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Covalent Mucin Coatings Form Stable Anti-Biofouling
Layers on a Broad Range of Medical Polymer Materials

Benjamin Winkeljann, Maria G. Bauer, Matthias Marczynski, Theresa Rauh,

Stephan A. Sieber, and Oliver Lieleg*

Approximately 10% of all hospital patients contract infections from tempo-
rary clinical implants such as urinal and vascular catheters or tracheal tubes.
The ensuing complications reach from patient inconvenience and tissue
inflammation to severe, life threatening complications such as pneumonia
or bacteremia. All these device-associated nosocomial infections have the
same origin: biofouling, i.e., the unwanted deposition of proteins, bacteria,
and cells onto the device. To date, most strategies to overcome these prob-

lems are device specific, which results in high development efforts and costs.

Here, it is demonstrated how one and the same coupling mechanism can

important: e.g., the material has to resist
biofouling events and/or needs to be com-
patible with cells/tissues or body fluids.
Especially biofouling on medical devices is
a major problem, as it is responsible for a
huge amount of nosocomial infections.
Thus, during the past decades, different
types of surface functionalizations and coat-
ings!l have been investigated which aim at
preventing (or at least minimizing) prob-
lems that arise from using a foreign, artifi-

be used to create a covalent antifouling coating employing mucin glycopro-
teins on multiple materials: with this method, a stable mucin layer can be
generated on a broad range of polymer materials which are frequently used
in medical engineering. It is shown that the mucin coating exhibits excellent
stability against mechanical, thermal, and chemical challenges and reduces
protein adsorption as well as prokaryotic and eukaryotic cell adhesion. Thus,
the coating mechanism described here introduces a promising strategy to
overcome biofouling issues on a broad range of medical devices.

1. Introduction

When a medical device, i.e., a foreign, artificial material, comes
into contact with the human body, there are several issues that
need to be considered: As a basic requirement, the material needs
to be formed in a certain shape and has to possess dedicated
mechanical properties to fulfill its desired function. Moreover,
depending on the type of application, several other properties are
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cial material in or on the human body. For
instance, macromolecular coatings have
been introduced to improve the biocompat-
ibility of synthetic materials thus reducing
foreign body responses. Examples include
coatings that reduce the adsorption of pro-
teins,? cells,®l and pathogens* and coat-
ings that reduce mechanical damage on
soft tissues by generating a lubricious, slip-
pery surface.’! For each of those coatings it
is important to guarantee a good stability of
the surface modification; the uncontrolled
liberation of molecules from the material coating into the human
body may induce unwanted/unforeseeable side effects. This con-
cern limits the use of synthetic polymers in clinical applications
as long as the interactions of those synthetic molecules with the
human body are not fully understood. Biomacromolecules, which
are natural products, typically offer the advantage of excellent bio-
compatibility. Thus, they have gained increased attention as poten-
tial components for coatings. However, the application of such
biopolymers as components of medical product coatings remains
challenging as biological macromolecules can be sensitive to
mechanical or chemical challenges including quick degradation.!®!

Recently, mucin glycoproteins have been tested as coatings to
suppress biofouling events.”! Indeed, mucin coated surfaces not
only reduce the adsorption of small proteins; they also decrease
the attachment of bacteria such as Streptococcus pneumoniae and
Staphylococcus aureus,® and they can improve the hemocompat-
ibility of medical devices.”) Mucins are a group of large glyco-
proteins with molecular weights of up to a few MDa.l'% They are
the main component of mucus, the transparent hydrogel cov-
ering all wet epithelia in the human body, including the corneal
surface,'!l the gastrointestinal tract!'?l and the female reproduc-
tive system.[}l One of the physiological functions of mucins is
to protect the underlying epithelial cells from dehydration. Fur-
thermore, 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

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

ability to bind many water molecules™ and to adsorb to various
surfaces,[1%1% mucins also serve as excellent lubricants and thus
protect the sensitive cellular surface from mechanical damage.

Mucin solutions have not only been proven to efficiently lubri-
cate physiological systems but can also reduce friction and wear
formation in technical material pairings!'"”) or in hybrid systems,
i.e., when artificial materials come in contact with a biological sur-
face.l¥l In certain cases, even simple mucin coatings achieved by
passive adsorption can be an effective tool in reducing mechan-
ical damage caused by medical devices, e.g., when contact lenses
rub against corneal tissue.” For other medical applications, e.g.,
catheters or ventilation tubes, a coating via passive adsorption is
probably not stable enough to withstand the large mechanical
load occurring during the insertion/extraction of the medical
device. Yet, a stable coating is indispensable for a medical appli-
cation: even small, local damages would be weak spots for initial
stages of biofouling. Covalent mucin coatings have, however, only
rarely been generated in the past,>!% and their stability and anti-
biofouling properties still need to be evaluated in detail.

