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Abstract

n artificial, foreign material which is inserted into the human body while

surgery or diagnostics always bears the risk of causing complications: those

not only include mechanically induced inflammations and damage, but
also foreign body reactions or device-associated exogenous infections from
temporary clinical implants such as urinal and vascular catheters or tracheal tubes.
The latter, according to the World Health Organization (WHO) - alone in the EU
- cause annually about three billion euro of community expenses reflecting six
million days of additional hospital stay. For patients, the side-effects caused by
medical devices and implants reach from simple inconvenience to chronic
inflammations and further to severe, life-threatening complications such as
pneumonia, bacteremia, or sepsis. In this thesis, a three-headed strategy is presented
that aims at simultaneously tackling different roots of health care-associated
inflammations and infections. First, by employing hydrated biomacromolecules as
lubricious coatings for medical devices, friction-induced tissue damage and
inflammatory responses are reduced. Furthermore, those polymer-bush coatings
are shown to have intrinsic anti-biofouling properties, thus reducing the unwanted
deposition of proteins, bacteria and cells. In the third and last step, this strategy is
extended by an active component: A smart mechanism is designed, that allows for
the liberation of two independent antibiotic doses to overcome both, immediate
postoperative and recurring infections. All strategy aspects applied here can be
achieved in several ways, e.g. using different macromolecules on different substrates
or different drugs, thus rendering these approaches extremely versatile. Therefore,
the findings of this thesis hold great potential to go beyond the borders of academic
research to provide real benefits in daily clinical practice, and thus to improve real
peoples’ lives.






Content

1
2

Outline 1
Materials and methods 7
2.1 Macromolecules................ 7
2.2 Coupling strategy for macromolecular coatings 12
2.3 Polymer materials used in clinical applications 14
24 Macrorheology ... 17
2.5  BiotribDolOgy ..ininireinisriseneinsssissssssssissssssisssssssssssssssssssssens 18
2.6  Fluorescence techniques 23
2.7 LIPOSOIMES .ttt sssssssssassss s sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessassssnes 24
2.8 Drug release experiments from macromolecular coatings 26
2.9 Adsorption measurements using quartz crystal microbalance with dissipation
monitoring (QCM-D) 30
2.10 Surface topography aNalYSis .......renrionsrnsennsenssnsssssessssssssssssssssssssssssssssssnns 32
2.11 Data analysis and graphical representation 34
Biomacromolecule enriched aqueous solutions as high-performance
lubricants 37
3.1 Development of an oscillatory tribology setup............. 37
3.1.1  Versatility of the custom-made measuring system ........ccoeveevrerneeenseensrennens 38
3.1.2 Tribology on lateral material interfaces......c.cc..... 43
3.2 Friction and wear on articular cartilage lubricated with different biopolymer
solutions 45
3.3 Lubricity of mucin in varying physiological conditions 48
3.3.1 Effect of mucin concentration 49
3.3.2 Influence of pH conditions and salt concentrations 52
3.3.3 Interactions of small proteins with mucin molecules..........ccoeervrrenerrenenns 55

Covalently coupled macromolecules on clinically used polymer materials..57

4.1

Covalent coatings with enhanced stability and surface lubricity .......ccoeverreeen... 57

4.1.1  Mucin coatings: lubricity and mechanical stability... 59

4.1.2 Thermal and chemical stability of covalent mucin coatings........ccccevuvene... 59



4.1.3 Lubricity of covalent PEG and PLL coatings 63

4.2  Coating-lubricant interactions affect lubricity 64
43 Macromolecular coatings improve wear resistance 68
4.4  Applicability of the coating protocol to other polymers.........cerrerrerercrnrenenns 71

5 Biopolymer coatings with tunable functionalities 75
5.1 Macromolecular coatings enable selective binding 75
5.1.1 Selective filtering through electrostatic interactions 76

5.1.2  Site-SpeCifiC DINAING c.vcveueeeeeeereerieererieinierissessesssessssessssesssssesssssssssessssessssessasns 78

5.1.3  Enzyme immobilization 79

5.2 Covalent mucin coatings reduce the initial stages of biofouling .........ccccoeccuuue... 80
5.2.1 Reduction of particle and protein adhesion................... 81

5.2.2 Reduction of prokaryotic and eukaryotic cell adhesion .........cccccoeveeevece 83

5.3  Switchable biopolymer-based coatings as smart drug delivery systems......... 86
5.3.1 Reversible condensation of mucins into nanoparticles.........ccoceverrerrrenenen. 87

5.3.2 DNA mediated drug release from a surface-bound mucin layer................. 89

5.3.3 A physiologically compatible trigger for large scale applications.............. 92

5.3.4 Variation of coating polymers and stabilizing ions.........ccoeccevecerecenne. 95

5.3.5 Controlled two-step release from a mucin multilayer construct ................ 98

6 Summary and outlook 105
Appendix 109
Appendix A : Purified porcine gastric mucin 109
Appendix B : Additional methods 117
Appendix C  : SUPPIEMENTArY data .......coveemeereermreereerneeesseesssessssessssessssessssessssssssanes 129
Bibliography 145
Acknowledgements 179
Author Contributions 183
List of publications 187
List of patents 189




1 Outline

ccording to the definition of the International Union of Pure and Applied

Chemistry (IUPAC), the term macromolecule refers to a relatively large

molecule, which comprises multiple repetitions of smaller base-units,
called monomers'. Macromolecules are typically divided into synthetic or biological
macromolecules. Biomacromolecules include biopolymers, such as nucleic acids,
proteins or carbohydrates, and non-polymeric molecules, e.g. lipids, which all fulfil
crucial functions in the human body. Different from synthetic polymers,
biopolymers are typically produced by animals, plants, bacteria or fungi, which
often gives biomacromolecules superior biocompatibility.

lubricious
brush coatings

active carrier
systems

Figure 1: Biomedical applications for macromolecular systems. Macromolecules, such as
Mucin or PEG offer a wide range for possible (bio)-medical applications, including high-
performance lubricants, lubricious polymer brush coatings or dynamic carrier systems for a
controlled drug release.

In different body fluids, such as saliva, the tear film, the vaginal or synovial fluid,
biomacromolecules are responsible for the excellent lubricity of those body fluids*
5. Especially in the context of joint lubrication, a remarkable amount of research was

“This section follows in part the review article Song et al., Advanced Materials Interfaces (2020)
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conducted in the last decades to investigate the underlying mechanisms of this
astonishing lubricity*”'*. A more detailed and deeper understanding of the nature
of biopolymer-based lubrication and the involved microscopic mechanisms could
help to create a new generation of bio-inspired high-performance lubricants
(Figure 1, grey). Such bio-lubricants are particularly interesting for a broad range
of medical applications as they could be used as eye drops, mouth sprays, artificial
synovial fluid or lubes.

Physiologically, biomacromolecules not only exist in a solubilized form as
component of different body fluids but are also present in surface bound forms
where they fulfill crucial functions, e.g. as selective barriers for nutrients and
pathogens or as mediators for cell signaling’¢. Inspired by the biological role
model, immobilized macromolecules are also employed for a variety of biomedical
applications. Most of those strategies share a common objective, i.e. they aim at
gaining control over molecular and cellular binding towards the coated surface. The
term ‘control’ here is dependent on the particular application, and includes either
the promotion of binding, the inhibition of binding, or selective binding of
molecules or cells (Figure 2).

Strongly hydrated macromolecules, i.e. macromolecules that efficiently bind water
molecules, for example can be used to generate lubricious coatings (Figure 1, cyan),
as those coatings can supply a thin water film on the substrate’s surface!’"
(Figure 2). There are several studies where biological or synthetic macromolecules
have been immobilized to technical surfaces to improve their lubricity***.
However, many of those approaches used coating methods based on passive
adsorption. Such coatings based on passive adsorption can not only be generated
using simply hydrophobic or electrostatic interactions between coating molecule
and surface but also by employing more complex strategies such as catechol
mediated immobilization”*°. Compared to covalent coupling strategies, the
deposition of macromolecules via physical forces entails lower mechanical stability
and thus the range of possible applications is very limited.

Whereas binding water to a surface is often advantageous for biomedical
applications, the adhesion of other molecules is mostly considered an unwanted
side effect. For many medical implants, e.g. catheters, endotracheal tubes, stents,
artificial heart valves or shunts, the unwanted deposition of proteins, pathogens or
cells are a major cause for device associated infections and can further lead to total
implant failure®**. Consequently, preventing these so-called biofouling events is an
important concern in the development of these products (Figure 2). In the last
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decades, several studies have shown how biopolymer coatings can be used to
improve the anti-biofouling properties of technical surfaces’*?¢. The mechanisms
that govern these antifouling properties are dependent on the particular chemistry
of the coating molecule and identifying specific antifouling properties brought
about by a certain strategy is often based on empirical investigations. Whereas
technical antifouling surfaces often employ toxic coatings to suppress the adhesion
of living organisms***, the developers of biomedical implants have to take another
route: here controlling the wettability of the surface plays a major role, but also
charge effects or specific motifs that hinder binding contribute to the fouling
resistance of a surface®”’.

hydration

; 2 i o reaction |
Q‘H % @&@ : binding O 0 o o o

promotion

Figure 2: Functionality of macromolecular coatings. To gain control over binding of
molecules and cells towards a surface is the main purpose of most coating strategies that are
applied in biomedical applications. These “control” strategies may also include the release of
previously bound molecules for drug delivery applications. Some applications, e.g. biosensors,
further use surface bound macromolecules to perform chemical reactions.

For other applications, however, it may be desired to actually improve the binding
towards a surface; not only of simple molecules but also of more complicated
subjects such as cells (Figure 2). The control over cellular binding is particularly
important - or actually the key point - in all tissue engineering strategies: here,
biomacromolecules have shown to be a promising and versatile tool to achieve a
controlled integration of scaffolds and implants into the body environment***. This
is usually achieved by immobilizing cell-adhesive or growth factor-binding moieties
to improve the cell-adhesive characteristics of those implants or to actively induce
cell migration, proliferation, and differentiation**®. Typical application areas for
such tissue engineering constructs include skin patches**, bone and cartilage
replacements*>?, dental implants*->***, scaffolds for nerve repair* or vascular
grafts®**%. Furthermore, also many biological sensors are based on the principle that
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specific molecules bind to a substrate to become detectable®®*!. Such high selectivity

is often achieved by immobilizing antibodies onto the substrates (Figure 2). The
most common example for such an antibody-based biological sensor is certainly the
pregnancy test. Similar mechanisms are employed in other sensor applications to
test for specific target molecules or gene expression®*®. For sensory applications,
however, coatings are not only used to immobilize targets but can further be used
to perform chemical reactions with target molecules (Figure 2). Such chemical
reactions can either be used to create a color signal (e.g. by enzymatic conversion of
a substrate) or a electrochemical signal (e.g. through oxidizing reactions) and those
signals which can further be quantified by suitable analytical detection
methods60,6l,64-66'

In analogy to cell signaling processes, macromolecular coatings are also used to
actively modulate immune reactions. Such immunomodulating coatings can be
used to reduce the foreign body response towards artificial materials or implants®”-
. Furthermore, by reducing the immune response, stealth surfaces can be
generated which are used to improve the blood circulation time of therapeutic
nanoparticles’. Other immunomodulating coatings are used to specifically target
particles towards disease sites by improving their “recognition” through the target
cells”"* or to develop new vaccinations””®.

The control over binding and subsequent unbinding of molecules from coated
surfaces further allows to access another application area: the field of controlled
drug delivery (Figure 2). Drug loaded coatings are especially interesting for implant
coatings to overcome early stage infections, reduce the foreign body response or
improve integration in the surrounding tissue by supplying growth factors. Yet,
most of those strategies lack specificity and the release of the active component is
often passive only. Macromolecular coatings are only employed in these systems to
control the time span of the release event - by either acting as a diffusive barrier or
by serving as a degradable drug reservoir’”®'.

In this thesis, the application of macromolecules will be investigated in three
different categories. Starting with macromolecules as high-performance bio-
lubricants, this study will identify the underlying lubrication mechanisms and focus
on chances and limitations of their use (Figure 1, grey). In the second part,
lubricious macromolecules will be immobilized onto medically relevant polymer
surfaces. Three aspects, i.e. the lubricity, mechanical and chemical stability, and
interactions of polymer-brush coatings with macromolecular lubricants will be
investigated (Figure 1, cyan). In the final chapter, the field of biotribology will be
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left and the focus will be shifted to more specific and active properties of
macromolecular coatings. It will be shown how different macromolecular coatings
can provide a versatile platform for selective binding and filtering and how they can
be used to perform chemical reactions on a surface. As a special, application
orientated case of selective binding, the ability of mucin-based coatings to suppress
bacterial and cellular adhesion onto a substrate will be analyzed. In the last step, this
mucin coating will be rendered smart: using a multilayer approach, this coating will
gain the ability to supply a controlled, trigger-induced release of two independent
antibiotic doses (Figure 1, blue).






2 Materials and methods

2.1 Macromolecules

The studies within this thesis were mainly performed with five different
macromolecules: porcine gastric mucin, lubricin, hyaluronic acid, polyethylene
glycol, and poly-L-lysine. The sources, purification procedures and properties are
summarized in this section.

Mucin

Mucins are a group of large glycoproteins with molecular weights of up to a few
MDa.® They are the main functional component of mucus, which covers all wet
epithelia in the human body, including the corneal surface®, the gastrointestinal
tract, and the female reproductive system®. The mucus layer protects the
underlying epithelial cells from dehydration. Furthermore, mucus has unique
selective properties, that on the one hand allow nutrients to pass, but on the other
hand trap or repel pathogens, such as viruses or bacteria®*. Owing to their ability
to bind many water molecules'® and to adsorb to various surfaces®**, mucins also
serve as excellent lubricants and thus protect the sensitive cellular surface from
mechanical damage.

von Willebrand Factor type D von Willebrand Factor type C
(VWEF-D)-like domain (VWF-C)-like domain
N-linked cysteine-rich

oligosaccharides domain cysteine knot

domain

NH, A )%}}w ﬁkm}{m mﬁm w( Y yly |
A X gﬂ? q COOH

Figure 3: Structure of gastric mucins. The backbone of the mucin molecule consists of a large
polypeptide backbone. Its terminal ends are partially folded, whereas the central region is
highly glycosylated. These sugars make up to about two-thirds of the molar mass of the
molecule. Some of these sugars contain negatively charged sulfate and sialic acid groups
which render the mucin molecule polyanionic.

To date, around 20 mucin genes have been identified. The mucins discovered so far
can be divided into three groups: secreted gel-forming mucins, secreted non-gel-
forming mucins, and mucins which are attached to the cell membrane. Secreted gel-
forming mucins, i.e., MUC2, MUC5AC, MUC5B, MUC6, and MUC19, are the
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major constituents of mucus. Depending on the specific mucus localization and
function, the mucin concentration can vary between 1 and 5 %. Secreted gel-
forming mucins are produced by specialized epithelial cells and by glands located
in the submucosal connective tissues.

Mucins comprise a linear, mostly unfolded polypeptide chain consisting of several
thousand amino acids and a molecular weight of 500-700 kDa*. The central region
is highly O-glycosylated and makes up to 80 % of the total mass of the mucin
molecule. The high glycosylation density of mucins is probably a key factor that
suppresses polypeptide folding and contributes to the bottle-brush-like structure of
the glycoprotein. This glycosylated area is flanked by cysteine-rich regions and von-
Willebrand factor-like domains at both termini of the macromolecule (Figure 3).

Mucus Removal of
harvesting cells & debris

Separation of
mucins

Figure 4: Purification of porcine gastric mucin. The process for the purification of functional
mucins comprises five steps: Mucus is harvested from animal tissues to obtain crude mucin
containing material that can be further processed. The removal of cells and cellular debris is
followed by a technique that isolates the mucin glycoproteins from most molecular impurities.
Afterwards, mucins are typically desalted and further purified to remove remaining molecular
contaminants. Finally, lyophilization yields a protein powder which can be stored for extended
time periods.

The C-terminal cysteine knot domain is thought to contribute to the dimer
formation of the glycoprotein via cystine (S-S) disulfide bonds, and these dimers
can further polymerize into larger oligomers. This assembly process increases the
molecular weight from 2-3 MDa for monomeric mucins up to 50 MDa for
oligomers. Whereas the central region is almost exclusively constituted by polar
amino acids (and rich in serine and threonine as required for O-glycosylation), the
non-glycosylated termini exhibit a rather hydrophobic character. For research
purposes, porcine gastric mucins, as well as bovine submaxillary mucins, are
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available from different commercial distributers. Furthermore, also some mucin-
based medical products already exist on the market. However, all these
commercially available mucins have been altered in their structure or are still
contaminated which results in a loss of their native functionality’**. Thus, here
exclusively manually purified mucins were used. To allow for a constant quality
with reproducible characteristics the manual purification protocols as described by
Celli et al”> and Schomig et al.” were further developed (see Appendix A for details):
Briefly, mucus was obtained from gently rinsed pig stomachs by manual scraping
the surface of the gastric tissue. The collected mucus was diluted 5-fold in 10 mm
sodium phosphate buffer (pH = 7.0) containing 170 mm NaCl and 0.04 % Sodium
azide (Carl Roth, Karlsruhe, Germany) and stirred at 4 °C overnight. Cellular debris
in the liquid phase was removed via filtration through a tea filter and a single
ultracentrifugation step (150,000g at 4 °C for 1 h). Subsequently, the mucins were
separated from other macromolecules by size exclusion chromatography using an
AKTA purifier system (GE Healthcare, Munich, Germany) and a XK50/100 column
packed with Sepharose 6FF. The obtained mucin fractions were pooled, and the
sodium chloride concentration increased to 2 M. Then, the solutions were dialyzed
against ultrapure water and concentrated by crossflow filtration. Finally, the
concentrate was lyophilized and stored at -80 °C until further use (Figure 4).

Lubricin

Lubricin, a mucinous glycoprotein, is one of the two main components in the
synovial fluid of articular joints.

somatomedin-B  chondroitin serine/threonine/proline hemopexin (PEX)-like
(SMB)-like domain sulfate (STP)-rich domain domain

/\ (o-linked oligosaccharides) |

COOCH

Figure 5: Lubricin Structure. Similar to the mucin molecule, lubricin comprises a polypeptide
backbone that is partially folded in the terminal regions and highly glycosylated in the central
part®. In contrast, however, the lubricin backbone is with a molecular weight of approximately
300 kDa’ comparably smaller.

Here, in interplay with other components such as hyaluronic acid, lubricin is
responsible for the outstanding tribological performance in joint movement and
guarantees astonishing low friction with almost no wear formation over decades.
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Lubricin, quite similar to mucin®**, comprises a linear polypeptide backbone with
partially folded termini and a densely glycosylated central region®® (Figure 5).
Compared to mucin, lubricin is a bit smaller. The lubricin protein backbone has a
molecular weight of approximately 300 kDa’. Purification of lubricin is rather
expensive, time-consuming and the purification efficacy is rather low.

Here, purified lubricin from the Schmidt Lab (University of Calgary, CA) was used,
which they purified from bovine knee joints, according to their protocol from 2007°.
In brief, cartilage discs were cultured in Dulbecco's Modified Eagle's Medium and
purified using salt gradient diethylaminoethoanol anion exchange
chromatography. The purity of the solution was confirmed using a 3-8 % Tris-
Acetate SDS page followed by Simply Blue protein stain and densitometry analysis.

Hyaluronic acid (HA)

HA is a glycosaminoglycan (GAG), a biological macromolecule, which naturally
occurs in all mammalian joints both, as a component of cartilage tissue and the
synovial fluid®”. GAGs are linear polysaccharides based on a repeating disaccharide
unit (Figure 6). HA is the only GAG with no sulfate groups and is highly negatively
charged due to the large amounts of carboxyl groups.

OH OH

Figure 6: Structure of hyaluronic acid. The anionic, non-sulfated glycosaminoglycan
hyaluronic acid consists of D-glucuronic acid and N-acetyl-D-glycosamine, which are linked by
glycosidic bonds.

In joints, surface-bound HA and free HA in the synovial fluid act synergistically
together with the glycoprotein lubricin and other smaller molecules to achieve the
outstandingly low friction values observed on articular cartilage'®'*>.HA has been
used extensively in medical applications. For example, HA has been used for more
than 20 years in artificial teardrops for dry eye syndrome therapy. Although
hyaluronic acid is not part of the natural tear fluid, its ability to bind water and

10
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retard tear film evaporation substantiates its use for therapeutical issues in ocular
medicine. Furthermore, hyaluronic acid has positive effects on cell migration'® and
corneal wound healing'*'”> which makes it even more interesting for clinical
applications.

Here, HA from two different sources was used: One pure, high molecular weight
version (2 - 2.4 MDa from Streptococcus equi, Sigma Aldrich) and an HA-based
artificial synovial fluid, which contains 1.6 % (w/v) of hyaluronic acid in a preserved
buffer system (Sinovial HighVisc, Humantis GmbH, Iserlohn, Germany).

Polyethylene glycol (PEG)

Polyethylene glycol (PEG), depending on the molecular weight sometimes also
referred to as polyethylene oxide (PEO) is a synthetic polymer with the repeating
unit ethylene oxide. Due to its (bio)inert character, PEG has been particularly
interesting for clinical research and is to date already used in different applications,
e.g. in drug formulations or as passivation coatings for devices or particles'*'".
Owing to its rapid degradation in aqueous physiological environments''*'%, the use
of PEG, however, is limited to short time applications,

Here, PEG was used to compare different parameters in the coating process as well
as lubricant interactions with the macromolecules. As lubricants, two different
products were used - one low molecular weight PEG (10 kDa, Merck KGaA,
Darmstadt, Germany) and one high molecular weight PEO (1 MDa, Sigma
Aldrich). To be able to couple PEG via a carbodiimide reaction in aqueous solution,
an amine end-functionalized molecule was chosen. To reduce the probability of
unwanted side reactions, the chosen PEG derivate contains only one primary
(alpha) amine and an (omega) methyl group (mPEGa, 20 kDa, Rapp Polymere
GmbH, Tiibingen, Germany).

Poly-L-lysine (PLL)

PLL is a cationic homopolymer, mostly of synthetic origin. It is often used to
improve cell adhesion'?, an attribute which is based on electrostatic interactions
with negative charges from proteins and cell membranes. Furthermore, as PLL
exhibits a rather high charge density, it is frequently used to form stable complexes
with anionic macromolecules, e.g. to form multilayered coatings'**"'* or for the
preparation of microcapsules as drug delivery vesicles'**'””. However, PLL is also
known to be immunogenic'*® and cytotoxic to several cell lines'®, which is why the

11



2 Materials and methods

use of PLL-containing products in a medical context requires careful investigation
of the biocompatibility.

Here, two types of PLL were used; First, a solution containing 0.1 % (w/v) PLL with
a molecular weight in the range between 150 and 300 kDa (Sigma Aldrich) and,
second, an end-functionalized alkynyl-poly-L-lysine (aPLL, Alamanda Polymers,
Inc., Huntsville, AL, U.S.A.) with a molecular weight of 21 kDa.

2.2 Coupling strategy for macromolecular coatings

To generate covalently coupled polymer layers on different substrates, a multi-step
coating process was developed that is based on silane chemistry and carbodiimide
coupling (Figure 7).

Surface activation and silanization of polymeric surfaces

Briefly, the polymeric samples were treated with O, plasma at 0.4 mbar pressure and
an intensity of 30 W for 90 s. The plasma treatment replaces the methoxy groups
on the polymer surface with hydroxyl groups, which enable a covalent attachment
of silane molecules.

ane
(| precursor
Ccr

H H H .
—NH*

A e |
OH OH OH isilane;  isilane 0 N~
R [
77777 || o o o 1@
plasma _
treatment

Figure 7: Coating process for porcine gastric mucin. To functionalize the PDMS substrate,
the O,-plasma-activated surface first is pre-coated with a silane-based precursor. Afterwards,
porcine gastric mucin (MUC5AC) can be covalently linked to the surface by carbodiimide
chemistry.

The silane was used as a coupling agent to further allow for attaching amine-
containing/functionalized macromolecules, e.g. porcine gastric mucin to the
surface via carbodiimide coupling or azide-functionalized PLL via 1,3-dipolar
cycloaddition. The silanization protocol used here was adapted from Zhang and

12
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Srinivasan' and optimized for this project. To obtain carboxylated surfaces for the

final macromolecular coating, the coupling agent N-[(3-trimethoxysilyl)-
propyl]ethylenediamine triacetic acid trisodium salt (TMS-EDTA, abcr GmbH,
Karlsruhe, Germany) was used. The azide modified surface for “click”-chemistry
was generated by covalently bonding 6-azidosulfonyl-hexyltriethoxysilane (ASH-
TES, abcr GmbH) to the activated surface. TMS-EDTA was diluted to a final
concentration of 0.1 % (w/v) in 10 mm acetate buffer (HOAc, pH = 4.5) containing
0.37 g/L sodium acetate anhydrous and 0.33 g/L acetic acid (Carl Roth). ASH-TES
was diluted to 0.13 % (v/v) in methanol (MeOH, > 99.9 %, Carl Roth) and acetate
buffer (pH = 4.5) was slowly added to obtain a 3:1 (MeOH:HOAC) solution with a
final ASH-TES concentration of 0.1 % (v/v). To allow the different silanes to react
with the activated polymer surface, the samples were incubated in the silane
solution at an increased temperature of 60 °C for 5h. Afterwards, the silane-
modified samples were removed from the solutions, dipped into 2-propanol (IPA,
> 99.5 %, Carl Roth, Karlsruhe, Germany) and washed in 96 % ethanol (EtOH, Carl
Roth) on a rolling shaker (RS-TR 05, Phoenix Instrument GmbH, Garbsen,
Germany) at 70 rpm for 1h to remove unbound residues. Subsequently, the
samples were again placed into the oven and stored at 110 °C for 1 h to further
stabilize the siloxane bond.

Macromolecular coupling to silanized surfaces

To covalently bind purified MUC5AC or commercial amine functionalized
polyethylene glycol (mPEGa, in the main text, always referred to as PEG) to
carboxylated PDMS surfaces, an amide coupling reaction was chosen. To activate
the carboxyl groups, the precoated polymer samples were immersed in 100 mm
2-(n-morpholino)ethanesulfonic acid (MES, Applichem GmbH, Darmstadt,
Germany) buffer (pH=5) containing 5mM 1-ethyl-3-(3-dimethyl-amino-
propyl)carbodiimide-hydrochloride (EDC, Carl Roth, Karlsruhe, Germany) and
5 mM N-hydroxysulfosuccinimide (sulfo-NHS, abcr GmbH) and placed onto a
shaker at room temperature (RT) for 30 min (as outlined in Sam et al.*!).

Afterwards, the EDC-NHS solution was exchanged with a commercial Dulbecco’s
phosphate-buffered saline solution (DPBS, pH = 7.4, Lonza, Verviers, Belgium)
containing the desired macromolecule. For a-methoxy-w-amino polyethylene
glycol (mPEGa, MW =20kDa, Rapp Polymere GmbH), the macromolecule
concentration in the DPBS solution was set to 0.4 % (w/v), and for porcine gastric
mucin to 0.1 % (w/v). The reaction was allowed to take place for either 0.5 h (for
mPEGa) or 12 h (for purified mucin), respectively. In principle, also PLL could

13
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easily be attached to the carboxylated PDMS surface via carbodiimide coupling.
However, compared to mPEGa (which only carries a single amine group at its
terminal end) and mucin (where the amine groups are also more easily accessible
at its non-glycosylated termini*) PLL carries a multitude of amine groups all along
the macromolecule. Thus, it is likely, that binding PLL to the silanized surface by
means of carbodiimide coupling would lead to a rather flat, uneven layer and not a
polymer-brush coating as desired here.

Thus, to generate a comparable coating pattern with PLL as for mPEGa and mucin,
an end-functionalized alkynyl-poly(r-lysine hydrobromide) molecule (aPLL,
Alamanda Polymers), is used. To covalently attach aPLL to the PDMS surface, 1,3-
dipolar cycloaddition was used, which has emerged as one of the most popular
methods to employ the principle of “click”-chemistry’*2. Although the 1,3-dipolar
cycloaddition typically requires elevated temperatures, a rather long reaction time,
and provides poor selectivity towards the reaction products, these restrictions have
been remedied by employing a copper-(I)-catalyzed reaction scheme (CuAAC)'>.
In this modified form, the reaction is especially useful for bioconjugation at RT***.

Here, a mixture of 1,4-diazabicyclo-[2,2,2]-octane (DABCO), glacial acetic acid
(AcOH), and Cu(I) ions were prepared according to Sarode et al.'*. Therefore,
0.03 mmol copper sulfate pentahydrate (CuSOs x 5H,0), 0.12 mmol sodium
ascorbate (NaAsc), and 0.06 mmol 1,4-diazabicyclo[2.2.2]octane (DABCO, Carl
Roth) were dissolved in 2 mL ultrapure water. Then, 0.06 mmol AcOH were added
to the mixture and 5 mg aPLL were added to this solution to obtain an aPLL
concentration of 0.1 %. As before, the reaction was allowed to take place at RT for
0.5 h. Finally, all samples were washed in ethanol and stored in DPBS until further
use.

2.3 Polymer materials used in clinical applications

Additional to silicone-based materials such as PDMS, there are many other polymer
materials that are commonly used in clinical applications. For example,
polyethylene (PE) is used in total joint replacements or as a material for catheters;
polypropylene (PP) is often the basis for finger joint prostheses or non-degradable
sutures; intraocular lenses, tooth replacements, and artificial tendons/ligaments are
frequently made of polymethylmethacrylate (PMMA) or polyethylene
terephthalate (PET); polyurethane (PU) and polyvinylchloride (PVC) are probably
the most common materials for medical tubings, and PU is used as a biocompatible,
soft coating for titan-based stents (Table 1). As all polymer materials used here
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contain accessible hydrogen groups, they can be activated by oxygen plasma in a
similar manner as PDMS.

Table 1: Structure and application of medical polymers

Terephthalate
(PET)

Name Monomer Structure Medical Application
Polymethyl- B cH, | Tooth fillings & Replacements,
Methacrylate H— i N intraocular lenses, Bone cement'3'%7
(PMMA) T

C

|

o)

I

CH,

— = dn

Polyethylene- Artificial vessels, replacements for

0
Il

o}
Il
10— CH,— CH,—0—C C

tendons & ligaments, surgical suture
material 36138

(PU)

Polyvinyl- q Tubings, catheters, blood
carbonate | pouches'361%
+]- CH — CH,-t
(PVQ) ;
n
Polyethylene H H Medical containers, catheters,
(PE) l_é artificial  tendons, total  joint
[ replacements'36138140
H O H |p
Polyurethane o o Artificial cardiac valves, balloon

frR—0—C—NH—R—NH—C—oO-}

n

catheters, tubings, skin replacement,
cardiac pacemakers, vascular grafts,
long term implants'36140

Finger joint prothesis, grafts, non-

Polypropylene CH,
(PP) | degradable sutures'3814
-} CH — CH, |-
n
Polydimethyl- - Flexible and small joint
Siloxane B replacements, breast implants,
(PDMS) "Sli_o" : testicle implants, transfusion and
CH, N catheter tubings, gastric bags, drains,

endoscopic windows, bandages,

contact lenses'3%'40

Except for some minor changes in the process temperature (i.e., for all six additional
materials, the temperature during the stabilization step is lowered to 60 °C - this
requires an extension of this step duration to 4 h) and rinsing fluids (PMMA shows
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a poor resistance towards organic solvents; thus, those samples are cleaned with
ultrapure water instead of EtOH and 2-propanol), the coating protocol is the
identical as described above.

