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Thrombosis and bacterial infection are major problems in cardiovas-
cular implants. Here we demonstrated that a superhydrophobic
surface composed of poly(bis(2,2,2-trifluoroethoxy)phosphazene)
(PTFEP)-ALL,Os hybrid nanowires (NWs) is effective to reduce both
platelet adhesion/activation and bacterial adherence/colonization.
The proposed approach allows surface modification of cardiovascular
implants which have 3D complex geometries.

Superhydrophobic surfaces with water contact angles (CAs)
larger than 150° and slip angles (SAs) less than 10° attract
significant attention.* For attaining such a superhydrophobic
surface, both appropriate surface topography and low surface
energy should be considered together.>* Besides their various
technical applications in different areas including water har-
vesting, microfluidics, oil-water separation, and anti-icing, in
recent years, superhydrophobic surfaces have been suggested to
be used in cardiac implants (blood-contacting) to reduce the
blood-surface interaction and bacterial adhesion.>**

Protein binding, activation of platelets, and resultant forma-
tion of thrombi on blood-contacting cardiovascular devices
remain the primary technical barriers for the success of these
devices.® In addition, bacterial infection is also a serious risk for
cardiovascular implants, where 7.4% of all implanted cardio-
vascular devices result in bacterial infection.” Superhydrophobic
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surfaces are being explored for reduction of thrombus formation
by minimizing material-blood interactions. In addition, such
surfaces are able to inhibit bacterial adhesion.

Coating a surface composed of micro- and nanoscale topo-
graphic features with low surface energy materials (such as
polytetrafluoroethylene, silicone, etc.) is a common approach to
prepare a superhydrophobic surface.> While using such struc-
tured surfaces to reduce the thrombogenicity of blood-con-
tacting devices and implants, one should also take different
matters into account. A surface topography, which reduces the
effective surface area accessible to platelets, should be chosen.?
In addition, the surface morphology is also a critical issue and
for instance, reducing the adhesion area exposed to individual
platelets decreases the thrombogenicity.” Moreover, high-
curvature surfaces are known to induce denaturation of
proteins and therefore, less adhesion of platelets.*

Failure of a cardiac device by thrombus formation can be
explained by a complex series of interconnected processes which
include protein adsorption, adhesion of platelets, thrombin
generation, and complement activation™ as presented in Fig. S1.F
Therefore, the reduction of protein adhesion on a surface can be
an effective strategy to reduce the risk of thrombus formation.
Both Wenzel and Cassie states might be effective to reduce
surface area and protein adhesion sites. On the other hand, the
stability of superhydrophobicity in cardiac devices and implants
is a critical matter since blood-surface interaction is a hydrody-
namic process rather than a static interaction.”” In the Cassie
state, air pockets trapped between micro and nanoscale surface
structures provide a more stable superhydrophobicity in
comparison to the Wenzel state.”® Recently we have shown that
the lifetime of such air pockets can be as long as several weeks
and they can withstand high pressures reaching up to 150 Pa.** In
general, the air has a lower viscosity in comparison to water;
therefore the Cassie state can cause significant slip over the
surface preventing platelet adhesion.*

In addition to topography, surface chemistry also plays
a major role in achieving superhydrophobicity. The surface
chemistry becomes more critical in the case of using such
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superhydrophobic surfaces in blood-contacting devices and
implants. In principle, both low surface energy and biocom-
patibility should be considered for designing blood-contacting
surfaces. Polytetrafluoroethylene (PTFE) is one of the most
commonly used low surface energy materials in vascular prod-
ucts such as angioplasty catheters, guide-wires, stent grafts,
stents, and vena cava filters.'® Recently a new type of fluorinated
polymer has been reported as non-thrombotic in cardiac
implants. Here, a water-repellent state was achieved by the
slippery liquid-infused porous surface (SLIPS) approach, in
which a porous surface is covered with an immiscible per-
fluorocarbon liquid.>*” This was accomplished by covalently
binding a molecular perfluorocarbon layer, or tethered per-
fluorocarbon, on the material surface and then coating it with
a freely mobile layer of liquid perfluorocarbons. On the other
hand, reported CAs and the hysteresis are both low. Here, one of
the main uncertainties with this surface is whether the presence
of a high amount of fluorine in the cardiac system (since the
SLIPS contains a large amount of fluorinated polymer) might
lead to a long-term side effect.