We here describe a coating protocol, which allows for
covalently attaching mucin glycoproteins to a broad range of
medical polymer materials without the need to change the cou-
pling chemistry. We demonstrate, that these mucin coatings
are stable toward different environmental conditions such as
increased temperature, chemicals, pH variations, or mechan-
ical stress. Finally, we show, that our mucin coatings efficiently
reduce different types of fouling events, i.e., the adsorption of
small proteins, particles, and also the attachment of clinically
relevant pathogens such as Pseudomonas aeruginosa, Strepto-
coccus pyogenes, and S. aureus as well as eukaryotic cells.

2. Experimental Section

2.1. Mucin Purification

Porcine gastric mucin MUCS5AC was purified manually as
described previously.?” In brief, mucus was obtained from
gently rinsed pig stomachs by manual scraping the inner sur-
face of the gastric tissue. The collected mucus was diluted 5-fold
in 10 x 10 m sodium phosphate buffer (pH = 7.0) containing
170 x 107 M NaCl and 0.04% (w/v) sodium azide (Carl Roth,
Karlsruhe, Germany) and stirred at 4 °C overnight. Cellular
debris was removed via two centrifugation steps (first run:
8300 x g at 4 °C for 30 min; second run: 15 000 x g at 4 °C for
45 min) and a final ultracentrifugation step (150 000 x g 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
an XK50/100 column packed with Sepharose 6FF. The obtained
mucin fractions were pooled, dialyzed against ultrapure water
and concentrated by cross-flow filtration (MWCO: 100 kDA;
Xampler Ultrafiltration Cartridge, GE Healthcare). The concen-
trate was then lyophilized and stored at —80 °C until further use.

2.2. Fluorescence Labelling of Proteins

To allow for a visualization of either the mucin coating or the
adsorption of small proteins (here bovine serum albumin (BSA)
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and lysozyme were used as model proteins), these proteins
were labelled with a green fluorescing dye (ATTO488 carboxy
modified, ATTO-TEC GmbH, Siegen, Germany). The carboxy
modified ATTO dye was coupled to the proteins via carbodi-
imide coupling. Therefore, the dye was first diluted to a con-
centration of cyrro = 1.0 mg mL™ in MES buffer (10 x 1073 m,
pH =5) at a final volume of 1 mL. Afterward 5 x 107 m EDC
and 10 X 107 m sulfo-NHS were added to this solution and it
was allowed to incubate light excluded for 3 h at room tem-
perature (RT = 21 °C). This prolonged incubation time ensured
that remaining free EDC was hydrolyzed before mucin was
added to avoid crosslinking of protein 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 x 1073 M, pH = 7). Then, both solutions were mixed
thoroughly and again allowed to react for 3 h at RT. 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.

2.3. Sample Preparation

PDMS cylinders were prepared by mixing PDMS (SYLGARD
184, Dow Corning, Midland, U.S.A.) in a 10:1 ratio with the
curing agent and exposing the mixture to vacuum for 1 h to
remove air bubbles before curing 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 surface modi-
fication, the specimens were cleaned with 80% ethanol and
ultrapure water.

2.4, Coating Process

The coupling reaction was performed as described previously.[!*!
Briefly, the PDMS 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 attach-
ment of silane molecules. The silane was used as a coupling
agent to further allow for linking the porcine gastric mucin to
the surface via carbodiimide coupling.

Thus, N-[3-Trimethoxysilyl)propyl]ethylenediamine triacetic
acid trisodium salt (TMS-EDTA, abcr, Karlsruhe, Germany)
was used here, which was carrying three carboxy groups on the
other end. TMS-EDTA was diluted to a final concentration of
0.1% (w/v) in 10 x 1073 m sodium acetate buffer (pH = 4.5). The
activated PDMS pins were then incubated in the silane solution
for 5 h at 60 °C. Afterward the samples were washed in 96%
ethanol (Carl Roth) for 1 h to remove unbound residues before
they were placed in the oven at 110 °C for another 60 min to
stabilize the bond between the PDMS and the silane. In a next
step, the carboxyl groups of the silane were activated. There-
fore, the pins were immersed in 100 x 10> v MES buffer (pH
= 5.0) containing 5 x 107 m 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimid-hydrochlorid (EDC, Carl Roth) and 5 x 1073 m
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Figure 1. Schematic representation of the coating process. To functionalize PDMS, its surface is first activated with O,-plasma and then precoated
with a silane-based precursor. Afterward, porcine gastric mucin can be covalently linked to the precoated surface by means of carbodiimide coupling.

N-Hydroxysulfosuccinimide (sulfo-NHS, abcr) for 30 min at
RT. Afterward the EDC-NHS solution was replaced by phos-
phate buffered saline (pH = 7.4, Lonza, Verviers, Belgium) con-
taining 0.1% (w/v) of purified mucin and stored overnight at
4 °C. Amine groups of the mucin protein core then react with
the EDC activated groups of the silane to form a stable covalent
bond (Figure 1).

