
Cardiovascular Revascularization Medicine 75 (2025) 31–38

Contents lists available at ScienceDirect

Cardiovascular Revascularization Medicine

journal homepage: www.sciencedirect.com/journal/cardiovascular-revascularization-medicine
In vivo biocompatibility of a new hydrophobic coated Al/Al2O3 nanowire
surface on stents
Axel Rentzsch a,⁎, Eva Metz a, Ruben Mühl-Benninghaus b, Alexander Maßmann c, Stephanie Bettink d,
Bruno Scheller d, Lilia Lemke a,h, Ali Awadelkareema, Toshiki Tomori b, Ayman Haidar a, Matthias W. Laschke e,
Michael D. Menger e, Cenk Aktas g, Matthias Hannig h, Norbert Pütz h, Thomas Büttner i, David Scheschkewitz i,
Michael Veith f,i, Hashim Abdul-Khaliq a
a Clinic for Pediatric Cardiology, Saarland University Hospital, Homburg, Saar, Germany
b Department of Neuroradiology, Saarland University Hospital, Homburg, Saar, Germany
c Department of Radiology and Nuclear Imaging, Robert Bosch Hospital, Stuttgart, Germany
d Clinical and Experimental Interventional Cardiology, Saarland University Hospital, Homburg, Saar, Germany
e Institute for Clinical and Experimental Surgery, Saarland University Hospital, Homburg, Saar, Germany
f INM – Leibniz Institute for New Materials, Campus D2 2, Saarbrücken, Germany
g Institute for Materials Science, Faculty of Engineering, Christian-Albrechts-University of Kiel, Kiel, Germany
h Clinic of Operative Dentistry, Periodontology and Preventive Dentistry, Saarland University Hospital, Homburg, Saar, Germany
i General and Inorganic Chemistry, Saarland University, Saarbrücken, Germany
⁎ Corresponding author at: Clinic for Pediatric Cardiology
E-mail address: axel.rentzsch@uks.eu (A. Rentzsch).

http://dx.doi.org/10.1016/j.carrev.2024.08.017
Received 5 June 2024; Received in revised form 3 Au
Available online 24 August 2024
1553-8389/© 2025 The Authors. Published by Elsevi
A B S T R A C T
A R T I C L E I N F O
Keywords:
In-stent restenosis
Bare metal stent
Innovation
Optical coherence tomography
Background: Intima proliferation and in-stent restenosis is a challenging situation in interventional treatment of small

vessel obstruction. Al/Al2O3 nanowires have been shown to accelerate vascular endothelial cell proliferation and mi-
gration in vitro, while suppressing vascular smooth muscle cell growth. Moreover, surface modification of Al/Al2O3

nanowires with poly[bis(2,2,2-trifluoromethoxy)phosphazene (PTFEP) coating enables further advantages such as re-
duced platelet adhesion. Therefore, the study's goal was to compare the biocompatibility of novel Al/Al2O3 + PTFEP
coated nanowire bare-metal stents to uncoated control stents in vivo using optical coherence tomography (OCT), quan-
titative angiography and histomorphometric assessment.
Methods: 15 Al/Al2O3 + PTFEP coated and 19 control stents were implanted in the cervical arteries of 9 Aachen
minipigs. After 90 days, in-stent stenosis, thrombogenicity, and inflammatory response were assessed. Scanning elec-
tron microscopy was used to analyse the stent surface.
Results: OCT analysis revealed that neointimal proliferation in Al/Al2O3 + PTFEP coated stents was significantly re-
duced compared to control stents. The neointimal area was 1.16 ± 0.77 mm2 in Al/Al2O3 + PTFEP coated stents
vs. 1.98 ± 1.04 mm2 in control stents (p = 0.004), and the neointimal thickness was 0.28 ± 0.20 vs. 0.47 ± 0.10
(p = 0.003). Quantitative angiography showed a tendency to less neointimal growth in coated stents.
Histomorphometry showed no significant difference between the two groups and revealed an apparent inflammatory
reaction surrounding the stent struts.
Conclusions: At long-term follow-up, Al/Al2O3+ PTFEP coated stents placed in peripheral arteries demonstrated good
tolerance with no treatment-associated vascular obstruction and reduced in-stent restenosis in OCT. These preliminary
in vivofindings indicate that Al/Al2O3+PTFEP coated nanowire stentsmay have translational potential to be used for
the prevention of in-stent restenosis.
1. Introduction

