrogen bridges, van der Waals interactions, 

as well as covalent bonds through hydrolytic condensation. For the latter, strong siloxane 

bonds (Si-O-SI) are established, if silicone atoms were accessible in the polymer backbone, 

such as for PDMS. Otherwise, the formation of silyl derivates (e.g., silyl ester Si-O-C) 

between the silane precursor and hydroxylated or carboxylated materials was reported. 

Through bonding with sufficiently large silane precursor molecules, the free movement of the 

polymer chains was restrained and thus a permanent surface layer was created. 200–203 
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On PCU samples, such silane pretreatments achieved a significantly reduced resistance 

against lap shear as well as against detachment movements compared to uncoated samples 

(which behaved strongly autohesive). In contrast, on PDMS, such a reduction of resistance 

against either movement was not observed. In fact, the resistance against lap shear motion 

was even increased for silane treated PDMS. This was surprising as, on both materials, the 

silane treatment should have induced a reduction of interdiffusion, owing to the restrained 

movability of the silane modified polymer chains, as well as to the barrier formed by the 

silane precursors, which the polymers would have needed to overcome to interact. 

Furthermore, the high number of carboxyl groups available on the silane precursors should 

have locally induced electrostatic repulsion. However, a difference can be found in the 

chemical groups established by the hydroxylation induced by the plasma treatment: on 

PDMS, reactive silanol groups were generated, whereas, on PCU (putatively) mainly simple 

C-OH bonds were introduced. If not all silanol groups on the PDMS surface were occupied 

by the precursors, the remaining silanol groups on the opposing samples could have 

interacted and thus formed siloxane bonds (by the same reaction as described above for 

the bonding of the silane precursor to the PDMS surface above). In fact, to produce 

microfluidic setups, the formation of siloxane bonds between plasma activated PDMS and 

plasma activated glass is commonly employed to permanently bond both materials to each 

other; and this process has also been reported for the bonding of two PDMS samples.204–

208 In contrast, on both materials, dopamine treatments assessed in either setup showed a 

slight tendency towards higher resistances against the movements (only for lap shear tests 

of dopamine coated PDMS, a significant difference compared to the respective uncoated 

samples was observed). Since the effects of limited polymer chain moveability and barrier 

layer formation described above should apply for the dopamine treatment as well, this 

observed tendency underscores the strongly adhesive behavior of dopamine layers. 

 

In the next section, the influences of mucin and dextran coatings (applied via either coating 

strategy) on the surface properties of the materials is discussed. Here, some fundamental 

differences in the manner of surface attachments can be anticipated, and those are depicted 

schematically in Figure 5.2. Owing to the terminal, well accessible amine group available on 

mucins, an attachment employing the carbo-coating is assumed to predominantly establish a 

polymerbrush-like coating.209,210 However, since amine groups might also be accessible in 

the glycosylated region, attached mucins with alternative orientations could also be present. 

Enabled by the diverse interaction modes of dopamine molecules, the attachment via dopa-

coatings is expected to be rather unspecific establishing random orientations of the 

macromolecules. However, owing to their densely glycosylated central region, the mucins 

should always maintain a mainly elongated state.30,31  

In contrast, simply linearly built, flexible polymers such as the employed dextrans tend to 

condense and form ball-like structures (‘Gaussian ball’).211–213 However, attached charges 

have been reported to limit the degree of condensation due to electrostatic repulsion.161,214 

For the employed dextrans, the influence of electrostatic repulsion in Q-Dextran is expected 

to be stronger, as the incorporated quaternary ammonium groups are of strong cationic 

charcter.92 Furthermore, on L-dextrans, amine groups as well as carboxyl groups are 

available: thus, repulsive, and attractive electrostatic forces could be possible.91 This 

zwitterionic structure putatively reduces the resistance against condensation compared to 

the solely cationic charged Q-dextrans.  
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Figure 5.2: Schematic representations of the putative attachment modes of different macromolecular surface 
modifications: Hydration layers established by a, b) mucins, c) L-dextrans, and d) Q-dextrans attached to 
the polymeric surfaces via a, c) carbo-coatings or b, d) dopa-coatings in aqueous medium. The intermediate 
layers of the coatings are not depict. The schematics are purely qualitative respresentations and not to 
scale. 

Moreover, as the functional groups are distributed over the entire polymer chain, the 

attachment of the dextrans would not predominantly be executed via a terminal group as 

for mucins. Instead, it might occur anywhere on the polymer chain and, potentially, at several 

locations for the same polymer. Thus, overall, the mode of attachment of both dextran types, 

even though different coating processes are employed, can be expected to be fairly 

comparable. 