2.5. ELISA

To test the coated samples for presence of mucin on the sur-
face, 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. Afterward, all samples were incubated in 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
the PDMS samples were again rinsed with PBS-Tween. Then,
each sample was transferred into one of the blocked wells.
Afterward, the samples were incubated with a primary antibody
(200 pL 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) was used. The
mucin antibody was diluted 1:400 in blocking buffer. After
incubation for 1 h, the wells were rinsed again with PBS-
Tween. A second antibody staining was then performed using
a horse radish 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 for 2 h on a shaker at RT.
Afterward, 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 UL 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
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HRP Substrate Kit 15 159, Thermo Fisher Scientific, Waltham,
Massachusetts, USA). Since the working solution was light sen-
sitive, direct light contact was avoided.

After 30 min of incubation at RT, the peroxidase activity
was stopped by adding 20 puL 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 multilabel plate
reader (Viktor3, PerkinElmer, Inc., Massachusetts, USA). Fluo-
rescence was measured at a wavelength of 570 nm using a data
acquisition time of 0.1 s.

2.6. Mechanical Stability

To compare the mechanical stability of passively adsorbed and
covalently attached mucin layers on a PDMS surface PDMS
pins were first exposed to mechanical stress in a rotational tri-
bology setup and afterward analyzed via ELISA. Tribological
treatment was performed on a commercial shear rheometer
(MCR 302, Anton Paar, Graz, Austria) that was equipped with
a tribology unit (T-PTD 200, Anton Paar) and a ball-on-cylinder
geometry (Figure 3a). As a friction partner in the tribology
setup, steel spheres with a diameter of 12.7 mm (1.4301, Kugel
Pompel, Vienna, Austria) were chosen. Measurements were per-
formed at a constant normal load of Fy = 6 N, which resulted
in an average contact pressure of =0.31 MPa.'”! The speed
dependent friction behavior was evaluated by performing three
logarithmic speed ramps from =700 to 0.001 mm s~!. Before the
first measuring point, the system was allowed to stabilize at the
highest rotational speed for 30 s. In each measurement, 600 UL
of HEPES buffer (20 x 107 m, pH = 7.0) were used as a lubri-
cant. For ELISA tests, the pins were carefully removed from
the sample holder after the treatment and rinsed with distilled
water. From the treated PDMS pins, a small cylinder (d = 2 mm)
was punched out from the center, i.e., the area that comes in
contact with the rotating steel sphere during the tribological
treatment, and an ELISA test was performed with this small
cylindrical sample as described above. This procedure reduces
the influence of the background fluorescence signal arising
from untreated pin surfaces. As a control, pins, which had not
been exposed to mechanical stress were treated the same way.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The mechanical stability of coatings on PMMA speci-
mens was tested using an ultrasonic treatment. Therefore,
small PMMA pieces (4 mm x 4 mm x 1 mm) were prepared
and either coated via passive adsorption or using the covalent
coupling process as described above. Then, the samples were
immersed into Millipore water and exposed to ultrasonic treat-
ment (5510E-MTH, Branson Ultrasonic Corporation, Danbury,
CT, USA) for 1 h. Afterward, they were rinsed in Millipore
water and the amount of surface bound mucin was analyzed
via ELISA. Control specimens were coated in a similar way but
without the exposure to ultrasonic treatment.

2.7. Chemical Stability

To analyze the chemical stability of the mucin coating, samples
were incubated in different solutions, each containing one of
the following ingredients: 96% ethanol, 1 M guanidium thiocy-
anate (GTC, Carl Roth), 1 M sodium chloride (Carl Roth) or 6 m
urea (Sigma Aldrich), all dissolved in PBS. Furthermore, the sta-
bility of the coatings toward different pH conditions was tested
by incubation in either 1 M formic acid (pH = 1.5, Carl Roth),
1 x 107°% M sodium hydroxide (pH = 8.0, Sigma Aldrich) or 1 m
sodium hydroxide (pH = 13.5) solution. Finally, also a set of dif-
ferent enzymes was tested: trypsin (0.1 mg mL™!, dissolved in
PBS, pH = 7.4, Sigma Aldrich), protease Type XIV (0.2 mg mL™,
dissolved in 10 x 107 M sodium acetate containing 5 x 1073 m
calcium acetate, pH = 7.5, Sigma Aldrich), proteinase K
(0.1 mg mL™, dissolved in 0.5% SDS containing 2.5 x 1073 m cal-
cium chloride, pH = 8, Sigma Aldrich) and pepsin (4.0 mg mL,
dissolved in 100 x 10 m HCI, pH = 1, Sigma Aldrich). To
mimic physiological conditions all stability tests were performed
by incubating the coated samples at 37 °C overnight.

Subsequently, all samples were thoroughly rinsed thrice: first
with Millipore water, then with 80% ethanol and again with
Millipore water. This ensures that all residues of the enzyme
solution and unbound mucin proteins were removed. Control
samples underwent the same mechanical and thermal condi-
tions; however, they were immersed into simple PBS lacking
any enzyme. The amount of remaining mucin in the coating
was then assessed via ELISA, as described above.

2.8. 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 deter-
mined using the software Image ] and the “drop snake” plug-in.

