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Bioinspired Dopamine/Mucin Coatings Provide Lubricity,
Wear Protection, and Cell-Repellent Properties for Medical
Applications

Jian Song, Theresa M. Lutz, Nora Lang, and Oliver Lieleg*

Even though medical devices have improved a lot over the past decades, there
are still issues regarding their anti-biofouling properties and tribological
performance, and both aspects contribute to the short- and long-term failure
of these devices. Coating these devices with a biocompatible layer that
reduces friction, wear, and biofouling at the same time would be a promising
strategy to address these issues. Inspired by the adhesion mechanism
employed by mussels, here, dopamine is made use of to immobilize
lubricious mucin macromolecules onto both manufactured commercial
materials and real medical devices. It is shown that purified mucins
successfully adsorb onto a dopamine pre-coated substrate, and that this
double-layer is stable toward mechanical challenges and storage in aqueous
solutions. Moreover, the results indicate that the dopamine/mucin
double-layer decreases friction (especially in the boundary lubrication regime),
reduces wear damage, and provides anti-biofouling properties. The results
obtained in this study show that such dopamine/mucin double-layer coatings
can be powerful candidates for improving the surface properties of medical
devices such as catheters, stents, and blood vessel substitutes.

1. Introduction

Medical devices such as artificial joints, catheters, stents, and
blood vessel substitutes, are typically fabricated from synthetic
materials and are essential for current medical therapies.[1]

Dr. J. Song, T. M. Lutz, Prof. O. Lieleg
Department of Mechanical Engineering and Munich School of
Bioengineering
Technical University of Munich
85748 Garching, Germany
E-mail: oliver.lieleg@tum.de
Dr. N. Lang
Department of Pediatric Cardiology and Congenital Heart Disease,
German Heart Center Munich
Technical University of Munich
80636 Munich, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adhm.202000831

© 2020 The Authors. Published by Wiley-VCH GmbH. This is an open
access article under the terms of the Creative Commons
Attribution-NonCommercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.

DOI: 10.1002/adhm.202000831

For those devices to fulfill their envi-
sioned function in the human body, ex-
cellent biocompatibility, appropriate me-
chanical strength, low friction surfaces, as
well as high resistance toward wear, cor-
rosion and biofouling are required.[2] A
main limitation of many implant materi-
als is the cell-adhesive behavior of their sur-
faces, the ensuing biofouling events and
the following inflammation response of the
body.[3] For instance, neointimal hyperpla-
sia occurs after the placement of metallic
stents and polytetrafluoroethylene (PTFE)-
based blood vessel substitutes.[4] Neoin-
timal proliferation is induced by inflam-
matory reactions after the placement of
the stent or blood vessel substitute fol-
lowed by proliferation and migration of
smooth muscle cells and production of
extracellular matrix. As a possible conse-
quence, restenosis sets in and such a clo-
sure of the luminal vessel diameter in

the device can be associated with high morbidity and mortal-
ity rates.[5] Similar issues apply to other medical devices in-
cluding catheters, where—in addition to eukaryotic colonization
events—adhesion of bacteria to the catheter surface aggravates
the risk for inflammation.[6] Moreover, if the lubricity of a medi-
cal device is not good, mechanical shear forces occurring during
the implantation process can lead to the transfer of small tissue
parts (or single cells) onto the device—and this will speed up the
biofouling process.[7] Of course, the generation of wear by tribo-
logical stress acting on the load-bearing surface of a device can
also be a direct reason for both, the short- and long-term failure
of certain medical devices.[8]

To prevent those issues, coating synthetic materials with a bio-
compatible layer is a promising strategy.[9] One candidate for a
biopolymer, which establishes coatings with anti-biofouling, lu-
bricity and wear protection abilities, is the glycoprotein mucin.
Mucins are key components of mucosal systems such as the tear
fluid, saliva, or stomach mucus and have become popular due
to their superior biocompatibility, excellent tribological perfor-
mance, as well as anti-bacterial and anti-biofouling properties.[10]

However, mucin-based coatings described in the literature are ei-
ther based on passive adsorption[11] (which works well on poly-
dimethylsiloxane (PDMS)-based surfaces but does not create sta-
ble coatings that withstand mechanical shear very well) or in-
volve covalent coupling methods[12] (which require polymeric
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substrates that can be chemically activated). For metallic surfaces
such as steel or PTFE-based materials; however, neither of those
two approaches are very promising as there are no appropriate
functional groups on those surfaces that were to offer anchor-
ing points for a stable mucin attachment.[13] Yet, those materials
are frequently used in biomedical applications, which calls for a
different coupling strategy to generate stable mucin coatings on
them.