For all four coating variants, a successful application was confirmed by detailed 

examinations of the wettability as well as zeta potentials as reported in 

Bauer and Lieleg 202378. For the latter, by the application of either surface coating, a clear 

shift from the zeta potentials detected on the uncoated polymer materials towards the 

corresponding zeta potentials determined for each macromolecule in solution was observed. 

However, as depicted in Figure 5.2 the attachment modes and behaviors of the mucins and 

dextrans discussed so far, were described for an aqueous environment (as it was present 

during both macromolecular coupling processes). Yet, for several assessments, such as 

detachment tests, lap shear tests, and contact angle measurements, dry samples were 

examined. Accordingly, the influence of dehydration on the coating properties must be 

considered, too. Here, for short periods of dehydration, it is assumed that the surface 

coupling should be maintained, and any alterations should mainly occur in the structure of 

the attached macromolecules. All assessed macromolecules are expected to collapse and 

condense (at least partially) in the course of dehydration, as the hydration shells surrounding 

the macromolecules are disintegrated and the number of associated counterions 

decreases.212,215 However, caused by steric hindrance and electrostatic repulsion between 

the densely attached glycan chains, the mucins are expected to resist a full collapse and to 

maintain their brushy structure (at least to some degree). In contrast, both dextrans are 

expected to collapse distinctively. Here, the anticipated, more condensed structure and 

zwitterionic nature of the L-dextrans might be beneficial to maintain and promote the intra- 

and intermolecular associations during dehydration, which might eventually enable a more 
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homogenous surface coverage. This assumption is based on studies examining the 

conformational changes of intrinsically disordered proteins (IDP), which reported that, during 

the dehydration of surface bound IDPs, solvent-protein interactions tend to be replaced by 

intra-protein interactions. They further suggested that the observed promotion of intra-

molecular interactions might also be relevant for inter-molecular interactions.216,217 Even 

though those studies regarded proteins, they were intrinsically disordered ones, i.e., they 

lacked quaternary, tertiary, and, to a high degree, also secondary structures.218 In other 

words, those proteins were simple, unstructured polypeptide chains. Thus, their 

conformational behavior might be transferable to the polysaccharides discussed here. 

For the reported detachment tests and lap shear tests, two main tendencies were observed: 

the anti-adhesive effects of the coating appeared more pronounced on the initially more 

intensively autohesive PCU material; and in most tested situations, the application of either 

macromolecule decreased the autohesive behavior compared to the pre-coated samples 

(independent of the employed coating strategy). The difference in reduction of autohesive 

behavior between PDMS and the PCU is assumed to be mainly attributed to the fact that 

PDMS is a thermosetting elastomer whereas PCU is a thermoplastic elastomer. Since the 

crosslinks between the PDMS polymers are predominantly covalent ones, the initial free 

mobility of the polymer chains is already considerably restrained. Consequently, the effect 

of additional restriction of the chain mobility was not as pronounced as for the initially highly 

mobile, transiently crosslinked PCU chains.  

For the second observed tendency, the application of the top-layer molecules is expected 

to enhance the barrier formation (discussed above regarding the silane treatment) mainly 

spatially but also electrostatically (especially for the strongly charged mucins and Q-

dextrans). Furthermore, for the dopa-coated samples, the degree of coverage of the sticky 

dopamine layer by the applied macromolecules is assumed to contribute distinctively. 

Additionally, the observed effect of the applied macromolecules might be attributed (to 

some degree) to a locally limited alteration of the effective glass transition temperature at 

the interface. Both discussed materials have glass transition temperatures in the subzero 

range. For PCU, a Tg of -10°C 84 is stated by the manufacturer; and for PDMS materials Tg 

values ranging from - 60°C to - 150°C were reported.86,219,220 For PCU, a Tg clearly below 

0°C was further confirmed experimentally by measurements of the heat flow as reported in 

Bauer et al 2023: Those measurements also showed that there was no global influence on 

the Tg of the full compound by either dextran coating. Based on the glass transition 

temperatures reported by Imamura et al.221 for dextrans with different molecular weights 

and by employing a logarithmic fit, the glass transition temperature for dextrans with a 

molecular weight of 150 kDa can be approximated. At a relative humidity of 0 % a Tg of 

~ 215°C is estimated, decreasing to ~ 128 °C at 33 % relative humidity. For mucins, many 

different Tg values have been reported in the literature ranging from -15°C222 to 130°C223; 

however, most values range between 25°C and 65°C.224–226 Thus, the Tg of the top-layer 

molecules can be assumed to be not only clearly above those of the substrate materials but 

mostly also above the employed examination temperatures of 20°C to 30°C. Therefore, the 

propensity of the attached top-layer molecules to interdiffuse should be comparably small. 