2.9. Protein and Particle Adsorption

Adsorption tests were conducted on samples inspired by so
called Janus’s particles: For the experiments conducted here,
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cuboid samples (2 mm x 4 mm x 18 mm) were separated
into three different zones each of which was coated differ-
ently. 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 10 x 10~ m HEPES solution
containing either 0.1% (w/v) of fluorescent proteins (BSA,
lysozyme) or red fluorescent polystyrene (PS) nanoparticles
(@ = 300 nm, either aminated or carboxylated, Invitrogen,
Thermo Fisher Scientific). The {—potential of the PS nano-
particles was determined with dynamic light scattering using
a Zetasizer Nano ZS (Malvern Instruments, Herrenberg,
Germany) at a concentration of 1:1000 in 10 x 107> m HEPES
buffer (pH = 7.0).

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 sam-
ples 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 fluo-
rescent 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 sam-
ples 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 images were taken from each zone; this ensures that
the obtained results were representative for the whole zone.
Images within one JIP were always taken with the identical
camera settings, i.e., using the same exposure time, gain and
offset values. These images were evaluated with Image] by
either counting the amount of fluorescent points (in case of
NPs) or by measuring the average fluorescence intensity (in
case of proteins).

2.10. Bacterial Adhesion Tests

Bacterial attachment to mucin coatings was evaluated for S.
aureus, S. pyogenes, and P. aeruginosa. S. pyogenes strain ATCC
700 294 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 ODg, of 0.2 (S. aureus and
S. pyogenes) or grown to logarithmic phase (P. aeruginosa) and
subsequently diluted to an ODg, of 0.2. Bacteria were incu-
bated under static conditions at 37 °C and 5% CO, for 1.5 h
in wells containing uncoated or mucin-coated PDMS/PMMA

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

samples. Unattached bacteria were aspirated g

INTERFACES

www.advmatinterfaces.de

by removing the supernatant, and samples
were washed with sterile PBS (1 mL) 1 to
4 times. Images were acquired at 20x mag-
nification using the Zeiss microscope Pri-
movert equipped with a Zeiss AxioCam ERc
5s. Adhesion of bacteria (S. aureus) or bac-
terial 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 Manip-
ulation Program, The gimp team) prior to
image analysis.
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Figure 2. Mechanical stability of covalently coupled mucin coatings. a) Passively adsorbed
and covalently linked mucin coatings are mechanically challenged using a rotational tribology
setup. b) The ELISA signal obtained from tribologically treated mucin coatings is compared to
that obtained from freshly coated samples (i.e., either passively and covalently coated ones,
either are represented by the dashed line) that were not mechanically challenged. c,d) PDMS
pins carrying coatings comprising fluorescently labelled mucins are imaged with fluorescence
microscopy after they were subjected to tribological stress. c) Passively adsorbed mucins are
sheared off in the circular contact zone whereas d) covalently linked mucins are still present in
high numbers. Passively adsorbed and covalently linked mucin coatings generated on PMMA
are exposed to an ultrasonic treatment. Mucins are also detected via ELISA, and the obtained

signal is compared to freshly coated samples that were not challenged with ultrasound (dashed
line). Error bars denote the standard deviation as obtained from n =9 (b) and n =5 e) inde-

2.11. 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 solu-
tion (25 U mL™! penicillin, 25 ug mL™! streptomycin; both
Sigma-Aldrich). The cells were detached using trypsin/EDTA
(Sigma-Aldrich), and the cells were seeded at a density of
120 000 cells cm™ on uncoated and mucin-coated PDMS sur-
faces, 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 x 107° m calcein AM (Invitrogen, Carlsbad, CA, USA) and
2 X 107 M ethidium homodimer-1 (Invitrogen) were dissolved
in serum free DMEM, and cells were incubated with this solu-
tion for 1 h before they were imaged on a DMi8 Leica micro-
scope (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).

2.12. Statistical Data Analysis

To detect significant differences between two examined groups,
independent two-tailed ¢ tests were conducted. Prior to testing,
the normal distribution of the measured data was verified with
the Shapiro-Wilk-test. Furthermore, the homogeneity of vari-
ances 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 a Welch's t-test
was used in case of unequal variances. The software Prism 8
(GraphPad Software, San Diego, CA, USA) was used to conduct
all statistical calculations. The level for significance was set to
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pendent samples. The scale bars in (c) and (d) represent 1 mm.

p < 0.01, and significant differences between tested groups are
marked with an asterisk in all graphs.

3. Results and Discussion

3.1. Stability of Covalently Coupled Mucins

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 not very stable: after
exposure to mechanical shear forces, which here are applied
by using a rotational tribology setup (Figure 2a, see the Experi-
mental Section for details), most of the mucin coating is eroded
(Figure 2b,c).

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 bacte-
rial 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 con-
sidered.??l Third, compared to mucin-functionalized surfaces,
uncoated PDMS surfaces show inferior lubricity;°¢! 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.

