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Antifouling Surface-Attached Hydrogel Nanocoatings
Redefined: Green Solvent-Based, Degradable, and
High-Performance Protection Against Foulants

Jenny Englert, Marc Pala, Jonas Quandt, Hannah Sieben, Oliver Grottke, Bernd Marx,
Gerard Lligadas,* and Cesar Rodriguez-Emmenegger*

Antifouling coatings are vital to enhance the performance of

medical devices, aiming to mitigate bodily reactions by shielding their surface.

Despite significant advancements in antifouling coatings, like those based
on zwitterionic monomers and hydroxyl-functionalized (meth)acrylamides,
limitations like decreased antifouling properties after functionalization

and complement system activation hinder their application in blood.

Here, a novel class of ultrathin surface-attached hydrogels is presented,
consisting of hydrophilic non-charged green solvent-based monomers

and preventing protein adsorption while offering on-demand degradability.
Unlike the best antifouling brushes, the coatings are easily applicable,
unaffected by charges, and free of complement system-activating groups.
The hydrogels are formed using copolymers of N,N-dimethyl lactamide
acrylate (DMLA) and benzophenone acrylate (BPA). Moreover, 5,6-benzo-
2-methylene-1,3-dioxepane (BMDO) is incorporated to introduce hydrolyzable
ester. The coating of state-of-the-art devices is demonstrated with X-ray
photoelectron spectroscopy (XPS), analyze surface energy components, and
confirm their antifouling properties with surface plasmon resonance (SPR).
The coatings are non-cytotoxic toward MRC-5 fibroblasts, exhibit repellency
against methicillin-resistant Staphylococcus aureus (MRSA), and effectively
prevent thrombus formation on devices in blood. This work establishes

a versatile platform for next-generation coatings in medical and industrial
applications, matching the antifouling efficiency of the most advanced
solutions and offering regeneration of substrates by erasing the coating.

1. Introduction

Fouling presents a significant chal-
lenge, particularly in the biomedical
field. The interface between medical
devices and bodily fluids frequently
becomes a hotspot for protein adsorp-
tion, which can initiate inflammatory
responses, macrophage recruitment,
granulation tissue formation, and bac-
terial colonization.!# This is further
aggravated when blood is the contacting
fluid, because it inevitably leads to the
activation of coagulation, exciding the
self-regulatory action of hemostasis
and leading to clot formation on the
surface, which affects the performance
of the device.'*] In recent decades,
significant strides have been made to
develop antifouling coatings that re-
strict the non-specific adsorption of
proteins, cells, bacteria, and other bio-
logical components, thereby enhancing
the biocompatibility of medical devices.
Among these advancements, hydrophilic
polymer brushes have emerged as the
most successful antifouling coatings,
with poly(ethylene glycol) (PEG)-based

brushes being the most prominent.[>-1%
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However, despite their extensive study, PEG-based brushes
exhibit not robust antifouling performance with high donor
variability."] PEG-based brushes have been shown to ad-
sorb at least nine different proteins from human blood
plasma.l>1*] Furthermore, PEG-based coatings were shown to
be able to activate the complement system in blood which
was attributed to the presence of hydroxyl groups, making it
less suitable for use in blood-contacting medical devices.[!#13]
More advanced antifouling coatings base on zwitterionic
monomers like phosphorylcholines,['>17] sulfobetaines,®18-21]
and carboxybetaines.[®182022] Among these, carboxybetaines ex-
hibit superior antifouling properties even in undiluted human
blood plasma—one of the most challenging bodily fluids—
and can also be functionalized.®! Another class of antifoul-
ing polymer brushes are made of hydroxyl-functionalized
(meth)acrylamides, which have demonstrated outstanding re-
pulsion against proteins, cells, and bacteria.l*-!l Despite the
advancements of these coatings, research has revealed that
the antifouling properties of carboxybetaine-based coatings
decrease after functionalization, likely due to alterations in
their net charge.’>*] Moreover, the hydroxyl-functionalized
(meth)acrylates and (meth)acrylamides, coatings have been re-
ported to activate the complement system in blood, restrict-
ing their suitability for blood-contacting medical devices.[12:343]
Incipient work antifouling coatings of poly(oxazoline) sug-
gests that there might be alternatives to zwitterionic and
hydroxyl-functional (meth)acrylamides to achieve antifouling
properties.3¢]

In this work, we introduce a new type of surface coating
that is based on easily applicable ultrathin surface-attached hy-
drogels that prevents non-specific protein adsorption and can
be degraded on demand. We applied them on various com-
mercially available state-of-the-art medical devices and con-
firmed their successful repulsion of bacteria and full human
blood.

The coatings root on the concept of ultrathin surface-
attached hydrogels where hydrophilic polymer chains connect
via crosslinking points while being anchored to the surface.?’-!l
These coatings can only swell orthogonally to the surface and
were shown to possess a brush-like interface due to the migration
of polymer chains to the interface.**] Here, we synthesized ul-
trathin surface-attached hydrogels using a terpolymer of DMLA,
BPA, and BMDO (Figure 1). DMLA, a monomer derived from lac-
tic acid using the green biosolvent N,N-dimethyl lactamide, was
shown to display excellent antifouling properties in brushes.>*
It is strongly hydrophilic, while unlike zwitterionic monomers,
it is largely unaffected by ionic interactions.>**>~**] Moreover, it
avoids complement system activation in blood, as it lacks hy-
droxyl groups.**l BPA contains benzophenone units needed for
the crosslinking of the polymer chains and formation of the
coating.*’~*%l Upon UV irradiation, the benzophenone units per-
form a C,H-insertion with neighboring polymeric chains and

C. Rodriguez-Emmenegger
Biomedical Research Networking
Center in Bioengineering
Biomaterials and Nanomedicine
The Institute of Health Carlos 111
Madrid 28029, Spain

Adv. Mater. Interfaces 2025, 12, 2500122 2500122 (2 of 12)

www.advmatinterfaces.de

with C-H bonds present on the surface, simultaneously generat-
ing the covalently linked hydrogel, as well as covalently attach-
ing the hydrogel to the surface. The integration of BMDO in-
troduces ester bonds along the polymer fragments which can
be cleaved in acidic and alkaline conditions. The polymers were
prepared by radical polymerization of DMLA, BPA, and BMDO
(radical ring-opening polymerization, rROP) and characterized
by 'H nuclear magnetic resonance (NMR) spectroscopy and size
exclusion chromatography (SEC). BMDO was distributed homo-
geneously along the polymer chain, which enables degradation
into homogenous oligomeric fractions and lactic acid, a metabo-
lite, yielding complete disassembly of the nanoscale coating. This
feature offers advantages such as the potential for fully erasing
the coating.