All polymers were used as obtained from the distributor (IKS Schon GmbH, Neuss,
Germany) except for PDMS. PDMS samples were prepared in different geometries
from a commercially available PDMS system (Sylgard 184, Dow Corning, Midland,
U.S.A.). Sylgard 184 is a very frequently used system in academic studies: its
application ranges from microfluidic investigations'*' and surface functionalization
studies'* to cell culture and bacterial tests'*’. Furthermore, the Sylgard PDMS
system used here was also used in previous publications in the field of
biotribology***!'*; therefore, this PDMS variant allows for good comparability of
the obtained results with those from these previous studies. Samples were prepared
by first mixing PDMS in a 10:1 ratio with the curing agent and exposing the mixture
to vacuum for 1 h to remove air bubbles. The mixture was filled into a mold (the
mold geometry varies according to the experimental setup the samples were used
in) using a displacement pipette before curing the silicone at 80 °C for 1 h. Since
other studies indicated that there might be unreacted low molecular weight residues
left after curing the PDMS'*, the samples were further tempered at 100 °C for 2 h.
Prior to the surface modification, the specimens were cleaned with 80 % ethanol
and ultrapure water.
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2.4 Macrorheology

Most materials, especially those from biological origin, exhibit neither a pure
viscous nor a pure elastic behavior. To describe such viscoelastic materials, the
material response ¢* to an induced oscillating deformation y* is mapped. The
corresponding modulus G*(w) is a complex parameter and can be separated into a
real and an imaginary part. Whereas the real part G'(w) describes the elastic
response of a material, the imaginary part G”(w) describes its viscous properties:

40
G'(w) = —cos(0)
Yo

Op .
G"(w) = —ssin(6)
0

Here, 0y and y, denote the amplitude of the shear stress and the shear strain,
respectively. The phase shift between the deformation of the material and its stress
response is denoted with §, which is dependent on the angular frequency w of the
stimulation. The viscoelastic properties of the different materials used in this thesis
were determined using a research-grade shear rheometer (MCR302, Anton Paar,
Graz, Austria). This device can be equipped with different commercial and custom-
made measuring systems to allow for optimal measuring conditions in each
scenario.

Viscosity measurements

Viscous samples, i.e. those, which were expected to exhibit negligible elastic
character) were probed with a cone/plate setup (measuring head: CP50, bottom
plate: P-PTD200/Air, Anton Paar) in a rotational manner. The dynamic viscosity is
typically measured in a logarithmic shear ramp to detect non-Newtonian behavior
of the samples. For each measurement, a sample volume of 570 uL was required.
The viscosity was determined for shear rates between y=1s" and y=4000s".
Measurements were conducted at T'= 21 °C or 37 °C and a solvent trap was installed
to avoid dehydration of the samples during measurements.

Oscillatory shear measurements

The frequency-dependent viscoelastic parameters of the materials used here were
determined in a plate/plate setup. Depending on the sample, the gap between the
measuring head (PP25, Anton Paar) and the bottom plate (P-PTD200/Air, Anton
Paar) was set to values between d=100um and d=300pum. Oscillatory
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measurements were performed in a logarithmic frequency ramp from f=0.01 Hz
to f=10 Hz. To avoid exceeding the linear response regime, these measurements
were preferably conducted in a torque-controlled manner. Depending on the
sample, the torque was chosen as small as possible, typically between M = 0.5 and
10 uNm. If the material exhibited time-dependent material properties, e.g. the
material formed a gel after two components were mixed, it was necessary to fix the
oscillation frequency to a certain level. This level was then chosen, such, that the
storage modulus was probed in its plateau value (often f= 1 Hz). However, to
determine this plateau, it was first necessary to record a frequency spectrum of the
sample in its final state prior to conducting the reaction kinetics measurement.

2.5 Biotribology

To investigate the lubricity of different solutions and coatings as well as their ability
to protect surfaces from wear formation, tribological measurements were
performed. During each tribological measurement, the coefficient of friction y was
recorded as

Fr(v)
Fy

p(v) =

where Fx denotes the normal force onto the tested surface and Fr(v) the friction
force, i.e. the resistance a “rough” surface generates against the sliding movement.
The friction force, and thus the coefficient of friction, are typically dependent on
the sliding velocity v. Stribeck described three classical regimes that occur in any
lubricated contact scenario, i.e. the boundary friction regime, the mixed regime, and
the hydrodynamic regime.

The first one describes a typical scenario at low sliding velocities. Here, the opposing
surfaces are in direct contact with each other. Consequently, the coefficient of
friction is typically high here. With increasing sliding velocity, the lubricant
generates buoyancy, and the surfaces start to separate, which is referred to as the
mixed lubrication regime. Thus, the coefficient of friction drops in the mixed
regime. The sliding velocity, where the two surfaces are totally separated for the first
time, describes the turning point in the coefficient of friction curve. It also
determines the start of the hydrodynamic regime. With further increasing sliding
velocity, the surfaces separate even more and friction within the fluid (and
eventually also turbulences) starts to occur, which leads to a slight but constant
increase of the friction coefficient.
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Biopolymer lubrication mechanisms

Whereas simple aqueous or oil-based lubricants can only influence the coefficient
of friction by adapting the viscosity to the desired working environment, (bio)-
macromolecule-based lubricants have been shown to be able to allow for ultra-low
friction coefticients over several decades of sliding velocities - even in the boundary
lubrication regime®!2893.146-148,

Two molecular processes are responsible for their ability to overcome the regimes
described in the classic Stribeck theory, i.e. the sacrificial layer and the hydration
lubrication mechanism. Both mechanisms require the macromolecule to be able to
adsorb onto one or both surfaces of the friction partners. The sacrificial layer
mechanism then describes the effect of cyclic shear-off and readsorption of the
molecules, which allows for the dissipation of friction energy and thus the reduction
of the friction coefficient (Figure 8a)'"'¥.

a b
V 5+.;C%5 confined water
6+

#

shear-off

&
readsorption
i
T substrate ‘

Figure 8: Macromolecular lubrication mechanisms. The outstanding lubrication of
polymer-based lubricants originates from two effects, ie. the continuous shear-off and
readsorption of the polymers (a) and the ability of surface bound polymers to supply a water
film to separate the opposing surfaces (b).

The second effect, i.e. the hydration lubrication mechanism, requires the molecule
to be hygroscopic. When surface-bound polymers are also hydrated, they can form
a thin water film between the friction partners that separates the opposing surfaces
even at very low sliding velocities. Furthermore, under shear forces and pressure,
water molecules between the polymer and surrounding fluid are exchanged, which
further dissipates friction energy. The dissipation of energy increases with a
stronger bonding of the water molecules to the polymer, i.e. when the polymer is
charged and thus interacts with the electric dipole of the water molecules
(Figure 8b)17-19,150,151.
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Stationary contact tribology

For friction measurements in a stationary contact mode, a commercial shear
rheometer (MCR 302, Anton Paar) was equipped with a tribology unit (T-PTD 200,
Anton Paar), and measurements were performed in a ball-on-cylinder geometry
(Figure 9a).

As friction partners in the tribology setup, PDMS cylinders with a diameter of
6.2 mm (prepared as described above) and steel spheres with a diameter of 12.7 mm
(1.4301, Kugel Pompel, Vienna, Austria) were chosen. This particular material
pairing is selected, since both, steel and PDMS-based materials, are commonly used
in various medical devices'**!**. Moreover, such a hard-on-soft pairing involving
both a hydrophilic and a hydrophobic surface is also frequently employed in
biotribological studies to mimic, e.g., the tongue-palate interface.

Measurements were performed at a constant normal load of Fx = 6 N. This normal
force is chosen such that friction in the boundary, mixed, and hydrodynamic regime
can be probed within the accessible velocity range*'**. Based on the Hertzian
contact theory'”, the average contact pressure p, was then estimated as follows:

Using the Young’s moduli and Poisson’s ratios of steel (Ese = 210 GPa, vy = 0.30)
and PDMS (Eppms = 2 MPa'®, vppys = 0.49'°), the Hertzian contact theory returns
an average contact pressure of approximately 0.31 MPa. The velocity-dependent
friction behavior was evaluated by performing logarithmic velocity ramps from
v =700 to 0.001 mm/s, and the friction coefficient was measured at 48 distinct
velocity levels for 10 s each. Before acquiring the first measuring point, the system
was allowed to stabilize at the highest rotational velocity for 30s. For each
measurement, 600 uL of lubricant were required.

Migrating contact tribology

The oscillatory tribology measuring system comprises a measuring head and a
bottom plate, which are both mounted into a research-grade shear rheometer from
the MCR302 series from Anton Paar (Graz, Austria). The design of the measuring
head presented here is inspired by a commercially available system (T-PID/44)
from Anton Paar (Graz, Austria). The basis of this measuring head is established by
a circular disk. This disk allows for attaching the measuring head to a commercially
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available adapter (D-CP/PP 7, Anton Paar, Graz, Austria) and offers space for three
exchangeable pin holders. The center of each pin holder is placed 18 mm from the
rotating axis and is regularly orientated. Each pin holder can be vertically adjusted
by a fine thread (M8x1, ISO 261) to individually compensate for an unevenly
distributed height of the probed specimens. Furthermore, two fitting surfaces
(H7/£7, ISO 286) prevent the pin holder from nutating. Each pin holder comprises
two main elements: first, a hollow, custom-made aluminum screw to fix the holder
into the measuring head and, second, a brass pin. The brass pin carries the actual
probing material (e.g., a steel ball) and is inserted and fixed into the hollow screw.
A spring between the hollow screw and the brass pin protects the air bearing of the
rheometer from possible lateral forces caused by strongly uneven samples.

da

rotational tribology setup oscillatory tribology setup

Figure 9: Tribology setups. The rotational tribology setup consists of a shaft that can hold a
sphere and a sample holder unit, which allows for inserting three cylindrical samples (a). The
measuring head of the oscillatory tribology setup offers space for three exchangeable and
individually adjustable pin holders. The bottom plate allows for mounting either three
cylindrical, kidney-shaped or hybrid samples (b).

The disk consists of austenitic stainless steel (material number: 1.4301) to avoid
corrosion while working with water-based lubricants or in high humidity. To
reduce weight and therefore the moment of inertia, cut-outs are placed where
possible. This disk was fabricated by a workshop specialized in CNC technology
(Volkmar Maschinenbau GmbH, Sennfeld, Germany). The holder for the
counterparts can be mounted onto a commercial bottom plate (P-PTD 200, Anton
Paar, Austria), which is equipped with a water-cooled temperature control unit
(T=-20°C to +70°C). The sample holder can be equipped with either three
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cylindrical samples (d = 8 mm), or three flat, kidney-shaped samples. Furthermore,
this design allows for generating a lateral material interface by inserting a cylinder
(made from a different material) into each kidney-shaped sample. An additional
cover plate enables conducting measurements with submerged samples (filling
volume: approximately 300 uL per well) so that the influence of lubricating liquids
can be probed (Figure 9b).

To determine the coefficient of friction, the friction torque was recorded over a
deflection angle range of 0 < ¢ < 16° at sliding velocities between v = 0.01 mm/s and
v=4mm/s. Around the turning points of each oscillation, artifacts — probably
arising from the inertia of the measuring head - can occur. Thus, for further
evaluation, only data points acquired between 2° and 14° are taken into account
from each stroke. Furthermore, every first cycle of a multi-cycle measurement is
discarded to minimize stick-slip-effects affecting the measured friction coefficients
and to distribute the lubricant across the sample. To correct for the error caused by
an inhomogeneous sample topography, an averaged friction trace y(¢) is calculated
from the forward and backward stroke as:

u @) -, (¢)

2
Here, ¢ denotes the deflection angle, and us(¢) and y, (@) represent the friction
traces obtained during the forward and backward stroke, respectively. Afterwards,
the obtained function u(¢) is averaged with respect to ¢ to obtain an overall
friction coefficient for such a multi-cycle friction measurement.

ule) =
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2.6 Fluorescence techniques

Different types of fluorescence techniques have been introduced decades ago with
the purpose to allow for the visualization of typically invisible effects and processes.
In this thesis, two of those techniques were adapted to visualize macromolecules
and small proteins, i.e. fluorescence microscopy (to directly visualize fluorescently
tagged molecules) and enzyme-linked immunosorbent assays, which allow for an
indirect quantification via antibody labeling.

Protein labeling

To allow for a visualization of either a mucin coating or the adsorption of small
proteins (bovine serum albumin (BSA) and lysozyme were used as model proteins
to test the antibiofouling properties of coated polymer surfaces), these proteins were
labeled with three different fluorescent dyes (ATTO390 - blue, ATTO488 - green,
ATTO594 - red, ATTO-TEC GmbH, Siegen, Germany). The carboxy modified
ATTO dyes were linked to the proteins via carbodiimide coupling.

Therefore, the dye was first diluted to a concentration of carro = 1.0 mg/mL in MES
buffer (10 mm, pH = 5). Afterwards, 5 mm EDC and 5 mm sulfo-NHS were added
to this solution and it was allowed to incubate light excluded at RT for 3 h. This
prolonged incubation time ensured that the remaining free EDC was hydrolyzed
before mucin was added (to avoid crosslinking of the mucin molecules). In parallel,
40 mg of either purified mucin, BSA (Albumin Fraction V, Carl Roth) or lysozyme
(Sigma Aldrich) were dissolved in 19 mL PBS (10 mm, pH =7). Then, both
solutions were mixed thoroughly and again allowed to react at RT for 3h. To
remove unbound dye molecules, the mixture was dialyzed (MWCO = 300 kDa for
mucin, MWCO = 6-8 kDa for BSA and lysozyme) against ultrapure water. The
solution was then lyophilized and stored at -80 °C until further use.

Enzyme-linked immunosorbent assay

To test the coated samples for the presence of mucin on the surface, indirect
enzyme-linked immunosorbent assays (ELISA) were performed. Therefore, each
sample was placed into a well of a 96 well cell culture plate and rinsed with PBS-
Tween (containing 1 mg/mL Tween 20, Carl Roth, pH=7.4) three times.
Afterwards, all samples were incubated in a blocking buffer (comprising 5 % (w/v)
milk powder dissolved in PBS-Tween) at 4 °C overnight.

For the following steps of the ELISA protocol, an empty well was filled with blocking
buffer for each sample. On the next day, the blocked wells and the wells containing
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the PDMS samples were again rinsed with PBS-Tween. Then, each sample was
transferred into one of the blocked wells. Afterwards, the samples were incubated
with a primary antibody (200 uL per well) for 1 h while shaking (Promax 1020,
Heidolph Instruments GmbH & Co. KG, Schwabach, Germany). For this step, a
specific antibody for MUC5AC detection (ABIN966608, antibodies-online GmbH,
Aachen, Germany), which targets the mucin in the C-terminus'”’, was used. The
mucin antibody was diluted 1:400 in the blocking buffer. After incubation for 1 h,
the wells were rinsed again with PBS-Tween.

A second antibody staining was then performed using a horseradish peroxidase
(HRP) conjugated goat anti-mouse IgG antibody (ABIN237501, antibodies-online
GmbH). This secondary antibody was diluted 1:5000 in blocking buffer. Incubation
was allowed to take place at RT on a shaker for 2 h. Afterwards, the samples were
washed in pure PBS (since Tween tends to interfere with the solutions used for the
following steps). After washing the wells, 100 pL of QuantaRed Working Solution
were added into each well. The QuantaRed Working Solution consists of 50 parts
QuantaRed Enhancer Solution, 50 parts QuantaRed Stable Peroxide and one part
of QuantaRed ADHP Concentrate (QuantaRed Enhanced Chemifluorescent HRP
Substrate Kit 15159, Thermo Fisher Scientific, Waltham, Massachusetts, USA).
Since the Working Solution is light sensitive, direct light contact was avoided.

After 30 min of incubation at RT, the peroxidase activity was stopped by adding
20 pL of QuantaRed Stop Solution to each well. The plate was incubated on the
shaker again for 30 s before samples were removed from the wells and fluorescence
of the converted substrate was measured with a multi-label plate reader (Viktor 3,
PerkinElmer, Inc., Massachusetts, USA). Adsorption and fluorescence signals were
measured at a wavelength of 570 nm using a data acquisition time of 0.1 s.

2.7 Liposomes

Liposomes are bi-layered hollow spheres that are frequently used as models as they
are structurally very similar to cellular vesicles. By changing the composition of the
lipid bilayer, the properties of the liposomes, e.g. stability, rigidity or the
permeability can be tuned*'%*. This versatility has caused a boom in liposomal
research for drug delivery applications in recent years'**'%; by now, some liposome
based-therapies have already been FDA approved. In this thesis, liposomes with
different net charges or surface features, i.e. streptavidin or biotin groups, are used
to test for selective binding to functionalized surfaces. Furthermore,
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thermoresponsive liposomes are used as smart switches that initiate a drug release
event by liberating a specific ligand.

The liposomes used in this thesis were produced by lipid film hydration from a total
of six different lipids: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-
dioleoyl-3-trimethyl-ammonium-propane (DOTAP), 1,2-dioleoyl-sn-glycero-3-
(phospho-rac-(1-glycerol)) (DOPG), 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC) or 1,2-dioeloyl-sn-glycero-3-Phosphoethanolamine-N-(biotinyl)
(Biotin-PE), and fluorescently labeled 1,2-dioleoyl-sn-glycero-3-phospho-
ethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-DOPE). The latter was
added at a molar ration of 5 mol% to fluorescently tag liposomes used for selective
binding studies. All lipids were obtained from Avanti Polar Lipids (Alabaster, AL,
USA) and dissolved in chloroform.

To prepare liposomes the different lipids were mixed (see Table2 for the
composition of the liposomes used in this thesis) to a final concentration of 0.5 mm
(approximately 10" liposomes/mL). For preparing zwitterionic (“neutral”) DOPC
liposomes, 90 mol% of DOPC and 5 mol% DOTAP were mixed to compensate for
the negative charge introduced by the 5 mol% Rh-DOPE.

Table 2: Composition of liposomes used in this thesis. Liposomes mixtures comprising
5 mol% Rhod-PE as a fluorescent tag are marked with an asterisk.

Functionality Component #1 Component #2 Component #3
Lipid (mol%) Lipid (mol%) Lipid (mol%)
anionic* DOPG 95 -
zwitterionic* DOPC 90 DOTAP 5 -
cationic* DOTAP 95 -
biotinylated* Biotin-PE 1 DOPC 89 DOTAP 5
thermoresponsive DOTAP 6 DPPC 94 -

Solvent evaporation was conducted overnight to generate a thin lipid film. The lipid
film was resuspended in 0.5 mL of different aqueous solutions. The suspension was
then sonicated in an ultrasonic bath for 5 min to produce small unilamellar vesicles
followed three freeze-thaw cycles and extrusion through a polycarbonate
membrane (pore sizes between 0.2 and 1.0 um) using a mini extruder (Avanti Polar
Lipids). Liposomes were stored at 4 °C for up to 8 weeks. To prepare streptavidin-
functionalized liposomes, the biotinylated liposomes were diluted to a
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concentration of 0.09 mm in PBS containing 2.5 mg/mL streptavidin (54762,
Sigma-Aldrich). The mixture was incubated at 4°C on a shaker for 60 min.
Afterwards, unbound streptavidin was removed from the liposome solution using
size exclusion chromatography (PCR Kleen Purification Spin Columns, Bio-Rad).
Prior to their use in filtration experiments, the streptavidin coated liposomes were
extruded again to break up aggregates that might have formed during the
functionalization process.

Liposome characterization

Size and ¢ -potential of liposomes were determined with dynamic light scattering
using a Zetasizer Nano ZS (Malvern Instruments, Herrenberg, Germany). For size
and ( -potential measurements, lipids were resuspended in 20 mM TRIS buffer
(pH = 7.3, 10 mm NaCl).

2.8 Drug release experiments from macromolecular coatings

In the last part of this thesis, macromolecular coatings are used as drug depots that
release their cargo in presence of a predefined trigger event. Here, two frequently
used antibiotics, i.e. vancomycin hydrochloride (VAN, positively charged at neutral
pH, Applichem, Darmstadt, Germany) or tetracycline hydrochloride (TCL,
negatively charged at neutral pH, Applichem) are chosen as model drugs. To
determine the drug release of either VAN or TCL from a coated surface, a
spectroscopic detection method was employed: First, the bottom of cuvettes
(polystyrene cuvettes, BrandTechTM macro, VWR, were used for TCL release, and
UV transparent cuvettes (VWR) were used for VAN release) was covered with
PDMS. To do so, PDMS was mixed and degassed as described above, and 300 pL of
the mixture were poured into the cuvette using a displacement pipette. This amount
was chosen to ensure that the height of the PDMS layer does not interfere with the
light sent into the cuvette by the UV spectrometer (Figure 34a). In the cuvette, the
poured PDMS was allowed to crosslink at 60 °C overnight. Afterwards, this PDMS
layer was coated with mucins as described above.

DNA-controlled mechanism

For the DNA controlled release mechanism, thiol-modified single-stranded DNA
sequences with self-complementary domains were used to crosslink mucins. These
DNA strands are from now on referred to as crosslinker DNA (crDNA). Due to the
sequence design, a crDNA/crDNA complex is stable until a displacement DNA
(dDNA), which exhibits a higher affinity to crDNA than two crDNA molecules to
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each other, is introduced to system. Then, a TCL solution (0.5 mg/mL) was added
to the surface bound mucin layer and incubated at 4 °C for 4 h. Afterwards,
lyophilized crDNA was first incubated with 100 mm DTT and then dissolved in
180 mM phosphate buffer (pH = 8). Next, the solution was added onto the mucin
layer to a final crDNA concentration of 5 um and incubated at 4 °C overnight. On
the next day, the mucin layer was condensed by adding a 30 % (v/v) glycerol
solution. Before starting a drug release experiment, excessive glycerol, drug, and
DNA were removed by washing the cuvettes with ultrapure water.

Drug release from a condensed, crDNA-stabilized mucin layer was initiated by
adding 20 uL of a 100 pm dDNA solution. The release of TCL was tracked
spectroscopically with a specord210 spectral photometer (Analytikjena, Jena,
Germany) at 360 nm. The amount of released drug was determined by matching
the measured absorption values to a standard curve, which was prepared by
characterizing the light absorption properties of serial dilutions of the respective
drug solution (see Appendix Figure C1).

Ion-controlled mechanism

Here, a surface bound mucin layer was created in cuvettes as described above. Then,
a drug solution (TCL or VAC, 0.5 mg/mL each) was added to the surface bound
mucin layer and incubated at 4 °C for 4 h. Then, a solution containing 30 % (v/v)
glycerol was added to condense the mucin layer. Different from the DNA-based
mechanism, here, stabilization of the condensed mucin layer was achieved by
adding 100 mm MgCl, (dissolved in a 30 % glycerol solution) to the condensed
mucin layer. After this addition step, the final Mg** concentration was 50 mm, and
the system was allowed to incubate for 2. Before starting a drug release experiment,
excessive glycerol, drug, and ions were removed by washing the cuvettes with
ultrapure water.

To initiate the drug release from Mg?**-stabilized mucin layers, 2 mL of a 150 mm
NaCl solution were added as a trigger. The release of TCL was tracked
spectroscopically at 360 nm. The release of VAN was also tracked spectroscopically,
however in the UV-range, i.e. at 282 nm (see Appendix Figure C2). To determine
the release efficiency of the process, Mg**-stabilized mucin layers were opened by
exposing the layer to a trypsin solution (50 ug/mL) for 12 h. Afterwards, the amount
of released drug was determined spectroscopically to calculate the maximum
loading capacity of the mucin layer.
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Multilayer coatings on PDMS

Mucin/Lectin multilayers were built according to Crouzier et al.'* with small
modifications. In brief, mucin coated PDMS samples were prepared as described in
the previous section. Then, a second mucin layer ways attached via lectin cross-
linking, and the final, top mucin layer was added using dopamine as a connecting
layer. In detail, the covalently mucin coated samples were incubated in a 0.2 mg/mL
lectin solution (triticum vulgaris lectin, Medicago) for =1 h. After washing twice
with HEPES buffer (pH = 7), a second mucin layer was generated by submerging
the lectin coated samples into a mucin solution (1.0 mg/mL) for =1 h. The top
mucin layer was attached to the mucin-lectin-mucin construct using a dip-coating
method. Dopamine hydrochloride (4 mg/mL, H8502, Sigma) was dissolved in
50 mMm Tris buffer (pH = 8.5)'%®. Samples were incubated in this dopamine solution
for =2 h, and then were rinsed thoroughly with ultrapure water to remove any
unbound dopamine. Afterwards, the dopamine coated substrates were incubated in
a mucin solution (0.1 % (w/v)) for =1 h, and then rinsed thoroughly with ultrapure
water again.

Antibiotic release experiments triggered by two distinct stimuli

To perform two-step release experiments using two distinct triggers, polystyrene
cuvettes were filled with PDMS, coated with mucin and incubated in a TCL solution
(0.5 mg/mL) as described above. Instead of condensing this initial mucin layer, a
multilayer construct is created as described above. Thus, in the next step, the TCL
solution was discarded, the cuvettes were filled with a lectin solution (0.2 mg/mL)
and incubated for =1 h. Afterwards, the lectin solution was replaced by a mucin
solution (1 mg/mL) containing 4 % (v/v) thermoresponsive liposomes (which were
loaded with GIcNAc; empty, unloaded liposomes were used as a control), and the
samples were again allowed to incubate for =1 h. This step created a second mucin
layer loaded with liposomes. Then, a third mucin layer was attached on top as
follows: first, a dopamine intermediate layer was generated (see above) and then the
samples were incubated again in a mucin solution (0.1 % (w/v)) for =1 h. Then, the
samples were covered with a TCL solution for =1 h to load to the uppermost mucin
layer with this antibiotic as well. Subsequently, this top mucin layer was condensed
with glycerol and stabilized with Mg** ions as described above.

Before conducting a release experiment, the multilayer samples were carefully
rinsed with ultrapure water to remove any unbound molecules. Then, the samples
were stored at physiological body temperature (37 °C). Release from the condensed
top mucin layer was initiated by exposing the multilayer construct to a physiological
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salt solution (150 mM NaCl), and the liberation of TCL was tracked
spectroscopically with a spectral photometer at 360 nm. On the next day, the
samples were heated up to 40 °C to mimic an inflammatory scenario, and this
elevated temperature level initiated the leakage of the thermoresponsive liposomes,
which - in turn - induced disassembly of the multilayer construct and release of
TCL from the bottom mucin layer. Also, this second release cascade was followed
using a photo spectrometer.
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2.9 Adsorption measurements using quartz crystal microbalance
with dissipation monitoring (QCM-D)

Quartz crystal microbalance with dissipation monitoring (QCM-D) is a technique
that allows for detecting mass adsorption onto a substrate in ranges that are not
accessible with a direct mass determination. Furthermore, in contrast to optical
techniques such as surface plasmon resonance spectroscopy or ellipsometry, the
QCM-D technique allows for accessing the wet mass of an adsorbed layer, i.e. the
adsorbed molecules including an entrapped solvent.

To do so, a piezoelectric crystal with a defined resonance frequency Af, is set into
oscillation, while the oscillating frequency is tracked. If the mass of this piezo crystal
changes, e.g. through deposition of a molecular layer, the resulting change in mass
affects the resonance frequency. For a thin, rigid layer adsorbed onto a substrate,
the change in the resonance frequency Af can be set in relation to the adsorbed mass
Am as described by the Sauerbrey equation'®:

Af = —[%Am =cAm
Here p, A and d refer to the density, the surface area and the thickness of the
unloaded crystal, respectively. Those material parameters of the quartz crystal
determine the sensitivity of the measurement and are typically summarized in the

material parameter c.

If, however, the adsorbed layer becomes thicker and less rigid, which e.g. is the case
if brush-like macromolecules adsorb to the substrates surface or multiple layers are
deposited on the substrate, the simple linear Sauerbrey correlation holds not true
anymore'’*"!. Such thick, soft layers additionally dampen the system through their
moment of inertia or — in case of a liquid environment -interact with water
molecules. Thus, the QCM-D device further records a so-called dissipation shift
AD, which allows for a better interpretation of the obtained data. The dissipation
shift is defined as:

Edissipated _ 1

AD = - -
2Td—zstored T[f' T

where Edisipated and Egtorea Tefer to the dissipated and the stored energy, respectively, f
to the recorded frequency and 7 to the decay time. Further, more complicated
models have been developed, that — analogous to the Sauerbrey equation - allow for
a quantification of the adsorbed mass of thick, soft layers'’>'>. However, those
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models require additional input, e.g. overtone signals or the viscoelastic properties
of the adsorbed layer, which are not directly measurable for typical resonance
frequencies used in QCM-D measurements (f > 5 MHz). Since here, the QCM-D
technique is only used to support results or findings, which have been observed with
other techniques, a precise quantification of the adsorbed mass is not required.
Thus, data are qualitatively interpreted using the Sauerbrey equation and the
recorded dissipation signal.

Chip preparation

Here, adsorption measurements are exclusively performed with PDMS substrates.
To obtain PDMS substrates usable for QCM-D measurements, commercially
available gold sensor chips (piezo crystals as described above, which are coated with
a thin layer of gold to attach electrodes for the oscillation stimulus,
¢ =0.23 Hz-cm?/ng) had to be coated with a thin PDMS film. Therefore, PDMS
prepolymer and cross-linker (Sylgard 184, Dow Corning, Wiesbaden, Germany)
were mixed in a ratio of 10:1, and further diluted with n-hexane to obtain a
1.0 % (v/v) polymer solution. Then, a blank gold sensor chip was placed onto the
center of a spin coater (WS-400B-6NPP/LITE, Laurell, North Wales, USA), and
100 uL of the prepared PDMS mixture were pipetted onto the gold chip. To
distribute the PDMS solution, the spin-coater was set into rotation - first at
1500 rpm for 20 s and then at 3000 rpm for 60 s. Afterwards, the coated sensor chip
was cured at 80 °C for 4 h.

Mucin and PEG coatings

To obtain information on the coating density generated with PEG and mucin, a
PDMS modified QCM-D sensor was precoated with TMS-EDTA as described
above; however, some slight modifications in the coating procedure were
introduced to avoid problems with the sensitive chips: first, the PDMS coated chips
were placed into a plasma oven (Femto, Diener electronic GmbH & Co. KG) and
treated with O,-plasma (0.4 mbar, 30 W) for a reduced time of 30 s. Afterwards, the
chips were immersed into acetate buffer (pH = 4.5) containing 0.1 % TMS-EDTA
and incubated at 60 °C for 5 h. To avoid incompatibilities with the glue that is used
to fix the gold sensors to their holder, the chips were then rinsed in Milli-Q water
instead of ethanol and were placed into the oven again at 60 °C for 1 h.

The pre-coated chips were then inserted into the QCM-D device (QCM-D, qcell T-
Q2, 3T-Analytik, Tuttlingen, Germany) and Milli-Q water was injected at a flow
rate of 100 uL/min until a stable baseline was obtained. Afterwards, the Milli-Q
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water was replaced by 100 mm MES buffer (pH =5) containing 5 mm EDC and
5mM sulfo-NHS to activate the carboxyl groups on the PDMS surface. The
activation reaction was allowed to take place for 30 min. Finally, a PBS solution
(pH =7.4) containing either 0.4 % (w/v) of mPEGa or 0.1 % of porcine gastric
mucin was injected at a flow rate of 100 pL/min for 60 min to generate an adsorption
curve. The resulting frequency shift (Af, Hz) is automatically recorded by the
software “qGraph” (3T-Analytik, Tuttlingen, Germany).

Multilayer formation

The successful generation of mucin multilayers on PDMS surfaces was also verified
using the QCM-D technique. Therefore, a mucin (0.2 mg/mL) and lectin solution
(0.1 mg/mL) were prepared in 20 mm HEPES buffer (pH = 7.4). Dopamine solution
(4 mg/mL dopamine hydrochloride, Sigma Aldrich) was prepared in 50 mm Tris
buffer (pH = 8). Layers were formed by injecting and leaving the tested solutions
for 30 min of adsorption on PDMS-coated Au chips at a temperature of 30 °C.
Chips were rinsed with a pure buffer between different solutions for 2 min.