Additionally, neither of the discussed coatings showed any influence on the transparency of 

the substrate materials. Whereas, for carbo-coatings, this has been reported previously146, 

this was not so obvious for dopa-coatings. Dopamine polymerization, which contributed to 

dopamine layer deposition, is typically associated with the formation of a characteristic 
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brown to black color.199,227 However, for the dopa-coatings examined in 

Bauer and Lieleg202378 and in Bauer et al. 202379, the formation, sedimentation, and 

attachment of large polydopamine agglomerates was limited by vertically placing the 

samples into a freshly prepared dopamine solution for a restricted time only and by 

removing any not fully attached molecules and larger agglomerates after the incubation. 

Consequently, a thin and homogenous dopamine layer was formed on the material avoiding 

the development of an intense dark color. The homogeneity of the layer and absence of 

large agglomerates was further confirmed by surface roughness examinations. 

As reported in Bauer et al. 2023, by combining either dextran coating with a suitable 

lubricant (e.g., 12 % CM-Dex), good lubrication performance was achieved for the strongly 

autohesive material pairing of two PCU foils. Here, friction responses similarly low as those 

observed for carbo-mucin coated PCU foils lubricated with poly ethylene oxide (which 

previously has been identified as a suitable lubricant for coatings comprising the polyanionic 

mucins75) were detected (see Appendix A.1.2). Furthermore, it was shown that such 

coating/lubricant combinations could avoid wear formation even after prolonged 

tribological treatments of 9h. Here, the carbo-LDex coating performed particularly well as 

it reliably enabled smooth and continuous relative movement between both foils.  

By combining the theoretical fundamentals described in this thesis with the discussed results, 

it is now attempted to explain the complex interplay of the different mechanisms which 

potentially enabled this extraordinary lubrication of the autohesive PCU material 

(Figure 5.3):  

As explained in the section 3.2, if two layers of PCU, (at T > TG) come in direct contact, an 

interplay of, e.g., thermodynamic polymer chain movements, van-der-Waals forces, and 

polar interactions between the polar regions of the PCU can be expected to entail 

interdiffusion of the two layers (putatively caused by – partial - reptation of individual 

polymer chains from one layer into the other and entanglements between the polymer chains 

of both layers). This can establish strong autohesive behavior between the foils.17,19,228,229 

In contrast, the application of either coating (indicated in yellow in Figure 5.3) would 

basically introduce a new surface acting as a barrier, thus restricting direct contact between 

both PCU surfaces. Here, several examinations presented in Bauer and Lieleg 2023 and 

Bauer et al. 2023 demonstrated that, even though the applied coatings altered the surface 

properties compared to the initial substrate surface, the coatings had only little (to no) 

influence on the bulk properties of the PCU. Nonetheless, on the surface of the coated 

material, the coatings can locally dominate the behavior of the material.  

Here, the chemical coupling employed for the coatings would limit the mobility of the 

polymer chains at the surface of the PCU. Considering the charges introduced to the surface 

by the coatings, electrostatic repulsion forces may contribute, too. Additionally, the effective 

glass transition temperature at the interface might be influenced by a comparably high Tg 

approximated for the dextrans (with values clearly above the testing temperature of 28 °C 

employed for the tribological examinations). Thus, compared to the bare PCU surfaces, little 

interdiffusion between the applied dextran layers would be expected. 

When uncoated PCU foils are immersed into an aqueous medium, all the above-described, 

autohesion-promoting effects still apply; in addition, hydrophobic interactions may now 

contribute as well.29,230 Here, the hydrophilizing nature of the coatings should mitigate such 

hydrophobic effects.  
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Figure 5.3: Possible conditions and effects influencing the behavior of PCU foils: overview of different 
conditions and effects that may influence the autohesive properties and tribological behaviour of (un-
)coated PCU foils in dry or aqueous eviroments or when surrounded by a macromolecular solution. The 
schematics are not to scale. 

Furthermore, the hydrophilic coatings lead to the formation of a hydration layer on the 

sample surface, which helps to keep the PCU layers separated owing to hydration 

repulsion165,167,170 and enables hydration lubrication.36,41,161,231  

In case the uncoated samples are submerged into 12 % CM-Dex, i.e., a macromolecular 

lubricant solution, the hydrophobic methyl groups available on the dextrans should (at least 

to some degree) allow for hydrophobic interactions between the dextran macromolecules 

and the hydrophobic surface of the uncoated material. In combination with the high viscosity 

of the dextran solution, this should be beneficial for lubrication. For coated samples, 

electrostatic attractions between the charged functional groups of the surface-bound 

macromolecules and the anionic CM-Dex macromolecules in solution as well as physical 

entanglements between both polymers could improve (the density and thickness of) the 

hydration layer. Additionally, those interactions between both dextran types could enable 

the formation of a sacrificial layer. 36,75,178 Consequently, efficient separation of both PCU 

foils should be achieved, which would enable good lubrication and avoidance of wear. 