Mussels can strongly adhere to almost any material—
regardless of its surface roughness. To do so, they pro-
duce proteins rich in special tyrosine derivates called 3,4-
dihydroxyphenylalanine (DOPA); DOPA molecules (as well as
the chemically related neurotransmitter dopamine) belong to the
group of catechols and are present at high concentrations in the
tip of the mussel byssus. Catechols such as DOPA or dopamine as
well as the self-polymerized variant of the latter, polydopamine,
can bind to a broad range of organic and inorganic surfaces.[14]

This is made possible by the ability of catechols to engage in
different molecular interactions with surfaces: examples include
complex formation between metal atoms of a metallic surface
and the phenolic hydroxyl groups of catechols, hydrophobic in-
teractions and/or 𝜋–𝜋 stacking, electrostatic interactions, and hy-
drogen bonds.[15] The same set of molecular interactions can
bind other molecules to an adsorbed dopamine layer. Recently,
a simple one-step coating based on dopamine was introduced
to immobilize dextran onto various substrates.[16] Similarly, with
the help of dopamine, polyethylene glycol (PEG, uncharged
polymer),[17] polyethyleneimine (PEI, polycationic polymer),[18]

and hyaluronic acid (HA, polyanionic polymer)[19] have been de-
posited onto different surfaces. Thus, using a similar approach
might also allow for creating stable but non-covalent mucin coat-
ings on medical devices.

We here develop dopamine/mucin coatings on materials fre-
quently used for medical devices, that is, PDMS, PTFE, and steel
substrates, using a simple dip-coating approach. We confirm the
successful formation of the double-layer coatings and evaluate
the lubricity, wear resistance and cell-repellent properties pro-
vided by these dopamine/mucin coatings. By performing cellular
adhesion tests with real medical devices, for example, catheters,
stents, and blood vessel substitutes, we demonstrate that our ap-
proach can also be applied to irregularly shaped, curved objects
and as it establishes cell-repellent surfaces on those medical de-
vices as well.

2. Results and Discussion

2.1. Generating Dopamine/Mucin Double-Layer Coatings by
Sequential Adsorption

Dopamine spontaneously and firmly adsorbs onto a broad range
of surfaces including glass, different metals, and polymers.[14]

Here, we aim at harnessing this property by utilizing dopamine
pre-coatings on different substrates to immobilize mucin glyco-
proteins. The idea is to conduct a two-step dip-coating procedure,
where first dopamine molecules and then mucins self-assemble
on the substrate surface thus forming a double-layer by sequen-
tial adsorption (Figure 1a). In a first step, we verify the success-
ful formation of such a molecular double-layer by conducting
QCM-D (quartz crystal microbalance with dissipation monitor-

ing) measurements with quartz crystals carrying three different
surfaces: steel, PTFE, and PDMS surfaces (see Section 4.) are cho-
sen as model substrates as those materials are commonly used
for medical devices.[20] For all three surfaces, the frequency shift
(Δf) recorded in such QCM-D measurements shows a notable
change when a dopamine solution is injected (Figure 1b). This
frequency shift is somewhat stronger for the PDMS and steel
surfaces than for the PTFE surface; in turn, the adsorption kinet-
ics are faster for dopamine adsorption onto the PTFE substrate.
After unbound dopamine is removed by rinsing with buffer, a
mucin solution is injected. Also here, in all three cases, we detect
a strong decrease in Δf. This indicates, that the mucin macro-
molecules successfully adsorb onto the pre-coated substrates,
and with similar efficiencies for all three substrates.

To verify that the double-layer coatings can also be successfully
generated on a macroscopic scale, we next subject cm-sized spec-
imens of all three substrate types to a sequential dip-coating pro-
cedure (see Section 4.) and measure the contact angle of each sub-
strate at different steps of the dip-coating process: as a bare sub-
strate, after the first coating layer (dopamine) was applied, and af-
ter the top layer (mucin) was added to the dopamine pre-coating.
For comparison, we also conduct a single-step coating with
mucins, that is, without a dopamine pre-coating. As depicted in
Figure 1c, both the dopamine coating and the dopamine/mucin
double coating reduces the contact angles of all substrates; we
find the strongest effect on the hydrophobic substrates, that is,
PDMS and PTFE, but also a noticeable effect on steel. Interest-
ingly, the contact angles obtained with a single-step mucin coat-
ing are always higher than those achieved with the other two
coatings. This indicates that, whereas mucin can passively ad-
sorb onto a wide range of surfaces, the efficiency of this ad-
sorption process is improved when a dopamine pre-coating is
used.[21] Moreover, it underscores the results we obtained with
QCM-D and demonstrates that a macroscopic dopamine/mucin
double coating can be easily developed on very different sub-
strates including hydrophobic PDMS/PTFE and hydrophilic
steel.

Having established that the dopamine pre-coating can im-
mobilize mucin glycoproteins on different substrates, we next
employ AFM imaging to examine the morphological quality of
the coatings at the nanoscale. To obtain images with good qual-
ity, we use atomically flat mica as a substrate to carry the coat-
ing. As can be seen in Figure 1d, we do not detect any obvi-
ous defects. Moreover, with the exception of a few isolated struc-
tures in the dopamine/mucin coatings that might indicate local
polydopamine or mucin fibers extending from the surface,[22]

the roughness of the coating is less than 1 nm—also for the
dopamine/mucin double-layers. In addition, with fluorescence
microscopy using ATTO 594 labeled mucins, we detect a contin-
uous mucin layer on the PDMS samples (Figure S1, Supporting
Information), indicating good homogeneity and full surface cov-
erage of the coatings.