Over the last 30 years, interventional cardiology has evolved into a crit-
ical component in treating congenital heart defects, both curative and pal-
liative. Even in small children, heart operations can be replaced or
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postponed [1]. The structure of implants used in minimally invasive proce-
dures is becoming more precise, smaller, and diverse [2]. However, the im-
plantation of small stents into still-growing blood vessels in children is
hampered by in-stent restenosis caused by intimal proliferation and compli-
cated by thrombogenic stent obstruction [3]. In-stent restenosis is caused
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by a complex interaction between endothelial cells, smooth muscle cells
(SMC), platelets, and inflammatory cells, which results in excessive prolif-
eration of SMC and narrowing of the vascular lumen [4]. The threat of
drug-eluting stents is an uncontrolled, potentially toxic release of the drug
in young children [5]. In addition, specifically coated stents for pediatric
procedures such as pulmonary artery stents (e.g., for pulmonary atresia, hy-
poplastic pulmonary arteries), pulmonary vein stents, or ductal stenting are
not commercially available.

As a result of extensive research in recent years, the study group has de-
veloped different nanostructured surfaces, which exhibit anti-thrombotic
and anti-inflammatory properties [6]. Metal/metal oxide heterostructures
with core-shell hierarchy demonstrated new functional properties when
compared to their constituent compounds [7]. It is well established that
modified surfaces may promote more cell adhesion when compared to un-
treated surfaces [8]. In a previous study, we found that laser treatment re-
duces myofibroblast proliferation while not affecting endothelial cell
proliferation [9]. There are numerous effects of micro- and nanoscale alu-
mina surface topographies on cellular function, adhesion, proliferation,
and gene regulation [10,11]. The impact of nano-topography on cell-surface
interaction is critical for the advancement of stent material design. For in-
stance, we demonstrated that, in terms of topography-driven cell response,
human umbilical vein endothelial cells preferentially adhere on Al/Al2O3

nanowires, whereas growth of human umbilical vein SMC is suppressed [12].
The addition of a polymer coating (poly[bis(2,2,2-trifluoromethoxy)

phosphazene], PTFEP) to the surface of Al/Al2O3 nanowires resulted in
ultra-hydrophobic properties without altering the nanostructured surface
topography [13]. Furthermore, it could be demonstrated that the modified
surface has a high repellence to blood. Platelet adhesion and activation
were significantly reduced, as was bacterial adherence, and there was no
cytotoxic effect on vascular cells [6]. Based on these promising findings,
the Al/Al2O3 nanowire surface with PTFEP coating has already been pat-
ented by the German Patent and Trade Mark Office [14]. Fig. 1 chronolog-
ically summarizes the major steps in the development of Al/Al2O3 coated
stents with PTFEP coating.

Stents with Al/Al2O3 nanowire coating and super-hydrophobic PTFEP
surface are expected to induce less pronounced neointimal proliferation re-
sulting in in-stent restenosis than conventional stents. To test this hypothe-
sis, we compared the development of neointima in Al/Al2O3 + PTFEP
coated stents to bare metal stents in vivo using optical coherence tomogra-
phy (OCT), quantitative angiography, and histomorphometry.
Fig. 1. The overview summarizes the major milestones in the development of bio
characterization to microbiological and cell interaction studies, intending to create a pr
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2. Methods

2.1. Stent preparation

The Al/Al2O3 precursor preparation and coating of bare-metal stents
have previously been described in detail [7,11]. An overview of the techni-
cal details is presented in Supplement 1. Light microscopic quality control
of all Al/Al2O3 + PTFEP coated stents was performed, after which the
stents with the best-performing coating without cracks or interruptions
were selected for the in vivo experiment.

2.2. Animals

Animal experiments were carried out in nine female Aachen minipigs
aged 18 to 24 months, weighing 70 to 92 kg. The animals were purchased
from a farm specialized in breeding Aachen minipigs. The study protocol
was reviewed and approved by the federal authority (approval ID: 09/
2019) for compliance with the national animal welfare act. It was carried
out in accordance with the European animal protection legislation (Direc-
tive 2010/63/EU). All experimentswere performed at the Institute for Clin-
ical and Experimental Surgery, Saarland University, Germany.