2.10 Surface topography analysis

To analyze surface alterations on artificial and biological surfaces as they can occur
after a tribological treatment, surface topographies were determined using reflective
confocal scanning microscopy. Reflective confocal scanning microscopy is based on
the following measuring principle: For each x-y-coordinate of the analyzed surface,
the device (in this thesis a usurf custom white light profilometer (NanoFocus AG,
Oberhausen, Germany) was used to perform all topography measurements)
determines a reflection intensity curve over the height of the surface structures. This
raw data is then usually fitted - the resulting curve is referred to as confocal curve -
and the intensity maximum of the confocal curve is considered to be the material
surface.

To allow for a quantification of the surface topography, the obtained raw data was
typically processed in several steps: First, a macroscopic tilt or curvature of the
surface was removed by applying a polynomial filter either of first or third degree.
If the measurement contains non-measured points, which especially occur on steep
flanks (since here, the reflection is not ideal), it was considered to either leave these
points empty or to fill them by interpolating between surrounding height values.
Whereas the first approach would be the more accurate way of processing, since
only actual measured values are considered, some surface parameter calculations
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(e.g. the surface development ratio) require a full set of data points making it
necessary to fill invalid points.

Next, surface alterations and wear formation of the mechanically treated surfaces
were quantified by calculating metrological parameters from those pre-processed
topographical images. In principle, there is a broad set of parameters described in
ISO norm 25178-2'*. Here, the root mean square height S; was the first parameter

to be calculated:
S, = lﬂ ( ( ))2d d
q= i z(x, y xdy

This Sy value is a parameter that is commonly employed to characterize the
topography of technical surfaces'”'”” and is defined as the standard deviation of the
measured height values z in the x-y plane. A parameter, that also depicts height
information is the ten-point height Sio,, which is calculated as follows:

215:1 |Zp,‘|+ 21'5:1 |Zvi|

S0 =
10z 5

The ten-point height considers the five highest peaks z,; and the five deepest valleys
zvi, thus it is more sensitive towards extreme, local surface features compared to the
Sq value.

To obtain additional information on a loss of material, volumetric parameters such
as the material volume Vi,(p) and the void volume V.,(g) can be calculated:

p
Vo (p) = f (260 - 2(p))dx
0

100%
N@= [ (@ - 200)dx
q

The material volume Vw(p) describes the total volume of all peaks exceeding a
threshold line z(p). This threshold line is chosen such that (1 - p) of all z-coordinates
were below this line. Similarly, the void volume V.(q) describes the total volume of
valleys reaching below a threshold line z(g).

Changes in surface complexity, however, can go along without changes in the
surface roughness or the proportions of peaks and valleys. Therefore, the ISO norm
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25178-2 offers another parameter, the developed interfacial area ratio, Sdr, which
can be calculated as:

1 0z(x, ) 2 az(x, ) 2
s 3 e (P2) s (22) sy

This value describes the complexity of a surface by comparing the actual surface
and the projected surface.

Some surface alterations mostly comprise wear tracks, which are clearly visible but
do not significantly change the previously described area surface parameters. These
changes can be quantified by a spatial parameter: the isotropy of the surface Str,
which can be determined based on the autocorrelation function (ACF):

3 2 2
RV T R ={(mx, 1y) : ACF(1x, Ty) < 0.2}

_ (x, Ty)€R

Str with
2 2 Q ={(tx, ty) : ACF(1x, 1y) > 0.2}
(qu%(e Q,/Tx + 1Y e e
z(x, y)z(x - 1x, y - Ty) dxd
ACF(ex, 1) I, =Gy y - 1y) dxdy

I, 22Cxy) dxdy

Here, a surface profile (z) in one direction is compared with surface profile lines in
the same direction at different positions (x, y) and the correlation length between
the profile lines is calculated. The isotropy of the surface is defined as the ratio of
the minimum autocorrelation length in any direction divided by the maximum
autocorrelation length in any direction. By integration of the Fourier spectrum of
the autocorrelation length of each direction into polar coordinates, the principal
direction of the surface structures can be determined, and the anisotropy quantified.

Deciding which surface parameters to choose is mostly driven by the type of sample
that should be analyzed. Often it is appropriate to calculate more than one surface
parameter to support findings and observations that can qualitatively be made with
e.g. microscopical images. Statistical evaluation of the obtained surface parameters
can help to identify a suitable set.

2.11 Data analysis and graphical representation

To detect significant differences between two examined groups, two-sample
independent t-tests were conducted. Prior to testing, the normal distribution of the
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measured values was verified with either the Shapiro-Wilk-test or the D'Agostino
& Pearson test. Furthermore, homogeneity of variances was tested using the F-test.
For non-normal distributed populations, the Wilcoxon-Mann-Whitney-test was
used. For normal distributed populations with homogenous variances, Student’s t-
tests were performed, whereas Welch’s t-test was used in case of unequal variances.

To detect statistical differences between more than two groups, one-way ANOVA
(Analysis of Variances) and for multi-comparison Tukey Post Hoc tests were
performed. Professional software (Prism 8, GraphPad Software, San Diego, CA,
USA) was used to conduct all statistical calculations. The level for significant
difference was set to p < 0.05 and is marked with an asterisk where applicable.

The software Prism 8 was further used to generate all graphs shown in this work. If
results are presented in boxplots, the bottom and top of the box represent the
second and third quartiles. The band inside the box is the median. The length of the
whiskers is based on data within the 1.5 interquartile range of the upper and lower
quartile. Data points outside of this range are denoted as outliers (dots).

Graphical representations are designed using Adobe Illustrator CS6 (Adobe Inc.,
San José, Ca, USA).
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3 Biomacromolecule enriched aqueous solutions as high-
performance lubricants

n many fields of material science, development, and engineering - especially if

the materials exhibit a persisting mechanical contact to a second material

surface - friction and wear formation need to be considered®'”. As a
consequence, there are a multitude of established tribological setups and
characterization protocols that are commonly used to investigate the friction and
wear properties of artificial materials'®'®>. However, friction and wear formation
are not limited to technical materials but also occur for biological materials's¢'".
Whereas a replacement of defective parts is often possible in technical settings,
biological materials as they are present in the human body, need to show excellent
performance and wear resistance for several decades. Indeed, many biological
tissues show very low friction and wear. Prominent examples of such biological
surfaces include the cornea/eyelid interface and the articular cartilage layers in
joints. Identifying the key components and understanding the underlying
mechanisms that are responsible for the outstanding lubrication properties of
biological systems is crucial to be able to transfer this knowledge into applications.

3.1 Development of an oscillatory tribology setup”

Owing to the complex shapes and the relatively low stiffness of biological materials
compared to technical materials, characterizing their tribological properties is more
challenging and requires dedicated setups'®'*!.

The most prominent example for a bio-tribological system is articular cartilage,
which shows specific water release kinetics under load, and this behavior is
responsible for a time-dependent coefficient of friction when the tissue is probed in
a stationary contact geometry'**. Whereas such a stationary contact may not be
physiologically relevant, it is a very useful setup for quantifying the complex
tribological behavior of cartilage and other water-containing materials. In contrast,
physiological sliding is mimicked in measuring setups employing a migrating
contact. Here, the probed material is temporarily unloaded before it is exposed

" This section follows in part the publications Winkeljann et al., Biotribology (2018) & Kiumarsi et al., Food
Chemistry (2019)
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again to tribological shear'®>'%. In the case of cartilage, such unloading allows the
tissue to re-absorb water thus providing a constantly low friction response.
Typically, a migrating contact is achieved by a measuring head that slides across the
surface of the material in a linear, reciprocating way with a defined stroke length
and sliding velocity. However, the velocity range that can be explored by such linear
tribometers is rather limited, which makes it difficult to explore the friction
response of a material pairing over several orders of magnitude in sliding velocities.
Vice versa, this is easily possible in rotational tribology setups, e.g. by probing a
material pairing in a ball-on-pins geometry'™*. Yet, due to the sample tilt arising
from the particular sample holder shape required for such a rotational tribology
setup, it is not easily possible to image the treated material after tribological
treatment without removing the samples from the sample holder. Such an imaging
process, however, is necessary to quantify sample damage arising from tribological
shear. Especially for soft, sensitive biological samples, their removal from the
tribological setup and transfer to an imaging device can induce additional damage
thus making wear analysis more complicated.

The technical requirements for a tribological setup become even more challenging
when the friction response of a hybrid system is investigated, i.e. when a
combination of a biological and an artificial surface is probed. Such hybrid systems
are especially relevant in medical settings: examples for synthetic materials, which
induce friction on biological tissues, include artificial joints, contact lenses, and
catheters or intubation tubes'®"**'%7. Also, for such complex material pairings, both
linear and rotational tribology measurements offer distinct advantages. However,
those two measurement variants are typically implemented in different setups, and
this often makes a direct, quantitative comparison of the obtained friction
coefficients challenging. Using the same piece of equipment for both measurement
types would improve this issue.

Thus, in a first step, a commercial research-grade shear rheometer is adapted to
perform oscillatory tribology experiments. This is achieved by combining a custom-
made measuring head with a dedicated sample holder (see Materials and methods
for details).

3.1.1 Versatility of the custom-made measuring system

Different from commercial systems, this setup was designed to be highly versatile
and flexible so that it can be used for various types of measurements from different
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disciplines including mechanical engineering, biotribology and also food
engineering.

Validation of the oscillatory tribology setup

For validating the setup, first a steel/PDMS pairing is chosen since there are many
previous studies reporting friction coefficients for different lubricants with this
particular material pairing®'*#*2% The measuring head is equipped with three
steel spheres (Kugel Pompel, Austria, 1.4404, d = 5 mm, Sq < 0.2 um), and kidney-
shaped PDMS samples. The measuring head performs oscillations over a deflection
angle range of 0 < ¢ < 16°. First, the setup is lubricated with a simple buffer solution
(20 mMm HEPES, pH = 7) devoid of any macromolecules.

Within a certain range, the velocity at which a cyclic friction measurement is
performed can be varied. For the tested material pairing ‘steel on PDMS’, the
friction coefficients obtained at different sliding velocities between 0.1 and 1 mm/s
agree very well with the corresponding values obtained with a commercial
rotational tribology setup operated at the same normal pressure (Figure 10a, black
and cyan data). To obtain additional validation data, also a standard steel/steel
pairing lubricated with standard motor oil (Formula Super 10W-40, Liqui Moly
GmbH, Ulm, Germany) with a viscosity of # =208 + 3 mPas (n=3) is tested.
Friction values are recorded at distinct velocities between 0.01 and 4 mm/s and it is
found that these values, again, agree well with the values obtained with the
commercial rotational tribology setup (Figure 10a, grey curve).

Since the moment of inertia of the measuring head sets an upper limit for the sliding
velocity in oscillatory measurements, it is difficult to obtain a full Stribeck curve
with this tribological system. However, changing the viscosity of the lubricant can
shift the mode of lubrication thus switching the system from, e.g., the boundary
lubrication regime to the mixed lubrication regime. Thus, the tribological response
of the steel-on-PDMS pairing when lubricated with Newtonian fluids of different
viscosities is tested in the next step. As lubricants, different water/glycerol solutions
(mixture ratios: 40/60, 25/75 and 10/90) are chosen with viscosities of
12.8 £ 0.9 mPas, 38.3 + 1.1 mPas and 182 + 1 mPas, respectively (n = 3). For each
of those three Newtonian fluids, the coefficient of friction at four distinct velocities
is measured and plotted as a function of the Sommerfeld Number S, where
S =(v-n)/po. The data points obtained with the different glycerol/water mixtures
nicely overlap, and the typical shape of a Stribeck curve is obtained (Figure 10b).
In the next step, the measurements conducted with both, the oscillating and the
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rotating setup, are repeated using aqueous solutions containing different
macromolecular lubricants, i.e., hyaluronic acid (HA) or porcine gastric mucin.
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Figure 10: Application examples of the oscillatory tribology setup. The coefficients of
friction determined by the oscillatory linear tribology setup are similar to those obtained with
a rotational tribology setup both, for a steel/PDMS pairing (black) and for a steel/steel pairing
lubricated with a synthetic oil (grey, different scaling) (a). Measurements with a steel/PDMS
pairing lubricated with three different glycerol/water mixtures are conducted at four distinct
sliding velocities and plotted as a function of the Sommerfeld Number (b). Measurements with
two different macromolecular lubricants return similar values in rotational and oscillatory
tribology (c). The friction values obtained for ‘food on PDMS’ pairings are similarly low, both
for lubrication with mucin solutions and simple buffer (d). Friction values are further obtained
with either PDMS or steel pins on four different types of bread formulations (e). Error bars
denote the standard deviation as obtained from n > 3 independent samples.

HA is diluted to a final concentration of 0.4 % (w/v) in HEPES buffer and mucin
solutions are prepared at a concentration of 0.1 % (w/v) in the same HEPES buffer.
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Based on previous experiments, HA is not expected to reduce friction considerably
compared to a simple buffer. This expectation is based on the poor ability of HA to
adsorb to surfaces carrying methoxy groups® (and such surfaces include those
established by PDMS), and good surface adsorption is required for macromolecular
lubricants to be efficient, i.e. for the formation of a sacrificial layer and subsequent
hydration lubrication. In full agreement with this expectation, relatively high
friction coefficients pua > 0.5 are recorded with both setups. In contrast, purified
porcine gastric mucin readily adsorbs to PDMS and - by employing a combination
of sacrificial layer formation'” and hydration lubrication'® - reduces friction in the
boundary regime by up to two orders of magnitude compared to buffer alone.
Accordingly, with both setups, comparably low friction values pmucin = 0.01 - 0.03
can be obtained for the steel/ PDMS pairing when lubricated with a mucin solution
(Figure 10c¢).

Tribological investigations for food engineering

Friction and wear formation in the oral cavity have, so far, only been addressed by
a few studies and were often limited to investigating the lubricity of saliva or saliva
substitutes using synthetic materials as counter parts**>. Here, it is attempted to
create a more physiological testing scenario to mimic oral tribology and replace the
steel spheres in the oscillatory tribology measuring head by cylindrical food
samples. Therefore, carrot and potato samples are chosen for those experiments
since these vegetables are stiff enough to allow for the preparation of cylindrical
pins (Kot =2.8 £ 0.7 MPa and Kpouwe =1.7 £ 0.1 MPa, as determined by
unconfined compression tests, n=3, see Appendix B for details). Friction
measurements are conducted on kidney-shaped PDMS samples since PDMS is
regularly used as a model material in soft biotribology to mimic the mechanical
properties of the oral cavity surface. As lubricants, a simple buffer is compared to a
0.1 % (w/v) mucin solution - the latter mimics the presence of a mucosal lubricant
in the esophagus. Both in the presence and absence of mucins in the lubricant,
surprisingly low friction coefficients of pearrot = potatoe = 0.07 are obtained
(Figure 10d).

Furthermore, in food engineering, it is often aimed at designing new types of food
with the goal to e.g. reduce fat content or to remove unwanted components such as
allergens or ingredients from animal origin. For consumer acceptance, these
products, in general, have to be optimized regarding their perception and
mouthfeel. To tune their perception, different parameters are considered
depending on the type of product. The determination and optimization of the shear
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dependent viscosity or the viscoelastic parameters via rheological methods is
industrial standard for the development of many products including (low-fat)
yogurt, chocolate, ketchup, and toothpaste. Characterization methods for more
solid types of food are, however, less standardized and rely mostly on tests with
human probands. Thus, it is asked now, if quantitative friction values - as they can
be determined with the tribology setup introduced here - can be related to the
subjective perception of human probands.

As an example-study, different types of gluten-free bread are chosen and evaluated
regarding their perception in the oral cavity. For many people, especially patients
suffering from celiac disease, it is necessary to remove gluten from their diet*****,
However, gluten plays an important role for the properties of flour in bakery
industry and thus strongly affects the properties of bakery products. To mimic the
oral perception of normal bread, a diverse range of dietary fibers has been
investigated as gluten alternatives in the past decades, including inulin®”, resistant
starch®®, and cereal brans**.

Here, the coefficient of friction is determined for three different types of dietary
fiber fortified bread samples, i.e. inulin-fortified, wheat bran-fortified and resistant
starch-fortified, and compared to a control sample containing gluten. The friction
coefficients for those are found to be all in a similar range when treated with a
PDMS probing pin. However, when treated with a steel sphere, clear differences
between the different bread specimens can be detected. The corresponding friction
values are determined to be 0.24, 0.36, 0.45 and 0.26 for inulin-fortified, wheat bran-
fortified, resistant starch-fortified and the control sample, respectively. Compared
to the control sample, higher friction coefficients are measured for bread containing
either wheat bran or resistant starch fibers. This suggests that, compared to the
control sample, those bread variants can be expected to trigger a different sensation
in the oral cavity during chewing and swallowing (Figure 10e).

In contrast, inulin-enriched bread shows an almost identical friction behavior as
the gluten-containing control sample. It is further observed that the obtained
friction values are positively correlated with textural attributes from sensory tests
with probands, i.e. bitterness, firmness, chewiness, and dryness (see Appendix B for
details), which indicates that the friction coefficient might be a suitable predictor of
these sensory attributes and a helpful tool in the development of various types of
food products. The low error bars obtained with all those food-based tribology
pairings demonstrate good reproducibility and underscore the high versatility of
the custom-made measuring setup.
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3.1.2 Tribology on lateral material interfaces

So far, friction and lubrication processes were studied, which occur at the contact
area of a tribological interface established by two different materials only. However,
in many settings, at least one of the surfaces involved in the tribological process
consists of more than one material, and both friction and wear generation occurring
at such an interface automatically become more complicated. Especially in such
cases, where the mechanical properties of the two materials establishing one of the
surfaces involved in the friction process differ, increased wear formation can be
expected. For performing such interfacial tribology measurements with the setup
developed here, a structured surface comprising a combination of PDMS and
polytetrafluorethylene (PTFE) is chosen. The rationale for this choice is that PDMS
and PTFE not only differ with respect to their Young’s moduli (Eppms = 2 MPa,
Eprre = 500 MPa*”), but they are also expected to show considerably different
coefficients of friction when subjected to a tribological treatment with steel spheres.

To perform interfacial measurements with this material combination, kidney-
shaped PDMS samples are prepared, and PTFE pins with a diameter of 8 mm are
fabricated. To insert these PTFE pins into the PDMS samples, a cylindrical hole is
generated in the silicone material and three PDMS samples containing a PTFE
cylinder each are inserted into the sample holder (as depicted in the schematic top
view shown in Figure 11a), and the vertical position of each PTFE cylinder is
adjusted using screws on the bottom of the sample holder. With those composite
samples, friction measurements are performed at a normal load of 1.35 N and at a
sliding velocity of 0.1 mm/s for 3.5 h. As a lubricant, HEPES bufter is used. This
time, the range of deflection angles is increased to 0 < ¢ <40° to ensure that both
lateral interfaces of the PDMS/PTFE composite sample are probed.

When analyzing the coefficient of friction as a function of the displacement angle
(data obtained from backward strokes is corrected to obtain positive friction
coefficients), a pronounced discontinuity is observed at both of the interfaces
between PDMS and PTFE: here, 4 changes by almost two orders of magnitude, i.e.
from pppms = 0.80 to ppree = 0.02 and vice versa. However, this change is less abrupt
than one might anticipate; at either interface of the composite sample, a total
variation in the angular deflection of Ag = 4° is required until a constant value of y
is reached. This angular interval corresponds to a sliding distance of approximately
1.3 mm. It can be speculated that such a long sliding distance is necessary for the
friction coefficient to reach a local plateau, since the two parts of the composite
material have very different mechanical properties and, consequently, edge effects

43



3 Biomacromolecule enriched aqueous solutions as high-performance lubricants

are strong. Moreover, due to the manual punching process used to fabricate the
PDMS samples, slight variations of the PTFE/PDMS hybrid samples are to be
expected. As a consequence of those sample-to-sample variations, the three PTFE
surfaces are probably not reached by the steel spheres located in the measuring head
at exactly the same angles. However, the friction traces obtained from forward
(Figure 11a, open symbols) and backward strokes (Figure 11a, closed symbols) are
not only highly reproducible but also very similar to each other.
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Figure 11: Interfacial tribology. The coefficient of friction drops almost two decades when
the steel ball crosses the interface between PDMS and PTFE (a). Whereas microscopic images
(b) hardly show any material alterations after the tribological testing, profilometric images (c)
show that the material mismatch leads to serious wear generation directly at the interface.
The scale bar represents 200 um.

After the tribological testing, the alterations in the sample surfaces are analyzed.
Whereas images showing the intensity of reflected light reflection intensity are
difficult to interpret (Figure 11b), topographical images clearly depict wear
formation at the PDMS/PTFE interface (Figure 11c).

In principle, there are several metrological parameters described in ISO norm 25178
that can be calculated from such topographical data. Here, the first parameter to be
calculated is the root mean square roughness S;. Compared to the value obtained
for untreated PTFE pins (S = 0.9 um), the S, value obtained for the treated
pin (Figure 11c¢) is increased by more than 300 % (S,™**! = 4.0 um). This alteration
in the total surface roughness is most likely caused by a loss of PTFE material at the
lateral interface, i.e. at the location were the steel sphere has to switch from the soft
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PDMS onto the stiffer PTFE. However, it is difficult to infer a loss of sample mass
from analyzing the S, value alone. Thus, also a volumetric parameter is calculated
that describes such material loss, i.e. the void volume V.. This volume parameter
has been successfully applied before to profilometric images obtained from corneal
tissue to quantify tribological damage®. It is found that, as a consequence of the
tribological treatment, this void volume increases from
Vyentreated = 1.0 .10 mm?*/mm? to V.4 = 5.9 .10 mm>*/mm?.

This example depicts impressively how important it is to consider lateral interfaces
in more-component materials when it comes to wear formation in a tribological
contact. Compared to simple material pairings without a lateral interface, where
wear formation is often investigated over thousands or millions of cycles, severe
wear formation can occur very fast here. The setup shown here seems to be a
promising tool for optimizing different types of material pairings by variation of
surface and bulk material parameters to reduce both, friction and wear formation.

3.2 Friction and wear on articular cartilage lubricated with different
biopolymer solutions”

As discussed before, tribology on articular cartilage is an example, where it is
especially critical to choose the correct measuring system for the question that is
asked. A comparison of the friction values obtained in a glass-on-cartilage setup
shows clearly, that friction values increase over time when the cartilage samples are
exposed to a permanent load (Figure 12a, black curve), whereas cartilage is allowed
to regenerate itself in a migrating contact, thus resulting in a constant low friction
(Figure 12a, dashed line). Although, in most cases, a permanent contact might not
represent the physiological load regimes articular cartilage is exposed to in the
human body, the data obtained with such a stationary contact geometry can be
indeed very useful to study certain material properties of cartilage. For example, the
slope of the friction curve over time gives information about the water uptake and
release kinetics of cartilage, which is a very important characteristic when it comes
to the design of artificial cartilage replacement materials. Also, as discussed before,
a rotational, stationary contact setup allows for probing the samples over several
decades of sliding velocities. Thus, to compare the lubricating performance of
different macromolecular lubricants in a glass-on-cartilage tribology pairing, a

"This section follows in part the publications Boettcher et al., Biotribology (2017) & Winkeljann et al.,
Biotribology (2018)
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rotational setup is chosen. As macromolecules, HA and lubricin are selected, since
both naturally occur in mammalian joints and they are thought to be - at least in
part — responsible for the ultralow friction and wear formation in joints.
Furthermore, mucin is chosen as an additive for the lubricating fluid as mucin
exhibits many structural similarities to the lubricin molecule, however, it is
comparably easy to purify and thus available in a larger amount.
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Figure 12: Cartilage tribology. The coefficient of friction obtained in a glass on cartilage
pairing is dependent on the measuring method, i.e. stationary or migrating contact (a). The
influence of different macromolecular substitutes to the lubricant is investigated over a wide
range of sliding velocities in a rotational tribology setup (b).

Interestingly, neither hyaluronic acid nor mucin is able to reduce the coefficient of
friction significantly compared to the values obtained, when the pairing is
lubricated with a simple buffered solution. Only lubricin, although structurally very
similar to mucin, is indeed able to reduce friction when added to the lubricant —
and this occurs especially at low sliding velocities, i.e. between 0.01 and 1 mm/s
(Figure 12b). However, studies on both artificial'®'8%2%%2% and biological
materials*>*'**'! have been shown, that friction and wear are not necessarily coupled
and thus should be investigated separately. Therefore, first microscopical images
are taken of the cartilage surface before and after the exposure to tribological stress.
This optical examination of the cartilage surfaces by light microscopy clearly shows
different wear features after lubrication with HA and lubricin solutions. Whereas
the cartilage sample shows an increased amount of wear pits and asperities when
lubricated with HA (Figure 13a), the surface exhibits rather orientated wear tracks
when lubricated with lubricin (Figure 13b).
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Figure 13: Wear formation on articular cartilage. In the surface images (a, d), and the
topographical images (b) wear features are clearly visible. When HA or lubricin solutions are
used as lubricants, the Sio, value is significantly increased compared to the surface of native
cartilage (c). The determination of the isotropy parameter (e) reveals that, compared to the
surface of native cartilage, lubrication with a lubricin solution reduces the surface isotropy (f).

The scale bar represents 200 um. The boxes represent data as obtained from n=9
independent samples.

If the tribological system, however, is lubricated with a mucin solution, virtually no
changes in the cartilage surface can be observed (see Appendix Figure C3). To
quantify the observations from microscopy images, 3D images are obtained from
the cartilage surface via white light profilometry. Also here, the surface alterations
observed in light microscopy images can be visualized clearly.

47



3 Biomacromolecule enriched aqueous solutions as high-performance lubricants

To quantitatively assess those damages, the first metrological parameter calculated
is the root mean square roughness. However, it is found that employing this very
simple parameter is not sufficient to depict the surface alterations which have been
observed in the images. To assess those, further parameters are employed here, i.e.
the ten-point height Sio, and the surface isotropy (see Materials and methods for
details). Indeed, the S, values calculated from the topographical images are
significantly increased compared to the native cartilage surface after the system had
been lubricated with HA acid. In case of mucin or lubricin as an additive, the Sio
value is not significantly increased, which indicates that the wear tracks seen for
lubricin lubricated samples cannot be resolved by calculating the ten-point height
(Figure 13c¢).

Subsequently, to also quantify those wear tracks, the isotropy parameter is
calculated. The isotropy of a surface can be nicely visualized in polar coordinate
systems (Figure 13e). The exemplarily shown treated surface from Figure 13d
exhibits a local maximum in the polar graphs at roughly 180° (which corresponds
to the direction of the observed wear tracks), whereas the polar plot for the native
sample is rather homogenous. The actual calculation of the isotropy parameter
supports this finding, as the isotropy is lowered for samples that have been
lubricated with lubricin during the tribological treatment compared to the value
obtained for native samples. If other lubricants, i.e. mucin and hyaluronic acid are
used, no considerable impact on the surface isotropy is observed after the
tribological treatment (Figure 13f).

3.3 Lubricity of mucin in varying physiological conditions”

As the results from cartilage tribology - and also a few other studies?®?0>*!>21 -
suggest, mucin seems to outperform other macromolecular lubricants either in
terms of friction reduction and wear protection or simply in terms of availability
(e.g. compared to lubricin). Thus, in the next step, the potential of mucin solutions
as bio-lubricants for medical use is investigated more in detail. Therefore, several
physiological parameters will be considered, which might affect mucin lubricity.
Body fluids in general and mucosal tissues, in particular, can significantly differ in
terms of pH, ionic strength and protein content, and each of those parameters
might impact the performance of mucin-based lubricants.

" This section follows in part the publication Song et al., ACS Applied Bio Materials (2019)
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3.3.1 Effect of mucin concentration

In the first step, it is investigated how strongly the mucin concentration affects the
lubricity of mucin solutions. This question is motivated by two aspects: first, there
might be an optimal mucin concentration above/below which the lubricant is less
efficient; second, for economic reasons, identifying the minimal mucin
concentration that yields good lubricity is important since the current purification
process still only produces limited amounts of mucins. The concentration of a
polymer in solution is directly linked to its dilution state and thus can heavily
influence the properties of the solution, e.g. the shear dependent viscosity. The
dilution of a polymer solution can be assessed by calculating the ratio of the volume
fraction @

Cpolymer _ Ymonomer ° N AV

— tpolymer *
P polymer Mimonomer

D=

where cpolymer is the polymer mass concentration in the solution, ppolymer the polymer
density, Vmonomer i the occupied volume of a single monomer,
Nav = 6.022 -10% 1/mol the Avogadro Number and Mmonomer the molecular weight
of a single monomer. The overlap volume fraction @* is described by

* N- Vmonomer
Vpolymer

where N represents the degree of polymerization, and Vieiymer the pervaded volume,
i.e. the volume of solution spanned by a single polymer. For a ratio of ®/®* < 1, the
polymer solution is referred to as dilute, i.e. molecular interactions, such as
entanglement play a minor role. In turn, if @/®* > 1, the solution is referred to as
semidilute, which means, that the polymer coils overlap in the solution and their
interactions strongly govern the properties of the polymer solution®'* (Figure 14a).

In total, the backbone of porcine gastric mucin consists of 4192 amino acids*",

which represents the degree of polymerization N. Within the backbone all 20
different amino acids can be found. Using the amino acid sequence of porcine
gastric mucin®”® and the average volume occupied by every amino acid*'®, both, the
number average of molecular weight and the occupied volume can be calculated as
Muonomer = 123 Da and Vinonomer ® 126 A%, respectively. Assuming the molecular
weight of a mucin monomer to be Mumuwin ® 3 MDa, the weight of a single mucin
molecule can be calculated as
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The mass difference of mucin in its dry state, compared to its hydrated state has
been determined to be ~0.046%.

Assuming a density of the hydrated mucin molecules to be similar to those of water,
i.€. Pwater ® Prmucin, hydrated & 1 g/cm?, the occupied volume of the mucin molecule in an
aqueous solution is calculated as:

Mmucin

Vmucin, hydrated: 0.046 - P

mucin, hydrated

Using these assumptions, the transition from dilute to semidilute for an aqueous
solution containing porcine gastric mucins can be estimated to be at a mucin
concentration of approximately 7.9 mg/mL (Figure 14b).

2
a dilute (®/@* < 1) b 10
semidilute

100
%\D oﬁ%ﬂ! dilute

semldllute (@/0* > 1) 102

o/0*

104 T T T n
103 1072 107! 10° 10! 102
concentration (mg/mL)

Figure 14: Dilution of porcine gastric mucin. The ratio of volume fraction @ and overlap
volume fraction @* gives information, whether a polymer concentration is dilute, i.e. polymer
interactions play an unimportant role, or semidilute, i.e. polymer interactions dominate the
solution characteristics (a). For mucin solutions, the transition concentration can be estimated
to be approximately 7.9 mg/mL (b).