Thus, we conclude that the quality of the coatings we developed
in this work should be suitable to be used in further experiments.
In detail, we aim at probing the lubricity, wear protection abil-
ities, and cell repellent properties and of such dopamine-based
coatings on model substrates. Moreover, we will decide if such
double-layer coatings are indeed required to obtain the full set of
functionalities we envision for a biomedical application. Then,
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Figure 1. Preparation and characterization of dopamine/mucin double-layers generated by sequential adsorption. a) Samples were immersed into a 0.4%
w/v dopamine solution for ≈2 h and then rinsed thoroughly with Millipore water to remove any unbound dopamine. After this dopamine pre-coating
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we will test the correct formation of such a functional coating on
exemplary medical devices.

2.2. Dopamine/Mucin Coatings Reduce Friction and Wear on
PDMS

As we could demonstrate the successful formation of a
dopamine/mucin double-layer on different substrates, we next
evaluate the tribological properties of the coatings. We first an-
alyze coatings generated on PDMS and use steel as a counter-
body to probe the lubricity of the coating using a “poor” lubricant
(i.e., simple HEPES buffer).[21] With this steel-on-PDMS material
combination, one can mimic a hard-on-soft interface as present
in several locations of the human body and, accordingly, this par-
ticular material combination is commonly used in biotribological
studies.[23] Moreover, with this set of materials and the rotational
tribology setup employed here, we can probe all three lubrication
regimes (boundary, mixed, and hydrodynamic lubrication) in de-
tail. To assess the influence of each molecular component used
in the double-layer coatings on different lubrication modes, we
not only analyze double-layer coatings, but also uncoated (bare)
substrates and both, single dopamine and single mucin coatings.

As reported previously,[10f,21] the tribological properties of a
steel-on-PDMS tribo-paring lubricated with simple buffer are
very poor; the very high coefficient of friction (COF) 𝜇 we mea-
sure here in the boundary lubrication and mixed lubrication
regime (Figure 2a) underscores this. In part, this bad tribolog-
ical performance is due to the inability of hydrophobic PDMS
to interact well with a water-based lubricant. As demonstrated by
the contact angle measurements shown in Figure 1b, a dopamine
coating renders a hydrophobic PDMS hydrophilic. Yet, this im-
provement in PDMS wettability alone is not very efficient in
reducing friction: here, only the threshold between mixed lu-
brication and hydrodynamic lubrication is slightly shifted (Fig-
ure 2a). This effect is somewhat stronger for the single mucin
coating; however, also here, friction in the boundary lubrica-
tion regime is still very high. Only for the double-layer coat-
ings, the COF measured in the boundary lubrication is lowered
significantly: here, 𝜇 is reduced by about one order of magni-
tude, and this represents decent lubricity suitable for biomedical
applications.

In addition to the COF, we also evaluate wear formation on
coated and uncoated PDMS. Considering the low wear rate of
PDMS in short-time tribological tests, we here use the sensitive
3D surface roughness parameter, Sq, to compare the post-test
surface to untreated samples and to quantify any occurring sur-
face damage.[10f,24] As displayed in Figure 2b, an uncoated PDMS
sample exhibits an ultra-low Sq value before exposure to tribolog-
ical stress, and this low Sq value indicates a very smooth surface
texture. After coating with any of the biomolecules tested here,

this roughness parameter is increased by approximately one or-
der of magnitude. With this increased surface roughness, one
could expect that the coated surfaces are more prone to wear for-
mation than the uncoated PDMS samples. However, we observe
the opposite behavior: Without a protective coating, the Sq value
of a PDMS surface is increased by a factor of ≈10, which indeed
indicates wear formation; in contrast, with any of the tested coat-
ings, such a pronounced increase in the sample roughness does
not occur after tribological treatment.

In a next step, we ask if the dopamine/mucin coatings re-
main functional after a mechanical challenge. For this purpose,
we conduct tribological tests with dopamine/mucin coatings us-
ing a higher (but constant) sliding velocity of 12 mm s−1 and
an extended exposure time to tribo-stress of 1 h.[25] Interestingly,
with this set of parameters, we obtain a nearly constant COF over
time (Figure 2c), and the measured value of 𝜇 < 0.01 agrees very
well with the results shown in Figure 2a. This indicates that, al-
though the detailed binding mechanism of dopamine to differ-
ent materials is not fully understood, the stability of the double-
layer coatings is very good. Of course, when applied to a med-
ical device inserted into the human body, the dopamine/mucin
double-layer will also be challenged by continuous contact with
liquid, and this might induce hydrolysis of the biomolecule coat-
ing. Thus, we mimic this physiological challenge by incubating
a sample set coated with a dopamine/mucin double-layer in a
DPBS solution (pH 7.4) for 7 days at RT and comparing the tribo-
logical performance of this incubated sample set to samples car-
rying freshly prepared double-layer coatings. Importantly, both
the freshly prepared and the incubated sample set show virtu-
ally identical lubricity (Figure 2c,d) in speed-dependent and in
time-dependent friction tests. This result is underscored by light
microscopy experiments where similar amounts of fluorescently
labeled mucins are detected after different incubation times in
the DPBS solution (Figure S1, Supporting Information).