We synthesized polymers with and without BPA, while those
with BPA were applied onto model substrates (modified flat sili-
con), poly(e-caprolactone) (PCL) meshes, hernia meshes, central
venous catheters (CVCs) which are widely utilized in clinics, and
flat poly(4-methyl-1-pentene) (PMP) as utilized for extracorporeal
membrane oxygenators (ECMO). The coating formation was con-
firmed with XPS and ellipsometry. Moreover, we assessed their
degradation behavior in solution and on the surface. All coat-
ings resulted in outstanding repellency against proteins, a clinical
strain of MRSA, and even against full human blood. This work
showcases the ability to achieve exceptional antifouling perfor-
mance using a novel hydrophilic monomer that surpasses the
efficacy of leading antifouling monomers, such as zwitterionic
or hydroxyl-functionalized (meth)acrylamides, while also being
degradable on demand. We envision our coatings to strongly con-
tribute to future applications in various scientific and industrial
fields.

2. Results and Discussion

2.1. Polymer Synthesis and Characterization

The monomers, BMDO, DMLA, and BPA were synthesized ac-
cording to previously published procedures!3*4042:43:45.46] (Syp.
porting Information). They polymerized by reversible addition-
fragmentation chain-transfer (RAFT) polymerization in anhy-
drous DMSO, where BMDO was integrated along the backbone
by rROP mechanism.[*] A M/CTA of 200 is equal to a maximal
degree of polymerization at full conversion, while varying the
DMLA/BMDO ratio at feed between 0 and 0.4 (Table 1, entries
1-5). The content of BMDO in the polymer was calculated ana-
lyzing "H-NMR, by integrating overlapped proton p (-CH-) from
DMLA and proton j (-OCH,-) from BMDO, respectively, at 5.5
5 ppm (Figures S2 and S3, and ES1-S3, Supporting Information).
BMDO incorporation into the main chain ranged from contents
of 0-0.24, being approximately half of the ratio of its feed. Negli-
gible BMDO incorporation was observed for f;\po < 0.2, which
is likely due to lower reactivity compared to acrylic monomers.*®!
Incorporation of unopened BMDO was depreciable since no sig-
nificant signal was observed in the range of 4.8-4.5 ppm, asso-
ciated to ~OCH,~ protons from closed monomer.[*] Increasing
of the feed of BMDO (fgypo) resulted in a decreasing of DMLA
conversion (from 100% to 75%) after 16 h of reaction time, which
may be attributed to the lower reactivity of BMDO. The molecular
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Figure 1. Concept of the degradable green solvent-based ultrathin surface-attached hydrogel coatings. DMLA is copolymerized with a BPA and BMDO,
allowing the generation of a hydrolytically degradable surface-attached hydrogel upon irradiation (Figure S1, Supporting Information). This versatile
coating can be applied on different medical substrates, rendering them stealth in the body to prevent surface-associated complications. Created with

BioRender.

weights were determined with size exclusion chromatography
(SEC) and ranged between 11 400 and 19 600 g-mol~'. All
polymers displayed monomodal SEC elugrams (Figure S4, Sup-
porting Information). The polydispersity was lowest for the ho-
mopolymer p(D) (P = 1.45) and monotonically increased with
the BMDO content until D = 1.75. This may be caused by the
lower rate of propagation. BPA was introduced into the poly-
mers as a crosslinker to enable the formation of the ultrathin
surface-attached hydrogels (Table 1, entries 6-9). Copolymeriza-
tion of DMLA and BPA for 2 h yielded copolymers with high
DMLA conversions, molecular weights ~20 000 g-mol~!, and nar-
row dispersity (D < 1.45), attributable to the similar propaga-
tion rate of the methacrylic DMLA and BPA. Terpolymer com-
positions were analyzed by 'H-NMR after dialysis (Figure S5
and ES4-ES6, Supporting Information) and revealed similar

DMLA conversions, molecular weights, and dispersity as for the
copolymers.

We examined the solubility behavior of DMLA copolymers
with different ratios of hydrophobic BMDO and BPA (Figure
S6, Supporting Information). Phase transition temperatures
(T;) of the polymers were determined by optical transmis-
sion measurements of their aqueous solutions prepared at
10 mgmL~". The T, decreased linearly from 53.4 °C to 24.2
°C and from 71 °C to 46.1 °C upon increasing BMDO and
BPA content respectively in the copolymer with DMLA due to
the hydrophobic nature of BMDO and BPA. The same trend
was observed when increasing the content of the hydrophobic
monomers in the terpolymers, which led to a reduction of T,
from 59.2 °C with 6% of hydrophobic monomers to 30.9 °C
with 20% of hydrophobic monomers in a reversible manner.

Table 1. RAFT polymerization of DMLA, BMDO, and BPA-containing copolymers.

Entry Reference famoo Famno® Fgpa?  DMLA conv. (%) MNMRI2) M9 Do Ty (CQ)9
1 p(D) - - - 100°) 17900 19 600 145 Soluble
2 P (Dyros-BMgsy) 0.25 0.09 - 9% 19900 15 900 1.70 53.4
3 P (Dgass-BM 1) 030 0.16 - 88 19 400 14 300 1.65 432
4 P(Dg15e-BM195;) 035 0.19 - 75 14 500 11400 1.68 32.9
5 P (Dye2s-BMace) 0.40 0.24 - 83 21400 12 100 175 242
6 P (Dogo. BP15s) - - 0.01 95¢) 18 800 18 700 145 710
7 P (Dysos-BPsgy) - - 0.05 949) 16 700 27 700 1.29 46.1
8 P(Dygos-BMso,-BP1oy) 0.22 0.05 0.0 100 16 600 18 900 1.65 59.2
9 P (D30%-BM 1456 -BPes) 0.28 0.14 0.06 94 19000 18 800 1.85 30.9

f: molar ratio of BMDO at t = 0 and no conversion. It is calculated as thebratio of the moles of BMDO to the sum of the moles of all monomers. F: fraction of monomer in the
polymer. ? Determined by "H NMR (ES1-S6, Supporting Information); ) Determined by "H NMR after 16 h of reaction time; 9 Determined by SEC using PMMA standards;
) Determined by UV/Vis spectroscopy (c = 10 mg-mL~", heating rate = 0.5 °C-min~"); ) Reaction time: 2 h; " Determined visually (c = 10 mg-mL™").
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Table 2. Static contact angles, surface energy components, hydrophobicity, and Chen Qi ratio of the ultrathin surface-attached hydrogels on modified

silicon.
Static contact angle [°] Surface energy components [m)-m~2] Hydrophobicity [m)-m~2] Chen Qi ratio
Oy O O r rt r~ rh® AGH
1 33+4 30+4 25+3 41.2 0.4 45 8.4 23 0.9
2 34+1 29+3 30+2 39.5 0.7 43 10.9 20 0.9
3 41+2 34+2 16+3 43.6 0.2 38 5.0 13 1.1

1: p(Dggos-BP15), 2: P(Dggos-BMsos-BP1o), 3: p(Dyggos-BMy40,-BPgo), static water contact angles in water (6y,), formamide (6¢), and a-bromonaphthalene (6g), y*: Lewis acid

parameter, y~: Lewis base parameter, y8: Lewis acid-base component.

