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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.






Zusammenfassung

Aufgrund der vielfdltigen Strukturen und Konfigurationen von Polymeren sind die Bandbreite ihrer
Eigenschaften und Funktionalitdten und damit der denkbaren Anwendungen von Polymer-basierten
Materialien im Grunde unbegrenzt. Jedoch, genau diese vielfdltige Struktur (die auf langen Ketten
von Monomereinheiten beruht) ist es, die das Verstandnis und die Vorhersage des Verhaltens von
Polymer-basierten Materialien so komplex macht - insbesondere auf mikroskopischer bis molekularer
Ebene. Speziell das Adhdsionsverhalten von Polymer-basierten Werkstoffen, d.h. ihre
Wechselwirkungen mit anderen Materialien, ist hdufig von Interesse: Hier werden die Eigenschaften
Uberwiegend von den Oberfldchen der und Grenzfldchen zwischen den untersuchten Materialien
bestimmt.

In dieser Arbeit werden daher die Wechselwirkungen Polymer-basierter Materialien, hergestellt aus
synthetischen und /oder natirlichen Polymeren, untereinander sowie mit ihrer Umgebung untersucht
und die Oberflachen- und Grenzflachenmechanismen, die diesen Wechselwirkungen zugrunde
liegen, diskutiert. Das gewonnene Verstdndnis kann dazu beitragen, das Wissen Uber Polymer-
Polymer-Wechselwirkungen zu erweitern und die Entwicklung von Polymer-basierten Materialien und
Gerdaten mit spezifischen Funktionalitdten zu unterstitzen.

Daher  wurden  verschiedene  synthetische  Polymerwerkstoffe  (z.B.  Polyvinylalkohol,
Polydimethylsiloxan oder Polyurethan) mit verschiedenen natirlichen Polymeren (z.B. Mucin,
Hyaluronsdure oder Dextran) Uber unterschiedliche Kopplungswege (z.B. Glutaraldehyd-
Vernetzung, Carbodiimid-vermittelte Kopplung, Dopamin-basierte Kopplung oder physikalische
Wechselwirkungen) verbunden. Die adhdasiven, mechanischen und tribologischen Eigenschaften der
entstandenen Konstrukte wurden in verschiedenen Umgebungen, d.h. atmosphdrisch oder wdssrig,
bewertet. DariUber hinaus wurden die Konstrukte verschiedenen kritischen Behandlungen ausgesetzt,
z.B. Daveranwendung, Lagerung oder Sterilisationsverfahren. AnschlieBend wurde die Funktionalitat
der behandelten Konstrukte bewertet.

Die beobachteten Verhaltensweisen der hergestellten Verbundmaterialien werden auf der
Grundlage relevanter theoretischer Grundlagen, wie den Konzepten der Oberfléchenenergie, der
Adhésion und von (bio-)tribologischen Systeme (die in dieser Arbeit ebenfalls erldutert werden),
interpretiert. Daher wird zundchst die Entstehung und Umsetzbarkeit eines dinnen
Doppelschichtkonstrukts mit (anti-)adhdsiven Eigenschaften auf den gegeniberliegenden Seiten des
Konstrukts diskutiert. AnschlieBend werden die Auswirkungen verschiedener
Oberfléchenaktivierungsstrategien auf synthetische, polymer-basierte Materialien erléutert. Ferner
wurden diese Oberflachenaktivierungen eingesetzt, um Oberfldchenbeschichtungen  mit
Biopolymeren als Deckschicht herzustellen. Die erfolgreiche Erzeugung der gewinschten
Oberflécheneigenschaften und die Vermeidung von unerwinschten Einflissen auf den Kern des
Tragermaterials werden beurteilt. Dariber hinaus wird die gute Schmierung zwischen zwei stark an
sich selbsthaftenden, Elastomerfolien (erreicht durch an das Trdgermaterial angepasste
Oberflaéchenmodifikationen in Kombination mit geeigneten Schmiermitteln) erdrtert. Dariber hinaus
werden die Belastbarkeit und die Leistungsfdhigkeit der entstandenen Verbundmaterialien
verglichen: verschiedene Beschichtungsstrategien (z.B. Dopamin-basiert und Carbodiimid-vermittelt)
sowie verschiedene Bio-Makromolekiile, die als Deckschicht verwendet werden (z.B. Mucine und
Dextrane) werden bewertet.

Insgesamt werden in dieser Arbeit die Oberfldchenmodifikationen von Polymer-basierten
Werkstoffen durch (hauptséchlich) Biopolymere bewertet und die Eignung der generierten
Funktionalisierungen zur spezifischen Beeinflussung des Adhdsionsverhaltens der Verbundwerkstoffe
wird bestdtigt und erldutert.
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Introduction

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.!: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.




Controlling the Adhesive Properties of
Polymeric Materials by Surface Functionalizations

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. 612

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.

ANATOMICALLY PRECISE REVOLUTIONARY IMPLANT FOR
BONE CONSERVING OSTEOARTHRITIS TREATMENT

APRIC”™T

G This project has received funding from the European
= Union’s Horizon 2020 research and innovation
*oax programme under grant agreement No 863183.

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. '3 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.4-16 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 behavior!7:18,
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%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.?¢ 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.34
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.2° 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. 3¢-4! 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.2° 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, 1-stacking, van der Waals interactions) and has also been reported to establish
primary bonds with specific functional groups.#>4¢ 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. 4750 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.>435 In contrast, a simple dopamine
coincubation with another (macro-)molecule (which has been used to establish a single step
coating process 9) 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. 0-63
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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. 445 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.®® 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.®7:98 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. ¢9-74

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,

w

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 Bauver 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. 202377 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. 202377, respectively, is discussed.
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Synthetic Polymers

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 Polydimethylsiloxane
HgC HC CH CH

R—0—C—N—R*— ° : 0

l H Hac\ /CH3
O / \

CHj

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-0O-); 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=QO) 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.”.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 um) were




Controlling the Adhesive Properties of
Polymeric Materials by Surface Functionalizations

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(CHz)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).
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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 suvitability 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.3931 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.®® They were harvested and purified as described in  detail by
Marczynski et al. 2022.%5 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 a-1,6 and/or a-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)?!, Q-dextran (QDex, TdBLabs)?2, and carboxymethyl-dextran
(CMDex, TdBLabs)?3 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
B-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.?4-9¢ 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.4597-99
Accordingly, hyaluronic acids and their beneficial properties have frequently been
employed for tissue engineering approaches.’00.101 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)'92 or high treatment
temperatures (greater than or equal to several hundred degrees Celsius),'93 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, -1 electron stacking, cation-1r interactions and interactions with metal
oxides.>2106-109 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.4”

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 (-NH32). 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 0-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.”> 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)propyllethylenediamine 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 yp-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 y-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 UL 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
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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
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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:

Sq = \/% [, 22 Cx, y)dxdy (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:

1 0z(x)\2 | (0z(xy)\2 :
Sar = 4 IffA <\/[1 + (%) + (#) ] — 1) dxdyl (Equation 2.2)

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 Sdar value is
sensitive towards both feature amplitude and wavelength.

Spc, the arithmetic mean peak curvature:

2 2
S = _1llym (6 z(xy) + 9 z(x,y)) (Equation 2.3)

pc 2n&k=1 Ox2 dy?

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 (@ = 12.7 mm) and a fixed normal force and temperature (the exact
setup is described in Boettcher et al. 2014'10), 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-!. Based on

the Sommerfeld number .S, which is defined as:
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sliding velocity * lubricant viscosity
S = (Equation 2.4)
normal contact pressure

And Hertzian pressure theory'!!, 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 Al.1) were used. The
determined coefficient of friction i is defined as:
Fr

Equation 2.5
E] (Eq )

U

Where Ff is the detected friction force and Fi the applied normal force. In this thesis, g 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 7¢) 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.

Rotational Lap shear Detachment Flexibility Linear
Tribology tests tests tests tribology
I
y I @
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sphere PDMS pin holder parts
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Figure 2.5: Schematic representations of the sefups 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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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, @ = 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 obiject 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 dm between them. An
electrolyte solution flushed through this gap leads to a pressure difference 4p before and
after the samples and induces a streaming potential Uy 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

H dUStT
proportional to the slope /dAp‘

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 Svurface 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.!''3 Nonetheless, these intermolecular interactions with adjacent molecules
are thermodynamically beneficial, as they reduce the potential energy of a molecule and
thus stabilize the system.!''4 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.''¢ 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.''” 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.’1¢ 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.!'¢ 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.!18

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.'19120 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:!2!

YLv€os8 = ysy — Vsy, (Equation 3.1)

Here, ¥,y is the above-described surface tension between the liquid and the gaseous phase
(denoted as V for ‘vapor’). Accordingly, sy describes the surface tension for the solid-vapor
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interface, and ys; the surface tension for the solid-liquid interface. 0 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.22.123 Fyrthermore, 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.'24 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.

a) b)

Vv

vapor (V) liquid (L)

Vsv VoL solid (S) Vov Y. solid (S)

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 6 < 90°, and with b) a contact angle 8 > 90° on
a planar solid surface. Surface /interfacial tensions y 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.'® 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 20™ 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.'? 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 |nstead 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.'?” 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.19126 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.'9128 Fyrthermore, high surface roughnesses, under the
perquisite of good wetting interactions, can promote mechanical interlocking, which

22



Relevant Theoretical Fundamentals
Fundamentals of Adhesion

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.2?

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 Ty — 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.! 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 Gennes'30, and by Doi and Edwards'3!.
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.1?

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.'? 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.'?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.'26 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.!®
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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 areaq, 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,'3¢ interactions with water molecules such as hydrolysis 37 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.!41.142

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.’43 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) i which is
defined as:144

= Ff Fy (Equation 3.2)

Here, F, is the applied normal force pressing the surfaces together, and F 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.'4> 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. i can take any value
between O (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 O
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 5,'47 sometimes also referred
to as Hersey number,'48 or Stribeck number.149150 This is a dimensionless number relating

some of the relevant parameters, i.e., the viscosity 77 of the lubricant, the employed sliding

velocity v and the applied normal pressure p. Accordingly, the Sommerfeld number is
defined as:

S = (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, 149150 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,'53 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.41

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.!57-160

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.’¢4 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.’6! 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.1¢5-170 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.’”1.172 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).'73 This is in contrast to other frequently
used lubricants based on organics or oils, which behave like solid layers at such
conditions.!74-176 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.'””
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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.3¢:40,41,66,87

Here, Stribeck’s theory'4%.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.
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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 2022.7¢

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 da). 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: | conducted the tribology and swelling experiments, for which |
also participated in the design of the graphics and writing of the associated paragraphs in the

manuscript. | participated in conducting the shearing tests and drug release studies. | 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 ¢), 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 um 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: | participated in the conceptualization of the study and design of

experiments. | performed all experiments involving samples exposed to chemical etching, all
light profilometry analyses, and tribological examinations and participated in the contact angle
measurements. | evaluated and interpreted all acquired results (except for the data regarding
tests with eukaryotic cells) and designed all included graphics. | 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. ¢) 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: | participated in the conceptualization of the study as well as the

design of the experiments. | performed and evaluated all experiments and designed all included

graphics. | 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 Oliver 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 um 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: | participated in the conceptualization of the study and the design

of the experiments. | performed and evaluated all experiments except for the curation and
interpretation of the dynamic scanning calorimetry measurements, the inferpretation of the FTIR
scans, as well as the acquisition of the scanning electron microscopy images. | designed all
included graphics and contributed to the manuscript by writing the draft of the text.
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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. Baver, Julia C. Hoffmeister, and
Oliver 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), y-irradiation (y), 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.
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Figure 4.5: Schematic overview of the study and exemplary data sets:

Sterilization of the coated devices was conducted via y-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: | participated in the conceptualization of the study as well as in

the design and the analysis of the experiments. | 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. 20227¢, 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.'81.182 |t 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 Thys, 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.
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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 Fyrthermore, 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.185.18%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 fowards 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.%6.191
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.4>192193 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 proteins'82 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 protein3?.55194195 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.'8619¢ 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 |n
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-Sl) 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 |n 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.209210 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.30.3

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.?! 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.2'2215 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.2'4217 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.2'8 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 Ty of -10°C 84 is stated by the manufacturer; and for PDMS materials Ty
values ranging from - 60°C to - 150°C were reported.86:219.220 For PCU, a Ty 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 Ty of the full compound by either dextran coating. Based on the glass transition
temperatures reported by Imamura et al.22! 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 Ty of
~ 215°Cis estimated, decreasing to ~ 128 °C at 33 % relative humidity. For mucins, many
different Ty 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 Thys, the T4 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 previously'4¢,
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.’99227 However, for the dopa-coatings examined in
Bauer and Lieleg202378 and in Baver et al. 202379, the formation, sedimentation, and
attachment of large polydopamine agglomerates was limited by vertically placing the
samples intfo 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
mucins’3) 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
Baver 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 Ty
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.29230 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-
Jcoated 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
repulsion'65.167.170 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. 3675178 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.36:39-41,5587,194 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.232233 However, since secondary and tertiary
protein structures are mainly induced by transient interactions, they are frequently
denatured by aggressive treatments.234-236 |n 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 -
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 y-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.?1.92

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.?40 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.24! In contrast, interactions between the
dopamine layer and the PCU might involve interactions of the aromatic structures (e.g.,
hydrophobic interactions or -1r stacking)?42, 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. 20227%) 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
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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 Baver 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 20227¢ and in Rickert et al 202189, 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.% 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 invivo examinations included in Kimna et al 20227¢ 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.>1:108,244 Sych 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 PYA/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 adijusted. 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 202379). 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.?45-247 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.!07.248,249 Here, even
for a combination of dopamine deposition with layers of poly-lysine (for both components,
cell attracting properties were reported 8824%.250) g 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:

CoF .
FoRT = m 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.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 pL was required. The designated
macromolecule was dissolved in PBS (pH 7.4). The viscosities of the different lubricants were
determined for shear rates between ¥y = 1571 and y = 1000 s™1 at 28 °C. A solvent
trap was installed to avoid dehydration of the samples during the measurement.

Figure Al.1: Viscosities of different
macromolecular lubricants:
Viscosities determined for solutions
contiang 8% hyaluronic acid
(beige), 6% alginic acid (green),
i 10% y-polyglutamic acid (yellow),
or 12% carboxymehtyl-dextran.
= 12 % CM-Dex

—
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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 (PEOQ) with a
MW of 1TMDaq, as PEO has previously been identified as a suitable lubricant for coatings
comprising the polyanionic mucins”3
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Multifunctional “Janus-Type” Bilayer Films Combine
Broad-Range Tissue Adhesion with Guided Drug Release

Ceren Kimna, Maria G. Bauer, Theresa M. Lutz, Salma Mansi, Enes Akyuz,
Zuleyha Doganyigit, Percin Karakol, Petra Mela, and Oliver Lieleg*

Tissue healing is a challenging process that requires the successful and
simultaneous management of conflicting priorities. While promoting wound
dosure, a battle must be won against different external factors that may
adversely affect the healing process. Here this problem is approached by
creating asymmetrically designed double-layer Janus-type bilayer films where
distinct functions are implemented into the two sides of the film. Once
deployed, those Janus-type films exhibit strong adhesion to a wide variety

of wet tissues and canalize the release of integrated therapeutics toward

the tissue side. At the same time, the outer surface of the films acts as a
shield against tribological stress, pathogens, and cellular immune recogni-
tion. Moreover, when compared to untreated wounds, Janus-treated skin
lesions show accelerated wound closure as well as fast formation of new,
intact tissue. Having performed their tasks, Janus-type films degrade without
leaving any traces on the tissues, which makes it possible to apply them to
sensitive body surfaces. Thus, it is expected that the Janus-type bilayer films
designed here can be used in a variety of medical applications where con-

flicting demands must be met at the same time.

1. Introduction

There are several examples where nature has found a way to
combine apparently contradicting properties into the same mate-
rial to achieve a specific function. For instance, the desert beetle

Stenocara gracilipes employs a combination
of both, hydrophilic and superhydrophobic
areas on its head to efficiently collect
water!!l Similar to biological examples, also
many problems in materials science benefit
from the possibility to combine orthogonal
properties into one and the same object.
Macroscopically, this can be achieved
relatively easily: for instance, the two
opposing surfaces of a table tennis racket
are designed to interact differently with
the ball, e.g., to accelerate or slow down
its motion. Microscopically, this is more
difficult even though there are biomol-
ecules such as lipids that combine antago-
nistic properties such as hydrophilic and
hydrophobic regions. Nevertheless, the
development of Janus-like objects was suc-
cessful for selected applications such as
separation processes, catalysis, electronic
displays, and electrical/magnetic actua-
torsI*¥ Yet, in other areas, such as the
management of wet tissue wounds, the
simultaneous accomplishment of conflicting tasks remains a
tremendous challenge: here, strong adhesion to the (wet) point-
ofcare is required while uncontrolled adhesion to neighboring
tissues needs to be prevented.’] These conflicting tasks are
especially critical when wet-adhesive materials are applied to
sensitive areas such as buccal, ocular, or intraintestinal tissue.
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In the field of wound management, asymmetric function-
ality often goes beyond macromechanical aspects: although
good microscopic interaction of a material with proteins is
required for good tissue adhesion, this property is undesired on
the other side facing away from the tissue: there, protein-based
conditioning films often trigger cellular biofouling events and
can provoke unfavorable immune responses/® Similarly, drug
transport from the therapeutic materil to the wound site is
required to promote the healing process; however, the diffusive
liberation of drugs into surrounding body fluids (e.g., blood,
mucus, and interstitial fluids) would strongly reduce the effi-
ciency of the treatment and could cause unwanted side effects.

To date, many different adhesive formulations—mostly in
the form of hydrogels—have been introduced to achieve better
mechanical properties than those provided by commercial adhe-
sives used in clinical applications.” " To tackle the problems
associated with using surgical sutures (e.g., requiring expert
skills and a suture removal appointment), very promising mate-
rials with strong adhesion properties were developed in the last
years. Recent examples include a polyethylenimine-poly (acrylic
acid) powder for closing gastrointestinal perforations,!
poly(vinyl alcohol)-dihydroxyphenylalanine (DOPA) films for
the delivery of drugs to wet buccal tissue,™) and macroporous
carboxymethyl/agarose hydrogels for the delivery of Ag* ions."!
These materials all exhibit strong tissue adhesion in combi
nation with promising biological performance. Furthermore,
materials for wet tissue adhesion can be equipped with impor-
tant additional features such as controlled cell engraftment 1617]
self-healing "*" and hemorrhage control®21 However, one
clinical problem that remains is the postsurgical adhesion of
such materials to other, undesired tissue areas.

To cope with this problem, medical materials with asym-
metric functionalities were recently introduced, and they were
indeed successful in promoting tissue repair in vivo.?*** For
example, Cui et al® presented a Janus structure with oppo-
sitely charged surfaces, which enables the overall material to
seal tissue perforations and—at the same time—prevents unde-
sired adhesions to its exterior part. Very recently, a three-layered
Janus adhesive with asymmetric wetting properties developed
by Xu et al1?¥) was found to be successful in keeping the wound
area dry while absorbing the wound exudate. Other very recent
and highly promising examples from this area are peritoneum-
inspired porous poly(vinyl alcohol) (PVA) hydrogels for cana-
lizing cellular growth at the desired site,”® and double-layered
(ionically and covalently cross-linked) alginate/chitosan films
for advanced tendon healing.”” These asymmetric materials
provide a set of distinct functions for the wound-healthy tissue
interface. However, these materials exhibit a long lifetime,
which limits their use to specific applications that are strictly
controlled under medical care. Thus, multifunctional “all-in-
one” solutions that synergistically manage different, and—
indeed—often somewhat conflicting tasks, that are easy to use
and rapidly make way for new, healed tissue by decomposing
autonomously are scarce.

Here, we present asymmetrically designed Janus-type bilayer
films to address all the problems listed above simultaneously.
These bilayer films were engineered such that they provide
distinct functionalities on their opposing surfaces to fulfill
multiple tasks relevant for the treatment of epithelial wounds

Adv. Funct. Mater. 2022, 32, 2105721 2105721 (2 0f 16)
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(Figure 1a). The bilayer material combines a sticky, hydrogel-
forming bottom layer based on dopamine-conjugated hyalu-
ronic acid with a lubricating, nonadhesive top layer based on
mucin glycoproteins. Materials comprising multifunctional
mucins were introduced earlier e.g., as anti-biofouling coat-
ings, smart drug delivery materils, selective filters, and lubri-
cating agents.”’] In our Janus-type bilayer films, the mucin-
containing surface can protect the wet wound tissue of interest
from biological and mechanical challenges such as nonspe-
cific protein adsorption, bacterial colonization, and undesired
tissue adhesions. The sticky layer, on the other hand, provides
strong adhesion to various types of tissues (e.g., eye, tongue,
intestine, and cartilage) and releases incorporated therapeutics
into the desired direction only. Overall, they are easy to handle
and can be effortlessly applied onto complex surfaces without
requiring a supporting material for fixation. Furthermore, the
Janus-type films readily adhere to wounds and accelerate
the tissue regeneration process in vivo without causing any
unwanted reactions. Finally, when their tasks are completed,
the Janus-type bilayer films decompose on the applied surface
and neither leave any traces nor induce alterations on the tissue
microtopography. Thus, they do not require any professional
(removal) step.

2. Results and Discussion

We here develop a hybrid material based on two layers with
distinct functionalities: the bottom layer comprises dopamine
conjugated hyaluronic acid (d-HA) biopolymers. This modi-
fied biomacromolecule was selected for two reasons: first, hya-
luronic acid (HA) is known to condition intracellular signals
responsible for cell proliferation and migration thus promoting
wound healing:*® second, catechol-type molecules can engage
in unspecific, noncovalent interactions that enable adhesion to
a broad range of materials including wet tissues.l*>*) Here, the
successful conjugation of HA with dopamine is verified spec-
troscopically (Figure 1b), and the conjugation efficiency is cal-
culated as 27%.

To ensure that adhesive properties are only present on one
side of the film, the d-HA layer is coated with a nonadhesive
polymer mesh. As a coating material, we select a PVA/mucin
mixture which is electrospun onto the adhesive d-HA layer
(Figure 1c,d). This mixture is chosen since PVA can be easily
processed into fibers, thus serving as a structural reinforce-
ment. Mucin glycoproteins are incorporated since mucin coat-
ings have been shown to suppress biofouling events.* In fact,
mucin-rich biomass obtained from different sources such as
jellyfish and snails have been previously included in polymer
mixtures to fabricate wound dressing materials.*>%| Here, we
purify porcine gastric mucins to obtain a well-defined macro-
molecular component for our bilayer film to harness the rich
chemistry of mucinsP as well as their important biological fea-
tures such as prokaryotic and eukaryotic cell repellence!-353¢
and immunomodulation ability!” In detail, when integrated
into a nanofibrous network, we expect the mucins to establish
two beneficial effects: first, due to the bacteria-repellent prop-
erties of mucins, their presence should protect epithelial cells
covered with the bilayer film from infection; second, they can

© 2022 The Authors. Advanced Functional Materials published by Wiley VCH CmbH
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Figure 1. Production process and morphology of Janus-type bilayer films. a) Schematic representation of the multifunctional properties of the Janus-
type bilayer films. b) Absorbance spectra of HA and -HA, respectively. The peak at 280 nm indicates successful catechol functionalization of HA as
expected for d-HA. c) Schematic representation of the bilayer film formation procedure. d) Photograph of the top side of the bilayer film. e) A cross-
sectional SEM image of the bilayer film (left) visualizes the nanofibers covering the top surface (right). f) Wettability of monolayers and each surface
of the bilayer film. The value at the upper left corner of each photograph represents the contact angle calculated from n =10 independent samples.

help avoiding inflammatory reactions.”’l The fibers located in
the top-layer of this two-component film have a random orien-
tation and create a network with sub-micrometer mesh sizes in
the range of (480 + 200) nm (Figure le; Figure S1, Supporting
Information). Furthermore, a quantitative analysis of the sur-
face roughness of the film demonstrates a homogeneous topog-
raphy devoid of irregular bead formation (Figure S1, Supporting

Information).

Adv. Funct. Mater. 2022, 32, 2105721 2105721 (3 of 16)

Another advantage brought about by the bilayer structure of
the film is an improvement in mechanical properties. A film
fabricated from d-HA alone exhibits a rather low stretching
resistance (=2-fold lower rupture forces compared to the bilayer
film, Figure 2a,b) and weak overall integrity: the ensuing hydra-
tion of the biopolymer layer triggers rapid swelling, which
turns this d-HA layer into a viscoelastic gel (Figure S2, Sup-
porting Information). This can complicate the applicability of
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Figure 2. Mechanical properties of bilayer films. a) Representative stretching force-dis placement curves of monolayer (d-HA and PVA/mucin, respec-
tively) and bilayer films and b) the corresponding mechanical properties. c) Friction response and d) morphology of d-HA monolayers (left) and bilayer
films (right) upon exposure to tribological stress. Images in gray scales represent combined laser confocal/light microscopy pictures; colored images
represent topographical images (the color code on the right applies to both). Scale bars in 5x images depict 2 mm and scale bars in 20x images depict
0.1 mm. Data shown represent mean values, error bars denote the standard deviation as obtained from n 2 3 independent samples.

the film in a physiological setting. Yet, with the fibrous mucin/
PVA layer added and cross-linked to the d-HA layer via glu-
taraldehyde vapor exposure, this issue is remedied. Further
more, measurements performed with bilayer samples that
contain monolayer extensions at either end showed that the
bonding strength between the two layers of the film is higher
than the tensile strength of individual monolayers (Figure S7,
Supporting Information); thus, the integrity of the bilayer film
under mechanical load should be sufficient for the application
envisioned here. Similar to the results of the stretching tests,
we also find enhanced robustness of the bilayer film toward tri-
bological stress: when probed in an oscillatory tribology setup,
both films show good friction behavior with low friction coef-
ficients around g = 0.1 (Figure 2c). This result was expected as
both, HA and mucins, are highly hydrated macromolecules and
thus enable hydration lubrication.’®3% However, when both
film variants are optically evaluated after the tribological test,
clear differences are detected (Figure 2d): d-HA monolayers are
spread out by (43 + 8)%, whereas the bilayer films keep their
circular shape and show only little spreading of (10 £ 8)% (Table
S1, Supporting Information). Moreover, topographical images
(Figure 2d, small images) indicate that the bilayer films main-
tain their homogenous surface structure even after tribological
treatment; by contrast, d-HA monolayers exhibit wrinkles on
their surface which indicates irreversible mechanical deforma-
tion. Owing to the added top layer, the film construct becomes
sturdier and can be handled very well; it can be manually
stretched (e.g., with a tweezer) and conveniently placed onto a
complex surface such as a tongue or buccal mucosa (Video S1,
Supporting Information) without being damaged.

In its dry state, the bilayer construct behaves as a thin, flexible
film; upon contact with a wet surface, the bottom layer becomes
a sticky, soft hydrogel. Importantly, we also selected hydrophilic

Adv. Funct. Mater. 2022, 32, 2105721 2105721 (4 of 16)

polymers for creating the nonadhesive top layer of the bilayer
film.’2%] Also, the surface of this nonadhesive side has hydro-
philic properties; here, we measure contact angles of (41 + 11)°
(Figure 1f). Such a hydrophilic, well-hydrated film is well suited
to keep a covered tissue layer moist and to prevent crust for
mation (e.g., when placed onto wounded tissues). To fulfill its
function, the bilayer film should maintain its structural integrity
until its main task, ie., releasing the incorporated drugs while
allowing for closure of damaged tissue, is completed. However,
the material is not designed to remain on tissues for extended
time periods: instead, the sticky, drug-loaded layer is engineered
such that it degrades over a finite lifetime to be helpful for
achieving the efficient release of its payload. Accordingly, in the
next step, we spectrophotometrically determine the degradation
profiles of each layer of the bilayer film (Figure 3a).

For those degradation tests, we incubate the bilayer film in
different physiologically relevant fluids (i.e., phosphate-buffered
saline (PBS), simulated tear fluid (STF), human saliva mimetic
(HSM), and simulated intestinal fluid (SIF)); those fluids are
selected to mimic the different liquid environments the film can
encounter when placed onto a wet tissue in the human body. In
all those tested conditions, the d-HA layer disintegrates more
quickly, i.e., it reaches the maximum of its degradation profile
within =12 h; by contrast, the mucin/PVA layer reaches its deg-
radation peak after =2 days. From an application point of view,
this delayed degradation behavior of the fibrous layer is very
helpful: its presence protects the drug-loaded, sticky layer from
undesired mechanical challenges and facilitates a controlled
removal of the film once its task is completed. It is noteworthy
to mention that, since the material developed here is mainly
composed of biological polymers, their degradation products
can be expected to be nontoxic. Additionally, it was shown that,
owing to its high flexibility, PVA can be excreted through the

© 2022 The Authors. Advanced Functional Materials published by Wiley-vCH GmbH
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Figure 3. Degradation and drug release profiles of bilayer films. a) Degradation profiles of the two individual film layers when placed into physiclogi-

cally relevant aqueous selutons (i.e., PBS, STF, HSM, and SIF, respectively).

Blue and red lines correspond to PVA/mucin and d-HA layers, respectively.

b) Relative swelling profile of the cross-section of the bilayer films (n =7). The error bars denote the standard error of the mean. ¢) Schematic rep-
resertation of the experimertal setup used for determining in vitro drug release profiles. d) Cumnulative drug release from bilayer films immersed in
PBS, STF, HSM, and SIF, res pectively. Diamand symbols (blue) denote the percentage of drug released into the denor chamber after 24 h. Data shown
represents mean values, error zones denote the standard deviation as obtained from n =5 independent samples.

kidneys without causing any damage to renal glomeruli;#+*+]
moreover, PVA does not permanently accumulate in body tis-
sues and it does not cause any toxic effects to cells.#4% Thus,
the rapid and complete degradation behavior of the bilayer film
construct under biclogical conditions is expected to be non-
harmful to the body.

Next, the swelling profile of the bilayer films is determined by
measuring the relative increase in their cross-sectional area. As
shown in Figure 3b, the bilayer films start to swell rapidly after
they get in contact with water. The swelling profile reaches a
plateau level at =1100% after =10 s. This finding agrees very well
with the strong hygroscopic nature of hyaluronic acid reported
in the literature.) The fast and strong swelling behavior we
here obtain for the bilayer films can also be beneficial when the
material is applied to wounds: here, the film can immediately
soak up the wound exudate, which otherwise can promote bac-
terial infection and thus hamper the wound healing process.[*]

Adw Funct. Mater, 2022, 32, 2105721 2105721 (5 of 16)

The efficiency of the main task, i.e., guided (= unidirec-
tional), the diffusive release of drugs toward the “tissue” side, is
assessed in the next set of experiments. Here, we load the adhe-
sive layer of the film with a model broad-spectrum antibiotic
(tetracycline hydrochloride, TCL) and conduct drug release tests
(Figure 3c). For all the model fluids the bilayer films are tested
with, a highly efficient (>87%) and unidirectional drug libera-
tion toward the attached surface is achieved. In detail, the drug
release profiles enter a plateau around =6 h, and the release
process is completed within 24 h. This result is consistent with
the degradation profiles of the drug-containing d-HA layer of
the film. Importantly, only a minor portion of the loaded drug
(<8%, diamond symbols in Figure 3d) is detected in the upper
surface of the bilayer film. Thus, in a potential application, the
fibrous surface not only provides mechanical stability but also
acts as a gatekeeper during the therapeutic action by preventing
a dilution of the incorporated drug molecules. Furthermore,
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control experiments where the PVA/mucin layer was facing the
semipermeable membrane showed that drug leakage to this
side was minimal (<2% for the first 6 h), and the cumulative
drug release after 3 days of incubation (when film degradation
has already started to set in) was (13 * 8) % only (Figure S3,
Supporting Information).