Together, these experiments allow us to conclude that the
dopamine-assisted immobilization of mucin on PDMS creates
a double-layer that reduces both, friction and wear, and is sta-
ble toward mechanical challenge and storage in aqueous envi-
ronments.

2.3. Dopamine/Mucin Coatings Prevent Surface Colonization by
Eukaryotic Cells

A key property of dopamine we use here is its ability to cre-
ate a sticky layer on a substrate, and we can generate dopamine
pre-coatings on different inorganic materials, which are typi-
cally used in biomedical engineering. However, a sticky surface
on medical devices can promote surface colonization with cells
which, in turn, can induce thrombus formations and inflamma-
tory responses.[26] Mucin coatings generated by simple passive

step, the samples were dipped into a 0.1% w/v mucin solution for ≈1 h, and then thoroughly rinsed again with Millipore water. b) Changes in frequency
shift (Δf) are shown as they occur after sequential exposure of the sensor chips to a dopamine solution followed by rinsing with a mucin solution.
The results denote the average as obtained from n = 2 independent measurements. c) Contact angle measurements were conducted on PDMS, PTFE,
and steel surfaces. Samples were characterized in their bare state (B) as well as when carrying either a dopamine (D), mucin (M), or dopamine/mucin
(D/M) coatings. The error bars denote the standard deviation as obtained from n = 6 independent measurements. Asterisks (*) indicate statistical
significance using a p value of 0.05. d) Representative AFM images and cross-sectional profiles of mica substrates in their bare state (B) and when
carrying a dopamine (D) or dopamine/mucin (D/M) coatings. The black lines in the AFM images denote the location where the cross-sectional profiles
have been determined.
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Figure 2. Tribological properties of dopamine/mucin coatings generated on PDMS. All data shown in this figure was obtained on a steel (ball)-on-
PDMS (pins) material pairing using a 20 mm HEPES buffer (pH 7) as a lubricant. a) Stribeck curves as obtained for bare (B) PDMS samples or samples
carrying a dopamine (D), mucin (M), or dopamine/mucin (D/M) coatings. b) Surface roughness (Sq) of PMDS surfaces carrying different coatings.
Values obtained before and after a speed-dependent tribological test are compared. Asterisks (*) indicate statistically significant differences based on
a p value of 0.05. c) Friction response of bare (B) and dopamine/mucin (D/M) coated samples at a constant sliding velocity of 12 mm s−1 and d) as
a function of the sliding speed. For coated samples, results obtained with freshly prepared (day 0) and stored samples (day 7) are compared. All error
bars denote the standard deviation as obtained from n = 3 independent measurements.

adsorption have already been shown to reduce this biofouling
problem, but they are not stable enough to provide this property
in an application where they are exposed to shear forces. Thus,
in a next step, we ask if our stable dopamine/mucin double-layer
coatings exhibit suitable anti-biofouling properties.

Yet, before we generate the coating on real medical devices,
pilot experiments are conducted on a cell-binding surface of a
96 microtiter well plate. With this model surface, we test for
putative cytotoxic effects in the presence and absence of the
dopamine/mucin coating; we conduct incubation tests with two
eukaryotic cell types to ensure that the double-layer coatings we
generate indeed provide anti-adhesive properties and reduce un-
wanted cell colonization (see , Section 4 for details). We assess
the cell-repellent properties of the dopamine/mucin double-layer
by comparing the colonization of commercial tissue culture sub-
strates by fibroblasts (Figure 3a) and epithelial cells (Figure 3b).
Indeed, as expected, we find that the double-layer coatings re-
duce cellular attachment by ≈90% for fibroblasts and by ≈95%
for epithelial cells. In addition, fluorescence images obtained for
both cell lines show an altered morphology for the samples car-
rying the double-layer coatings: here, we find mostly cells with
round shapes indicating weak adhesion; in contrast, on the un-
coated samples, both cell types assume a well-spread, extended
morphology as typical for strongly adherent cells. Results from a

viability staining verify that dopamine/mucin-layer is indeed only
cell-repellent, but not cytotoxic (Figure S2, Supporting Informa-
tion). Importantly, on control samples carrying a dopamine coat-
ing only, we find a similarly high number of fibroblast cells as on
the uncoated samples, and somewhat reduced but still high num-
bers of epithelial cells. Together with the results obtained from
the friction tests discussed above (see Section 2.2.), this shows
that a dopamine coating alone is not suitable for an application on
medical devices. Thus, further experiments are only conducted
with the dopamine/mucin double-layers.