 

However, to be employed in biomedical applications, such surface coatings must maintain 

their functionalities even after exposure to sterilization procedures. Consequently, the 
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influences of sterilization methods on carbo-mucin coated polymeric medical devices and on 

carbo-LDex or dopa-QDex coated PCU foils were assessed in Rickert et al 202180 and 

Bauer et al. 202379, respectively.  

Both assessed functionalities for sterilized carbo-mucin coated medical devices, i.e., 

lubrication and anti-adhesive properties, are typically attributed to the glycosylated central 

region of the mucins.36,39–41,55,87,194 The glycosylation was found to be less affected by most 

of the examined sterilization methods than the non-glycosylated termini. This was attributed 

to the accessible protein-backbone at the termini, which, as characteristic for most proteins, 

contains hierarchically folded structures.232,233 However, since secondary and tertiary 

protein structures are mainly induced by transient interactions, they are frequently 

denatured by aggressive treatments.234–236 In contrast, the glycosylated part of the mucins 

lacks such a hierarchical structure; thus, it cannot be denatured but the intramolecular 

covalent bonds must be cleaved to affect the polypeptide backbone of the glycans: 

Consequently, this section is more resilient. Nonetheless, especially a treatment with γ-

irradiation or autoclavation affected the glycosylation to some degree - putatively by 

radical attack and thermal hydrolysis, respectively.237–239 A consequence of this sterilization-

induced damage was clearly observed for the anti-adhesive properties of the respective 

sterilized samples. In contrast, none of the sterilization procedures had any effect on the 

lubrication behavior. Indeed, this was in line with previously reported findings, which 

demonstrated that, even though the glycosylation is essential for the lubrication properties 

of mucins, specific glycan side chains can be removed without influencing the friction 

response.36 

Accordingly, the glucose-based dextrans were also expected to be considerably resilient 

towards the examined sterilization methods. This was the case for the carbo-LDex coated 

samples, which maintained their functionality especially after treatment with ethylene oxide; 

however, they were somewhat affected by a treatment with γ-irradiation just like the carbo-

mucin coated medical devices discussed above. In contrast, the functionality of dopa-QDex 

coated samples was clearly impaired for either sterilization procedure. This reduced 

functionality appeared to be mainly due to the prolonged dry storage of the coated 

samples required to apply the sterilization treatments: already the functionality of the stored 

reference was clearly reduced for dopa-QDex coated samples. This observation was 

confirmed not only for prolonged dry storage, but also for hydrated storage of dopa-QDex 

coated samples independent of the storage temperature. However, rather than a 

degradation of the applied dextran, a deterioration of the employed coupling is assumed 

in this case. Whereas, for hydrated storage, especially at a temperature of 30°C, some 

degradation of the dextrans caused by thermal hydrolysis would be conceivable, such dry 

storage should actually be favorable for the structural integrity of the dextrans. Indeed, dry 

and dark storage is recommended by the manufacturer of the dextrans and a shelf life of 

at least three years is suggested.91,92 

To avoid microbial contaminations the coated samples were exposed to UV irradiation and 

80 % ethanol. Afterwards, the samples were placed into fresh and clean containers for 

dehydration and subsequent airtight storage amid light. As shown in Bauer et al 202379, the 

coated samples remained functional after this pretreatment. Thus, influences of microbial 

attacks or of the pretreatment should have been considerably little. Consequently, it is 

assumed that the observed, impaired functionality must have been caused by detachments 
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of either the dextrans from the dopamine layer, of the dopamine layer from the PCU 

substrate, or by a combination of both. 

It is assumed that the detachments predominantly originated between the Q-dextrans and 

the dopamine layer as, here, mainly transient interactions are expected. Indeed, hydrogen 

bonds have been suggested as the dominant interaction mode between dextrans and 

dopamine.240 Additionally, these interactions are expected to be supported by electrostatic 

attraction between the cationic quaternary ammonium group and anionic, deprotonated 

catechol groups available in the dopamine layer.241 In contrast, interactions between the 

dopamine layer and the PCU might involve interactions of the aromatic structures (e.g., 

hydrophobic interactions or π-π stacking)242, interactions with the highly reactive carbonyl 

compounds243 available in the urethane groups as well as in the carbonate groups (e.g., 

Schiff base reactions with the amine group of dopamine), or interactions with the secondary 

amine of the urethane groups. Moreover, there might be additional interactions with 

functional motifs found in the PCU backbone; however, as the exact structure of the polymer 

of which the PCU material is constituted, is unknown, these interactions cannot be identified. 