Fluorinated polyphosphazenes (with an inorganic backbone
of alternating phosphorus and nitrogen atoms and organic side
groups) have been accepted as alternative polymers for blood-
contacting surfaces due to their inherent hydrophobicity with
proven biocompatibility in preclinical and clinical settings.'® In
a porcine model, PTFEP-coated stents exhibited low thrombo-
genicity in coronary arteries." Further studies provided prom-
ising results by the reduction of not only stent thrombogenicity
but also in-stent stenosis by applying PTFEP coating on stents.>
On the other hand, most of the studies on PTFEP fail to conclude
whether only physicochemical properties of PTFEP coating or
additional surface characteristics (topography and roughness)
play a role in reducing thrombogenicity and bacterial infection.
Most of these studies report the use of PTFEP as a smooth layer
but applying low surface energy materials as a plain coating on
smooth surfaces can enhance the non-wettability theoretically up
to a CA of 120°.>*

In this study, the synergetic effect of the substrate topography
and superior properties of PTFEP was used to develop a coating
for next generation cardiovascular implants. A novel chemical
vapor deposition (CVD) method (using the single-source-
precursor concept as described elsewhere)** and ultrasonic infil-
tration technique (details of processes are given in the ESIT) were
used to fabricate a superhydrophobic hybrid coating, fluorinated
phosphazene (PTFEP)-aluminum oxide (Al,O;) nanowires (NWs,
which are composed of an aluminum core and surrounding
stable aluminum oxide shell), for cardiovascular implants.*” The
prepared surface exhibited an extremely low solid-liquid inter-
action for both Ringer (used as an artificial blood model) and
protein plasma fraction (PPF) solutions. 10 pL drops of these
solutions easily rolled-off the prepared surface at inclination
angles <1° (Fig. S2 and Video S1t). In order to achieve such
a repelling effect, tangled Al,O; nanowires (NWs) were deposited
first on a glass substrate using the single source precursor (SSP)
route.® Next, the inorganic polymer, poly bis(2,2,2-tri-
fluoroethoxy)phosphazene (PTFEP), was infiltrated by using an
ultrasonic nozzle system (converting high frequency sound waves
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into mechanical energy that is transferred into a liquid, creating
standing waves) into Al,O; NWs (as schematically explained in
Fig. 1). Basically, ultrasonic sound waves atomized the PTFEP
solution into microscale droplets, and this led to a homogenous
distribution and even infiltration of the PTFEP solution into the
CVD driven nanoporous surface. Such a controlled and precise
infiltration process kept the nanoporous morphology intact
which is necessary to achieve superhydrophobicity.

Basically, the deposited layer consists of randomly grown
and tangled Al,O; NWs where the diameter of each NW is
around 15-20 nm (Fig. 2a). The deposition temperature and
time play a major role in the final surface morphology as shown
previously.” Basically, increasing the substrate temperature
promotes the nucleation and the growth of Al,0; NWs. On the
other hand, since the one dimensional (1D) growth mechanism
in the case of Al,0; NWs is different from a typical vapor-
liquid-solid (VLS) approach, the initial substrate temperature
also affects the diameter of the deposited Al,O; NWs. At pro-
longed deposition periods, it was observed that the intersected
Al,O; NWs started coalescing and bundling together. This
smoothed the over-all surface morphology, enhancing the
solid-liquid contact area. Therefore, we preferred applying
a moderate deposition temperature of around 500 °C (to
maintain a diameter size of 10-20 nm) and an ultra-short
deposition time (a few minutes) to achieve a reduced effective
contact area by considering our previous process parame-
ters.>*** This led to a surface coverage of 38%, calculated by
using a grayscale HIM image recorded at low magnification as
explained elsewhere.?® For achieving a homogenous deposition
within a few minutes, the precursor flow was increased by
heating it to 70-75 °C and a semi-batch deposition process was
used with help of an automated valve system which was
opened-closed every 10 seconds regularly. Since the precursor is
in the solid state, the flow rate is very sensitive to the temper-
ature of the environment, and at room temperature, the flow
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Fig. 1 Schematic description for preparation of PTFEP-ALOz NWs.
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Fig. 2 (a) HIM image of pristine Al,Os NWs, (b) schematic description
of the surface morphology of Al,Oz NWs, (c) HIM image of PTFEP—
AlLbO3 NWs and (d) photos of PTFEP—-Al,Os NW coated cardiovascular
implants such as stents and occlusion devices.

rate is very limited.”” This induced a dual-scale roughness
(micro- and nanoscale) and formation of nanoscale air-pockets
as schematically shown in Fig. 2b. In the second step, the use of
an ultrasonic nozzle system led to the atomization (due to
ultrasonic vibrations within the nozzle) and homogenous
distribution of PTFEP solution in 3D structures, which was
effective to keep the so-called air-pockets intact (Fig. 2c). Basi-
cally, such nanoscale air-pockets (also known as nanoscale
plastrons) with pronounced hierarchical surface roughness
(bundles of Al,0; NWs: microscale roughness and tangled/
intersected Al,0; NWs: nanoscale roughness) form a stable air
cushion within the deposited layer that leads to extremely small
overall contact area between the surface and the liquid (water,
Ringer solution, PPF solution and blood).?