First tribological measurements are performed at an intermediate mucin
concentration of 0.1 % (w/v). Even considering that the assumptions for the
estimation of the dilution state might be not perfectly accurate, the mucin solution
should still be dilute at this concentration (Figure 14b). As observed in several
studies before, a mucin solution at this concentration reduces the friction factor y
by approximately two orders of magnitude, and this also holds true in the boundary
lubrication regime, where y = 0.01 (Figure 15a).
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Interestingly, no perceivable improvement in lubricity can be observed, when the
mucin concentration is increased to 1.0 % (w/v) (Figure 15a). At this higher mucin
concentration, one would expect to have considerable interactions of the mucin
molecules in solution as the ratio of volume fraction and overlap volume fraction
indicates for this concentration (Figure 14b). Furthermore, the viscosity of the
solution is already increased 8-fold (see Appendix Table C1). Thus - at least
according to Stribeck theory - an increased lubricant viscosity should improve the
lubricity of the system; however, this is not the case, which indicates that both,
molecule interactions within the lubricants as well as lubricant viscosity are not a
dominant factor for the tribological performance of mucin solutions. It also
suggests that further increasing the mucin concentration will not be of much avail.
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Figure 15: Influence of the mucin concentration on the lubricity and adsorption behavior
of mucin solutions. (a) Tribological tests were carried out with a steel-PDMS pairing using
20 mMm HEPES buffer at pH 7 with mucin concentrations ranging from 0 (pure HEPES buffer) to
1.0 % (w/v). The error bars denote the standard deviation as obtained from n = 5 independent
measurements. (b) Adsorption behavior of mucin solutions containing different

concentrations of MUC5AC as assessed by QCM-D using PDMS-coated Au-chips. The results
denote the average as obtained fromn > 3

Instead, when lowering the mucin concentration by a factor of ten it is found that,
even at this reduced mucin content, the lubricity of the solution remains almost
unaffected. However, this concentration of 0.01 % (w/v) seems to constitute a
threshold: If the mucin solution is further diluted, i.e., to 0.005% (w/v), the
obtained Stribeck curve closely resembles the one determined with buffer devoid of
mucins (Figure 15a). This suggests that, at this low mucin concentration, some
critical property of the solution is changed such that the lubricity of the system is
suddenly and strongly compromised. However, molecular interactions are not
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likely to be responsible for this effect, since at both concentrations the solution is
already very dilute (Figure 14b).

However, it is known that, for macromolecular lubricants, the adsorption
properties of the solubilized (bio)polymers are closely related to the lubricity of the
solution®?". Accordingly, the kinetics of mucin adsorption onto PDMS at different
mucin concentrations is tested using QCM-D. At low mucin concentrations of
0.005 % (w/v), not only a roughly 2-fold reduction (compared to standard
concentrations of 0.1 %) in the plateau value of the frequency shift can be detected,
but also slower adsorption kinetics are observed (Figure 15b). By fitting an
exponential decay to the QCM-D data, this impression is quantified: Af = exp(-t/7).
The decay time 7 changes from approximately 250 s (0.1 % mucin) to about 500 s
(0.01 % mucin), and even further to 1000 s (0.005 % mucin). Since, in the last mucin
dilution step, the adsorption kinetics seem to change more critically than the
plateau value of Af, it can be speculated that the velocity of mucin adsorption limits
mucin lubricity at these low concentrations. In a model where sacrificial layer
formation and hydration lubrication are the two key mechanisms governing the
lubricity, this can be rationalized as follows: due to the tribological stress acting on
the PDMS surface, adsorbed mucins are constantly sheared off and can only provide
hydration lubrication when they readsorb quickly enough. If this readsorption
process is too slow, e.g., when the amount of available mucin macromolecules in the
lubricant solution is below a sub-critical concentration, both sacrificial layer
formation and hydration lubrication are compromised - resulting in drastically
reduced lubricity as observed here.

3.3.2 Influence of pH conditions and salt concentrations

When used as a biomedical lubricant, mucin solutions might encounter a broad
range of pH levels in the human body. Thus, in the next step, the lubrication and
adsorption properties of mucin solutions at different physiological pH levels are
evaluated.

Interestingly, decreasing the pH value does not have a considerable effect on the
lubricity of mucin solutions, even when reaching strongly acidic pH levels around 2
as they occur in the human stomach. Increasing the pH slightly (pH 8), in turn,
leads to a slight increase in the obtained friction values, however, even at slow
sliding velocities the coefficient of friction still stays way below 0.1 (Figure 16a).
Adsorption measurements show that there is also no major change in the
adsorption kinetics of mucins. However, it can be observed that the final frequency
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shift reaches its lowest level at pH 4 (Figure 16b) — and also at this value, the
obtained friction values were lowest.
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Figure 16: Lubricity of mucin solutions in varying pH and salt conditions. The lubricity (a)
and adsorption kinetics (b) of mucin solutions are hardly affected by changes in pH levels from
2 to 8. The same counts for changing the ionic strength of the solution as long as the
physiological level is not exceeded drastically (c). For high salt solutions (500 mm NaCl), both
lubricity (c) and conformation (d) are altered. The results denote the average, while error bars
denote the standard deviation as obtained from n = 3 independent samples.

This indicates that, here, the adsorbed mucin layer assumes an optimal
configuration. It was suggested that the conformation of gastric mucin changes at
this pH*®, and this alteration in mucin structure, also impacts the rheological
properties of mucin solutions®’®. Thus, it can be speculated that more mucin
molecules adsorb at this pH level than at higher/lower pH - and this would improve
the efficiency of sacrificial layer formation.
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The next physiological parameter to be explored regarding its influence on the
lubricity of mucin solutions is the presence of salt ions. NaCl plays a vital role in the
regulation of many body functions and is also an important part of the body’s fluid
balance control system. However, the NaCl concentration in those body fluids can
change, e.g. as a result of electrolyte disturbance*”. The same holds true for the ion
concentration in mucosal layers, which can be affected by disease or after the
consumption of food or beverages. When the NaCl content in a mucin solution is
increased from low concentrations, i.e. 20 mM or 50 mm to 150 mm, only a slight
increase of the friction coefficient is observed in the boundary and mixed
lubrication regime This effect becomes a bit more pronounced at high NaCl
concentrations (i.e., 500 mm). However, also here, friction coefficients are still well
below 0.1 at all sliding velocities tested (Figure 16c). Even though the lubrication
potential of mucin solutions is not strongly reduced by increasing salt
concentrations, it is asked by which mechanism mucin lubricity is affected by NaCl.

Since mucins adsorb very well to PDMS by means of hydrophobic interactions®, it
appears unlikely that simple NaCl can interfere with this process. Indeed,
adsorption measurements demonstrate that the adsorption kinetics of mucins onto
PDMS do not change much with increasing NaCl concentrations (see Appendix
Figure C4). Thus in a next step, the physical properties of the adsorbed mucin layers
are investigated by evaluating changes in both, the frequency shift Af and the
dissipation shift AD: sequential exposure of PDMS-coated QCM-chips to mucin
and high NaCl solutions induces a stronger alteration in both, AD and Af.
(Figure 16d).

There are different possibilities to rationalize this observation: High ion
concentrations induce Debye screening and thus reduce the number of charged
groups available for ionic paring®'. In addition, it has been suggested that a
shortened Debye-length can decrease the range and magnitude of the steric
repulsion forces acting between mucin layers*”. In salt solutions, mucins are
reported to undergo a conformational change from a fully extended state to a
collapsed state, and this behavior was explained to originate from a combination of
two effects, electrostatic screening, and osmotic pressure acting on the mucin
chains**. Together, those effects can influence the structure of an adsorbed mucin
layer, thus reducing its thickness and, consequently, also its water content.
Dehydration of mucin results in a decrease of the compatibility between mucin and
an aqueous solution®*, which is likely to limit the hydration lubrication abilities of
a surface-bound mucin layer.
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3.3.3 Interactions of small proteins with mucin molecules

When applied to mucosal surfaces of the human body, mucin solutions will not
only encounter pre-existing pH conditions and NaCl concentrations, but also a
variety of proteins. Thus, in the last step, it is evaluated how such proteins interfere
with the lubricity and mucin solutions. Lysozyme, amylase, and serum albumin are
prominent examples of proteins occurring in body fluids such as tears, saliva,
synovial fluid, and vaginal fluid*>=*%.
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Figure 17: Influence of small proteins on mucin lubricity. The presence of small negatively
charged proteins such as BSA and amylase strongly reduces the lubricity of a mucin solution.
Also positively charged lysozyme has an effect on lubricity, however, less drastically (a). In
contrast to BSA and amylase, the addition of lysozyme to a mucin solution even increases the
frequency shift compared to pure mucin solution (b). The results denote the average, while
error bars denote the standard deviation as obtained from n = 3 independent samples.

For all protein/mucin mixtures tested here, higher friction coefficients are obtained
compared to when a pure mucin solution is used for lubrication. If BSA or amylase
is added to the mucin solution, the friction coefficients at very low sliding velocities
are strongly increased and reach values almost as high as those obtained with simple
buffer. For lysozyme, this effect is less drastic, and only an increase in friction by
approximately one order of magnitude can be detected. In the mixed lubrication
regime, still, a noticeable friction reduction compared to simple buffer can be found
in all cases (Figure 17a). Whereas the presence of either BSA or amylase leads to a
less pronounced frequency shift, the addition of lysozyme entails a stronger change
in the resonance frequency. Interestingly, all protein/mucin mixtures reach a stable
Af signal more quickly than pure mucin solutions alone (Figure 17b). The
molecular weight of BSA, amylase, and lysozyme is approximately 66 kDa, 51 kDa,
and 14 kDa, respectively — all these proteins are much smaller than mucin.
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Accordingly, the smaller protein molecules can diffuse through the aqueous
solution more rapidly and might adsorb onto the PDMS surface more quickly than
mucin. Then, the presence of this protein pre-coating could influence mucin
adsorption differently - depending on the properties of this pre-coating layer.

Furthermore, at neutral pH conditions, the net charge of mucin, BSA and amylase
are negative whereas lysozyme is positively charged*****. For the negatively charged
proteins, ie. BSA and amylase, their adsorption onto PDMS would create a
repulsive layer, thus impeding the adsorption of the negatively charged mucin.
Indeed, similar behavior has already been reported for bovine submaxillary mucin
in the presence of BSA*'. As a consequence, both key mechanisms required for
mucin lubricity, i.e. sacrificial layer formation and hydration lubrication, are
compromised, which leads to highly increased friction coefficients.

In contrast to the results obtained with BSA and amylase, the observed frequency
shift in the presence of lysozyme is stronger than for the pure mucin solution alone
- but reduced lubricity occurs, nevertheless. However, also lysozyme molecules
should be able to quickly diffuse through the lubricant and adsorb to the PDMS
layer; the slightly accelerated kinetics of the frequency shift change would agree with
this idea. Since lysozyme is positively charged, the pre-coated PDMS surface should
still allow for the adsorption of mucins - albeit by means of electrostatic attraction
instead of hydrophobic forces. It can be speculated, that such an electrostatically
bound mucin layer might be less favorable for providing lubricity by means of
sacrificial layer formation. How adsorbed mucin layers generated through different
physical forces differ in this regard, i.e., the binding strength of mucins to a surface,
and how this translates into lubricity, remains to be investigated.
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4 Covalently coupled macromolecules on clinically used
polymer materials

t was demonstrated in Chapter 3 that macromolecular lubricants have

outstanding properties regarding lubrication and wear protection. However,

since a rapid distribution of such aqueous lubricants in the human body can be
expected, their application in biomedical applications is very limited. To
compensate for a loss of the lubricant while maintaining lubricity, different
strategies have been published in the last years on how to immobilize hydrated
macromolecules onto a substrate’>***°. Applying such lubricious coatings to
medical devices appears to be a promising strategy to reduce friction and tissue
damage whenever such devices challenge soft sensitive tissues through mechanical
forces®. Possible scenarios include the insertion of a catheter into the urethra' or
blood vessels'* or the placement of an intubation tube into the trachea>**. Of
course, also more permanent placements of synthetic materials into the human
body can cause irritations, e.g. braces in the oral cavity?***, and thus those
materials might as well benefit from a macromolecular coating to enhance their
lubricity. Finally, as most body fluids contain lubricious macromolecules
themselves, interactions between those and surface bound polymers might be used
to further improve the lubricity of such devices.

Here, it is shown, how mucins can be covalently grafted onto a PDMS model surface
and it is tested, how this coating affects the surface lubricity. Furthermore, the
stability of such covalent mucin coatings towards mechanical, thermal and chemical
stress is investigated. Moreover, the interactions between mucin coatings and
solubilized macromolecules are studied. Those findings are then compared to other,
frequently used macromolecular coatings, i.e. PEG, PLL, and hyaluronic acid
coatings. Finally, it is demonstrated, that the coating process introduced here can
easily be transferred to a set of six other clinically used polymer materials.

4.1 Covalent coatings with enhanced stability and surface lubricity”

Even though hydrophobic PDMS surfaces can be quickly and easily coated with
mucins by means of passive adsorption, such a passively adsorbed mucin layer is

"This section follows in part the publications Winkeljann et al., Advanced Materials Interfaces (2019) &
Winkeljann et al., Advanced Materials Interfaces (2020)
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not very stable: after exposure to mechanical shear forces, which here are applied
by using a rotational tribology setup, most of the mucin coating is eroded
(Figure 18b, c). Consequently, also the lubricity of a PDMS surface coated with
passively adsorbed mucins is comparable to uncoated samples (Figure 18a).
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Figure 18: Lubricity and mechanical stability of covalently bound mucin. When lubricated
with a simple buffer solution, the velocity-dependent coefficient of friction obtained for a
steel-on-PDMS pairing shows the typical shape of a Stribeck curve (black). If mucin is added to
the lubricant, this friction coefficient is reduced by almost two orders of magnitude (light grey).
If mucins are attached to the PDMS surface via passive adsorption (grey), the obtained friction
values almost overlap with those obtained for uncoated samples, whereas if mucins are
covalently attached to the surface (cyan), the obtained friction values lie in between the two
curves (a). The ELISA signal obtained from tribologically treated mucin coatings is compared
to that obtained from freshly coated samples (i.e., either passively or covalently coated ones)
that were not mechanically challenged (b). PDMS pins carrying coatings comprising
fluorescently labeled mucins are imaged with fluorescence microscopy after being subjected
to tribological stress. Passively adsorbed mucins (c) are sheared off in the circular contact zone
whereas covalently linked mucins (d) are still present. The scale bar represents 1 mm. Error bars
depict the standard deviation as obtained from n =9 independent samples.

For a realistic medical application, e.g., the insertion of an endotracheal tube, such
a loosely attached coating would be insufficient for several reasons. First, if the
coating is sheared off from some areas of the PDMS surface, these uncoated surface
spots are highly prone to protein deposition or bacterial adhesion. Second, if a
medical device “releases” molecules (here: mucins) into the human body in an
uncontrolled way, obtaining approval for this device becomes more difficult as all
possible side effects related to this release need to be considered*”’. Third, compared
to mucin-functionalized surfaces, uncoated PDMS surfaces show inferior lubricity;
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therefore, there will be a higher risk of tissue damage when a medical device, which
has lost its coating, is removed again from the human body.

4.1.1 Mucin coatings: lubricity and mechanical stability

To overcome these problems associated with insufficient mechanical stability of the
coating, a process is introduced, how mucins can be covalently grafted onto a PDMS
surface via a two-step coupling process: first, the PDMS surface is activated by
oxygen plasma to prepare the surface for a silane-based pre-coating. Afterwards,
mucin glycoproteins can be attached to this silane layer via carbodiimide chemistry.
When first probing the tribological properties of such mucin-coated samples using
a simple buffer solution as a lubricant, the obtained coefficient of friction is reduced
by roughly a factor of 5 compared to the value obtained for uncoated PDMS
(Figure 18a) tested at the same conditions. This indicates that the surface-bound
mucins indeed form a hydration layer that separates the opposing surfaces from
each other during the tribological treatment.

However, the lubrication potential of this mucin coating is less efficient compared
to a situation when an uncoated PDMS surface is lubricated with a mucin solution.
The outstanding lubrication ability of such mucin solutions has been demonstrated
to originate from a combination of sacrificial layer formation' and hydration
lubrication'. Here, the sacrificial layer mechanism is actively suppressed by
covalently fixing the mucins to the PDMS surface. Thus, it can be concluded, that
the remaining lubricity has to be based on the hydration lubrication mechanism
alone. Furthermore, mucin detection methods based on antibody staining and
fluorescence labeling (Figure 18b,d) demonstrate the excellent stability of the
covalent mucin coating, which drastically outperforms the stability of the passively
adsorbed mucin layer: this is indicated by the significantly higher amount of mucin
molecules that remain after the tribological treatment (Figure 18b).

4.1.2 Thermal and chemical stability of covalent mucin coatings

Of course, when used in the human body, medical devices are not only exposed to
tribological shear stress but also to elevated temperatures around 37 °C. Moreover,
during transport/shipping and storage of a medical device, the ambient conditions
can vary and are not always precisely controlled. Thus, in a next step, the stability
of the covalent mucin coating is analyzed at three different storage temperatures,
ie, at 4°C, 37°C and 50°C. After overnight incubation at these different
temperatures, the presence of mucins is again assessed via antibody staining
(ELISA) and these results are compared to freshly coated specimens. The amount
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of surface-bound mucin remains stable after incubation and is hardly altered within
the temperature range investigated here (Figure 19a).
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Figure 19: Thermal and chemical stability of covalently coupled mucin coatings. Mucin
coatings generated on PDMS samples are exposed to (a) different temperatures, (b) selected
chemical milieus (ethanol, chaotropic substances, high NaCl concentrations, and both, acidic
and alkaline pH) as well as (c) different proteolytic enzymes. The bars display the ELISA signal
obtained after the thermal/chemical challenge and indicate the amount of mucins present on
the PDMS samples in comparison to freshly coated but unchallenged samples. All error bars
denote the standard deviation as obtained from n = 3 independent samples.

Since the covalent mucin coating shows promising results in terms of temperature
resistance, the stability of the coating after challenging it with different
environmental conditions relevant for a putative medical application is tested next:
First, as medical devices are often treated with ethanol while handling them, the
stability of the mucin layer is exposed to a high percentage (96 %) EtOH solution.
Also here, the ELISA data show, that the mucin layer is extremely resistant towards
ethanol exposure.

In the human body, medical devices would always be exposed to physiological NaCl
concentrations around 150 mm. Thus, in the next step, the stability of the coating
towards the influence of those salt ions is tested. To maximize the putative impact
such NaCl ions could have, the coated samples are exposed to solutions containing
1 M of NaCl. However, even at those very high salt concentrations, the mucin
coating again seems to be unaffected as the ELISA assay returns similarly high
values as for unchallenged samples (Figure 19b). One possible application of such
mucin coatings would be to use them on urinary catheters. In the urinary tract,
medical devices are constantly exposed to urea, a chaotropic substance. Chaotropic
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agents are able to reduce hydrophobic interactions, and such an effect may remove
mucins from the PDMS surface that are not covalently attached but only passively
adsorbed. Moreover, it may influence the conformation of surface-bound mucins
and it can denature folded proteins if present at high enough concentrations**,
which could affect the detectability of the coating via ELISA if the detection site for
the antibody is compromised. However, even after exposure of mucin coated
samples to high concentrations of urea (6 M solution) a significant reduction in the
ELISA signal cannot be found. Similar results are obtained when the even stronger
chaotropic agent guanidinium thiocyanate (GTC, 1 M solution) is used to challenge
the coating. Together, these tests further confirm that that the mucins are indeed
covalently attached to the PDMS surface and that denaturation of the (mostly

unfolded) mucin glycoproteins plays a negligible role (Figure 19b).

Depending on the medical device the coating is supposed to be used on, also the pH
value of the tissue fluid the device gets in contact with can vary: (strongly) acidic
conditions are relevant for medical devices to be used, e.g., in the stomach or the
vaginal tract, and the small intestine exhibits a slightly alkaline pH value around 8.
To test the influence of this pH range, some mucin coated samples are incubated in
either 1 M formic acid (HCOOH, pH = 1.5) or 1 um sodium hydroxide (NaOH, pH
8). Importantly, the former treatment does not affect the intensity of the ELISA
signal at all, and the slightly basic pH only has a minor influence on the antibody-
based mucin detection test. Strongly alkaline conditions, however, (as realized by a
1 M NaOH solution, pH = 13.5) seem to fully remove or destroy the surface-bound
mucin layer (Figure 19b), probably by alkaline hydrolysis*®.

As the last group of physiologically relevant challenges, the influence of enzymatic
degradation on the stability of the mucin coating is investigated. Proteolytic
degradation of submaxillary bovine mucin by trypsin and pepsin has been reported
previously**. Here, the mucin coating is expected to be somewhat vulnerable as not
all parts of the mucin polypeptide chain are glycosylated thus leaving them exposed
to enzymatic attack. Indeed, solubilized porcine gastric mucins are relatively
resistant towards enzymatic degradation in their glycosylated areas, whereas the
non-glycosylated terminal ends can be easily cleaved by trypsin®. To challenge the
mucin coating, different variants of proteolytic enzymes are selected: trypsin,
protease type XIV, pepsin, and proteinase K. Trypsin naturally occurs in the small
intestine and thus has its pH optimum between 7 and 9, whereas pepsin occurs in
the stomach and has its optimum at pH values between 1.5 and 3. Protease type XIV
is a mixture of enzymes and combines at least three caseinolytic activities with one
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aminopeptidase activity, and Proteinase K is a stable and highly reactive serine
protease. The latter two enzymes exhibit their highest activity around neutral pH.
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Figure 20: Effect of trypsination on covalent mucin coatings. The coefficient of friction
obtained on uncoated PDMS samples (using simple buffer as a lubricant) shows the typical
shape of a Stribeck curve (black). Covalently coupled mucins on the PDMS surface reduce the
coefficient of friction, especially in the mixed lubrication regime (grey). After exposure to a
trypsin solution (cyan), the mucin coating performs similarly well as the unchallenged coating
although experiments with fluorescently labeled mucins show a reduction in surface-bound
mucins after trypsination (¢, d) compared to freshly coated samples (b, d). The scale bars
represent 1 mm. Error bars depict the standard deviation as obtained from a minimum of n =3
independent sets of samples.

When the coating is exposed to any of those enzymes, a strong reduction in the
ELISA signal can be observed in each case (Figure 19¢). Among all enzymes tested,
the Proteinase K treatment has the weakest effect. Nevertheless, also here, a clear
decrease of the ELISA signal is observed. However, due to the antibody assay used
here, it can be difficult to directly correlate a reduced fluorescence signal obtained
with ELISA with a loss of surface-bound mucin (the antibody used to detect mucin
targets the C-terminus of the mucin molecule'””). Owing to the dense glycosylation
pattern in the central region of the mucin glycoprotein, the polypeptide core is only
accessible in the terminal regions of the macromolecule. Thus, enzymatic cleavage
of these terminal regions could prevent the detection of the mucin via antibody
staining although most of the molecule might still be present on the coated surface.
To test this idea, the functionality of the mucin layer is assessed after its exposure
to an enzyme solution. As shown above, when mucin coated PDMS pins are tested
in a rotational tribology setup, they reduce the friction between those pins and the
counter surface: this effect is most pronounced in the mixed lubrication regime
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(Figure 20a, grey curve). If such mucin coated pins are exposed to degrading
enzymes such as trypsin, it is found that the enzymatically challenged mucin coating
still shows a good lubricating performance - especially in the mixed lubrication
regime. Only at very low sliding velocities, a slightly increased coefficient of friction
can be observed after enzymatic treatment (Figure 20a, cyan curve).

Also here, fluorescently labeled mucins are used again to visualize the effect of
trypsination. Compared to freshly coated PDMS samples, trypsinated specimens
indeed show a reduced ELISA signal, however, this reduction is not significant
(Figure 20b). Fluorescent images support this finding as they give a similar visual
impression for both, samples with and without exposure to trypsin treatment
(Figure 20c, d). It can be concluded that indeed, trypsin does affect the mucin
coating and at least the termini are cleaved after trypsin exposure. Furthermore,
depending on the coating quality and density also the surface-bound termini could
become accessible for enzymes.

4.1.3 Lubricity of covalent PEG and PLL coatings

To be later (see Section 4.2) able to identify the mechanistic effects responsible for
the lubricity of different coating/lubricant combinations, two other, differently
charged macromolecules are used for the coatings, i.e. polyethylene glycol (PEG,
neutral) and poly-L-lysine (PLL, polycationic).

Also, for PEG (Figure 21a) and PLL (Figure 21b), coatings can be generated that
show nearly identical lubricity as described above for the mucin coating. Owing to
their molecular structure and their ability to easily bind water molecules, it can be
concluded that (in full analogy to the mucin coating) the observed lubricity of those
PEG and PLL coatings is due to hydration lubrication as well - at least as long as
there are no macromolecules in the lubricating fluid. For PEG and PLL, the grafting
density might be different than for mucin (see Appendix Figure C5); however, for
the remainder of this thesis, the lubricity of these coatings needs to be similar (and
not necessarily the grafting density) since the friction level obtained with the
coatings alone serves as a baseline, which later allows to compare the effect of
different polymer-based lubricants.
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Figure 21: Friction reduction by PEG and PLL coatings. The velocity-dependent coefficient
of friction recorded for PDMS specimens covalently coupled with either PEG (a) or PLL (b)
against a steel sphere is virtually identical to those observed for mucin coating. The error bars
depict the standard deviation as obtained from n = 9 (n = 6 in case of the PLL coating)
independent samples.

4.2 Coating-lubricant interactions affect lubricity”

If one of the presented macromolecular coatings were to be used in a (bio)medical
application, e.g., on catheters, intubation tubes or implants, they would get in
contact with different fluids containing distinct molecular ingredients. Of course,
those molecular components will interact with the surface coating and either
improve or reduce its lubricity. Synergistic interaction of surface-bound molecules
and biopolymers in solution is part of the tribological function of mammalian
joints: Here, the opposing cartilage surfaces comprise surface-bound lubricin'®. To
reduce friction between these lubricin-coated surfaces to the outstandingly low
levels observed for cartilage, the synovial fluid contains the polyanionic**
biopolymer HA**2. HA has been shown to interact with the surface-bound lubricin
molecules; however, whether this occurs mainly through entanglement, via
electrostatic forces or a combination of both, remains partially unclear'>!4%2%,
Thus, in the next step, the three different macromolecular coatings introduced
above are used to test different combinations of coatings/lubricants that might help
to decide whether or not electrostatic interactions between the lubricant

" This section follows in part the publication Winkeljann et al., Advanced Materials Interfaces (2019)
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macromolecule and the macromolecular coating are helpful for the tribological

performance of a system.
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Figure 22: Lubricant-coating interactions synergistically reduce friction. In the absence of
amacromolecular coating, aqueous solutions of PEG (a), PEO (b) and HA (c) show poor lubricity
in a steel-on-PDMS pairing (black curves). However, in combination with a macromolecular
coating, the lubricating potential of those solutions is improved (a-c). In turn, when a coated
PDMS sample is lubricated with one of those macromolecular solutions, the obtained friction
coefficients are almost lower than those obtained with the coatings alone (d-f). The error bars
depict the standard deviation as obtained from at least n = 3 independent samples.

As a first test-lubricant PEG is chosen, which - different from the polyanionic HA
— does not carry any charged groups. Thus, a PEG-based lubricant should only be
able to interact with the coatings via physical entanglement. Without such an
entanglement interaction, solubilized PEG molecules lack the ability to adsorb to
hydrophobic surfaces; thus, they can neither form a hydration layer on the PDMS
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samples nor create a sacrificial layer. As a consequence, it is expected that the
lubricating potential of a PEG solution on unmodified PDMS is negligible. Indeed,
when a PEG-based lubricant solution is tested on unmodified PDMS, the obtained
Stribeck curve resembles that obtained with pure buffer. However, when the PDMS
surface is coated with one of the three different macromolecules, the friction
response of the system is reduced by one order of magnitude (Figure 22a). To
ensure that the lubricity of the combined coating/lubricant system indeed benefits
from the macromolecular lubricant, it is focused on the friction coefficient obtained
at low sliding velocities for the three coatings and, for each coating variant, the
influence of the PEG lubricant compared to simple buffer is evaluated. It can be
observed that the friction coefficient is significantly lowered when PEG is present
in the lubricating fluid (Figure22d-f). This indicates that, whereas
unfunctionalized PDMS does not benefit from a simple macromolecular lubricant
such as PEG, the coated samples do. This is in line with the expectation, that
entanglement with the coating polymer enables sacrificial layer formation thus
lowering the boundary friction response, and that such an entanglement is possible
with each of the three different coatings.

To further support this idea, the rather small PEG (Mw = 10 kDa) in the lubricant
solution is replaced with a larger polymer variant. Here, it is expected that
entanglement interactions between the lubricant polymer and the macromolecular
surface coating should be more efficient if a larger lubricant polymer is chosen. To
maintain the neutral, inert character of PEG, polyethylene oxide (PEO) with a
molecular weight in the range of Mw =1 MDa is chosen. PEG and PEO are - in
terms of chemistry - identical molecules that are historically referred to differently
depending on the molecular weight range and the polymerization method used.
Consistent with the results described before, when unmodified PDMS is lubricated
with a PEO-based lubricant, a typical Stribeck curve emerges including all three
lubrication regimes (Figure 22b). However, compared to when the smaller PEG is
used, now the transitions from the hydrodynamic to the mixed lubrication regime
as well as from the mixed to the boundary lubrication regime are shifted towards
lower sliding velocities. This is not surprising considering the higher viscosity of the
PEO solution (#peo =26.4 0.3 mPas) compared to the PEG solution
(npec = 1.2 £ 0.1 mPas) and buffer alone (#fouser = 1.1 £ 0.1 mPas). When the PEO-
based lubricant is tested in combination with the differently coated PDMS surfaces,
a qualitatively similar result as obtained with the PEG solution can be observed, i.e.
all three coating variants benefit from the macromolecular lubricant (Figure 22d-f).
Moreover, the friction coefficients obtained at low sliding velocities are somewhat
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lower for the PEO lubricant than for the PEG lubricant. At this point, it is important
to realize that, in both cases, the macromolecular lubricant is applied at a similar
concentration, i.e. 1.6 % (w/v) for PEG and 1.0 % (w/v) for PEO: due to the large
differences in molecular weight, this corresponds to a more than 60-fold lower
molar concentration of PEO compared to PEG. Nevertheless, the larger PEO
molecule exhibits improved lubricity compared to PEG. Thus, it is concluded that
this is due to enhanced entanglement of PEO with the surface coatings, which is
enabled by the higher molecular weight of the PEO chains.

Of course, when the presented coatings were to be used in a medical application,
the lubricating fluid will not only contain an inert, neutral molecule such as PEG
but also a combination of differently charged molecules, e.g. proteins. Thus, it is
possible that additional effects other than physical entanglement play a role in the
interaction between the coating and the lubricant. Thus, the PEO based lubricant is
now replaced with an artificial synovial fluid used for the non-invasive treatment of
osteoarthritis. This model fluid is chosen as it contains primarily the polyanionic
macromolecule HA (at a concentration of 1.6 % (w/v)) solubilized in a physiological
salt solution together with small amounts of preservatives. For simplicity, this
artificial synovial fluid is referred to as “HA solution” for the remainder of this
thesis and this model fluid is used to assess the influence of electrostatic interactions
as explained above.

Similar to PEG, HA is not expected to be able to form a sacrificial layer on the PDMS
specimens®'. Consequently, HA should not be able to act as a good lubricant on
unmodified PDMS. Indeed, the obtained friction curves still exhibit a pronounced
boundary lubrication regime with relatively high friction coefficients. Of course,
due to the high viscosity of the HA solution (yua= 1.3 Pas) compared to simple
buffer, the transitions of the different lubrication regimes are strongly shifted
towards lower sliding velocities. Moreover, at high sliding velocities, a sudden loss
of lubricity is observed which is likely to be attributed to fluid film rupture and
internal fluid friction in the hydrodynamic regime - both consequences of the high
lubricant viscosity.

In addition to those expected effects, one could expect a different lubricity of this
HA solution on the three different coatings. For instance, the positively charged
PLL coating might enhance HA adsorption and thus promote sacrificial layer
formation. Indeed, strongly improved lubricity of HA solutions on PLL-coated
PDMS is observed compared to mucin coated PDMS (Figure 22¢); at low sliding
velocities, the difference in friction response is up to one order of magnitude.
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However, PDMS samples coated with uncharged PEG molecules perform equally
well in combination with HA solutions as the PLL functionalized samples. This
contradicts the expectation that electrostatic interactions might aid the lubrication
process. Instead, it indicates that electrostatic repulsion forces might prevent the
mucin coating from efficiently interacting with the HA molecules, thus rendering
this particular combination less powerful than the other two. Together, those results
motivate that electrostatic interactions still need to be considered; yet, they appear
to interfere with physical entanglement rather than promoting it.