2.3. Animal procedure

All animals received a one-day pre-treatment with 200 mg
acetylsalicylic acid. Intramuscular injections of xylazine (2.5 mg/kg body
weight), ketamine (30 mg/kg body weight) and atropine (1 mg) were
used to induce sedation. Subsequently, the animals were placed in a stable
supine position after being transferred to the operating room. An intrave-
nous line with 0.9 % saline solution was set up for intraoperative fluid sup-
ply. For analgesia, carprofen (4 mg/kg body weight) was administered
intravenously to the animals at the start and end of the procedure. After
orotracheal intubation inhalative isoflurane (2–3 %) was used to maintain
anaesthesia. A 6 French introducer sheath was inserted into the femoral ar-
tery using ultrasound guidance followed by heparin administration of
100 IU/kg body weight. Cervical target vessels (A. cervicalis interna, A.
carotis externa) of appropriate size for stent implantation were angiogra-
phically selected. These vessels were selected to ensure the easiest possible
stent implantation with minimal curvature and without dislocation. Al/
Al2O3 + PTFEP coated stents were manually crimped on balloon catheters
compatible Al/Al2O3 + PTFEP coated stents, which progressed from surface
ototype biocompatible stent surface that can be used in animal models.



Table 1
Quantitative angiography of cervical arteries at implantation and 90-day follow-up.
Overstretch ratio = stent diameter/reference vessel diameter∗100, late loss = lu-
minal diameter at implantationminusminimal luminal diameter after 90 days. Data
presented as mean ± SD.

Al/Al2O3 + PTFEP
coated stents (n = 12)

Control stents
(n = 17)

p

Quantitative angiography at stent implantation
Reverence vessel diameter (mm) 1.95 ± 0.46 1.95 ± 0.50 0.98
Stent diameter (mm) 2.48 ± 0.38 2.60 ± 0.70 0.63
Overstretch ratio (%) 132.3 ± 33.4 128.5 ± 18.4 0.74

Quantitative angiography at 90-day follow-up
Minimal luminal diameter (mm) 2.07 ± 0.52 1.82 ± 0.27 0.29
Late loss (mm) 0.45 ± 0.39 0.62 ± 0.25 0.37
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of appropriate size of the samemanufacturer before being implanted in the
target vessel in a non-curved segment. Commercially available
cobalt‑chromium L-605 (Coroflex stents) and stainless steel 316-L (Cordis
stents, ZETA stents) bare-metal stents were implanted as control stents.
For 20 s, a stent-to-artery ratio of 1,3:1 was used for stent dilation. Fifteen
Al/Al2O3 + PTFEP coated stents and nineteen control stents were im-
planted in total. Each Al/Al2O3 + PTFEP coated stent was implanted prox-
imal to a control stent in the same vessel, and four control stents were
implanted individually in a vessel. Stent diameters ranged from 3 to
4 mm and lengths from 8 to 24 mm. Until sacrifice, all animals received
daily oral doses of 100 mg acetylsalicylic acid and 75 mg clopidogrel.

All animals were subjected to control angiography and OCT acquisition
after 90 days. Thereafter, 3 to 6 g sodium pentobarbital was used to eutha-
nize the animals. The stents were surgically removed and embedded in a
4 % formalin solution.

2.4. Quantitative angiography

Amonoplane fluoroscopic systemwas used to acquire angiographic im-
aging (Ziehm Vision imaging, Nuremberg, Germany). As a contrast agent,
Bracco Imaging's Solutrast 300 (Milan, Italy) was used. The following pa-
rameters were assessed: Reference vessel diameter, stent diameter and
overstretch ratio at baseline, minimal luminal diameter and late loss at
the 90-day follow-up angiography. Late loss was calculated as the differ-
ence between luminal diameter at implantation minus minimal luminal di-
ameter after 90 days.