Such behavior has been observed previously with other DMLA
copolymers.[4+30]

2.2. Formation and Characterization of Surface-Attached
Hydrogels

The ultrathin surface-attached hydrogels were formed by spin-
coating or deposition of a solution of BPA-containing polymers
(10 mg-mL~! in water) onto the substrates, followed by irradia-
tion with UV light for 30 min. The concept of surface-attached
hydrogels has been explored by Riihe,[?’39515°] Prucker,*8>1-5%]
others,’*>! and our group.[**#!l The mechanism is based on
the deposition of a polymer that contains a small proportion
of a monomer, that upon external trigger can perform a C,H-
insertion with neighboring polymer chains and the substrate.
Such monomers include (sulfonyl) azides, diaziridines, diazo-
carbonyls, and aromatic carbonyls like benzophenone.383%1 In
our polymers we implement 1-6% of BPA, which contains ben-
zophenone units. In particular for benzophenone, the mech-
anism is based on the homolytic cleavage of the carbonyl
bond of the benzophenone, which is triggered by UV irradia-
tion and leads a biradical triplet state (Figure S1, Supporting
Information).3%) The oxygen radical abstracts a hydrogen from a
C-H group of either neighboring polymer chains or from the sur-
face, resulting in the formation of a hydroxyl group. This causes
the formation of a radical at the carbon atom from the previous
C-H group. The carbon radicals from the carbonyl bond and the
previous C-H bond can then recombine to form a stable covalent
bond. This means that the formation of the hydrogel happens
simultaneously with the linking to the surface. The only prereq-
uisites for successful hydrogel adherence are the presence of C-H
bonds on the surface and adequate coverage of the surface with
the polymer solution to ensure uniform coating. The formation
of the hydrogel coating can be carried out by deposition of the
polymer, followed by drying and UV irradiation, or by irradiat-
ing a material that is placed in the polymeric solution. The latter
is especially useful for materials with complex structures. This
allowed us to not only coat meshes and electrospun fibers, but
also human hair and the fibers of ECMOs. In this way, longer
irradiation times lead to thicker coatings. The coating of PCL
meshes, hernia meshes, CVCs and flat PMP was confirmed with
XPS (Figures S7-S10 and Tables S1 and S2, Supporting Informa-
tion). The coating thickness was determined by ellipsometry and
adjusted to ~10-20 nm for XPS measurements, analysis of the
components of the surface energy, and analysis of bacteria adhe-
sion and hemocompatibility (Table S3, Supporting Information).

Adv. Mater. Interfaces 2025, 12, 2500122 2500122 (4 of 12)

Protein fouling has been associated with the strength of collective
weak interactions such as Coulombic,[®-62! dipole-dipole, van der
Waals, and hydrophobic effect which can be collectively consid-
ered as the using the surface energy. The components of the sur-
face energy, the Lewis base parameter (y~), Lewis acid parameter
(r*) and the hydrophobicity, defined as the Gibbs free energy be-
tween two surfaces in water (AG') were determined with a ther-
modynamic analysis based on the van Oss acid-base approach as
previously described (Table 2 and Equations S7-S10, Supporting
Information).3*4046.63] For that, we determined the static contact
angles (0) of the coatings on silicon substrates in two polar (wa-
ter and formamide) and a nonpolar (a-bromonaphthalene) liquid
via the captive bubble method. All coatings displayed water con-
tact angles considerably lower than 90° owing to their high wetta-
bility. The water contact angles of the ultrathin surface-attached
hydrogels were similar to those of poly(DMLA) brushes.** Fur-
thermore, increasing the BMDO content led to marginally in-
creased water contact angles, likely attributable to its hydropho-
bic nature. Besides that, the positive values of AGH underline the
hydrophilic properties of the coatings, with the polymers low in
BMDO content being more hydrophilic. Moreover, y~ exceeded
y* in all coatings, which indicates a surplus of electron donors.
Also, we calculated the Chen Qi ratio (y"V/y~) which gives indica-
tion about the adhesion of bacteria to surfaces, with lower values
hinting less adhesion.!*%] All coatings displayed similarly low
Chen Qi ratios, suggesting strong repellency against bacteria. No-
tably, the Chen Qi ratios of the ultrathin surface-attached hydro-
gels were close to those determined for poly(DMLA) brushes.>*
The thermodynamic analysis proves the strong hydrophilic prop-
erties of the coatings, which suggests a high interaction with
water.

2.3. Degradation Behavior in Solution and on the Surface

We assessed the hydrolytic degradation of the prepared polymers
in solution at pH 1 and 13, as well as in a range of milder pH
and PBS buffer. At pH 13, 'H NMR revealed the transforma-
tion of p(D) into poly(acrylic acid) and DML by the complete
cleavage of the ester side groups after 24 h. DMLA was fur-
ther hydrolyzed to lactic acid, a green product (Figure S11, Sup-
porting Information).[**] The other extreme condition, pH 1, re-
sulted in negligible degradation after 1 d, whereas after 7 days
the NMR spectrum showed degradation accompanied by a re-
duction of the M, from 19600 to 6600 g-mol~! as obtained by
SEC (Figure 2A; Figure S11, Supporting Information). If ev-
ery side chain of DMLA is hydrolyzed, the expected M, for the

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. Evolution of M,, of A) p(D) and B) p(Dg195-BMgy,) after hydrolytic degradation at different pH conditions and 25 °C (c = 10 mg:mL™").

backbone is at 6400 g-mol~'. This is in accordance with the ob-
tained M, and suggests full hydrolysis of the side chains after
7 days at pH 1. Milder conditions with pH 3, 5, 7.4, 9, and 11
showed a decrease of M, of p(D) #10-20% in 30 days (Figure S12,
Supporting Information). SEC analysis yielded values for M, of
18 00015 400 g-mol~! between pH 3 and 11, indicating incom-
plete side chain hydrolysis.