4.3 Macromolecular coatings improve wear resistance”

When optimizing the tribological properties of a surface, wear prevention is equally
important as friction reduction. However, as discussed above, friction and wear
formation are not necessarily coupled, and thus should be assessed independently
for any novel tribological system. Accordingly, it is aimed at analyzing if the
additional lubricity provided by the synergistic interplay of a covalent
macromolecular coating with a macromolecular lubricant also leads to increased
resistance of the coated PDMS surface towards wear.

To answer this question, one type of macromolecular coating and macromolecular
lubricant is selected exemplarily. Of course, pairing the mucin coating with an HA
lubricant would be closest to physiological conditions in the synovial cleft; yet, as
described above, the repulsive interactions between mucins and HA are probably
not ideal for this purpose. Moreover, PEG molecules are routinely used in the
context of cartilage replacement/repair strategies*, which is why it is decided to
use a PEG coating in combination with an HA lubricant for this set of experiments.
Since untreated PDMS is already quite resistant towards wear formation, the wear
rate obtained in a short time tribological lab experiment is probably very low. Thus,
wear formation is again quantified by employing a combination of white light
profilometry and subsequent image analysis to quantify wear formation.

First, again the root mean square roughness, S, is determined. To further support
results obtained with this S; parameter, the developed interfacial area ratio Sdr is
analyzed. This Sdr value is a hybrid parameter that combines both height and
spacing information; it compares the actual surface of a sample with its projected
surface and calculates a percentage of surface development. Previously, this

" This section follows in part the publication Winkeljann et al., Advanced Materials Interfaces (2019)
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parameter was successfully applied to differentiate between complex bacterial
biofilm topographies.**
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Figure 23: Surface images of native and mechanically treated PDMS samples. Exemplary
3D topographical images (a, c), as well as reflective microscopy images (b, d), depict the
surfaces of uncoated and PEG-coated PDMS specimens before and after the exposure to
tribological stress. The scale bar represents 200 pum.

To assess wear formation, all tested samples are first imaged and subsequently
exposed to tribological shear stress for approximately 12 h. Afterwards, the samples
are imaged again to detect topographical differences that were caused by the
treatment. As a positive control for wear formation, measurements with
unfunctionalized PDMS pins are performed using simple buffer as a lubricant.
Here, wear marks in the treated area are clearly visible in both, the profilometric
images (Figure 23a), and the reflective microscopy images (Figure 23b).
Consequently, both §;, as well as Sdr parameters (Figure 24a), show a significant
change of the surface structure after the tribological treatment. This wear formation
could be attributed to two effects: first, the counterpart in the tribological system,
i.e. the steel sphere, has been manufactured at very high-quality, yet still exhibits a
rough surface on the microscale (Sq < 0.2 um), and this is considerably higher than
the surface roughness of the casted PDMS pins (which is in the range of 50 nm). It
is therefore expected that the roughness features of the steel sphere would generate
abrasive wear on PDMS. Indeed, some of the wear tracks that are detected on the
PDMS pins have a line-shaped morphology; this suggests that some of them are due
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to local inhomogeneities on the steel sphere, which challenge the pin surface on
every rotation thus creating linear wear motifs.
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Figure 24: Influence of a macromolecular coating and/or lubricant on the wear resistance
of PDMS. Two ISO parameters, the Sq and Sdr value are calculated from images of uncoated
PDMS specimens are acquired before and after the tribological treatment (a). The formation of
wear is less pronounced when uncoated PDMS is lubricated with an HA solution (b) or when
PDMS is coated with PEG und lubricated with simple buffer (c). Wear-related surface alterations
can be completely prevented by combining a PEG coating with a lubricating fluid containing
HA (d). Boxplots represent pooled data from a minimum of 27 images obtained from 3 sets of
individual PDMS pins.

Next, again uncoated pins are tested, this time, however, lubricated with HA. Also
here, as a consequence of the tribological treatment, an increase in the surface
roughness Sq and in the Sdr value can still be detected (Figure 24b), indicating that
wear formation is still an issue - albeit reduced compared to lubrication with buffer
only. In the third set of experiments the performance of PEG-coated PDMS pins
lubricated with simple buffer is tested. Compared to uncoated pins, PEG-coated
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PDMS pins initially exhibit slightly higher Sq and Sdr values, which are suspected to
originate from the addition of the two molecular layers, i.e. the silane precursor and
the grafted PEG. Furthermore, local inhomogeneities in the coating, as well as dust
or other particles from the environment could be responsible for this. Although the
lubricating fluid does not contain any macromolecules, still a slight reduction in
wear formation can be observed, which is comparable to the results observed for
the HA lubricated system (Figure 24c). The best results are obtained when the PEG-
coated samples are lubricated with the HA solution. For this combination, neither
an increase in the S, value nor in the Sdr parameter can be found (Figure 24d),
which indicates that wear formation is efficiently suppressed at the test conditions
applied here. Moreover, even a slight decrease in the surface roughness parameters
can be detected. The latter could be attributed to a mechanical smoothening of the
surface, i.e. the local inhomogeneities created by the coating appear to be removed
whereas the PDMS surface itself is not altered (Figure 23c, d). This illustrates that
the synergistic interaction of a hydrating surface coating and a macromolecular
lubricant entangling reduces not only friction but also wear.

4.4 Applicability of the coating protocol to other polymers’

Although silicone-based materials such as PDMS are very common for medical
devices, there are many other polymer materials that are used in clinical
applications. Here, six other polymers, i.e. PP, PU, PE, PVC, PET and PMMA (see
Materials and methods for details), are chosen to test the applicability of the coating
strategy introduced above. Since each of these polymers contains accessible
hydrogen groups, they all can be activated by oxygen plasma in a similar manner as
PDMS; thus, it is expected that the same two-step coating process can also be
applied to those polymer materials.

This is tested in the next step. Indeed, the mucin coating procedure can be
performed on these six different polymer materials in very similar ways: Except for
some minor changes regarding the rinsing fluids (PMMA shows a poor resistance
towards organic solvents; thus, those samples are cleaned with ultrapure water
instead of EtOH and 2-propanol), the coating protocol is the same as described for
PDMS specimens above. Afterwards, as for the PDMS samples, the successful
deposition of mucin is analyzed by immunostaining. For all coated polymeric
materials, these ELISA tests return a significantly higher fluorescence signal

" This section follows in part the publication Winkeljann et al., Advanced Materials Interfaces (2020)
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compared to their uncoated counterparts (Figure 25a). This demonstrates that a
considerable amount of mucin is present on all coated polymer surfaces.
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Figure 25: Covalent mucin coatings on different polymer materials. The presence of
mucin on seven different medical polymer materials is verified via ELISA (a). Contact angle
measurements compare the surface polarity of the polymer materials before and after mucin
coating (b). The error bars depict the standard deviation as obtained from n = 3 independent
samples. As indicated by the asterisks in the two figure legends, the described properties of
coated samples were always significantly different from their uncoated counterparts.

Since mucins are well hydrated and can bind a large amount of water molecules'*,
a mucin coating is expected to render the surfaces of all polymeric substrates more
hydrophilic. Experimentally this expectation can be tested by comparing the
contact angle of mucin-coated materials to the values obtained from their uncoated
counterparts. The contact angle is a frequently used indicator for analyzing the
wettability of a surface and thus the surface energy: materials with a contact angle
above 90° are considered hydrophobic, whereas materials with a contact angle
below 90° are referred to as hydrophilic. Indeed, for all tested materials, the mucin
coating entails a significant reduction in contact angle — even the PDMS substrate,
which shows an initial contact angle of roughly 130° (corresponding to a super-
hydrophobic surface), is rendered hydrophilic after mucin functionalization
(Figure 25b). For PDMS samples, it was already shown above that the covalent
coating procedure provides the mucin layer with good resistance towards
mechanical stress. To confirm this finding for another polymeric substrate, PMMA,
i.e., the polymer material with the most hydrophilic surface properties before
coating, is selected. However, PMMA (Epmma = 3 GPa**) has a much higher stiffness
than PDMS (Eppms = 2 MPa'*); thus, the tribological test used for PDMS samples
would generate a very high (and unphysiological) contact pressure that can easily
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induce wear on the PMMA substrate. Instead, ultrasonic treatment is chosen now
as a gentler method to challenge the mechanical stability of the mucin coating on
PMMA substrates. Indeed, this method is sufficient to reduce the surface
fluorescence of the passively coated samples by approximately 40 % indicating that
a significant amount of mucins is removed by the ultrasonic treatment (see
Appendix Figure C6). In contrast, the covalently coupled mucin layer is completely
unaffected by the ultrasonic treatment as indicated by the significantly higher
fluorescence signals obtained from those samples compared to passively coated
ones.
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t was demonstrated in Section 4 that macromolecular coatings are powerful

tools to improve the lubricity and wear resistance of synthetic polymeric

surfaces. Furthermore, it was shown how polymer-brush coatings interact with
solubilized macromolecules as they occur in most body fluids. By introducing a
method to covalently couple mucin glycoproteins to a set of polymer materials, the
applicability and stability of such macromolecular coatings were significantly
enhanced, thus providing a very promising tool to coat medical devices. However,
up to now, these macromolecular coatings had a rather passive functionality, i.e.
they reduce the contact of two opposing surfaces to reduce friction and wear at this
particular interface. In the final part of this thesis, these macromolecular coatings
will be tuned further to acquire an active character; they will act as selective binding
partners to remove particular objects — either via passive forces or by specific
interactions - from aqueous solutions. Furthermore, specialized coatings will be
presented that allow for the immobilization of active components, such as enzymes,
to perform non-consuming chemical reactions on the flow. In the last step, these
coatings will be rendered smart, i.e. they will be supplied with drugs and trapped in
semi-stable states that allow for the release of entrapped drugs in the presence of
suitable physiological triggers.

5.1 Macromolecular coatings enable selective binding

Whether for laboratory use or clinical practice, many fields in Life Sciences require
selective filtering. Furthermore, selective permeability and filtration are an essential
feature of many biological processes, and technical filtration applications often
make use of procedures which imitate biological strategies. For instance, the renal
filtration mechanism of the human kidney is mimicked in cross-flow filtration and

in purification processes for drinking water*"’.

Although there are several technical solutions for achieving selective filtration, these
methods are often designed to sieve according to a certain parameter set and thus
lack flexibility. Chromatographic methods, for example, provide the basis for a
broad variety of filtration approaches*®. However, a chromatography column
designed for size exclusion filtration cannot filter molecules by means of affinity

" This section follows in part the publication Winkeljann et al., Macromolecular Bioscience (2017)
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(which is implemented in, e.g., ion exchange chromatography) as those techniques
are based on different filtration mechanisms. Moreover, chromatographic filtration
approaches typically require specific resins and thus can be cost-intensive®®.
Especially in lab-scale settings, where the need for versatile filtration and
purification methods arises as research progresses, classical filtration options may
not always be sufficient. Novel approaches to selectively sieve proteins (by shape or
size) based on mesoporous structures®**? or to remove heavy metal ions from
aqueous solutions**** have been introduced in the last years; however, the
flexibility of those novel methods is limited.

A porous PDMS matrix offers a suitable platform to test such an adaptable solid
immobilization system, as it can be functionalized with a high number of
molecules*****7 which then can provide the desired selectivity properties.
Additionally, a porous PDMS-based filtration system can be fabricated with a high
surface-to-volume ratio, a feature that is essential for an efficient small-scale
filtration process. However, commonly used porogens such as sugar, salt or air
bubbles tend to give rise to insufficiently interconnected pores — unless they are
added in very high concentrations®®. As a consequence, the major part of the
generated pores often constitutes dead ends, and non-leached porogens remain in
the structure™® which decreases the filtration efficiency. A comparably easy way of
fabricating a well-interconnected porous PDMS system was presented before*®,
which is based on washing out embedded sugar fibers from a PDMS cube thus
generating a PDMS structure containing a well-connected capillary system. Here,
an optimization of this fabrication process is introduced (see Appendix B for
methods). By coating, the inner surface of the capillaries with (bio)macromolecules,
such as mucins or poly-L-lysine, various filtration profiles with the identical porous
PDMS matrix are achieved. Depending on the macromolecule used for coating,
filtration towards either positively or negatively charged particles— or both can be
archived. Further variation of the macromolecules used for filter coating enables
filtration not only according to charge but also by means of specific binding to
chemical motifs. In addition to the selective removal of particles, this highly
versatile system can also be used to immobilize enzymes and to study the binding
of test molecules to immobilized bio-macromolecules.

5.1.1 Selective filtering through electrostatic interactions

Although the PDMS model system used here offers the possibility to covalently link
molecules through different coupling reactions***>?7, performing such
complicated, mostly multi-step coating processes in a fine capillary system can be
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very challenging. However, since proteins and molecules can adhere strongly via
unspecific binding to the hydrophobic PDMS**¢!%6>) performing a mucin coating by
physisorption should be sufficient to test their performance as selective filters. As
discussed before the mucin glycoprotein comprises densely glycosylated regions,
and several carbohydrates found in this region (such as sialic acid or sulfated sugar
residues) possess a strongly anionic character®”. Consistently, mucins have been
previously reported to bind cationic particles and molecules****7°.

To test different filter functionalizations liposomes appear to be a suitable platform,
as the size and net charge of these particles can be easily and independently tuned,
i.e. via extrusion and adjusting the lipid composition. Furthermore, lipids carrying
specific binding motifs can be incorporated at adjustable concentrations.
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Figure 26: Different macromolecular coatings of the PDMS-based capillary system lead
to different selectivity profiles. Depending on the molecule used for coating, the filter
removes either (a) positively charged particles (electrostatic “low pass”), or (b) negatively
charged particles (electrostatic “high pass”). The filtration outcome of a mucin coated filter is
independent of the liposome size used here (a). Error bars denote the standard error of the
mean as obtained from n = 3 different filter realizations.

To test the interaction of immobilized mucins with such liposome test particles,
different liposome solutions (i.e. negatively charged, zwitterionic/neutral, and
positively charged liposomes - see Appendix Table C2 for details) are flushed
through a mucin-functionalized capillary system and the percentage of particles
that were able to successfully pass the filter are determined. The mucin-coated
capillary system allows anionic as well as zwitterionic liposomes to pass with high
efficiency but retains a high fraction of cationic particles (Figure 26a). The virtually
identical result is obtained when three variants of fluorescent dextrans are used to

77



5 Biopolymer coatings with tunable functionalities

determine the filtration profile: Although dextrans have hydrodynamic radii in the
range of 8-9 nm and are thus roughly 20x smaller than the liposome particles, also
here only the positively charged species, i.e. DEAE-functionalized dextrans, is
removed (Appendix Figure C7). To support this finding, that indeed the mucin
coating is responsible for the selective properties of the PDMS filter system, a
coating with the polycationic poly-L-lysine (PLL) is tested. Based on the results
obtained so far, the system should selectively filter out anionic particles only. In
agreement with this expectation, a PLL coated filter removes up to 90 % of the
anionic liposomes whereas positive and neutral liposomes can pass the capillary
system (Figure 26b).

5.1.2 Site-specific binding

So far, it was described how electrostatic interactions can be used to provide the
capillary PDMS filter with different selectivity properties. However, these
interactions are rather nonspecific and can occur with numerous chemical motifs.
Thus, it is now aimed at achieving a more precise filtration process by employing
specific binding interactions.
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Figure 27: Specific removal of liposomes by means of biotin-streptavidin binding.
Schematic illustration of a functionalized capillary modified to achieve specific filtering (a).
Streptavidin-coated biotinylated DOPC-liposomes are filtered out since they can bind to the
biotin groups on the functionalized capillary surface (a, b). Both, biotinylated and plain DOPC-
liposomes lacking a streptavidin coat, however, can pass the filter unhindered. All three types
of liposomes can pass a dopamine-PEG coated system when the biotin functionalization is
omitted (b). Error bars denote the standard error of the mean as obtained from n = 3 different
filter realizations.
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A well-known and thoroughly investigated specific binding interaction occurs
between the vitamin biotin and the protein streptavidin®'. To allow the capillary
PDMS construct to selectively filter particles by means of biotin-streptavidin
binding, streptavidin-coated biotinylated liposomes in combination with biotin-
PEG coated capillary surfaces are used (Figure 27a). To functionalize the filter
system with biotin, a dopamine-based coating strategy is chosen. The
catecholamine dopamine is a molecule that can form strongly adherent polymer
layers via self-polymerization on a wide variety of materials including PDMS
surfaces”% Since dopamine reacts with thiols or amines via Michael addition or
Schiff base reaction***”>, a dopamine coating can serve as a versatile platform for
multiple secondary reactions, which is used here to attach a second layer of PEG
and biotin onto the capillary surface (see Appendix B for methods).

And indeed, when such streptavidin liposomes are pumped through the
functionalized filter, a removal efficiency of approximately 85 % can be observed.
In contrast, biotinylated liposomes lacking streptavidin and simple DOPC
liposomes as used above can pass this filter easily. To rule out unspecific binding,
the filter is coated with simple PEG (lacking the biotin-terminus). As expected, all
three liposome species can pass the filter nearly unhindered (Figure 27b).

5.1.3 Enzyme immobilization

Up to now, the capillary system was utilized to remove particles/molecules from a
solution via specific and unspecific interactions with immobilized macromolecules.
In a third step, it is aimed at utilizing the selective interaction of an immobilized
enzyme and its corresponding substrate to enable enzymatic catalysis inside the
capillary system.

As a model enzyme, horseradish peroxidase (HRP) is chosen. Using H,O, as an
oxidizing agent, this protein can catalyze an oxidization reaction for several
substrates. Whereas the substrate itself does not return a fluorescent signal, the
converted substrates then can be detected via spectrophotometric methods. When
the inner PDMS surface of our capillary system is coated with HRP via
physisorption and the substrate ADHP (10-acetyl-3,7-dihydroxyphenoxazine) is
pumped through the enzyme-coated filter (Figure 28a), an efficient substrate
conversion can be observed (Figure 28b). This indicates that a significant fraction
of the immobilized HRPs remained in an active conformation after adsorbing to
the PDMS surface and that enough active sites of the adsorbed enzyme population
(HRP possesses only one active site per protein) are accessible for the substrate.
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Even when the filter is flushed with a high volume of water, subsequent injection of
a substrate containing solution still returns a constantly high fluorescent signal after
passing the filter.
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Figure 28: Inmobilization of enzymes onto the PDMS surface of the capillary system
allows performing catalytic reactions with the filtration system. Physisorption of the
enzyme HRP leads to the conversion of a substrate which is pumped through the filter (a). The
fluorescent intensity of the substrate solution is measured photospectro-metrically before and
after passing the filter and indicates enzymatic activity (b). After rinsing the capillary system
with 500 mL of ultrapure water, no decrease in the enzymatic activity is observed. A similarly
high enzymatic activity is obtained when the HRP coated filter is stored at room temperature
for 48 hours prior to use. Error bars denote the standard deviation as obtained from n=3
different filter realizations.

After a total rinsing volume of 500 mL (which corresponds to more than 3000 filter
volumes), the substrate conversion efficiency is equal to right after enzyme
immobilization. Furthermore, the storage of an HRP coated filtration system at
room temperature for 2 days returns similar catalytic activity (Figure 28b).

5.2 Covalent mucin coatings reduce the initial stages of biofouling”

In a model setup, it was demonstrated, how macromolecular coatings can be used
to provide surfaces with a tuneable selectivity. Especially in medical engineering,
selectively binding surfaces are particularly interesting, as - depending on the
application - a controllable selectivity can be used to promote tissue integration or

" This section follows in part the publication Winkeljann et al., Advanced Materials Interfaces (2020)
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reduce the unwanted deposition of proteins, bacteria or fibrotic encapsulation.
Furthermore, it was shown in Section 4.1 that the covalent mucin coating
introduced here is robust and resists both key requirements for use in medical
implants - mechanical stress and several physiologically relevant environmental
challenges.

Consequently, it is now aimed at verifying that this covalently coupled mucin layer
shows similar anti-fouling properties as reported previously for mucin coatings
generated via passive adsorption®>*7¢%7,

5.2.1 Reduction of particle and protein adhesion

The following experiments are conducted with covalent mucin coatings generated
on two different polymeric substrates. As for selective binding tests and mechanical
stability tests, PDMS is selected again. Furthermore, PMMA is chosen as a second
test substrate, which -in contrast to the relatively soft, hydrophobic PDMS - is stiff
but hydrophilic. Whereas quite different regarding their material properties, those
two polymer materials are very suitable for the following investigations as they are
both transparent and thus allowing for optical microscopy tests in transmitted light
mode.

First, the covalent mucin coating is exposed to two types of polystyrene (PS)
nanoparticles; the first variant exhibits a carboxylated surface and thus carries an
overall negative charge (as indicated by the negative zeta-potential
(earboxy = -50.7 £ 0.5 mV), and the second one exhibits an aminated surface resulting
in an overall positive net charge (lumine =+25.2+1.9 mV). When analyzing the
number of carboxylated particles adsorbed onto the different (coated vs. uncoated)
PDMS specimens via fluorescence microscopy, a drastic reduction for mucin
coated samples can be observed compared to uncoated PDMS (Figure 29a), which
is in good agreement with the results obtained with the filtration model system.

For assessing the extent to which this effect is due to the mucin coating, also a PDMS
surface carrying a silane pre-coating only is analyzed; also here, much fewer
particles are detected than on uncoated PDMS, yet more than on mucin coated
specimens. This result is not really surprising as both, the silane precoating and the
mucin coating, introduce a high density of negative charges onto the PDMS surface
thus repelling the anionic PS particles through electrostatic repulsion. Since the
deposition of large, polyanionic mucins onto the PDMS surface is likely to create
stronger repulsive forces than the small, weakly charged silane, the higher efficiency
of the mucin coating towards the anionic PS particle appears reasonable.
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Interestingly, also adsorption tests with positively charged PS particles return a
similar result (Figure 29a). This finding seems to challenge the idea that the mucin
coating was able to render the surface of the PDMS samples negatively charged - in
this case, one would expect efficient adsorption of the cationic, amine-terminated
PS particles. However, carboxyl- or amine-terminated PS particles both exhibit a
strongly hydrophobic character. Thus, it appears likely that - for the weakly charged
amine-terminated PS particles - their adsorption behavior onto PDMS is
dominated by hydrophobic interactions, and that weak, attractive electrostatic
forces between the mucin coating and the PS particles are still preferable to the
strong hydrophobic forces present for uncoated PDMS.
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Figure 29: Protein and particle adsorption onto mucin coated surfaces. The adsorption
behavior of carboxylated and amine-terminated polystyrene particles as well as BSA and
lysozyme is determined for silane-precoatings and mucin coatings generated on PDMS (a) or
PMMA (b) samples and compared to that obtained for uncoated specimens (horizontal lines

in the respective subfigures). The error bars depict the standard deviation as obtained from
n =3 independent samples each.

Consequently, the efficiency of the mucin coating can be expected to be less
pronounced if the adsorption behavior of the same test particles is assessed on a
hydrophilic substrate such as PMMA - and indeed, for those specimens, the
adsorption of anionic PS particles is reduced whereas the adsorption behavior of
cationic PS particles is mostly unaffected (Figure 29b). Of course, whereas giving
mechanistic insight into the coating properties, polystyrene particles are a very
crude model system for assessing anti-biofouling properties. Thus, in a second step,
the anti-adhesive properties of the mucin coating are tested in a biomedically more
relevant scenario. As the process of biofouling always starts with the formation of a
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conditioning film, i.e., the uncontrolled adsorption of proteins, the ability of the
mucin coating to reduce the adsorption behavior of both, a negatively and a
positively charged model protein is investigated; accordingly, fluorescent BSA
(anionic at neutral pH) and lysozyme (cationic at neutral pH) are selected as test
molecules. Since neither of those well-folded proteins should carry a large number
of hydrophobic amino acids on their surface, it can be assumed that hydrophobic
interactions do not play a major role regarding their adsorption behavior.

In full agreement with this expectation, it is found that the mucin coating returns
comparable results on both materials, PDMS and PMMA: For the anionic BSA
molecules, the mucin coating reduces the adsorption by roughly 40 % and is
significantly more efficient than the silane precoating alone; for the cationic
lysozyme molecules, the adsorption behavior is comparable to the uncoated
polymer materials (Figure 29a,b). From those experiments, it can be concluded
that the mucin coating can efficiently render hydrophobic materials resistant
towards the adsorption of hydrophobic objects. Moreover, the mucin coating
causes a significant reduction of the adsorption of anionic molecules on both,
initially hydrophobic and hydrophilic materials.

5.2.2 Reduction of prokaryotic and eukaryotic cell adhesion

In the human body, the formation of a protein-based conditioning film on an
artificial material is typically followed by the colonization of bacteria or the
encapsulation by fibroblasts. It has previously been shown, that passively adsorbed
mucin coatings have repelling properties towards different (pathogenic) bacteria,
e.g., P. aeruginosa, S. epidermidis, S. aureus, and S. mutans.”®*’52%

Here, the mucin-coated surface is first exposed to S. aureus bacteria. S. aureus does
not cause infections in healthy individuals; however, in patients with a weakened
immune system, this bacterium can lead to pneumonia, endocarditis or even sepsis.
When an uncoated PDMS surface is incubated with a solution of planktonic
S. aureus bacteria, a very large number of bacteria adsorbs to the surface. However,
when the same bacteria are brought into contact with a mucin coated PDMS
surface, the number of adsorbed bacteria is reduced by approximately 35 % (this
number represents the average reduction in adhered bacteria as obtained from n = 3
independent samples with N =3 images each, see Appendix B for details)
(Figure 30a). If the adhesion property of S. aureus is tested on PMMA surfaces, a
qualitatively similar difference between coated and uncoated samples is observed
(Figure 30b); however, now this difference is less pronounced (n = 3, N = 3).

83



5 Biopolymer coatings with tunable functionalities

d uncoated coated b uncoated coated

“w “

3 3

Q o

S 5

S 5

wi (%]

wvy L wv

g

2 d

I, o

> S

g g

Q Q

wi i

g 5]

“wv v

IS S

£ £

S =)

S S

A A

3 3

Q a

1 1 1 ]
PDMS PMMA

Figure 30: Covalent mucin coatings can reduce the surface colonization by selected
bacteria. The adsorption of S. aureus and S. pyogenes onto PDMS and PMMA surfaces is
reduced if a covalent mucin coating is applied previously to the bacterial exposure. P.
aeruginosa, however, adheres similarly well to a mucin coated surface as to uncoated PDMS or
PMMA surfaces. The scale bar represents 50 um.

Next, the two polymer materials are exposed to bacteria from the pathogenic strain
S. pyogenes, which can, in addition to skin infections, be responsible for pharyngitis
including severe forms of tonsillitis. Also here, light microscopy images of
planktonic bacteria incubated on PDMS samples indicate, that the covalently
coupled mucin layer can reduce bacterial adhesion to the polymer surface: on
PDMS samples a 35 % reduction (n = 3, N = 3) and on PMMA samples even a 62 %
reduction (n =3, N =2) is found. As a third pathogenic bacterium relevant in the
context of biomedical devices P.aeruginosa is chosen. Also, P.aeruginosa is
responsible for a multitude of nosocomial infections including pneumonia, skin
infections or inflammations in the urinary tract. P. aeruginosa is a very resistant
germ, that can survive in dry and humid conditions and has been shown to be
mucoadhesive® ¥, Consequently - as also shown before?”® - those pathogens
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adhere very well to mucins and no difference between coated and uncoated surfaces
can be observed — neither on PDMS nor on PMMA substrates. (Figure 30a, b).
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Figure 31: Covalent mucin coatings reduce fibroblast adhesion. The adsorption of NIH/3T3
fibroblasts onto both, PDMS and PMMA surfaces, is reduced when a covalent mucin coating is
applied. The scale bar represents 400 um.

Having observed that mucin coatings can reduce the colonization of polymer
surfaces by certain pathogenic bacteria, it is asked next, if the anti-adhesive
properties of covalent mucin coatings also apply to eukaryotic cells. In detail,
fibroblast adhesion is assed (see Appendix B for details), as unwanted colonization
of implanted materials is mostly responsible for fibrous encapsulation of implants.
Fibrous encapsulation compromises the efficiency of the device and, in the long
term, frequently leads to device failure. To test this, an established fibroblast cell
line (NIH/3T3 fibroblasts) is used here which was already reported to not adhere to
mucin coatings generated by simple passive adsorption®. After incubation of those
NIH/3T3 fibroblasts on uncoated and mucin-coated PDMS samples, respectively, a
confluent cell layer has formed on blank PDMS, whereas the amount of adsorbed
fibroblasts on mucin-coated surfaces is very low (Figure 31a). Additionally, the
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adsorbed cells on the respective surfaces differ in terms of their morphology: On
uncoated PDMS, the fibroblasts exhibit their typical well-spread morphology
indicating strong adhesion; on mucin-coated surfaces, however, the few adherent
cells exhibit a relatively round shape indicating weak adhesion. Still, most of the
cells adsorbed onto mucin-coated surfaces are still alive, which is an important
aspect as it means that the multi-step mucin-coating introduced here is not
cytotoxic. When NIH/3T3 fibroblasts are cultivated on uncoated and mucin coated
PMMA samples, respectively, a virtually identical result is obtained as on PDMS
specimens (Figure 31b). This nicely illustrates that the ability of the covalent mucin
coating to prevent fibroblast adhesion is independent of the carrier substrate the
coating is generated on.

5.3 Switchable biopolymer-based coatings as smart drug delivery
systems’

Preventing and reducing biofouling is particularly important for medical implant
devices such as catheters, stents, vascular grafts, and pacemakers, as both, biofilm
formation and tissue infection have been identified as one of the most frequent
reasons for device failure*?*¢, Furthermore, superficial or deep infections have
been reported for 1-5 % of all hip and knee replacement operations®*”**. However,
when inserting an artificial implant material into the human body it is inevitable
that also exogenous pathogens enter the surgical site®. Thus, even though
antifouling strategies as mentioned above may be able to suppress biofouling events
on the implant surface, bacterial infections around the implant can still occur -
both, immediately after surgery and up to weeks after the operation.

In clinical practice, patients therefore receive systemic antibiotics during surgery
and the following days to overcome early-stage infection. However, an oral
administration limits the possibility of the drug to be delivered to the target region
and comes with the risk of inducing antibiotic resistance*”. In addition, local drug
administration during the operation can cause an overly high antibiotic
concentration in the plasma, and this can cause unwanted side effects such as
nephrotoxicity. As an alternative, bactericidal or drug-loaded implant surfaces®!>*
and implant materials such as bone cements®*>**, scaffolds*’ or nanoparticles*® can
offer local protection against bacterial infections; however, the drug release process

" This section follows in part the publications Yan et al. (2018) & Kimna et al., Advanced Materials Interfaces
(2020) and the patent application Kimna et al., (2019)
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from such systems is typically not well controlled and mostly governed by the
diffusive liberation of drugs.

Drug delivery systems based on polymeric coatings typically regulate the duration
of a release event by either acting as a diffusive barrier or by serving as a degradable
drug reservoir’”®*'. In some recent studies, it was possible to gain better control over
the release of pharmaceuticals from such polymer coatings: there, pH-responsive,
degradable structures were used, which were disassembled in the presence of
bacteria thus triggering the release of an antibacterial agent*°~"2. However, once the
drug load is released, those systems cannot offer any further protection of the
surface. In particular, there is no controlled release mechanism yet, which
establishes both, short- and long-term protection against bacterial infection by
making use of specific trigger events as they occur as part of an infection event.