The assumption that mainly the dextrans detached was further underscored by the low 

effective run times as well es high friction responses observed for stored dopa-QDex coated 

samples. As this lubrication behavior was even worse than that obtained on uncoated PCU, 

it points towards an impairment of the lubrication and relative movement by the adhesive 

attraction between the dopamine layers on both foils. Such a negative influence on the 

friction response of a dopamine layer applied to a polyurethane material was also 

observed in the tribological assessments presented in Bauer et al 202177. Additionally, for 

the samples stored hydrated at 30°C, the initial impairment of the lubrication performance 

was followed by an improvement of the lubrication performance for even longer storage 

periods. This might indicate a sequential detachment: first, the dextrans were removed, 

subsequently, the dopamine layer was disintegrated. For the second step, thermal hydrolysis 

putatively contributed. Additionally, effects associated with the detachment of dopamine 

agglomerates and hydrophobic recovery (as discussed above for a deposited dopamine 

layer only) might have affected parts of the dopamine layer. 

Lastly, it is suggested that the required rehydration of the stored samples participated in 

the disintegration of the coating. Here, the instantaneous exposure to an abundancy of 

aqueous medium might have triggered highly dynamic dissolution and flushing effects 

affecting only weakly bound or entangled dextrans (and potentially also dopamine 

molecules). However, the probability of reattachment, though feasible, is expected to be 

low, as the degree of dissolution was high. Such dissolution and flushing effects, especially 

of entangled dextrans, might also have been the origin of the adverse effects of dry storage 

on carbo-LDex coated PCU. Additionally, even though restrained by the application of the 

coating, hydrophobic recovery might have occurred locally for extended periods of storage. 

Overall, the importance of an appropriate selection of the coating strategy and a top-layer 

molecule for a specific material to establish an efficient and functional surface modification 

was demonstrated. Furthermore, especially regarding potential applications, the resilience 

of the applied surface modification must be considered to ensure a successful employment 

of the developed compound material.  
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6 Conclusions & Outlook 

In this thesis, it was shown that it is necessary to carefully select a suitable combination of 

substrate material, coupling strategy, and functionalizing molecules to successfully adjust the 

adhesive properties of the established compound specifically to the requirements of the 

envisioned application. To be able to control the resulting adhesive properties of a construct 

during its development, it is required to understand and consider the diverse and complex 

potential interaction modes of the employed materials on a macroscopic, microscopic as well 

as molecular scale. Here, the behavior of polymeric materials can be especially complex: in 

addition to the factors commonly associated with the adhesive behavior between two 

phases, i.e., the feasible interaction modes enabled by primary and secondary bonds, the 

wettability dictated by the surface energies of both phases, and the surface roughness 

influencing the available contact area, factors resulting from the polymer chain mobility must 

be considered, too. Such factors include polymer chain rotations, reptations, and 

entanglements. Here, the interactions and adhesive behaviors of various synthetic and 

natural polymers were assessed and the influences of surface modifications, mainly 

established by incorporating functional biopolymers into the surfaces of synthetic polymer 

materials, were evaluated. The gained understanding of the putative interaction mechanisms 

can help to broaden the knowledge about polymer-polymer interactions - especially for 

such material compounds, which are established by more than one type of polymer. 

In this thesis, it was discussed how a constructs with (anti-)adhesive properties on either side 

(as presented by Kimna et al. 202276) can be established. Moreover, it was shown that the 

controlled combination of such contrary adhesive properties is not only feasible but often 

required to achieve the desired final behavior. To establish the above-mentioned construct, 

in addition to introducing the desired functionalities to either side, it was necessary to achieve 

sufficient interaction between the strongly adhesive side and the anti-adhesive side. 

Furthermore, for a surface modification of the discussed elastomeric materials, it was 

required to overcome their chemically unreactive behavior (as strong interactions with a 

coupling agent were desired) and to limit the autohesive behavior of the materials, which is 

mainly enabled by physical polymer chain interactions. The coupling agent was further 

required to establish good interactions with the functionalizing polymers to eventually 

achieve anti-autohesive properties. However, to promote good lubrication behavior of the 

functionalized compound, the applied polymers intended to limit interactions between two 

functionalized surfaces had to interact with the macromolecules introduced by the employed 

lubricant. Such good lubrication performance of elastomeric materials is required for a thin 

and compliant implant as envisioned by the APRICOT project (already addressed in the 

introduction). To achieve the desired re-establishment of smooth, natural movability of the 

treated joint, not only low friction responses are of interest, more importantly enabling 

reliable, uninterrupted movement is essential. Furthermore, the avoidance of wear is 

substantial to the integrated lubrication system of the APRICOT implant; here, abraded 

residues cannot be removed, and thus would potentially interfere with the friction response 

and mode of movement of the implant. Moreover, extensive wear could lead to a rupture 

of the thin structure of the APRICOT implant. Similarly, a failure of the implant could also be 

induced by a restrained flexibility of the surface modified material. All these aspects 

relevant for the successful employment of the APRICOT implant can be targeted by the 