Next, we investigated the copolymer with 9% of BMDO
(Figure 2B; Figures S13 and S14, Supporting Information). At
pH 13 after 24 h and pH 1 after 30 d, complete degradation is ob-
served, yielding oligomers due to degradation of the backbone, as
well as products due to cleavage of DMLA side chains according
to NMR and SEC. The presence of only oligomers indicates that
BMDO was homogeneously incorporated along the backbone.
At pH 3, 9 and 11, the molecular weight of p(Dy;5,—~BM,,) de-

creased ~ 60% to 70% from 21400 g-mol~" to 7600-5000 g-mol ™"
in 30 days. As this is significantly more degradation than with
homopolymer p(D), this additionally confirms that the degrada-
tion of esters of side groups and in the backbone (from BMDO)
occurred concurrently.

Furthermore, we assessed the degradation of p(D-BM-BP)
surface-attached hydrogels (Figure 3A; Figure S15, Supporting
Information). Here, the degradation could undergo by ester hy-
drolysis of i) main chain BMDO, ii) side chain DMLA, and iii) side
chain BPA. For these studies, we started with an initial thickness
of the coatings of ~ 80 nm to allow for detection of significant
changes. The incubation in PBS at pH 7.4 led to no degrada-
tion after 2 months, demonstrating that the coatings are stable
at physiological ionic strength and pH. However, after 1 h at pH
13, the remaining thickness of all hydrogels was less than 10%
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Figure 3. A) Hydrolytic degradation of surface-attached hydrogels under accelerated conditions (i.e. pH 1and 13) at different time intervals. B) Degra-
dation kinetics of p(Dggos-BM1494-BPgos) hydrogel at 37 °C at different pH conditions.). C) AFM images of p(Dgg,-BM149,-BPgs;) hydrogel coating during
degradation experiments: i) initial, ii) hydrogel coating degraded to 80% of its initial thickness, and iii) hydrogel coating to less than 5% of its initial

thickness. (scale bars = 1 um).
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regardless of its BMDO content. Such massive reduction in the
thickness cannot be associated to the DMLA hydrolysis but ne-
cessitate the cleavage of structural components of the network,
i.e. BPA and BMDO esters. The hydrolysis of BMDO and the es-
ter bonds of BPA leads to the release of every fragment from the
surface, including the crosslinks. Similar results were obtained
at pH 1 but over the course of 72 h. At pH 9 and 3, the reduc-
tion of thickness was slower and stabilized to 20% and 60% while
other milder pH accounted for almost no change in thickness
(Figure 3A).

We additionally analyzed the hydrolysis of p(D-BP) surface-
attached hydrogels. Similarly to above, the thickness reduced by
90% in pH 13 after 1 day while at pH 1 reductions in thickness of
10-40% were observed over the course of 2 months. The stability
of the backbone at pH 1 is in accordance with results in solution.
The higher degradability of the hydrogels with a lower content of
BPA is likely attributable to their weaker mechanical stability as
consequence of their low cross-linking density.

P(D-BP-BM) surface-attached hydrogels reduced their thick-
ness by 90-40% in pH 13 and pH 1 respectively after 1 day. After
2 months at pH 1, complete degradation is observed. Low BPA
content led to degradation faster due to mechanical cleavage as
seen before. Moreover, as T, of p(Dgqq,-BM,9,-BPgs,) terpolymer
was lower than 37 °C, it is expected that the hydrogel remained in
its collapsed stated during degradation experiments, increasing
its hydrophobicity and thus reducing its ability to undergo hy-
drolysis. Concluding, incorporation of BMDO led to significantly
faster degradation due to its hydrolysis cleaving the backbone.

The surfaces before and after degradation were examined by
atomic force microscopy (AFM) to investigate whether the degra-
dation of the ultrathin surface-bound hydrogels occurs by het-
erogeneous detachment of polymer patches from the surface or
by homogeneous degradation of the polymer chains (Figure 3C;
Figure S16, Supporting Information). The initial and the partially
degraded hydrogel coatings both showed a homogeneous cov-
erage across the surface. This suggests that the degradation of
the hydrogel takes place by gradual degradation along the poly-
mer chains, ensuring similar surface properties upon degrada-
tion along the entire surface. However, when the ellipsometric
thickness of the coating was below 4 nm the topographic image
exhibits patches of larger height on the surface surrounded by
the bare substrate. This can be attributed to residual polymers
on the surface that were not detached by hydrolysis. The patches
covered less than 9% of the total area, which indicates that hydrol-
ysis has almost entirely restored the substrate. Moreover, we de-
termined the water contact angles after 2 months of degradation
of p(Dgge,-BMy45,-BPyy,) coated silicon substrates, which showed
an increase from 41° + 2° to 71° + 1°, demonstrating the removal
of the coatings. The ability to be stable under physiological con-
ditions but erasable under externally triggered conditions may
open new avenues for these coatings in medical devices.

2.4. Cell Viability of Fibroblasts After Contact with the Coatings

Cytotoxicity can arise from positive charges within a substrate
due to electrostatic interactions. It is important to note that
DMILA has amide bonds, which are polybasic (e.g. Nylon 66:
K, ~7).[%¢ Hence, we consider it unlikely to be protonated, which
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is in line with the NMR spectra. Moreover, in case of positive
charges in the polymer, the negatively charged albumin would
be more attracted, which was not observed in the SPR studies.
The effect of the coatings on the cell viability of MRC-5 fibrob-
lasts was assessed by incubating bare and coated PMP substrates
with the cells in medium at 37 °C for 24 h. No significant de-
crease in cell viability was observed upon direct contact with the
coatings, indicating their non-cytotoxicity (Figure S18, Support-
ing Information).