2.5. Optical coherence tomography

A 6 French guiding catheter and a 0.014-inch wire were used to place a
2.7 F Dragonfly OPTIS imaging catheter (St. Jude Medical/Abbott Labora-
tories, Illinois, USA) in the target vessel for OCT image acquisition. The im-
aging lens at the tip of the catheter was positioned 10mm behind the distal
stent under fluoroscopy. The vessel was manually flushed with 10 ml of
contrast media, and images were captured with a high temporal resolution
of 180 frames/s while the imaging catheter was automatically pulled back
at 18 mm/s. OCT images were analysed offline by an experienced radiolo-
gist blinded to the histomorphometric results. The proximal, medial, and
distal segments of each stent were measured. The cross-section with the
highest degree of stenosis in each stent thirdwas selected for measurement.
Mean stent area (mm2) and mean luminal area (mm2) were measured and
mean neointimal area (mm2) was calculated by subtracting luminal area
from stent area. The mean area obstruction was calculated by dividing
the neointimal area by the stent area∗100 (in %). The distance from the
inner stent surface to the luminal border was used to calculate mean neoin-
timal thickness (NIT).

2.6. Histologic and morphologic analysis

Under constant agitation, the formalin-fixed specimens were cleaned of
extraneous fatty tissue residues and dehydrated with ethanol and xylene.
After that, the specimens were immersed in methyl methacrylate (MMA).
The MMA vessel blocks were cut at four points with a cutting microtome
(diamond knife), and several 10–12 μm thick sections were made in each
case. Final specimens were stained by hematoxylin and eosin and
Masson-Goldner technique. Each stent had approximately 15 sections
taken, the section with the highest quality of each stent third (distal, me-
dial, and proximal) was examined. Histomorphometric measurements
were performed using specialized imaging software (LUCIA G 5.00). The
external elastic lamina (EEL), internal elastic lamina (IEL), and lumen
area were all semi-automatically bypassed, and the neointima area (NA)
was calculated as the difference between the IEL and the lumen area. The
area of obstruction was calculated as NA/IEL*100 (in %). The thickness
of the neointima was measured from the lumen to the IEL or endoluminal
stent site. Mean neointimal thickness was measured at 10–12 sites around
the circumference and averaged. The injury and inflammation scores
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were calculated in the manner described previously by Schwartz [15]. Fi-
brin score was assessed based onMoreno et al. [16] as follows: (0) No fibrin
deposition around strut, (1) fibrin deposition in <25 % around the strut,
(2) fibrin deposition 25–50 % around strut, (3) fibrin deposition 50–75 %
around strut, (4) fibrin deposition 100 % around strut.

Scanning electron microscopic (SEM) imaging was performed on one
Al/Al2O3+PTFEP coated stent and one control stent that had been embed-
ded in polymethyl methacrylate (PMMA). For SEM analysis, samples were
sputter-coated with carbon. SEM analysis was carried out using an XL30
ESEM FEG (FEI, Eindhoven, The Netherlands) at 5 kV and 10 kV, respec-
tively, at up to 20,000-fold magnification. Additionally, an energy disper-
sive X-ray analysis (EDX) was performed.

2.7. Statistical analysis

As the parameters of the histomorphometric analysis and OCT had a
roughly Gaussian shape in a graphical check by boxplots, they were re-
ported as means and standard deviations and compared between Al/
Al2O3 + PTFEP coated stents and uncoated stents using the Student's t-
test in the version for different variances. Pearson's correlation coefficient
was used to investigate the relationship between variables and a test for
the null hypothesis of independence. SPSS 17.0 and MS Excel Version
16.68 were used for computations. P values <0.05 were considered signif-
icant.

3. Results

Fifteen Al/Al2O3 + PTFEP coated stents and nineteen control stents (8
stents 316-L stainless steel, 11 stents cobalt-chromium L-605) were initially
implanted. In two vessels, the proximal control stent migrated into the dis-
tal Al/Al2O3 + PTFEP coated stent in the same vessel, resulting in a stent-
in-stent configuration. These stents were excluded from the analysis. One
Al/Al2O3+ PTFEP coated and six control stents could not be located at ex-
plantation. Visual examination of the explanted stents revealed no evidence
of acute thrombosis or arterial occlusion. During dissection, no thrombus
was visible through the visible stent struts. Finally, the histological analysis
included 12 Al/Al2O3 + PTFEP coated and 11 control stents.