 Conclusions & Outlook 
  

____________________________________________________________________________________________________________________________________________________________________________ 

________________________________________________________________________

51 

application of a suitable surface modification to control the surface interactions in the 

desired manner. 

Accordingly, in this thesis, the impacts of surface modifications, employing different coupling 

strategies, and applying various biopolymers to establish the top-layer, on the properties 

associated with the adhesive behavior of elastomeric materials were discussed. In detail, the 

influences of different surface activation strategies on elastomeric materials, as reported in 

Bauer et. al 202177 and Bauer and Lieleg 202378 were assessed. Furthermore, the effects 

enabling the desired alterations of the surface properties while, at the same time, avoiding 

undesired influences on the bulk of the substrate material were elucidated. Additionally, the 

mechanisms and interactions introduced by the applied surface functionalizations, which limit 

the autohesive behavior of an elastomeric material and enable good lubrication behavior 

with a macromolecular lubricant (as reported in Bauer et al. 202379) were discussed. 

Moreover, differences in the resilience and the durability of the established couplings and 

attached top-layer molecules, as reported in Rickert et al 202180 and Bauer et al. 202379, 

were described.  

Overall, it could be shown that dopamine-based coatings and carbodiimide-mediated 

coatings are suitable to attach various biopolymers onto the surfaces of elastomeric PDMS- 

and PU-based materials. Regardless of the applied top-layer molecules, the dopa-coatings 

performed particularly well in terms of enhancing wettability and enabling short-term 

lubrication. However, they were somewhat outperformed by the carbo-coatings regarding 

the reduction of the autohesive properties, the reliability of enabling lubrication in long-term 

assessments, the avoidance of wear, and the durability of the coatings. Consequently, 

whereas the facile dopa-coatings are a decent option to rapidly establish a surface 

modification intended for prompt and short usage, the carbo-coatings should be preferred 

if resilience and reliability are required. Furthermore, it was confirmed that dextran coatings 

are overall suitable to mimic the anti-adhesive and lubricating properties of the mucin-

coatings. The attachment of either biopolymer led to similarly enhanced wettability and to 

similarly decreased friction responses. For the latter, the QDex coatings performed 

especially well. Additionally, the LDex coatings achieved a reduction of the autohesive 

properties, avoidance of wear, and resilience against certain sterilization procedures similar 

to the mucin-coatings. Thus, several combinations of coating strategy, attached top-layer 

molecule, and macromolecular lubricant suitable for e.g., the integrated lubrication system 

envisioned in the APRICOT implant, were discussed. To identify the coating/lubricant 

combination most favorable for the APRICOT implant, further examinations would be 

required. Here, the transferability of the coating process onto a 3D-structure would be 

required to ensure the manufacturability of the implant. Furthermore, comparing the 

lubrication performance of the different coatings/lubricants incorporated in a prototype of 

the implant would be interesting and could reveal unpredicted interferences. Eventually, the 

biocompatibility of the APRICOT implant would need to be assessed, to be able to apply 

for a medical device permission. 

Also, in Kimna et al 202276 and in Rickert et al 202180, the developed materials were 

intended as medical devices. Both had an advanced level of development and, as both 

employed lab-purified mucins (as already addressed in the introduction), it must be 

considered that the effort to obtain fully functional mucins with reproducible purification 

quality is high. However, an improved purification process with higher yields was introduced 

recently.65 This filtration-based process should be more easily scalable, which would increase 
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the feasible throughput and, putatively, reduce the batch variability. Furthermore, the 

in vitro and in vivo examinations included in Kimna et al 202276 reported good 

biocompatibility of the bilayer patch, and thus of the incorporated lab-purified mucins. 

These promising developments regarding the mucin purification process and biocompatibility 

could enable the establishment of an industrial-scale production line and a detailed clinical 

evaluation (which is an essential part to obtain a medical device approval in the EU), 

respectively. 

Furthermore, the manufacturing process of the bilayer patch and the mucin coated medical 

devices could be optimized. Here, the patch could be adjusted to suit the requirements of 

specific wound healing applications, such as an application onto aphtha in the oral cavity or 

as suture replacements to close surgical cuts. Not only different shapes and dimensions would 

be required for such applications, but they would also expose the patches to specific 

challenges. Conceivable required alterations could be an enhanced adhesive behavior, 

preservation of the adhesiveness in acidic environments, or further mechanical reinforcement. 