2.4. Dopamine/Mucin Coatings Reduce Wear at High Contact
Pressure

So far, we have analyzed the tribological properties of
dopamine/mucin coatings on PDMS, a material which is
rather resistant to wear formation. In a next step, we ask if
dopamine/mucin coatings can also provide wear protection on
more sensitive materials and at higher contact pressures. Thus,
we next test the wear protection abilities of dopamine/mucin
coatings on PTFE, a material that is highly prone to wear
damage[27]—especially when probed with a hard counter ma-
terial such as the steel sphere we use here. Since PTFE itself
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Figure 3. Cellular colonization of dopamine and dopamine/mucin coated surfaces. The attachment of a) fibroblasts and b) epithelial cells onto a cell-
binding surface without any coating (B, control) as well as with a dopamine (D) and dopamine/mucin (D/M) coatings is compared. The scale bar
represents 50 µm and applies to all six images. The error bars represent the standard error of the mean as obtained from analytical triplicates. Asterisks
(*) indicate statistically significant differences based on a p value of 0.05.

acts as a solid lubricant,[28] the COFs obtained with this material
pairing (Figure 4a) are lower than the ones obtained on PDMS.
Interestingly, also on this substrate, the dopamine/mucin coat-
ings improve the lubricity—albeit only slightly. After tribological
testing, we evaluate the material surface using a 3D laser scan-
ning microscope. Representative images of the obtained 3D
topographies of both, bare and coated PTFE surfaces, are shown
in Figure 4c,d: In both cases, there are some plowing grooves
in the center of the wear feature and material pile-up at the
edge. This indicates that severe abrasion and plastic deformation
occurs during the tribological treatment.[29] However, as sum-
marized in Figure 4b, a quantification of those similar images
shows that the wear volume of dopamine/mucin coated PTFE
samples is reduced by half compared to the uncoated samples.
Consistently, also the diameter of the wear scar is reduced by the
coating.

We rationalize this result as follows: First, with the assis-
tance of dopamine, the mucin coating strongly decreases the
contact angle of PTFE, shifting its surface properties from hy-
drophobic to hydrophilic thus improving its interaction with an
aqueous lubricant. Moreover, the surface-bound layer of mucin
molecules will provide hydration lubrication thus slightly reduc-
ing the COF even in the boundary lubrication regime. Further-
more, the macromolecular coating on the PTFE surface will also
play a role in supporting/redistributing the applied load, restrict
the removal of PTFE material from the surface and therefore pro-
tect the surface from severe wear damage.

Importantly, with this steel-on-PTFE material pairing and the
measuring parameters chosen here, the resulting contact pres-
sure (according to Hertzian theory) is ≈23 MPa. This is a simi-

larly high level as what artificial joint prostheses experience un-
der physiological load.[30] Thus, the dopamine/mucin coatings
might even be able to reduce friction and wear formation in arti-
ficial joints. We test this idea by exploring another material com-
bination, that is, coated steel probed with a polyetheretherketone
(PEEK) counter body. This choice is motivated by three aspects:
first, steel is a material which is widely used in biomedical ap-
plications but—compared to hydrophobic polymer materials—
only allows for low levels of passive mucin adsorption[21]; second,
PEEK is often employed as a counter material for biotribological
tests[1d,8]; third, with this particular set of experiments, we aim
to mimic highly challenging conditions in the boundary lubri-
cation regime where a high contact pressure is expected to en-
tail asperity-to-asperity contact and thus significant wear forma-
tion. In other words, the chances of the coating to provide pro-
tective properties are rather low. Indeed, the speed-dependent
COFs obtained on bare and coated steel samples are very simi-
lar (Figure 5a), and we find clear wear features on both sample
variants (Figure 5b,d). The most prominent wear morphology we
detected is line-shaped features, which we attribute to abrasive
wear caused by local inhomogeneities of the tribo-paring during
every rotation. Overall, owing to the high hardness and elastic
modulus of steel, the caused wear volume is approximately an or-
der of magnitude lower than what we found for PTFE surfaces,
and the wear diameter is smaller as well. Importantly, when those
two wear parameters are compared for coated and uncoated sam-
ples, we find a small but significant reduction of both features
for the dopamine/mucin coated samples. This result is astonish-
ing given the harsh conditions the material pairing was subjected
to. It does, however, underline the great potential the presented
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Figure 4. Tribological properties of dopamine/mucin coatings generated on PTFE. All data shown in this figure was obtained on a steel (ball)-on-PTFE
(pins) material pairing using a 20 mm HEPES buffer (pH 7) as a lubricant. a) Stribeck curves as obtained for bare (B) PTFE samples or samples carrying
dopamine/mucin (D/M) coatings. b) Wear volume and wear scar diameter of the PTFE surfaces as calculated after a tribological test. The error bars
displayed above denote the standard deviation as obtained from a) n = 3 and b) n = 9 independent measurements, respectively. Asterisks (*) indicate
statistically significant differences based on a p value of 0.05. c,d) depict example 3D images of a bare PTFE surface c) after tribological measurement
as compared to a dopamine/mucin coated PTFE surface d). Please note the different z-scales in c) and d).