When a wound dressing material is placed onto a damaged
tissue, protein adsorption onto the surface of the material can
strongly affect its fate: whereas such adsorption of proteins from
wound exudates can be beneficial for cellular adhesion (which
improves the performance of such dressings!*”)), nonspecific

protein adsorption may initiate an immune response by acti-
vating immune cells!®l To investigate such unspecific protein—
material interactions, we expose both sides of the bilayer film
to fluorescently labeled bovine serum albumin (BSA, which is
selected as a model protein since albumin is the most abun-
dant protein in blood) and quantify the fraction of protein
adsorbed on either side of the film. In full agreement with the
asymmetric properties of the bilayer film, we observe that the
two sides of the construct exhibit significantly different BSA
adsorption characteristics (Figure 4a). Whereas the d-HA-based
layer binds =25% of the offered BSA molecules, only =16% of
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Figure 4. Interaction of proteins, prokaryotic, and eukaryotic cells with the bilayer films. a) Protein adsorption onto d-HA and PVA/mucin layers. An
unpaired t-test was used to detect the statistical significances between the groups. b) Hela cells counted after cultivation on the two different layers
of the Janus-type film. c) S.aureus and E.coli adhesion to the d-HA and PVA/mucin surfaces of the bilayer film. For data shown in (b) and (c), a Welch's
t-test was conducted to compare each group with the control. d) Cytokine expression levels in monocyte-derived macrophages after cultivation on
tissue culture polystyrene (TCP, gray), d-HA layers (red), and PVA/mucin layers (blue). The data points denote the cytokine concentration per well, the
vertical lines denote the average. e) Time-lapse microscopy images of Hela cells covered with a bilayer film (left). The dosure of the gap (right) was
calculated as the average determined from n = 5 independent samples per each group (right). f) Schematic representation of the distinct biological
functions installed into the two surfaces of the bilayer film. Data in (a-d) represent mean values, and error bars denote the standard deviation as
obtained from n = 5 independent samples. Asterisks mark statistically significant differences based on a p-value of 0.05.
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the BSA feed adsorb to the PVA/mucin layer. We speculate that
this reduced amount of unspecific protein adsorption is prob-
ably brought about by the presence of mucins.P!l

Motivated by the outcome of the protein adsorption test, we
next quantify cellular attachment to either side of the bilayer
film using epithelial Hela cells as a model cell line. As an in
vivo application of the bilayer film has epithelial tissues as one
likely target (see the wound healing tests described below),
selecting an epithelial cell line for cytotoxicity and attachment
tests was a natural choice.

As fluorescent images obtained after live/dead staining show
(Figure S4a, Supporting Information), none of the two sides of
the bilayer film elicits a perceivable cytotoxic effet—and nei-
ther do degradation products generated from the bilayer film
(Figure S4b, Supporting Information). In terms of cell coloni-
zation efficiency, the d-HA surface of the bilayer film exhibits
a similar density of adherent cells as the control, ie., the wells
of cell culture plates (Figure 4b). By contrast, we detect a signifi-
cantly lower number of cells on the PVA/mucin surface. Addi-
tionally, the few adherent cells attached to this side of the bilayer
film tend to show a round morphology, which suggests that they
are only weakly attached. This observation agrees with previous
findings that attributed a good cell-repellency of mucin-coated
surfaces to a high density of strongly hydrated glycans provided
by the mucin glycoproteins "4 Thus, the mucin-containing top
layer of the film can contribute to the protection of a wounded
tissue area from uncontrolled cellular overgrowth. Moreover, we
hypothesize that the presence of ¢ysteines located in the poly-
peptide backbone of mucins might promote binding of collagen
digesting enzymes (e.g., neutrophil elastase or metalloprotein-
ases) thus potentially influencing the propensity of the bilayer
film to become prematurely degraded by enzymatic attack.!*”l

Although HA coatings have been shown to contribute to bac-
terial inhibition at the early stages***") the dopamine conjuga-
tion is likely to counter this effect. Indeed, both, Staphylococcus
avreus and Escherichia coli bacteria adhere equally well to d-HA
films as to control surfaces (Figure 4¢). From an application point
of view, this can be advantageous as it suggests that the bilayer
films might also adhere well to infected wounds. In contrast, the
PVA/mudn side significantly reduces bacterial adhesion. This
effect is moderate for S. aureus but strong for E. coli. This is an
important finding as bacterial colonization of the film (and sub-
sequent biofilm formation) could drastially complicate wound
treatment. Here, the PVA/mucin layer reduces such risks and can
protect both the wound and bottom layer by repelling bacteria.

However, also in the absence of bacterial colonization, any
artificial object may trigger a foreign body response by its inter
action with immune cells. If this were to occur, the ensuing
inflammation reaction would slow down the healing process. To
evaluate a key aspect of the cellular immune response toward
each surface of the bilayer film, the secretion of ty pical pro- and
anti-inflammatory cytokines by macrophages incubated with
either layer of the construct is assessed. As the results dem-
onstrate (Figure 4d), also here, the asymmetric design of the
bilayer film becomes evident: when seeded onto the d-HA layer,
macrophages produce proinflammatory markers (expression
of tumor necrosis factor-afTNF-& and interleukin-6/IL-6) at
similar levels as when directly seeded onto tissue culture plates
(TCP). Furthermore, anti-inflammatory cytokines—particularly
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the interleukin-1 receptor antagonist (IL-1Ra}—are expressed
more strongly on d-HA than on TCP. This observation can
be explained by previous findings, which reported hyaluronic
acid-rich materials to promote the transformation of mac-
rophages from a proinflammatory (M1) to a reparative (M2)
phenotypel*l When the macrophages are incubated on the
PVA/mucin layer, we find remarkably low cytokine expression
levels that are up to two orders of magnitude smaller than those
obtained on both, TCP and d-HA surfaces. This outcome is in
line with previous results on the short- and long-term response
of macrophages seeded onto mucin-based materials: there,
mucin-based gels were shown to have a broad dampening effect
on the cytokine expression in macrophages, both in vitro and in
vivo.!”#U Thus, the upper PVA/mucin layer of our film could
generate a stealth effect to avoid immune recognition and thus
should help preventing acute inflammation reactions. Taken
together, the different cytokine expression patterns we find on
the opposing surfaces of the Janus-type film suggest that the
bilayer construct can support wound repair processes by initi-
ating a desirable immune response—but only where required.

Having analyzed different aspects of how both, eukaryotic
and prokaryotic cells, interact with the two sides of the bilayer
film, we now ask if the adhesive properties of the sticky layer
might interfere with the ability of a damaged tissue layer to
regenerate. To test this, we evaluate the ability of an artificially
damaged cellular monolayer to “heal” itself when covered with
a sticky bilayer film. As our results show, within 24 h, a com-
bination of cell proliferation and migration effects efficiently
close the gap in such a cellular monolayer (Figure 4¢); the
result only slightly depends on whether or not the cell layer is
covered with a (drugloaded or drug-free) bilayer film. Inter
estingly, film-treated groups show a slightly higher gap clo-
sure rate than the control group. Possibly, the hyaluronic acid
molecules constituting the sticky layer matrix are responsible
for this: HA has been found to be an important regulator of the
re-epithelization process of tissues by affecting various intracel-
lular pathways that control proliferation and migration./®-¢4
Thus, both biomacromolecules constituting the film (HA and
mucin) contribute to the properties of the construct by adding
distinctive features to the respective surface of the bilayer mate-
rial: while the fibrous PVA/mucin layer reduces protein adsorp-
tion, bacterial attachment, and uncontrolled cell adhesion, the
d-HA side of the film promotes wound healing—at least in an
in vitro model setting (Figure 4f).

Thus, in the next step, we investigate the wound healing
performance of the Janus-type bilayer films in vivo by applying
them to skin wounds that were created on the backs of rats.
Here, we test full bilayer constructs to prevent unwanted adhe-
sions to covering bandages that are applied around the created
wounds (to prevent the rats from interfering with the wound
healing process by scratching) while guaranteeing successful
adhesion to the wound tissue. To allow for a better comparison
of untreated and film-assisted wound healing processes, we
generate two circular wounds (with a diameter of 1 cm each)
on the dorsal side of each animal and cover one of those defects
with a Janus-type film (either with an unloaded or antibiotic-
loaded variant, N = 7 wounds each) while leaving the other
one uncovered (Figure 5a, left; see Figure S10 of the Sup-
porting Information for an exemplary documentation of the
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Figure 5. In vivo wound healing performance as observed by the application of Janus-type bilayer films to Sprague-Dawley rats. a) Schematic represen-
tation of untreated and film-treated wounds on the back of rats; representative images acquired on different postoperation (day 0 and 14) days images
visualize the direct comparison of healing process of untreated wounds (left lesion) and film treated wounds (right lesion). b) Results of hematoxyline
and eosin (H&E, top line) as well as Masson'’s trichrome stainings (bottom line) of different skin samples taken on the 14th day. The scale bar denotes
100 um and applies to all histology images. ¢) Quantitative assessments (epidermis thickness, number of hair follicles, and the collagen index) of H&E
and M 's trichrome stained tissue sections. Red lines indicate a statistical significance compared to the untreated wound; blue lines indicate a
comparison with the healthy skin tissue. Data shown in the histograms represents mean values of parameters determined from N = 6 animals per
group (from each animal, ten histological images were analyzed); error bars denote the standard deviation. For each observation day, mean values
obtained for Janus-type or drug-loaded Janus-type films were compared to values obtained for healthy skin tissue and untreated wound tissue by using
Tukey's multiple comparisons test. Asterisks mark statistically significant differences based on a p-value of 0.05.
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individual steps). As expected, when brought into contact with
the wound tissue, the Janus-type bilayer films are able to adhere
tightly without requiring additional fixation (see Video S3, Sup-
porting Information). Our observations over a time span of
14 days reveal that Janus-type bilayer film treatment accelerates
the healing process, which is in line with the results obtained
from the in vitro tests: when wounds treated with films are
compared to those of the untreated group, an improvement of
the wound healing process is observed on the 14th postopera-
tive day (Figure 5a, right). Compared to other materials tested
for wet tissue adhesive applications,"*¢>-¢] the wound healing
performance of the Janus-type bilayer films presented here is
quite promising since the material itself promotes wound clo-
sure without the need of adding a stimulating agent such as
growth factors.

To analyze the efficiency of the wound healing progress in
more detail, biopsies are taken from the wounds at several
stages of the healing process. Those tissue sections are stained
with hematoxylin and eosin (H&E) and Masson's trichrome
and then subjected to a histological evaluation (Figure Sb;
Figure S11, Supporting Information); here, samples obtained
from film-treated wounds are compared to both, untreated
wound areas, and healthy skin tissue sections. For all groups,
H&E staining indicates the presence of healthy corpuscles, hair
follicles and blood vessels. Of course, as expected, the number
of hair follicles in the wound zone is significantly smaller than
in the healthy skin tissue. Notably, at day 14 of healing, wounds
treated with films do not significantly differ anymore from
healthy skin tissue in terms of epidermis thickness, number
of hair follicles, and collagen index (Figure S¢). The observed
wound healing performance is very similar for both, antibiotic
loaded and antibiotic-free film variants. However, in a scenario
where the tissue defect might already be challenged by a bacte-
rial attack (ie., under infection conditions), the application of
an antibiotic-loaded Janus-type bilayer film should be beneficial
to combat such existing wound infections, ie., by canalizing
the delivery of antibiotics to the wound site and by preventing
bacterial adhesion on the opposing site.

These observations strongly underscore the excellent bio-
compatibility of the Janus-type bilayer films. In addition, at
the 14th day after treatment, we observe successful hair regen-
eration in the healed area without any visible scar formation;
we would like to emphasize that the applied Janus-type films
were not removed manually—they degraded on their own thus
making way for new tissue to grow (Figure S11, Supporting
Information). Of course, depending on the application site, the
degradation period of the films can vary. However, based on the
findings shown here, it can be expected that the degradation
products of the film do not impair tissue regrowth.

Having confirmed the ability of our films to promote wound
healing in vivo, we next quantify the adhesive properties of the
bilayer film when brought into contact with different tissues. In
detail, we test porcine cornea, tongue, intestine, and cartilage
samples, all of which exhibit a (geometrically) complex surface.
Porcine tissue samples are selected due to their size and geo-
metric similarity to human tissues. In those adhesion tests, we
bring the bilayer film in contact with the selected tissue sample,
allow the film to remain attached for a few seconds without
applying any pulling force, and then retract the film at a
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constant pulling rate. Although the mechanical sensitivity of
adhesives is typically highest in this particular loading direc-
tion, we prefer this technique over the more commonly used
lap shear tests: the lap shear tests are typically employed when
two tissue samples are glued to each other (e.g., skin on skin,
or muscle tissue on muscle tissue)l*1658l_and this requires
the tissue samples to be propery fixated in the testing setup.
Whereas easily possible for flat samples, this is trickier for tis-
sues having complex geometries (such as eyeballs and tongues).

When we subject different variantsfsubcomponents of the
bilayer film to the detachment test, we observe the following
behavior: a d-HA monolayer has good adhesive properties; how-
ever, it ruptures during the detachment tests before any peeling
sets in (Figure S5, Supporting Information). This behavior is
not surprising since the d-HA layer forms an unstable gel when
brought into contact with a wet tissue. Thus, it cannot withstand
the stretching forces it is exposed to during the detachment
test. Different from an adhesive that is supposed to connect
two tissue samples, this would be problematic for the applica-
tion envisioned here: the film would stick to fingers or tools
during its application, which renders handling complicated. In
contrast, the bilayer films are both, sticky and robust, i.e., they
adhere well to tissues (even to those with complex topologies,
see Figure 6a and Video S2, Supporting Information) but do
not rupture as easily as simple d-HA films. Overall, we observe
a good adhesion behavior. The adhesion energies we calculated
from the detachment curves are highest for the tongue samples
(=4 x 10* m] mm?), and a bit lower for intestine and eye sam-
ples (=24 x 107* and =17 x 10* m] mm™2, respectively). Also,
the detachment forces at which the bilayer films are removed
from the tissues are very similar; this underscores the versatility
of catechol-based adhesives as we use them here (Figure 6b).
Additionally, control experiments performed with bilayer films
containing a bottom layer of pristine, unmodified HA showed
that catechol conjugation to HA is essential to obtain good
adhesive behavior (Figure S4, Supporting Information).

Interestingly, the application of the bilayer film is not limited
to tissues covered with wet epithelia: additional tests performed
with cartilage samples show that the same bilayer construct
can adhere to this particular tissue as well. For this group, we
determine adhesion energy of =1.3 x 10~ m] mm Indeed, an
adhesive bilayer film could be applied to lateral areas of, e.g.,
knee joints, after osteochondral cylinders were transplanted
into osteoarthritic areas of joints (i.e., when mosaicplasty
with autografts is conducted). Moreover, it could be applied to
other (nonarticular) cartilage surfaces located in, e.g., the face
region. Here, such a bilayer film could protect implanted car
tilage grafts from postoperation infections after reconstructive
surgeries.

On a molecular scale, the strong and broad-range adhesion
properties of the film are brought about by different interactions
taking place between the catechol groups of dopamine and dif
ferent chemical motifs present on the respective tissues. Those
interactions include covalent, chemical bonds with —NH, and
—SH groups (as established by, e.g., Michael addition and
Schiff base reactions!®)). In addition, dopamine can also engage
in physical interactions with nucleophile groups (e.g., amines,
thiol, imidazole) on the tissue surfaces.™ Owing to the pres-
ence of the stabilizing PVA/mucin layer, the complete bilayer
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Figure 6. Detachment behavior of bilayer films from tissues. a) Ex vivo tissue detachment tests performed with porcine eye, tongue, intestine, and
cartilage samples. The humidity chamber used for the measurements was removed for imaging. b) Detachment forces and adhesion energies as
obtained for bilayer films (sticky side facing the tissue) when applied to and detached from different tissue samples. The data points denocte individual
measurements (n > 5), vertical lines denote the standard deviation. ) Topographical 3D image of a representative cornea tissue sample before and
after 3 days of treatment with a bilayer film (adhesive side facing the tissue). The numbers above the images denote average S, values as determined
from the images after the sample waviness was mathematically removed. Calculations are based on n = 5 independent cornea samples, and eror bars

denote the standard deviation.

construct can be fully detached from the tissues without rup-
turing or leaving visible traces. When the detachment energy
values from those peeling tests are calculated, we obtain compa-
rable results for all tissues tested here, i.e,, values in the range
0f0.001-0.002 m] mm~2. Those values agree well with previous
results using a similar strategy to achieve tissue adhesion.ml
Moreover, adhesion energies with a similar order of magnitude
were recently reported for bulk hydrogels employing polydopa-
mine for adhesion promotion.’ Other studies exploring bulk
hydrogels as tissue adhesives were able to achieve even higher
adhesion strengths,/273 but aimed at the long-term fixation of
mechanically highly stressed tissues such as tendons?¥ rather
than short-term wound healing. Importantly, with the nonad-
hesive fibrous layer degrading slower than the adhesive d-HA
layer (Figure 3a), it is reasonable to assume that this upper
mucin-based layer prevents other tissues (e.g., the eyelid, when
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the film is applied to the ocular cornea) from adhering to any
film-treated tissue area while the bilayer film is present.

In practice, adhesive films are widely applied to tissues
with quick healing abilities such as buccal mucosa or skin.
Here, slight alterations in the surface structure of the tissue
after wound healing are not a big issue, and any residues of
the adhesive can easily be removed by the natural regeneration
of the mucus layer or by manual rubbing. However, delicate
tissues such as the ocular cornea are more sensitive, and any
traces of material residues must be avoided. Even microscopic
surface alterations would be detrimental for the optical function
of the eye. Thus, in a final step, we analyze the microtopog-
raphy of porcine cornea surfaces that were treated with a
bilayer film for 3 days. This treatment time corresponds to the
time span the bilayer film requires for efficient degradation in
full immersion conditions. Probably, this degradation time can

© 2022 The Authors. Advanced Functional Materials published by Wiley-vCH GmbH
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be accelerated under dynamic conditions (e.g., when the film is
exposed to continuous mechanical challenge such as blinking)
that the film would encounter in vivo. However, in case a par
ticular application calls for an extended lifetime, the supporting
nonadhesive layer can be reinforced by incorporating other,
more durable polymers into the mucin matrix, e.g., polycaprol-

actone instead of PVA.

To assess any alterations in the topography of the corneal
tissue samples, we quantify 3D images obtained via light pro-
filometry using established metrological parameters. This
analysis shows that indeed, a bilayer film treatment (as well as
its degradation products generated during film decomposition)
does not induce a microtopographical change on the porcine
cornea. This is demonstrated by very similar values calculated
for the roughness parameter S, (Figure 6¢) and confirmed by a
set of additional surface parameters that can define small pits
and very fine scratchesP7l (e.g., the surface area development,
the isotropy of the surface, Table S2, Figure S6, Supporting
Information). Together, these results show that—when autono-
mously degrading on the ocular cornea tissue—the bilayer film
does not damage the tissue surface. The findings suggest that
the material developed here is a very promising candidate for
local drug delivery on sensitive body areas, where patient dis-
comfort would severely limit the applicability of such a drug-

loaded film.

3. Conclusion

In this work, we introduce a bilayer film that tackles core para-
digms of wound management in a simple, yet, effective way.
Owing to its asymmetric design, the bilayer film can fulfill
distinet and indeed, contradictory physical and biological tasks

even on complex and sensitive tissue surfaces.

With the macromolecular architecture and the Dbilayer
design of the Janus-type films, it is not only possible to tailor
the properties of the film to enable material adhesion; cellular
migration, and drug release on the bottom side of the film,
i.e., where wounded tissues would be treated, are possible. By
contrast, the top layer of the film is here designed to achieve
a stealth effect to minimize cellular immune response and to
canalize the therapeutic and adhesive properties of the mate-
rial to the desired area. Importantly, the mucin macromolecules
present in this top layer would also allow for integrating a
dynamic response into this top layer to meet additional, spe-
cific demands. For example, conformational changes of such
mucin glycoproteins in combination with transiently stabilizing
agents can be employed to encapsulate a wide variety of sub-
stances (hydrophilic, hydrophobic, charged, uncharged) into
mucin films and to release them into surrounding tissues upon
exposure to a trigger molecule!l The ability of these films to
accelerate wound healing combined with their bacteria repel-
lent surface properties makes them ideal candidates to prevent
postoperative infections and to boost the tissue healing pro-
cess. Additionally, as an alternative to a postinjury application,
multifunctional Janus-type films could also be considered as
interface materials mediating between wet tissues and artificial
objects that are placed into the human body for extended time
periods, e.g., wearable electronics such as glucose monitoring
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devices. In conclusion, Janus-type bilayer films as we describe
them here can be a promising alternative for patients or car-
egivers alike.

4. Experimental Section

Dopamine-Hyaluronic  Acid  Conjugation: A dopamine/hyaluronic
acid conjugate (d-HA) was prepared as described previously with
slight modifications.”) In  brief, hyaluronic acdd sodium salt from
Streptococeus equi (HA; Alfa Aesar, Ward Hill, MA, USA) was dissolved
to a concentration of 1 % (w/v) in 2-(N-morpholino)ethanesulfonic
acid (MES) buffer (10 % 107 m, pH = 5). Afterward, 5 % 107 m 1-ethyl-
3.(3-dimethylaminopropyl) carbo-diimide (EDC, Carl Roth, Karlsruhe,
Germany) and 5 x 10 M N-hydroxysulfosuccinimide (sulfo-NHS, aber,
Karlsruhe, Germany) were added to this solution. After 3 h of incubation,
this solution was mixed with 196 (w/v) dopamine hydrochloride (Sigma-
Aldrich, St. Louis, MI, USA) solution (dissolved in 5x PBS, pH = 8),
at a volumetric ratio of 1:1, and then incubated during shaking at 4 °C
overnight. On the next day, the solution was transferred into dialysis
tubes (MWCO = 300 kDa, Therme Fisher Scientific, Waltham, MA, USA)
and dialyzed against ultrapure water at 4 °C for two days. The dialyzed
samples were freeze-dried for 2 days and stored at =80 °C until further
use. The degree of catechol functionalization achieved with this procedure
was determined spectrophotometrically by converting the absorbance
value of d-HA solutions at 280 nm to a concentration value using a
linear calibration curve obtained for pure dopamine solutions of different
concentrations. Those absorption measurernents were conducted on a
specord 210 s pectral photometer (Analytikjena, |ena, Germany).

Production of Bilayer Films To generate the adhesive layer of the bilayer
film, d-HA was solubilized in ddH;0 (10 mg mL“) and poured into a
custorm-made polycarbonate 6-well plate. Then, the solution in the wells
was degassed under vacuumn and left to dry at air at room temperature
(RT) for 2 days. In the next step, the fibrous layer was penerated by
electrospinning a PVA/mucin solution onto a preformed d-HA film. To
do so, first, PVA (500 mg, MW: =145000 g mol™, Sigma-Aldrich) was
solubilized in ddH;O (5 mL) at 80 °C for 1 h; then, the solution was
allowed to cool down to RT. Next, manually purified mucin (25 mg,
MUCSAC, see the Supporting |nformation for MUCSAC purification) was
solubilized in ddH,O (5 mL) and gradually added to the PVA solution.
Per sample, =0.25 mL of the final solution was deposited onto the
preformed d-HA layer using a custorm-made, laboratory-scale, vertical
electrospinning device. The parameters of this process were selected as
follows: voltage, 15 kV; distance between collector and syringe, 10 erm;
flow rate, 0.03 mL min~\. The final bilayer structure was stabilized by
cross-linking the macromolecular components through exposure to
glutaraldehyde (GA; 25 % agueous solution, Sigma-Aldrich) vapor at RT
for 12 h, followed by an incubation step in a vacuum chamber for 4 h,
Completed samples were stored in a desiccator until further use.

Bilayer Film Characterization: Morphology: The morphology of the
fibrous mat and the bilayer film was characterized using scanning
electron microscopy (SEM; JEOL-SM-6060LV, Jeol, Eching, Germany).
Prior to tests, samples were coated with a thin gold layer using an
MED 020 sputtering device (BAL-TEC, Balzers, Liechtenstein) under a
saturated argon gas atmos phere, The diameter of PVA/MUC nanofibers
was determined from those SEM images using the software Image).
Confocal laser scanning microscopy was used to quantitatively assess
the isotropy of the fibrous layer (see the Supporting Information).

Wetting Properties: The wetting behavior of the samples was tested
by contact angle measurements using a drop shape analyzer device
(DSAZS5S, Kriss GmbH, Hamburg, Germany). For examination, samples
were placed in front of the device-integrated high-resolution camera
(acA1920, Basler, Ahrensburg, Germany). Imaging, processing, and
image analysis were performed with the software ADVANCE (AD4021
v1.13, Kriss GmbH), which was used to initiate automatic imaging
(15 fps for 5 s) once a droplet (4 L ddH,0) crossed a trigger line
positioned just above the sample surface. 0.5 s after the first image of a
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droplet (uninfluenced by the ¢ la) was captured, the images captured
within the next 1.5 s were analyzed using the software-integrated ellipse
(tangent-1) fit method. Contact angle values were determined as the
water-enclosed angle between the surface and the edge of the droplet.

Mechanical Characterization: The tensile properties of the films (both,
bilayer and individual monolayers) were tested under uniaxial tension
using a research-grade shear rheometer (MCR 302, Anton Paar, Graz
Austria). In brief, rectangular samples were prepared by casting the
adhesive layers in rectangular (10 mm x 30 mm) molds fabricated from
polycarbonate. The measurements were performed by fixing the films
at either end in custom-made clamp-like sample holders. The first of
these clamps were fived to the central shaft of the theometer using a
commercial adapter (D-CP/PP 7, Anton Paar); the second clamp was
mounted onto a commercial bottom plate (P-PTD 200, Anton Paar). The
measurement head of the rheometer was lifted at a constant speed of
10 um s~! until the film was ruptured, and the resulting normal force
data were recorded at a sampling rate of 1/s (see Figure S6, Supporting
Information, for the setup).

To evaluate the mechanical robustness of the films under tribological
stress, they were probed in an oscillatory tribology setup as described
in Winkeljann et al.P®l and subsequently examined optically. Here, both
counterparts of the setup, i.e., polydimethykiloxane (PDMS, SYLGARD
184, Dow Corning) pins with munded edges in the measuring head
and kidney-shaped PDMS samples in the sample holder, were cast in
custorn-made molds, activated by exposure to atmospheric plasma in a
SmartPlasma2 oven (plasma technology GmbH, Herrenberg, Germany;
settings: 0.4 mbar, 30 W, 1.5 min) to become hydrophilic,m and stored
in ddH,O until further use to avoid hydrophobic recovery.F?3"1 d-HA
and bilayer films were cast in circular molds (@ = 20 mm) made from
polycarbonate, and circular samples (@ = 10 mm) were punched from
the central areas of these films with a hand press (IstaBreeze Germany
GmbH, Bad Rappenau, Germany). Before starting a measurement,
the film samples were first hydrated in situ by applying each onto a
moistened kidney-shaped PDMS sample. Then, 40 uL of PBS was added
as a lubricant, and the friction response of the material pairing was
recorded every 0.15 s in oscillatory mode over a deflection angle of 17°
while applying a normal load F of 0.6 N, a sliding velocity of 0.7 mm s,
and atemperature of 37 °C. With those parameters, the resulting contact
pressure is =0.028 MPa. To avoid evaporation of the lubricant as well as
film drying, a moisture trap was installed. As control samples, plasma-
activated PDMS specimens were probed without any film added (using
PBS as a lubricant).

Once the oscillatory tribology measurements were concluded, any
excess liquid was gently removed from the films, and they were allowed to
dry at RT for two days. For both, macroscopic and microscopic examination
of the film surfaces, a confocal laser scanning microscope (VK-X1000,
Keyence, Oberhausen, Germany) was used. Comnbined laser confocal/
light microscopy images were captured at 20x magnification (CF Plan,
NA = 0.46; Nikon, Chiyoda, Tokyo, Japan). For obtaining a macroscopic
overview of the films, several images acquired at 5x magnification
(CF Plan, NA = 0.13; Nikon) were stitched together. The projected area of
the films was determined using the operrsource software Image).

Degradation Behavior: For each layer of the bilayer film, the degradation
behavior was assessed spectrophotomeltrically. To distinguish between
the degradation products originating from either layer, chemical groups
specific for each layer were selected, and their particular absorbance
spectum was tracked as they enter the liquid phase in which the
bilayer samples were incubated. To represent the nonadhesive layer,
a fluorescent dye covalently attached to mucins (Atto 488 — carboxy
moadified, ATTO-TEC GmbH, Siegen, Germany; Ex/Em = 488535 nm) via
carbodiimide coupling was selected (see the Supporting Information).
To represent the adhes ive layer, catechol groups {absorbance at 280 nm)
were tracked. Samples immersed into aqueous solutions (see above)
were placed onto an orbital shaker operating at 37 °C while avoiding
light exposure. The supernatants were collected at predetermined time
intervals and characterized using a multilabel plate reader (Victor3,
Perkin Elmer, Rodgaum, Germany). To evaluate the degradation profile
of the d-HA layer, PVA/mucin monolayers were incubated under similar
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conditions and their absorbance (at 280 nm) was subtracted from those
obtained with d-HA films to avoid any interference.

Swelling Profile: For swelling tests, the measuring setup of the drop
shape analyzer device used for the evaluation of the wetting behavior
of the films was employed; also here, transversal images of the cross-
section of the bilayer film were obtained and evaluated during the
swelling process of the material. In detail, bilayer films were punched
into circular samples (@7 mm) using a manual eyelet press (Istabreeze
Germany GmbH, Bad Rappenau, Germany); then, the initial height of
each sample was measured using a digital caliper, and the initial cross-
section of each sample was determined in a dry state. Afterward, a
piece of lint-free laboratory wipe (=6 em x 6 cm) was fixated on a glass
slide using adhesive tape to impede wrinkling of the laboratory wipe,
and 750 pL of ddH,O was added to fully wet the laboratory wipe. Then,
the bilayer film samples (with the mucin/PVA side facing downward to
prevent the films from rolling up during hydration) were placed onto the
laboratory wipe, and images were automatically captured at different
time steps for a total duration of 30 min. For evaluating the swelling
behavior of each sample, ¢ = 0 s was defined by the fist image of the
bilayer construct being in contact with the wet wipe. The captured
images (induding a scale bar) were exported using the ADVANCE
software and were analyzed with the software Image) (version 1.53k) by
setting the scale according to the displayed scale bar; here, the contrast
was increased to 0.3% saturated pixels by enabling the option “equalize
histogram." Then, the cross-sectional area was determined by identifying
the outlines of the sample manually. Prior to averaging the results
obtained from different film samples, the cross-sections measured at
each time-step were normalized to the initial cross-section determined
for each sample in a dry state.

Drig Loading and In Vitro Drug Release: TCL (Applichern, Darmstadt,
Germany) was chosen as a model antibiotic and solubilzed in a d-HA
solution {0.86 mg mL™) before casting the bottom layer of the bilayer
film. With this concentration of TCL in the d-HA solution, the expected
TCL concentration in the bilayer film is =5.5 pg mm™. After the formation
of the bilayer films, they were placed into wells of a 24-well plate equipped
with permeable insert strips (BRANDplates insert system, pore size:
0.4 um, Brand, Wertheim, Germany) to test their in vitro drug release
behavior. The in vitro TCL release profile was determined by placing the
TClL-loaded bilayer films into a range of solutions: simulated tear fluid,
STF (NaCl: 678 g L™, NaHCO;: 218 g L™, CaCl,2H,0: 0084 g L,
Kd:138 g L, pH =7.4); saliva mimetic, HSM (0.02% {w/v) manually
purified human salivary MUCSB dissolved in 20 % 107 m TRIS, pH =7.4;
see the Supporting Information for MUCSB purification); SIF (KH,PO4:
6.8 g L', NaOH: 0.896 g L™, pH = 6.8), and phosphate buffer saline,
PBS [pH =7.4). To mimic the salivary conditions with HSM, human
salivary mucin (0.02%6 wjv in 20 x 107* m TRIS, pH =7.4) was used
manually purified to mimic the typical pH range and the average mucin
concentration of human salival*!l Together, this set of solutions mimics
the range of environmental conditions the bilayer film may encounter in
an in vivo setting. The drug release quantification was then conducted
as follows: the bilayer films were hydrated with 200 pL of the respective
aqueous solution first; then, 2 mL of the same solution medium was
placed into the bottom part of the chamber so that the bottom (drug-
loaded) part of the bilayer film is fully wetted from below and can release
drugs into this bottorn part of the chamber over time. The absorbance
of the liquid in this bottom chamber was then quantified at 360 nm at
predetermined time intervals with a spectrophotometer (specord 210,
Analytikjena, Jena, Germany) to detect drug molecules entering this
liquid phase via diffusion. The released drug amount was quantified
by converting the absorbance values of this liquid phase into absolute
concentration values based on a TCL standard curve (Figure S8,
Supporting Information).