Also in this context, mucin-based biomaterials, either crosslinked or as blends
together with other polymers, have been used previously to achieve a sustained and
controlled release of molecules and active agents®”*-%. Therefore, it is now aimed at
providing another functionality to the mucin coating introduced in Chapter 4, by
adapting it to act as an intelligent drug delivery system.

5.3.1 Reversible condensation of mucin glycoproteins

The first step in designing a smart, drug supplying implant surface is to find a
suitable way to immobilize the desired drug onto a surface. For macromolecules
such as mucin, which are constantly secreted, the molecules are first synthesized in
an extremely compacted form and then encapsulated in vesicles’®. These vesicles
are stored in the cell until an environmental change triggers the release of the cargo.
Understanding how the cell manages to reversibly condense the gigantic mucin
molecule into a compact form could open a way to use mucin molecules as dynamic
carrier particles. Then, in the second step, the same mechanism could be applied to
a surface-bound mucin layer to generate a triggerable drug depot.

Intact mucin-carrying vesicles are characterized by a low internal pH and a high
calcium concentration. It has been shown that calcium solutions can stabilize de-
membraned vesicles, possibly by shielding repulsive negative charges on the mucin
glycans while acting as ionic cross-linkers that maintain the molecules in a
compacted state’”>%. In addition to those cross-linkers, the solvent quality was also
shown to effectively mediate mucin condensation. Using glycerol as a stabilizing
reagent, giant mucin vesicles extracted from the slug Ariolimax columbianus could
expand up to 600-fold within seconds when glycerol was removed again®”. The

87



5 Biopolymer coatings with tunable functionalities

unfolding of these compacted mucins is initiated once the vesicle is released into
the extracellular environment. The increase in the pH value and the entry of sodium
ions displace calcium ions and trigger the rapid unfolding of the molecules, which
is driven by electrostatic and steric repulsions*®’''. Mucin condensation and de-
condensation have thus mostly been studied in the context of mucin vesicles, and
only a few studies report about the response of individual mucins and mucin
oligomer molecules to this environmental changes®>*".
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Figure 32: Glycerol concentration affects mucin conformation. The diameter of the mucin
nanoparticles is gradually decreased as the glycerol concentration is increased. This
condensation is fully reversible (a). The typical shear-thinning behaviour observed for
solutions containing mucin molecules is also reduced as mucin molecules are further
compacted (b). The error bars depict the standard deviation as obtained from n=3
independent samples.

As it was shown that glycerol has a stabilizing effect on mucin particles, it is now
tested if the same strategy can be applied for individual mucin molecules. And
indeed, when glycerol is added to a mucin containing aqueous solution, the size of
the mucin molecules is gradually decreased with increasing glycerol concentration.
Furthermore, it can be observed, that the compaction of the glycoproteins is
completely reversible as soon as glycerol is reduced or removed from the solution
(Figure 32a). An explanation for the reversible condensation observed here can be
found in two phenomena: the disaggregation of mucins driven by changes in
intermolecular interactions and the compaction of the mucin molecules driven by
insolubility. In the disaggregation model, it is assumed that the mucin solution is
composed of multimeric structures, which are stabilized through hydrophobic
interactions®®. The addition of glycerol to aqueous protein solutions has been
shown to stabilize proteins and prevent aggregation by forming an amphiphilic
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interface between the hydrophobic domains of the protein and the polar solvent®**.
The second model suggests that the strong compaction of mucins is driven by the
poor solubility of mucins in glycerol. Indeed, mucins are typically insoluble in
nonpolar solvents such as hexane’” and simple sugars are also less soluble in
glycerol than in water’’®. Thus, increasing the glycerol concentration would
promote mucin intramolecular interactions over mucin—solvent interactions,
leading to a compaction of the molecular structure.

It can further be hypothesized, that the conformational change of mucins from a
linear to a condensed state also affects macroscopic properties, e.g. the viscosity of
mucin solutions. However, the use of highly viscous glycerol as a compaction
reagent masks any effect of the mucin conformational changes on the absolute
viscosity of the solutions. Yet, conformational changes of mucin induced by
glycerol, even though occurring on the molecular level, could still be detected on
the macroscale by comparing the dynamic viscosity of mucin solutions with
different glycerol contents. Indeed, the classical drop of viscosity with increasing
shear (i.e., shear-thinning) rate seen for many polymer solutions is gradually
reduced as the glycerol concentration is increased (Figure 32b). Indeed, the
reversible condensation of mucins observed here seems to be an interesting
mechanism, that could be used to temporarily entrap drug molecules.

5.3.2 DNA mediated drug release from a surface-bound mucin
layer

Up to now, mucins were used as freely swimming molecules in an aqueous
environment. Thus, it is now asked, if the same compaction strategy can be
transferred to mucin molecules, that are immobilized on a substrate in a brush-like
manner. Furthermore, triggering the de-condensation by removing glycerol is
unfavorable for medical applications, as it already has to happen before the implant
is brought in contact with the human body. To make this compaction of mucins
applicable for implant coatings, another way has to be found to temporarily stabilize
condensed mucin molecules on a device surface.

Single-stranded, partially self-complementary DNA sequences were previously
used to act as temporary crosslinkers between nanoparticles (crDNA). There, the
release of individual particles from those aggregates was achieved by introducing a
tully-complementary displacement DNA (dDNA) sequence that can form a
thermodynamically more stable complex with crDNA (dDNA/crDNA) than the
cross-linking sequences do with each other (crDNA/crDNA)>'7*'8,
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Figure 33: DNA triggered release mechanism. Self-complementary DNA strands are used to
form a cage-like structure with surface-bound mucin molecules to entrap an antibiotic (a). By
adding glycerol this cage can be further condensed (b) and stays stable after glycerol,
excessive DNA and antibiotics are removed (c). With the exposure to a fully-complementary

displacement DNA, the mucin layer returns its initial conformation and releases the antibiotic
(d).

This mechanism was found to be precise, reproducible and highly efficient. Here,
this DNA-mediated mechanism is adopted to temporarily stabilize a compacted
surface-bound mucin layer that is loaded with drug molecules (Figure 33 and
Appendix Figure C8a). In brief, the strategy is as follows: a surface bound mucin
layer is generated, and drug molecules are added. Thiol-functionalized crDNA
strands are then added to this surface-bound mucin layer and spontaneously attach
to cysteine-rich subdomains of mucins by forming disulfide bonds (Figure 33a and
Appendix Figure B1)*"°. Next, the drug-loaded mucin layer is exposed to a glycerol
solution, which condenses the mucin layer into a compacted state (Figure 33b); this
compaction step enables the formation of crDNA/crDNA cross-links between
neighboring mucin molecules and traps the drug molecules in the mucin layer.
Glycerol, unbound crDNA strands and excess drug molecules are then removed by
washing (Figure 33c), and the crDNA/crDNA cross-links maintain the compacted
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state of the mucin layer. As a consequence, the drug molecules remain trapped in
the mucin layer until release is triggered. This triggered release is achieved by
exposing the mucin layer to dDNA strands, which open the stabilizing
crDNA/crDNA cross-links; this event entails a de-condensation of the mucin layer,
which returns into its initial conformation and releases the loaded drug
(Figure 33d).
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Figure 34: DNA-based drug release from mucin coatings. Self-complementary, thiolated
DNA sequences are used to crosslink mucin polymers (a). By adding a suitable displacement
DNA, the release of tetracycline can be triggered (b). The error bars represent the standard
deviation as obtained from n = 3 independent samples.

For a quantitative assessment of the drug release kinetics in macroscopic
experiments, a spectroscopic detection method is employed (Figure 34a). Here,
tetracycline (TCL), a broad-spectrum antibiotic, is selected as a model drug. Indeed,
TCL release is successfully initiated by the DNA trigger (Figure 34b, black bars).
Moreover, the release process is quite fast as we find a plateau in the release profile
after 0.5-1 h.

In contrast, in the absence of this trigger (i.e., when DNA strands with a ‘wrong’
sequence — so called control-DNA/coDNA - are added), only a small amount of
initial TCL release is detected (Figure 34b, grey bars), which could be attributed to
loosely bound TCL molecules that have not been entrapped well into the mucin
layer. Further control measurements demonstrate both, the necessity of both,
conducting the glycerol condensation step and stabilizing the condensed mucin
layer (see Appendix Table C3).
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5.3.3 A physiologically compatible trigger for large scale
applications

Although the DNA triggered release mechanism discussed so far allows for a
precisely defined starting point of the drug release, it is not very suitable for large
scale applications: medical implants typically have a relatively large surface area that
would need to be coated, which requires relatively large amounts of (rather costly)
synthetic c-DNA. Moreover, supplying suitable (synthetic) dDNA strands to trigger
drug release is very difficult - if not impossible - in situ, e.g., when a coated implant
is inserted into the human body. In the next step, it is therefore aimed at replacing
this DNA based release system with a practically more feasible and physiologically
more compatible mechanism. In complete analogy to the strategy applied above,
cationic cross-linkers, e.g. Ca?*, could be used to stabilize the condensed mucin
layer. However, in a biological context, calcium ions are not a good choice since cell
signaling can be easily affected by this cation. Thus, it is crucial to find a different,
suitable cationic cross-linker that stabilizes mucin particles even after glycerol is
removed but allows for opening up the condensed mucin layer by a physiological
trigger, e.g. exposure to a body fluid.

Magnesium ions appeared to be suitable for this purpose. Magnesium is the second
most abundant cellular cation after potassium. Compared to other ions, the gradual
release of low concentrations of Mg*" ions into the human body should not
influence physiological processes**?**; thus, this cationic cross-linker is a good
candidate for a biocompatible delivery setting. Due to its small atomic radius,
magnesium ions can compete with other divalent ions for specific binding sites and

form bridges with negatively charged molecules®.

Using dynamic light scattering, it is found, that magnesium ions - similar to Ca**
ions and PLL** - are able to stabilize condensed mucin particles even after glycerol
is removed again. As increasing the ionic strength in the medium will induce Debye
screening, it is hypothezied that the ensuing weakening of electrostatic interactions
could be sufficient to induce de-condensation of the mucin particles. And indeed,
if those ionically stabilized mucin particles are exposed to a physiological NaCl
solution, it is observed that the stabilizing effect of Mg** diminishes and the mucin
molecules turn back into a rather elongated conformation (Table3). This
magnesium induced semi-stable state has one crucial advantage, as it can be used
as a smart trigger, that allows to open up those mucin particles when they come in
contact with the human body.
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Table 3: Temporary stabilization of condensed mucins with magnesium ions. The error
depicts the standard deviation as obtained from n = 3 independent samples.

solvent peak 1 peak 2 peak 3 PDI
size (nm) (%) size (nm) (%) size (nm) (%) ()

H,O 281 + 60 96 55+ 37 4 - - 0.25

1%23"‘" 546+208 | 69 95+ 50 27 > 1000 4 0.59

Consequently, in the next step, this approach is transferred to the surface-bound
mucin layer, as introduced above. As observed for mucin particles, Mg** ions are
suitable for stabilizing a condensed mucin layer after glycerol removal and
increasing the ionic strength in the medium induces de-condensation of the mucin
layer (see Appendix Figure C8b). Indeed, when a TCL-loaded, condensed, and
stabilized mucin layer (see Methods section for details) is exposed to the
physiological trigger solution, a release of the therapeutical agent can be observed
after approximately 30 min. After about 2 h, the drug concentration in the fluid
reaches a plateau value (Figure 35a, black bars). The release efficiency was found to
be > 90 %, which shows the surprisingly high efficiency of the trigger mechanism.
Furthermore, with the coated surface covering over 100 mm? (= cross-sectional
area of the cuvettes used here), the loading capacity of TCL of the functional coating
is calculated to be around 4.5 ug/mm?.

Control experiments demonstrate that, in the absence of the NaCl trigger, the Mg?*-
stabilized mucin layer shows only negligible leakage: If the drug loaded layer is
exposed to ultrapure water instead of a NaCl solution (this is supposed to simulate
storage of the drug-loaded coating), the drug remains well trapped: for the course
of several hours, baseline release due to leakage is less than 2 % (Figure 35a, grey
bars). This excellent stability significantly outperforms the comparable result
obtained with crDNA-stabilized layers and might be due to a higher cross-linking
density achieved with the small Mg**, which can bind to all anionic groups along
the mucin backbone. Compared to that, crDNA can only bind to cysteine residues
in the terminal ends of the glycoprotein, and those accessible cysteines are (at
neutral pH) approximately 6-times less frequent than the number of anionic
residues along the mucin backbone®”. As for the DNA-based strategy, also here, a
control group created without glycerol condensation (see Appendix Table C4)
shows little to no drug release at all - even if the correct trigger is used. Again, this
can be rationalized by insufficient drug incorporation into the mucin layer, which
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is a consequence of the missing condensation step. Tetracycline, the antibiotic used
for drug loading so far, exhibits a negative net charge at pH = 7.4. However, drug
molecules can - of course - also be cationic or zwitterionic/uncharged. Mucin
glycoproteins, on the other hand, carry both, anionic and cationic motifs; at neutral
pH, anionic residues dominate, which provides the glycoprotein with on overall
anionic character®. Based on this information, it can be asked whether or not a drug
molecule with a cationic net charge can be loaded into and released from mucin
layers in a similar way. To test this, the same set of experiments is now performed
with vancomycin hydrochloride (VAN), which is positively charged at neutral pH
and widely used in implantation operations to prevent post-operative infections.
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Figure 35: Physiologically triggered release mechanism. For TCL (a) and VAN (b), a release
from the condensed mucin layer is observed as soon as the system is exposed to a
physiological trigger. The error bars represent the standard deviation as obtained from n =3
independent samples.

Indeed, the results obtained with VAN-loaded mucin layers are similar to those
obtained with TCL (Figure 35b). After exposing the system to the NaCl trigger,
VAN release is observed within =30 min and saturates between 1-2 h (Figure 35b,
black bars). From this data, the release efficiency of VAN can be determined to be
~47 %, which is lower than the corresponding value determined for TCL loaded
surface coatings. This reduced release efficiency could be attributed to stronger
electrostatic binding of the VAN molecules to the polyanionic mucin molecules
than what could be expected for the anionic TCL. In the absence of the NaCl trigger,
drug release is again very low (Figure 35b, grey bars). Also here, a similar control
experiment as described above, i.e., omitting the glycerol condensation step (see
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Appendix Table C5) lead to layers where a stable drug loading is not achieved and
- consequently - triggered drug release is not possible.

Together, the results discussed so far show that ionic cross-linking is a very efficient
alternative for stabilizing condensed mucin layers, and that releasing both, cationic
and anionic drug molecules from Mg**-stabilized mucin layers is very well possible
by employing physiological salt solutions as a trigger. Similar to other local drug
release strategies, the strategy applied introduced here may help reducing the
application of systemic drug doses; this, in turn, would minimize the occurrence of
unwanted side effects. For example, a conventional antibiotic treatment for tackling
mild urinary tract infections induced by catheters comprises the systemic use of
500 mg of TCL every 6 h for a duration of 10 days®*. Typical TCL serum and
crevicular fluid concentrations that are achieved with such a systemic dosing are
3 -4 ug/mL and 5 - 12 ug/mL, respectively’”. Here, an antibiotic loading capacity
on the coated surface of 4.5 pg/mm?* was achieved. With this value, the local
concentration of drug (released within 6 h after exposure of the coating to a body
fluid) is estimated to be =180 pg/mL (see Appendix for details). This concentration
not only exceeds the serum levels achieved by a systemic drug administration - it is
also well above the minimum inhibitory concentrations required to kill common
bacterial pathogens responsible for urinary tract infections®?.

5.3.4 Variation of coating polymers and stabilizing ions

It seems, that three requirements are sufficient to obtain the controlled drug release
mechanism described above: a surface-bound, charged macromolecule, the
presence of a solvent, which promotes disaggregation of the polymer while also
being a bad solvent, and an oppositely charged ionic crosslinker. To further
challenge this hypothesis, it is now aimed to reproduce the same strategy applying
other crosslinkers, condensation agents and coatings. When the same, mucin-based
system is condensed with glycerol and subsequently stabilized with either zinc or
iron (III) ions, a similar effect can be observed: Both coatings release their cargo
immediately when they come in contact with a physiological salt solution
(Figure 36a, b), however, the plateau value is reached notably faster compared to
when the stabilizing step is performed using magnesium ions.

As both, zinc and iron (III) have the same or higher valence as magnesium, it is
unlikely, that the charge density is responsible for the reduced stabilizing efficiency
of those ions. However, it can be speculated that the larger radius of magnesium
ions compared to zinc and iron (III) renders the bond between mucin and
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magnesium slightly stronger as the increased distance might reduce electrostatic
repulsion of the mucin molecules towards each other, thus retarding the release
profile.

d 0.20 b 0.15
Zn** Fe3+ W triggered
—_ — O untriggered
=2 0.157 =
(S (S _
:2: ? :‘2: ? 0.10
'—é = 0101 '—é =
(%] [%2]
S NaCl S § 0.057 Nacl
o 0.057 i o i
0.00- 0.00-
Q Qr)‘p Q‘f) N D Q Qf)f) Q‘p NY D
time (h) time (h)

Figure 36: Zinc and iron as stabilizing ions. In both cases, when the condensed mucin layer
is stabilized using zinc (a) or iron (lll) ions (b), the release of entrapped TCL is initiated
immediately when the system is exposed to a physiological trigger. The error bars represent
the standard deviation as obtained from n = 3 independent samples.

Having found, that also other ions can be used to stabilize the condensed mucin
layer, it is now asked, whether or not also glycerol could be replaced by other, non-
polar solvents. To test this, solubilized mucins are condensed using two other
solvents, i.e. ethanol and hexane, and the hydrodynamic size and size distribution
of the mucin particles is tracked via DLS.

As shown before, when mucin molecules are condensed in the presence of glycerol
and magnesium, they form condensed nanoparticles with uniform hydrodynamic
sizes (PDI = 0.25). When glycerol is replaced with either ethanol or hexane in the
condensation step, mucin molecules still form condensed structures
(approximately 65 % showed similar size distributions, see Table 4). However, the
rest of the molecules formed large agglomerates and heterogeneous size
distributions (PDI = 0.55 - 0.65, see Table 4). As mucins are poorly soluble in both,
ethanol and hexane, it can be hypothesized, that those agglomerations rather arise
from an insufficient disaggregation of the mucins in presence of the particular
solvent. However, the details of the condensation process remain to be further
investigated. In the case of immobilized mucins, disaggregation might play a minor
role, thus — even if it might affect the release profile and the overall efficiency of the
system — those other solvents could still serve as an alternative to glycerol.
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Table 4: Condensation of mucins using different non-polar solvents. The error depicts the
standard deviation as obtained from n = 3 independent samples.

solvent peak 1 peak 2 peak 3 PDI
size (nm) (%) size (nm) (%) size (nm) (%) ()
glycerol 281+ 60 926 55+ 37 4 - - 0.25
ethanol | 360+ 105 67 497 + 765 23 > 1000 10 0.55
hexane | 508 +295 66 521+£762 21 > 1000 13 0.65

In the third step, the mucin coating is replaced by other macromolecular coatings.
Therefore, in addition to the glycoprotein mucin, an anionic polysaccharide
(carboxymethyl dextran) and two polycationic molecules, i.e. chitosan
(polysaccharide) and PLL (polypeptide) are chosen.

For carboxymethyl (CM) dextran and chitosan, a carbodiimide -based coupling
strategy similar to mucin is chosen (see Appendix B for details). PLL is coupled via
click chemistry reactions (see Materials and methods for details). As condensation
agent, glycerol is used for all macromolecular coatings. The anionic CM dextran
will - similar to mucin - be stabilized using magnesium ions, whereas divalent
sulfate ions are chosen to stabilize the two polycationic molecules. Indeed, when a
drug-loaded, condensed and stabilized CM-dextran layer is exposed to a
physiological salt concentration, the release of the drug starts after approximately
30 min. The cumulative drug release reaches its plateau value after circa 1h
(Figure 37a).

Also for both cationic coatings, the mechanism seems to work perfectly fine. Both
coatings release their cargo after exposure to a sodium chloride solution, and they
also reach similarly high plateau values. Compared to the immediate burst release,
that can be observed for the chitosan-based system (Figure 37b), the drug release is
slightly retarded when PLL is used (Figure 37¢). It can be speculated, that this effect
is either due to the different charge densities of chitosan and PLL or originated in
the slightly different composition of the pre-coatings. Nevertheless, those
additional experiments (Figure 37d) show clearly the versatility and power of the
mechanism developed here; as long as the three basic requirements (ionic polymer
coating, condensation agent and oppositely charged ionic crosslinkers) are fulfilled,
the strategy can easily be transferred to other systems.
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Figure 37: Triggered antibiotic release from different surface-bound macromolecules.
The strategy applied for surface-bound mucins is transferred to three other macromolecular
coatings, i.e. CM dextran (a), chitosan (b) and PLL (c). By stabilizing them in a condensed state
using oppositely charged ionic crosslinkers (d), TCL can be entrapped in the polymer layer until
a physiological salt concentration is introduced. The error bars represent the standard
deviation as obtained from n = 3 independent samples.
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5.3.5 Controlled two-step release from a mucin multilayer
construct

So far, the strategy presented here allows for the controlled release of a single dose
of a given drug. To efficiently deal with a local infection after surgery, providing a
single dose of an antibiotic may, however, not always be enough as infections can
also reoccur at later time points. With the DNA-based strategy, it is in principle
possible to program a system such that two consecutive release events occur®'?; yet,
this release avalanche would then be initiated by the same trigger, i.e., the second
dose would always be provided if the first release process is triggered. Ideally, a
“smart” release system would decide on its own, whether or not releasing a second
dose of antibiotic is necessary and then provide the second does only when
required. Thus, for the remainder of this thesis, it is further aimed at adjusting the

mucin-based release system such that exactly such a scenario is made possible.

In detail, a layer-by-layer approach is introduced where two different trigger
strategies are combined such that they can lead to two distinct, independent release
events: The NaCl-triggered drug release from a Mg**-stabilized, condensed mucin
layer is maintained but this particular mucin layer is relocated on top of a mucin-
based multilayer system (Figure 38a, drug reservoir 1). Below this top mucin layer,
two additional mucin layers are introduced, the lower of which is covalently
attached to the substrate and loaded with the same drug as the top mucin layer
(Figure 38a, drug reservoir 2). However, different from what was discussed so far,
now, drug release from this bottom layer is prevented by covering it with several
additional coatings. To gain access to these drug molecules, the upper layers need
to be removed, and this event should only occur if the body requires a second drug
dose. Mechanistically, it was aimed to employ a physiological stimulus associated
with an inflammation event to serve as a trigger for this second, optional drug
release event: an elevated temperature does not only occur globally in the human
body as fever (=40 °C) but also locally as a typical body reaction to inflammation -
and both phenomena can be triggered by an implant-mediated infection****. To
construct such a temperature-sensitive system, the multilayer coating is designed in
a way that it is disassembled when the local temperature is increased.

To construct a multilayer system which can be disassembled by a decrease in
temperature, a combination of mucin/lectin interactions and thermoresponsive
liposomes is chosen. Previous studies showed that lectin-stabilized mucin
multilayers can resist a wide range of physiological pH and salt concentrations*!*!,
but can be disassembled very well by exposure to N-acetyl-D-glucosamine
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(GIcNACc)'97*2, Here, GlcNAc-loaded liposomes are incorporated into the system
by storing them in a middle mucin layer, which is sandwiched between the drug-
loaded bottom and top mucin layer. The liposome composition is chosen such that
the liposome membrane becomes leaky at typical ‘fever’ temperature (see Appendix
Figure C9)**. The central liposome-loaded mucin layer is connected to the bottom
mucin layer via lectin cross-links, and to the top mucin layer via dopamine cross-
links (Figure 38a). For this purpose, dopamine is a useful cross-linking agent as it
can efficiently bind to various substrates; accordingly, it was already successfully
employed in layer-by-layer assemblies®****. Furthermore, its connection to the
neighboring mucin layers is expected to be stable towards both, exposure to NaCl
and elevated temperatures.

To verify the successful formation of this multilayered mucin system, the system is
assembled from fluorescently labeled mucins using three different dyes, i.e.
fluorophores emitting in the red, green and blue spectrum (see Materials and
Methods). For the formation of each layer, a differently colored mucin is used - red
for the covalently bound bottom layer, green for central mucin layer and blue for
the top mucin layer, which will later be condensed by glycerol. Microscopy images
obtained with those labelled mucins indeed confirm the presence of all three mucin
layers when the complete assembly process is conducted (Figure 38a).

Moreover, the correct assembly of the full 5 -component multilayer is supported by
QCM-D measurements (Figure 38b). Here, sequential injection of the different
molecules entails a stepwise frequency shift indicating successful adsorption events.
The recorded frequency signal shows, that indeed three mucin layers can be
deposited onto the PDMS surface by connecting them to each other using either
lectin or dopamine. Interestingly, exposing the multilayer construct to a
physiological NaCl solution induces a slight frequency shift (Figure 38b and
Appendix Figure C10a), which can be attributed to a conformational change of
mucin molecules from a rather extended state to a more condensed state.

However, since this event is fully reversibly, this data demonstrates, that the full
multilayer is still present when the NaCl is removed. In contrast, when the system
is exposed to a GIcNAc solution, an irreversible increase in the recorded resonance
frequency is detected (Figure 38b and Appendix Figure C10b) which indicates a
permanent loss of adsorbed mass. This result is in full agreement with the
expectation, that the lectin/mucin cross-links are opened by exposure to GIcNAc,
and that the middle and top mucin layers (together with a fraction of the lectin
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molecules used to connect them to the bottom mucin layer) are successfully
detached.
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Figure 38: Assembly of the mucin multilayer system. The bottom mucin layer is covalently
attached to the PDMS substrate via EDC chemistry and serves as a depot for an antibiotic. The
second mucin layer is attached to the bottom mucin layer via lectin crosslinking and holds the
third mucin layer (placed on top of the construct) via dopamine cross-links. This top layer is
condensed and carries drug molecules again. Thermoresponsive liposomes loaded with
GIcNAc are embedded into the middle mucin layer and release the GIcNAc at elevated
temperatures (as they occur during inflammation). The released GIcNAc displaces the lectin
cross-links thus inducing lift-off of the two upper mucin layers. The system was rinsed with the
buffer in the time periods marked with the grey background.

Having verified both, the correct assembly and on-demand disassembly of the
multilayer construct, in the last step the functionality of this multilayer system with
regard to drug release is assessed. Before testing the whole construct, triggered drug
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release experiments are conducted with simplified versions of the multilayer to
ensure, that it is indeed the GlcNAc-mediated disassembly of the multilayer that
leads to TCL release from the bottom mucin layer (see Appendix Figure C11
and C12). To allow for an unambiguous interpretation of the results, those control
experiments are conducted with multilayers where TCL is only incorporated in the
bottom mucin layer. As expected, in both cases TCL release from the multilayer
construct is observed once the GIcNAc trigger occurs — whether GIcNAc is added
externally (see Appendix Figure Cl11) or released from embedded thermo-
responsive liposomes upon temperature increase (see Appendix Figure C12).

Finally, a triggered release of two consecutive doses of TCL from a multilayer
construct is attempted, where both, the bottom and top mucin layer are loaded with
the drug. Now, TCL release form the top mucin layer should be triggered as soon
as the construct is brought into contact with a physiological NaCl concentration
whereas release from the bottom layer is supposed to occur only when a
temperature increase occurs. And indeed the full construct shows the expected
behavior: In the absence of the two triggers, virtually no drug leakage from the
multilayer is detected and the system is stable for a three days (see Appendix
Figure C13, black circles). Moreover, TCL release from the condensed top mucin
layer can successfully be initiated by exposing the system to a physiological salt
solution, and the release profile reaches a stable plateau after 2 h. Later, the second
release event can be triggered by increasing the incubation temperature from 37 to
40 °C. Also here, the system reaches a stable release plateau after approximately 2 h
(Figure 39a, full circles). In the control group, where thermoresponsive liposomes
were incorporated into the multilayer construct without carrying a GIcNAc cargo,
this second release event does not occur (Figure 39a, empty circles). This result
further underscores that the multi-component system operates exactly as planned.
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Figure 39: Consecutive release of two TCL doses from the multilayer construct. Multilayers
are assembled in two variants, i.e., with the bottom mucin layer in an uncondensed (a) and
condensed state (b), respectively. Schematic representations of the respective multilayer
systems including two TCL depots are shown on the right, time-dependent release of TCL from
the multi-layer constructs on the left. Filled symbols represent samples comprising GIcNAc
loaded thermoresponsive liposomes whereas empty symbols show data from a control group
containing empty liposomes. Please note the different y-axis ranges in (a) and (b). Error bars
denote the standard deviation as obtained from a minimum of n = 3 independent samples.

However, compared to the first release event, the TCL dose released after the second
trigger is rather small. This might be caused by insufficient trapping of TCL into the
bottom mucin layer, which was not condensed. Thus, it is tested if this second
release event can be improved by applying a last, small modification to the system,
i.e., by condensing the bottom mucin layer prior to generating the multilayer
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system. Indeed, with this adjusted strategy, a remarkable increase in the
temperature-triggered second TCL dose from =0.02 mg/mL to =0.12 mg/mL is
achieved (Figure 39b, full circles). Again, a control group, where empty
thermoresponsive liposomes (without a GIcNAc cargo) are incorporated into the
system exhibits no drug release upon temperature increase (Figure 39b, empty
circles). In the absence of the two triggers, TCL leakage is virtually absent (see
Appendix Figure C13, grey circles). Together, these additional results demonstrate
that the system we introduce here is very well reproducible, stable and allows for
easily tuning the amount of stored/released drug.

104



6 Summary and outlook

he first part of this thesis pinpointed the outstanding properties of

macromolecular lubricants in different scenarios. In the framework of those

experiments, a custom-made oscillatory tribology setup was developed, that
complements a commercial rotational measuring unit. Example studies in the fields
of food engineering and cartilage tribology were conducted and the abilities of
macromolecular lubricants to reduce both, friction and wear formation were
highlighted. As one particular example, the possibilities and limitations of mucin
solutions were further investigated in detail to gain a deeper understanding of the
mechanisms that underlie macromolecular lubrication.

In the second part, macromolecules were immobilized onto technical polymer
surfaces in the form of polymer-brush coatings. In this context, a multi-step coating
process was developed that allows to covalently bind mucin glycoproteins onto a
variety of medically relevant polymer materials. It was shown that this coating
strategy is capable of creating mechanically stable mucin layers, which can further
resist a broad range of physiologically relevant environmental conditions.
Moreover, this thesis demonstrated that surface-bound macromolecules can
interact with other solubilized macromolecules and that these interactions are
mostly of steric nature, i.e. entanglement, and less governed by electrostatic effects.

The third part of this thesis continued in the field of macromolecular coatings;
however, the viewpoint was shifted from lubrication to creating coatings, that
interact directly with their environment. To underline the tuneability of
macromolecular coatings, a platform was presented that allows for investigating the
selective binding properties of macromolecules in a porous PDMS sponge.
Furthermore, it was shown that the mucin coating presented before also exhibits
intrinsic anti-biofouling properties, i.e. it reduces the undesirable deposition of
proteins, bacteria and fibroblasts. Finally, a strategy is presented, how polymer-
brush coatings can be loaded with antibiotic drugs and that the drugs remain
entrapped inside the polymer layer until the layer is exposed to a physiological salt
concentration. By applying a multilayer approach this strategy was complemented
with a second antibiotic reservoir, which liberates antibiotics only as a response to
reoccurring inflammations.

Combined, the three aspects of this approach, i.e. reduction of friction-induced
inflammations, intrinsic anti-fouling properties, and the controlled release of anti-
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6 Summary and outlook

inflammatory or antibacterial drugs build a strong foundation for controlling
device and implant-associated health care-associated infections (HCAISs).
Moreover, this approach is extremely versatile as all strategies presented here can
also be applied using different macromolecules on different substrates or different
drugs. Although the ideas and findings presented in this thesis show promising
potential to be transferred from the level of academic research to clinical
application, a few improvements and further ideas could still increase both,
efficiency and applicability.