To enable stronger adhesion, the incorporation of a higher amount of dopamine might be 

suitable; and this could be achieved by improving the coupling efficiency during the 

production of d-HA. The exposure to acidic environments appears especially challenging as 

an impairment of the adhesive properties of dopamine molecules was reported for acidic 

environments.51,108,244 Such an exposure could occur, for example, in the oral cavity if acidic 

drinks (such as many sodas or juices) are ingested. Dissolving d-HA in a suitable buffer 

(instead of pure water) during the manufacturing of the d-HA layer might enable a local 

regulation of a surrounding acidic solution; then, a neutral pH milieu could be maintained 

for the contact area of the patch. A mechanical reinforcement of the patch might be 

achievable by applying a thicker PVA/MUC layer (which is subsequently crosslinked) or by 

establishing a more densely crosslinked PVA/MUC layer. The latter could be accomplished 

by alternatingly applying a PVA/MUC layer and the GTA crosslinking step several times.  

For the mucin-coated medical devices, the attached number of mucins could, putatively, be 

optimized. Therefore, it would be necessary to identify the mucin density required on the 

device surfaces to maintain the desired lubricating and anti-adhesive properties. 

Consequently, the concentration of the mucin solution employed during the coating process 

could be adjusted. Furthermore, the coating process could also be altered by e.g., employing 

the more facile dopamine-based coating strategy. Such an approach was recently 

presented by Miller Naranjo et al. 2023187 for endotracheal tubes: there, replacing the 

carbo-mucin coating with a dopa-mucin coating performed comparable, especially 

lubrication-wise.  

Based on the anti-autohesive effects of carbo-dextran coatings observed in the macroscopic 

lap shear and detachment examinations, it would be very interesting to test the adhesive 

behavior of such coatings on a microscopic scale, e.g., in incubation tests with proteins, or 

with eukaryotic or prokaryotic cells (similar to the tests presented in Kimna et al 202376). In 

contrast to the mucin coatings, the lysine modification of the dextrans, would be expected 

to promote the attachment of eukaryotic cells: a (poly-)lysine pretreatment is often applied 

for cell culture containers to facilitate the attachment of cells. However, antibacterial 

properties of (poly-)lysine motifs have been reported.245–247 Such a combination of 

behaviors could be particularly beneficial for permanent implants, for which a eukaryotic 

cell attachment and ingrowth would be desired to e.g., lock the implant in position. However, 

for an effective anti-adhesive behavior of a hydrophilic coating, it must form a particularly 
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dense and sufficiently thick hydration layer to efficiently avoid adsorption of any biofouling-

associated polymers and cells; here, even the attachment of individual polymers onto the 

surface could serve as a hook for the attachment of further bio-fouling entities. Thus, it might 

be required to increase the thickness and density of the applied L-Dex layer to achieve the 

desired anti-adhesive properties. On the one hand, this could be achieved my attaching 

dextrans with a higher molecular weight; on the other hand, the establishment of a multi-

layer system should be feasible by a layer-by-layer approach (employing the same 

carbodiimide chemistry as used to create the monolayer coating). Owing to the primary 

amine and carboxy-groups available on LDex, this would be feasible without introducing 

any additional crosslinkers. Here, the layers could be established of always the same L-Dex 

variant or by combining L-Dex variants with different molecular weights. Indeed, for similar 

approaches employing dopamine-assisted multilayer deposition, influences on structural and 

functional properties of the surface coatings were reported recently.107,248,249 Here, even 

for a combination of dopamine deposition with layers of poly-lysine (for both components, 

cell attracting properties were reported 88,249,250), a reduction in cell attachment was 

observed if at least two layers each were applied. 

For the dopa-coatings, the second main difference (in addition to the adhesive behavior) 

compared to carbo-coating was their lack of durability. To prolong this durability, the 

incubation in the dopamine solution could be prolonged to achieve a denser dopamine 

layer; however, this would putatively come at the expense of transparency. Alternatively, 

the substrate and/or top-layer molecules could be changed into variants with, e.g., primary 

amine and/or thiol groups. Then, the formation of covalent bonds with the dopamine layer 

would be feasible. Whereas this might be comparably facile for the employed top-layer 

molecules (as biopolymers frequently contain the respective functional groups), for the 

substrate material, this would be not so trivial, at least not without requiring an additional 

modification step. Alternatively, an initial plasma activation of the substrate material could 

enhance the interactions with the dopamine layer - in particular for silicone containing 

materials, as the formation of silyl ester bonds should be enabled here. However, the 

reversibility of the dopa-coatings can also be an advantage. For example, a membrane 

employed in wastewater treatment could be dopamine coated to efficiently bind the 

residues; then, a subsequent exposure to an acidic solution would detach the dopamine 

coating and the residues. Thus, the cleaned membrane could be reused. 