3.1. Quantitative angiography

Stent sites were angiogrammed before and after stent implantation and
at the 90-day follow-up, which was feasible for 12 Al/Al2O3 + PTFEP
coated stents and 17 control stents. This confirmed the correct position of
the stents. Quantitative angiography further revealed that the two groups
agreed on reverence vessel diameter, stent diameter, and overstretch
ratio. At the 90-day follow-up the minimal luminal diameter was larger in
Al/Al2O3 + PTFEP coated stents and late loss was reduced, indicating a
less pronounced neointimal growth in Al/Al2O3 + PTFEP coated stents;
however, values did not reach statistical significance (Table 1). There was



Table 2
OCT findings of stented cervical arteries at 90-day follow-up.Mean area obstruction
calculated at all measured sites as neointimal area/stent area∗100. Data presented
as mean ± SD.

Al/Al2O3 + PTFEP
coated stents

Control stents p

n (analysed stents) 8 9
Mean luminal area (mm2) 5.23 ± 2.61 4.91 ± 2.08 0.80
Mean stent area (mm2) 6.41 ± 2.66 6.92 ± 2.73 0.72
Mean neointimal area (mm2) 1.16 ± 0.77 1.98 ± 1.04 0.004
Mean area obstruction (%) 20.17 ± 11.02 29.80 ± 10.35 0.006
Area obstruction distal (%) 16.51 ± 9.67 25.99 ± 6.22 0.05
Area obstruction medial (%) 20.42 ± 13.02 29.82 ± 13.66 0.19
Area obstruction proximal (%) 21.71 ± 13.03 31.35 ± 10.15 0.14
Mean neointimal thickness (mm) 0.28 ± 0.20 0.47 ± 0.19 0.003
Neointimal thickness distal (mm) 0.20 ± 0.12 0.41 ± 0.15 0.02
Neointimal thickness medial (mm) 0.31 ± 0.20 0.49 ± 0.23 0.13
Neointimal thickness proximal (mm) 0.34 ± 0.23 0.51 ± 0.17 0.15

Table 3
Histomorphometric results of explanted Al/Al2O3 + PTFEP coated and control
stents at 90-day follow-up. EEL external elastic lamina, IEL internal elastic lamina,
NA neointima area (= IEL area minus lumen area). Data presented as mean± SD.

Al/Al2O3 + PTFEP
coated stents

Control stents p

n (analysed stents) 12 11
EEL area (mm2) 7.90 ± 3.23 8.78 ± 6.47 0.53
IEL area (mm2) 6.05 ± 2.64 6.85 ± 5.44 0.64
Lumen area (mm2) 2.80 ± 1.53 4.20 ± 4.88 0.16
NA (mm2) 2.85 ± 1.5 2.70 ± 1.66 0.81
Max. neointimal thickness (mm) 0.79 ± 0.43 0.70 ± 0.46 0.42
Mean neointimal thickness (mm) 0.45 ± 0.21 0.49 ± 0.28 0.54
Mean neointimal thickness distal 0.40 ± 0.20 0.44 ± 0.31 0.68
Mean neointimal thickness medial 0.43 ± 0.15 0.51 ± 0.28 0.47
Mean neointimal thickness proximal 0.53 ± 0.26 0.51 ± 0.25 0.88
Injury score 1.62 ± 0.78 1.36 ± 0.77 0.42
Inflammation score 1.96 ± 0.77 1.44 ± 0.93 0.16
Fibrin score 2.09 ± 0.79 1.84 ± 1.01 0.31
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no thrombus deposition in either the Al/Al2O3 + PTFEP-coated or control
stents.

3.2. OCT analysis

OCT images were available for eight Al/Al2O3 + PTFEP coated stents
and nine control stents. Table 2 summarizes the findings of the OCT analy-
ses. Intraluminal thrombus formation was not observed, and all vessels
were seen open with no vessel obstruction. The mean neointimal area
was 1.16 ± 0.77 mm2 in Al/Al2O3 + PTFEP coated stents and 1.98 ±
1.04 mm2 in control stents (p = 0.004). The mean area obstruction (p =
0.006) and the mean neointimal thickness (p = 0.003) were significantly
reduced in Al/Al2O3 + PTFEP coated stents compared to control stents.
By OCT, no significant differences were seen between 316 L and L-305
Fig. 2.Optical coherence tomography (OCT) cross-sectional view of a porcine cervical ar
through an Al/Al2O3 + PTFEP coated stent, top right. The reconstructed longitudinal
sections. OCT shows neointimal formation in uncoated bare metal stents and suppressio
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control stents. In all stents, the mean area obstruction and the mean neoin-
timal thickness decreased from proximal to distal (Fig. 2).