Figure 5. Tribological properties of dopamine/mucin coatings generated on steel surfaces. All data shown was obtained on a PEEK (ball)-on-steel
(pins) material pairing using 20 mm HEPES buffer (pH 7) as a lubricant. a) Stribeck curves as obtained for bare (B) steel samples or samples carrying
dopamine/mucin (D/M) coatings. b) Wear volume and wear scar diameter of the steel surfaces as calculated after a tribological test. The error bars
displayed above denote the standard deviation as obtained from a) n = 3 and b) n = 9 independent measurements, respectively. Asterisks (*) indicate
statistically significant differences based on a p value of 0.05. c,d) depict example 3D images of a bare steel surface c) after tribological measurement as
compared to a dopamine/mucin coated steel surface d). Please note the different z-scales in c) and d).
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Figure 6. Epithelial cell colonization of commercial medical devices. The colonization efficiency of HeLa cells seeded onto untreated (B) and
dopamine/mucin (D/M) coated catheter a), blood vessel substitute b), and stent c) samples are compared. The scale bar corresponds to 50 µm and ap-
plies to all fluorescence images. Error bars represent the standard error of the mean obtained from triplicates, and asterisks denote statistical significance
(p < 0.05).

dopamine/mucin double-layer holds for protecting an underly-
ing substrate.

2.5. Dopamine/Mucin Coatings Establish Cell-Repellent Surfaces
on Medical Devices

Having demonstrated that the dopamine/mucin double-layer
coatings successfully cover PDMS, steel, and PTFE sample sur-
faces, provide lubricity and reduce wear formation on all those
materials, we now, in a final step, ask if such coatings can also
form protective layers on real medical devices made from those
materials. The three examples of medical devices we generate
our double-layer coatings on are steel-based stents, PDMS-based
catheters, and PTFE-based blood vessel substitutes. Since tribol-
ogy measurements are very difficult to perform with both, highly
curved samples such as catheters and fragile objects such as
stents, we use cell colonization experiments to assess the func-

tionality of the dopamine/mucin coated device surfaces in com-
parison to their uncoated counterparts. Indeed, as the three de-
vices we test here can all trigger restenosis in vivo, a cell-repellent
surface is an important feature for each of them. As a cell line
for those experiments, we select epithelial HeLa cells, which are
easy to handle and frequently used as model cells in studies char-
acterizing the biocompatibility of both, metallic- and PTFE-based
materials.[31]

As depicted in Figure 6 and Figure S3, Supporting Informa-
tion, the three (uncoated) medical devices are colonized by HeLa
cells with very different efficiencies: We find the highest density
of HeLa cells on the PDMS-based catheter sample and the lowest
density on the PTFE-based blood vessel substitute. Indeed, the
low number of round cells we detect on blood vessel substitute
and stent samples suggests that, here, the cells only weakly inter-
act with the material.[32] This could indicate that the manufactur-
ers of the three devices might already have applied some type of
surface treatment to reduce the cell-adhesive properties of their
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products. Yet, even if such a surface treatment has not been con-
ducted, those findings agree well with previous results from the
literature which have reported good cell adhesion on PDMS as
well as cell-repellent properties for PTFE.[12,33] Anyways, based
on the results discussed above (see Section 2.3.), it is possible
that a reduction in the cell colonization efficiency can be achieved
with our double-layer coatings for all three devices—even for the
PTFE-based blood vessel substitute. Indeed, this is what we find:
in all three cases, the dopamine/mucin coatings reduce cellu-
lar attachment by more than 90%. Together, this shows that all
three commercial medical products benefit from our coating and
it suggests that the coating could help to reduce adverse reactions
such as neointimal proliferation or adhesions. At the same time,
it suggests that other anti-biofouling properties reported earlier
for passively adsorbed mucin layers or covalent mucin coatings
(such as a reduction of bacterial adhesion or protein adsorption)
should be provided by the dopamine/mucin coatings as well.[12,34]

Of course, when applied in a physiological setting, those three de-
vices will encounter site-specific challenges that could affect the
functionality of the dopamine/mucin coatings. Thus, it will be
a necessary next step in future research to assess the long-term
stability and functionality of dopamine/mucin coatings under re-
alistic conditions in vivo.

3. Conclusion

Inspired by the adhesion of mussels, we here develop
dopamine/mucin coatings using a simple two-step dip-coating
approach. With this strategy, we introduce an easy and bio-based
method to form non-covalent but stable mucin coatings onto
both, flat commercial materials and real medical devices alike.
Typically, with conventional coating processes, it is very difficult
to generate a stable coating on PTFE or steel surfaces.[35] With
the approach we developed in this study, however, mucin-based
coatings are easily possible on PTFE-based blood vessel substi-
tutes and steel-based stents. Our results demonstrate that the
dopamine-assisted immobilization of mucin creates a molecular
double-layer that decreases friction (especially in the boundary
lubrication regime), reduces surface damage, and provides cell-
repellent properties. Since dopamine can firmly bind to almost
every surface, the double-layer coatings we characterized here
have great potential to be applied to other medical devices as
well: metal-based artificial heart valves, ceramic-based artificial
joints, and polymer-based ocular prostheses, for instance, would
benefit from surfaces with low friction, good wear protection,
and anti-biofouling properties.