2.5. Antifouling Properties of the Coatings at Different
Temperatures

The ability of the coatings to repel proteins was investigated us-
ing SPR (Figure 4). For that, gold SPR sensor slides were coated
with PCL, PDMS, and PP to evaluate the performance of medical
polymers regarding antifouling properties, as well as with the ul-
trathin surface-attached hydrogels. Then, solutions of HSA (the
most abundant protein in blood) and undiluted human BP were
flown over bare and coated surfaces at 25 °C. The contact of the
HSA and BP solutions resulted in strong fouling on the uncoated
surfaces (T'gp pyp =83 ng-cm™2, Iy ppys = 152 ng-ecm™2, T'yp pey.
= 226 ng-cm™, T'yp pp = 170 ng-ecm™ Typ o4 = 324 ng-cm™2).
This emphasizes the potential to improve state-of-the-art medi-
cal device surface to mitigate surface-associated complications in
the body. Upon coating the gold SPR sensor slides with the ul-
trathin surface-attached hydrogels, non-specific fouling of HSA
is reduced down to 1 ng-cm™2 for p(Dyg,-BP;y,), completely by
P(Dgoss-BM45,-BPgo) and to 6 ng-cm=2 for p(Dgyes-BMso,-BP1g).
Even when challenging the coatings with undiluted human BP,
they are able to significantly decrease its non-specific adsorption
to 10 ng-cm™? for p(Dgge,-BP1s), 3 ng-em=2 for p(Dggo,-BM40,-
BPy) and to 15 ng-cm™2 for p(Doye,-BMso-BP;). Notably, de-
spite increasing water contact angle with lower DMLA content
from 6 = 33° for p(Dgge-BP;o) and p(Dgse,-BMso,-BPyo) to 0
= 41° for p(Dgpe,-BM,0,-BPo) (Table 1), there is no significant
change in the antifouling properties, which is in line with pre-
vious observations.[®”] Moreover, we added XPS analysis of bare
and coated PMP before and after contact with blood plasma for
1 h (Figure S17, Supporting Information). The contact of bare
PMP with BP resulted in strong amide and amine peaks in the
N1s spectrum. The same surface coated with p(Dgge,-BP;¢,) and
P(Doyos-BMso,-BP ) hydrogels displayed the typical amide bonds
that occur due to the presence of the polymers. After contact with
BP, no changes in Cls and N1s spectrum appeared, indicating
that the coatings are antifouling toward BP. Concluding, all coat-
ings are suitable to provide outstanding antifouling properties at
room temperature at the same level and partially better than the
best antifouling non-degradable polymer brushes (Table S4, Sup-
porting Information).

Due to the different T, of the polymers, with some of the poly-
mers having T, above bodily temperature, we assessed the an-
tifouling properties of the coatings at 37 °C. At 37 °C, the coat-
ings showed great repellency against HSA (below 13 ng-cm™2).
Considering BP, coatings with p(Dggo,-BP;o;) and p(Dgse-BMso,-
BP,) achieved a reduction in BP adsorption down to 10 ng-cm™>
and 32 ng-cm~? respectively. However, a fouling of BP of [y, =
133 ng-cm™2, was observed on p(Dygge,-BM40,-BPyo,) hydrogels,
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Figure 4. Fouling of HSA and undiluted human BP on bare substrates and gold SPR sensor slides coated with p(Dggo-BP19;), P(Dgoos-BM1494-BPgos),
P(DMgyo,-BMsos-BP1os) and p(Dgyes-BMso,-BP1o;) partially degraded to a thickness of 40 nm at A) 25 °C and B) 37 °C determined with SPR (n = 3).

likely due to the hydrogel being in a collapsed state at 37 °C since
the T, of this polymer is at 30.9 °C. The collapsed state may
cause part of the polymer chains to be desolvated, thereby less
swollen, impairing the steric repulsion of the brush-like interface
and making it entropically less unfavorable for proteins to adsorb
to the surface. Concluding, coatings of p(Dygge,-BP5,) and p(Dg,q-
BM,,,-BP,,,) render surfaces stealth toward non-specific protein
adsorption at 25 and 37 °C, while coatings with p(Dgge,-BM 9,
BP,) perform best at 25 °C. Hence, for further experiments
we continued with coatings of p(Dgge-BP;) and p(Dgse,-BMo,-
BP,,,). In addition to the behavior at different temperatures, we
assessed the performance of p(Dg,q-BM;se-BPy,) coatings after
being partially degraded from a thickness of 80-40 nm. At both
temperatures, the partially degraded coating exhibits significant
fouling of BP. The observed increase in fouling may be attributed
to one of three factors: i) generation of surface charge, ii) changes
in surface energy, or iii) insufficient coating thickness. Regarding
(i), we analyzed the fragments after hydrolysis by NMR and SEC.
Only low molecular weight compounds could be observed that
corresponded to oligo(acrylic acid), lactic acid and DML. This in-
dicates that the degradation has to occur both in the backbone and
subsequently in the side chains, thus the majority of the charged
degradation products must be no longer linked to the hydrogel
coating. This conclusion is supported by negligible changes in
the water contact angle, measured at 34° + 1° before degradation
(thickness of 80 nm) and 30° + 2° after partial degradation (thick-
ness of 51 nm). Since no significant alteration in hydrophilic-
ity was observed, surface charge accumulation or hydrophilic-
ity changes are unlikely to be the primary cause of fouling, but
rather the decrease in thickness, with the concomitant decrease
in the steric repulsion and presumable loss of the brush-like
structure. Moreover, the AFM analysis showed that partial degra-
dation proceed homogenously until certain thickness, thereafter
resulting in the appearance of uncoated regions which could be
more rapidly fouled. Lastly, p(Dgge,-BM;,45,-BPy,) coatings were
sterilized by ethylene oxide in a standardized process. The con-
tact of undiluted BP with the sterilized p(Dyggo-BM; 40,-BP o) coat-
ingled to non-specific adsorption of 27 + 3 ng-cm~2. Concluding,
the sterilized coating is still suitable to prohibit protein fouling by
92%.
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2.6. Prevention of Bacterial Attachment on Medical Devices

The coatings were tested for their ability to inhibit bacterial at-
tachment with a clinical strain of MRSA, as S. aureus is one
of the most relevant pathogens for bloodstream and wound
infections.[%8%] Usually, those infections occur within the first
24 h upon contact. We contacted bare and coated PCL meshes,
hernia meshes, CVCs and flat PMP membranes with MRSA for
28 h at 37 °C. Afterward, the surfaces were washed and analyzed
with FESEM (Figure 5; Figure S19 and Table S5, Supporting In-
formation). All bare substrates show a significant coverage of the
surfaces with MRSA. PCL meshes showed the highest density
of bacteria on the surface, likely due to the large surface area
of the dense meshes. The coverage of the bare substrates with
MRSA demonstrates the possibility for improvement of even the
best state-of-the-art medical substrates. Coating the substrates
with p(Dggo,-BP1o) 0f p(Doye-BMsq,-BP1o) significantly reduces
the coverage of the surfaces with MRSA. This is in line with
the calculated low Chen Qi ratios (Table 2) and demonstrates
the potential of the coatings to protect medical surfaces at the
most critical time phase for bacterial infections (= 24 h). More-
over, we performed further exposure studies with p(Dg,q,-BMq,-
BP,,,) and p(Dyqe-BP;,) coatings in contact with MRSA for 48 h
and 96 h, demonstrating almost complete repulsion even after
96 h (Figure S20 and Table S6, Supporting Information). Hence,
both coatings show strong repellency against MRSA, highlight-
ing their potential to improve treatment outcomes for a wide
spectrum of medical devices exposed to bacteria.