In helium ion microscopy (HIM) images recorded at a lower
magnification, one can see microscale details of the surface
which exhibits local bumps and valleys due to tangled and
highly intersected Al,0; NWs (Fig. S3a-df). When we look
closer into such bumps/valleys, a secondary roughness can be
clearly seen. High magnification HIM images revealed the
presence of both nanoscale roughness and nanoscale air
pockets (Fig. S4a—-ct). The tangled geometries of Al,0; NWs led
to several cross-cuts and therefore the formation of nanoscale
air-pockets (Fig. 2b). The combination of dual-scale roughness
and nanoscale air-pockets promotes low liquid-solid interac-
tion. Our CVD process allows using such hierarchical structures
in various types of cardiovascular implants which have
extremely complicated 3D geometries as shown in Fig. 2d.

This journal is © The Royal Society of Chemistry 2019
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CAs on PTFEP-Al,O; NWs were measured by the sessile
droplet method using Ringer and PPF solutions. The advancing
CA for PTFEP-Al,O; NWs was 168 + 1° and the receding CA was
166 + 1° (Fig. 3a) in the case of the Ringer solution. For the
smooth PTFEP surface (coated on glass) the advancing CA was
15 £ 1° and the receding CA was 12 + 2°. It is worth mentioning
that the pristine (non-modified with PTFEP) Al,O; NWs were
not hydrophobic at all (exhibiting a CA of 5 + 2°). The HIM
images confirmed that the surface morphology stayed almost
intact after the infiltration of PTFEP using an ultrasonic nozzle
system (shown schematically in Fig. S5t). When we put a drop of
PPF solution on PTFEP-Al,O; NWs, the advancing CAwas 163 +
1° and the receding contact angle was 161 £ 2°.

We examined the interaction of human blood on the
prepared PTFEP-Al,O; NW surfaces by monitoring a drop of
human blood with the help of an ultrafast video camera
(complete human blood was provided by healthy donors. Prior
to the sample being taken, informed consents were obtained
from human participants of this study. This research has been
approved by Saarland University Hospital Research Ethics
Committee with an Approval ID: 90/19). It is clear from the
recorded images (Fig. 3b and Video S27) that there is no visible
trace of blood on the superhydrophobic surface while a large
blood trail was left behind on the control surface (smooth
glass). As shown from the recorded video images, the static
contact angle of a 25 puL blood droplet on the PTFEP-Al,O3; NW
surface was 160 £ 3° as compared to 30 = 2° on the control
(smooth glass) surface. Fig. 3c and Video S31 show the signifi-
cant difference between blood droplets sliding on pristine
(without PTFEP) Al,0; NW and PTFEP-Al,0; NW substrates

(a) 180

150

Ringer Plasma protein

2 - o

& P-ALONWs

Ringer
Plasma protein

<
o120

le

.
30 i -
.

X
P-Glass  ALO,NWs P-ALONWs
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Fig. 3 (a) Contact angle analysis (insets show cross-sectional images
of the corresponding droplets). Comparison of blood drop sliding on
(video-captured images) (b) PTFEP-ALO3z NWs vs. the glass (control)
substrate and (c) PTFEP-AL,Oz NWs vs. pristine AlLbOs NWs. (Images
were recorded using a Panasonic GH5S and extracted at a speed of
240 fps using Adobe Premiere Pro CC software.)
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tilted to 35°. From this, it is clear that not only the surface
morphology but also the combination of nano-porous (dual-
scale roughness and air-pockets) nature and the low surface
energy layer impacts significant blood repellency on the surface
and enables blood transportation without macroscopic loss.
Repeated wetting analyses showed that the prepared PTFEP-
Al,O; NWs exhibited almost the same level of hydrophobicity
even after 90 days, which may be attributed to the covalently
bonded PTFEP molecules on Al,03.2