Protein Adsorption: To assess the protein adsorption behavior to either
side of the bilayer construct, a model protein, i.e., BSA (Albumin fraction
V, Carl Roth) labeled with Atto483 (see the Supporting Information) was
selected. The d-HA and PVA/mucin layers of the bilayer film were created
separately, and each component was studied independently. Monolayer
samples were placed into wells of a 24-well plate and incubated with
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a fluorescently labeled BSA solution (0.1% (wjv) in PBS). Then, the
samples were placed onto an orbital shaker while avoiding light and
incubated at 37 °C for 1 h. After incubation, the supernatants were
collected, and the fluorescence signal of this supernatant was quantified
using a multilabel plate reader at Ex/Em = 483/535 nm. Then, the
amount of BSA adsorbed onto the film was determined as the amount
of fluorescent BSA depleted from the solution.

In Vitro Experiments with Procaryotic and Eucaryotic Cells: Prior to all
in vitro tests imvolving cells, the bilayer film samples were placed into
a sterilzation chamber (BLX-254, Vilber Lourmat GmbH, Eberhardzell,
Germany) and exposed to UV light (254 nm, 5 x 8 W) for 3 h. If not
stated otherwise, all chemicals used for those in vitro tests were
purchased from Sigma-Aldrich. Those experiments were conducted with
human epithelial (Hela) cells cultured in minimum essential medium
supplemented with 10% (v/v) fetal bovine serum, 2 x 107 m L-glutamine
solution, and 196 (v/v) nonessential amino acids. The cultivation of Hela
cells was conducted at 37 °C in a humidified atmosphere containing
5% CO,.

Biocompatibility: A live/dead assay was applied to assess the
biocompatibility of each side of the bilayer films. Here, bilayer film
samples were placed into wells of an 8-well plate (u-Slide ibidiTreat plate,
ibidi GmbH, Grafelfing, Germany), Hela cells were seeded onto either
the adhesive or the nonadhesive side of the bilayer film (30000 cells per
sample) and incubated for 24 h. Next, the samples were washed with
DPBS and stained with 100 uL perwell of a live/dead solution (1 x 1075 i
calcein-AM, 2 x 10°% m ethidium homodimer 1, Invitrogen, Carlsbad, CA,
USA). After 30 min of incubation, fluorescence images were acquired on
a fluorescence microscope (DMi8, Leica, Wetzlar, Germany) using FITC
(Ex = 460-500, DC = 505; Em = 512-542, Leica) and TXR filter cubes
(Ex = 540-580, DC = 585; Em = 592 — 668, Leica), respectively. The
exposure times were first optimized for each filter set and applied to all
acquired images.

Bacterial Adhesion: Bacterial attachment tests were conducted with
the strains S. aureus NCTC 83254 and E. coli ATCC 25922. Frozen
vials containing bacteria at concentrtions of 10° CFU mL" were
reconstituted in PBS. The bilayer film samples were sterilized under UV
light at a wavelength of 254 nm for 2 h. The bacterial suspensions were
subsequently inoculated at a concentration of 10’ CFU mL™" onto the
layer to be tested, ie, the fibrous PVA/MUC layer and the d-HA layer,
res pectively. The samples were incubated at 37 °C for 2 h. Nonadherent
bacteria were removed by washing the samples thrice in 5 mL sterile
PBS. Then, the samples were vortexed in PBS for 1 min to remove the
adherent bacteria, and the obtained suspensions were serially diluted.
These serial dilutions were plated onto tryptic soy agar plates, which
were incubated at 37 °C for 24 h. After this incubation period, the
colonies were counted to determine the number of adherent bacteria for
either sample layer.

In Vitro Cell Scratch Assay: An in vitro scratch test using cellular
meonolayers was applied to ensure that the sticky properties of the bilayer
film do not prevent wound healing. First, Hela cells were cultivated in a
48-well plate (30000 cells per well) for 24 h. Then, a horizontal scratch
was created in the middle part of the well using a pipette tip and a bilayer
film was placed on top of this scratched cell layer (with the sticky side
facing the cellular layer). The time-dependent closure of the damaged
cell layer was observed on an inverted light microscope (DMi8, Leica)
equipped with a 10x objective (Leica) and a digital camera (Orca Flash
4.0 C11440, Hamamatsu, Japan); images were acquired after 6, 12, and
24 h of incubation. As a control, scratched cellular layers without an
additional bilayer film were used.

ProfAnti-Inflammatory Cytokine Release of Macrophages In Vitro: The
immune response to the bilayer system was evaluated by determining
the cytokine expression of monogyte-derived macrophages. The human
cell line U937 (ATCC) was cultured in RPMI 1640 medium (Gibco, Life
Technologies, Paisely, UK) supplemented with 10% fetal calf serum
(Gibco), 2 x 107 M L-glutamine (Gibeo), 1% 107 m sodium pyruvate
(Gibeo), 1 U mL™" penicillin and 1 pg mL™ streptomycin (Gibco). The
cells were then differentiated into MO macrophages using 100 x 10~*
M phorbol 12-myristate 13-acetate for 72 h and were allowed to rest in
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a complete culture medium for 24 h before the assay was conducted.
These monocyte-derived MO macrophages were seeded at a density of
800000 cells mL™" onto the samples, and the cytokine concentration
in the macrophage culture supernatant was evaluated after 24 and
72 h of incubation at 37 °C with 5% CO,. Quantification of the
released proinflammatory (interleukin6, tumor necrosis factor-a) and
antrinflammatory (interleukin-1 receptor antagonist, interleukin-10)
cytokines was performed with the DuoSetELISA Development System
(R&D Systems, Minneapolis, MN, USA) following the manufacturer’s
instructions using a multimode microplate reader (Spark, Tecan,
Minnedorf, Switzerland).

In Vivo Wound Healing Experiments: Prior to in vivo experiments,
all film samples were sterilized by ethylene oxide exposure. The
experimental protocol of the study was reviewed and approved by the
Animal Experiments Local Ethics Committee of Bagcilar Training and
Research Hospital (decision number: 2021/116). All procedures were
applied according to the guide for the care and use of laboratory animals
adopted by the National Institutes of Health (USA) and the Declaration
of Helsinki. Tests were performed with Sprague-Dawley rats (body
weight, 250-350 g, N = 14) at the University of Health Sciences, Bageilar
Training and Research Hospital Research Center, Istanbul, Turkey. The
animals were housed in a controlled environment at a temperature of
(24 £ 2) °C and at a humidity of 609 under a 12 h light/dark cycle. The
animak were given free access to water and standard nutrition. The
rats were anesthetized by intraperitoneal administration of ketaminef
xylazine (9010 mg kg), and all efforts were made to minimize
animal suffering. Prior to the experiments, the backs of the rats were
shaved; then, two full-thickness skin defects (including epidermis and
dermis) were created on the dorsal side of each rat using a 12 mm
biopsy punch. One of the such created wounds was covered with a
Janus-type bilayer film (either plain or antibiotic loaded, N = 7 each),
and the defects were covered with a bandage to avoid uncontrolled
animal reactions such as scratching or biting. On the 3rd, 7th, and 14th
day of wound regeneration, a tissue sample was taken from both, the
wound areas and a healthy skin tissue area using a 3 mm biopsy punch;
those samples were ficed with paraformaldehyde (4% v/v) and then
subjected to further histopathological examinations. To do so, 5 um
thick sections from paraffin-embedded tissue samples were stained with
Harris hematoxylinfeosin and Masson trichrome (both obtained from
Bio-Optika S.pA, Milan, Italy) using routine procedures and afterward
examined under a light micrescope (Olympus BXS53, Melville, NY, USA).
The maximal epidermis thickness per image, the total number of hair
follides, and the average collagen density per image were calculated
using the software Image] by analyzing n =10 images peranimal (N = 6)
at each day of observation (day 0, 3, 7, and 14). Findings obtained with
film treated samples were compared to untreated wounds and healthy
skin tissue using a paired t-test; significant differences were marked with
an asterisk if based on a p-value of p < 0.05.

Experiments Involving Ex Vivo Tissue Samples: Tissue Adhesion/
Detachment Tests: Adhesion/detachment tests were performed on a
commercial research-grade shear rheometer (MCR 302, Anton Paar, Graz
Austria). Different ex vivo tissue samples (pordine eye, tongue, intestine,
and cartilage samples) were tested, which were all obtained from a local
butcher shop. The tissue samples were placed into a custom.made
sample holder mounted to a commercial bottom plate (T-PTD 200,
Anton Paar). In this step, the surface of each sample was smoothened
by fxing the tissue with a stainless-steel ring; this step was necessary
to remove macroscopic wrinkles on the tissue surface, which otherwise
could negatively affect the adhesionfdetachment test by rendering it
less reprodudble. Before mounting the samples into the sample holder,
they were first hydrated with PBS. Then, the adhesion/detachment tests
were conducted in a humidified atmosphere at a constant temperature
of 37 °C. The bilayer film sample was fixed to the measuring shaft of
the rheometer by attaching a custom-made clamp (see the Supporting
Information) fabricated in a locd workshop to a commerdal adapter
(D-CP/PP 7, Anton Paar). For each measurement, a fresh bilayer film
and a fresh tissue sample were used. Each detachment test was then
conducted as follows: the measuring head of the rheometer was lowered
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until one side of the bilayer film (either its adhesive or nonadhesive
side) was brought into contact with the tissue (the contact area was
=64 mm?). This contact was maintained for 10 s; afterward, the
measuring head was lifted at a constant speed of 10 pm s7, and the
resulting normal force was recorded at a measuring point density of
1/s until the measured force dropped to zero. The adhesion energy was
calculated from the force-distance plot by calculating the area under the
force-distance curve.

Topographical Evaluation of Bilayer Film-Treated Cornea Tissues: To
assess whether the bilayer film would leave any residues or surface
damage on a tissue after the film has been degraded, a topographical
evaluation was performed. Here, porcine cornea samples were selected
as they represent a particularly sensitive tissue variant. In detail, each
sample was evaluated twice, ie,, before and after having been in contact
with the adhesive side of a bilayer film for 3 days. To do so, fresh porcine
eyes were first incubated in an antibictic solution (0.296 TCL) for 1 h,
gently rinsed with PBS, and kept on a tissue doth for =10 min (to allow
water droplets on the surface to evaporate). After eliminating the eye
samples which exhibited visible, macroscopic defects, profilometric
images of the corneal surfaces were obtained using a laser scanning
micrescope equipped with a 20 lens. For each sample, five images
were acquired. Image quantification was then performed using the
psoft analysis extended software (version 7.2.7568, NanoFokus AG,
Oberhausen, Germany). Prior to data analysis, a Caussian filter
(according to 150 16610-61) with a cutoff wavelength of 80 pm was
applied. For each topographical image, the following metrological
parameters were calculated: the root-mean-square height (S,), the
developed interfacial area ratio (S,,), the isotropy of the surface (5,),
the maximum peak height (), the root mean square gradient (Sy), the
arithmetic mean peak curvature (S,), the peak material volume (V)
and the dale void volume (V,,); those parameters are all defined in ISO
25178-2 (see the Supporting Information). From those assessments,
the set of eye samples was further narrowed down by eliminating
those which showed noticeable microscopic defects; in detail, those
samples that retumed a surface roughness parameter (S;) smaller
than 0.3 um were selected. With this procedure, it could be ensured
that the population of cornea samples studied here had comparable,
well-defined initial properties. Then, bilayer films were placed onto the
hydrated surfaces of the cornea samples, and the eyes were immersed
in STF (supplemented with 0.2% TCL) at 4 °C for 3 days until the bilayer
films were fully degraded. As a control, similar incubation conditions
were applied to a control group, i.e., eye samples that did not receive
a film treatment. After 3 days of incubation, profilometric images were
acquired again, and the same metrological parameters described above
were calculated to quantify the effect of bilayer film treatment.

Satistical Analysis: The software GraphPad Prism (Prism 8, San
Diego, CA, USA) was used to conduct all statistical analyses. All the data
collected in this work were presented as mean * standard deviation.
Before each analysis, the normal distribution of the measured values
was confirmed with a ShapiroWilk test. A two-talled Student's t-test
was performed for normally distributed populations with homogeneous
variances, whereas a two-tailed Welch's I-test was used in case of unequal
variances, Tukey's multiple comparison test were conducted for the
comparison between multiple samples. If not stated otherwise, a pvalue
of p < 0.05 was chosen as a threshold for significance; accordingly,
significant differences were marked with an asterisk where applicable.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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1. Mucin purification

Porcine gastric mucin MUCSAC was purified manually as described previously'. In brief, the mucus
content of the pig stomachs was collected by manually scraping the gastric tissue surfaces. The
collected mucus was diluted 1:5 in 10 mM sodium phosphate buffer (pH = 7.0) containing 170 mMm
NaCl and 0.04 % sodium azide (Carl Roth), and then solubilized by stirring at 4 °C overnight. Next,
cellular debris was removed via two centrifugation steps (30 min at 8,300 g and 45 min at 15,000 g,
each step conducted at 4 °C), followed by a final ultracentrifugation step (150,000 g at 4 °C for 1 h).
Subsequently, the mucins were purified by size exclusion chromatography using an AKTA purifier
(GE Healthcare, Munich, Germany) and an XK50/100 column packed with Sepharose 6FF resin (GE
Healthcare). The obtained mucin fractions were pooled, dialyzed against ultrapure water, and
concentrated by crossflow filtration (MWCO: 100 kDa, Xampler Ultrafiltration Cartridge, GE
Healthcare). The concentrate was then lyophilized and stored at -80 °C until further use.

Salivary mucin MUC5B was purified from unstimulated human whole saliva as described previously?.
Saliva samples were freshly collected in ice-cooled tubes from healthy, non-smoking volunteers (age
range: 25-30 years) who refrained from eating and drinking (except water) for one hour before
donating saliva. Samples were diluted in ice-cold 10 mM sodium phosphate buffer (pH 7.0, 170 mM
NaCl) to a ratio of 1:1 and purified according to the protocol used for MUC5AC as described above.

2. Fluorescence labeling of mucins and bovine serum albumin (BSA)

Purified mucins and a commercially obtained model protein (BSA) were labeled with a fluorescent
dye (Atto 488 - carboxy modified, ATTO-TEC GmbH, Siegen, Germany) via carbodiimide coupling.
The dye solution was first diluted in 1 mL MES buffer (10mm, pH=5) to a concentration of
carro= 1.0 mg/mL. Afterwards, 5 mm EDC and 5 mMm sulfo-NHS were added to this solution, and the
mixture was allowed to incubate in the dark at RT for 3 h. This prolonged incubation time ensured
that the remaining free EDC was hydrolyzed before mucin (or BSA) was added. In parallel, 40 mg of
purified MUC5AC (or BSA) were dissolved in 19 mLPBS (10 mm, pH = 7). Then, the two solutions were
thoroughly mixed and incubated at RT for 3 h. The mixture was dialyzed against ultrapure water
(Spectrum™ Spectra/Por™ Float-A-Lyzer™ G2, MWCO: 300 kDa, Roth) to remove any unbound dye
molecules. Finally, the labeled samples were lyophilized and stored at -80 °C until further use.

3. Topographical characterization of the fibrous layer

The surface topography of bilayer film was quantified by confocal laser scanning microscopy (using
a Keyence VK-X1100 microscope equipped with a 20x lens; Keyence Corporation, Osaka, Japan). The
acquired images were analyzed using the software psoft (NanoFokus AG, Oberhausen, Germany).
Images obtained from the fibrous mucin/PVA surface were first corrected for surface tilt by applying
a first-grade polynomial filter. Then, three standardized surface roughness parameters were
calculated according to 1SO 25178-2: the root mean square height (Sq), the developed interfacial area
ratio (Sq4), and the texture aspect ratio (Sy):
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The root mean square value (Sq): This value is defined as the standard deviation of the
measured height zin the xy-plane of the analyzed area A. This parameter can be calculated

as:
1 2
Sq = —fj (z(x y))" dxdy (3.1)
AJJn
e The developed interfacial ratio value (Sqr): This parameter describes the complexity of a
surface by comparing the actual surface and the projected surface. This value is calculated
as:
o ] ﬂ GGG\ A B
=— - X
= al s ox oy y (3.2)

e The isotropy of a surface (S): This parameter is defined as the ratio of the minimum
autocorrelation length in any direction and the maximum autocorrelation length in any
direction. Thus, this parameter can be calculated from the autocorrelation function (ACF) as:

i 2 2
5 = (TQ:'TI)E'ER ATy with R={(tx, ty) : ACF(1x, Ty) < 0.2}
T max Jod 112 Q= {(wx 1y) : ACF(1x, Ty) > 0.2} (3.3)

(%, Ty)eQ

I, 20x, y)z(x -, y - 1y) dxdy
ACF (T)(, TY)Z JI.\ 72 ()(, y) d)(dy (3.4)

Results obtained with this metrological analysis of topographical images are compiled in Figure 51.
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Figure 51. Topographical analysis of the fibrous, non-adhesive layer generated from a mucin/PVA mixture. The
horizontal lines represent the mean values of S, and S4, respectively, whereas the symbols denote results obtained from
n =5 independent samples. The good isotropy of the surface (bottom, left) and the homogeneous size distribution
{bottom, right) of the PYA/mucin nanofibers as obtained by topographical analyses and SEM imaging, respectively,

verify the excellent reproducibility of the film manufacturing procedure.n =150 nanofibers were analyzed to determine
the distribution of the fiber diameters.
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4. Viscoelastic properties of the bilayer film

The viscoelastic properties of both, monolayer d-HA and bilayer films were determined using a
commercial shear rheometer (MCR302, Anton Paar) equipped with a plate-plate measuring system
(PP25, Anton Paar, Graz, Austria). For this set of experiments, circular films (d =25 mm) were
generated and placed onto the stationary bottom plate of the rheometer, where they were hydrated
with 250 puL PBSin situ. Then, the measuring head was lowered to the measuring position, which was
set to 500 um for all measurements. A humidity chamber was installed to avoid evaporation of the
hydration buffer, and the temperature was set to 37 °C. Atorque-controlled (M =0.5 puNm) frequency
sweep (fegan = 0.1 Hz to feg = 10 Hz) was performed to determine the frequency-dependent

viscoelastic properties of the samples (Figure S2).
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Figure S2. Viscoelastic properties of monolayer d-HA (a) and bilayer films (b). When hydrated, both variants behave as
viscoelastic solids dominated by elastic properties (ie., the storage modulus G'). Data shown represent mean values;
error bars denote the standard deviation as obtained from n =5 independent samples.

5. Projected area of films after exposure to tribological stress

Table 51: Projected area (mm?) of four film sample sets (51-54) as determined after exposure to tribological stress; the
data was determined with the software ImageJ for four independent d-HA and bilayer films each.

d-HA bilayer
51 111.584 82.170
S2 | 120.515 93.449
S3 | 114,832 80.929
S4 | 102.398 89.839

6. Control experiments to confirm unidirectional drug release

To confirm the unidirectional release of drugs from bilayer films, control experiment were
conducted, where the PVA/mucin layer was facing the semi-permeable membranes (see the main
manuscript for experimental details). The obtained results are depicted in Figure S3.
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Figure S3. Control drug release experiment where the PVA/mucin non-adhesive layer is facing the semi-permeable

membrane. Data shown represents mean values; error bars denote the standard deviation as obtained fromn =7
independent samples.

7. Cytotoxicity tests

To evaluate the putative cytotoxic effects of both, film surface and the degradation products
occurring during the disintegration of the bilayer film, HelLa cells were seeded onto each surface of
the bilayer film and subjected to Live/Dead assay (Figure S4a), and incubated with an extraction
medium (i.e., the culture medium, in which the films were incubated for 24 h) and then subjected to
a colorimetric WST-1 cytotoxicity test (Figure S4b). This method follows the ISO 10993 standard.
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Figure 54. (a) Fluorescence microscopy images of Hela cells (stained with dyes from a dlassical live/dead assay; scale
bar: 100 pm. (b) In vitro cytotoxicity test of the degradation products generated by the decomposing bilayer film.
Measurements were conducted after 24 and 48 h of incubation, respectively. Data shown represents mean values; error
bars denote the standard deviation as obtained from n =5 independent samples.

Hel a cells were cultivated as described inthe main text, harvested, seeded into the wells of a 96-well
plate (5,000 cells/well), and incubated for 24 h. Then, bilayer films were incubated in MEM medium
for 24 h to allow for putative leeching effects to take place and afterwards sterilized by filtration.
Then, the cell cultivation medium from the 96-well plate was replaced with this sterilized ‘leeching’
medium; cells incubated in fresh MEM were used as a control group. Cell viability was evaluated with
a colorimetric WST-1 assay (2% v/v, Sigma Aldrich) after 24 and 48 h of incubation, respectively. The
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absorbance of the medium was determined at a wavelength of 450 nm using a microplate reader
(Viktor3, Perkin Elmer, Rodgaum, Germany). Results obtained with this assay show that the signal
obtained for cells exposed tothis ‘leeching medium’ was not significantly different compared to that
of the control group (Figure S4b). This indicates that neither the bilayer film nor its degradation
products entail measurable cytotoxic effects.

8. Exvivo detachment tests with porcine cornea tissue samples

The effect of dopamine conjugation to hyaluronic acid on the mechanical properties of monolayer
films was tested with porcine cornea samples as described in the section Tissue
adhesion/detachment tests’ of the main text. Asdepicted in Figure 54, the performance of different
bilayer film variants was quite different: The data shows, that the good adhesive properties of the
bilayer construct are indeed brought about by the dopamine groups that were conjugated to HA:

1 10 0.05 ——  manolayer d-HA
A " ——  hilayer PYAMUC
E a 0.04- = bilayer d-HA
= g —— hilayer HA
S 01 ) Z 0.03
8 g > Y
= 33 5
E 3 2 2 0.024
< 001 o1 ﬁ%
% = 0.01
= o :
0.00 T I T
0.0017 T T 0.01 0 2 4 © °
HA d-HA

displacement (mm)

Figure 54. Detachment force (N) and adhesion energy (mJ/mm?) values as obtained for HA-PVA/MUC and d-
HA/PVA/MUC bilayer films, respectively (left panel). The exemplary force-displacement curves obtained for different
samples (right panel) demonstrate that film constructs making use of d-HA on their adhesive side clearly outperform
the other groups.

9. Surface characterization of porcine cornea tissue by confocal laser scanning
microscopy

To compare the surfaces of untreated and bilayer film-treated cornea tissues, the following
additional metrological parameters (which are also defined in ISO 25178-2) were used:

¢ The maximum peak height (Sp): This parameter describes the height of the highest peak
within the analyzed area.

Sp = maxz(x,y) (3.5)

e The root mean square gradient (S4q): This value represents the root mean square of slopes
determined at all points in the analyzed area.

L 0z(x,y) 2 dz(x,y) 2
Sdq = Eﬂ; [( ox ) +( dy )ldxdy (3.6)
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e The arithmetic mean peak curvature (Sp.): This parameter quantifies the arithmetic mean of
the principal curvature of the peaks on the surface.
mn
11 %z(x, 9%z(x,
S ——Z( .7) + ( y)) (3.7)

pc=" 2 2
2an=1 dx dy

e The peak material volume (Vu): This value represents the material volume of peaks at an
areal material ratio of p = 10 %.

p
Vin(p) = J; (z(x)—z(p))dx (3.8)

¢ The dale void volume (V,,): This value represents the void volume of dales at an areal material
ratio between p =80 % and 100 %.

After applying the Gaussian filter (as described in the Methods section), the metrological parameters
listed above were calculated for each group, i.e, for untreated (= control group) and film-treated
eyes, and both, before and after 3 days of incubation. The obtained results are compiled in Table S2
and Figure S6.

Table 52. Metrological parameters used to quantify the effect of bilayer film treatment on the surface integrity of porcine
cornea samples. Data shown represent mean values and error bars denote the standard deviation as obtained from n=>5
independent samples.

Parameters Control group Film treated group
analyzed before after before after
Sq [pm)] 0.21+0.06 0.24 +0.04 0.16 + 0.06 0.20 + 0.04
S [um] 3.4+1.6 3.1+0.8 23409 3.1+0.8
Sar [%] 0.01+0.01 0.01+0.01 0.002 +£0.01 0.01 +£0.01
Saq [-] 0.11+0.04 0.14+0.04 0.06 +0.02 0.12 +0.02
Spc [1/um] 228+ 110 281+102 103 £ 63 205 + 58
Vin [um3 /pm?] 0.02+0.01 0.02+0.01 0.01 £0.01 0.01 £0.01
Vi [um? /pm?] 0.03 +£0.01 0.03 +£0.01 0.02 +£0.01 0.02 +£0.01
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Figure S6. Topographical analyses of eye samples after bilayer film treatment for 3 days. The horizontal lines represent
the mean values; open and closed circles represent the average value of five individual measurements conducted per
sample. Data was acquired from five independent eye samples per group.

10. Additional information regarding the mechanical characterization tests

Setup used for the stretching tests:

Figure S7. Experimental setup used to determine the tensile strength of the films.

The bonding strength between the two interfaces was tested using samples that comprise a bilayer
structure in the center (red) and monolayers of either d-HA (pink) or PVA/mucin (purple) at each end
(Figure $8).To stabilize the monolayers for these stretching tests, a piece of laboratory wipe (~1 cm?

8
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covered in nail polish was wrapped around each monolayer end, and the samples were allowed to
dry overnight prior to mechanical testing. In each test, film rupture took place in the monolayer
region, which shows that the bonding strength between the two layers of the bilayer construct is
high.

elongation atbreak: (4 + 1) %
max. ruptureforce: (6 1) N

- 60 max stress: (36 +11 ) MPa

PVA/mudn
PVA/mudn &
+dHA =2
a
o
s
d-HA “

0 ] I I \/
; 0.00 0.15 0.30 0.45 0.60

displacement (mm)

Figure S8. Schematic representation of partially overlapping bilayer film constructs fabricated to conduct bonding
strength tests {left). An exemplary stress - distance curve obtained for such samples is shown on the right. Experiments
were conducted as described in section ‘mechanical characterization’ of the main text using a total of n = 8 samples.

11. Quantification of drug release

A standard curve of the antibiotic TCL (Figure S9) was determined to convert the amount of drug
release from the d-HA layer of the film into absolute concentration values. To do so, the absorbance
of serially diluted TCL solutions was measured at 360 nm using a spectrometer (specord 210,
Analytikjena, Jena, Germany). The concentration range, in which a linear relation was obtained, was
then used to determine the drug concentration in the release medium (see the Methods section of
the main text for details).
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Figure 59. Tetracycline hydrochloride (TCL) standard curve as determined from serial dilutions of TCL.

12. In vivo wound healing experiments and histological assessments
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The individual steps of in vivo wound healing experiments are shown in Figure $10. The applied
procedures are described in detail in the main text.

1. Preparing the animals for the surgery and subsequent wound infliction

2, Placing a film onto one 3. Taking biopsies on days 0,3, 4. Observing the tissue closure
wound while keeping the other 7 and 14 for histological (day 14)
one untreated analysis

Figure S$10. Macroscopic photographs documenting the procedure of the in vivo wound healing experiments.

In addition to the histological images shown in the main text, H&E and Masson’s trichrome stained
tissue samples (acquired on the 3 and 7" postoperative day) are depicted in Figure S11. Since
keratohyalin granules are present in the epidermis epithelium, it can be concluded that, for both
groups (wounds treated with unloaded Janus-type bilayer film and wounds treated with drug-
loaded films), reepithelization began before day 3. Histologically, a full recovery is observed for both
film-treated wound types from the 7" day on.

10
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Figure S11. H&E (a) and Masson'’s trichrome (b) stained tissue sections taken on day 3 and day 7 post-surgery. The
symbols in the upper right picture indicate specific tissue compartments as follows: black arrow: healthy corpuscles; red
arrow: hairfollicles; red circles: blood vessels. The scale bars denote 100 pm and apply to all images shown in this figure.
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1 | INTRODUCTION

Rosa Reithmeir? | Theresa M. Lutz'?® | Oliver Lieleg"* ®

Abstract

Even though polyurethanes (PU) constitute a class of highly versatile and
customizable polymeric materials, being able to modify their surface proper-
ties, for example, their wettability, without altering the composition of the
bulk material would often be desirable. However, PU-based materials can be
both rather diverse and resilient to chemical modification. Thus, in this study,
three PU variants are subjected to three different treatments that aim at al-
tering the wetting properties of the materials: We assess the feasibility of
plasma treatment, dopamine incubation, and chemical etching, and evaluate
the stability of the obtained surface modifications with regard to wet and dry

storage, UV  exposure, and

application-specific ~ properties surface durability
such as lubricity and colonization roughness tribology
with eukaryotic cells. The results ‘wettability

obtained here can be used to uv
; o . surface

achieve an additional customiza- \ 1 2

. : . madification

tion of PU surfaces to tailor their y (asm®

behavior for selected applications \p st otching

where dedicated surface proper-

ties are required.

Lmine cytocom-
dop patibility
KEYWORDS

dopamine deposition, oxygen plasma treatment, polyurethanes, surface modification, water
contact angle

feature that all these materials share is a urethane group
(-NH-CO-0-) as the major repeating motif in their
backbone structure. To fit different requirements,

The term polyurethane (PU) summarizes a large range of
versatile and structurally diverse materials. Most PUs
show interesting mechanical, physical, and chemical
behaviors, and they can combine competing properties
such as high robustness and strong flexibility. A chemical

PU-based materials can be tailored in terms of chemistry
(by varying the type and degree of cross-linking) and
appearance (they can be manufactured into solid mate-
rials, soft/hard foams, foils, adhesives, and coatings);

‘This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes,
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accordingly, the range of applications that PU materials
can be used for is vast!!: Examples range from technical
applications in automotive and (aero)nautic industries
(e.g., seating, instrument panels, chemically resistant/
protective coatings),”! over building and construction
applications (e.g., thermal and acoustic insulators, floors,
multi-material glues),'” and everyday products (e.g.,
shoe soles, cush.ions)"‘] to single-use (e.g., wound dres-
sings, urinary catheters, hemodialysis tubes) and high-
performance medical devices (such as cardiovascular
implants).I*!

In some of these applications, a good interaction of
the material with an aqueous environment, that is, hy-
drophilic properties, would be desirable. In biomedical
applications, good wetting behavior is often related to, for
example, enhanced interaction with cells and good bio-
compatibility of the material.!®! For technical and in-
dustrial applications, good interactions of polymeric
materials with aqueous solutions are often required
when preparing them for printing or coating and/or to
improve their adhesive properties for optical, protective,
or other functional layers/additives.!”’

However, as PU variants can be rather hydrophobic,
this calls for a modification process that maintains the
other highly interesting properties of PU materials. Ac-
cordingly, surface modification procedures appear to be
most suitable to achieve this goal—altering the chemical
properties of the PU polymers themselves before material
generation would be likely to change the bulk behavior of
the materials as well, and this is not desired.

A range of surface treatment procedures for poly-
meric materials have been reported in the literature;
among those, some of the most prominent strategies are
plasma treatment, chemical etching, and dopamine
treatment. The phrase “plasma treatment” summarizes
numerous methods/processes that generate (partially)
ionized gas and/or radicals, which are frequently applied
to various materials for surface modification, for
example, for surface hydrophilization.® However,
plasma processes often require specialized devices to
provide either low ambient pressure (or even vacuum)'®!
or high treatment temperatures (greater than or equal to
several hundred degrees Celsius)'gl, and these harsh
conditions are not always suitable. For instance, when
the inside of a hollow, flexible sample (like a balloon) or
temperature-sensitive materials (i.e., most polymeric
materials based on, e.g., polymethylmethacrylate, poly-
styrene, or polyvinylchloride) is to be treated, a different
approach needs to be chosen. Similarly, for complexly
shaped or porous samples, achieving a homogenous
plasma treatment of the whole surface can be difficult!*‘!
especially when short exposure times (~10 s to 5min), as
typical for plasma activation of (polymeric) surfaces, are

selected.!'!! Conversely, longer exposure times can lead
to undesired etching effects becoming dominant on the
surfaces,'>!*] which can induce damage, especially to
fragile objects or thin structures.