4. Experimental Section
Aqueous Solutions: HEPES buffer and Tris buffer were prepared by

dissolving either 20 mm 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HN78.2, Roth, Karlsruhe, Germany) or 50 mm Tris-
(hydroxymethyl)aminomethane (A1379, AppliChem, Darmstadt, Ger-
many) in Millipore water. The final pH values of the HEPES buffer (pH 7.0)
and Tris buffer (pH 8.5) solutions used here were adjusted with NaOH or
HCl as needed. Solutions containing in-lab purified porcine gastric mucin
(see Supporting Information for details of the purification process) were
generated at a concentration of 0.1% w/v (=1 mg mL−1) in HEPES buffer
by incubating lyophilized mucin in HEPES buffer at room temperature

overnight.[10f] Dopamine hydrochloride (H8502, Sigma, St. Louis, MO,
USA) was dissolved at a concentration of 0.4% w/v (=4 mg mL−1) in
Tris buffer to obtain the polydopamine solution for the coating process
described below.[36]

Coating Process: To investigate the functionality and stability of the
dopamine/mucin coatings described here, cylinders made of PDMS,
PTFE, or stainless steel were used (see Supporting Information for de-
tails). The coatings were prepared by first depositing a dopamine layer on
the substrate surface using a dip-coating method (Figure 1a). In detail, the
steel, PDMS, or PTFE substrates were immersed into the dopamine solu-
tion for ≈2 h and then thoroughly rinsed with Millipore water to remove
any unbound dopamine. Afterward, the dopamine pre-coated substrates
were placed into the mucin solution, incubated for ≈1 h, and then again
thoroughly rinsed with Millipore water. Single dopamine coatings or sin-
gle mucin coatings were developed for comparison by performing only one
incubation step each.

QCM-D Measurements: To confirm that the envisioned
dopamine/mucin coatings are indeed generated on the substrates
tested here, the adsorption behavior of dopamine and mucin on different
substrates was studied using a QCM-D with a qcell T-Q2 platform
(3T-Analytik, Tuttlingen, Germany). For those microscopic adsorption
tests, quartz chips with stainless steel, PTFE, and PMDS surfaces were
selected (see Supporting Information for details) to ensure comparability
to the tests conducted with macroscopic dopamine/mucin coatings. With
those different chips, adsorption experiments were conducted as follows:
at the beginning of each adsorption test, a pure buffer solution (devoid of
dopamine and mucin) was injected at a flow rate of 100 µL min−1 until a
stable baseline was obtained. Then, a dopamine solution was injected at
a rate of 100 µL min−1 for ≈30 min and the change in frequency shift (Δf,
Hz) as automatically calculated by the software “qGraph” (3T-Analytik,
Tuttlingen, Germany) was recorded. After rinsing with a pure buffer
solution (flow rate: 1000 µL min−1) for ≈2 min, a mucin solution was
injected at 100 µL min−1 for ≈30 min to obtain an adsorption curve.

Cell Cultivation and Surface Colonization Experiments: Human epithe-
lial cells (HeLa) were cultured using Minimum Essential Medium Eagle
(MEM, M2279, Sigma) supplemented with 10% v/v fetal bovine serum
(FBS, F9665, Sigma), a 2 mm l-glutamine solution (Sigma), a 1% v/v
non-essential amino acid solution (NEAA, M7145 Sigma), and 1% v/v
penicillin/streptomycin (76437, Sigma). Human fibroblast cells (NIH-3T3)
were cultured with Dulbecco’s Modified Eagle’s high glucose Medium
(DMEM, D5796, Sigma) supplemented with 10% v/v FBS and 1% v/v peni-
cillin/streptomycin. For both cell types, the environment was adjusted to
37 °C and 5% CO2 in a humidified atmosphere.

For surface colonization and viability tests, 12 wells of a 96-well plate
(M0812-100EA, Sigma) were prepared for each cell type; here, three wells
were coated with dopamine and three were coated with dopamine/mucin
double-layers as described in Section 2.2. The remaining six wells were
left untreated for positive and negative controls. Afterward, all wells were
washed three times with sterile Dulbecco’s Phosphate Buffered Saline
(DPBS, 882104, Sigma). Subsequently, the HeLa and NIH-3T3 cells were
seeded into the wells at a concentration of 30 000 cells per well and cul-
tivated in 200 µL medium for 24 h. As a control inducing low cell viabil-
ity, methanol (MeOH, 4627.1, Roth) was added to a final concentration
of 50% v/v 4 h before starting the live/dead analysis. For live/dead stain-
ing, the cells were washed with DPBS and 200 µL of DPBS supplemented
with 1 µm calcein AM (Invitrogen, Carlsbad, CA, USA) and 2 µm ethidium
homodimer 1 (Invitrogen) were added to each well. After 30 min of in-
cubation, fluorescence images of living cells (green color) and dead cells
(red color) were recorded using the DMi8 microscope (Leica, Wetzlar, Ger-
many) equipped with a 10x objective (Leica) and a digital camera (Orca
Flash 4.0 C11440-22C, Hamamatsu, Japan).