Platelet spreading and aggregation are basic markers of
platelet activation and have been linked to thrombotic events.
Therefore, we examined platelet response on the PTFEP-Al,O;
NW substrate by immediate perfusion of the surface with whole
blood obtained directly from a volunteer donor (see details in
the ESIT). The purpose of using the whole blood is to mimic the
physiological response of whole blood with all its contents
including, blood cells, proteins and coagulation factors for
immediate contact with artificial surfaces, which results in
thrombus formation.>” Four different samples, glass (control),
PTFEP-glass (PTFEP coated), Al,0; NWs and PTFEP-Al,O;
NWs, were inserted in a specially designed holder and then the
holder was coupled to a closed flow system perfused using
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a diagonal small neonatal pump (Medos Gmbh-Germany) with
a volume capacity of 16 mL (Fig. S61). All samples were inserted
in the connecting piece between the two ends of a small circuit
perfused using the diagonal pump. The perfusion of the coated
samples was started at 25 °C for 10 min at a flow rate of 1500
rpm. Afterward, each surface was examined by scanning elec-
tron microscopy (SEM) to observe the platelet adhesion and
aggregation behavior. A high platelet adhesion was observed on
the control substrate (smooth glass) as presented in Fig. 4a. As
shown in Fig. 4b at a higher magnification we observed round
shaped platelets and the fibrin development around the platelet
body which clearly indicates the strong activation of adhered
platelets. Such an aggregation of platelets on glass-like surfaces
is well known as previously shown by Baker-Groberg et al.>® For
comparison, the platelet response on the PTFEP modified glass
substrate was monitored as shown in Fig. 4c.

At first sight (low magnification), no significant difference
was observed between the bare glass and PTFEP-glass
substrates in terms of platelet adhesion. On the other hand, at
a higher magnification, we observed a larger amount of fibrin
spread around the platelet body revealing a high level of platelet
activation (Fig. 4d). This indicates that PTFEP, when deposited
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Fig.4 SEM analysis of platelet interaction on (a and b) glass (control substrate), (c and d) PTFEP—glass, (e and f) pristine AlL,Oz NWs and (g and h)
PTFEP-AL O3 NWs. (i) In vitro platelet adherence and (j) platelet activation ratio on different substrates (red colored error bars represent the

standard deviations in (i) and (j)).
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on glass, triggers thrombus formation, which is in contrast to
a former study.™ After screening the effect of PTFEP on platelet
adhesion and -activation we performed similar analyses on
pristine and PTFEP modified Al,O; NWs. It was observed that
platelets were highly adhering (even higher than those observed
on glass and PTFEP-glass substrates) on pristine Al,0; NW
surfaces (Fig. 4e). Al,O; NWs were previously presented as
a biocompatible surface and this may explain why the platelets
had high tendency to adhere on them.**** Additionally, Fig. 4f
shows the complete activation of the platelets on pristine Al,O3
NWs. This phenomenon is well known on highly rough
surfaces, where fibrinogen adsorption is induced leading to
higher activation and strong aggregation of the platelets.*®
Moreover, the stiffness and thickness of the surface matrix are
known to play a major role in platelet aggregation and activa-
tion.** This may explain the higher number of activated and
aggregated platelets on the pristine Al,0; NWs in comparison to
the glass substrate. After PTFEP modification platelet adhesion
was extremely reduced, and only a few activated platelets were
observed on the entire PTFEP-Al,O; NWs (Fig. 4g and h).

The number of platelets adhering to each test surface was
counted by using Image] software. Each sample was divided
into 10 defined fields where images were taken, and platelets
were counted. The experiment was repeated three times (n = 3).
The activation and aggregation of platelets were analyzed by
calculating their spread area using a one tailed ¢-test (Microsoft
Excel v.16.16.8.) as presented by Radmacher et al.** Fig. 4i shows
an extremely low number of platelets adhering on PTFEP-Al,05
NWs in comparison to other substrates (p < 0.01). There was
a slight difference in the number of platelets attached to pris-
tine and PTFEP modified glass (5.99 & 0.34 x 10* mm > and
6.48 + 0.87 x 10* mm 2, respectively). The number of platelets
on PTFEP-AL,O; NWs (0.51 £ 0.03 x 10* mm ?) was signifi-
cantly low compared to the number of platelets attached to
pristine Al,O; NWs (7.15 £ 1.02 x 10* mm™?). When assessing
the anti-thrombogenic potential of a surface, in addition to
platelet attachment, platelet activation should also be consid-
ered. It has been shown that although the surface of a material
may not support significant platelet adhesion, platelet activa-
tion may still occur.™ In general, morphological changes are
one of the most commonly used criteria for assessment of
platelet activation. Platelets, which remain inactivated, have
a perfect lens shape and their diameter mostly stays in the 2-3
pm range.**** During the activation stage, platelets exhibit
a more spherical shape and formation of tiny pseudopodia is
observed. This is followed by development of fully spread
pseudopodia structures. Based on this we tried to reveal the
ratio of the activated platelets on the prepared surfaces as
shown in Fig. 4j. After the exposure of platelets to test surfaces,
PTEFP-Al,O; NWs exhibited an extremely low platelet activation
ratio, while other tested surfaces activated the adherent plate-
lets efficiently. These findings show that PTEFP-Al,O; NWs do
not promote platelet adhesion and activation, which are
important first steps in thrombosis formation. Yet the PTEFP-
Al,0; NWs are likely to reduce thrombus formation, still cyto-
compatibility tests were critical to detect whether our surface
modification may exert a relevant cytotoxic effect on host tissue.