A second strategy to hydrophilize the surface of a
material, which, in terms of its mechanistic working
principle, is closely related to plasma activation, is che-
mical etching with fluids. Here, the samples are exposed
to certain aggressive basic or acidic solutions, which
modify the surface by creating new functional groups.
Thus, similar to plasma treatment, also here, suitable
conditions need to be identified that achieve the desired
surface activation without damaging the material I'*!

Such issues should, however, not occur when dopa-
mine treatment is used to alter the surface properties of a
material. This solution-based, additive process was first
introduced in 2007.1"% Here, under atmospheric condi-
tions, dopamine molecules polymerize in basic solutions
(pH ~8.5) and this leads to the deposition of a thin layer
of (poly)dopamine onto the surface of a material exposed
to such a dopamine solution. Even though the detailed
mechanisms driving this layer formation are not fully
understood yet (despite extensive studies),'*'”) it was
shown that this strategy can be successfully applied to a
broad range of materials including metals, glass, cera-
mics, and different polymeric materials.!**!

Here, we show that the efficiency of different surface
modifications, which aim at improving the interaction of
PU materials with aqueous solutions, varies with the type
of PU. We compare the effect of plasma treatment, che-
mical etching, and dopamine treatment on the wett-
ability of the different materials and evaluate the stability
of these treatments after material storage under selected
conditions. Additionally, the treated samples are eval-
uated after certain application-related challenges, that is,
after disinfection with UV light, colonization with eu-
karyotic cells, and exposure to tribological load. Our re-
sults show that, depending on the desired application
area, different surface treatment variants can fulfill the
desired requirements for the PU materials tested here.

2 | EXPERIMENTAL SECTION

2.1 | PU materials

In this study, three different kinds of PU samples were
investigated: first, the technical, elastomeric poly-
urethane THOMAPLAST*-PUR (PUR; Reichelt Che-
mietechnik GmbH + Co.) and second, rwo medical-grade
polycarbonate-based thermoplastic PUs: the aliphatic
Carbothane™ PC-3575A (PC; Lubrizol Advanced Mate-
rials [LAM]) and the aromatic Carbothane™ AC-4095A
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(AC; LAM). PUR samples were commercially available in
flat sheets with a thickness of 2mm. In contrast, the
material samples obtained from LAM had the form of
thin, extruded films (thickness: 176 pum for PC and
250pm for AC). These samples were provided to our
project partners at the Fraunhofer Institute for Manu-
facturing Engineering and Automation who forwarded
them to us to conduct surface modification tests with.
For cell culture tests and tribology measurements,
round samples with diameters of 6 and 7mm, respec-
tively, were prepared. For all the other tests, rectangular
samples with a size of ~1 cm* were used. Before any tests,
all samples were thoroughly cleaned with 80% ethanol
(EtOH; Carl Roth GmbH + Co. KG) and ultrapure water
(ddH,0), and then dried at room temperature overnight.

2.2 | Surface modifications

Three different surface treatment strategies were applied
to improve the wettability of the materials and thus to
enhance their performance for applications in aqueous
environments.

221 | Oxygen plasma treatment

For plasma treatment, a commercial plasma system
(Femto Model 1 base unit type B; Diener electronic
GmbH & Co. KG) was used to facilitate the reproduci-
bility of the process. This device uses a reactive-ion
etching system to generate plasma at low pressure and
ambient temperature; the usable power ranges from 0 to
100W at a generator frequency of 40 kHz, and the
cylindrical vacuum chamber has a volume of ~2 L. For
treatment, the samples (prepared as described under
Section 2.1) were placed onto a glass specimen carrier to
(electrically) isolate them from the rest of the vacuum
chamber. The chamber was then evacuated for ~5 min,
and the desired low pressure of 0.4 mbar was obtained by
manual adjustment via a needle valve. As the PU samples
were—for practical reasons—simply dried under ambi-
ent conditions and the low pressure was established
comparably quickly, the occurrence of residues of at-
mospheric air or water within the chamber or on the
sample surface cannot be fully excluded. Then, the
chamber was flushed with oxygen and the plasma was
ignited. Based on a previously published process!*®! used
to activate different polymeric materials, plasma was
generated for 90s using the above-mentioned para-
meters. During this time span, fresh oxygen was con-
stantly provided and ionized, and the used plasma/gas
was removed by the vacuum system to maintain a steady

AND POLYMERS

and sufficient amount of unreacted oxygen plasma. The
treated samples were used directly once the plasma
treatment process had finished. Only the upper sample
surfaces, where the nonpolar methyl groups could be
reached by the plasma and thus converted into (mainly)
hydroxy groups, were used for any further investigations.

2.22 | Dopamine treatment

For dopamine treatment, 0.4% (w/v) dopamine hydro-
chloride (Sigma-Aldrich Inc.) was dissolved in a buffer
solution containing 20 mM HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid; Roth) and 154 mM so-
dium chloride (NaCl; Roth) adjusted to a pH value of 8.5.
Under basic pH conditions, dopamine immediately starts
to polymerize and deposit/adhere onto contact surfaces;
this property can be used to generate a polydopamine
layer on a broad range of materials by simply immersing
the object into such a dopamine solution. Here, for
practical reasons, always two samples (with their back
sides aligned) were placed—standing upright—into a
well of a 48-well plate. Then, the well was filled with
~1ml of the dopamine solution until the samples were
entirely covered. Subsequently, the samples were in-
cubated on a slowly moving tilting shaker at room tem-
perature for 3h. Afterward, unbound dopamine
molecules were removed by rinsing with ddH,O, and the
dopamine-treated samples were either directly used
(if “wet” storage conditions were analyzed) or dried at
room temperature overnight (if “dry” storage conditions
were tested).

Since polydopamine tends to agglomerate into big
particles (with sizes up to several micrometers), this
could lead to inhomogeneous layers on the material
surfaces and thus to unreproducible behavior of
dopamine-treated samples. To avoid this, two different
strategies were implemented here. First, as poly-
dopamine agglomeration is a time-dependent process,
the degree of dopamine polymerization was minimized
by shortening the storage time of freshly prepared do-
pamine solutions as much as possible; this was achieved
by dissolving the dopamine just before use (in this
manuscript, this approach is referred to as “dopa-
direct”). However, in such a short time, a fully homo-
geneous dopamine solution cannot be generated; because
of this, variations in dopamine concentrations between
different wells cannot be ruled out. The second approach
is based on the scientific consensus that dopamine
polymerization is initiated by oxidation processes.!'’]
Accordingly, here, we limited sample access to atmo-
spheric oxygen. To achieve this, the incubation container
was completely filled with the dopamine solution and the

86



Appendix
Full Texts of the Presented Publications

4ol 14 PLASMA PROCESSES

BAUER et AL

AND POLYMERS

container lid was closed and sealed with a laboratory
film. Then, overnight incubation was conducted to allow
the solution to equilibrate, while minimizing dopamine
polymerization processes (in this manuscript, this ap-
proach is referred to as “dopa-overnight”).

2.2.3 | Chemical etching

To chemically etch the material surfaces of the three PU
variants tested here, each sample was completely im-
mersed into the designated, concentrated acidic solution
for 1 min at room temperature. The acidic solutions used
here were 96% sulfuric acid (H,SO,; Roth) and 65% nitric
acid (FINO;; Roth). Consecutively, the etching reaction
was interrupted by dipping the sample into 1 M sodium
hydroxide (NaOH; Roth) and rinsing it with ddH,0. For
the subsequent surface analysis tests, the back sides of
the samples were dried on a lint-free laboratory wipe;
then, the samples were placed onto a glass slide with
those back sides facing down.

In addition, as PC and AC are polycarbothane-based
materials, for which the literature suggests that NaOH
could be a suitable etching medium,"*”! 32% NaOH was
tested as well. Here, the same technique was used as that
described for acidic solutions above, except that 1M
hydrogen chloride (HCI; Roth) was used to interrupt the
etching reaction.

Furthermore, the literature suggests that etching of
different materials can also be achieved by a mixture
containing both an acidic solution and an oxidizing
agent!*!! Here, such a mixed solution was prepared by
combining 17.8M H,SO, and 11.6 M hydrogen peroxide
(H,05; Merck Chemicals GmbH) in a volume ratio of 3:1,
which results in a very aggressive liquid known as “pir-
anha solution.” However, as the exposure of the ex-
amined materials to such a concentrated piranha
solution entailed immediate and direct disintegration of
the materials, the samples were instead treated with a
diluted piranha solution, based on 5M H,SO, under
constant stirring at 40°C for Sh.

224 | Dry and wet reference samples

Here, as we compare a dry surface treatment (plasma
treatment) with solution-based surface treatments
(dopamine treatment/chemical etching), there are also
different control groups to consider to ensure compar-
ability. As “dry reference” samples, pristine, completely
untreated materials are used. These serve as reference
points for plasma-treated material samples characterized
directly after this treatment, or for such samples treated

with aqueous solutions, which were dried at room tem-
perature overnight before characterization. In contrast,
“wet reference” samples are untreated material samples
that were immersed into distilled water for 3 h (this
corresponds to the incubation time used for dopamine
treatments). Such “wet reference” samples were used as
reference points for all other conditions studied here.

23 |
tests

Storage conditions for stability

In addition to assessing the behavior of the PU samples
immediately after surface treatment, the durability of the
surface treatment was examined as well. Here, once
more, two different storage conditions were compared:
First, storage under wet (roughly physiological) condi-
tions. Here, each sample was placed into a 24-well plate
and the well was filled with 1ml of Dulbecco's
phosphate-buffered saline (DPBS; Sigma-Aldrich). Then,
the well plate was stored in an oven at 37°C while
avoiding evaporation. The second set of storage tests was
conducted under dry conditions. Therefore, samples
dried overnight were placed into a 24-well plate, which
was stored at 7°C.

24 | Surface analysis

24.1 | Contact angle (CA) measurements
To determine the wetting behavior of the different PU
variants before and after surface treatment, CA mea-
surements were conducted. Therefore, samples were first
gently cleaned and dried with particle-free pressurized
air. Afterward, a droplet of 8pl of ddH,O water was
placed onto each sample, and a transversal image of the
liquid-solid interface was captured using a high-
resolution camera (Point Gray Research). Then, the static
CA value was determined using the software ImageJ and
the “drop snake” plug-in (both open-source).

242 | Confocal laser scanning microscopy

Confocal laser scanning microscopy was conducted using
a VK-X1000 microscope (Keyence) equipped with a x50
lens (NA =0.95; Nikon). Also, here, before performing
measurements, all samples were gently cleaned and dried
with particle-free pressurized air. Then, the samples were
placed onto a glass slide using a droplet of 50 pul of dis-
tilled water as a thin spacer. This was necessary to allow
the measuring device to automatically differentiate
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between the very thin, transparent Carbothane foils and
the glass slide. For each material/treatment combination,
at least three samples were examined. On each sample, a
stitched image was acquired such that a total area of
0.56 mm? could be analyzed. For this analysis, the soft-
ware MultiFileAnalyzer (Keyence) was used. First, sam-
ple waviness (a wave form with correction strength 4 out
of 20) and a linear tilt were removed from the topo-
graphical images. Additionally, to eliminate artifacts
originating from the transparent nature of the samples
(i.e., unrealistically deep valleys), the obtained profiles
were inverted, a height cut (weak level) was applied, and
the profiles were inverted back to the original config-
uration. From the adjusted topographical images, the
metrological parameter S;, the root-mean-square height
(based on ISO 25178-2), was calculated as follows:

8= \;'% S, e y)dxdy. @

Here, A denotes the definition area of the image.

2.5 | Water uptake

To examine the influence of the wet storage condition on
the PU materials, water uptake tests were conducted for
a time span of 50 days. Therefore, the samples (~1 mm?)
were first dried in a ventilated oven at 40°C for 4 days.
Afterward, the initial mass of each sample was de-
termined using a microscale (XSE205 DualRange; Met-
tler Toledo). Then, the samples were immersed into 1 ml
of DPBS and incubated at 37°C while avoiding liquid
evaporation. At various time steps, samples were re-
moved from the incubation bath, their surface was dried
with a laboratory wipe, and they were weighed again to
determine the relative change in mass.

2.6 | UV treatment

For treatment with ultraviolet light, samples were placed
in a commercial UV sterilization chamber (BLX-254;
Vilber-Lourmat GmbH), working at a wavelength of
254nm (4x 8 W), and exposed to UV light for 10 and
30min, respectively. In Rickert et al.,m] it was shown
that 10 min of direct exposure to UV generated by the
very same device is sufficient to disinfect materials.
However, here, immersed samples stored in buffer
should also be disinfected; thus, the exposure time had to
be increased to 30min to ensure that a sufficient UV
intensity reached the surface of the PU samples. To de-
cide if any surface differences detected after UV

irradiation were specific to the surface treatment applied
before UV exposure or rather material-dependent
alterations, both untreated (= control group) and trea-
ted (=plasma-treated or dopamine-treated) PU samples
were exposed to UV light.

2.7 | In vitro tests with eukaryotic cells

2.7.1 | Cell cultivation

Human epithelial cells (HeLa) were cultured in Mini-
mum Essential Medium Eagle (Sigma-Aldrich) contain-
ing 10% (v/v) fetal bovine serum (Sigma-Aldrich), 2 mM
L-glutamine solution (Sigma-Aldrich), 1% non-essential
amino acid solution (Sigma-Aldrich), and 1% penicillin/
streptomycin (Sigma-Aldrich). Incubation was conducted
in a humidified environment at 37°C with 5% CO,.

2.7.2 | Biocompatibility test

Biocompatibility of the different PU sample surfaces was
investigated using a water-soluble tetrazolium (WST-1)
assay (Sigma-Aldrich). For this purpose, wells of a
96-well plate were filled with two medical-grade PU
materials (AC and PC; at least three replicates for each
material/surface modification combination). The sample-
containing wells were then washed three times with
sterile DPBS. Afterward, each sample was incubated with
30000 cells for 24h. After this incubation step, all sam-
ples were washed with sterile DPBS and, in each well, the
buffer was replaced with 200 ul of media supplemented
with a 2% (v/v) WST-1 solution. The cells were incubated
for 1 h and, after transferring 100 pl from each well into a
new plate, the absorption behavior of the solutions was
quantified at an excitation wavelength of 450nm
(Varioskan LUX; Thermo Fisher Scientific). In addition,
images of the treated cells were recorded on an inverted
light microscope (DMi8 Leica; Leica) using phase-
contrast settings, a %10 lens (Leica, A-Plan, x10/0.25
Phl), and a digital camera (Orca Flash 4.0 C11440;
Hamamatsu).

2.8 | Tribology

2.8.1 | Sample preparation

PUR samples were prepared as rectangular samples with
a size of 5x 12 mm; in this shape, they could be used
directly in a ball-on-three-plates geometry making use of
a commercial sample holder (Anton Paar). Before the
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friction measurements, a subset of the prepared samples
was plasma treated (as described above) and another
subset was dopamine treated (as described above). To
ensure a comparable hydration of the different PU var-
iants, untreated and plasma-treated samples were ad-
ditionally immersed into ddH>O for 3 h (this is the same
incubation time as that used during the dopamine
treatment step).

2.8.2 | Friction measurements

For friction measurements, a commercial shear rhe-
ometer (MCR 302; Anton Paar) was equipped with a
tribology unit (T-PTD 200; Anton Paar). As a counter-
part, steel spheres with a diameter of 12.7 mm (1.4301,
Sq<02pum; Kugel Pompel) were used. Three PUR
samples were mounted onto the sample holder and
covered with 600 pl of 20 mM HEPES buffer (pH 7) as an
aqueous lubricant. All tests were performed at a constant
temperature of 21°C, and in each test, the sliding velocity
was varied from 1000 to 0.1 mm s™'. Measurements were
conducted at a constant normal load of Fyy =6 N. This
normal force was chosen such that, within the accessible
speed range, friction in the boundary, mixed, and hy-
drodynamic regimes could be probed. Based on the
Hertzian contact theory,!**! the average contact pressure
po was estimated as follows:

2
|6 X F in X E . 1
Py = Epmm( = i’ V'P;YP”' with —
3 T \' Riphere E
) ) &)
11—y 1-w
E E,

For steel, Young's modulus of Egee =210 GPa and a
Poisson's ratio of vgeq = 0.3 were used. However, for
PUR, the manufacturer lists neither of those material
parameters in the material specification sheets; only the
Shore A hardness (Sh, =72 A) is given. Thus, Young's
modulus of PUR was estimated by combining the theory
of Boussinesq!*! (which connects the indentation depth
into a material with its Young's modulus) with linear
correlations derived from the specifications given in the
normed protocols to determine the Shore A hardness.
Using this approach, the following estimation was
obtained:

1—p2
2Rpm‘m: C1

o C1+ CaX Shy

Eogy = .
st 100 — Shy 3)

Here, Rprobe = 0.395 mm is the radius of the indentation
probe used in the hardness test and C, =0.549N,

C,=0.07516 N, and C; = 0.025 mm are constants derived
from physical specifications of the Shore A hardness
test.[**l With these values, an estimated Young's modulus
of ~Epyr =8.6 MPa was obtained. Furthermore, a Pois-
son's ratio of vpy =0.45 was assumed, as 0.4 <y <0.5 is
typical for flexible (rubber-like) polymers such as elas-
tomeric PUs.*" Together, this results in an estimated
average contact pressure of po=0.77 MPa and a contact
area of @ =0.88 mm?,

2.8.3 | Statistical analysis

Tests for statistical significance were conducted for all
quantitative results shown in Figures 1 and 3 as well as
for biocompatibility tests shown in Figure 4. Each set of
samples was first tested for a normal data distribution
using a Lilliefors test; then, a two-sample F test was ap-
plied to check for equal variances. To test for significant
differences between normally distributed samples, a two-
sample ¢ test was applied when homogeneity of variances
was confirmed, whereas a Welch's t test was performed
for heteroskedastic sets of samples. For samples that
were not normally distributed, a Wilcoxon—Mann
—Whitney test was performed. All statistical analyses
were conducted using Microsoft® Excel” for Microsoft
365 (Version 2108; Microsoft Corporation) with add-in
Real Statistics Resource Pack software (Release 7.6,
Copyright 2013-2021; Charles Zaiontz); differences were
considered statistically significant if a p value below 0.05
was obtained.

3 | RESULTS AND DISCUSSION

In a first step, the influences of different treatment
strategies on the surface properties of three PU var-
iants are examined. These PU variants comprise a
technical polyurethane (PUR) and two medical-grade
PUs (PC, AC—see Section 2). The aim of this first set of
experiments is to test which of the three surface
treatment strategies improves the wetting behavior of
the polymeric material without inducing macroscopic
or microscopic alterations to the surface properties of
the PU materials. With initial CAs of 99.8 +0.65° and
93.9 +0.62°, the wetting properties of untreated PC
and PUR, respectively, are located right in the transi-
tion zone between hydrophobic (CA>90°) and
hydrophilic (CA < 90°) behavior (Figure 1a,b); in con-
trast, untreated AC samples already show slightly hy-
drophilic behavior as indicated by CA values of
76.1 +£0.78° (Figure 1c). Thus, a particular surface
treatment is considered successful if those CAs are
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A concentrated HNO,
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X - not significantly different

Influence of different treatment strategies on the surface properties of polyurethane materials: (a-c) the results of water

contact angle measurements; (d-f) combined laser confocal and light microscopy images acquired at a x50 magnification; and (g-i)
quantification of the samples’ surface roughness via the root-mean-square height S;. Each aspect was assessed for three different
polyurethane materials: (a, d, g), PUR; (b, e, h), PC; and (c, f, i), AC. Data were obtained before (light gray bars) and after the
implementation of the designated surface activation strategies (other colors/symbols). The tested surface treatment strategies include 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/triangles). The scale bar in (b) represents 100 um and applies to all microscopy images in
(d-f). 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. Results determined to be significantly different from those obtained for the corresponding blank
material sample are marked with an asterisk (based on a p value of 0.05); otherwise, the results are marked with a cross. AC, aromatic
Carbothane™ AC-4095A; PC, aliphatic Carbothane™ PC-3575A; PUR, elastomeric polyurethane THOMAPLAST"-PUR

reduced to ~45° or below; such a result would
represent a clearly hydrophilic wetting behavior. In-
deed, both plasma treatment and dopamine treatment
achieve this goal for all three PU variants. In contrast,
the chemical etching strategies are less efficient as we
only obtain satisfactory results with concentrated sul-
furic acid (H,S0O,).

However, as mentioned above, it is important that an
improvement in the wetting properties does not arise at a

too high price: Examples of undesired side effects that
one of the surface treatment strategies could induce in-
clude noticeable color changes in the material or strong
topographical alterations. To test for these alterations,
the treated PU variants are next investigated under a
confocal laser scanning microscope.

Combined confocal/light microscopy images
(Figure 1d-f) clearly show that, for all three materials, a
treatment with concentrated sulfuric acid leads to drastic
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alterations of the sample surface: here, different from the
even and homogeneous appearance of the untreated
materials, major structural changes are visible. This
qualitative impression is underscored when the surface
roughness parameter S; (ie., the root-mean-square
height) is calculated (Figure 1g-i) from the topo-
graphical information provided by the profilometric
images: This metrological analysis shows that neither
plasma treatment nor the two dopamine treatments lead
to a significant alteration in the surface roughness. In
contrast, exposure to sulfuric acid increases the rough-
ness of all three PU variants. In other words, all etching
solutions tested here either fail to sufficiently decrease
the CA of the PU materials (piranha solution, NaOH) or
induce obvious surface alterations (i.e., topographical
changes in the case of H,SO, and color alterations in the
case of HNO;). Thus, in the rest of this article, chemical
etching of the different PU materials is not considered
further.

For many applications, in addition to being efficient, it
is equally important that a surface treatment entails chan-
ges in the material properties that are stable over an ex-
tended time period. Thus, in a next step, we investigate the
durability of the hydrophilizing effect achieved by the dif-
ferent surface treatments. In detail, two storage conditions
are examined: first, wet incubation at body temperature
(ie., samples immersed in DPBS and stored at 37°C) and
second, dry incubation in the cold (i.e., storage at 4°C
without any added buffer). Here, the first scenario mimics
conditions that the PU variants will encounter in or on the
human body, for example, when used as materials for im-
plants or medical devices; in contrast, the second set of
storage parameters can be relevant for medical products
before their application in vivo or for PU-based materials
that are used outside a living organism.

As control groups, untreated samples are immersed
into a buffered solution and stored at 37°C. For those
untreated samples, such wet storage gives rise to a slight
decrease in the CA. This effect takes place within the first
5days of storage and is the mildest for AC and the
strongest for PUR; after this time point, the CA values
stabilize and remain constant for the rest of the ob-
servation period (see Figure 2a-c). A similar trend is
observed when the water uptake behavior of these sam-
ples is quantified: we find the strongest effect for PUR
(where we measure an increase of ~2% [w/w]) and
weaker changes (i.e., a weight increase ~1% [w/w]) for
AC and PC (Figure 2d). This suggests that these two
phenomena, water uptake and a decrease in the CA upon
storage in aqueous solutions, are related.

Overall, when comparing wet and dry storage of
treated samples, the former seems to be preferable for all
three PU variants and for all treatment strategies tested;

here, the CA values stabilize at much smaller numbers
than under dry storage conditions (Figure 2e-g). This
suggests that using the treated samples in an application
where they are continuously exposed to an aqueous en-
vironment would be ideal. For dopamine-treated PU
samples stored under wet conditions, we measure CA
values as low as 20-30°, and these are stable for at least 2
weeks. Plasma-treated samples slightly recover over time
and stabilize at somewhat larger CAs between 40° and
50° however, also, these values correspond to clearly
hydrophilic behavior. When stored under wet conditions,
we find the best durability of all surface treatments for
AC samples (Figure 2c): here, after the 4th day, we detect
virtually no change in the measured CA values anymore.

In contrast, when stored under dry conditions, all
surface-treated PU variants lose, to a certain extent, their
initially strong hydrophilic properties over time. Such a
behavior is known as “hydrophobic recovery” and re-
sembles previous results obtained with other polymeric
materials such as polydimethylsiloxane (PDMS),?’-3
polypropylene,*'331  polyethylene,**) and polytetra-
fluorethylene.*>*9 For most of these materials (when
stored in air), this hydrophobic recovery occurs within
the first 2-7 days.?®2%*1%¢] In these publications, this
effect was mainly attributed to a migration of the polar
groups created by the plasma treatment from the surface
of the material into the sub-surficial pelymeric volume,
for example, via diffusive motion of polymer chains or by
reorientation/rotation of polymer segments carrying the
hydrophilic residues.*”! Also, for those other polymeric
materials, this process of hydrophobic recovery slowed
down when the samples were stored in a polar medium
(e.g., phosphate-buffered saline); there, this was attrib-
uted to stabilizing effects arising from interactions be-
tween the surface-bound polar (hydroxyl) groups created
by plasma treatment and the polar solvent covering the
Surface.[l?,ls.lﬁ.]é]

Of course, in addition to the storage conditions
(including storage time, temperature, and the surround-
ing medium),****] hydrophobic recovery can also be
influenced by certain treatment parameters such as the
plasma type!"***) and the technical settings used during
the plasma treatment”®**% as well as the specific prop-
erties (e.g., the degree of crystallinity!®>*! and the glass
transition tcmperature[ 3"]) of the treated material. Thus,
it is not surprising that the kinetics of hydrophobic re-
covery is slightly different for all three PU variants ex-
amined here. For plasma-treated AC samples,
hydrophobic recovery is the strongest; in contrast, for
PUR samples, we still observed a considerably reduced
CA at the end of the stability test.

Even though dry storage of all treated samples leads
to a clear increase in the CA within the first few days (all
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FIGURE 2 Durability of different surface modifications of PU materials during sample storage: Contact angle measurements conducted
over a period of 2-4 weeks are shown for untreated/blank (beige squares), plasma-activated (gray circles), “dopamine-direct™ and
“dopamine-overnight”-treated (blue/turquoise diamonds) samples. Samples were either stored in the wet state (i.e., in physiological
buffer at 37°C; a-d) or in the dry state (at 4°C; e-g). For wet storage, the data shown in (d) describe the water uptake behavior of the PU
samples as determined by the relative change in weight. 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. AC, aromatic Catbothane™
AC-40954A; PC, aliphatic Carbothane™ PC-3575A; PU, polyurethane; PUR, elastomeric polyurethane THOMAPLAST*-FUR

CA values are above 45° after 5 days of dry storage), it is
worth noting that the “dopamine overnight”-treated AC
samples, all treated PC samples, and all treated PUR
samples maintain improved wetting properties (i.e., at
least 15-20° difference) and did not fully recover their
initial CA values for at least 2 weeks. Plasma-treated PUR
samples performed the best: here, even after a month of
storage, the measured CA values were still lower by ~50°
than those determined for untreated samples.

As no clear difference between the outcomes of
dopamine-overnight- and dopamine-direct-treated sam-
ples in any of the previous tests could be observed, for
practical reasons, the following tests are only performed
with one type of dopamine treatment. Thus, for the rest
of this article, the dopamine-direct treatment of the dif-
ferent PU materials is not considered further.

For many applications, a germ-free material surface is
required. However, as the conditions of an autoclave
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treatment (high temperature +high humidity + high
pressure) are expected to adversely affect the shape and
structure of the samples (due to, e.g., softening, hydro-
lysis, and pyrolysis), milder disinfection methods are
needed to reduce potential microbial contamination of
the materials. Here, we use UV irradiation as a possible
disinfection method and investigate the influence of such
UV exposure on the material properties of the three PU
variants and the different hydrophilizing surface treat-
ments applied to them. As described above, the wett-
ability of the differently treated surfaces (as quantified by
the CA) is a good indicator of successful surface mod-
ification. Thus, we again use CA measurements to eval-
uate the influence of UV exposure on the surface
properties of the different activated PU variants.

First, blank (=not surface modified) samples are
tested to assess the putative effects that a UV exposure
might have on the base materials themselves. Yet, we
detect only minor differences between the wetting
properties of untreated and UV-treated samples
(Figure 3), independent of whether the UV exposure
occurred in a “wet state” or a “dry state.” Consequently,
all obvious changes in the CA of surface-treated samples
that we might detect later are likely to originate from
alterations in the surface activations as induced by the
UV exposure. Interestingly, we find that UV irradiation

only affects selected conditions: For plasma-treated
samples, hydrophobic recovery seems to be accelerated
by a UV treatment conducted in the dry state. This effect
is the weakest on PUR, which is in line with our findings
described above (see Figure 2e), where plasma-treated
PUR samples were most stable when stored in the dry
state. The plasma-treated PUR samples in the wet state
are the only plasma-treated samples that do not show any
changes for either of the exposure times.

In contrast, for dopamine-treated AC and PC samples
in a wet state, UV exposure of samples even significantly
decreases the CA values. As dopamine is reported to be
UV sensitive,*®! we speculate that this effect might be
due to further stabilization of the wet dopamine layer by
the UV light. However, in the dry state, the UV irradia-
tion once more seems to have negative effects on the
dopamine-treated surfaces.

Having shown that most hydrophilized PU samples
can be subjected to a UV treatment without compro-
mising the surface activation effect, we next investigate
the interaction of the PU materials with eukaryotic cells.
For this subset of tests, we focus on AC and PC, as these
two materials (in contrast to PUR) have been developed
for medical use. As a model cell line to conduct coloni-
zation and cytotoxicity tests with, we select the well-
established epithelial cell line HeLa.'®*!l Such HeLa
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FIGURE 3

Influence of UV irradiation on the surface wettability of different PU samples: Contact angles were determined on all three

materials before UV irradiation (gray bars), and after 10min (diamonds) and 30 min (triangles) of UV exposure. Results are shown for
untreated (blank, left column), plasma-treated (middle columnn), and “dopamine overnight”-treated (right column) samples.
The samples were either exposed to UV light in a “dry state” (light colors) or a “wet state,” that is, when covered by a water layer of ~1cm

thickness (dark colors). 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 obtained from at least n = 3 measurements. Results determined to be significantly

different from those obtained for the corresponding blank material sample are marked with an asterisk (based on a p value of 0.05). AC,
aromatic Carbothane™ AC-40954; PC, aliphatic Carbothane™ PC-3575A; PU, polyurethane; PUR, elastomeric polyurethane

THOMAPLAST"-PUR
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FIGURE 4 Functional examination of surface-treated PU varianis. (a) To assess the biomedical functionality of PC and AC,

the viability of HeLa cells seeded onto the PU materials is determined using a WST-1 test (left), and phase-contrast images show the
morphology of adherent cells (right). The scale bar corresponds to 50 i and applies to all microscopy images in this subfigure. The error bars
denote the standard deviation as obtained from six independent samples obtained from at least n = 3 measurements. If no error bars are visible,
their size is on the order of the symbol size. Results determined to be significantly different from those obtained from the corresponding
blank material sample are marked with an asterisk (based on a p value of 0.05). (b) A technical application of PUR samples is tested via a
tribological examination of (un)treated PUR samples in a rotational ball-on-three-plates setup. Error bars denote the standard error of the mean
as determined from at least n = 3 sample sets. If no error bars are visible, their size is on the order of the symbol size. AC, aromatic
Carbothane™ AC-4095A; PC, aliphatic Carbothane™ PC-3575A; PU, polyurethane; PUR, elastomeric polyurethane THOMAPLAST"-PUR

cells are seeded onto the two PU variants to investigate
the morphology and metabolic activity of those cells
when colonizing AC and PC surfaces, respectively
(Figure 4a, left).

On both untreated AC and PC material surfaces, we
find good surface coverage with HeLa cells, and the well-
spread asymmetric morphology of these cells is con-
sistent with what one would expect for viable epithelial
cells seeded onto a stiff substrate (Figure 4a, right). This
result is in line with statements of the manufacturer that
Carbothanes are biocompatible, medical-grade PUs.[*?]