2.7. Protection Against Thrombus Formation on Medical Device
Surfaces

To investigate the performance of the coatings in blood, we com-
pared the fouling of blood on Hernia meshes, CVCs, and flat
PMP. Hernia meshes and CVCs were taken from state-of-the-art
devices used in today’s clinics. PMP serves as a model for EC-
MOs. Bare and coated surfaces were immersed in human blood
from three donors for 90 min at 37 °C. Afterward, the surfaces
were rinsed and analyzed with FESEM (Figure 6; Figure S21,
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Figure 5. FESEM images of bare and coated PCL meshes, hernia meshes, CVCs, and flat PMP after contact with MRSA for 26 h at 37 °C (scale bar =

10 um). The images were false-colored for improved visualization.

Supporting Information). Formation of protein sheaths and oc-
cupation of the surface with blood components were ubiqui-
tous in all bare substrates, even in the most advanced state-of-
the-art medical surface.”%7?] Remarkably, after coating the sub-
strates, the surfaces exhibited a considerably lower amount of
blood deposits on the surface. Hence, the coatings successfully
suppressed the formation of fibrin networks on the surfaces, in-
dicating an improved treatment outcome with these devices.

3. Conclusion

We developed antifouling green solvent-based surface-attached
hydrogels with a programmable time of life, that turn a variety
of different medical surfaces stealth toward complex biological
fluids. In this way, they protect them against non-specific pro-

Hernia meshes
)

Bare

P(Dgoy,BP1q,)

P(Dgy,BMsy,BP o)

tein adsorption, colonization of MRSA, as well as the forma-
tion of thrombi on the surfaces. Their ease of application paired
with partially bio-based origin and option for degradability makes
them attractive as future coatings to improve the biocompatibil-
ity of a plethora of medical devices and minimize their surface-
associated complications, but also could be beneficial for other
scientific and industrial fields.

4. Experimental Section

Materials: Chemical reagent utilized were purchased at the high-
est available purity and used without further purification unless
stated. Water was purified with a Millipore Milli-Q system to ob-
tain Milli-Q water. Ethanol (EtOH, >99.8%), methanol (>99%) and
anhydrous dimethylsulfoxide (DMSO, >99%) were purchased from

CcvC PMP (ECMO{

Figure 6. FESEM images of bare and coated Hernia meshes, CVCs, and flat PMP after static contact with blood from three donors for 90 min at 37 °C.
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VWR International GmbH. Human serum albumin (HSA, >98%),
citrated human blood plasma (BP), bromoacetaldehyde diethyl ac-
etal (97%), dialysis tube benzoylated (molecular weight cut-off,
MWCO, 2000), phosphate buffered saline tablets (PBS), 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyllpentanoic acid (CDSPA, 97%),
anhydrous dichloromethane (DCM, >99.9%), trimethylamine (>99%),
triethylamine (TEA, >99.5%), 4-hydroxybenzophenone (>98%), propy-
Iphosphonic anhydride solution (T3P, >50 wt. % in ethyl acetate),
dibuthyl phthalate (99%), lithium aluminum hydride (LiAIH,, 95%),
p-toluenesulfonic acid (>98.5%), sodium hydroxide (>97%) and
hydrochloric acid (37%) were obtained from Sigma Aldrich. 2,2"-Azobis (2-
methylpropionitrile) (AIBN, 98%) was purchased from Sigma Aldrich and
recrystallized in methanol prior to use. 2-Methyltetrahydrofuran (MeTHF,
>99.5%) and tetrahydrofuran (THF, >99.0%) were purchased from Sigma
Aldrich and distilled prior to use from sodium/benzophenone. CASO
broth was obtained by Carl Roth. SPR gold sensor slides were purchased
from Cenibra GmbH (BioNavis). Flat PMP membranes obtained by cut-
ting polymer films (150 mm X 150 mm x 0.5 mm), which were obtained
by Goodfellow Cambridge Limited. Single-lumen LifeCath central venous
catheters (CVC) were kindly provided by Vygon GmbH & Co.KG. Optilene
Meshes (Hernia meshes) of poly(ethylene) and poly(propylene) were
purchased from B. Braun. Electrospun PCL fibers were purchased from
the Institute of Textile Technology (Aachen, Germany). 1-octadecanethiol
was obtained from ProChimia. N-octadecyltrichlorosilane (97%) was
acquired from Gelest. Agnique AMD 3L (2-hydroxy-N,N-dimethyl
propenamide, DML) was kindly donated by BASF SE (Ludwigshafen,
Germany).

Synthesis of 1-(Dimethylamino)-1-Oxopropan-2-yl Acrylate (DMLA): A
round-bottomed flask was charged with a solution of DML (20.0 mL,
1.8 mol, 1eq.) in anhydrous MeTHF (200 mL). Then, acrylic acid (15.0 mL,
2.2 mol, 1.2 eq.), TEA (38.0 mL, 2.7 mol, 1.5 eq.), and T3P (125 mL,
2.1mmol, 1.2 eq.) were added under Ar protection. The mixture was stirred
for 24 h at room temperature. Upon completion, the solvent was elimi-
nated under vacuum, and the residue was purified by vacuum distillation
in the presence of 5 w/w % of hydroquinone. The obtained colorless oil
was filtered throughout a small column of basic alumina to remove hy-
droquinone traces to afford DMLA (24.5 g, 80 %). "H-NMR (400 MHz,
CDCl) 6 6.46 (dd, J = 17.4, 1.4 Hz, TH), 6.18 (dd, J = 17.3, 10.4 Hz, TH),
5.87 (dd, J = 10.4, 1.4 Hz, TH), 5.47 (q,) = 6.7 Hz, TH), 3.07 (s, 3H), 2.97
(s, 3H), 147 (d, ] = 6.8 Hz, 3H).