This journal is © The Royal Society of Chemistry 2019
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Fig.5 Invitro bacterial colonization of Staphylococcus epidermidis on
the prepared surfaces. (a) Visual analysis and (b) CFU count per disc (n
= 10). (*) P < 0.05; (**) P < 0.01 (one-way ANOVA with Bonferroni's
post-hoc test).

Therefore, we studied the mediated-toxicity and the metabolic
activity of human cardiomyocytes (HCM) on the prepared
surfaces using LDH and WST-1 assays, respectively. Both assays
did not show any significant difference between tested surfaces
(Fig. S77), indicating that the effectiveness of PTEFP-Al,O; NWs
in the reduction of platelet adhesion and activation cannot be
attributed to toxic reactions.

In addition to the risk of thrombus formation and secondary
obstruction on vascular devices, bacterial adhesion coloniza-
tion leading septic complications associated with implantation
of intravascular devices may present a rare but serious
complication after percutaneous implantation of cardiovascular
devices. Superhydrophobic surfaces have been suggested as an
alternative to antibiotics and biocides to reduce or even prevent
bacterial colonization of implanted medical devices.>® To test
the impact of our surface modifications on bacterial adhesion,
we incubated these surfaces with Staphylococcus epidermidis in
a microtiter plate based adhesion assay. Briefly, discs (8 mm
diameter) of glass, PTFEP-glass, pristine Al,0; NWs, and
PTFEP-AlL,O; NWs were fixed on the bottom of a 24-well plate
and incubated for 30 min in phosphate buffered saline (PBS)
solution containing 1 x 10* colony forming units (CFU) of &.
epidermidis strain RP62a. Discs were afterwards washed twice
with PBS, placed upside-down on Luria-Bertani agar plates and
incubated for 48 h at 37 °C. Representative images of S. epi-
dermidis colonies observed on test surfaces after 48 h of incu-
bation at 37 °C are shown in Fig. 5a.

Quantification of CFU rates formed on the test surfaces
demonstrated that PTFEP-Al,O; NW discs displayed the lowest
colonization rates (Fig. 5b). Notably, neither discs with
a smooth PTFEP layer deposited on the glass substrate (P-Glass)
nor discs composed of pristine Al,0; NWs displayed marked
reductions in colonization rates when compared to bare glass,
indicating that the reduced bacterial adhesion on PTFEP-Al,O3
NWs required the synergetic effect of both, unique topography
of Al,0; NWs, and the low surface energy of the PTFEP layer.

Conclusions
In summary, synergy by combining superior topographic char-

acteristics of Al,03; NWs (without any toxicity) and low surface
energy of PTFEP was proposed to reduce thrombus formation

Nanoscale Adv., 2019, 1, 4659-4664 | 4663
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and bacterial adhesion for cardiovascular implants. The
prepared Al,O; NWs exhibited superior topographic features,
which promote superhydrophobicity. The deposited Al,0; NWs
showed a dual-scale roughness (bundles of Al,0; NWs: micro-
scale roughness and tangled/intersected Al,O; NWs: nanoscale
roughness). Basically, nanoscale air-pockets with pronounced
hierarchical dual-scale surface roughness form a stable air
cushion within the deposited layer that leads to extremely small
overall contact area between the surface and blood in contact
below the liquid. This reduced contact area and now-wetting
nature prevent platelet adhesion and activation. The same
surface also exhibits a sound anti-biofouling effect. The appli-
cability of the proposed approach to 3D complex geometries
makes it a strong candidate for new generation coatings for
cardiovascular devices and implants in children and adults with
cardiovascular diseases.
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