To overcome these problems associated with an insufficient
mechanical stability of the coating, we investigate the perfor-
mance of covalently coupled mucin coatings. We have demon-
strated previously, how mucins can be covalently grafted onto a
PDMS surface via a two-step coupling process: here, the PDMS

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. 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 alka-
line 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 intact mucins present on the
PDMS samples in comparison to freshly coated but unchallenged samples (dashed lines). All
error bars denote the standard deviation as obtained from n = 3 independent samples.

surface is first activated by oxygen plasma to prepare the surface
for a silane-based precoating. Afterward, mucin glycoproteins
can be attached to this silane layer via carbodiimide chemistry.
To assess the mechanical stability of such a covalently attached
mucin layer, we also expose this type of mucin coating to tri-
bological shear stress by employing the same experimental
procedure as described above. Indeed, both mucin detection
methods (Figure 2b,d) demonstrate the very good stability of
the covalent mucin coating, which drastically outperforms the
stability of the passively adsorbed mucin layer. This is also indi-
cated Dby the significantly higher amount of mucin molecules
that remain after the tribological treatment (Figure 2b).

Of course, when used in the human body, medical devices
are not only exposed to tribological shear stress but also to
elevated temperatures of =37 °C. Moreover, during transport/
shipping and storage of a medical device, the ambient condi-
tions can vary and are not always precisely controlled. Thus,
in a next step, we analyze the stability of our covalent mucin
coating at three different storage temperatures, i.e., at 4, 37,
and 50 °C. After overnight incubation at these different tem-
peratures, we again assess the presence of mucins by ELISA
tests and compare these results to freshly coated specimens.
As depicted in Figure 3a, the amount of surface bound mucin
remains stable after incubation and is hardly altered within the
temperature range investigated here.

Since our covalent mucin coating shows promising results
in terms of temperature resistance, we next test the stability of
the coating after challenging it with different environmental
conditions relevant for a putative medical application: First, as
medical devices are often treated with ethanol (in the context of
disinfection procedures) while handling them, we probe the sta-
bility of the mucin layer toward exposure to a high percentage
(96%) EtOH solution. Interestingly, also here, the ELISA data
shows, that the mucin layer is well resistant toward ethanol
exposure (Figure 3b, see the Experimental Section for details).

In the human body, medical devices would always be exposed
to physiological NaCl concentrations of =150 x 1073 m. Thus, in
a next step, we analyze the stability of our coating toward the
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are constantly exposed to urea, a chaotropic
substance. Chaotropic 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!?}l—and this could affect
the detectability of our mucin coating via ELISA in case the
oligopeptide epitope on the mucin terminus required for the
antibody we use is compromised. However, even after exposure
of mucin coated samples to a high concentration of urea (6 m
solution) we do not find a significant reduction in the ELISA
signal. 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 the mucins are indeed covalently attached to the
PDMS surface and that denaturation of the (mostly unfolded)
mucin glycoproteins plays a negligible role (Figure 3b).

Depending on the medical device the coating is supposed to
be used on, also the pH 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 vag-
inal tract, and the small intestine exhibits a slightly alkaline pH
around 8. To test the influence of this pH range, we also incubate
some mucin coated samples in either 1 m formic acid (HCOOH,
pH 1.5) or 1 x 10°® m sodium hydroxide (NaOH, pH 8).
Importantly, the former treatment does not affect the inten-
sity 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 3b), probably by alkaline
hydrolysis.*

As a last group of physiologically relevant challenges, we
investigate the influence of enzymatic degradation on the
stability of the mucin coating. Proteolytic degradation of sub-
maxillary bovine mucin by trypsin and pepsin has been inves-
tigated previously.?’! Here, we expect the mucin coating 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 towardsenzymatic degradation in their glycosylated
areas, whereas the non-glycosylated terminal ends can be easily
cleaved by trypsin.l'®l To challenge our mucin coating, we select

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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different variants of proteolytic enzymes: trypsin, protease type
X1V, 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 aminopeptidase activity, and Proteinase K is a stable and
highly reactive serine protease. The latter two enzymes exhibit
their highest activity around neutral pH.

When our coating is exposed to any of those enzymes, we
observe a strong reduction in the ELISA signal in each case
(Figure 3c). Among all enzymes tested, the Proteinase K treat-
ment has the weakest effect. Nevertheless, also here, a clear
decrease of the ELISA signal is observed. However, due to the
antibody assay used, it is difficult to directly correlate a reduced
fluorescence signal obtained with ELISA with a loss of sur-
face bound mucin. As mentioned above, the antibody used to
detect mucin targets the polypeptide chain of the mucin mol-
ecule. 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, we assess the functionality of the mucin layer
after its exposure to an enzyme solution. The lubricity of such
covalent mucin coatings has previously been shown to be a sen-
sitive indicator for the coating quality."”) 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
(where we detect a friction reduction by up to two decades) but
still decent (reduction by >50%) in the boundary lubrication
regime (Figure 4a, grey curve).