Synthesis of 1,2-Phenylenedimethanol: The synthesis of BMDO was
performed by adjusting previous literature reports.[*’] In a dried round-
bottomed flask, LiAlH, (11.47 g, 0.3 mol, 2 eq.) was dispersed in 200 mL
of anhydrous THF under Ar cooled with an ice bath. Next, a solution of
dibutyl phthalate (38 mL, 0.14 mol, 1eq.) in 60 mL of anhydrous THF was
charged to an addition funnel and added dropwise. After completion of
the addition, the reaction mixture was refluxed for 16 h. Then, the mixture
was cooled down to ice bath temperature and 200 mL of water containing
40 mL of H,SO, was added carefully. The aqueous phase was extracted
with Et,O (3 x 100 mL) and the organic layer was washed with NaHCO,
(2 X 100 mL) and water (1 x 100 mL). Finally, the organic layer was dried
with MgSO, and the solvent was removed under vacuum to afford 1,2-
phenylenedimethanol (16.53 g, 79%) as a white solid. The synthesis was
continued without further purification. "H-NMR (400 MHz, CDCl;) § 7.30
(m, 4H), 4.63 (m, 4H), 3.67 (s, 2H)

Synthesis of 3-(Bromomethyl)-1,5-Dihydrobenzole][1,3]Dioxepine (BrB-
MDO): A mixture of 1,2-phenylenedimethanol (28.6 g, 206 mmol,
1 eq.), bromoacetaldehyde diethylacetal (30 mL, 206 mmol, 1 eq.) and
p-toluenesulfonic acid (203.9 mg, 1.0 mmol) was heated at 120 °C under
argon in a round-bottomed flask equipped with a distillation set-up. After
all the calculated amount of ethanol was distilled, the temperature of the
reaction mixture was raised to 140°C under reduced pressure. The crude
was cooled down to room temperature and dissolved in CHCl;. The or-
ganic layer was washed with a saturated solution of NaHCO3 (2 x 100 mL)
and water (1 x 100 mL), dried with MgSO,, filtered, and the solvent was
eliminated. Finally, the crude was recrystallized from cyclohexane to afford
BrBMDO (41.47 g, 82%) as a pale white solid. "TH-NMR (400 MHz, CDCl;)
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§7.26 - 7.14 (m, 4H), 5.12 (t, J = 5.2 Hz, 1H), 4.92 (d, J = 3.8 Hz, 4H),
3.45 (d, ] = 5.1 Hz, 2H).

Synthesis of 3-Methylene-1,5-Dihydrobenzole][1,3]Dioxepine (BMDO):
A mixture of BrBMDO (20.07 g, 82.5 mmol, 1 eq.) and t-BuOK (13.9 g,
123.9 mmol, 1.5 eq.) in 120 mL of dried t-BuOH was heated to reflux un-
der Ar for 17 h. After this, 80 mL of diethyl ether was added to the reaction
mixture. The solids were removed by filtration and the organic layer was
dried with MgSO, and filtered. After evaporation of the solvent, the crude
product was purified by vacuum distillation to afford BMDO (9.51 g, 71%)
as a white solid. TH-NMR (400 MHz, CDCl5) § 7.26-7.20 (m, 2H), 7.10-
7.05 (m, 2H), 5.05 (s, 4H), 3.71 (s, 2H).

Synthesis of Benzophenone Acrylate (BPA): 4-Hydroxybenzophenone
(23.7 g, 120 mmol, 1 eq.) and triethylamine (16.7 mL, 120 mmol,
1 eq.) were solubilized in anhydrous DCM (212 mL) in a three-neck-
flash equipped with dropping funnel in Ar atmosphere. Acryloyl chloride
(11.2 mL, 138 mmol, 1.15 eq.) was solubilized in anhydrous DCM (30 mL)
and added dropwise over 30 min while cooling to 0 °C and stirring. Af-
terward, the reaction was allowed to proceed at room temperature for
20 h. Then, the reaction mixture was washed with brine (3 x 160 mL),
sat. NaHCO; solution (1 x 160 mL) and water (1 x 160 mL). The aque-
ous phases were combined and extracted with DCM (2 x 160 mL). The
resulting organic phases were combined, dried with MgSO, and the sol-
vent was evaporated. The product was purified by recrystallizing it twice
from ethanol.

Synthesis of p(D-BM): The copolymerization of p(Dgges-BM1gg) un-
der the following conditions [DMLA],/[BMDO],/[CDSPA],/[AIBN], =
150/50/1/0.6 is described. This procedure was generic for all the copoly-
merization conducted herein. A mixture of CDSPA (6.4 mg, 0.02 mmol,
1 eq.), DMLA (408.7 mg, 2.4 mmol, 150 eq.), and BMDO (128.5 mg,
0.8 mol, 50 eq.) was charged in a Schlenk tube. Then, 0.5 mL of a stock so-
lution containing AIBN (1.6 mg, 0.01 mmol, 0.6 eq.) in anhydrous DMSO
was added under Ar protection. The solution was degassed by Ar bubbling
for 15 min and then immersed in a preheated oil bath at 70 °C for 15 h.
After that time, the reaction was quenched by immersion in an ice bath.
Next, the reaction mixture was dialyzed (MWCO 2000) against acetone, re-
freshing the solvent 3—4 times for 2 days. Finally, the solvent was removed
to recover the synthesized polymer as a yellowish solid.

Synthesis of p(D-BM-BP): The following procedure was an
example of one of the conditions used in this work. p(Dgs-
BMso,-BP1o;) was  synthesized by RAFT  polymerization with
[DMLA],/[BMDO]o/[BPA],/[CDSPA]o/[AIBN], = 154/44/2/1/0.6 ra-
tios. A mixture of CDSPA (6.3 mg, 0.02 mmol, 1 eq.), DMLA (410.0 mg,
2.4 mmol, 154 eq.), BMDO (112.1 mg, 0.7 mmol, 44 eq.), and BPA
(7.6 mg, 0.03 mmol, 2 eq.) was charged in a Schlenk tube. Then, 0.5 mL
of a stock solution containing AIBN (1.6 mg, 0.01 mmol, 0.6 eq.) in
anhydrous DMSO was added under Ar protection. The solution was
degassed by Ar bubbling for 15 min and then immersed in a preheated
oil bath at 70 °C for 15 h. After that time, the reaction was quenched
by immersion in an ice bath. Next, the reaction mixture was dialyzed
(MWCO 2000) against acetone. The solvent was exchanged 3—4 times
for 2 days. After dialysis, the polymer (yellow solid) was recovered by
removing the solvent.