Whereas plasma activation of the two PU materials
hardly entails any alterations with regard to cell coloni-
zation, dopamine treatment improves this material
property. This is demonstrated by a higher cell density
that we find on the dopamine-treated samples that is
accompanied by a stronger signal obtained from a WST-1
test: On the dopamine-treated surfaces, the metabolic
activity reported by the absorbance signals is ~2 (AC) or
~3 times (PC) as high as that for unmodified AC and PC
samples, respectively. This result is in agreement with
similar tests conducted with other synthetic materials
coated with dopamine™***! and demonstrates that this
surface treatment strategy can promote cell colonization
while avoiding cytotoxic effects.

Finally, for the PUR samples, which are not used in a
medical context, we also assess a material property that is
relevant for an important application area; as PUR
samples are used in many technical settings, here, we

chose a rotational tribology test to examine the influence
of the different surface treatments on the friction beha-
vior of PUR. Compared to untreated PUR, we observe
that dopamine treatment mostly maintains the friction
response of the sample; only in the boundary lubrication
regime do we detect a slightly increased friction factor
(Figure 4b). Even though one might have assumed that
an improved interaction with the lubricant as brought
about by the dopamine treatment could lead to reduced
friction, this finding agrees with previous results from
the literature: dopamine forms an adhesive layer to
which other objects readily stick. Whereas this property
is beneficial for attaching other molecules to the dopa-
mine layer,“sl here, it counteracts the improved inter-
action of the surface with aqueous solutions by
restricting the sliding motion of the steel sphere, thus
resulting in increased coefficients of friction, yet only at
slow sliding speeds. This result can be explained by the
Stribeck theoryml: as stated there, with increasing re-
lative sliding velocities, the contact of the two surfaces in
a tribological material pairing is reduced as a thin lu-
bricating liquid layer is formed in between the surfaces.
Accordingly, the stickiness of a surface becomes less re-
levant when moving from the boundary lubrication re-
gime into the mixed (or even hydrodynamic) lubrication
regime, as the contact of the steel sphere with the ad-
hesive layer is reduced. In full agreement with this pic-
ture, we find that plasma-treated samples (which show
enhanced wettability, but have non-sticky surfaces) show
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a reduced friction response in both the mixed and most
of the boundary lubrication regime, and this can be at-
tributed to improved interactions of the hydrophilized
surface with the aqueous lubricant. As a consequence of
the improved surface wetting behavior, one or more of
the following two effects can occur: first, as the plasma
treatment leads to a more polar surface, the (polar) water
molecules have more possibilities (with higher degrees of
freedom) to interact with the material surface. Second, a
thin hydration layer can be generated on the surface of
the PUR, which might promote separation of the two
tribological partners even at slower sliding velocities.
Thus, at intermediate sliding speeds of ~10 mm s™! the
resulting friction reduction is approximately on the order
of a factor of 5, which is high for a high-friction material
such as PUR.

4 | CONCLUSIONS

In summary, here, we have shown that oxygen plasma
treatment and dopamine deposition are two highly sui-
table surface treatment strategies to enhance the wett-
ability of different PU materials. With either method, we
observed good stability of the achieved surface mod-
ification for at least 2 weeks, and these modifications are
robust toward UV irradiation (when applied to samples
stored in the wet state) as required for sample disinfec-
tion. In terms of certain aspects, the dopamine treatment
appeared somewhat superior to the plasma treatment;
nevertheless, the best treatment option depends on the
specific material as well as the intended application.
Also, for each application/material combination, opti-
mization of the process parameters used for the surface
modification process could further improve the proper-
ties of the differently treated PU variants. An interesting
advantage provided by the dopamine-based strategy
could be that it allows for an easy attachment of a
macromolecular top layer to enable hydration lubrication
(thus reducing friction) or to initiate multistep coatings
as useful for drug storage/release approaches.*”) Simi-
larly, also, the plasma treatment can serve as an initial
step for further surface functionalization, for example,
when followed by silanization and subsequent
carbodiimide-mediated coupling of a macromolecular
layer.**] Indeed, both approaches have previously been
used to reduce friction and wear generation!*#°] and
to reduce the adsorption of proteins, cells, and
bacteria"®*!; however, to date, such multifunctional
coatings have been mainly applied to other polymeric
materials such as PDMS or polytetrafluorethylene. Ex-
isting coatings of PU materials, in contrast, often aim at
merely individual characteristics, e.g.,hemocompatibility

or antibacterial properties of the material.®” Certainly,
PU materials would benefit from more complex, multi-
functional coatings, and the corresponding additional
properties (in particular, an improved friction behavior)
brought about by their use would further increase the
range of applications that they can be used for.
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Bio-Macromolecular Surface Coatings for Autohesive,

Transparent, Elastomeric Foils

Maria G. Bauer and Oliver Lieleg*

Thin materials made from elastomeric polymers such as polydimethylsiloxane
(PDMS) and polyurethane (PU) can be both, compliantand resilient. Their
mechanical robustness and flexibility will make them great candidates for
applications in the human body where space is limited and repeated
deformations occur. Nonetheless, current medical applications of elastomeric
foil-like products are mainly restricted to inflatable balloon parts of stents or
intubation tubes. Here, a key limiting factor is the autohesive behavior of
those foils, that is, their propensity to stick to themselves. This property
impedes handling and processing and can also interfere with the designated
tasks of such foils. To mitigate this undesired behavior, different
bio-macromolecular coatings are applied here and assess their influence on
the autohesive be havior, flexibility, and transparency of the materials. A
non-covalent, dopamine-assisted coating approach is compared to a covalent
coating strategy employing carbodiimide chemistry and investigated both,
anionic and cationic macromolecules as top layers. The results show that
especially the carbodiimide-mediated mucin coating can efficiently suppress
the autohesive behavior of the foils while maintaining the flexibility and
transparency of the material. Thus, such coatings can not only broaden the
medical application range of foil-based elastomeric devices but may also
prove beneficial for applications in soft robotics.

1. Introduction a product 2!l

Applying coatings to surfaces is a ubiquitous tool to adjust the

optical appearance of the product!'! coat-
ings are mainly applied to protect the bulk
material from undesired environmental
impacts, for example, from corrosion,!
wear, ! heat damage,! cellular or bae-
terial colonization,|®®7 or to activate
the surface so it gains additional func-
tions. Examples of such surface-associated
functionalities are catalysis!® and filtering
tasks,!?! local drug release,™! control over
cellular adhesion,™" as well as photo-
and thermochromic!’? or selfhealing
properties.!' Thus, coatings are em-
ployed in almost any kind of industry,
ranging from aeronautic and automotive
applications,|™! over materials used in con-
struction and infrastructure,'s! to a broad
range of problems in biochemical, medical,
and pharmaceutical areas.!'**417) In addi-
tion, coatings can play an important role in
achieving more environmentally friendly
and sustainable products. Examples in-
clude energy-efficient paintings/coatings
for buildings,'®! coatings improving the
efficiency of photovoltaic systems and
batteries!'”! coatings to enhance the func-
tion of filters and membranes for water

and air cleaning purposes,!”] coatings prolonging the lifetime of

For medical purposes, but also when targeting pharmaceutical

surface properties of a material. In addition to changing the
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applications or developing biocompatible surfaces on synthetic
materials, biomacromolecules are frequently chosen as top-layer
molecules in coatings. In addition to being well biccompatible,
those large and often very complex molecules can come with ava-
riety of beneficial properties, such as antimicrobial activity, lubri-
cious behavior, the ability to hold and release bioactive molecules,
and to enhance fweaken cell adhesion.!'”) Especially when dealing
with medical devices, abiomacromolecule coating created on the
product surface can establish such beneficial multifunctionality
on the device.

The range of materials used in the medical field is broad as
it includes ceramics, metals, and polymeric materials. For many
reasons, however, polymeric materials are often preferred. For
instance, thin polymeric products such as foils can be both,
transparent and flexible, and this enables a range of applica-
tions for which metals and ceramics are inappropriate. Two ex-
amples of such elastomeric polymer materials frequently used
in the biomedical field are polydimethylsiloxane (PDMS) and
polyurethane (PU). Since these materials combine different ben-

(© 2023 The Authors, Macromoleaular Materials and Engineering published by Wiley-VCH GmbH
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eficial properties, they are used in a broad range of applications.
Whereas PDMS is used, for example, for catheters, micropumps,
bandages, and implants!? PU has previously been applied asa
coating to create antibacterial surfaces, to fabricate drug deliv-
ery vehicle, stents, surgical dressings, tissue engineering scaf
folds, and cardiac patches.?Y However, thin polymeric foils typ-
ically also come with an issue: they tend to be quite adhesive to
other materials and to themselves, the latter of which is a mech-
anism typically referred to as autohesion.*!! Handling or pro-
cessing such autohesive foils is challenging, and this particular
material property sometimes also interferes with the intended
function of the foils: intravenous bags and the inflatable bal-
loon parts of stents or intubation tubes would open up more
easily ifthe polymer material would be less sticky. Similarly, flu-
idic elastomeric actuators (FEA), a very adaptive type of actua-
tor used for soft robotics, could benefit from such coatings as
well. Those FEAs comprise thin structural compartments made
of elastomeric polymers which are actuated by changing the in-
ternal pressure—either by pneumatic or hydraulic means. Here,
every time the chambers are deflated, the elastomeric walls of
the chambers repeatedly come into contact with each other, and
autohesive properties are undesired here. Of course, the applica-
tion range of such FEAs is not limited to medical devices such as
endoscopes; they are anticipated to be particularly suitable for ap-
plications promoting active safety in automotive, in industrial ap-
plications, and for haptic-interface tasks.**l Overall, the current
application range of polymer foils would certainly be extended if
the autohesion of the foils could be mitigated—withoutlosing the
flexibility and transparency of the thin polymer material. Here,
applying macromolecular coatings might be a good solution to
achieve this goal.

Compared to the bulk material of a product, coatings are typ-
ically very thin. They rarely exceed a thickness of a few hundred
micrometers, and they can even be constituted by a single mono-
layer of (macro)molecules.l*®! Nonetheless, whenever coatings
are applied, the idea is that the surface properties of the material
are afterwards dominated by the coating—and that the coating
does not influence the bulk properties ofthe material. Ifthe coat-
ing procedure requires multiple treatment steps, it is expected
that the last, final treatment creating the top layer of the coating
is most important—and any influence the potential intermediate
layers might have, is typically not investigated in detail.

In the past, two coating strategies were mainly put forward to
immobilize biomacromolecules onto products. The first coating
strategy, a carbodiimide-mediated coating process, is well estab-
lished, frequently used, and creates covalent bonds between the
substrate, the intermediate layer, and the top-layer ofthe coating.
This strategy, however, can only be applied to certain materials,
which limits its use. In contrast, the second coating strategy, a
dopamine-assisted process, is comparably new and establishes
an adhesive, intermediate layer on a very broad range of mate-
rials; with this approach, attaching a macromolecular top layer
based on a combination of covalent and non-covalent bonds is
very easily possible 7

Here, we ask how macromolecular coatings generated with
either of the two coating strategies mentioned above affect the
material properties of transparent, flexible polymer foils made
from carbonate-based polyurethane (PCU) and PDMS, respec-
tively. As biomacromolecules forming the top layer of the coat-

Macromol. Mater. Eng. 2023, 2200681 2200681 (2 of 10)
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ings, we select examples that come with different charge states:
first, manually purified mucins, which are poly-anionic glyco-
proteins with a molecular weight (MW) of a few megadaltons;
second, two dextrans variants, that is, synthetic polysaccharides,
witha molecularweight of MW = 150kDa that are functionalized
with cationic residues (either with quaternary amine groups or
with the cationic amino acid lysine), Then, we compare a range of
material properties for coated and uncoated foils, including their
flexibility, transparency, and autohesive behavior, and relate them
to alterations in wettability, surface potential, and (putatively) sur-
face roughness as brought about by the coating application.

2. Results and Discussion

For all following results two different materials, that is, poly-
dimethylsiloxane (PDMS) and carbonate-based polyurethane
(PCU), are tested either uncoated or coated with mucins, Lysine-
Dextrans (LDex), or Q-Dextrans (QDex) via either a carbodiimide-
mediated strategy (carbo) or a dopamine-based strategy (dopa).
To clearly identify the different material/coating combinations
studied in this manuscript, they will be referred to as fol-
lows: “material”—"coating strategy"—*"top-layer molecule” with
PCU/PDMS, uncoatedfcarbo/dopa, and mucin/LDex/QDex as
alternatives for the respective sections.

As depicted in Figure 1, both foil materials tested here exhibit
(in their untreated form) hydrophobic properties as indicated by
contact angle (CA) values above 90°: we measure 113° + 2° for
PDMS and 107° + 2° for PCU. However, the surface wettabil-
ity of both materials should be considerably altered by applying
a macromolecular coating. In fact, three different aspects of the
two coating strategies tested here can contribute to rendering the
base materials more hydrophilic: the plasma activation (which
is the first step of the carbodiimide-based coating process), the
dopamine pre-coating, as well as the mostly hydrophilic struc-
tures of the selected macromolecules.[®®! And indeed, all tested
surface coatings can reduce the CA of the foils—at least to some
extent (Figure 1). On PDMS (Figure 1a), the hydrophilizing effect
achieved with the two mucin coatings is clearly stronger than the
effect obtained with the two dextran coatings. Probably, owing
to their much larger molecular weight, the mucins (MW =~ 4-6
MDa) can alter the surface properties of the material more effi-
ciently than the smaller dextrans (MW = 150 kDa). Such a clear
difference between the different coatings is, however, not visi-
ble for PCU (Figure 1b). Maybe here, on a material that is less
hydrophobic than PDMS, the smaller dextrans are sufficient to
achieve a similarly strong hydrophilization as the larger mucins.

Of course, whereas a change in the wetting behavior of the
foils is a clear indication that the surface treatment has worked,
this result may not correlate with a putative alteration in the au-
tohesive properties ofa foi (which ty pically occur in the dry state
of a foil). Thus, we next compare the strength of these autohe-
sive properties of differently coated foils to that of their uncoated
counterparts. To do so, two different pulling tests are conducted,
in which the orientation of the pulling direction with respect to
the contact interface of two foil samples differs: As depicted in
the schematics of Figure 2a,b, lap shear tests probe a configura-
tion where the pulling force is applied in parallel to the sample
interface (Figure 2a); in contrast, in detachment tests, the pulling
force is orientated orthogonally to the interface (Figure 2b).

© 2023 The Authors. Macomolecular Materials and Engineering published by Wiley ¥CH GmbH
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Figure 1. Influence of surface modifications on the wettability of PDMS and of PCU foils. The development of the water CA determined on uncoated
(cross symbols), carbo-LDex coated (triangles), dopa-QDex coated (circles), carbo-mucin coated (squares), and dopa-mucin coated {diamonds) surfaces
ofa) PDMS samples and b) PCU samples is shown over a time period of 3 min. The error bars depict the error ofthe mean determined from at least 10
samples. If no error bars are visible, they are in the range ofthe size of the symbols.

The results in Figure 2c show that all coating variants—partial
and full coatings—slightly increase the resistance of the PDMS
foils against lap shear movement (compared to uncoated PDMS
foils); however, no difference was found between the base coated
samples (ie., carbo coated and dopa coated) and their corre-
sponding fully coated counterparts. For the “dopa”-based coat-
ings, one explanation for this outcome could be that, at some
spots of the interface, the sticky dopamine layer is not entirely
covered by the top layer of macromolecules. However, for the
“carbo”-based coatings, such an explanation does not apply. In-
terestingly, the results we obtain for the detachment tests (Fig-
ure 2d) indicate the opposite behavior, that is, a significant reduc-
tion in the detachment resistance—at least for the full “carbo”-
coatings. Additionally, here, a significant difference between the
results of each intermediate step and the corresponding com-
pleted coatings was observed, indicating that PDMS-carbo and
PDMS-dopa foils exhibit a stronger autohesive behavior than
fully coated PDMS foils.

For PCU samples (Figure 2e, f}, the observed behavior follows
the same trend as for the detachment tests conducted with PDMS
samples. Here, both in the lap shear tests (Figure 2e) as well as
in the detachment tests (Figure 2f), the “carbo”-coatings signifi-
cantly decrease the resistance of the material towards the respec-
tive move ment. For the carbo-mucin coating, this e ffect is even so
strong that the two foil samples sometimes spontaneously sepa-
rate before the lap shear measurement can be started. Because
of this behavior, the number of measuring points we report for
the PCU-carbo-mucin samples is lower than for the other sam-
ples, and the determined value should be interpreted as an up-
per limit rather than a real average. A similar effect is observed
for the PCU-carbo-LDex samples as well as PCU-carbo samples;
however, here, it occurred less frequently. Owing to this compli-
cation, which affects the comparability of the sample sets, the
horizontal lines indicating significant differences in Figure 2e
are dashed. In contrast, we did not find a significant difference
between the results obtained for samples fully treated with the
dopamine-based coating strategy compared to those obtained for

Macromol. Mater. Eng. 2023, 2200681 2200681 (3 of 10)

the uncoated materials, but such a difference was observed be-
tween the dopa-coated and the dopa-QDex coated as well as the
dopa-LDex coated samples. In the detachment tests (Figure 2f),
such a premature separation of the samples is technically not pos-
sible, but the overall trend is similar to the behavior observed
in the lap shear tests: the “carbo™-coatings significantly reduce
the resistance tolap shear and detachment, respectively, whereas
the “dopa”-coatings do not. Moreover, we note that the values ob-
tained for the PCU-carbo-mucin samples are extremely low, that
is, two to three orders of magnitude smaller than those deter-
mined for uncoated samples. We speculate that a combination of
two effects might be responsible for the observed behavior. First,
the more efficient hydrophilization obtained for the mucin coat-
ings (see Figure 1) indicates a more efficient surface coverage
achieved with this particular macromolecule; second, the larger
mucins might generate a stronger steric hindrance effect com-
pared to the smaller dextrans. The latter might reduce the prob-
ability that a local, uncovered spot of the sticky dopamine layer
can get in direct contact with the opposing sample surface thus
decreasing its detachment resistance.

To further investigate those somewhat unexpected results, we
determine the zeta potentials of the surfaces of the differently
coated and uncoated foils. All uncoated materials are clearly neg-
atively charged; we measure — 45 mV + 0.6 mV for PDMS (Fig-
ure 3a, left) and — 41 mV + 2 mV for PCU (Figure 3a, right).
Based on the structural formulas of the polymers comprising
those foils, finding such strongly anionic properties is not ob-
vious (especially for the PDMS samples, which contain mostly
uncharged and non-polar methyl groups). However, a similar be-
havior has been observed previously on PDMS!?! as well as on
other solid surfaceswhich were anticipated to be inert due to the
lack of ionizable surface groups!*¥l There, this behaviorwas ra-
tionalized by an asymmetric adsorption of water ions; however,
the origin of this effectand whether hydroxide ions or hydronium
ions show a higher affinity towards the polymeric surface is still
under discussion.”* In the presence of the full coating, those
surface zeta potentials should be changed—and both, the respec-

© 2023 The Authors. Maaomolealar Materials and Engineering published by WileyVCH GmbH
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Figure 2. Resistance of (surface modified) foils against lap shear and detachment. a,b) Schematics depicting the two pulling modes tested here. For the
lap shear tests (a, ¢, e), a forcewas applied parallel to the interface of the two foils; for the detachment tests (b, d, f), a force was applied orthogonally
to the interface. ¢,e) Results of the lap shear tests. The tilde symbols in d) mark conditions where some sets of foils detached before the meas urements
could be started (grey tilde: 20% of the test sets; black tilde: 5096 of the test sets). d,f) Results ofthe detachment tests. All diagrams display data obtained
for uncoated samples (black lines), carbo coated samples (full grey lines), carbo-LDex coated samples (full green lines), carbo-mucin coated samples
(full blue lines), dopa coated samples (dashed grey lines), dopa-QDex coated samples (dashed green lines), and dopa-mucin coated samples (dashed
blue lines). The boxes denote the median (central line), the median plus the first quartile (top line), and the median minus the third quartile (bottom
line) as determined for at least 8 samplesets. Cross symbols indicate the mean, and circles depict outliers based on an outlier multiplier of 2.2. Asterisks
indicate significant differences (p = 0.05) and n.s. indicates that no significant difference was found. The legend at the bottom of the figure applies to
all diagrams.

tive pre-treatment (dopamine incubation vs plasma activation/vs Dopamine carries an amine group and thus is cationic; there-
silane coupling) as well as the macromolecule used for creating  fore, applying a dopamine pre-coating should render the foils less
the top layer in the coating should have an influence here. Ide-  anionic. On PDMS, this alteration in the surface charge state in-
ally, the surface properties of the foil would become clearly dom-  duced by dopamine is only small (Figure 3c); in contrast, we find
inated by the properties of the macromolecule used; and zetapo-  a strong shift by 25 mV for the PCU foils (Figure 3d). For the full,
tential measurements conducted on macromolecular solutions  dopamine-assisted coatings generated on PDMS, we find very
containing ether mucin, QDex, or LDex (which are all conducted  similar values as for the dopamine pre-coating alone.

at identical conditions to ensure comparability, that is, at a pH Apparently, the surface properties of PDMS are—in terms of
value of ~ 5.6 and in the presence of 1 mm KCl) clearly show  charge—so strong that it is not easily possible to override them
that those macromolecules have very different charge states (Fig- ~ with a macromolecular coating as we attempt it here. On the
ure 3b): mucin (-28 mV + 0.3 mV) is clearly anionic, QDex (13 ~ PCU samples, however, either macromolecule entails a strong
mV + 4 mV) is clearly cationic, and LDex (-1 mV + 0.3 mV) is  change inthe surface charge state, and the obtained result agrees
almost uncharged at this pH value. with those of the macromolecules used: Attaching the QDex

Macromol. Mater. Eng. 2023, 2200681 2200681 (4 0f10) © 2023 The Authors. Macomoleaular Materials and Engineering published by Wiley VCH GmbH
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Figure 3. Zeta potentials of bare and coated substrate materials as well as ofthe molecules used as top layers in the coatings. All values shown were
determined at a pH value of 5.6. a) Surface potentials of the uncoated {uc) materials. b) Zeta potentials of the macromolecules used as top-layers. ¢,d)
Results obtained for the dopamine-based coating strategy. e,f) Results obtained for the carbodiimide-mediated coating strategy. The grey bar labeled
with “uc” in diagrams (e-f) indicates results obtained for the uncoated substrate as displayed in (a). The legend at the bottom of the figure applies to
diagrams (e-f). Error bars depict the error of the mean as determined from at least 3 (sets of) samples. |fno error bars arevisible, they are in the range

of the size of the symbols.

molecules leads to an overall cationic surface whereas attach-
ing the mucins leads to an anionic surface, which is (in absolute
numbers) less strongly charged than pure PCU itself. However,
neither of the two coatings fully reach the zeta potential values
we determined for the corresponding macromolecule in solution.
This indicates that, even if a rather efficient coating iscreated, the
intermediate dopamine layer still affects the surface properties of
the coating.

For the carbodiimide-mediated coating process, the two pre-
conditioning steps seem to have only minor influences on the
measured zeta potential, and this holds true for both foil materi-
als tested here (Figure 3e,f). However, when the full coatings are
applied, we do find relevant alterations in the measured surface
zeta potentials, When using mucins as a top layer molecule, the
measured surface potentialsare very similar to that of mucins in
solution, indicating a very efficient alteration of either fol sur
face by the carbodiimide-mediated coating strategy. When using
LDex molecules for those covalent coatings, the obtained sur-
face potentials are still strongly anionic and comparable to those
achieved with mucins. However, the measured values are “less
negative” than those obtained for “incomplete” coatings carrying
the pre-conditioning, intermediate layers only. In other words,
also here, attaching the final macromelecule layer has a clear in-
fluence on the final surface potential of the material.

So far, mainly desired alterations of surface properties as in-
duced by the different coatings were examined; however, surface
coatings might also lead to undesired changes of certain surface
properties (e.g., the surface roughness) or they could even neg-
atively impact the bulk behavior of the sample—and neither is

Macromol. Mater. Eng. 2023, 2200681 2200681 (5 of 10)

typically desired. Accordingly, when modifying the surfaces of a
foil, itis crucial that the other characteristic properties of the ma-
terial, that is, its transparency and flexibility, are maintained. Ide-
ally, of course, the applied coatings were to only alter the surface
properties of the foils, but this needs to be verified. Therefore, in
another set of tests, we ask if the desirable material properties of
PDMS and PCU foil s are affected by the different coatings inves-
tigated here.

First, the transparency of foils with and without coatings is
compared by quantifying their absorbance behavior in the UV—
vis range, that is, between wavelengths of 190 to 900 nm (Figure
4a,b). Importantly, we find that none of the coatings alters the
transparency of PDMS or PCU foils in a considerable manner.

This good transparency of both, PDMS and PCU foils, agrees
with the very low surface roughness values (the rootmean-
square-height 5, and the developed interfacial ratio Sy,) we de-
termine for them using laser scanning profilometry: we ob-
tain S, ppus = (0.4 £ 0.2) pm and Sepcy = (0.2 £ 0.1) pm, as
well as Sy g = (1 £ 1) % and Sy, = (0.6 + 0.2) % (Fig-
ure 4¢,d,fg). After applying the different coatings, these rough-
ness values remain in a very similar range. Additionally, we
find very similar S values for coated and uncoated samples
(and this helds true for both foil materials investigated here).
As this particular metrological parameter quantifies the curva-
ture of peak structures on the surface, this finding suggests that
the different coating procedures do not entail a local accumula-
tion of chemicals/molecules (especially dopamine is known for
forming agglomerates) but rather lead to spatially homogenous
coatings.

© 2023 The Authors. Macromelecular Materials and Engineering published by Wiley-y CH GmbH
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Figure 4. Transparency and surface roughness of uncoated and coated PDMS and PCU foils. a,b) Absarbance behavior of the samples in the Uv-vis
range. c-h) Metrological parameters quantifying different features ofthe foil surfaces: the root-mean-square-height Sq (e, f), the developed interfacial
ratio Sy, (d, g), and the arithmetic mean peak curvature S (e, h) are compared. All diagrams display results for uncoated samples (black lines), carbo-
LDex coatedsamples (full green lines), dopa-QDex coatecrsamp\es (dashed green lines), carbo-muein coated samples (full blue lines), and depa-mucin
coated samples (dashed lines). The legend at the bottorn of the figure applies to all diagrams. Error bars depict the error of the mean as determined
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from at least 6 samples. |f no error bars arevisible, they are in the range of the size of the symbals.

To compare the flexibility of the foils before and afler coating,
we determine the torque required to twist a foil sample and com-
pare the surface topography of each sample before and after such
a twisting experiment Again, our aim is to test whether the coat-
ing application changes the material behavior rather than inter-
preting the absolute values obtained from those measurements.
Thus, to ensure optimal comparability of the results obtained
with different samples, all measured torque values are normal-
ized to the cross-gsection of the corresponding sample. Similarly,
we only evaluate the difference between the determined surface
roughness parameters before and after torque application.

Our first observation is that all tested foil samples (ie., un-
coated and coated ones) show a similar overall behavior: at first,
the measured torque values are comparably high; then, they de-
crease within &~ 1 min to a plateau value, which is maintained
for the rest of the measurement (which had a total duration of
10 min). To facilitate a quantitative comparison of those time-
dependent results, we focus on the initial torque value (Figure
5a, ¢) as well as the plateau value (Figure 5b, d), which we deter-
mine as the mean of all torque values recorded after 60 s. For the
initial torque values, we find no significant differences between
the coated samples and the uncoated samples, respectively (and
this holds true for both, PDMS and PCU samples).

Moreover, for all samples, the drop in the torque values (from
the initial value to the plateau value) isabout one magnitude of or-
der. Thus,all measured plateau values are very similar—only the
results obtained for the PCU-carbo-mucin samples are slightly
lower than the values determined for uncoated PCU samples.
Accordingly, we find no significant differences when we com-
pare the change in the surface texture of the foil samples: nei-
ther when analyzing the height parameter 5 (Figure 5e, g) nor

Macromol. Mater. Eng. 2023, 2200681 2200681 (6 of 10)

when investigating the hybrid parameter S,, (Figure 5§, h), we
find significant differences between any of the coated samples
and the respective uncoated control samples. This result is con-
firmed when we compare the width of the foil samples before and
after the flexibility testing (Figure 51, k): here, we detect no sign of
plastic deformation/narrowing as the results obtained for coated
and uncoated samples are virtually identical. Thus, the Hexibility
of the thin films tested here is not altered by the applied coatings.

Taking into account all the results presented above, we con-
clude: Eliminating the autchesive behavior of transparent, elas-
tomeric foils is not a trivial task. Here, among the different op-
tions tested, the carbo-mucin coating generated on PCU (the
material that initially showed the stronger autohesion behavior)
achieved this goal best. On PDMS foils, the obtained effects were
comparably weak—which is somewhat surprising considering
that both substrate materials examined here are transparent, au-
tohesive elastomers with initially similar wettabilites and very
similar surface zeta potentials. Our analysis of the surface zeta
potentials obtained after different steps of the coating procedures
suggests that, for the PDMS samples, the initial surface proper-
ties cannot be fully altered even if the coatings are successfully
applied. Moreover, we found that, even if eventually the same
top-layer macromolecule is applied, the carbodiimide-mediated
coatings perform better in reducing the very strong autohesive
properties of the PCU samples than dopamine-assisted coatings.
Forthe latter, it seems that the intermediate layer is not fully cov-
ered by the macromolecular top layer (even after overnight incu-
bation), which is why (locally) some uncovered, sticky dopamine
molecules might still give rise to undesired adhesive proper-
ties. Nevertheless, none of the coating variants tested here had
any detectable negative impact on the fexibility, transparency, or

@© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley WVCH GmbH
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Figure 5. Torsional flexibility of bare and coated polymer foils and topographical analysis of the foils after twisting tests. a—d) Torque values determined
at the beginning (a, ¢} and in the plateau phase (b, d) of the flexibility tests. e-h) Differences in the surface roughness parameters S, (e, g) and S, (f, h)
as determined before and after the flexibility tests. i,k) Widths of the foil samples before (empty bars) and after (striped bars) conducting the flexibility
tests. All diagrams display results for uncoated samples (black lines), carbo-L Dex coated samples (full green lines), dopa-QDex coated samples (das hed
green lines), carbe-mucin coated samples (full blue lines), and dopa-mucin coated samples (dashed blue lines). Error bars depict the error of the mean
determined from at least 5 samples. Asterisks indicate significant differences [p = 0.05); ns. indicates no significant differences. The legend at the
bottom of the figure applies to all diagrams.

roughness of the foils they were generated on—and thisisavery 4, Experi mental Section

promising result
Ifnot stated differently all chernicals were obtained from Carl Rath, Karl-

sruhe, Germany.

3. Conclusions Polymeric Materials: In this study, the following two different poly-
meric materials were exarmined:
Here, we could show that the final surface properties of coated Polydimethylsiloxane (Sylard 184, Dow Coming, Midland, MI, USA):

polymeric foils are not only dominated by the properties of the =~ PDMS samples were prepared manually by first mixing PDMS oilina 10:1
applied top layer-molecules but can still be significantly influ-  (w/w) ratio with the curing agent and exposing the mixture to vacuum for
enced by the substrate and the selected coating strategy. Two as- 1 hto remove air bubbles. The mixture was then filled into a well plate (&

, Lo ; 15 e¢m, Greiner Bio-One GmbH, Frickenhausen, Germany) such that the
pects should be kept in mind: first, even though dopamine-based PDMS could spread evenly; this process led to samples with a thickness

coati}igs are ‘applicable to a wide range ijsub Stmte‘s and can 1m of 2 300~400 pm. Silicone curingwas alloved to take place at 70 °C for

mobilize varioustop-layer molecules, the intermediate dopamine 4 h, subsequently, the samples were further tempered at 110 °C for 2 h.

layer seems to affect the final surface properties of the coated  Only the surface properties of the side facing the bottorn of the well plate

material more strongly than the intermediate layers required — during curing were evaluated. ‘

for the more complex and more time-consuming carbodiimide- Poiymrbonlmc-Based Poiyulrczhanz {Carlboihanc AC-408 54, Lubrizol Ad-
. vanced Materials, USA):  This was a medical grade, polycarbonate-based,

based coatings. Second, the results presented here underscore . ; )

. i - i thermoplastic, aromatic polyurethane and was extruded by Gerlinger In-
the importance OFChoosn?g a substrate-specific coating s‘tratz‘egy dustries GmbH (Netzschkau, Germany) into foils with a thickness of &
on the one hand and a suitable top-layer molecule combination  150-200 pm; these foils had a better surface quality on one side, and only
on the other hand—and quantifying the properties of the cre-  the surface properties of this high-quality side were evaluated.

ated coatings in detail is key when tailoring them for a specific All further preparation steps to shape the samples into the desired di-
application. mensions were conducted manually: either they were cut with scissors
Macromol. Mater. Eng. 2023, 2200681 2200681 (7 0f10:l @ 2023 The Authors. Macromolecular Materials and Engineering published by Wiley W CH GmbH
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and scalpels or punched into a circular shape with a manual eyelet press
(Istabreeze Germany GmbH, Bad Rappenau, Germany). Prior to any mod-
ifications or tests, all samples were cleaned in 80 % (v/v) ethanol and
deionized water (ddH, O) for 15 min each and then dried.