3.3. Histomorphometric analysis

Histological examination revealed varying degrees of neointimal forma-
tion and lumen narrowing (Table 3, Fig. 3). There were no statistically sig-
nificant differences between Al/ Al2O3 + PTFEP coated stents and control
stents and between 316 L and L-605 control stents. Although the Al/
Al2O3 + PTFEP coated stents exhibited a slightly larger neointimal area,
the mean neointimal thickness was lower in the Al/Al2O3 + PTFEP coated
stents, decreasing from proximal to distal, as seen on OCT. The stents in
both groups experienced complete re-endothelialisation.
tery at 90-day follow-up. Cross-section through a control stent, top left; cross-section
vessel section in the lower image area shows the measurement points of the cross-
n of neointimal proliferation in Al/Al2O3 + PTFEP coated stents.



Fig. 3. Stented porcine cervical artery segment with neointimal formation in an Al/Al2O3 + PTFEP coated stent (right) and bare metal stent (left) at 90-day follow-up
(hematoxylin-eosin staining).
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The assessed injury score indicated minor to moderate injury, which
means that the internal elastic lamina was lacerated. The media was com-
pressed, but the external elastic lamina was preserved. The extent of injury
was comparable in both groups. The inflammation and fibrin scores did not
differ significantly, though they were higher for the Al/Al2O3 + PTFEP
coated stents. Therewas a clear inflammatory responsewith cells surround-
ing the stent struts and increased fibrin deposition around coated stent
struts (Fig. 4). The inflammation score correlated significantly with the
maximum neointima thickness in both Al/Al2O3 + PTFEP coated (r =
0.74, p = 0.004) and control stents (r = 0.61, p = 0.035).

3.4. SEM imaging

SEM imaging was used to visualize the coating on explanted stents.
Fig. 5 shows the cross-section of an explanted Al/Al2O3 + PTFEP coated
stent. A distinctive layer is visible on the metal material of a stent cross
Fig. 4. Left: Inflammatory cells surrounding the Al/Al2O3 + PTFEP coated stent strut i
Masson Goldner staining with fibrin deposition (red) around all stent struts.

35
brace, indicating the Al/Al2O3 + PTFEP coating (Fig. 5A, B). The specific
nanowire structure as seen in Figure Suppl. is no longer visible, because it
has been masked by proteins and cells. During the cutting procedure, the
coatingwas detached and lifted from the stent surface, resulting in a gap be-
tween the stent and the layer, which elucidates the coating character of the
structure on the stent. This intersection was used for energy dispersive X-
Ray analysis (EDX, Fig. 5C, D). The performed EDX spectroscopy enables
semi-quantitative analysis. Contamination from the environment, such as
airborne components or from sample processing, can affect the chemical
composition. Nevertheless, the EDX analysis allowed an unambiguous as-
signment of the components of the stents or their coating. The element com-
position of the stent showed high amounts of metallic components,
including chromium (Cr: 15,2 % weight (wt)), nickel (Ni: 15,4 % wt) and
iron (Fe: 59,5 % wt), indicating the stainless-steel alloy of the stent mate-
rial. In comparison, the composition of the distinct coating layer (Fig. 5D)
contained aluminium (Al: 7,6 %wt) as well as very high amounts of oxygen
n a vessel with pronounced neointimal growth (hematoxylin-eosin staining). Right:



Fig. 5. SEM view of the cutting edge of an explanted Al/Al2O3 + PTFEP coated stent at 1000× and 10,000×magnification (A, B). Arrows point to the Al/Al2O3 + PTFEP
coating. Energy-dispersive X-ray spectroscopy (EDX) analysis shows the composition of the constituents (C, D). Red squares indicate the exact position of EDX-analysis of the
stent (C) and the coating (D) at 25000× magnification. The word “stent” indicates the front stent surface in the cross section.
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(O: 35,3 % wt), suggesting the origin of both elements from the Al/
Al2O3 + PTFEP nanowire coating. A small quantity of oxygen was due to
its reactivity and the rapid formation of an oxide layer on sample surfaces
from the oxygen of the air, and could also be detected on bare metal. The
presence of carbon in both areas is caused by the carbon sputter-coating
procedure, which is essential for SEM analysis. The element osmium
(Os: 6,5 % wt) was issued from the fixation solution containing osmium
tetroxide.