If such mucin coated pins are exposed to degrading enzymes
such as trypsin, we find that the enzymatically challenged
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Figure 4. Effect of trypsin treatment on covalent mucin coatings. When probed with a steel
sphere, the coefficient of friction obtained on uncoated PDMS samples (using 20 X 1073 m
HEPES 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 lubrica-
tion regime (grey). After exposure to a trypsin solution (cyan), the mucin coating performs
similarly well as the unchallenged coating although experiments with fluorescently labelled
mucins show a reduction in surface bound mucins after c,d) trypsin treatment compared to
b,d) freshly coated samples (. Error bars depict the standard deviation as obtained from a

minimum of n = 3 independent sets of PDMS samples.
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mucin coating still shows a good lubricating performance—
especially in the mixed lubrication regime. Only at very low
sliding velocities, we observe a slightly increased coefficient of
friction after enzymatic treatment (Figure 4a, cyan curve). Also,
we again employ fluorescently labelled mucins 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 4Db).
Fluorescent images support this finding as they give a similar
visual impression for both, samples with and without exposure
to trypsin treatment (Figure 4c,d). From those experiments, we
conclude that, indeed, trypsin does affect the mucin coating,
and at least the exposed termini of the glycoprotein appear to
be cleaved by the trypsin exposure. Furthermore, it is possible
that—depending on the coating quality and density—also the
surface bound termini of the attached mucins could be acces-
sible for proteolytic enzymes.

3.2. Coating of Other Polymer Materials

Although silicone-based materials such as PDMS are very
common for medical devices, there are many other polymer
materials which are used in clinical applications (Table 1). 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 also used as
a biocompatible, soft coating for titanium-based stents.

Since each of these polymers contains accessible hydrogen
groups, they all can be activated by oxygen plasma in a similar
manner as PDMS; thus, we expect that our two-step coating

process can also be applied to those other
medically relevant polymer materials. This is
C tested in the next step. Indeed, we can per-
form the mucin coating procedure on these
six different polymer materials in very sim-
ilar ways: Except for some minor changes in
d the process temperature (i.e., for all six addi-
tional 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 a poor
resistance toward 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. Afterward, as for
the PDMS samples, we test the successful
deposition of mucin by immunostaining.

For all coated polymeric materials, these
ELISA tests return a significantly higher fluo-
rescence signal compared to their uncoated
counterparts (Figure 5a). This demonstrates
that a considerable amount of mucin is

mucin +
Atto 488
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Table 1. List of polymers used in this study. For each polymer, the table lists the full name and abbreviation, chemical structure of the respective
monomeric unit, temperature limits of use, and typical medical applications.

Name Monomer Structure Trnax Medical Application
Polymethyl-methacrylate (PMMA) B cH ] 75-80 °C tooth fillings & replacements, intra-ocular lenses, bone
| : cement!2%]
=l CH,— C---{-
|
(@
|
(o]
|
CH
L 1. dn
Polyethylene-terephthalate (PET) " o 100 °C artificial vessels, replacements for tendons & ligaments,
I I surgical suture materialf26227]
-O—CHZ—CHz—O—C—O—C-- .
n
Polyvinyl-carbonate (PVC) e 65 °C tubings, catheters, blood pouches!?6228]
-1" CH—CH,--
L n
Polyethylene (PE) ~ H H 60-70 °C  medical containers, catheters, artificial tendons, total joint
| | replacementsl26227.29]
- C _C -
L H H n
Polyurethane (PU) o o 80°C artificial cardiac valves, stent coatings, balloon catheters, tub-
ings, vascular grafts, skin replacement, cardiac pace makers,
‘R—O0—C—NH—R—NH—C—O- long term implants(26229
n
Polypropylene (PP) cH 100 °C finger joint prosthesis, grafts, non-degradable sutures/?”:’]
| 3
1" CH —CH,-[-
- n
Polydimethyl-siloxane (PDMS) CH 200°C  flexible and small joint replacements, breast implants, testicle
| ? implants, transfusion and catheter tubings, gastric bags,
t-si—0 -1 drains, endoscopic windows, bandages, contact lensesl?622°]
_CHB n

present on all coated polymer surfaces. Since

: : a b
mucins are well hydrated and can bind a 150 m coated 150 i m coated
large amount of water molecules,?% we *| @ uncoated 1201 *| © uncoated
expect a mucin coating to render the surfaces & 1004 b A
of all polymeric substrates more hydrophilic. § @ 91f-[l-&---- hydrophobic |
k R . c hydrophilic
Experimentally this expectation can be tested s
by comparing the contact angle of mucin- @ & 60
. . S 507 c
coated materials to the values obtained from 2 S
their uncoated counterparts. The contact 307
angle is a frequently used indicator for ana- o- o
lyzing the wettability of a surface and thus ©C R N & L & & S K N & L &
T Q¥ RN« T Q¥ RGNV
the surface energy: materials with a contact Q® < R Q®® QO® < R Q'@@

angle above 90° are considered hydrophobic,

whereas materials with a contact angle below Figure 5. Covalent mucin coatings on different polymer materials. a) The presence of mucin

90° are referred to as hydrophilic. Indeed, for on seven different medical polymer materials is verified via ELISA. b) Contact angle measure-
. . o - ments compare the surface polarity of the polymer materials before and after mucin coating.

all tested materials, the mucin coating entails The error bars depict the standard deviation as obtained from a minimum of n =3 independent

a significant reduction in the contact angle— samples. As indicated by the asterisks in the two figure legends, the described properties of

even the PDMS substrate, which shows an  coated samples were always significantly different from their uncoated counterparts.
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initial contact angle of =130° (corresponding
to a super-hydrophobic surface), is rendered
hydrophilic after mucin functionalization
(Figure 5b).