Surface Coatings: All samples were examined in an unccated and a
coated version. Coatings were applied either viaa multi-step carbodiimide-
mediated coating process or via a two-step dopamine-based coating pro-
cess.

CARBOdiimide-Mediated Coating (carbo): For this coating process to
be feasible on both materials, several coating conditions had to be ad-
justed to meet the specific properties of each material. Whereas the coat-
ing process for PDMS was conducted as published by Winkeljann et a.[*3]
the process parameters hadto be adjusted for the thermoplastic PCU. This
was, on the one hand, necessary to achieve a similarly efficient plasma ac-
tivation on the more resilient PCU; on the other, to compensate for the
reduction of the incubation temperature (as PCU has a relatively low Vicat
temperature), the concentrations ofreactants and/or prolonged treatment
times were increased to maintain the efficiency of the multi-step coating
procedure. In the following process descriptions, different conditions ap-
plied to PDMS and PCU, respectively, will be listed in curved brackets as
follows: {applied to PDMS/applied to PCU}.

The surfaces of the samples were activated by applying an atmos pheric
plasma treatmentata low pressure of 0.4 mbarusinga powersupply of {30
W /56 W} for {1.5 min/25 min}. As soon as the plasma activation step was
completed, each sample was immersed into & 1 mL of a silane solution
containing 19 (w/v) TMS-EDTA (N-{(3-trimethoxysilyl)propyl] ethylenedi-
amine triacetic acid trisodium salt, abcr GmbH, Karksruhe, Germany) dis-
solvedin 10 mm acetate buffer at pH 4.5 and incubated at {60 *Cf37 *C} for
{5 h/8.5 h} to create a silane pre-coating. Subsequently, the samples were
removed from the silane solution and dipped into isopropanol to wash off
any excess solution, To stabilize the silane pre-coating, the samples were
exposed to {110 °C & atmospheric pressure/room temperature (RT) & at
Pres = —800 to —600 mbar] for {1 h/16 h}. Afterwards, the samples were
washed in 96 % (v/v) ethanol on a rolling s haker (=60 rpm) for 1 h to re-
move any unbound silane molecules; then, they were dipped into ddH,0
to wash off any ethanol residues. To initiate the macromolecular cou-
pling step, the samples were immers:d into a solution containing 5 mm
EDC (1-ethyl-3-(3-dimethylaminopropyljcarbodiimide-hydrochloride) and
5 mm sulfo-NHS (N- hydmysulfcsuccumud sodium salt, aber) dissolved in

100 mm MES (2-(N-morpholino ethanesulfonic acid, AppliChem GmbH,
Darmstadt, Germany) buffer at pH 5 (= 1 mL per sample). This solution
was prepared just before use to avoid preliminary hydrolysis of the cou-
pling agents. Incubation at RT was allowed to take place ona slowly mov-
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unbound macromolecules, the samples were dipped into ddH,0, into 80
9 ethanol, and again into ddH, 0.

Finally, all samples (independent of how they were coated) were either
placed into 20 mm HEPES buffer (pH 7) and stored at 7 °C until further
use, or they were dried at RT for at least 24 h (for tests conducted with dry
samples).

The spedific top-layer molecules studied here were chosen for the fol
lowing reasons: mucins have recently been introduced as powerful com-
ponents of coatings for medical devices,*7-*] and both coating strategies
can be used toimmobilize those anionic glycoproteins on PDMS and PCU
films. As a counterpart for those large biomacromolecules, dextrans were
selected, which were also regularly used in biomedical studies—especially
as base material for drug delivery applications, and tissue engineering
purposes *¥] Such dextrans were commercially available at different
molecularwe}ghts and can carry different functionalizations (i.e., charged
residues) [%6.38.38] To serve as a positively charged counterpart to the an-
ionic mucin, QDexwas chosendue to its strongcationic character (accord-
ing to the manufacturer) and its strong interaction with dopamine layers
which was observed in pretests. However, since such QDex molecules do
not possess primary amine groups, applying the carbodiimide-mediated-
coating strategy to them was chemically not feasible, Thus, as a suitable
alternative, the zwitterionic LDex was used for carbo-coatings since this
molecule comprises the same dextran backbone, was available at the same
molecular weight, and, at least locally, carries cationic groups.

Contact Angle Measurements: CA measurements were conducted us-
ing a drop shape analyzer device (DSA255, Kriiss GmbH, Hamburg Ger-
many). For examining the infl eofthe c gs on the time-d
wetting behavior of the materials, dried samples were placed in front of the
device-integrated high-resolution camera (ac1920, Basler, Ahrensburg).
For imaging, image processing, and image analysis, the device-specific
software ADVANCE (AD4021 v 1.13, Kriiss GmbH) was used. An auto-
matic imaging protocolwas employed that was initiated by a water droplet
(6 pL ddH,0) crossing a trigger line pesitioned just above the sample
surface. For the first two seconds after triggering, the camera captured
images with a frequency of 10 fps. For evaluation, only the first image of
the droplet uninfluenced by the cannula as well as the last image of this
first series were used. Subsequently ges were captured (each for 1 s
at3 fps) atvarious additional time sleps up to 20 min after the trigger line
was crossed. Here, only the second image of each series was evaluated,
provided that its quality (sharpness, lighting, no vibration) was sufficient
otherwise, the remaining images served as fallback altematives. On each
image, the CA values were determined as the water-enclosed angle be-
tween the surface and the edge of the droplet (using a manually adjusted

ing tilting shaker for 30 min. Sub Iy, the samples were immedi
transferred into= 1 musamplenulbeccos phos phate buffered saline (pH
= 7.4, DPBS, Sigma-Aldrich Inc., Darmstadt, Germany) containing either
0.05 96 (w/fv) lysine-dextran (MW = 150 kDa, TdBlabs, Uppsala, Sweden)
or0.05 96 (wv) lab-purified mudins (mainly MUCSAC, whichwas manually
purified from pig stomachs as described by Marczynski et al.).1*] During
an incubation step of at least 16 h, the samples were slowly moved by a
tilting shaker at 7 °C. Once the macromolecular coupling was finalized,
to remove unbound macromolecules, the samples were cleaned in 80 %
(w/v) ethanel by placing them onto a slowly moving tilting shaker for 30
min,

DO PAmine-Based Coating (dopa): For the dopamine coating variant,
both materials were treated in the same way. To achieve a smooth and
homogenous surface coating, and to prohibit the undesired sedimenta-
tion and attachment of larger (poly-)dopamine agglomerates ontothe sur-
faces, the samples were positioned vertically in a suitable coating con-
tainer, a freshly prepared solution (= 1 mL/sample) containing 0.4 96 (w/v)
dopamine hydrochloride (Sigma-Aldrich) dissolved in 20 mm HEPES
buffer (4-(2-hydraxyethyl)-1-piperazineethanesulfonic acid; pH 8.5) was
added, and the container was placed onto a slowly moving tilting shaker
for 3 h. Towash off excess, not fully attached dopamine, the samples were
dippedinto ddH,0 and subsequentlyimmersedinto 20 mm HEPES buffer
(pH 7) containing either 0.1 (w/v) % Q-dextran (MW = 150 kDa, TdBlabs)
or0.1 % (w/v) of lab-purified mucins. Then, the samples were once more
placed onto a slowly moving tilting s haker at RT overnight. To remove any
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baseline and the software-integrated Young-Laplace fit method).

Lap Shear Tests:  For all mechanical examinations, that is, lap shear
tests, detachment tests, and flexibility tests, a commercial s hear rheome-
ter (MCR 302, Anton Paar, Graz, Austria) equipped with a sample holder
unit for disposable bottom plates (P-PTD200/80/1, Anton Paar) was used.

For lap shear tests, two foil samples (= 12 mm x 25 mm each) were
placed on top of each other such that the overlap region was ~ 10 mm;
then, they manually were pressed together for 105, and the contact area
was precisely measured using a digital caliper Both foil samples were in-
serted into one damp each and the normal force was reset. Finally, the
measuring head was lifted at a velocity of 30 prm s~ until both samples
fully detached from each other. For comparing the obtained results, the
determined force values were divided by the measured contact area to re-
ceive a shear stress.

Detachment Tegs: Foradhesion tests, a round foil with a diameter of
10 mm was attached to a commercial PP08 measuring shaft (Anton Paar)
using double-sided adhesive tape. First, the zero gap was detected on a
disposable aluminum bottom plate (Cat. No. 302 234, Anton Paar), and
then a second foil was attached to the bottom plate using double-sided
adhesive tape. Afterwards, the normal force was reset, and the shaft was
further lowered until a normal force of 5 N was reached, which was main-
tained for 30 5. Subsequently, reached z-position was held for €0 s to give
the foil materials some time to relax. Then, the measuring head was lifted
up ata constant speed of 15 pm s~', and a measuring point was recorded
every0.2s.

@© 2023 The Authors. Magomoleaular Materials and Engineering published by Wiley VCH GmbH
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Zeta Potential Measurements:  Zeta potentials were determined for the
bare and the coated foil surfaces as well as for the macromolecules (in
solution) used as top-layers in the coatings. To ensure com parability of
the results, both types of experiments were performed with the same elec-
trolyte solution, that is, ultrapure water containing 1 mm KCl (pH = 5.6).

Zeta Potential Analysis of Solid Surfaces: The zeta potentials of solid
foil surfaces were determined using a SurPASS 3 Eco device (Anton Paar)
equipped with an adjustable gap measuring cell for planar samples (Cat.
No. 159 880, Anton Paar). To avoid (re-) hydration effects of the coatings or
substrates affecting the measurements in differentways, all samples (i.e.,
bare, partially coated, or fully coated) were stored in ultrapure water for at
least 4 hprior to ary measurement. Then the samples were cut into shape
(rectangles of 10 mm x 20 mm), and a set of two identical samples was
inserted into the measuring cell following the instructions of the device's
manufacturer. The gap height was adjusted to a value between 95 and
110 pm and the cell containing the samples was flushed at least twice
with the electrelyte solution before a measurement was started at room
ternperature.

Zeta P ial Analysis of Macr To assess the zeta
potentials of the different macromalecules in solution, the electrophoretic
light scattering mode ofa LiteSizer500 (Anton Paar) was used. Therefore,
an omega cuvette (Mat. No. 155765, Anton Paar) was filled with the elec-
trolyte solution containing 0.05 % (w/v) of the desired top-layer macro-
molecule and inserted into the machine. The zeta potentials were then
analyzed at 21 °C after an equilibration time of 2 min.

UV Vis Measurements: To examine the influence ofthe coatings on the
trans parency of the materials, light absorption measurements in a wave-
length range from 190 to 900 nm (in 10 nm steps) were conducted using a
microplate reader with cuvette port (SpectraMax ABS Plus, Molecular De-
vices, LLC, San Jose, US). For each material/coating combination, a UV-
cuvette was filled with 1.4 mL ofultrapure water and used as areference.
In those measurements, special care was taken to ensure that all samples
were placed at the same position in the laser beam path.

Confocal Laser Scanning Microscopy: Confocal laser scanning mi-
croscopy was conducted using a VK-X1000 microscope (Keyence, Ober-
hausen, Germany) equipped with a 20x magnification lens (CF Plan, NA
= 0.46; Nikon, Chiyoda, Tokyo, Japan). Prior to performing the measure-
ments, all samples were dried and cleaned with particle-free pressurized
air Then, the samples were placed onto a glass slide using a droplet of
distilled water or 80 %6 (w/v) ethanol as a thin spacer for PCU and PDMS,
respectively. This was necessaryto allow the measuring device to automat-
ically differentiate between the very thin, transparent foils and the glass
slide.

All materialfcoating combinations were examined before and aftersub-
jecting them to torsion tests. At least four samples were analyzed per con-
dition. To determine the full sample width (which later enables a compar-
ison ofthis sample width before and after the torsion tests), 2x11images
were acquired across the smaller dimension of each sample. To evaluate
the surface roughness of the samples {using the software MultiFileAna-
lyzer (Keyence)), single images were analyzed {by excluding those display-
ing the ed ges of the samples). Here, the images were preprocessed as fol-
lows: First, a linear tilt based on the full image area was removed; second,
the sample waviness (a wave form with correction strength 5 out of 20)
was subtracted; third, missing points were filled by estimating the mean
height value of the surrounding points. From the adjusted topographical
images, the following metrological parameters (based on ISO 25178-2)
were calculated: the root-mean-square-height 5,:

Sa= —,lff (. ) drcy m

the developed interfacial ratio Sy,:
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This set of parameters was chosen as S, (which evaluates the height
distribution) and S, (which describes the relative increase of the deter-
mined surface area due to roughness features compared to an entirely
planar sample) were frequently used surface roughness parameters that
give a good overview over the surface structure of a sample. Additionally,
Spe was selected as a specific parameter evaluating the curvature of the de-
tected peaks; this feature was used to investigate whether any dopamine
agglomerates had settled onto the surface as aconsequence of the surface
modification procedure.

Torsion Tests:  Fortorsion measurements, the theometerwas equipped
with a measuring shaft for disposable measuring heads (CP/DP70, An-
ton Paar). To both, the sample holder unit and the measuring shaft, an
in-house manufactured aluminum clamp was attached as described in
Kimna et al. Both clamps were positioned in a parallel orientation, and
a foil sample (5 mm x 10 mm) was fxated such that the free length of
the samples was always comparable (=12 mm). The normal force was
reset, and the top clamp was moved upwards to pre-stretch the sample
untila normal force of —0.3 N was achieved. For the actual torsion mea-
surements, the measuring head performed an oscillating movement over
116.5° to each side at a frequency of 0.2 Hz; measuring points were col
lected every 0.6 s for a total duration of 10 min. To account for differences
in sample thickness, the thickness of each sample was determined using
an electronic micrometer screw (Filetta, Schut Geometrische Meettech-
niek by, Groningen, Netherlands). The exact width ofeach sample was de-
termined from the stitched images obtained from confocal laser scanning
microscopy (see above). To ensure comparability, all determined torque
values were divided by the cross-section (determined by multiplying the
sample thickness and width) ofthe corresponding sample. To examine the
influence of the torsional deformation on the material structure, confocal
laserscanning microscopy images across the middle section of each sam-
ple were captured as described above; images acquired before and after
the torsion tests at the same position on each sample were compared.

Statigical Analysis:  Tests for statistical significancewere conducted for
all quartitative results shown in Figure 2 and Figure 5. Each set of results
was first tested for a normal data distribution using a Shapiro-Wilk test,
then, a two-sample F-testwas applied to check for equal variances. To test
for significant differences between normally distributed samples, a two-
sample t-test was applied when the homogeneity of variances was con-
firmed, whereas a Welch's t-test was performed for heteros kedastic sets
of samples. For samples that were not normally distributed, a Wilcoxon—
Mann-Whitney testwas performed. All statistical analyses were conducted
using Microsoft Excel for Microsoft 365 (Version 2206; Microsoft Corpora-
tion) employing the add-in Real Statistics Resource Pack software [Release
7.6, Copyright 2013-2027; Charles Zaiontz); differences were considered
statistically significant if a p-value below 0.05 was obtained.
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ARTICLEINFO ABSTRACT

Keywords:

Dopamine coatings
Carbodiimide coatings
Linear tribology
Long-term testing
Sterilization

Foils made from elastomeric polymers, such as polycarbonate-based polyurethane (PCU), can combine desirable
properties including flexibility, durability, and compliance. Still, their usage is often limited by their strongly
autohesive behavior. To overcome this issue, surface coatings can be applied. Here, dopamine-based (dopa) and
carbodiimide-mediated (carbo) coatings are compared by assessing their tribological performance and surface
properties after long-term sliding tests, and after storage or sterilization. Even though both coating strategies

achieve very good lubricity, the dopa-coatings are less resilient than the carbo-coatings. Thus, for such appli-
cations where extended sample storage or sterilization is required, covalent coatings should be preferred.

1. Introduction

For medical applications thin, flexible polymeric materials are
regularly used [1,2]; they often require anti-adhesive properties, e.g, on
the inner sides of intravenous bags or on medical tubings such as cath-
eters. Here, uncontrolled biofouling can (partially) block the device,
entail undesired cell ingrowth, lead to infections, and eventually entail
device failure [3-5]. For certain applications, the accessible space such
an artificial object needs to fit into can be quite limited; thus, the ma-
terial must be as thin as possible but still sufficiently stable and flexible
to fulfill its purpose. For example, when polymeric foils are envisioned
as components for cushion-like implants aiming at separating damaged
articular surfaces in small joints or replacing intervertebral disks, the
polymeric material must endure continuous mechanical loads and de-
formations and enable a smooth relative movement of the opposing
surfaces. Yet, thin spacer materials with appropriate bulk and surface
properties are scarce. Thus, coating (thin) polymeric materials to
improve their surface properties is the currently preferred method to
render them suitable for such medical applications [6-10].

Here, two methods to alter the surface properties of medical-grade
carbonate-based polyurethane (PCU) films with initially strongly auto-
hesive properties are compared [11]: first, rather novel dopamine-based
(dopa) coatings [12-16], which have gained particular attention as they

can readily generate bio-based, intermediate adhesion layers between
an extensive range of substrate materials and various top-layer mole-
cules, thus establishing multifaceted properties for bio-medical appli-
cations (e.g., anti-biofouling, optimized cell/blood contact surfaces,
drug  delivery, or biocimaging/-sensing) [17-21]; second,
well-established but substrate-/top-layer-wise more restricted,
work-intensive carbodiimide-mediated (carbo) coatings [22-25]. Both
hydrophilic surface treatments can - when employing a suitable
top-layer macromolecule (establishing a hydration layer) combined
with a corresponding macromolecular lubricant - enable an efficient
gliding motion of two PCU foils by utilizing hydration lubrication and
(potentially) sacrificial layer formation [11,26-29]. However, the
coatings generated with either method may differ in terms of their sta-
bility. Thus, here, the resilience of these coatings towards stor-
age/application conditions, sterilization processes, and prolonged
sliding movements is assessed. Additionally, the coatings’ ability to
prevent wear and abrasion is compared.

2. Experimental section

Unless stated otherwise, all chemicals were obtained from Carl Roth,
Karlsruhe, Germany.
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2.1, Sample preparation

2.1.1. Polycarbonate-based polyurethane samples

Thermoplastic, aromatic, and medical grade polycarbonate-based
polyurethane (PCU, Carbothane™ AC-4085A, Lubrizol Advanced Mate-
rials, USA)) was obtained as extruded foils (thickness of = 150-200 pm)
from Gerlinger Industries GmbH (Netzschkau, Germany). Those foils had
a better surface quality on one side, and all following modifications and
examinations were performed on this side only. All further preparation
steps required to shape the samples into the desired dimensions were
conducted manually: either they were cut with scissors and scalpels or
punched into a circular shape with a manual eyelet press (Istabreeze
Germany GmbH, Bad Rappenau, Germany).

2.1.2. Cylindrical polydimethylisiloxane (PDMS) samples

Cylindrical polydimethylsiloxane (PDMS) samples (pins) served asa
model material to conduct preliminary rotational tribology examina-
tions for assessing coating-lubricant interactions. As previously
described by Winkeljann et al. [30], those pins were prepared from the
commercially available PDMS system Sylgard 184 (Dow Coming,
Midland, MI, USA). A curable solution was prepared by mixing PDMS in
a 10:1 ratio with the curing agent and exposing the mixture to vacuum
for 1 h (to remove air bubbles). To create pins (@ = 6.2 mm), the mixture
was filled into a custom-made aluminum mold using a transfer pipette
before curing the silicone at 70 °C for 4 h. Since previous studies indi-
cated that there might be unreacted low molecular weight residues left
after curing the PDMS [31,32], the samples were further tempered at
110 °C for 2 h.

Prior to any modifications, treatments or tests, all samples (whether
made from PDMS or PCU) were cleaned in 80% (v/v) ethanol and
deionized water (ddH20) for 15 min each and then dried.

2.2, Macromolecular lubricants

Here anionic biomacromolecules were examined only (polyanionic
macromolecules are typical for biolubricants in the human body) [33].
Further selection criterda: commercial availability in adequate
quality/purity; intermediate molecular weight/viscosity. Alginic acid
(AlgA, c = 6%, VISCOSItY fl__ 15 pnp-25c =5 — 40 mPa « 5, Sigma Aldrich,
Darmstadt, Germany), y-poly-glutamic acid (gPGA, ¢ = 10%,
MW > 700kDa, Biosynth Ltd., Berkshire, UK), and carboxymethyl-dextran
(CM-Dex, ¢ = 12%, MW = 500kDa, TdB Labs AB, Uppsala, Sweden) were
compared to hyaluronic acid (HA, ¢ = 8%, MW = 70 — 80kDa, Biosynth).
The respective macromolecule concentrations were adjusted such that a
comparable, good tribological performance was achieved. Unless stated
differently, the lubricants were prepared in phosphate buffered saline
(PBS, pH = 7.4, Sigma).

2.3. Surface coatings

To promote interactions with the anionic lubricants, the top-layers in
each coating were created from dextran variants which locally provide
cationic groups (amines), i.e., Lysine-Dextran and Q-Dextran (TdB Labs).
Coatings were applied by employing either a multi-step carbodiimide-
mediated coating process [11,21,23,24], or a two-step dopamine-based
coating process [12,18,19]. Previously it was shown that those coatings
have no undesired effects on the surface roughness, transparency, or
flexibility of the employed substrate [11], and this could be confirmed
by Fourier-transformed infrared (FTIR, see supplementary information
SI1) and DSC scans (see SI 2).

2.3.1. Carbodiimide-mediated coating process

The coating process for PDMS was conducted as published by Win-
keljann et al. [30]. For coating the thermoplastic PCU, the process pa-
rameters as described by Bauer, Lieleg [11] were applied. Different
process parameters were required to account for differences in the
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materials’ susceptibility to plasma treatment and to compensate for the
reduced incubation temperature applicable to PCU (which is due to its
relatively low Vicat temperature). In the following process descriptions,
different conditions applied to PDMS and PCU, respectively, will be
listed in curved brackets as follows: {applied to PDMS/applied to PCU}.

In brief, the surfaces of the samples were activated by employing a
low-pressure atmospheric plasma (pahs = 0.4 mbar, power supply:
{30 W/56 W}, treatment time: {1.5 min/25 min}). Immediately af-
terwards, each sample was immersed into a silane solution containing
1% (w/v) TMS-EDTA (N-[(3-trimethoxysilyl)propyl] ethylenediamine
triacetic acid trisodium salt, abcr GmbH, Karlsruhe, Germany)
dissolved in 10 mM acetate buffer at pH 4.5 and incubated at {60 °C/
37 °C} for {5 h/8.5 h} to create a silane pre-coating. Subsequently,
the samples were dipped into isopropanol to wash off any excess so-
lution. Silane stabilization was conducted at {110 °C & atmospheric
pressure/room temperature (RT) & pp| = —800 mbar to —600 mbar}
for {1 h/16 h}. Afterwards, the samples were washed in 96% (v/v)
ethanol to remove any unbound silane molecules. To initiate the
macromolecular coupling step, the samples were incubated in a
freshly prepared solution containing 5 mM EDC (1-ethyl-3-(3-dime-
thylaminopropyl)carbodiimide-hydrochloride) and 5 mM sulfo-NHS
(N-hydroxysulfosuccimid sodium salt, aber) dissolved in 100 mM
MES (2-(N-morpholino ethanesulfonic acid, AppliChem GmbH,
Darmstadt, Germany) buffer at pH 5 for 30 min. Subsequently, the
samples were immediately transferred into Dulbecco’s phosphate
buffered saline (pH = 7.4, DPBS, Sigma-Aldrich Inc., Darmstadt,
Germany) containing 0.05% (w/v) lysine-dextran (MW = 150 kDa,
TdBlabs, Uppsala, Sweden). After an incubation period of at least 16 h
at 7 °C, the macromolecular coupling was finalized, and the samples
were cleaned in 80% (w/v) ethanol.

2.3.2. Dopamine-based coating process

Asdesaibedin [11], bothPDMS pins and PCU foils were treated inthe
same way. To prevent undesired sedimentation and attachment of larger
(poly-)dopamine agglomerates onto the surfaces, the samples
were positioned vertically in a freshly prepared solution containing
0.4% (w/v)dopamine hydrochloride (Sigma-Aldrich)dissolved in 20 mM
HEPES buffer (4-(2-hydroxyethyl)—1-piperazineethanesulfonic acid;
pH 8.5) and incubated for 3 h. To wash off excess (poly-)dopamine, the
samples were dipped into ddH20 and subsequently incubated in 20 mM
HEPES buffer (pH 7) containing 0.1 (w/v)% Q-dextran (MW = 150 kDa,
TdBlabs) at RT overnight. To remove any unbound macromolecules, the
samples were dipped into ddH0, then into 80% ethanol, and again into
ddH,0. Finally, all samples (independent of how they were coated) were
either placed into 20 mM HEPES buffer (pH 7) and stored at 7 “C until
further use, or they were dried at RT for at least 24 h (for tests conducted
with dry samples).

The successful application of the coatings was assessed by contact
angle measurements [11] and FTIR scans (SI 1).

As top-layer molecules, dextrans (MW: 150 kDa) were selected, Such
dextrans were previously used in various biomedical studies — especially
asa base material for drug delivery applications and tissue engineering
purposes [34,35]. Dextrans are commercially available at different
molecular weights, and they can carry different functionalizations (e.g.,
charged residues) [34,36,37]. Based on the findings presented by Ima-
mura et al. [38], a glass transition temperature of > 100 °C was esti-
mated for dextrans with a molecular weight of 150 kDa; this indicates
that, at the applied testing temperatures used in this study (max. 30°C),
the dextran layer should not exhibit autohesive behavior. To enable
good electrostatic interactions with the anionic macromolecules present
in the studied lubricants, Q-dextran was chosen due to its strong cationic
character (according to the manufacturer). Moreover, in pretests, we
observed a strong interaction of this Q-dextran with dopamine layers,
which renders those dextrans suitable components for a dopamine-based
coating. However, since such Q-dextran molecules do not possess pri-
mary amine groups, applying the carbodiimide-mediated coating
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strategy to them was chemically not feasible. Thus, as a suitable alter-
native, the zwitterionic lysine-dextran was used for carbo-coatings since
this molecule comprises the samedextran backbone, was available atthe
same molecular weight, and, at least locally, camries cationic groups as
well,

2.4. Rotational tribology

Friction examinations conducted in static contact between the
tribological partners were performed as described in detail in [30]. In
brief: a commercial shear rheometer (MCR 302, Anton Paar, Graz,
Austria) was equipped with a tribology unit (T-PTD 200, Anton Paar),
and a ball-on-cylinder geometry was employed. As a counterpart to the
(coated) PDMS cylinders (see above), a steel sphere (¢ = 12.7 mm,
Kugel Pompel, Vienna, Austria) was selected. Measurements were per-
formed at a constant normal force of Fy = 6 N such that friction re-
sponses in the boundary, mixed, and hydrodynamic regimes could be
probed within the accessible speed range, which additionally corre-
sponds to a reasonable velocity range for biomedical applications
[30-42], Based on the Hertzian contact theory [43], an average
contact pressure pp =~ 0.31 MPa was estimated (Young's moduli:
Eqeel = 210 GPa, Eppys =~ 2 MPa; Poisson’s ratios: bge ~0.30,
Vppms = 0.49) [44]. The speed-dependent friction behavior (reported by
the coefficient of friction, CoF) was evaluated by running a logarithmic
speed ramp decreasing from = 700 to 0.001 mm/sY, For each mea-
surement, 600 pL of lubricant were required; as all measurements were
conducted at 28 °C, a moisture trap was installed around the setup to
avoid evaporation of the lubricant.

2.5. Linear tribology: basic measurements

To conduct tribological measurements in migrating contact between
the tribological partners, an oscillatory tribology setup employing the
same commercial shear theometer as for rotational tribology measure-
ments was used. However, now it was equipped with a measuring unit
(P-PTD200/80/1, Anton Paar) that allows for connecting dedicated
sample holders via a thread. For all oscillatory tribology experiments
conducted here, a sample holder made from stainless steel (which pro-
vides a planar surface) was connected to this measuring unit. On the
opposing side, a custom-made, maneuverable measuring head (which
was based on the measuring head described in detail by Winkeljann
etal. [45]) was connected to a measuring shaft for disposable measuring
heads (D-CP/PP 7, Anton Paar). The measuring head used here has the
same main geometric specifications as the one described in [45]; how-
ever, instead of steel spheres, each of the three sample holders was
equipped with a custom-made, dedicated PDMS pin (cylinder (@ 7 mm)
having a rounded edge (radius = 3 mm) on the side facing the opposing
sample holder); owing to their rounded edges, those dedicated PDMS
pins provide a planar surface (¢ = 3 mm), which allows for conducting
friction measurements without generating edge artefacts.

For each measurement run, three sets of samples comprising a rect-
angular sample (~ 12 mm x 8 mm, attached to the stainless-steel bottom
plate via double-sided adhesive tape) and a circular one (@ = 6 mm,
attached via spontaneous adhesion to the PDMS pins mounted in the
measuring head) were required. The circular shape of the second sample
further reduces the occurrence of undesired edge effects when this cir-
cular sample is moved over the rectangular sample during the tribo-
logical measurement.

For all linear tribology measurements conducted here, 225 L of the
desired lubricant were applied per set of samples. Since all measure-
ments were conducted at 28 °C, a moisture trap was installed around the
setup to avoid evaporation of the lubricant. During the measurements,
the circular samples were moved over the rectangular samples at a
sliding frequency of 1 Hz and over asliding angle of 0.15 rad; for such a
small ratio of the sliding angle/distance to the radius of the measuring
head (18 mm), the movement can be approximated to be almost a
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straight line. This specific frequency and sliding angle were chosen as
they result in maximum sliding velocities of — 10 mmy/s, which lie in the
intermediate range of sliding velocities examined wa rotational
tribology and do not induce inertia-based artefacts at the turning points.
Basic measurements were conducted with coated samples in combina-
tion with a macromolecular lubricant only. For these measurements, the
average contact pressure was (compared to the rotational tribology
setup) raised to 0.5 MPa; this was necessary as, in pretests (when
employing contact pressures close to the previously employed 0.3 MPa
for longer periods) it was observed that the circular foils would tend to
lose contact with the PDMS pin mounted in the measuring head. Mea-
surements were run continuously for 45 min and data points were ac-
quired five times per minute.

2.6. Scanning electron microscopy

Uncoated or coated PCU samples were sputtered with gold and
examined on a scanning electron microscope (SEM, Jeol JSM-7600F,
Jeol (Germany) GmbH, Freising, Germany), employing an acceleration
voltage of 10 kV, a working distance of 10 mm, a spot size of 45 and a
detector for secondary electrons. Images were acquired such that the
interface between the PCU foil and the background was clearly visible.
For image evaluation, the software IMS (Imagic, Bildverarbeitung AG,
Glattbrugg, Switzerland) was used. The thickness of each coating was
estimated by subtracting the mean value obtained for the uncoated
samples from the mean value of the coated samples and conducting error
propagations,

2.7. Linear tribology: long-term measurements

These long-term tests were run with coated as well as with uncoated
samples; in all cases, a 12% CM-Dex solution was used as a lubricant,
and the total testing period was 9 h. To enable measurements running
effectively also on the uncoated samples, several adaptions and com-
promises had to be made: in addition to reducing the applied load
during the long-term tests to 0.4 MPa, this load was not applied directly
in full, but stepwise, i.e., starting at 0.15 MPa and increasing the load
every 3 min by 0.5 MPa until the full load was reached. If the foils stuck
to each other or if the circular foil detached from the PDMS pin, the
measurement was interrupted, the circular samples were cleaned and
reattached to the PDMS pins, and the test was restarted (on the same
area of the rectangularsamples as before) but the time for each load step
until the full load was reached was reduced to 90 s each. The resulting
CoF was recorded twice per minute; additionally, to evaluate the mea-
surement reliability, the following three parameters were traced:

‘sets’: average number of sets required to identify a set of samples
effectively enabling a tribological measurement (if the measurement
initiation was unsuccessful for —7 times, a new sample set was used)
- ‘runs’: average number of effective measuring runs required per set
of samples to achieve the full run time

‘(re-)starts’: average number of measurement initiations required per
set of samples to achieve the full run time

Once the full runtime of 9 h (running at full load) was reached on a
set of samples, the measurement was terminated.