4. Discussion

Based on our previous results in vitro [6], we herein were able to bring
the developed hybrid coating on complex three-dimensional surface struc-
tures and evaluated the cellular response to implanted stents in small pe-
ripheral vessels after 90 days. By this, we demonstrated that Al/
Al2O3 + PTFEP coated stents can be used in vivo safely and effectively
with significantly lower intima proliferation and less in-stent stenosis in
the OCT measurement. To our knowledge, this is the first experimental
study to show a significant effect of this novel coating approach in small pe-
ripheral vessels.

Since intima proliferation in general presents the main challenging
complication after stent implantation, we focused on its assessment using
angiography, OCT and histomorphometry. In fact, we detected a signifi-
cantly reduced formation of the neointimal cell layer in Al/Al2O3+ PTFEP
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coated stents compared to control bare metal stents by OCT 90 days after
implantation. This reduction was true for all parts of the stents (proximal,
medial, and distal). Previous studies have demonstrated that OCT is a reli-
able method with good agreement in terms of arterial healing when com-
pared to light and electron microscopic results [17] as well as histologic
examination [18] with excellent reproducibility [19]. A comparative
study by Lemos et al. [20] showed very high agreement between intravas-
cular ultrasound/OCT and histology, even though OCT uses stent area
rather than IEL area. The reduced extent of neointimal cell growth supports
our previous in vitro findings that an Al/Al2O3 surface induces endothelial-
ization while inhibiting SMC proliferation [12,21].

For the first time, a nanowire-coated stent surface was evaluated in vivo
in the present study. However, in vitro studies with othermetal oxide nano-
wire surfaces have already been conducted. They showed, for example, that
nanowires of Co3O4 exhibit an 11-day delay in drug releasewhen compared
to a flat cobalt-chrome substrate. This could be useful for drug-eluting im-
plants that require a controlled release [22]. Although drug-eluting stents
are not yet approved for pediatric cardiology, research has shown that duc-
tal stenting with drug-eluting stents results in less luminal loss and fewer
reinterventions [23]. In the field of percutaneous coronary interventions,
the ultra-thin Orsiro sirolimus-eluting stent showed excellent long-term re-
sults compared to conventional drug-eluting stents in several randomised
controlled trials [24,25]. It has a hybrid structure with a passive amorphous
silicon carbide coating and a bioresorbable poly-L-lactide drug-eluting
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coating. Although it does not take advantage of a nanostructured surface
with ultrahydrophobic properties like Al/Al2O3 + PTFEP coated stents, it
shows antithrombogenic properties, induces little inflammation and
shows early arterial healing [26]. Furthermore, after extensive in vitro stud-
ies on titanium dioxide there has been one in vivo study with TiO2

nanotubular arrays on titanium stents that demonstrated excellent results
in terms of neointimal cell growth and biocompatibility after implantation
in iliofemoral rabbit arteries [27].

The OCT findings in our study, which were corroborated by quantita-
tive angiography, showed clear differences between the Al/Al2O3+PTFEP
coated stents and the control stents. However, histological examination re-
vealed no clear significant differences between the two groups. These re-
sults can be explained by the two-dimensional cross-sectional assessment
of histological samples. The qualitatively best section in each stent third
was used for histologic evaluation. OCT assesses the whole stent-lumen be-
fore explantation and during perfusion, providing more representative in-
formation on the vessel wall and endothelial thickness within the
implanted stent. Here, the section that best represents the stent third with
the highest degree of stenosis was chosen for analysis. In consequence,
the OCT results in our study may bemore accurate in reflecting the amount
of neointimal growth than the conventional histologic evaluation. In line
with previous studies [18], we confirmed that OCT measurements of
lumen and stent area are higher than corresponding values assessed by his-
tologic measurements.