Very similar cell colonization experiments were conducted with
HeLa cells seeded onto commercial medical devices: stent (steel, AS-
21XXL, Andramed, Reutlingen, Germany), blood vessel substitute (PTFE,
Steris, USA), and catheter (PDMS, U400, Medi1one Medical, Fellbech,
Germany) samples were coated with a dopamine/mucin double-layer. The
cell-repellent properties of the dopamine/mucin coatings were assessed
with fluorescence microscopy as described above.
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Tribological Tests: The tribological experiments were performed at
21 °C using the rotational tribology unit (T-PTD 200, Anton Paar, Graz,
Austria) of a commercial shear rheometer (MCR 302, Anton Paar) as de-
scribed before.[37] The tribological properties, that is, lubricity and wear
resistance, of the coatings were evaluated on different substrates. As
counter-parts for these tribological tests, commercial spheres made from
either stainless steel (1.4404, Kugel Pompel, Vienna, Austria) or PEEK (Vic-
trex 450G, Yuwei, Nanjing, China) with a diameter of 12.7 mm were used as
received. Further polishing was not necessary as both sphere types showed
low roughness (i.e., Sqsteel < 200 nm, SqPEEK < 500 nm) when analyzed
with a laser scanning microscope (VK-X1100, Keyence, Osaka, Japan). The
lower samples in the tribological measuring configuration carried the coat-
ings were mounted into a sample holder, and coatings were generated in
situ. Then, the coated samples were first washed with ultrapure water be-
fore 600 µL of a lubricant solution was applied onto the three pions to
ensure full coverage with liquid. For measurements, the normal load was
chosen to be 6 N. With this load, the average contact pressure can be es-
timated based on Hertz contact theory with the following equations:

p = 2
3

pmax =
2

3𝜋
⋅

3

√
6 ⋅ fn.per pin ⋅ E′2

R2
(1)

1
E′ =

1 − v2
1

E1
+

1 − v2
2

E2
(2)

with the Young’s moduli and Poisson’s ratios displayed in Table S1, Sup-
porting Information. With this approach, an average contact pressure of
≈0.3 MPa for the steel-on-PDMS pairing, ≈23 MPa for steel-on-PTFE pair-
ing, and ≈44 MPa for the PEEK-on-steel pairing was obtained. To explore
as many lubrication regimes as possible, the sliding velocity was varied
from 10−1 to 103 mm s−1. For each condition, three independent experi-
ments were carried out using a fresh set of pins for each measurement.

The durability of the dopamine/mucin coatings were evaluated on
PDMS samples as follows: First, dopamine/mucin coated samples were
exposed to UV-light for 1 h for sterilization[21] and then stored in a com-
mercial DPBS solution (pH 7.4, Lonza, Verviers, Belgium) at room temper-
ature for 7 days. Those storage conditions were chosen to mimic condi-
tions that implanted materials/medical devices experience within the hu-
man body. Afterward, the tribological properties were probed using the
same tribology unit as above using steel spheres as counter bodies. Here,
the sliding velocity was first varied from 10−1 to 103 mm s−1 and then set
to a constant value of 12 mm s−1 for 1 h.

Surface Characterization: The wetting behavior of the coated samples
was evaluated by calculating the static contact angle (CA). In brief, a
10 µL drop of Millipore water was pipetted onto the sample surface, and a
transversal image of the liquid–solid interface was acquired using a high-
resolution camera (Point Gray Research, Richmond, Canada). Then, the
CA was determined using the drop-snake analysis tool, a plug-in for the
software “ImageJ” (v 1.8.0, NIH, Bethesda, MD, USA). For each condition,
at least three independent measurements were carried out.

The surface topography of the samples was investigated using a 3D
laser scanning microscope (VK-X1100, Keyence, Osaka, Japan). From the
obtained topographical images, the surface roughness, Sq (root mean
square height) was calculated using the software “MultiFile Analyzer”
(Keyence, Osaka, Japan). Owing to the ultralow wear rate of PDMS in
short-time tribological lab experiments,[10f] only the wear rates (wear vol-
ume and diameter of wear scar) of PTFE and steel samples were evaluated.

The morphological characterization of the samples at the nanoscale
was performed using a NanoWizard II atomic force microscope (AFM,
JPK Instruments, Berlin, Germany). Samples were probed in air using an
OMCL-AC160TS-R3 cantilever (Olympus, Tokyo, Japan). Before imaging,
the AFM was allowed to thermally equilibrate for 30 min. A 20 µL drop
of the tested sample solution was pipetted onto a freshly cleaved mica
slide (dimensions: 1 mm × 1 mm), incubated for 10 min, then rinsed
with Millipore water and finally dried with compressed nitrogen gas. Im-

ages were acquired in tapping mode at room temperature over an area of
5 µm × 5 µm. From the obtained topographical images, representative
cross-sectional profiles were analyzed using the SPM Image Processing
software (v.3.3.20, JPK).

Statistical Analysis: To evaluate the significant differences between two
samples, independent two-sample t-test was performed.[12] Prior to statis-
tical analysis, the normal distribution of the results was verified with the
Shapiro–Wilk test, and the homogeneity of variances was measured us-
ing the F-test. For non-normal distributed variances, the Wilcoxon–Mann–
Whitney-test was used. Student’s t-tests were applied for normal dis-
tributed homogenous variances, whereas a Welch’s t-test was performed
for unequal variances. The software “Origin” (OriginPro 2020, OriginLab
Corp., Northampton, MA, USA) was used to conduct all statistical tests.
For p-values <0.05, differences were considered to be statistically signifi-
cant, and significant differences between tested groups are marked with
an asterisk in all graphs.

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