2.8. Confocal laser scanning microscopy

Confocal laser scanning microscopy was conducted using a VK-
X1000 microscope (Keyence, Oberhausen, Germany) equipped with a
20x magnification lens (CF Plan, NA = 0.46; Nikon, Chiyoda, Tokyo,
Japan). Prior to performing the measurements, all samples were dried
and cleaned with particle-free pressurized air. Then, the samples were
placed onto a glass slide using a droplet of distilled water as a thin spacer
to allow the measuring device to automatically differentiate between the
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very thin, transparent foils and the glass slide.

For samples that had been exposed to the long term tribological
testing, the entire visible contact area was captured as one stitched
image. Therefore, the lubricant employed for the long-term tests was
removed by thoroughly cleaning the samples in ddHz0.

To derive quantitative surface roughness parameters from the
captured images, the software MultiFileAnalyzer (Keyence) was used.
To preprocess the images, first, a linear tilt was removed; second, the
sample waviness (a wave form with correction strength of 10 out of 20)
was subtracted; third, artefact valleys (created when the measurement
process penetrated into the transparent material) were removed by
inverting the height, cropping the peaks (employing medium intensity
as defined by the program), and inverting the height once more such
that the sample was in its original orientation again. On each adjusted
topographical image, a rectangular area (~ 7 mm?) was defined that was
located centrally within each contact area. Then, the following metro-
logical parameters (based on ISO 25178-2) were calculated: the root-
mean-square-height Sq:

and the peak extreme height Sy, which is defined as the difference in
height z between an areal material ratio of 2.5% and of 50%. This set of
parameters was chosen as 5, is a frequently used surface roughness
parameter giving a general overview over the height distribution of a
sample surface. Additionally, S, was selected as a peak-related
parameter to detect any signs of wear or abrasion generated in
response to the long-term treatment,

2.9. Resilience assessments

Coated samples were exposed to different application-oriented
treatments to compare the resilience of the coatings towards such
relevant processes. Subsequently, those coated and treated samples
were examined by employing linear tribology tests, surface zeta po-
tential measurements, a surface morphology analysis, and FTIR scans
(see SI 4 & 5).

2.9.1. UV disinfection

For treatment with ultraviolet light, samples were immersed into
PBS, placed into a commercial UV sterilization chamber (BLX-254;
Vilber-Lourmat GmbH, Eberhardzell, Germany) and exposed to UV light
(wavelength of 254 nm; 4 x 8 W) for 1 h.

2.9.2. Storage

To assess the storability of the samples, coated samples were UV
disinfected and dipped into 80% ethanol (to avoid bacterial contami-
nation) and then stored either immersed in PBS at T = 7 °C (cold) or at
T = 30 °C (warm) or dehydrated and stored at T— 21 °C (dry).

2.9.3. Sterilization

Two different sterilization methods were applied. Treatments with
y-irradiation (‘gamma’; dose: 25-50 kGy; system type: JS9000; complied
standards: EN ISO 9001, EN ISO 13 485, EN ISO 11137-1) or ethylene
oxide (‘ETO’; duration: 5 h, temperature: 45 °C, pressure: 610 mbar,
average ETO concentration: 700 mg L™ 1) were conducted by employing
commercial standard processes available at the company steripac GmbH
(Calw, Germany). For both treatments, the samples were stored in
sterilization bags.

2.9.4. Evaluation measurements after resilience treatments
2.9.4.1. Linear tribology measurements. Coated samples subjected to

either of the treatments described above were examined employing
linear tribology to investigate the influence of the different reatments
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on the coating functionality, i.e., the tribological performance of the
coated foils. If the samples were previously stored or treated in a dried
state, they were rehydrated in PBS at 7 °C for at least 24 h. The average
contact pressure was set to 0.5 MPa, data points wereacquiredevery 20 s,
and the maximal run timewas 20 min. Incase the foils stuck to each other
during testing, themeasurement was terminated preliminarily. Then, this
shortened run time, i.e., the time for which the movable foil slid over the
fixated foil without the autohesive foils sticking together, was defined as
effective run time and traced for all samples in addition to the CoFs.

2.9.4.2. Surface zema potentials. Zeta potentials for bare, coated, as well
as coated and treated foil surfaces were determined using a SurPASS 3
Eco device (Anton Paar) equipped with an adjustable gap measuring cell
for planar samples (Cat. No. 159880, Anton Paar). To avoid (re-)hy-
dration effects of the coatings or substrates affecting the measurements
in different ways, all samples were stored in PBS for at least 4 h prior to
any measurement. A set of two identical samples was inserted into
the measuring cell and the gap height was adjusted to a value between
95 pm and 110 pm. Prior to each measurement, the cell was flushed at
least twice with an electrolyte solution (2% PBS at pH 7.4).

2.9.4.3. Fourier-transformed infrared spectroscopy. The FTIR spectra
were acquired using a Nicolet iS50 Smart ITX ATR Diamond - FTIR
spectrometer. Spectra were recorded at a 2 pm resolution, with 20 scans
per sample, and in acquisition mode attenuated total reflectance (ATR).
Spectra were detected for wavenumbers ranging from 4000 cm™! to
525 em™! and evaluated in absorbance format. The background was
characterized by scanning the empty sample stage only.

3. Results and discussion

To identify the most suitable lubricant to be combined with the two
examined coatings, the friction responses obtained with different lubri-
cants are compared. On uncoated samples, all four macromolecular lu-
bricants show a similar and clearly improved lubricity compared to
ddH30 (Fig. 1a). Only at very high sliding velocities above ~ 200 mm/s
this trend is reversed. However, those high sliding speeds are not relevant
for biomedical applications, where velocities over a few hundred mm/s
are rarely exceeded [40-42].

If lubricated with ddH;0 only, samples camrying either a carbo-
coating (Fig. 1b) or a dopa-coating (Fig. 1c) return similar coefficients
of friction (CoF) as uncoated samples. However, once combined with
one of the macromolecular lubricants, a strong decrease of the CoF is
observed, especdially in the boundary and mixed lubrication regime,
resulting in CoFs constantly below 0.04 (which is not achieved when
using either coatings or lubricants only).

Next, a linear tribology setup is employed, which enables measuring
the friction response between two identical samples, ie., two polymeric
foils carrying the same coating. Here, a reciprocating motion is applied
at a constant frequency and stroke length. The CoFs determined for
either coating/lubricant combination (Fig. 1d-e) are around ~ 0.1 or
below and stable over time. Owing to the strongly autohesive behavior
of the PCU films (glass transition temperature Ty = —10°C [46], transi-
tion range confirmed by DSC scans, see SI 2) used here and in all
following tests [11], it is not possible to reliably measure samples car-
rying either only a coating (and not a biopolymer lubricant) or samples
carrying no ccating. Consistent with the results of the rotational
tribology measurements, CM-Dex solutions somewhat outperform the
other lubricant options for both ceating variants; consequently, all
further measurements are conducted with this lubricant.

Prior to assessing the durability of the coatings, their thickness is
analyzed. Therefore, images depicting the sideview of the samples are
captured via scanning electron microscopy; here, the bulk material and
the interface (containing the surface coatings) are clearly differentiable
(Fig. 2). Consequently, the thickness of the coatings can be estimated by
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subtracting the mean interface thickness determined for uncoated sam-
ples from the mean interface thickness determined for both coated sam-
ples and applying error propagations. With this approach, a thickness
d for the carbo-coating and the dopa-coating of dcarpo = (0.25 + 0.07)pum
and dyopa & (0.95 + 0.29)um), respectively, is estimated. The individual
values determined for the interface thicknesses can be found in SI 3.
Toassess the durability of the very thin coatings, first extended linear
tribology measurements (total run-time: 9 h) are performed and the
influence of the coatings on wear generation is assessed. For compari-
son, measurements on uncoated samples are conducted as well. Such
long-term tests are possible for all samples (Fig. 3a-c). However, they
require varying effort as indicated by the number of sample sets needed
to effectively start a ement (if the ement initiation was
unsuccessful for ~7 times, a new sample set was used). For carbo-coated
samples, each set allows for starting a measurement; for uncoated
samples, typically two sets are required. During the measurement, the
carbo-coated samples show a highly reproducible behavior without any

stick-slip-effects and without any interruption of the sliding movement.
Uncoated and dopa-coated samples retumn less steady CoF traces;
moreover, for both sample types, several interruptions of the sliding
movement occur, and several measurement initiations/restarts are
required. This undesirable behavior is also associated with wear gen-
eration: for uncoated samples, scratches and surface distortions are
clearly visible after tribological treatment; in contrast, carbo-coated
samples show now clear signs of wear (Fig. 3d-e).

On tribologically treated dopamine-coated samples, some surface
distortions are observed (Fig. 3f). For surface morphologies of single
images of the different coating/treatment combinations, see SI 4. Sur-
face roughness parameters derived from such profilometric images
confirm this impression: the root mean square height S; and the peak
extreme height S, remain constant for carbo-coated samples; in
contrast, for the other two samples, those two parameters are increased
by the tribological treatment (Fig. 3g-h). Thus, it can be concluded that
the carbo-coating provides better wear protection.
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ings: a) - ¢) average CoF determined during linear tribology measurements running for 9 h. For definitions of ‘sets’,

‘runs’, and ‘(re-)starts’, see method section (2.7). d) - f) exemplary profilometric images of (coated) samples after treatment. g) - h) comparison of two surface
roughness parameters before and after treatment. The legend below f) applies to all subfigures, the legend next to h) applies to g) and h). Error bars depict the

standard deviation as determined for at least 3 (sets of) samples.

Next, the resilience of the coatings towards different storing condi-
tions (Fig. 4) and sterilization methods (Fig. 5) is compared. In addition
to the CoF, the effective runtime (eRT; maximum runtime per mea-
surement: 20 min) is monitored, which is defined as the time for which
the movable foil slides over the fixated foil without the autochesive foils
sticking together. A coating/lubricant combination is rated to be func-
tional if it continuously separates the two foils. In those tests, always the
same lubricant is used; thus, differences in the tribological performance
of the systems are dictated by the coating.

To avoid bacterial contaminations, all samples used for storage tests
were disinfected by treating them with UV-irradiation; accordingly, UV-
treated coated samples serve as an additional reference group (Fig. 4a).
Such UV treatment has only an effect on the surface charge of the carbo-

coated samples (bottom diagram), which is probably caused by in-
teractions of the UV irradiation with the silane layer [47] used during
the carbo-coating process. The tribological behavior of the
carbo-coatings seems not to be affected by the UV treatment; however,
the CoFs recorded for dopa-coatings are slightly increased (top diagram,
bars). Nonetheless, both UV-treated coatings enable successful lubrica-
tion as they achieve decent CoFs of ~ 0.1 and eRTs of 20 min (top dia-
gram, circles).

For samples stored at different conditions, the obtained CoFs are
plotted over the eRTs (Fig. 4b-d). In such a diagram, a well-performing
coating would lie in the bottom right area of the diagram; and indeed,
this is where most of the carbo-coatings are located independent of their
storage conditions. In contrast, dopa-coatings tend to show increased
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CoFs and/or reduced eRTs. Possibly, the dextrans bound to the dopa-
mine layer detach over time, thus exposing the sticky dopamine layer;
this, in turn, would trigger a rapid inhibition of the relative movement
between the foils. However, an unexpected behavior is observed for both
coatings when stored ‘warm”: here, the carbo-coating enables successful
lubrication for each tested sample even after a storage period of
200 days with only weakly increased CoFs. Furthermore, the lubrication
performance of the dopa-coated samples, which suffers after short pe-
riods of storage, appears to improve again with longer storage times,
Such a behavior might be explainable by consecutive failure of the two
layers comprising the coating, i.e., if first the dextran layer detaches and
later also the sticky dopamine-layer detaches from the PCU foils. Inde-
pendent of the storage condition, the surface zeta potentials of carbo-
coated samples remain unchanged when compared to the UV-treated
references samples (Fig. 4b-d). In contrast, dopa<coated samples
exhibit decreased surface potentials, which underscores the previous
notion that those coatings are not fully stable over time.

However, for many medical devices, disinfection is not sufficient, but
sterilization is required. Thus, next, the influence of common steriliza-
tion methods, i.e, treatments with ethylene oxide or with y-irradiation,
on the coatings are examined. Since such sterilization processes can also
affect the bulk material [48], alterations in the behavior of uncoated
samples are monitered as well (Fig. 5, white symbols). Moreover, since
the full sterilization processes (which include sample drying, shipment
forth and back, sterilization, degassing, and rehydration) are very
time-consuming, the sterilized samples are compared to stored samples
(which were prepared and tested on the same days).

In line with our expectation, the storing process itself has hardly any
influence on the friction response of the uncoated and carbo-coated
samples; however, the response of the dopa-coated samples is some-
what affected. Interestingly, the uncoated material appears to be
affected by the sterilization processes as the eRTis reduced to less than 2
min for ethylene oxide treated samples and to less than 1 min for
y-irradiated samples. In contrast, both coatings seem to mitigate this
undesired effect. A similar picture emerges when analyzing the surface
zeta potentials (Fig. 5, bottom): Storage of the uncoated material leads to
a strong decrease of the overall surface charge, but this effect is reduced
by the coatings. The same trend is obtained for the sterilized samples
and confirmed by FTIR scans (as well as images of the surface mor-
phologies, see SI4), for which the most strongly influenced wavenumber
ranges, which are associated with aliphatic hydrogen vibrations, are
depicted in Fig. 5¢. Here, both coatings appear to offer improved resis-
tance to the sterilization treatments, with carbo-coated samples expe-
riencing basically no change and the dopa-coated samples only minor
changes compared to the uncoated samples (for the full FTIR scans as
well as a detailed analysis and discussion of the observed bands, see SI
5). Overall, for all presented evaluations, the carbocoated samples
appear to be affected the least.

4, Conclusions
With both coating types, two PCU surfaces can be sufficiendy

lubricated to allow for a smooth relative sliding movement. During long-
term load or storage, the more labor-intensive carbodiimide-mediated
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Fig. 5. Influence of stertlization processes on the coatings a) linear tribology results (lubricated with 12% CM-Dex), b) surface zeta potential measurements (at pH =
7.4), and c) FTIR scans for uncoated (white/gray), carba-coated (light blue), or dopa-coated (dark blue) samples after treatment with ethylene oxide (green outline/
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ground). Error bars depict the standard error of the mean as determined from at least three sets of samples.

coatings outperform the easy-to-generate dopamine-coatings; this holds
true with regard to reliability, the ability to avoid stick-slip events, and
durability.
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SI'1  Fourier-transformed infrared spectroscopy (FTIR)

Spectra determined for uncoated and coated PCU samples are displayed in Figure SI 1.

03 0.2 ~ dopa-coated |
— carbo-coated
— uncoated T14
0.1 sy
+1.2 3
1400 1320 §
+0.0 los g
: 0.07 S
2950 2800 104 ®
0.01
1680 1600 0.0
lllll[lllllllllll;lllll}lllll:lllﬁilllll|lllll{lllll=llllI=lllll

3850 3550 3250 2950 2650 2350 2050 1750 1450 1150 850 550
wavenumbers [cm™!)

Figure SI 1: FTIR spectra of uncoated and coated PCU samples: Results obtained for uncoated PCU
(grey), carbo-coated PCU (light blue), and dopa-coated PCU (dark blue) foils are displayed.
Important ranges in the spectra are marked by the colored frames (turquoise, grey, and orange) and
depicted as enlarged details in frames of the corresponding color.

Even though these FTIR spectra are — overall — rather similar, it is possible to detect some

differences, especially within the following wavenumber ranges:

1) 2800 —3050 cm™ (turquoise frame),
2) 1600 — 1680 cm™ (brown frame),
3) 1320 — 1440 cm™ (orange frame).

The most noticeable changes in the spectra occur in the 2800 ¢cm™ to 3000 cm™ range, where
aliphatic hydrogen vibrations are observed. The coated samples each consist of at least three
different compounds (i.e., the PCU substrate, the intermediate layer, and the top-layer
molecule), all of which have spectra reported in literature we can use to make comparisons
with. [1-6]
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For the uncoated PCU sample, the highest abundance of peaks is expected for CH2
asymmetric and symmetric stretching occurring at 2938 cm™ and 2862 em™, respectively. The
shoulder at 2955 cm™! of medium to low intensity is likely CHs asymmetric stretch, with the
lower intensity symmetric stretch overlapping with the CH> symmetric stretch. Other than
these vibrations, there are peaks of medium to low abundance at 2920 em™ and 2905 em’',
which may be aliphatic vibrations from polymer additives such as plasticizers, solvents, or
from certain parts of the polymer that are not accounted for by considering the functional
groups. Without detailed knowledge about the synthesis and preparation of the commercial

polymer material, a more detailed discussion is not possible.

For the dopa-coated PCU, the spectrum shows two distinet peaks at 2920 cm™ and 2950 em’!
identified as CH3 and CH2 asymmefric stretch, with complementary symmetric vibrations at
2855 cm™' and 2835 cm™'. The shift to lower wavenumbers of these groups is consistent with a
positively charged group such as a quaternary amine, and the peak positions correspond well
with the spectra reported for quaternary amine. [6] A peak at 1377 cm™' can be seen for the
dopa-coated PCU sample; this peak is also strong in the spectrum of a quaternary amine and
is likely to represent a CHj vibration mode. The lack of a similar increase in the ~1450 cm’!
CH; peak may indicate a dominant CHj; content over CH: in the dopa coating — but this notion
is not supported by the C-H stretching modes. It should also be noted that a C-H stretching is
by no means unique to a quaternary amine and could be the result of other constituents. For
instance, if the main functionalization of the surface is achieved through hydrogen bonding,
then this would also show up in this range as a shift in C-H vibrations. To specifically assign
the observed changes to the compositional chemistry, a more in-depth study would be needed.
The primary amine band is present at 1635 cm™', but with a low abundance; the complimentary
N-H stretching in the range 3450-3160 cm™ is not observed, likely due to the low abundance.
The secondary amine N-H stretch at 3335 em™! has a high abundance but is present for both,

coated PCU films and the uncoated PCU film alike, making an evaluation difficult.

For the carbo-coated PCU sample, there is almost no change in the recorded absorbance
(compared to uncoated PCU foils) except for a decrease in intensity for the peak at 2920 cm’'.
The lower abundance of this peak is likely due to a change in the PCU film rather than the

coating, as the abundance of all other peaks remains unchanged. This change may be due to
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the removal of lighter aliphatic species dissolved in the polymer network, and such a removal
may occur during the atmospheric plasma treatment (@ 60 W for 25 min) and/or as a

consequence of the foil exposure to highly concentrated solvents (e.g., 96 % ethanol for 1 h).

Mainly, those results indicate that applying the coatings has induced minor changes to the
material. For the dopa coating, the influence of the coating components is detectable in the
spectra, whereas for the carbo-coating, the processing itself appears to have the greatest
influence. It should be noted that FTIR tends to favor chemical groups with a strong dipole,
and a more in-depth study would be required if the chemical composition of the coating and

the polymer were to be described in full.
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SI12 Differential scanning calorimetry

To analyze how the applied coatings influence the heat thermal behavior, differential scanning
calorimetry (DSC) scans were conducted. Therefore, a differential scanning calorimeter (DSC
300 Caliris, Netzsch Gerdtebau GmbH, Selb, Germany) was employed and DSC scans were
performed from -40°C to 300°C at 10°C/min. A protective flow of nitrogen at 20 ml/min was
used for all measurements with sample weights of 10.2 mg, 11.3 mg, and 11.5 mg for the
uncoated, dopa-, and carbo-coated samples, respectively. To fit the DSC pans, the samples
were cut into squares using lab scissors and sealed in lidded aluminum pans. The heat flow
recorded by DSC for the uncoated, carbo-coated, and dopa-coated PCU films are presented
Figure SI 2.
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Figure SI 2: Influence of the coatings on the thermal behavior of the PCU jfoils: The heat flow
detected for temperatures ranging from -40 °C to 250 °C is displayed for uncoated (grey), carbo-
coated (light blue), and dopa-coated (dark blue) PCU samples.

For all three sample types, the onset of the glass transition was estimated to be at -29 °C, while
the inflection point was estimated to be at -22 °C. The melting temperature was recorded from
the maximum of each broad melting peak and was determined to be 161°C for the uncoated

and dopa-coated sample, and at 162°C for the carbo-coated sample. This melting temperature

5
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is within the expected range for poly(urethane carbonates). [7] The difference between the 7,
and T values we obtained for the uncoated PCU and the values stated by the manufacturer
might be caused by different measurement conditions and/or sample dimensions/preparations.
Nonetheless, especially the Ty values are still in a similar range and — more importantly —

clearly below the temperature ranges used in this study.

For the carbo-coated sample, a sharp exothermic peak followed by an endothermic peak is
observed around 0°C. The second feature may represent the melting of N-[3-
(Trimethoxysilyl)propyl]-ethylenediamine which is reported to have a melting temperature of
0°C; and the exothermic behavior is expected for a crystalline material and is often observed
for amines owing to strong hydrogen bonding. [8] Additionally, for all samples, there is an
endothermic peak around 76°C followed by a slight endothermic peak at 100°C; the origin of

those two peaks are most likely ethanol and water evaporation.

Overall, the DSC data suggests that the coatings do not significantly change 7y nor Th,.
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SI3  Scanning electron microscopy (SEM)

The individual interface thicknesses din derived from the acquired SEM images are listed in

Table SI 1.

Table SI I: Individual interface thicknesses derived from SEM images

dlnt,uncoated dint,carbo d int,dopa
[um] [1m] [um]
0.458 0.353 1.573
0.390 0.606 1.504
0.407 0.641 0.576
0.274 0.672 1.000
0.462 0.925 0.865
0.356 0.673 0.424
0.119 0.504 0.712
0.390 1.052 1.001
0.256 0.475 1.068
0.222 0.407 4.525
0.084 0.527 5.288
0.628 0.797
0.477 0.763
0.441 0.848
0.202 1.017
0.370 0.966
0.289 0.949
0.322 0.133
1.441 0.687
0.814 0.599
0.678
0.538
0.404
0.356
0.441
0.407

These values result in mean interface thicknesses of din¢uncoatea = (0.31 + 0.04) um

dint.carbo = (0.56 + 0.05) um, and cf,-nt‘dopa = (1.26 *+ 0.29) um, respectively. The lowe

number of values determined for uncoated samples is caused by the fact, that the visibl¢

interface was for several images so thin, that it was not possible to reliably determine ar

interface thickness.

123



Controlling the Adhesive Properties of
Polymeric Materials by Surface Functionalizations

SI4  Surface Morphologies

To compare the influence of the coatings and/or treatments on the surface morphologies of the
PCU foils, profilometric images were captured as stitched collections of 3 horizontal and 4
vertical single images. To display the surface morphologies, the single images were
preprocessed as described in methods section (2.6) in the manuscript; then, representative
images for each coating/treatment combination were chosen and compared qualitatively to
each other together with the corresponding laser microscopy images. Such morphologies are

displayed for coated and long-term treated samples in Figure SI 3, and for coated and sterilized
samples in Figure SI 4.

Uncoated

pm
\\250

Untreated

Long-term treated

Figure SI3: Surface morphologies and laser microscopy images of coated and long-term treated
samples: For each coating/treatment combination, a representative set of images (taken with 20x
magnification) of the resulting surface structure is displayed; colored images represent height-scaled
3D surface morphologies (top pictures); grey-scale images represent laser microscopy image (bottom
pictures). The color scale located between subfigures a) and b) applies to all images depicting surface
morphologies.
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In Figure SI 3, when comparing the images of the untreated samples displayed in the top row,
the impression is confirmed, that neither coating appears to have a major influence on the
surface morphologies of the samples. However, when each untreated sample is compared to
the corresponding long-term treated sample (i.e., samples exposed to 9 h of tribological load)
clear differences can be observed. Whereas, on the images of the uncoated, long-term treated
sample obvious grooves and valleys from the continuous linear movement are evident, almost
no change is perceptible if the images associated with the carbo-coating are compared. On the
images of the long-term treated, dopa-coated samples some signs of increased roughness and

abrasion are visible.

If the images in Figure SI 4 are compared with respect to the coating type, i.e., column-wise,
neither of the two sterilization treatments appears to have a strong influence on the surface
structures or appearance of the foils when compared to each corresponding “stored” sample.
Overall, the microscopy images are quite similar, and all surface morphology images can be
colored using the same color scheme as their surface roughness is close to zero. However, there
seems to be a small difference between the treated, uncoated samples and the control group
(uncoated, untreated — only stored), which is not observable for either of the coated samples.
This indicates that the applied surface coatings might help reduce putative influences the

sterilization procedures have on the substrate material itself.
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Uncoated Carbo-coated

529 pm 529 pm

Stored

ETO-treated

Gamma-treated

Figure SI 4: Surface morphologies and laser microscopy images of coated and sterilized samples:
For each coating/treatment combination, a representative set of images (taken with 20x
magnification) of the resulting surface structure is displayed; colored images represent height-scaled
3D surface morphologies (top pictures); grey-scale images represent laser microscopy image (bottom
pictures). The color scale located between subfigures a) and b) applies to all images depicting surface
morphologies.
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SIS  FTIR scans of sterilized samples

To examine putative influences of the sterilization processes on the substrate material or

coating composition, FTIR scans were conducted as described in SI 1. In Figure SI 5, the

spectra obtained for stored (uncoated or coated) samples are compared to spectra determined

for samples subjected to a sterilization treatment.
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== ETO-treated gamma-ireated stored

3: FTIR spectra of different foil samples: spectra are shown for a) uncoated, b) carbo-

coated, and ¢) dopa-coated samples which were treated with either ethylene oxide fumigation (ETO,
green) or y-irradiation (gamma, yellow), or simply stored in a dry state (stored, beige). The legend

at the bottom of the figure applies to all subfigures.
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When using the stored samples as a reference, for each sterilization treatment, the changes
caused by the sterilization process can be studied. For the uncoated samples, there is a strong
change in the abundance of aliphatic C-H stretching vibrations in the 3000-2800 cm™ range
and in the vibrations around 1377 cm’!. The ETO-treatment seems to trigger the appearance of
two strong peaks indicating CHs and CH2 asymmetric stretching. These peaks are similar to
the bands we notice for the unsterilized dopa-coated sample in Figure SI 1; for uncoated
samples, those must originate from the ethylene oxide fumigation. The simplest explanation
would be that the observed bands are caused by hydrogen bonding of residual ethylene oxide

molecules.

For carbo-coated samples, we detect no noticeable change in the FTIR spectra upon either
sterilization treatment. It is, however, not fully clear why this is the case. Potentially, a change
in the surface properties caused by the plasma treatment (@ 60 W for 25 min), removal of
lighter aliphatic species upon exposure to highly concentrated solvents (e.g., 96 % ethanol for
1 h), or the presence of the dextran layer on the surface could have rendered the foils more
resistant to alterations by sterilization. In any case, the result indicates that the carbo-coated

samples exhibit an increased inertness toward the two sterilization methods than uncoated foils.

For the dopa-coated sample, both sterilization treatments reduction the abundance of the CH>
and CH3 asymmetric stretch at 2920 em™ and 2950 cm™, as well as the 1377 em™ CHj peak.
This result could indicate a change in the coating or of selected exposed groups from the
coating; however, without spectral changes outside the aliphatic C-H vibrations, it is difficult

to make a more detailed assessment.

Overall, both coatings appear to provide the foils with improved resistance towards the two
sterilization treatments tested here — with the carbo-coated samples experiencing basically no
change and the dopa-coated samples only minor changes compared to the uncoated samples.
However, to fully assess and understand the origin of this enhanced resilience introduced by

the coatings, further studies would be needed.
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Effects of Sterilization Methods on the Integrity and
Functionality of Covalent Mucin Coatings on Medical Devices

Carolin A. Rickert, Maria G. Bauer, Julia C. Hoffmeister, and Oliver Lieleg*

Recent advances in the field of biomedical materials have demonstrated that
covalent mucin coatings generated on polymeric materials have the potential
to greatly improve the surface properties of medical devices such as their
wettability, lubricity, and resistance toward biofouling. For such biopolymer-
based coatings to be used in a medical application, sterilization of the coated
devices is mandatory. However, common sterilization methods such as auto-
davation, ethylene oxide fumigation, as well as % or ultraviolet-irradiation,
create harsh conditions during the device treatment, and this might com-
promise the structural integrity and thus functionality of macromolecular
coatings. Here, it is demonstrated that covalent mucin coatings generated
on medical devices made from polyviny| chloride, polyurethane, or poly-
dimethylsiloxane are able to withstand such treatments—albeit to different
extents. Among all treatments tested, ethylene oxide fumigation is identified
as the most promising method as it maintains the coatings the best. The find-
ings imply that the beneficial properties demonstrated for mucin coatings in

vitro should indeed be transferable to applications in vivo.

1. Introduction

Whether as implants or as tools for invasive procedures or
patient care, products made from polymer-based materials
are indispensable helpers in many fields of modern medicine.
Endotracheal tubes comprising polyvinyl chloride (PVC), for
instance, are commonly used in medical emergencies to secure
a patient’s supply with air[!l Catheters made from polyurethane
(PU) have become an integral tool for drainage purposes and
to support surgical procedures in cardiovascular, urological, or
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neurovascular medicine.? Polydimethyl-
siloxane (PDMS) is the material of choice
for implantable tubes or devices.[*” How-
ever, when those synthetic materials come
into direct contact with human tissue or
if they remain in the body for a longer
time period, complications can arise.
The significantly higher stiffness of pely-
meric materials compared to human epi-
thelia can, for example, entail damage to
the tissue during friction processes. The
resulting injuries render the tissue more
susceptible to infections, which can pro-
mote severe inflammations. Moreover,
medical devices themselves may const-
tute a major infection risk, as germs or
other contaminants from the environment
can attach to the device and are then trans-
ported into the human body.l54

One strategy to combat these issues is
based on the application of coatings to
the surfaces of the medical devices.™ In
this context, coatings generated from the endogenic macro-
molecule mucin have been put forward as highly interesting
candidates that can provide multiple functionalities at the
same time: Covalent mucin coatings were recently shown to
efficently reduce bacterial adhesion to a broad variety of artifi-
cial materials,?l to improve the surface wettability,['% to reduce
friction, and to prevent wear formation on {corneal) tissue
under tribological stress.!'?l Furthermore, by repeatedly reas-
sessing the surface wettability of coated samples, the good sta-
bility of such coatings has been proven previously: there, the
mucin coatings maintained their functionality very well even
when stored for 90 days." Mucins are large glycoproteins that
constitute an essential part of the inherent immune barrier of
mammalians.[’~5] Here, as the main functional component of
mucus, the viscoelastic hydrogel covering all mucosal tissues,
mucing not only establish a stable barrier against bacteria
and viruses, they also provide excellent lubricity.!*"®! From a
molecular point of view, the multifaceted properties of mucins
are brought about by its complex microarchitecture: the long
protein backbone (>5600 amino acids) contains both, a densely
glycosylated, hydrophilic core region and two sparsely glyco-
sylated, but partially folded hydrophobic termini.®l A mucin
variant commonly used in research is MUCSAC, and decent
amounts of this highly functional mucin type can be obtained
from porcine stomachs by performing a multi-stage purifica-
tion process.?”! Moreover, these lab-purified mucins have pre-
viously been shown to be highly biocompatible®'l—both as
hydrogels and coatings.[""2! As a purified product of animal

© 2021 The Authors. Advanced Materials Interfaces published by WileyVCH GmbH
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origin, however, sterility cannot be guaranteed. Thus, when
envisioned to be used as a component of medical devices,
mucin-based coatings generated on medical devices need to be
sterilized before usage.