Furthermore, tracing the effective runtime in addition to the CoF, as introduced in Bauer 

et al. 202379, allowed for comparing the friction response in a manner that was very 

sensitive to any lubrication impairing effects, even for very similar coating/lubricant 

combinations. Such evaluations might also be useful for other lubrication promoting systems. 

For example, the influence of varying the number of coating layers and/or the MW of the 

employed macromolecules on the tribological behavior could be assessed. Furthermore, it 

would be interesting to perform measurements, for which no difference could be detected 

in the rotational tribology setup, e.g., with the carbo-mucin coated and sterilized samples, 

examined in Rickert et al. 202180. To facilitate the data interpretation and to avoid the (so 

far necessary) parallel evaluation of the CoF and the eRT, a new coefficient could prove 

useful. Here, a coefficient evaluating friction over runtime (FoRT-coefficient) defined as: 

 

𝐹𝑜𝑅𝑇 ≡
𝐶𝑜𝐹

𝑒𝑅𝑇
𝑚𝑎𝑥𝑅𝑇⁄

   Equation 6.1 
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would be possible. This coefficient would be equivalent to the CoF as long as the predefined 

full runtime (maxRT) was achieved. The FoRT coefficient would return higher values for either 

high CoFs or low eRTs, i.e., for bad lubrication behavior. Furthermore, by the normalization 

to the predefined maxRT, a comparison between data sets collected for different full 

runtimes would be enabled. This coefficient could not only support the identification of the 

minimal required number of applied layers or of the minimal density of a coating but could 

as well help to assess and to compare the functionality of tribological systems after the 

exposure to mechanical, thermal, temporal, or chemical challenges. Overall, this could 

improve the optimization of surfaces towards the multi-faceted problem, which they face in 

(bio-)tribological applications. 
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A Appendix 

A.1 Supporting Information 

A.1.1 Viscosities of Different Macromolecular Lubricants 

Rheological measurements were conducted on a commercial shear rheometer (MCR 102, 

Anton Paar, Graz, Austria) using a plate/plate measuring setup (PP25, Anton Paar). For 

each measurement, a sample volume of 220 μL was required. The designated 

macromolecule was dissolved in PBS (pH 7.4). The viscosities of the different lubricants were 

determined for shear rates between  𝛾̇ =  1 𝑠−1 and 𝛾̇ =  1000 𝑠−1 at 28 °C. A solvent 

trap was installed to avoid dehydration of the samples during the measurement. 

 

Figure A1.1: Viscosities of different 
macromolecular lubricants: 
Viscosities determined for solutions 
contiang 8% hyaluronic acid 
(beige), 6% alginic acid (green), 
10% γ-polyglutamic acid (yellow), 
or 12% carboxymehtyl-dextran. 
 
 
 

 

A.1.2 Linear Tribology Examinations on Carbo-Mucin Coated PCU 

The linear tribology measurements were conducted exactly as described in detail in 

Bauer et al. 202379. However, here carbo-mucin coated PCU samples were employed and 

lubricated with an aqueous solution containing 3% (w/v) polyethylene oxide (PEO) with a 

MW of 1MDa, as PEO has previously been identified as a suitable lubricant for coatings 

comprising the polyanionic mucins75 

 

Figure A.1.2: Linear tribology 
examinations on carbo-mucin 
coated PCU: Foil-on-foil 
tribology was conducted with 
carbo-mucin coated PCU foils 
lubricated with 3% polyethylene 
oxide. 
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A.2 Full Texts of the Presented Publications  

A.2.1 “M l if    i   l “J   s-Typ ” Bil y r  ilms C mbi   Br   -Range Tissue 

A h si   wi h G i    Dr g R l  s ” 

A.2.1.1  Full Research Article 
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A.2.1.2  Supplementary Information 
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A.2.2 “W   i g B h vi r     S  bili y  f S rf   ‐Modified Polyurethane Materials” 
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A.2.3 “Bi -Macromolecular Surface Coatings for Autohesive, Transparent, 

El s  m ri    ils” 
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A.2.4 “Comparing the Resilience of Macromolecular Coatings on Medical-Grade 

P ly r  h      ils” 

A.2.4.1 Full Research Article 
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A.2.5 “Eff   s  f S  riliz  i   M  h  s     h  Integrity and Functionality of 
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