Determination of Conversion and Purity by Nuclear Magnetic Resonance
(NMR):  "H-NMR spectra were taken with a Bruker Avance 111 400 spec-
trometer and evaluated with MestReNova (v14.2) with CDCl; or DMSO-dg
as solvent.

Evaluation of Molecular Weights by Size Exclusion Chromatography (SEC):
Moreover, molecular weight analysis was performed via SEC using an Ag-
ilent 1200 series system equipped with a precolumn (PLgel 5 um Guard
column) and a two-serial column system (2 x PLgel 5 um MIXED-D) and
with an Agilent 1100 series refractive index detector. Chromatograms were
carried out in N,N-dimethyl formamide (DMF), HPLC grade, containing
0.05% (w/w) of LiBr with a flow rate of T mL-min~" at 50°C. Samples were
filtered through 0.22 um Teflon syringe filter and 20 pL of the polymer solu-
tion was injected using a manual sample injector Rheodyne Model 7125.
The calibration curves for GPC analysis were obtained with poly(methyl
methacrylate) (PMMA) standards purchased from PSS Polymer Standards
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Service GmbH. The molecular weights were calculated using the universal
calibration principle and Mark-Houwink parameters. Toluene was used as
flow rate marker.

Hydrolytic Degradation in Solution: 20 mg of p(Dgye,-BMgs,) were dis-
solved in 2 mL PBS (pH 7.4) or water at different pH. pH was prepared by
dilution of concentrated HCl or NaOH solutions. Polymer solutions were
stirred at constant speed at targeted temperature. Then, samples (0.5 mL)
were withdrawn and neutralized at specific time intervals. Finally, water
was removed by lyophilization, and the degradation products were then
analyzed by SEC.

Hydrolytic Degradation of Surface Attached Hydrogel Coatings:  Surfaces
coated with hydrogels from polymers with different monomer composi-
tion were immersed in aqueous solution of different pH, which were pre-
pared by dilution of concentrated HCl or NaOH solutions. At different time
intervals, the substrates were taken out of the solutions, washed with Milli-
Q water and methanol and dried under a flow of nitrogen. The hydrogel
thickness was measured by ellipsometry.

Ellipsometry:  The dry thicknesses were obtained with a Spectroscopic
Ellipsometer M-2000X at angles of 65°, 70°, and 75°.

X-Ray Photoelectron Spectroscopy (XPS):  XPS measurements were per-
formed on an AXIS Supra+ from Kratos Analytical Ltd. An Al K alpha source
with 1486.6 eV was used. Broad spectrums were acquired from 1200 to
0 eV with a step size of 1 eV and a spot size of 400 um at 40°. Data was
analyzed using the ESCApe software from Kratos and Casa XPS and all
spectra were referenced to the C1s peak of hydrocarbons at 285.0 eV.

Thermodynamic Analysis:  The components of the surface tension were
acquired via the van Oss acid-base approach.!8373] Details can be found
in the Supporting Information.

Protein Adsorption by Surface Plasmon Resonance (SPR): Protein ad-
sorption was determined with SPR on a MP-SPR Navi™ 210A VASA (BioN-
avis) with the SPR-Navi control software and SPR-Navi data viewer. The hy-
drogel coatings were performed either on a self-assembled organic mono-
layer on gold, or on spincoated poylmers. For the former, the gold SPR
sensor slides were modified with a layer of T-octadecanethiol by immer-
sion into a solution in ethanol (1 mg-mL~") overnight, followed by rinsing
with ethanol. The modification with 1-octadecanethiol allows the hydrogel
coating to covalently bind to the surface. The latter includes the spincoat-
ing of a solution of e.g. PMP in toluene (10 mg-mL~") at 3000 rpm for
45 s. Then, the hydrogel was applied by spincoating the polymer solution
(10 mg mL™") at 4000 rpm for 45 s. For the measurement, the surfaces
were contacted with either human serum albumin (5 mg-mL~" in PBS) or
undiluted human BP for 60 min at 10 ug-mL~".

Atom Force Microscopy (AFM): AFM images were obtained with tap-
ping mode on silicon substrates on a Multimode Atomic Force Micro-
scope NanoScope V (Digital Instruments) with a nominal spring constant
of 26 N-m~" and a tip radius of 7 nm (OTEPSA-R3, Bruker).

Determination of Influence of the Coatings on Cell Viability: MRC-5 fi-
broblasts at passage 8 were seeded into 24-well plates at a density of
100 000 cells per well in DMEM supplemented with 10% FBS. The surfaces
were sterilized by UV irradiation for 30 min on each side. The samples
were then placed into the wells and incubated for 24 h at 37 °C. Follow-
ing incubation, cell viability was assessed using the MTS assay (Promega)
according to the manufacturer’s instructions.

Bacterial Assay: A single colony of a clinical MRSA isolate was incu-
bated in 10 mL CASO broth for 16 h at 100 rpm and 37 °C. The surfaces
were sterilized by irradiation with UV-light for 1 h in sterile PBS. The bac-
terial suspension was diluted to ODgq of 0.22. The substrates were incu-
bated in the diluted bacterial suspension for 26 h at 37 °C and 150 rpm,
rinsed with PBS and incubated again in fresh CASO broth at 37 °Cfor4 h
at 150 rpm. Then, the substrates were rinsed three times with sterile PBS
and fixed with glutaraldehyde (3%, 4°C, 2 h). The samples were prepared
for FESEM by drying with ethanol.

Field Emission Scanning Electron Microscopy (FESEM): FESEM images
were taken on carbon-sputtered samples on a FESEM S4800 from Hitachi,
Japan.

Static Blood Experiments: Blood was withdrawn from three donors
anonymously (approved by the Ethics Committee at the RWTH Aachen
Faculty of Medicine, number: EK088/20). Blood was slightly anticoagu-
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lated with heparin (0.75 IU-mL™") to avoid instant coagulation in the sy-
ringe utilized for withdrawal. The blood was used non-pooled to allow de-
tection of effects due to one specific donor. The samples were placed into
48 well plates and incubated with the blood for 90 min at 37 °C. Afterward,
the samples were rinsed once with NaCl solution (0.9%) and three times
with PBS. Then, the samples were fixed with glutaraldehyde (2%) and dried
with ethanol to prepare for FESEM.

Statistical Analysis: ~ All experiments were conducted with a sample size
of at least three replicates per sample. Values are stated as the mean value
with its standard deviation, which are graphically depicted as error bars.

Supporting Information

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