One question that typically arises when working with biomacromolecules is: “Can
they be totally replaced by synthetic polymers?” This question is particularly
important for two aspects; firstly, the production of synthetic molecules in
industrial volumes is mostly less expensive than the purification of biological ones.
Secondly, the ingredients can be better controlled; whereas purified biomolecules
are typically assigned to the highest risk class for clinical approval®****” and often fail
approval due to undefined amounts of impurities, these problems are less
pronounced for synthetic molecules. Coming back to the question: “yes or no?”, it
has to be answered with a disappointing: “it depends”. It depends on two points: Is
it fully understood, which parts of the biomolecule are responsible for the effects
observed, and can these parts be synthetically copied?

In the case of mucin, both questions have to be answered with “no”. Although this
thesis sheds some additional light on the mechanisms that govern the multiple
functionalities of the mucin molecule, many aspects still remain in the dark.
Especially regarding their physiological activity and their immunomodulating
properties, a lot more research needs to be conducted in the future. Creating a
synthetic molecule, which exclusively comprises those components of mucin that
are required for a particular application, has only been attempted for some specific
applications®*?*. However, synthetically recreating the whole mucin molecule is
not possible yet. Until now, the only alternative to the purification of mucins from
animal tissue is to express mucins recombinantly. Although a few attempts were
made**'**?, the use of expensive eukaryotic cell lines is required, which drastically
lowers the applicability, yield and profitability of these processes.

For other cases than mucin, however, the two questions can often be answered with
“yes”. For example, to obtain lubricious macromolecular coatings, it is known, that
just a few requirements have to be fulfilled: To allow for efficient hydration
lubrication, the macromolecules have to be highly hydrated and water should be
bound strongly to the molecules; especially the latter requirement is very well
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6 Summary and outlook

tulfilled for ionic or - in the best case - zwitterionic molecules'”'*?*** Ideally, the
molecule can be coated to the surface in a brush-like manner to achieve optimal
coating density and surface separation'”>*!*1#4334 This is in total agreement with
the results presented in this thesis, as here two synthetic macromolecules, namely
PEG and PLL, performed similarly well as lubricious coatings as the biomolecule
mucin. Still, this is a rather one-sided point of view to look at this problem, since
both molecules have their drawbacks: whereas PEG is rather prone to degradation
in biological media''®'*, PLL requires a more complex (and toxic) coupling
chemistry to obtain a brush-like coating.

Assuming that the question of whether synthetic polymers can be used for the
desired field of application, can be answered with a “yes”, are there further advances
and developments that are imaginable? Two of the fields discussed in this thesis, i.e.
the generation of a lubricious coating and achieving intrinsic anti-biofouling
properties both critically depend on one parameter: the coating density. However,
the use of charged, brush-like molecules, although favorable for a high water-
binding affinity, causes limitations in the achievable coating density, as they tend to
repel each other either via steric or electrostatic repulsion (or both). To tackle this
problem, promising strategies have been developed before’®. Instead of coupling
the whole macromolecules directly to a surface (“grafting to”-method), small
initiator molecules are attached to the surface, which, due to their small measures,
do not repel each other that much. These initiators are then used to polymerize the
macromolecule directly on the surface (“grafting from”-method). By ensuring a
unidirectional growth, perfectly shaped brush coatings with a low polydispersity
can be achieved. Using the “grafting from”-approach, macromolecular monolayers
have already been generated with both, extremely high molecular weights of the
brush polymers (Mw > 1 MDa) and super high density (around 2 nm distance
between the anchoring points*®**.

Although techniques to create polymer layers by the “grafting from”-approach have
been initially designed for the development of new semiconductors, they have
found their way into the field of biomedical engineering. In this context, PEG-based
anti-biofouling coatings have been generated on different substrates via surface-
initiated controlled radical polymerization (SI-CRP), including gold*#, silicon®*,
titan®® and PDMS*'”>?. Furthermore, some approaches exist, that generated
zwitterionic anti-fouling brushes by using the same SI-CRP strategy. However,
those have been limited to gold and silicon substrates®. A few studies even reported

an application for low friction surfaces, but also those are limited to silicon
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6 Summary and outlook

substrates and their applicability for a biomedical scenario still needs to be
investigated®*%.

Further development of such “grafting from”-methods, seems to be promising to
optimize the findings of this thesis. In one possible scenario, it could be
hypothesized to use “grafting from”-methods to generate a super-dense and
hydrated base-layer, which allows for the attachment of further functional groups
in subsequent steps. Organic chemistry, therefore, offers a variety of functional
groups including hydrocarbons, compounds containing oxygen as heteroatom,
nitrogen-based groups, or carbonyl compounds. If it were possible to attach such
reactive groups as a terminal group to the surface grown polymer brush, this would
allow to specifically modify the base coating with other functional molecules, e.g.
antimicrobial peptides, specific ligands or growth mediators.

However, several steps need to be accomplished and problems, such as
(degradation) stability, applicability, or toxicity need to be solved. Until now,
biomacromolecules like the mucin glycoprotein offer an extremely good trade-off.
Also, as mucins can be purified from tissues which are typically not further
processed as butchery products, the use of these waste products for protein
purification can - at least to a certain degree — be considered an environmentally
friendly and sustainable approach. Yet, the development of mucin-based
biomaterials is far from having reached an end. Improvements in the purification
of mucins®**"®, the understanding of the influence of mucins on physiological
processes®3%, and the chemical modification of mucins**** keep pushing mucin-
based materials forward towards clinical application — despite their biological origin
- following the role model of hyaluronic acid.
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Appendix

Appendix A: Purified porcine gastric mucin®

As mucin glycoproteins play an important role in the context of this thesis, their
origin, purification, and quality are discussed in detail in the following sections.

Comparison of manually purified and commercially available mucins

In principle, there are many options for harvesting crude mucus from which mucins
can be purified. Traditionally, as commonly adopted for commercial purposes, pigs
and cows have served as the main sources for harvesting mucus, and both porcine
gastric mucin MUC5AC (PGM) as well as bovine submaxillary mucin MUC5B
(BSM) have been extensively used in many studies.
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Figure A1: Charge selectivity of commercial mucins. Compared to manually purified
mucins (a), commercial PGM exhibits not only a strong affinity towards positively charged test
particles but also to negatively charged ones. Error bars denote the standard error of the mean
as obtained from 3 independent filter realizations.

Unfortunately, mucin research is still limited by the availability of such functional
mucins. Although the poor quality of commercial mucins has been
documented”****>, commercial mucin products have been largely applied in

" This section follows in part the publication Winkeljann et al., Macromolecular Bioscience (2017), the book
chapter: “Advances in Mucin Biopolymer Research: Purification, Characterization and Applications” by
Marczynski et al. in “Advances in Biopolymers for Biomedical and Biotechnological Applications” by Rehm and
Moradali, Wiley-VCH (2020) & the patent application Marczynski et al., (2020)
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numerous studies by different research groups. It is likely that harsh conditions
during industrial purification processes can damage the mucin glycoproteins
leaving corrupted molecules with altered physio-chemical properties. The
important task of the mucus barrier, for example, is at least partially originated in
its strongly polyanionic character. However, using the filtration device established
here, it can be shown, that that commercial mucin, compared to manually purified
mucin exhibits a strong affinity to negatively charged test particles (Figure Al).
These observations suggest, that this difference in charge affinity is due to damages
in the glycosylation pattern which are likely to result from the commercial
purification process. If this glycosylation pattern were to be incomplete, the protein
backbone of the commercial mucin glycoprotein would be exposed — and this
backbone carries many amino acids, which can be positively (lysine, histidine, and
arginine) or negatively (glutamic acid, aspartic acid) charged at neutral pH.
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Figure A2: Detection of mucin via antibody staining. Manually purified mucins are clearly
detectable via ELISA tests up to concentrations of 10° % (w/v), whereas commercial mucin
preparations only offer a weak noisy signal.

Furthermore, the detection of two commercial mucin variants (Type II and Type
I11, Sigma Aldrich) is tested via antibody staining (ELISA, as described in Materials
and methods). Whereas the color reaction for manually purified mucins is clearly
(even with bare eyes) detectable for mucin concentrations as low as 10° % (w/v),
commercial mucins hardly show more than a noise signal in the tested range of
concentrations (Figure A2). Since the MUC5AC antibody used here specifically
binds to a sequence in the non-glycosylated terminal region of the mucin backbone
it can be assumed that those parts are either destroyed or - due to conformational
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changes that might arise if the glycosylation is damaged — not accessible to the
antibody. In either case, the results demonstrate, that commercial mucins useless as
standards in molecular biological assays, e.g. in the analysis of clinical samples.

The most important property in regard to this thesis is the outstanding lubricity of
manually purified mucin. Using the rotational tribology setup described in the
Materials and Methods section, the lubrication performance of such manually
purified mucins is compared to two types of commercial PGMs (Type II and
Type I1I), to commercial BSM (Sigma Aldrich) as well as to a clinically used saliva
substitute on mucin basis (Saliva Orthana). Whereas manually purified mucin can
reduce the coefficient of friction in the boundary lubrication regime about two
decades, commercial mucins hardly perform any better than simple buffer solution
devoid of any macromolecules (Figure A3a).
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Figure A3: Lubricity of commercial and purified mucins. Manually purified mucins serve as
excellent lubricants and can reduce the coefficient of friction in a steel on PDMS pairing about
two decades. Different types of commercial mucins, however, hardly perform any better than
an aqueous buffer.

Based on all the limitations of commercially available mucins, results obtained with
such damaged molecules are questionable, at best.

Optimization of the manual purification process for porcine gastric mucins

Although the purification process described by Schomig et al.”’ offers highly
functional mucin glycoproteins, the yield is still rather low (= 100 mg purified
mucin per stomach) and the manual steps very time-consuming. All (medical)
applications suggested in the context of this thesis, however, would require a scale-
up for the purification of functional mucins to satisfy the demand. Thus, the
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original purification process was further optimized to allow for a later
commercialization.

The original protocol comprises a total of eight purification steps, including the
mucus harvesting, homogenization, centrifugation, ultra-centrifugation, size
exclusion chromatography (SEC), diafiltration and lyophilization (Figure A4).

e  Cutstomachs open
[MUCUS harvesting) e Rinse with water to remove food residues
¢ e Harvest mucus with a spoon
e Dilute the collected, pooled mucus 1:5 in buffer and
Homogenization lift pH to 7 to inactivate stomach enzymes
¢ ¢ Incubate overnight on a magnetic stirrer at 4 °C

2x Centrifugation Centrifuge mucus twice to remove cellular debris

v

)
—/

To remove small contaminations, such as cell

[ ]
@Itra-centrifugatioa organelles, lipids, etc. the mucin is ultra-centrifuged at
¢ 150,000g
e  Mucins are separated from other small proteins via
SEC size exclusion chromatography (SEC)
] ] e Concentrate the mucin solution and remove salts until
Diafiltration a conductivity of S < 100 uS/cm is reached
[ Lyophilization ) e Lyophilize mucin and store at -80 °C until further use

Figure A4: Manual purification of porcine gastric mucins. The manual purification process
as described by Schomig et al.** comprises 8 steps until the final product is obtained.

Especially the harvesting, centrifugation and SEC are time and cost-intensive steps
in the purification protocol. Therefore, it was aimed to reduce their impact on the
whole purification process as much as possible. The first step was to replace the
manual scraping of the stomachs with a semi-automatic system. Thus, a bubble
column was established that allows for transferring the surface attached mucus in a
buffered solution. The bubble column comprises a cylinder as main body element
(h =500 mm, d; = 190 mm, d. = 200 mm) with two flanges to attach bottom and top
lid a bottom plate containing 5 regularly orientated holes (d = 3 mm) for gas supply
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a bottom lid with a central G1/4 thread for gas supply a top lid containing a gas exit
as well as a gas overflow filter with a collecting flask (Figure A5).

Figure A5: Schematicillustration of
the bubble column. An aerated
bubble column comprising a
cylindrical main body and bottom
and lit with air supply and air outlet,
respectively, was used to transfer
mucus from the stomach internal
surface into a buffered solution. The
bubble column is cooled to 4°C,
while a continuous mixing of the
stomach/buffer mixture allows for
dissolving the mucus and, in parallel,
a homogenization of the fluid. By
decanting the fluid afterwards
through a grid an easy separation of
liquid and solid parts is achieved,
which reduces the number of
required centrifugation steps
afterwards.

The bubble column was operated at 4 °C. Thus, the assembled bubble column was
placed in a cold room and then connected to compressed air supply (oil-free, 10
bar) via a pneumatic clutch. Stomachs of freshly slaughtered pigs were cut into 6
pieces and placed into the bubble column. Then, pre-cooled (4 °C) 3xPBS (pH 8)
was added to the porcine stomachs in a ratio of 2:1 (v/v) buffer to stomach pieces.
The increased salt concentration of the buffer here was used for a better solving of
the mucus since Debye Screening effects can reduce electrostatic interactions of the
polyanionic mucin molecule with other charged contaminants. Furthermore, the
pH level of the buffer was lifted to 8, since the aeration with carbon dioxide
containing gases can lower the pH level over time. After the top lid of the bubble
column was fixed and connected to the overflow flask via a pneumatic tubing, the
gas flow was started carefully. The gas pressure was slowly adjusted to = 3 bar using
a manometer. Stomach pieces and buffer were mixed for = 3 h before the gas supply
was stopped. Then, the bubble column comprising the porcine stomachs and the
mucin containing solution was decanted into a 10 L beaker using a grid to separate
the liquid from the solid phase. However, the use of the bubble column not only
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replaced the first and second step of the original purification protocol, it also
drastically reduced the amount of cellular debris in the mucus homogenate. Thus,
also the first two centrifugation steps can be omitted, and a single ultra-
centrifugation step became sufficient to remove the remaining contaminants (also
for the original protocol the two centrifugation steps can be replaced by simple
filtration through a tea filter). In total, the amount of mucin purified using this
method increased from initially 100 to about 300 mg per stomach. Further
investigations also revealed that the crossflow filtration step of the original protocol
was not sufficient to obtain a stable quality of mucins, especially regarding their
lubricity. Therefore, first, the sodium chloride concentration was increased to 2 M
to support the de-binding of contaminations attached to the mucin molecules via
either hydrophobic or electrostatic interactions. Furthermore, the level for the
minimum conductivity was lowered to §<10uS/cm. These additional
modifications then led to a reproducibly high lubricity of those mucins. The
detection by ELISA method returned similar results as for mucin purified according
to the Schomig protocol (Figure A2), which suggests that the mucin molecule is
intact.

However, since the development took place in parallel to the work of this thesis and
it was difficult to obtain a reproducible lubricity of the bubble column purified
mucins, the mucins used in this thesis were purified according to a modified version
of the Schomig protocol, but without using the bubble column (see Materials and
methods).

UV disinfection

Since here it was not possible to purify mucins in a sterile environment, e.g. a clean
room, the lyophilized mucins were often contaminated with bacteria or spores.
Whereas these contaminations don’t have a considerable impact when experiments
are performed directly after the preparation of the mucin solution, experiments that
include cells, are performed at elevated temperatures or are conducted over a long
time can be significantly influenced. Thus, prior to every experiment, lyophilized
mucin was disinfected using UV-light. Therefore, the lyophilized mucin was placed
onto ice and then exposed under UV light for 30 to 60 min before it was dissolved
in the water. To test the effect of the UV treatment on the contamination of the
mucin samples mucin was UV treated for 30 min. Afterwards it was dissolved to a
concentration of 0.1 % (w/v) in sterile PBS. Then, 200 uL of mucin solution were
pipetted onto either a minimal medium (MSgg) or a lysogeny broth (LB) growth
medium enriched with glycerol and manganese (LBGM) agar plate and distributed
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using a Drigalski spatula. The mucin solution was allowed to dry for 15 min before
the agar plate was incubated at 37 °C for 4 days. After incubation plates were
analyzed for the growth of bacterial colonies. For testing in a liquid environment,
200 pL of mucin solution were pipetted into a tube containing 10 mL of CASO
liquid medium. The mixture was inoculated at 37°C for two days and
contamination was quantified via ODgy measurement.

MSGG LBGM

untreated

OD,,, =0.367

30min UV treated

oD, = 0.019

Figure A6: UV treatment of purified mucins. After 30 min of UV treatment, mucin samples
show virtually no sign of bacterial contamination anymore neither when incubated on MSGG
or LBGM agar plates, nor when inoculated in CASO liquid medium.

When agar plates are incubated with mucin solutions that haven’t been exposed to
UV light before they are strongly contaminated as indicated by a multitude of
bacterial colonies grown on the agar plates. However, when mucins are exposed to
a UV treatment that can be as short as 30 min virtually no sign of bacterial
contamination can be detected on the agar plates. Also, when unsterilized mucin is
inoculated in a liquid medium the medium turns turbid, indicating bacterial
contamination. This observation is supported by an increased ODey value. In
comparison, when mucin is UV treated before inoculation, the medium remains
clear (Figure A6). These findings suggest that UV treatment indeed is a very
effective tool to reduce contamination in mucin samples for laboratory tests.
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However, it is clear, that further steps in the development of mucin-based medical
products, e.g. in vivo studies, clinical trials efc., will require a more detailed
investigation of the sterilization.
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Appendix B: Additional methods”

Unconfined Compression tests

By means of unconfined compression using a cylindrical steel measuring head (PP8,
Anton Paar), we determine compression moduli K of Kero = 2.8 + 0.7 MPa and
Kpotatoe = 1.7 £ 0.1 MPa, respectively (n = 3 for each sample type).

Bread preparation

The ingredients for all bread samples were mixed at 25 °C for 5 min at 100 rpm in
alaboratory mixing machine (DIOSNA, Dierks & S6hne GmbH, Germany). A basic
formula for gluten-free batter was prepared by mixing 100 g of gluten-free flour,
120 mL water, 1.65 g of sucrose, 1.25 g salt and 2.10 g dried active bakery yeast. The
time for mixing the flour was chosen such that the dough consistency reached a
value of 500 Brabender units. Brabender units were determined using a Farinograph
(Brabender Inc., Duisburg, Germany).

To prepare dietary fiber-fortified batters, 7.5 % (w/w) modified inulin, 7 % (w/w)
resistant starch and 7 % (w/w) modified wheat bran were separately added to the
gluten-free flour basis. 130, 145 and 150 g water per 100 g flour was added to the
bread formulations containing inulin, wheat bran, and resistant starch, respectively.

All prepared batters were then transferred to the proffer and fermented for 180 min
in a fermentation cabinet (250x10x10) mm?’ at 30 °C and a relative humidity of
86 %. For each bread sample, 100 g of the fermented batter was poured into a
cylindrical shape mold made out of stainless steel (d =50 mm, 4 =50 mm) and
baked in an oven at 200 °C for 30 min. After baking, the fresh bread loaves were
sliced and placed in a sealed container for further analysis.

"The methods presented here follow in part the publications Winkeljann et al., Biotribology (2018),
Kiumarsi et al., Food Chemistry (2019), Winkeljann et al., Advanced Materials Interfaces (2020), Winkeljann
et al., Macromolecular Bioscience (2017), Yan et al., Langmuir (2018) & Kimna et al., Advanced Materials
Interfaces (2020)
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Food perception

Time-intensity (TI) evaluation was performed under normal lightening conditions
at RT. The crumb slices were presented (1 cm thickness) on plastic dishes and
served in a randomized order. Water was provided to drink between each sample
for palate cleansing. The TI evaluation was carried out by ten trained panelists
(5 males and 5 females, aged 20-35 years).*® The attributes were evaluated using
references (Table B1) and discussed with the panel group.

The TI determination of bread attributes, i.e. bitterness, firmness, chewiness, and
dryness (see Table B1 for description) was carried out 2 h after baking in four
different sessions. The panelists were asked to move the cursor along the intensity
scale (1-10 points) as the sensation evolved in the mouth until the end of perception.
Then, the sensory parameters including Im.x (maximum intensity determined by the
panelist), Tim. (time in which the maximum intensity was determined) and total
duration time of perception (Ti:) were extracted from the TI-curves.

Table B1: Definition and references of perception parameters used in food engineering.

Attribute Definition Reference
Taste
Bitterness Refers to caffeine in aqueous solution Caffeine (0.3 g/dL)
Texture/Mouthfeel
Firmness Force required by the molar teeth to compress Hard candy
the food
Chewiness Number of chews necessary for food to be Hard taffy
swallowed
Dryness Dry property of a food polus that causes a feeling Cracker
of dryness in the mouth
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Contact angle measurements

To determine the surface polarities of the different synthetic polymer materials
before and after the mucin coating, contact angle measurements were conducted.
Therefore, samples were first cleaned with 80 % ethanol and Millipore water. After
drying the samples, a droplet of 8 uL Millipore 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, Richmond, Canada). Then, the static
contact angle value was determined using the software Image J and the “drop snake”
plug-in.

Protein and particle adsorption

Adsorption tests were conducted on samples inspired by so-called Janus’s particles:
For the experiments conducted here, cuboid samples (2 mm x 4 mm x 18 mm) were
separated into three different zones each of which was coated differently. The top
area remained uncoated, the central area was precoated with the silane precursor,
and the bottom area received the full two-layer coating, i.e., precursor and mucin.
To test the antiadhesive properties of the coatings, a set of 5 to 7 Janus inspired
plates (JIPs) was inserted into a 5 mL laboratory tube filled up with a 20 mm HEPES
solution containing either 0.1 % (w/v) of fluorescent proteins (BSA, lysozyme) or
red fluorescent polystyrene (PS) nanoparticles (d = 300 nm, either aminated or
carboxylated, Invitrogen, Thermo Fisher Scientific).

While protected from light, the tube containing the JIPs was placed onto an orbital
shaker (10-15 rpm, Polymax 2040, Heidolph Instruments GmbH & CO. KG,
Schwabach, Germany) for 20-30 min. After this incubation, the samples were rinsed
with Millipore water. The JIPs were placed onto a microscope slide and left to dry
for 2-3 min. Once the JIPs were completely dry, images were acquired on a
fluorescent microscope (Axioskop 2 MAT mot, Carl Zeiss AG, Oberkochen,
Germany) equipped with a mercury arc lamp as a light source (HBO 103 W/2,
Osram, Munich, Germany) and a digital camera (C10600 ORCA-R2, Hamamatsu
Photonics Europe GmbH, Herrsching, Germany). For images of samples incubated
with nanoparticles (NPs), 10x magnification and an appropriate filter set
(excitation: BP 546/12 nm, filter block: 580 nm, emission: LP 590 nm) was chosen.
Protein treated samples were examined with a different filter set (excitation: BP 450-
490 nm, filter block: 510 nm, emission: LP 515 nm), and a magnification of 10x was
chosen for tests with BSA and 20x for tests with lysozyme. On every sample, 3-5
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images were taken from each zone; this ensures that the obtained results are
representative for the whole zone. Images within one JIP were always taken with
identical camera settings, i.e., using the same exposure time, gain and offset values.
These images were evaluated with Image] by either counting the number of
fluorescent points (in case of NPs) or by measuring the average fluorescence
intensity (in case of proteins).

Bacterial adhesion tests

Bacterial attachment to mucin coatings was evaluated for S. aureus, S. pyogenes, and
P. aeruginosa. S. pyogenes strain ATCC 700294 was cultured in Brain Heart Infusion
Broth (Carl Roth), S. aureus USA300 in Lysogeny Broth (Carl Roth) supplemented
with 0.1 % dibasic potassium phosphate (Acros Organics) and P. aeruginosa PAO1
in pure Lysogeny Broth. The three strains were grown during shaking at 37 °C.
Bacteria were directly diluted from overnight culture to an ODeg of 0.2 (S. aureus
and S. pyogenes) or grown to logarithmic phase (P. aeruginosa) and subsequently
diluted to an ODeo of 0.2. Bacteria were incubated under static conditions at 37 °C
and 5 % CO2 for 1.5 h in wells containing uncoated or mucin coated PDMS/PMMA
samples. Unattached bacteria were aspirated by removing the supernatant, and
samples were washed with sterile PBS (1 mL) 1 to 4 times. Images were acquired at
20x magnification using the Zeiss microscope Primovert equipped with a Zeiss
AxioCam ERc 5s. Adhesion of bacteria (S. aureus) or bacterial colonies (S. pyogenes)
were quantified with the software Image] using the ‘find maxima’-command. The
boxes for ‘exclude edge maxima’ and ‘light background’ were checked and the noise
tolerance was set between 10 and 30 depending on the image. Images were
preprocessed by adjusting brightness and contrast. If images were too noisy for a
proper quantification, a Gaussian smoothing algorithm (smoothing radius was set
to 5.0 px) was applied to the images using the software gimp 2.8 (GNU Image
Manipulation Program, The gimp team) prior to image analysis.

Fibroblast adhesion

NIH/3T3 fibroblasts were maintained at subconfluency in T75 flasks with
Dulbecco’s modified Eagle medium (DMEM; Sigma-Aldrich) supplemented with
10 % (v/v) fetal bovine serum (Sigma Aldrich) and 1 % (v/v) antibiotics solution
(25 U/mL penicillin, 25 pg/mL streptomycin; both Sigma Aldrich). The cells were
detached using trypsin/EDTA (Sigma Aldrich), and the cells were seeded at a
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density of 120,000 cells/cm® on uncoated and mucin coated PDMS surfaces,
respectively. After 24 h of incubation at 37 °C and 5% CO,, the surfaces were
washed twice with PBS. Cell viability was assessed by a live/dead assay employing a
double-stain: 1 uM calcein AM (Invitrogen, Carlsbad, CA, USA) and 2 um ethidium
homodimer 1 (Invitrogen) were dissolved in serum-free DMEM, and cells were
incubated with this solution for 1 h before they were imaged on a DMi8 Leica
microscope (Leica, Wetzlar, Germany) in fluorescence mode. Images were acquired
with a digital camera (Orca Flash 4.0 C11440, Hamamatsu, Japan) using the
software Leica Application Suite X (Leica).

Production of the PDMS filter system

The capillary system was created by modifying a protocol described in
Bellan et al.***. PDMS (Sylgard 184 Silicone Elastomer, Dow Corning, Midland MI,
USA) prepolymer and cross-linker were mixed in a 10:1 ratio. Air bubbles were
removed from the mixture by applying a vacuum for a minimum of 30 min. An
aluminum cavity with dimensions of 35 mm x 35 mm was filled with 4 g of mixed
PDMS to generate a continuous bottom layer and cured at 80 °C for 60 min.
Sacrificial sugar structures were produced using a modified cotton candy machine
(ZVM 3478, Clatronic International GmbH, Kempen, Germany), and 600 mg of
these fibers were added into a second aluminum mold with smaller dimensions (i.e.
20 mm x 20 mm) to a height of ~ 8 mm and covered with 4 g of mixed PDMS.
Again, a vacuum was applied to remove air bubbles before curing this PDMS/cotton
candy composite.

The cured PDMS/sugar block was then placed into the center of the larger
aluminum mold, i.e. on top of the previously generated PDMS layer and, fixed with
two copper wires (d = 1.5 mm) with a length of 10 mm each. The cavity around this
PDMS/sugar block was filled with PDMS and cured once more. The copper wires
were removed, and the remaining two channels were extended to reach all the way
through the PDSM/sugar block by using a 1.3 mm HSS spiral drill to create an in-
and an outlet. The whole PDMS/sugar block was then placed into hot water (70 °C)
for several days to dissolve the sugar fibers.

Finally, two brass tubes with an outer diameter of 2 mm were placed into the drilled
in- and outlet to enable a connection of the porous PDMS structure to tubings
(cross-linked silicone peroxide, inner diameter = 1 mm, outer diameter = 3 mm,
VWR, Darmstadt, Germany). The amount of cotton candy used in our protocol
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represents a compromise between obtaining a high surface area, good capillary
interconnectivity and maintaining easy handling during the filter production
process.

Filter functionalization

Three different biological polymers were used to coat the inner surface of the filter:
manually purified mucin, commercially purified porcine gastric mucin (M2378,
Sigma-Aldrich, Schnelldorf, Germany) and poly-L-lysine (P8920, Sigma-Aldrich).
Each macromolecule was dissolved in PBS (pH 7.3, DPBS, Lonza, Verviers,
Belgium) at a concentration of 0.1 % (w/v). The filter was then filled with one of
those solutions and incubated at room temperature for 90 min (in case of mucins)
or for 180 min (in case of poly-L-lysine), respectively. After this incubation step, the
capillaries were rinsed with 2 mL of PBS.

To functionalize the filter with artificial molecules, the capillaries were coated with
dopamine first. 4 mL of dopamine solution (0.2 % (w/v) in 10 mM TRIS buffer,
pH 8.5) were pumped through the filter at a flow rate of 1 mL/min to generate a
dopamine surface coating and flushed afterwards with 2 mL TRIS buffer. The pre-
coated filter was then filled with either 6-aminohexanionicacid or
polyethyleneimine (0.1 % (w/v) or 10.0 % (w/v), respectively, both in TRIS buffer)
and for probing specific filtering with streptavidin/biotin with amine-PEG-biotin
(2.3 kDa) or bis-amine-PEG (1.5 kDa) (both dissolved 0.2 % (w/v) in TRIS buffer).
The incubation period was 90 min and afterwards the filter was rinsed with 2 mL of
PBS. All substances mentioned above were obtained from Sigma Aldrich.

Characterizing the filtration behavior of functionalized filters

For testing the selective properties of the filters with liposomes, the liposome stock
solutions were diluted to a concentration of =1.2*10° liposomes/mL in PBS and
4 mL were flushed through the filter at a flow rate of 1 mL/min using a syringe
pump. The first mL of a solution, which had passed the filter, was discarded. Then,
three drops of the filtrate were collected at three time-intervals of 1 min each. The
difference in liposome quantity before and after flushing through the filter was
determined by counting using the ‘Find Maxima’ command implemented into the
analysis tool Image] (version 1.49v). For this counting procedure, 1.5 pL of each
sample were filled into a Thoma Cell Counting Chamber (Poly-Optik GmbH, Bad
Blankenburg, Germany). Fluorescence images were acquired on an Axioskop 2 Mat
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mot microscopic (Zeiss, Oberkochen, Germany) using a 50x lens (EC Epiplan-
Neofluar 50x/0.8 HD DIC M27, Zeiss, Oberkochen, Germany). Each filter was
tested with three sets of liposome solutions: DOPG, DOPC and DOTAP. In
between each filtration test, the capillary system was rinsed with 2 mL PBS. Control
experiments showed that the filtration efficiency did not depend on the order in
which the liposomes were flushed through the filter.

For testing the selective properties of the filters with fluorescently labeled dextrans,
either unmodified FITC-dextrans (Mw = 150 kDa, Sigma Aldrich) or chemically
modified FITC-dextrans with carboxymethyl (CM) groups or diethylaminoethyl
(DEAE) groups were diluted at a concentration of 10 ug/mL in PBS buffer. 4 mL of
this solution were flushed through the filter at a flow rate of 1 mL/min, and the
filtered solution was collected as described above for liposomes. The fluorescence
intensity of the collected solutions was measured using a plate reader (VICTOR X3
Multilabel Plate Reader, Perkin-Elmer, Waltham, MA, USA) at an excitation
wavelength of A\sss nm and an emission wavelength of Asss um.