For PDMS samples, we have already
shown above that the covalent coating pro-
cedure provides the mucin layer with good
resistance toward mechanical stress. To con-
firm this finding for another polymeric sub-
strate, we select PMMA, i.e., the polymer
material with the most hydrophilic surface
properties before coating. However, PMMA
(Eppma = 3 GPaPl) has a much higher stiff-
ness than PDMS (Eppys = 2 MPal2); thus,
the tribological test used for PDMS samples
would generate a very high (and unphysiolog-
ical) contact pressure that can easily induce
wear on the PMMA substrate. Instead, we
now chose an ultrasonic treatment as a gen-
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Figure 6. 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 a) PDMS or b) PMMA
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.

tler method to challenge the mechanical sta-

bility of the mucin coating on PMMA substrates. Indeed, this
method is sufficient to reduce the surface fluorescence of the
passively coated samples by ~ 40% indicating that a consider-
able amount of mucins is removed by the ultrasonic treatment
(Figure 2e). In contrast, the covalently coupled mucin layer is
virtually unaffected by the ultrasonic treatment as indicated
by the significantly higher fluorescence signals obtained from
those samples compared to passively coated ones.

3.3. Reduction of Particle and Protein Adhesion

So far, we have shown, that our covalent mucin coating is
robust and resists both, mechanical stress and several physi-
ologically relevant environmental challenges. Furthermore, one
and the same coupling chemistry can be used to coat seven dif-
ferent polymer materials. In a next step, we aim at verifying
that our covalently coupled mucin layer shows similar anti-
fouling properties as reported previously for mucin coatings
generated via passive adsorption. The following experiments
are conducted with covalent mucin coatings generated on two
different polymeric substrates. As for the mechanical stability
tests, we again select PDMS as a relatively soft, hydrophobic
substrate and PMMA, which is stiff but hydrophilic. Whereas
quite different regarding their material properties, those two
polymer materials are very suitable for the following investi-
gations as they are both transparent thus allowing for optical
microscopy tests in transmitted light mode.

First, we expose our mucin coatings to two types of poly-
styrene (PS) nanoparticles; the first variant exhibits a car-
boxylated surface and thus carries an overall negative charge
(Ccarboxy = —50.7 £ 0.5 mV), and the second one exhibits an
aminated surface resulting in an overall positive net charge
(Camine = +25.2 £ 1.9 mV). When we analyze the amount of
carboxylated particles adsorbed onto the different (uncoated
versus coated) PDMS specimens via fluorescence micros-
copy, we observe a drastic reduction for mucin coated sam-
ples compared to uncoated PDMS (Figure 6a). For assessing
the extent to which this effect is due to the mucin coating, we
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also analyze PDMS surface carrying a silane precoating only;
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 toward the anionic
PS particle appears reasonable.

Interestingly, also adsorption tests with positively charged
PS particles return a similar result (Figure 6a). This finding
seems to challenge the idea that the mucin coating was to
render the surface of the PDMS samples negatively charged—
in this case, one would expect efficient adsorption of the cati-
onic, amine-terminated PS particles. However, at this point it
is important to recall that, at the buffer conditions used here,
those amine-terminated PS particles exhibit a lower net charge
than the carboxylated particles. Moreover, also carboxyl- or
amine-terminated PS particles still exhibit a strongly hydro-
phobic character. Thus, we interpret our results such 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 pref-
erable to the strong hydrophobic forces present for uncoated
PDMS. Consequently, we expect the efficiency of the mucin
coating to be less pronounced if the adsorption behavior of
the same test particles is assessed on a hydrophilic substrate
such as PMMA—and indeed, this is what we observe: for those
specimens, the adsorption of anionic PS particles is reduced
whereas the adsorption behavior of cationic PS particles is
mostly unaffected (Figure 6b).

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, we now aim at testing the anti-adhesive properties
of the mucin coating in a biomedically more relevant scenario.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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As the process of biofouling always starts with the formation
of a conditioning film, i.e., the uncontrolled adsorption of pro-
teins, we tested the ability of our coating to reduce the adsorp-
tion behavior of both, a negatively and a positively charged
model protein; accordingly, we selected fluorescent BSA (ani-
onic at neutral pH) and lysozyme (cationic at neutral pH) as
test molecules. Since neither of those well-folded proteins
should carry a large number of hydrophobic amino acids on
their surface, we expect that hydrophobic interactions should
not play a major role regarding their adsorption behavior. In
full agreement with this expectation, we find 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 =40% and is significantly more effi-
cient than the silane precoating alone; for the cationic lysozyme
molecules, the adsorption behavior is comparable to the
uncoated polymer materials (Figure 6a,b).