In other animal studies, the coating of stents with PTFEP alone without
a nanostructured surface has been shown to reduce in-stent restenosis in pe-
ripheral and coronary arteries [28]. Such stents have also been used in
humans for percutaneous coronary interventions with excellent results
[29] in terms of clinical outcome and late lumen loss. According to our
blood perfusion methods [6] we have previously demonstrated that only
the synergistic effect of surface topography combined with the superior
properties of PTFEP achieves a perfect biocompatible coating rather than
nano structuring or PTFEP coating alone. Hence, Al/Al2O3+PTFEP coated
stents are potential candidates for pediatric interventional practice, since
in-stent stenosis may result in significant blood flow impairment after pedi-
atric cardiac stent interventions [3].

Prevention of thrombus formation on cardiac devices is critical for clin-
ical outcomes, especially after a vascular injury caused by implantation.
Fluoropolymers have already been successfully used onmaterials in contact
with blood, such as guidewires, vascular sutures, and vascular grafts, due to
their anti-thrombotic and anti-inflammatory properties [30]. No thrombus
formation was observed visually, angiographically, or by OCT in our study.
This supports our preliminary findings [6] as well as other studies describ-
ing low thrombogenicity of PTFEP-covered stents in humans [29,30].

As measured by the inflammation score, the herein assessed number of
inflammatory cells was comparable to that of common drug-eluting stents
[31]. As demonstrated with a nanoporous stent coating of aluminium
oxide ceramic material in swine, alumina itself may have pro-
inflammatory properties. This showed a significantly increased inflamma-
tion score compared to bare metal stents. Though debris in the neointima
can contribute [32], this was not found in the current study. On the con-
trary, a rabbit model showed that for Al/Al2O3 ceramic surface alone and
in combination with tacrolimus-loading, inflammation was lower than in
control stents used, but still in the range of 1–1.5 inflammation score
[33]. However, an increased inflammation score with a remarkably high
number of inflammatory cells was observed around the stents in the current
study, which was also reflected in a higher fibrin score. Further research is
needed to determine whether this is due to the underlying material used
(Al/Al2O3+PTFEP) orwhether fractures in the surface coating are to blame.

Finally, SEM imaging was used for the visualization of Al/
Al2O3+PTFEP nanowire coating of explanted stents. SEMpictures showed
a specific structure that could be identified as a stent coating. By means of
energy dispersive X-Ray spectroscopy the elemental composition of the
stent material and the coating were clearly defined and distinguished
from each other. EDX analysis approved the SEM results, confirming the
presence of Al/Al2O3 + PTFEP in the coating of explanted stents through
37
elements quantification. While the stent material contained elements
from stainless steel, such as chromium, iron and nickel, the coating com-
prised a high proportion of aluminium and oxygen.

In blood and cell compatibility pre-studies of this study we analysed
two-dimensional surfaces [6,12]. However, complete and comprehensive
coating of all three-dimensional stent structures and surfaces was challeng-
ing andwas established under experimental settings. Although all stents un-
derwent light microscopic examination, residual irregular and
inhomogeneous coatings are to be expected and may have contributed to
the cell reaction in the Al/Al2O3 + PTFEP coated stent group.

5. Conclusions

In conclusion, this is the first study in an animal model, which investi-
gated the tolerability and vascular cellular response to a novel nanostruc-
tured Al/Al2O3-coated stent surface with on top PTFEP coating. The
placement of these stents in peripheral arteries demonstrated good toler-
ancewithout treatment-associated vascular obstruction or thrombus forma-
tion and reduced in-stent restenosis on OCT 90 days after implantation.
Despite the technical challenges of coating prototypes of Al/Al2O3+PTFEP
coated stents, our results confirmprevious cell culture experiments, indicat-
ing that the newly super-hydrophobic surface exhibits high
cytocompatibility and hemocompatibility with significantly reduced plate-
let adhesion and activation. However, further improvement of the coating
is required, especially to reduce the degree of inflammation in the sur-
rounding tissue. Nonetheless, our findings suggest that PTFEP coating of
Al/Al2O3 coated nanowire stents is a promising approach and may have
the potential to address in-stent stenosis, a significant challenge in both pe-
diatric and coronary interventional cardiology.
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