Enzymatic catalysis by immobilized horseradish peroxidase (HRP)

Horseradish peroxidase (HRP) was obtained from Sigma Aldrich. For coating, the
inner capillary surface, 100 ug HRP were dissolved in 1 mL ultrapure water. The
enzyme solution was injected into the filter and incubated for 30 minutes.
Afterwards, the filter was rinsed with 5 mL ultrapure water to remove excess HRP.
To measure enzymatic activity, the substrate ADHP (10-acetyl-3,7-
dihydroxyphenoxazine) from a commercial kit (QuantaRed™ Enhanced
Chemifluorescent HRP Substrate Kit, Thermo Fisher, MA, USA) was used. The
substrate solution was freshly prepared by adding ADHP to a mix of buffer and
enhancer solution as provided by the commercial kit and pumped through the filter
at a flow rate of 1 mL/min. The successful conversion of the substrate was indicated
by the solution acquiring a pink color. The converted substrate solution was
collected at the filter outlet and the change in color was quantified
spectrophotometrically in a 96-well plate with a Victor® plate reader (PerkinElmer,
MA, USA) at an excitation wavelength of As7.m and an emission wavelength of

>\642 nme

For assessing the stability of the physisorbed HRP, the coated capillary system was
rinsed with up to 500 mL of ultrapure water. At distinct time points of this rinsing
procedure, 1 mL of the substrate was injected to test for enzymatic activity. For
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testing the influence of filter storage, HRP coated filter systems were either filled
with PBS, covered in Parafilm and incubated at room temperature for 48 hours or
dried and incubated at room temperature for 72 hours. Afterwards, the enzyme
activity was determined as described above.

Nanoparticle Tracking Analysis

A NTA setup (Nanosight NS300 instrument, Malvern, Uppsala, Sweden) with a
405 nm laser was used to evaluate the size of condensed mucin (diameters) in situ.
Latex beads having a size of 100 nm (ThermoFisher) in ultrapure water were used
to confirm the correct size measurements by NTA (within 5% error). The samples
were diluted in different glycerol/water mixtures to a final mucin concentration of
0.2 mg/mL. Then, three 60 s NTA captures were taken at 20 °C. Between each
sample, the sample chambers were washed with 16.4 mm sodium dodecyl sulfate
(adjusted to pH = 2.9), followed by 5 % ethanol. Chambers were dried by nitrogen
flow. The data of the average size and diffusion coefficient was processed by using
NTA 3.2 software. The diameters estimated by NTA measurements are calculated
based on the Stokes Einstein equation.

DNA design

The DNA sequences were designed according to a previous study’"’. Briefly, single-
stranded DNA strands, which do not form any secondary structures at the working
temperature used here, were designed to form complexes with each other; thus, they
are able to form cross-links when attached to mucins and - consequently — are
referred to as ‘ctDNA’ (cross-linking DNA, see Figure B1). Additionally,
‘displacement DNA’ (ADNA) is designed (see Figure B1); this DNA variant is made
such that a dimerization with crDNA sequences (IDNA/crDNA) is more favorable
than dimerization between two crDNA strands (crDNA/crDNA). Therefore,
addition of dDNA to a crDNA/crDNA-crosslinked mucin layer can break the
crDNA/crDNA as thermodynamically more favorable crDNA/dDNA complexes
are formed. In addition, a control DNA sequence (coDNA) was used that does not
form a stable structure with crDNA; this control molecule was used to demonstrate
that displacement effect obtained with dDNA is specific to the designed nucleotide
sequence.

All designed DNA sequences were analyzed with the OligoAnalyzer 3.1 software
using the following parameters®: target type, DNA; oligo concentration, 300 um;
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Na* concentration, 150 mM; Mg** concentration, 5 mm; deoxynucleoside
triphosphate concentration, 0 mM. Dimerization energies were calculated by
considering the longest possible hybridization of sequences (Table B2).

DNA design
dDNA 5-TTACCCGGGTTGTCTTTGCTTC-3'
crDNA/crDNA l
mucin
’@-5-ce-5*—AAAAGAAGCAAAGACAACCCGGGTAA—}
3-AATGGGCCCAACAGAAACGAAGAAAA-5-C,-S
crDNA/dDNA l

3-CTTCGTTTCTGTTGGGCCCATT-5"

@5(6-5’-AAAAGAAGCAAAGACAACCCGGGTAA-3'
3-AATGGGCCCAACAGAAACGAAGAAAA-5'-C -5

5 -TTACCCGGGTTGTCTTTGCTTC-3"

Figure B1: DNA-based strategy to transiently cross-link mucins. Self-complementary,
thiolated DNA sequences (crDNA) are used to crosslink mucin polymers through partially
complementary base pairing (crDNA/crDNA). Those cross-links can be broken, when

displacement DNA (dDNA) is introduced to system, which form more stable crDNA/dDNA
complex.

NUPACK software was used to prove designed oligonucleotides do not form any
secondary structures by using nearest-neighbor empirical parameters (parameters:
temperature, 37 °C; Na* concentration, 150 mMm; Mg** concentration, 5 mm)**. The
hybridization efficiency of matching crDNA/dDNA sequences has been
demonstrated previously by performing polyacrylamide gel electrophoresis.*”

Table B2: Nucleotide sequence, dimerization energy, melting temperature and number of
hybridized base pairs when hybridized with crDNA.

dimerization melting number of
abbreviation | sequence from 5'to 3’ energy, AG | temperature hybridized
(kcal/mol) (°C) base pairs
AAAAGAAGCAAAGACA
crDNA ACCCGGGTAA -18.57 60.6 8
dDNA TTACCCGGGTTGTCTTTG -43.99 753 2
CTT1C
AATGAGCACAACAGAA
coDNA ACGAAG -3.61 N/A 2
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Prior to experiments, lyophilized crDNA was dissolved in 180 mm phosphate buffer
(pH = 8) containing 100 mm DTT and incubated at RT for 1 h to reduce disulfide
bonds. Protection groups were reduced and DTT is removed from solution using
NAP-25 Sephadex G-25 column (GE Healthcare, Freiburg, Germany). Here, buffer
was exchanged to 180 mm phosphate buffer and the concentration of crDNA is
adjusted to 500 pm.

Preparation of mucin nanoparticles and Dynamic Light Scattering

To prepare mucin nanoparticles (NPs), lyophilized mucin was dissolved at a
concentration of 5 mg/mL in ultrapure and stirred at 4 °C overnight. The mucin
solution was added to a 30 % (w/v) glycerol (alternatively ethanol or hexane)
solution in a ratio of 1:4 (v/v) and vortexed for 30 s to form condensed mucin
nanoparticles. Afterwards a 30 % (w/v) glycerol (or ethanol or hexane, respectively)
solution containing 100 mm MgCL, is added in a ratio of 1:1 (v/v) and again
vortexed for 30 s to obtain a final mucin concentration of 0.5 mg/mL. To remove
glycerol and unbound ions, the mixture was finally transferred to dialysis tubes
(Spectrum™ Spectra/Por™ Float-A-Lyzer™ G2, MW CO: 300 kDa, Roth) and dialyzed
against a physiological sodium chloride solution overnight. The hydrodynamic size
of mucin NPs was determined with a zeta sizer (Nano ZS, Malvern Instruments,
Herrenberg, Germany) using a backscatter angle of 173°.
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Estimating the local drug concentration released from a mucin layer

We estimate the local drug concentration that can be achieved in proximity of a
mucin-coated surface by assuming free diffusive spreading of the drug in an
aqueous environment (#waer = 1 mPa-s). Here, free diffusion mimics the ‘worst case
scenario’ as it describes the fastest possible way drug molecules could escape from
the surface of the coating (e.g., an implant surface).

For tetracycline (TCL), we estimate (based on the molecular structure of the
molecule) a size (=radius) of rrc. = 0.5 nm. According to the Stokes-Einstein
relation, we can then calculate the diffusion coefficient for a TCL molecule, Dy, at
a physiological body temperature of T = 37 °C (310 K) as follows:

k- T
6T[ ) nwater ) rTCL

Where kg = 1.380649 - 10 J/K denotes the Boltzmann-constant. By further
assuming a one-dimensional diffusional escape process orthogonal to the implant
surface (d = 1, again mimicking the worst-case scenario), we can further estimate
the maximal (average) distance a drug molecule can escape as a function of time ¢
to be R with:

D=

<R(t)2>:2'd'DTCL't

To be able to compare the local drug concentration to a typical systemic dosing
applied during the day (i.e., within 6 h), we then calculate the diffusive escape
distance R(t) for t =6 h. With the other parameters given above, we obtain an
average escape distance of R = 1 mm (measured from the surface of the coating).

With the mucin monolayer coating discussed in Fig. 3 of the main paper, we
obtained an antibiotic loading capacity on the model surface of 4.5 ug/mm? (see
main paper for details). With this value, we can estimate the concentration of
released TCL in a cuboid volume above the coated surface to be 180 pug/mL after
6 h.

Coating process for CM dextran

PDMS was prepared and activated with oxygen plasma as described above (see
Chapter 2.2). Afterwards an amine-functionalized silane (3-Aminopropyl-
triethoxysilane, APTES, Sigma Aldrich) was diluted to 0.1 % in 2-propanol and the
cuvettes were incubated with this solution at 60 °C for 5 h. Afterwards, the samples
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were washed in 80 % ethanol (Carl Roth) for 1 h to remove unbound residues before
they were placed in the oven at 60 °C for another 60 min to stabilize the bond
between the PDMS and the silane.

In parallel, carboxy modified dextran (150 kDa, TdB Consultancy AB, Uppsala
Sweden) was dissolved to a concentration of 1 % (w/v) in 10 mm MES buffer
(pH =5) and 5 mM EDC and 5 mM sulfo-NHS were added to activate the carboxyl
groups. The solution was incubated for at RT for 3 h to make sure that unreacted
EDC and NHS were hydrolyzed before the solution was diluted 1:10 in PBS
(pH = 7.4) to obtain a final dextran concentration of 0.1 % (w/v). The solution was
filled into the cuvettes and allowed to react at 4 °C overnight. Amine groups of the
silane molecule then react with the EDC activated groups of the dextran and form
a stable covalent bond.

Coating process for chitosan

The coupling reaction was performed as described for the coupling of porcine
gastric mucin (see Chapter 2.2) except for the last step: After the carboxyl groups of
the silane had been activated, the EDC-NHS solution was replaced by 2 % acetic
acid containing 0.1 % (w/v) of chitosan (95/3000, Heppe Medical Chitosan GmbH,
Halle, Germany) and stored overnight at 4 °C. Amine groups of the chitosan
molecule then react with the EDC activated groups of the silane and form a stable
covalent bond.
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Appendix C: Supplementary data”

Drug quantification
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Figure C1: Tetracycline standard curve. TCL standard curve is prepared by measuring the
absorbance values of serially diluted TCL solutions at 360 nm. This wavelength was
determined by scanning the TCL solution in a wavelength range of 250 - 400 nm (inset).

" This section follows in part the publications Kimna et al., Advanced Materials Interfaces (2020), Boettcher
et al., Biotribology (2017), Song et al., ACS Applied Bio Materials (2019), Winkeljann et al., Advance Materials
Interfaces (2019), Winkeljann et al., Advanced Materials Interfaces (2020) & Winkeljann et al.,
Macromolecular Bioscience (2017)
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Figure C2: Vancomycin standard curve. VAN standard curve is prepared by measuring the
absorbance values of serially diluted VAC solutions at 282 nm. This wavelength was
determined by scanning the VAN solution in a wavelength range of 250 — 330 nm (inset).

Mucin as a lubricant in cartilage tribology
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Figure C3: Wear formation on articular cartilage. When a class on cartilage pairing is
lubricated with mucin solutions neither surface images nor topographical images show any
sign of wear formation. Consequently, the So, value is not significantly increased compared
to the surface of native cartilage. The determination of the isotropy parameter further
supports the observation, that also no unidirectional wear tracks can be found. The scale bar
represents 200 um.
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Viscosity of aqueous solutions containing purified mucins

Table C1: Viscosities of different mucin-based solutions. The error values shown depict the

standard deviation as obtained from n = 3 independent measurements.

Buffer pH Components Viscosity (mPa-s)
HEPES 7.0 0.005 % mucin 0.99 +0.01
HEPES 7.0 0.01 % mucin 0.99 +0.01
HEPES 7.0 0.05 % mucin 1.07 £ 0.01
HEPES 7.0 0.1 % mucin 1.24+0.18
HEPES 7.0 1.0 % mucin 8.30 £ 0.05
UB 2.0 0.1 % mucin 1.04+£0.10
UB 4.0 0.1 % mucin 0.92 +£0.11
UB 6.0 0.1 % mucin 1.13+0.42
UB 8.0 0.1 % mucin 1.23+0.05
HEPES 7.0 0.1 % mucin + 20 mm Nacl 1.22+£0.05
HEPES 7.0 0.1 % mucin + 50 mm Nacl 1.38+£0.11
HEPES 7.0 0.1 % mucin + 150 mm NadCl 1.23 +£0.07
HEPES 7.0 0.1 % mucin + 500 mm NadCl 1.19+£0.01
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Mucin adsorption in varying salt conditions
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Figure C4: Lubricity of mucin solutions in varying salt conditions. The lubricity (a) and
adsorption kinetics (b) of mucin solutions are hardly affected by changes in the ionic strength
of the solution as long as the physiological level is not exceeded drastically. For high salt
solutions (500 mm NaCl), both lubricity (c) and adsorption (d) are altered. The results denote
the average, while error bars denote the standard deviation as obtained from n= 3
independent samples.

Coating density of covalent mucin and PEG coatings

To obtain information on the coating density generated with PEG and mucin, the
mass of bound macromolecules was studied by using QCM-D. Therefore, gold
sensor chips were coated with a thin PDMS film as described in the Methods section.
Next, the sensor was precoated with TMS-EDTA as described in the Methods
section; however, some slight modifications in the coating procedure were
introduced to avoid problems with the sensitive chips: first, the PDMS coated chips
were placed into a plasma oven and treated with O,-plasma (0.4 mbar, 30 W) for
30 s. Afterwards, the chips were immersed into acetate buffer (pH = 4.5) containing
0.1 % TMS-EDTA and incubated at 60 °C for 5 h. To avoid incompatibilities with
the glue that is used to fix the gold sensors to their holder, the chips were then rinsed
in Milli-Q water instead of ethanol and were placed into the oven again at 60 °C for
1 h. The pre-coated chips were then inserted into the QCM-D device and Milli-Q
water was injected at a flow rate of 100 pL/min until a stable baseline was obtained.
Afterwards, the Milli-Q water was replaced by 100 mm MES buffer (pH =5)
containing 5 mm EDC and 5 mM sulfo-NHS to activate the carboxyl groups on the
PDMS surface. The activation reaction was allowed to take place for 30 min. Finally,
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a PBS solution (pH =7.4) containing either 0.4 % (w/v) of mPEGa or 0.1 % of
porcine gastric mucin was injected at a flow rate of 100 uL/min for 60 min to
generate an adsorption curve.
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Figure C5: Macromolecule adsorption to activated PDMS surfaces. QCM-D measurements
were performed on PDMS-coated Au-chips which were pre-coated with a TMS-EDTA layer
activated with EDC. Due to the large difference in molecular weight, mPEGa adsorption (b)
induces a much weaker alteration in the frequency shift than mucin adsorption (a). In both
cases, the added macromolecule layer is stable as indicated by the constant signal which is
maintained during rinsing with water.

For both, mPEGa and MUC5AC, we detected a clear frequency drop, which is in
line with our expectation that the macromolecules are being coupled to the
activated PDMS surface (Figure C5). As the frequency drop is - according to
Sauerbrey (see Methods section) - directly proportional to the amount of the
adsorbed mass, mPEGa (Muw, reg = 20 kDa) was expected to induce a much less
pronounced frequency shift than the way larger mucin (Mw, muin = up to a few
MDa). And indeed, the frequency shift obtained for porcine gastric mucin was
considerably larger than the one detected for mPEGa, i.e. =700 Hz (a) compared to
=100 Hz (b). Using the Sauerbrey equation the density of surface-bound molecules
to be approximately 43.5pg/mm’ for mPEGa and 304 pg/mm?’ for mucin,
respectively. This seems to suggest, that a somewhat higher coating density was
achieved with mPEGa compared to mucin; however, one needs to be aware, that -
especially for thick, non-rigid layers - the Sauerbrey equation underestimates the
adsorbed mass due to dissipation effects. Thus, the coating densities of the mucin
and mPEGa layers might be more similar than the numbers suggest, and they
should be just seen as an orientation. As mentioned before, the main goal was to
obtain a similar friction response from the macromolecular coatings and not a
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similar coating density; the idea was that the friction response obtained with the
coatings alone would serve as a baseline which would later allow for comparing the
effect of different polymer-based lubricants. Within the framework of the hydration
lubrication model, both, the total bound mass of macromolecules as well as their
density can contribute to the amount of surface-bound water and thus the reduction
of friction. Consequently, for the third coating, i.e. PLL, it was also aimed at a
similar friction performance and not necessarily an identical coating density.

Mechanical stability of covalent mucin coatings on PMMA

150

Figure C6: Coating stability on PMMA.
Passively adsorbed and covalently linked
mucin coatings generated on PMMA are
exposed to ultrasonic treatment. Mucins are
detected via ELISA, and the obtained signal is
50 7 compared to freshly coated samples (ie.,
either passively and covalently coated ones)
that were not challenged with ultrasound.
0- Error bars denote the standard deviation as
;’\4@ @& obtained from n =5 independent samples.

100

flourescence (%)
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Characteristics of the liposomes used for filtration studies

Table C2: Diameter and (-potential of all liposome species were determined in 20 mM TRIS buffer
at pH 7.3 and 10 mm NaCl. The error values represent the standard deviation as obtained from
three different measurements.

(-potential at pH
liposome species diameter (nm) PDI () 7.3
(mV)
DOPG 199+ 35 0.16 £ 0.03 -558+1.3
DOPC 200 235+31 0.17 £0.04 +54+03
DOPC 400 529 +39 0.38 +£0.03 +1.4+£0.1
DOPC 1000 836 £ 43 0.41+£0.03 +5.4+0.3
DOTAP 230+ 46 0.17 £0.04 +48.6+0.9
DOPC-biotin 203 +2 0.26 £ 0.02 -47+£04

Filtration of differently charged dextrans

Figure C7: Filtration of a mucin-coated
10T s PDMS-filter when flushed with different
dextran variants. FITC-labeled dextrans (Mw
= 150 kDa) - modified with either
1007 carboxymethyl (CM) groups, diethyl-
aminoethyl (DEAE) groups or unmodified —
were pumped through the capillary system.
50 The fluorescence intensity of the dextran
solution prior to and after passing the filter
was measured to determine the fraction of
0- molecules that have passed the filter. The
error bars denote the standard deviation as
Viv obtained from n=3 independent filter
realizations.

molecules passing
the filter (%)
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Conformational change of surface bound mucin layers

The To assess if the conformational change a surface bound mucin layer is expected
to undergo from its native to condensed state (or, vice versa, from its condensed to
its original state following a decondensation trigger), the thickness of a fluorescently
labelled mucin coating determined with confocal laser scanning microscopy
(CLSM) Dbefore condensation, after condensation and after triggered
decondensation.

To prepare specimens suitable for CSLM, microscopy glass cover slips (24 mm x
24 mm, Thermo Fisher Scientific) were first coated with a thin layer of PDMS using
a spin coater (WS-400B-6NPP/LITE, Laurell, North Wales, USA). To obtain this
coating, PDMS prepolymer and cross-linker (Sylgard 184, Dow Corning,
Wiesbaden, Germany) were mixed in a ratio of 10:1, and further diluted with
n-hexane to obtain a 1% (v/v) polymer solution. Then, a bare glass cover slip was
placed onto the center of the spin coater, and 300 pL of the prepared PDMS mixture
were pipetted onto the cover slip. To distribute the PDMS solution, the spin-coater
was set into rotation - first at 1500 rpm for 20 s and then at 3000 rpm for 60 s.
Afterwards, the coated cover slip was cured at 80 °C for 4 h. Afterwards, the PDMS
surface was coated with mucins as described in the main paper with a slight
modification: First, to avoid damaging the thin PDMS film, the exposure time for
the plasma activation step was reduced from 90 to 30 s. Furthermore, 10 % (w/w)
of fluorescently labelled mucins (label: ATTO488, see Materials and Methods for
details of the labelling procedure; the remaining 90% (w/w) of mucins were used
without a label) were used in the last step of the coating procedure to allow for
imaging the mucin layer with CLSM while avoiding too intense fluorescence
signals.

From those mucin coated PMDS/glass cover slips, five different variants were
prepared: uncondensed samples, condensed and stabilized (both for DNA and ion-
based mechanism) samples, and decondensed/triggered samples (also for both
stabilization strategies). Condensation and decondensation was achieved as
described for the drug release experiments in Materials and Methods.

Imaging was performed using a Leica TCS SP5 II setup (Leica, Wetzlar, Germany)
equipped with a DMI6000 microscope corpus (Leica) and a 40x oil immersion
objective (HCX PL APO; NA = 1.25, Leica). An argon laser was used to a excite
fluorescence from the tagged mucin layer at 488 nm and a laser power of 40 %.
Emission was detected in a window ranging from 500 to 527 nm. The thickness of
the fluorescently tagged mucin layers was then determined by scanning through the
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z-levels of the samples and subtracting the z-value were fluorescence started to
occur from the z-level where the signal diminished again. This procedure was

repeated on five randomly chosen spots for each of the five conditions described
above.
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Figure C8: Conformational changes of surface bound mucin layers. If a surface bound
mucin layer is condensed with glycerol and stabilized with crDNA (a) or Mg?* ions (b) it is
compacted to 50 % (or 66 %, respectively) of its original thickness, even after glycerol removal.
If the compacted system is then exposed to the correct trigger, i.e. dDNA (a) or 150 mm NaCl
solution, it returns to its original conformation. The error bars represent the standard deviation
as measured at n = 5 random spots for each condition.

For freshly coated, uncondensed samples, an average thickness of 26.6 + 4 pm is
obtained. This value is reasonable considering the following two aspects: first, when
grafted onto a surface using carbodiimide chemistry (which targets the termini of
the mucin glycoprotein), it is likely that the mucins are attached to the surface in an
elongated, brush-like conformation. The peptide backbone of a porcine gastric
mucin macromolecule comprises 4192 amino acids’*. With an average length of
35 pm per amino acid, a total length of a single mucin molecule of =15 pm can be
estimated (by assuming a fully elongated structure; this is a bit of an overestimation
as minor parts of the peptide chain are folded). Actually, electron microscopy
images of porcine gastric mucins indicated molecule lengths up to =5 um’®.
Second, mucins can form oligomers through disulfide bridges, with molecular
weights up to 50 MDa, and the mucins used here are expected to be present in
oligomeric form.
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As described above, the compaction of the mucin layer is achieved by exposure to
glycerol, and the compacted mucin layers are stabilized with either crDNA or Mg*'.
After glycerol removal, it is found that the mucin layer is compacted to 50 % (for
DNA -stabilized layers, Figure C8a) or 66 % (for ion-stabilized, Figure C8b) of its
original thickness. If the condensed layer is then exposed to the correct trigger (i.e.,
dDNA for DNA-stabilized samples and 150 mm NaCl for Mg**-stabilized samples),

the compaction is reversed.

Control groups for release from single layer construct

Table C3: Tetracycline cumulative release from DNA-crosslinked mucin layers.

Group 1 Group 2 Group 3 Group 4
condensation glycerol glycerol glycerol -

stabilization crDNA crDNA coDNA crDNA

trigger dDNA coDNA dDNA dDNA
time (h) cre (pg/mL) cre (pg/mL) cra (pg/mL) cra (Hg/mL)

0 1.6£1 541 121 041

0.25 49.0+6 244 +8 291 05+1

0.5 81.1+12 2209 361 03+1

1 97.0+£12 296+9 48+2 0.1+1

2 94.2+13 266+7 69+2 0.0+1

3 764+8 26.1£4 81+2 0.1+1
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Table C4: Tetracycline cumulative release from Mg?** stabilized mucin layers.

Group 1 Group 2 Group 3
condensation glycerol glycerol -
stabilization Mg? Mg? Mg?
trigger 150 mm NaCl water 150 mm NaCl
time (h) CreL (Mg/mL) creL (Mg/mL) CreL (Mg/mL)
0 34+0 351 72+4
0.25 29+1 25+1 69+4
0.5 920+ 11 21 %1 95+6
1 1963+ 8 21+1 126+ 10
2 1805+ 13 201 17.5+19
3 180.7+ 15 14+1 17.3+19

Table C5: Vancomycin cumulative release from Mg?* stabilized mucin layers.

Group 1 Group 2 Group 3
condensation glycerol glycerol -

stabilization Mg* Mg* Mg?
trigger 150 mm NadCl water 150 mm Nadl
time (h) Cvan (Hg/mL) Cvan (ug/mL) Ccvan (ug/mL)

0 141 08+1 1.8+1

0.25 1.3+1 08+1 221

0.5 513 08+1 241

1 571 241 351

2 83+4 22+1 341

3 84+3 14+1 36+0
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The phase transition temperature of different liposome compositions

The phase transition temperature of four different liposome compositions, i.e. 16 %,
10 %, 6 % and 3 % DOTAP/DPPC was determined by measuring the changes in the
scattering intensity of these liposomes’® using a Nano ZS zeta sizer (Malvern
Instruments, Herrenberg, Germany). The minimum of the mean count rate, i.e. the
average number of photons detected per second, was determined over a
temperature interval of 32 °C to 42 °C (temperature step = 1 °C). The change of the
count rate indicates the gel-to-liquid crystalline phase transition temperature of the
different liposome compositions.

In agreement with previously shown data on DOTAP-DPPC liposomes®”!, a shift of
the transition temperature to higher temperatures was observed when the
concentration of DOTAP is lowered (Figure C9).

1.1
__1o%.
A TNl
2 o- % --------- el iy
s 0.9 T %
8 ‘.‘. \\‘
O 0.8 -
E ........ o . \\\\ .
S 0.7 .. #~
) -
c A 6% DOTAP "e... i """""" ®.....
0.67 wmio%wpotAP e L
® 16% DOTAP
0.5 T T T T \
32 34 36 38 40 42

temperature (°C)

Figure C9: Thermoresponsive liposomes. The phase transition temperature of liposomes can
be adjusted by changing the DOTAP concentration. Error bars depict the standard deviation
as obtained from n = 3 independent samples.

With 16 % DOTAP, the phase transition takes place in a temperature range between
roughly 33 °C and 39 °C. However, if the DOTAP content is decreased to only 3 %
the phase transition temperature becomes less clear since liposomes prepared from
DPPC exclusively are known to be less stable*”".
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Layer by layer assembly of mucins

The formation of mucin double layers is successful in both cases, i.e. when
dopamine is used as a crosslinker (Figure C10a) and when lectin WGA is used as a
crosslinker (Figure C10b) as indicated by the corresponding shifts in the resonance
frequency. The dopamine crosslinked mucin construct was then exposed to a
physiological salt solution to mimic the scenario when the implant comes in contact
with the human body. The observed frequency shift is fully reversible when the
multilayer is again exposed to salt-free simple water, indicating that this effect is
caused by conformational changes of the mucin layers (Figure C10a).

The controlled disintegration of the mucin/lectin/mucin multilayers is tested by
exposing the system to the lectin ligand N-acetyl-pD-glucosamine (GIcNAc).
Therefore, the coated chip was flushed with a 100 mm GlcNAc solution. The strong,
irreversible increase in the resonance frequency supports the finding that indeed,
the mucin/lectin bound is opened and the upper mucin layer is taken off
(Figure C10b).
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Figure C10: Layer by layer assembly visualized using QCM. Mucin double layers are
generated on a QCM-D chip by either using dopamine (a) or lectin WGA (b) as a crosslinker.
Mucin-dopamine interactions show a reversible frequency shift after the addition of 150 mm
NaCl (a). The mucin lectin bound is irreversibly disrupted by the addition of GIcNAc (b). Grey
areas depict time intervals where the system is rinsed with ultrapure water.
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Control groups for the release of TCL from mucin multilayer constructs

a) Verifying that the successful disassembly of the mucin multilayer by GIcNAc results
in a release of TCL from the bottom mucin layer

First, the covalently bound mucin layer was incubated with a TCL solution
(0.5 mg/mL) for 2 h to load this layer with the drug. Then, a mucin-based multilayer
(comprising 5 layers, i.e., mucin/lectin/mucin/dopamine/mucin) was generated as
described in Materials and Methods. The samples were incubated at 40 °C to be
consistent with the data shown in Figure 38, but without integrating liposomes into
the middle mucin layer. The purpose of this control is to show, that adding the top
four layers onto the bottom mucin layers is sufficient to stably trap the TCL in the
bottom mucin layer and, that the external addition of GIcNAc to the system triggers
release of TCL from the bottom mucin layer by lifting off the top layers

Drug release from the multilayer construct was initiated by adding 2 mL of the
trigger solution (which now was a combination of 150 mm NaCl and 100 mm
GlcNAc in 20 mM HEPES buffer, pH = 7.4) to the multilayer system.
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Figure C11: TCL release from the bottom mucin layer of the multilayer construct
triggered by the external supply of GIcNAc. The mucin multilayer system is loaded with TCL
in the bottom layer only. The addition of GIcNAc to the outside buffer efficiently triggers the
release of the entrapped drug. Error bars depict the standard deviation as obtained fromn =3
independent samples.
Indeed, as expected, the addition of free GIcNAc induces release of TCL, which
reaches a plateau after approximately 1 h (Figure C11). In contrast, in the absence
of GlcNAc addition (i.e., if only 150 mM NaCl is used as a ‘trigger’ solution), there

was only a low baseline level of drug release which is attributed to minor leakage
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events. However, when the trigger is added at later time points, i.e. after 24 h of
storage, similarly high final release levels occurred as when drug release was
triggered at the beginning of the experiment.

b) Verifying that a temperature increase triggers lift-off of the top mucin layers (and
thus release from the bottom mucin layer) by inducing leakage of the embedded
thermoresponsive liposomes

Here, a very similar multilayer system as described above was assembled; the only
difference was that the GlcNAc trigger molecules were now encapsulated into
thermoresponsive liposomes as described in Materials and Methods, and those
liposomes were embedded into the middle mucin layer of the construct.
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Figure C12: TCL release from the bottom mucin layer of the multilayer construct
triggered by an increase in temperature. Drug release is only observed when GlcNAc
loaded, thermoresponsive liposomes are embedded into the multilayer construct, but not
when empty liposomes are used. Error bars represent the standard deviation as obtained from
n =3 independent samples.

The purpose of this experiment was to verify the efficiency of drug release from the
bottom mucin layer when lift-oft of the two upper mucin layers is triggered by a
temperature increase that induces GIcNAc leakage from liposomes; as a control, the
same multilayer was constructed, but empty liposomes were added. Both sample
variants were incubated at 37 °C for 24 h. Afterwards, the incubation temperature
was increased to 40 °C (which exceeds the phase transition temperature of the
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liposomes). The temperature driven drug release was then followed photo-
spectrometrically as described before.

For both sample variants almost no drug release is detected, when incubated at
37 °C, (Figure C12). However, when the incubation temperature is increased to
40 °C, TCL is released from the samples carrying GlcNAc-loaded liposomes — but
not from the control. This result demonstrates that the envisioned release
mechanism operates as planned.

c) Verifying the storage stability of completely assembled but untriggered samples.

To verify the storage stability of the multilayer system two different variants of the
tully assembled system, i.e. with an uncondensed (Figure C13, black circles) and
with a condensed bottom layer (Figure C13, grey circles) were incubated at 37 °C
in absence of both triggers. As expected, both variants showed only little drug
leakage from the multilayer, and the system is stable for three days.
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Figure C13:Leakage from untiggered multilayer systems. Multilayers are assembled in two
variants, i.e., with the bottom mucin layer in an uncondensed (black circles) and condensed
state (grey circles), respectively. Schematic representations of the respective multilayer
systems including two TCL depots are shown on the right, time-dependent release of TCL from
the multi-layer constructs on the left. Error bars denote the standard deviation as obtained
from a minimum of n = 3 independent samples.
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