From those experiments we conclude that the mucin coating
can very efficiently render hydrophobic materials resistant
toward the adsorption of hydrophobic objects. Moreover, the
mucin coating causes a significant reduction of the adsorption
of anionic molecules on both, initially hydrophobic and hydro-
philic materials.

3.4. Reduction of Prokaryotic and Eukaryotic Cell Adhesion

In the human body, the formation of a protein-based condi-
tioning film on an artificial material is typically followed by
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S. pyogenes

P. aeruginosa

PDMS
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the colonization of bacteria or the encapsulation by fibroblasts.
It has previously been shown, that passively adsorbed mucin
coatings have repelling properties toward different (pathogenic)
bacteria, e.g., P. aeruginosa, S. epidermidis, S. aureus, and S.
mutans.7>833)

We here first expose our mucin-coated surface to S. aureus
bacteria. S. aureus does not cause infections in healthy indi-
viduals; 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 bac-
teria are brought into contact with a mucin coated PDMS sur-
face, the number of adsorbed bacteria is reduced by =35% (this
number represents the average reduction in adhered bacteria as
obtained from n = 3 independent samples with N = 3 images
each, see the Experimental Section for details) (Figure 7a).
When the adhesion property of S. aureus is tested on PMMA
surfaces, a qualitatively similar difference between coated and
uncoated samples is observed (Figure 7b); however, now this
difference is less pronounced (n =3, N = 3). Next, we expose the
two polymer materials to bacteria from the pathogenic strain S.
pyogenes, which can, in addition to skin infections, be respon-
sible 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: we
find an =35% reduction on PDMS samples (n =3, N = 3) and
even a =62% reduction on PMMA samples (n =3, N=12). As a

b blank

coated

S. aureus

S. pyogenes

P. aeruginosa

PMMA

Figure 7. 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.
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Figure 8. Covalent mucin coatings reduce fibroblast adhesion. The adsorption of NIH/3T3 fibroblasts onto both, PDMS and PMMA surfaces, respec-
tively, is compared for uncoated samples and samples carrying a covalent mucin coating. The viability of the adsorbed cells is verified by performing a
live (green signal)/dead (red signal) staining. Three images were analyzed per condition (n = 3). The scale bar represents 400 um.

third pathogenic bacterium relevant in the context of biomed-
ical devices we chose P. aeruginosa. Also P. aeruginosa is respon-
sible for a multitude of nosocomial infections including pneu-
monia, 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 beforel®! —those pathogens
adhere very well to mucins, and we cannot observe a difference
between coated and uncoated surfaces—neither on PDMS nor
on PMMA substrates. (Figure 7a,b).

Having observed that mucin coatings can reduce the colo-
nization of polymer surfaces by certain pathogenic bacteria,
we next ask, if the antiadhesive properties of covalent mucin
coatings also apply to eukaryotic cells. In detail, we assess
fibroblast adhesion (see the Experimental Section for details)
as an unwanted colonization of implanted materials is mostly
responsible for fibrous encapsulation of implants. Fibrous
encapsulation compromises the efficiency of the device and,
on the long term, frequently leads to device failure. To test
this, we here use an established fibroblast cell line (NIH/3T3
fibroblasts) which was already reported to not adhere to mucin
coatings generated by simple passive adsorption.’*] After incu-
bation of those NIH/3T3 fibroblasts on uncoated and mucin-
coated PDMS samples, respectively, we find that a confluent
cell layer has formed on uncoated PDMS, whereas the amount
of adsorbed fibroblasts on mucin-coated surfaces is very low
(Figure 8). Additionally, the adsorbed cells on the respective
surfaces differ in terms of their morphology: On uncoated
PDMS, the fibroblasts exhibit their typical well-spread mor-
phology indicating strong adhesion; on mucin-coated surfaces,
however, the few adherent cells we find exhibit a relatively
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round shape indicating weak adhesion. Still, we find that most
of the cells adsorbed onto mucin-coated surfaces are still alive,
which means that our mucin-coatings are not cytotoxic. Impor-
tantly, when we cultivate NIH/3T3 fibroblasts on uncoated and
mucin-coated PMMA samples, respectively, we obtain a virtu-
ally identical result as on PDMS (Figure 8). This nicely illus-
trates that the ability of the covalent mucin coating to prevent
fibroblast adhesion is independent from the carrier substrate
the coating is generated on.

4, Conclusion and Outlook

In summary, we here demonstrated that our two-step coating
process generates a stable mucin coating with anti-biofouling
properties, which not only resists mechanical stress but is also
very sturdy toward other physiologically relevant environmental
conditions. Covalent mucin surface coatings as described here
could be very useful for endotracheal tubings or urinal catheters,
which are inserted into the human body and remain there for
several days up to weeks—those devices are often prone to failure
due to biofouling-induced inflammations. Furthermore, mucin
coatings can also be a powerful tool for improving the lubricity
of polymeric material surfaces!” and can help to reduce friction-
induced damage on sensitive tissues.”d By combining these
different beneficial properties, mucin-based coatings should be
highly interesting for a broad range of medical devices.
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