Typical examples of standardized procedures suitable for
sterilizing medical devices include irradiation with either ¢
or ultraviolet (UV)-rays, AC, or fumigation with ethylene
oxide 2 However, all those methods might negatively influ-
ence the biochemical integrity of mucin coatings: Thermal
stress, for example, often disrupts intramolecular forces that
stabilize the conformation of protein domains, and this can
entail protein denaturation.P®] UV- and jirradiation might
induce oxidation or cleavage of covalent bonds located in the
protein backbone or in aromatic amino acid side chains.[2627]
Treatments with ethylene oxide are suspected to modify methio-
nine and cysteine residues in proteins, and this, in turn, can
decrease their stability and agglomeration propensity.5#! To
what extent such issues may limit the functionality of covalent
mucin coatings is, however, to date unclear.

In this study, we test the integrity and functionality of cova-
lent MUCSAC coatings. Such mucin coatings are generated
on medical devices made from PU, PVC, and PDMS and then
subjected to different sterilization treatments. By employing
two specific detection methods, we show that the glycosylated
part of the muecin molecule is more robust toward those
physico-chemical challenges than its hydrophobic termini.
Contact angle measurements demonstrate that, for nearly all
treatments, the hydrophilic character of surfaces coated with

INTERFACES
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mucins can be maintained to a certain extent. Rotational tri-
bology experiments show that the lubricity provided by muein
coatings is not impaired by any of the sterilization treatments
tested here. Lastly, lipid adsorption tests illustrate the superior
functionality of coatings subjected to ethylene oxide compared
to the other techniques, which underscores the overall finding
that this sterilization method has the least impact on the integ-
rity and functionality of the mucin coatings.

2. Experimental Section

Unless stated otherwise, all chemicals were purchased from
Carl Roth GmbH & Co. KG (Karlsruhe, Germany).

2.1. Medical Devices

In this study, mucin coatings were tested on three different
medical devices: contact lenses, endotracheal tubes, and uri-
nary catheters (Figure la). As described previously,] the
contact lenses studied here (curvature: 0.07 mm™, surface
roughness: 0.66 = 0.08 um) consist of a highly biocompatible,
aliphatic Ptcatalyzed liquid silicone based on Si-H and Si-
vinyl pely-dimethyl-siloxane (PDMS; Polymer Systems Tech-
nology, High Wycombe, UK) without any further additives.
They were kindly provided by Woehlk Contactlinsen GmbH
(Schonkirchen, Germany). The endotracheal tubes (Super
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Figure 1. Overview ofthe medical devices, the mucin coating process, and the sterilization techniques used in this study. a) Exernplary images of a
urinary catheter (made from PU), an endotracheal tube (made from PVC), and a PDMS-based contact lens as used in this study. b) The coating pro-

cess employed here starts with plasma activation of the material, followed

by carboxylation using asilane precursor, and a final carbodiimide coupling

step to covalently attach the mucins onto the surfaces of the medical devices. c) Sterilization of the coated devices was conducted via yirradiation,

autoclaving, ethylene oxide fumigation, or UV irradiation.
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Safetyclear, 10.0 mm, CH40) were purchased from Radecker
Notfallmedizin (Ammerbuch/Entringen, Germany) and are
made from latex-free polyvinyl chloride (PVC). The urinary cath-
eters (SpeediCath Standard, CH/FR 18/6.0 mm) are fabricated
from polyurethane (PU) and were purchased from Coloplast
(Hamburg, Germany). To obtain uniform specimens from the
latter two medical devices, round samples with a diameter of
7 mm were cut from the endotracheal tubes (curvature of the
samples: 0.1mm™, surface roughness: 0.4+ 0.5 pm) and the cath-
eters (curvature of the samples: 0.17 mm™, surface roughness:
2.3 + 0.5 um) using an eyelet press (IstaBreeze Germany
GmbH, Bad Rappenburg, Germany). The surface roughness
(expressed by the arithmetical mean height S, according to
ISC 25178-2) of each sample was measured on a laser-scanning
microscope (VK-X1000, Keyence, Neu-Isenburg, Germany)
equipped with a 20x lens (CF Plan, NA = 0.46; Nikon, Chiyoda,
Tokyo, Japan). A Gaussian filter with a cut-off wavelength of
0.2 mm was applied before calculating the roughness parameter
with the MultiFileAnalyzer software (v2.1.3.89, Keyence). The
endotracheal tubes and the urinary catheters are commercial
medical products approved for clinical usage in the European
market (Conformité Européenne, CE) labeled). Before further
usage, all samples were first washed in 70% (v/v) ethanol and
then in ddH,O by incubating them in the respective solution
while being placed onto a rolling shaker (RS-TR 05, Phoenix
Instrument GmbH; Garbsen, Germany) for 30 min.

2.2. Mucin Purification

Porcine gastric mucins (MUCSAC) were manually purified.*]
In brief, raw mucus was manually collected from the mucosal
tissue of fresh pig stomachs obtained from a local slaughter-
house (Schlacht- und Viehhof, Miinchen, Germany). The har-
vested material was diluted 15 in phosphate buffered saline
(pH 70) containing 170 x 107 M sodium chloride and 0.049%
sodium azide, and then homogenized at 4 °C overnight by
stirring. To remove mesoscopic impurities and cellular debris,
two centrifugation steps (17 590 x g for 30 min and 158 306 x g
for 1 h) were conducted. Afterward, the mucins were sepa-
rated from other molecules via size exclusion chromatography
using an AKTA purifier system (GE Healthcare, Chicago, IL,
USA) equipped with an XK50/100 column packed with Sepha-
rose GFF (GE Healthcare). The collected mucin-containing
fractions were pooled, and 1 M NaCl was added. The mixture
was then dialyzed against ultrapure water and concentrated
by crossflow filtration using an ultrafiltration hollow fiber car
tridge with a molecular weight cut-off of 100 kDa (UFP-100-
E-3MA, GE Healthcare). After lyophilization, the muein was
stored at -80 °C. For further processing, the lyophilized mucin
was solubilized in the desired buffer, vortexed for 1 min and
kept at 4 °C on a shaking incubator (set to 750 rpm) for 2 h to
generate a homogeneous solution.

2.3. Covalent Mucin Coating Process

The mucin macromolecules were covalently attached to the
surfaces of the medical devices by performing a carbodiimide

Adv. Mater. Inte rface s 2021, 2101716 2101716 (3 of 9)
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coupling process (Figure 1b).*! For this purpose, the sample
surfaces were first activated by exposing them to plasma gen-
erated with ambient air (60 W, 0.4 mbar, 90 s; plasma oven
“SmartPlasma 2,” plasma technology GmbH, Herrenberg,
Germany). Subsequently, surface carboxylation was achieved
by incubating the specimens in 10 x 10-* M acetate buffer (pH
4.5) supplemented with 1.09% (v/v) of the coupling agent N-[(3-
trimethexysilyl)propyl jethylenediamine triacetic acid trisodium
salt (TMS-EDTA, aber GmbH, Karlsruhe, Germany) at 60 °C
for 5 h. To remove loosely bound silanes, the samples were first
dipped into iso-propanol (>99. 5%) and then washed in 96%
(v/v) ethanol on a rolling shaker (70 rpm; RS-TR 05, Phoenix
Instrument GmbH, Garbsen, Germany) for 1 h. The gener-
ated siloxane bonds were stabilized by baking the samples at
80 °C for 2 h (for PDMS samples) or at room temperature for
24 h (for PVC and PU samples). To finally attach the MUCSAC
macromolecules via EDC-NHS coupling, the carboxyl groups
previously generated on the sample surfaces were activated
by incubating the samples in 100 X 107 M 2-(N-morpholino)-
ethanesulfonic acid buffer (MES buffer, pH 5.0) comprising
5 x 107 m l-ethyl-3-(3-(dimethylamino)propyljcarbodiimide
(EDC) and 5 % 107 M N-hydroxysulfosuccinimide (sulfo-NHS,
acbr GmbH]) for 30 min while moderately shaking (35 rpm).
The samples were then immersed into Dulbecco’s phosphate
buffered saline (DPBS; Lonza, Verviers, Belgium) containing
019 (w/v) MUCSAC and kept there at 4 °C for 18 h. Last, if
not stated otherwise, the coated samples were gently washed in
809 (v/v) ethanol, airdried, stored in sterilization bags (Medi
Pack GmbH, Monchengladbach, Germany), and rehydrated in
DPBS for 24 h before each experiment. Importantly, all spec-
imens used in a given set of experiments were coated at the
same time and stored for the same duration—independently of
whether or not a sterilization process was conducted.

As described earlier, small specimens of the different med-
ical devices were subjected to the covalent coating process—but
not whole devices. For other small samples of similar sizes, a
uniform density of such mudn coatings was demonstrated in a
previous study.P! However, once full-length endotracheal tubes
or catheters are supposed to be coated, a suitable technical pro-
cess needs to be developed and its success (i.e., the uniformity
of the coating) needs to be verified.

2 4. Sterilization Methods

Four different sterilization methods were conducted (Figure 1c).
For autoclaving (AC), sterilization bags (Medi Pack GmbH,
Monchengladbach, Germany) containing the dried samples were
placed into an autoclave (Systec VX150, Systec GmbH, Linden,
Germany), and a standard sterilizing process (121 °C, 20 min)
was applied. Treatments with pirradiation (dose: 25-50 kGy;
sy stem ty pe: [S9000; complied standards: EN ISO 9001, EN ISO
13 485, EN ISO 11137-1) or ethylene oxide (EO; duration: 5 h,
temperature: 45 °C, pressure 610 mbar, average EO concentra-
tion: 700 mg L7Y) were conducted by employing commercial
standard processes available at the company steripac GmbH
(Calw, Germany). Here, the samples were stored in sterilization
bags as well. For sterilization via UV irradiation, the samples
were directly placed into a petri dish, placed into a sterilization
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chamber (BLX-254, Vilber Lourmat GmbH, Eberhardzell,
Germany), and exposed to UV irradiation (254 nm, 5 x 8 W) for
30 min. After irradiation, the samples were moved into sterili-
zation bags for further storage.

2.5. ELISA

An indiredt enzymelinked immunoserbent assay (ELISA) was
conducted that targets the unglycosylated, hydrophobic termini
of the surface-bound MUCSAC molecules. Therefore, the PU
and PVC samples were used as prepared earlier (round shaped),
and the contact lenses were cut into four identical parts to fit into
the wells of a 48-well plate. The specimens were incubated in
blocking buffer (5% [w/v] milk powder dissolved in DPBS con-
taining 1 mg/mL Tween 20) at4 °C overnight. Additionally, empty
wells of a 48-well plate (one per sample) were blocked using the
same blocking buffer After overnight incubation, all wells were
washed with DPBS-Tween, and the samples were transferred
into empty, blocked wells. Then, 300 pL of blocking buffer sup-
plemented with a specific antibody for MUCS5AC detection (1:400;
ABIN966608, antibodies-online GmbH, Aachen, Germany) were
added into each well, and the well plate was placed on a shaker
(35 rpm) at 4 °C for 1 h. Before adding the secondary antibody,
the wells were washed thrice with DPBS-Tween. A horse radish
peroxidase (HRP) conjugated goat anti-mouse (murine) IgG anti
body (ABIN237501, antibodies-online GmbH) was diluted 1:5000
in blocking buffer, and 200 pL of this solution were added to
each sample. Antibody incubation was allowed to take place on a
shaker (35 rpm) at4 °Cfor 2 h.

After washing the wells with DPBS (without any Tween),
150 pL of QuantaRed Working Solution were added to each
well. This solution comprises of 50 parts QuantaRed Enhancer
Solution, 50 parts QuantaRed Stable Peroxide, and 1 part Quan-
taRed ADHP Concentrate (QuantaRed Enhanced Chemifluo-
rescent HRP Substrate Kit 15 159; Thermo Fisher Scientific,
Waltham, MA, USA). After 30 min of incubation at RT, 100 uL
of the solution were removed from each well and transferred
into an empty well plate, and the fluorescence signal created by
the converted substrate was quantified using a plate reader (ex.:
540 nm, em.: 590 nm; Fluoreskan Ascent FL, Thermo Labsys-
temns, Waltham, MA, USA). The measured values were normal-
ized to the intensities measured for coated but untreated refer-
ence samples (of the respective group).

2.6. Lectin Depletion Assay

To complement the ELISA measurements, the presence of sur
face-bound MUCSAC molecules was probed with a lectin deple-
tion assay that targets the glycosylated, central region of the
MUCSAC glycoprotein. For this purpose, coated samples (sim-
ilar geometries as described for the ELISA assay) were washed
thrice with DPBS and placed into wells of a 48-well plate. Then,
300 uL of DPBS containing 12.5 ug mL™ fluorescently labeled
lectins (FITC conjugated lectin from triticum vulgars, wheat,
Sigma Aldrich) were added to each well. Those lectins specifi-
cally target sialic acids (in detail, N-acetylneuraminic acid and
N-glycolylneuraminic acid) and N-acetylglucosamin.®! The
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well-plate was placed on a shaker (35 rpm) under light exclu-
sion for 12 h. Afterward, 200 uL of the lectin solution were
removed from each well and transferred into an empty well
plate. The fluorescence signal obtained from those lection solu-
tions was then quantified using a plate reader (ex.: 485 nm,
em.: 538 nm; Fluoroskan Ascent FL, Thermo Labsystems). The
measured values were normalized to the intensities measured
for the blank reference samples of each group.

2.7. Tribological Measurements

Tribological experiments were conducted on a commercial shear
rheometer (MCR 302, Anton Paar, Graz, Austria) equipped with
a rotational tribology setup (T-PTD 200, Anton Paar) as described
previously.P* In brief, a ball-on-3-pins geometry was established
by combining a rotating steel sphere (@ 12.7 mm, Kugel Pompel,
Wien, Austria) with PDMS-pins (@ 5.5 mm). The cylindrical
PDMS-pins were produced by adding one part crosslinker to
ten parts of the PDMS prepolymer (PDMS, Sylgard 184, Dow-
Corning, Wiesbaden, Germany), placing the mixture into a
vacuum chamber for 1 h, pouring the degassed mixture into
custom-made molds, and finally curing the pins at 80 °C for 4 h.
Before each measurement, the pins were gently washed with
709% (v/v) ethanol and inserted into a pin holder; here, special
care was taken to achieve symmetric pin positions (to ensure
centric rotation of the ball on the three pins). 600 uL of HEPES
buffer (4[2-hydroxyethyl}1-piperazineethanesulfonic acid buffer)
were then pipetted onto the pin-holder such that the pins were
fully covered. The HEPES buffer had a pH of 73, which corre-
sponds to the average pH value of the human tear film.*¥l The
temperature control was set to T = 20 °C, which represents the
standard storage conditions (room temperature) of such devices.
A normal force of Fyy = 6 N was applied, which corresponds
to a contact pressure of = 0.35 MPa (according to Hertzian
contact theory).* Then, friction coefficients were measured for
sliding velocities ranging from 10° to 102 mm s (by applying
logarithmic speed ramps with ten measuring points per
decade; sliding velocities were varied from “fast” to “slow” to
minimize stick-slip effects) using an acquisition time of 10 s per
data point.

2.8. Contact Angle Measurements

To assess the wetting behavior of the different medical devices,
contact angle measurements were performed using a drop shape
analyzer device (DSA25S, Kriiss GmbH, Hamburg, Germany).
Therefore, the coated sampleswere removed from the buffer solu-
tion and dried with oil-free pressurized air (Aero Duster 105/2)
for =3 s. Uncoated samples were used as described above (see
Section 2.1). Afterward, a droplet of 2 uL of ultrapure water was
placed onto each sample, and lateral images of the droplets were
captured with a high-resolution camera (acA1920, Basler, Ahrens-
burg, Germany) integrated into the device. These images were
processed with the software ADVANCE (AD4021 v113, Kriiss
GmbH) using the integrated ellipse (tangente-1) fit method; static
contact angles were defined as the water endosed angle between
the surface and the edge of the droplet.
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2.9. Assessment of the Break-up Time (BUT)

The BUT quantifies the duration that a liquid film completely
covers a surface exposed to air without rupturing. To measure
this BUT, contact lenses were hydrated in DPBS overnight.
Afterward, the lenses were removed from the liquid, and the
excess water was removed by gently blotting the lenses with a
low-lint laboratory paper towel, and the lenses were placed onto
a dry glass slide. Then, a stopwatch was started immediately,
and the time point at which a first rupture of the fluid film
appeared was recorded.

2.10. Lipid Deposition Tests

To assess lipid deposition on the sample surfaces, a depletion
assay was conducted. Therefore, the samples (similar geome-
tries as described for the ELISA assay) were gently washed in
70% (v/v) ethanol and ddH,0, and then placed into a 48-well
plate. Then, 300 pL of DPBS supplemented with 25 x 107 m
of fuorescently labeled 1,2-dioleoyl-sn-glycero-3-phosphoeth-
anolamine (DOPE-Atto590, ATTO-TEC GmbH, Siegen, Ger-
many) were added to each sample. After an incubation step at
4 °C for 4 h (whie gently shaking at 25 rpm), 200 pL of the
lipid solution were removed from each well and transferred
into an empty well plate. The fluorescent signals of those trans-
ferred solutions were then quantified using a plate reader (ex.:
584 nm, em.: 620 nm; Fluorskan FL, Thermo Labsystems), and
the measured values were normalized to the intensity values
measured for an empty well.
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2.11. Tests for Statistical Significance

To test for normal data distribution, a Lilliefors test was applied;
a two-sample F-test was employed to check for equal variances.
To test for significant differences between normally distributed
samples, a two-sample t-test was applied when homogeneity
of variances was met, whereas a Welch's t test was performed
for unequal variances. For samples that were not normally
distributed, a Wilcoxon-Mann-Whitney test was performed.
All statistical analyses were performed using Matlab (version
R2019a, MathWorks, Natick, MA, USA), and differences were
considered statistically significant if a p-value below 0.05 was
obtained.

3. Results and Discussion

Covalent coatings with MUCSAC macromolecules were estab-
lished on samples of three medical devices: urinary catheters
(PU), endotracheal tubes (PVC), and contact lenses (PDMS). In
a first set of experiments, we aim at assessing the durability of
those covalent mucin coatings by probing the structural integ-
rity of mucins after exposing the coated specimens to different
sterilization procedures. More precisely, we first employ an
antibody-based detection method (ELISA) that specifically tar
gets the non-glycosylated, hydrophobic termini of the MUCS5AC
glycoproteins (Figure 2a—c).

For all three tested materials, the fluorescence signals
obtained after sterilization with either pirradiation or autoclava-
tion are significantly lower than those obtained for untreated
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Figure 2. Detection of surface-bound mucins MUCSACvia ELISA and lectin-binding. The normalized fluorescence intensities obtained with an ELISA
(a—¢) and a lectin-based depletion assay (d—f) are shown for different medical devices coated with rmucins. The coated samples were either stored
without any further treatrent, or sterilized via pirradiation, autoclavation, ethylene oxide fumigation, or UV irradiation. The errer bars dencte the
standard error of the mean as obtained from n = 4 samples. Asterisks and rhom bi denote statistically significant differences between a treated sample
group and the untreated references or the blank sample, respectively (based on a p-value of 0.05).
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mucin coatings. In fact, the measured values are comparable  is analyzed affer this incubation step. Thus, low fluorescence
to those obtained for a blank sample. This indicates that these  intensity values represent a strong depletion ofthe lectin mole-
two sterilization approaches induce severe damage to or even  cules and this, in turn, indicates the presence of a high number
full cleavage of the hydrophobic MUCSAC termini. The same  of glycosylated groups on the mucin coatings. Consistently, for
picture arises for UV irradiated mucin coatings generated on  almost all coatings, the obtained values are significantly lower
PDMS or PVC. On PU, in contrast, somewhat higher valuesare  than those obtained for blank, uncoated samples; only for auto-
obtained for UV irradiated samples; yet, also here, thosevalues  claved mucin coatings generated on PDMS, the measured dif-
are still considerably lower than those obtained for untreated  ference is not significant. Importantly, for all coatings that were
coatings. In marked contrast to those observations, samples  sterilized by either ethylene oxide exposure or UV irradiation,
that were subjected to ethylene oxide fumigation return fluo-  the lectin depletion induced by the coatings is equally high as
rescent signals that are similarly high as those determined for  for untreated reference coatings. This is a good indication that,
untreated coatings—and this assessment applies to coatings  for those particular samples, the density of glycan groups (and
generated on any of the three materials. From these tests, we  thus the glycosylated area in general) in the treated coatings is
conclude that the integrity of the hydrophobic termini of the  not affected by the sterilization treatment.
mucin melecules is impaired by autoclavation and irradiation Together, the two assays show that the glycosylated regions
with either gamma or UV rays, respectively. In contrast, steri-  of the mucin coatings seem to be more resistant toward the
lization with ethylene oxide maintains the integrity of the terr  applied sterilization methods than the non-glycosylated ter-
minal polypeptide chains. minal regions. This agrees with our expectations since the
So far, we focused on the unglycosylated, hydrophobic ter-  glycosylation pattern was already observed to protect the pro-
minal regions of mucins; however, the glycosylated core region  tein backbone from proteolytic degradation.’™ The terminal,
of the MUCS5AC constitutes the largest part of the macromel:  non-glycosylated parts of the polypeptide backbone, in turn, are
ecule and plays a key role for many of the molecule's important  more vulnerable. Moreover, the results discussed so far suggest
properties. Thus, in a next step, the presence and accessibility  that both parts of the MUC5AC glycoprotein seem to survive a
of this glycosylated part of surface-attached mucins is probed  treatment with ethylene oxide gas very well. Here, with either
by employing a lectin binding assay that specifically detects a  assay, no significant differences were observed compared to
structural motif from the glycosylation pattern of the mucin  untreated coatings.
glycoprotein (Figure 2d-f). Here, the coatings are incubated Having probed the structural integrity of the covalent mucin
with a solution of fluorescent lectins, and the lectin solution  coatings after subjecting them to the different sterilization
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Figure 3. Wettability of sterilized mucin coatings generated on different medical devices. Contactangles (n 210) quantify the wettability of the surfaces
and are displayed for a) PU, b) PVC, and ¢) PDMS based medical devices. Contact angles larger than 90” dencte hydrophobic behavior, whereas values
smaller than 90° represent hydrophilic surfaces. Asterisks and rhombi denote statistically significant differences between a treated sample and the
untreated reference or the blanksample, respectively (based on a p-value of 0.05). d) Exemplary images of the three blank device surfaces and the same
set of surfaces carrying a mucin coating (that has not been subjected to any sterilization process). e) Break-up times as determined for PDMS-based
contact lenses (blank, coated, or coated and sterilized). Error bars indicate the standard error of the mean as obtained from n =3 samnples.
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techniques, our next goal is to test if selected functions of the
coatings are compromised by the different treatments. More
specifically, we first compare the wettability of the different
samples (Figure 3a-c), which plays a key role for the anti
biofouling and friction-reducing effects of mucin coatings*1!
A reliable quantification of the wetting behavior of a sample is
provided by the static contact angle (CA) of a water droplet that
is placed onto a sample surface: here, contact angles above 90°
denote hydrophobic behavior, whereas contact angles smaller
than 90° indicate hydrophilic surface properties. Exemplary
images of droplets placed onto the different materials with and
without covalent muecin coatings, respectively, are depicted in
Figure 3d.

Our first observation is that, as expected, the wettability of
the uncoated base materials differs. The CA values obtained for
PU and PVC are located around the threshold between hydro-
phobic and hydrophilic behavior, whereas PDMS exhibit clear
hydrophobic behavior with high contact angles around 110°. On
all three materials, however, the mucin coatings decrease the
contact angles by =40°-50°, which corresponds to an alteration
of the surface properties into hydrophilic behavior. Remarkably,
this strong alteration in the wetting properties is maintained
for all materials after exposure to ethylene oxide; in addition,
after irradiation with gamma or UV rays, coatings generated on
PU or PVC still provide clearly hydrophilic properties as well.
Autoclaving, in contrast, leads to a strong increase of the con-
tact angles, and this result agrees with the findings discussed
above, which illustrated that this particular sterilization method
induces severe damage to the mucin macromolecules.

Even though determining CA values is a standard approach
in material science, in the context of contact lenses, a more
application-oriented characterization of their wetting behavior
is used. Here, the liquid film BUT is determined as this
measure is of high relevance for the performance of a contact
lens on the cornea: maintaining a full tear film coverage on the
lens without rupture between blinking is essential to ensure
comfort and to protect the underlying tissue from harm. For
uncoated, blank PDMS lenses (Figure 3e), we measure very
small values below 1s; in other words, the liquid film ruptures
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immediately after removing the sample from the liquid. Con-
tact lenses that are covalently coated with mucins, in turn, per
form way better (Figure 3e): here, the measured BUT values are
in the range of =38 s. After sterilization with ethylene oxide,
the BUT still reaches 30 s, and the corresponding values are
=20 s for AC, 3 or UV irradiation. Thus, all those values are
much larger than the average duration of a human blinking
period, which is =5 5.1%] Also, these results support our find-
ings obtained from the CA measurements and demonstrate
that all treatments maintain the wetting improvement brought
about by the mucin coating—at least to a certain extent.

In addition to improving the wettability of surfaces, another
important property brought about by mucins is providing
lubricity. Mucdins typically achieve this via a combination of two
effects: sacrificial layer formation and hydration lubrication. On
hydrophobic surfaces such as PDMS, sacrificial layer formation
is primarily driven by the molecule's unglycosylated termini:
since they are hydrophobic, they enable transient mucin adsorp-
tion onto hydrophobic surfaces but allow the adsorbed glyco-
protein to become sheared off again under tribological stress.
Owing to the covalent coupling of mucins to surfaces as per
formed in this study focusing on coatings of medical devices,
however, this particular mechanism will be suppressed. In
contrast, the second mechanism, hydration lubrication, should
still be fully operable: as the densely glycosylated central region
of the mucin glycoprotein can bind lots of water molecules, it
maintains a surface-bound lubricating liquid film even under
tribological loads and thus reduces friction.

To assess the lubricating abilities of sterilized mucin coat-
ings, we perform tribological measurements with flat PDMS
samples (see methods). For blank, uncoated PDMS samples
(Figure 4a), we obtain a typical Stribeck’s curve showing low
friction coefficients in the regime of hydrodynamic lubrica-
tion only (ie., at high sliding velocities, which correspond
to blinking movements of the upper eye lid*). After a steep
transition zone (mixed lubrication regime), the boundary lubri-
cation regime is entered, which is most relevant for sliding
speeds as they are expected to occur between a contact lens and
the cornea;*®l here, very high friction coefficients around 1 are
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Figure 4. Tribological behavior and lipid adsorption as cbserved for mucin-coated PDMS samples. The Stribeck curves shown in (a) were obtained for
PDMS sam ples that were either left uncoated (blank) orwere covalently coated with mucin. The coated sam ples were either stored without any further
treatment, or they were sterilized via ypirradiation, autoclavation, ethylene oxide fumigation, and UV irradiation, respectively. For all tribological data,
a steel-on-PDMS material pairing was used in a rotational tribology setup (see the Experimental Section). Error bars denote the standard error of the
mean as obtained from n =4 independert measurements per condition. The fluorescence intensities displayedin (b) were obtained in a lipid depletion
assay. Higher values denote lower depletion ofthe lipids from the solution, hence lower adsorption ofthe lipids onto the sample surfaces. The error
bars denate the standard error of the mean as obtained from n 2 4 samples. Asterisks and thombi 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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obtained. For mucin-coated samples, however, we find reduced
friction coefficients across almost the whole range of sliding
speeds probed. Now, instead of a steep transition from low to
high friction coefficients, we observe a slow, gentle increase
of friction with decreasing sliding speed. Even at the slowest
sliding speed probed, the coated samples still outperform the
uncoated ones. Remarkably, none of the sterilization methods
tested here shows a measurable influence on the lubricity of
the coating. With the previous results from the ELISA test
and lectin assay in mind, this can be rationalized very well
As discussed above, the predominant lubrication mechanisms
provided by covalent coatings is hydration lubrication, and
this mechanism relies on the glycosylated parts of the mucin
glycoprotein. As the results compiled in Figure 2 showed, the
glycan pattern of mucins is more resilient toward the steriliza-
tion methods tested here than the unglycosylated, hydrophobic
termini of mucin. Apparently, even with minor damages to this
glycosylation pattern, the sterilized mucin layer can still bind
sufficient amounts of water to provide hydration lubrication.

In addition to providing lubridty, a second key function estab-
lished by mudn coatings is to counteract biofouling events, ie.,
to reduce the undesired adsorption of molecules or cells onto sur-
faces> ! For the medical devices studied here, this aspect is most
relevant for contact lenses, which are optical devices that need to
maintain a high transparency to allow for maximal light transmis-
sion. This property, however, can be drastically compromised by
the deposition of molecules—typically lipids—that are present in
the physiological tear film. Indeed, covalent mucin coatings have
previously been shown to strongly reduce such lipid adsorption
onto contact lenses['¥ thus preserving the transparency of the
optical device. Hence, in a last set of experiments, we test if this
lipid-repellent effect is still present after sterilization of the mucin
coatings, and we conducta depletion assay to assess this question
(see the Experimental Section).

When exposing PDMS contact lenses to a lipid-rich liquid
environment, we observe a substantially higher depletion of
lipids for blank, uncoated samples than for unsterilized mucin-
coated contact lenses (Figure 4b). Importantly, for the latter sam-
ples, the measured fluorescence values suggest that, here, lipid
adsorption onto the coated contact lens surface is negligibly low.
This finding is in full agreement with previous results and dem-
onstrates the suitability of the employed depletion assay to study
lipid deposition onto surfaces. Similarly, good results as those
obtained for untreated coatings are also reached with coated
samples that were either subjected to ethylene oxide or UV
sterilization. After pirradiation or autoclavation, however, the
outcome of this lipid deposition test is similar to that obtained
for blank, uncoated PDMS lenses. Overall, these findings are
consistent with the results obtained from the structural integrity
tests shown in Figure 2d-f Owing to the hydrophobic nature of
PDMS, lipid adsorption can easily occur via hydrophobic inter
actions acting between the fatty acid chains ofthe lipids and the
lens surface. For an intact mucin coating, the hydrophilic central
region (which represents the largest part of the macromolecule)
covers the surface and prevents the adsorption of hydrophobic
objects. Accordingly, those sterilization methods that maintain
the glycosylation pattern of the MUCSAC glycoprotein the best
(i.e., ethylene oxide exposure, and UV treatment), also preserve
the lipid-resistance properties of the coating.
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4. Conclusion

The results discussed in this study show that, among the
sterilization methods investigated here, mucin coatings
are most robust toward ethylene oxide exposure; here, the
biochemical integrity of the mucins and the properties
brought about by the coating were maintained the best. One
major concern associated with an ethylene oxide-based steri-
lization process, however, is the putative retention of toxic
residues in the material. To enable elinical usage of medical
products that have been subjected to ethylene oxide fumiga-
tion, the amount of such toxic residues needs to be mini-
mized, which is typically achieved by extensive aeration of
the treated devices after sterilization. Yet, the efficiency of dif-
ferent aeration methods (such as air circulation under heat,
pulsed vacuum postprocessing, or microwave desorption)
and the necessary duration or intensity of such post-sterili-
zation treatments needs to be individually studied for each
medical device. Moreover, even though lab-purified mucin
macromolecules were shown to be highly biocompatible,!
assessing the biocompatibility of mucin coatings before and
after sterilization should be tested following detailed ISO pro-
tocols (including endotoxin tests) so mucin-coated medical
devices can enter the next stage toward medical application.

Overall, the results obtained here for sterilized medical
devices carrying a mucin coating are very positive as they indi-
cate that making use of the various beneficial properties estab-
lished by such mucin coatings should be very well possible in
a clinical context: The three medical devices tested here find
broad usage in many medical disciplines. Moreover, they rep-
resent an even broader range of objects made from the same
set of polymeric materials, which can equally profit from the
hydrophilizing, anti-biofouling, or friction-reducing effects
brought about by such muein eoatings.
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