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Particle Debris From a Nanoporous Stent Coating
Obscures Potential Antiproliferative Effects of

Tacrolimus-Eluting Stents in a
Porcine Model of Restenosis

Marc Kollum,1 MD, Andrew Farb,2 MD, Ralf Schreiber,1 Kirubel Terfera,2 Amina Arab,1 MD,
Andrea Geist,3 MD, Jörg Haberstroh,3 MD, Stephan Wnendt,4 PhD,

Renu Virmani,2 MD, and Christoph Hehrlein,1* MD

Polymer stent coatings may not be suitable for drug elution because of inherent proin-
flammatory effects. A previous study suggested a beneficial effect of a stent eluting
tacrolimus from a nanoporous ceramic aluminum oxide coating in a rabbit restenosis
model. We investigated whether this stent is effective in preventing in-stent restenosis in
a porcine restenosis model. Thirty-four juvenile swine underwent balloon overstretch
injury and were subjected to implantation of either stainless steel (bare) stents, bare
stents coated with nanoporous aluminum oxide alone, and coated stents eluting 50 and
180 mg of tacrolimus (FK506). In-stent restenosis was quantified at 1 and 3 months after
stent placement by histomorphometry. A significant increase of neointimal hyperplasia
was noted with the stents coated with aluminum oxide alone compared with bare stents
(2.92 6 1.02 and 1.38 6 0.51 mm2, respectively; P < 0.02). In all arteries containing coated
stents, particle debris was found in the media and neointima, resulting in augmented
vascular inflammation. In the group of stents coated with aluminum oxide, FK506 elution
at a dose 180 mg reduced neointimal hyperplasia vs. no drug elution (1.66 6 0.49 vs.
2.92 6 1.02 mm2; 180 mg vs. ceramic alone; P < 0.03). At a dose of 50 mg stent-based
delivery of FK506, no reduction of neointimal hyperplasia was found (2.88 6 1.31 and
2.92 6 1.02 mm2, respectively; P = NS; FK506 vs. ceramic alone). In summary, particle
debris shed from a drug-eluting aluminum oxide coating of a stainless steel stent counter-
acts potential antiproliferative effects of stent-based tacrolimus delivery in a porcine
model of restenosis. We propose that stent coatings eluting drugs need to be routinely
tested for being tightly anchored into the stent surface. Alternatively, omission of any coat-
ing used as a drug reservoir may eliminate inflammatory particle debris after placement of
drug-eluting stents. Catheter Cardiovasc Interv 2005;64:85–90. ' 2004 Wiley-Liss, Inc.
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INTRODUCTION

The major complication of coronary stenting is in-
stent restenosis, which is due to excessive neointimal
proliferation and remains a therapeutically challenge
[1,2]. Different approaches have been utilized to avoid
in-stent restenosis, including endovascular irradiation
[3], radioactive stents [4], and drug-eluting stents [5–7].
To date, several agents eluting from stents have been
studied, including paclitaxel, QP-2, rapamycin, actino-
mycin D, dexamethason, tacrolimus, and everolimus.
Different studies, published recently or are still ongoing,
have evaluated these drugs with respect to their release
kinetics, effective dosage, safety in clinical practice, and
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benefit [8–12]. Sirolimus (rapamycin) is a potent inhibi-
tor of smooth muscle cell (SMC) proliferation and
migration. Rapamycin-mediated inhibition of SMC pro-
liferation is associated with upregulation of the cyclin-
dependent kinase inhibitor p27 (Kip1) [13]. Tacrolimus
(FK506) is a macrolide antibiotic with immunosuppres-
sive properties. This agent may enhance expression
of the transforming growth factor b1 gene and was
suggested to inhibit T-cell proliferation in response to
upregulation of the T-cell receptor [14].
Stent coatings made from polymers have caused sub-

stantial local inflammatory response in the past, and
even today refinement of the polymer coating technol-
ogy leaves room for improvements with respect to
biocompatibility [15]. Alternatively, nonpolymeric coat-
ings may reduce potential adverse effects. A recently
published previous study found a positive synergistic
effect of a nanoporous ceramic stent coating combined
with the elution of tacrolimus in a rabbit restenosis
model [16].

The present study was designed and conducted
according to the recommendations of the American
Consensus Group for Research on drug-eluting stents
[17] to evaluate this novel stent in a porcine coronary
restenosis model. The nanoporous ceramic stent coat-
ings were manufactured as described previously [16]
and were loaded with two potentially effective doses
of tacrolimus (FK506) to inhibit in-stent neointimal
hyperplasia.

MATERIALS AND METHODS

Model of Porcine Coronary Stent Overstretch
Injury

Thirty-four domestic juvenile swine, 35–40 kg in
weight, were implanted with either bare stents, stents
with nanoporous aluminum oxide coating, 50 mg or
180 mg tacrolimus eluting from a nanoporous alumi-
num oxide-coated stents (JOMED, Rangendingen,
Germany) in the LAD and LCX or RCA. Stents were

Fig. 1. A: Nanoporous stent coating using aluminum oxide ceramic material. B: Tacrolimus
release from a nanoporous aluminum oxide stent coating. Lot 2082 initial loading, 210 mg/stent;
lot 2083 initial loading, 216 mg/stent; lot 2084 initial loading, 231 mg/stent. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com]
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deployed at high pressure (10–14 atm for 20 sec) using
a balloon 3.0–3.5 mm in diameter, 20 mm in length,
for the 15 mm stent. The stent artery ratio was kept
between 1:1.15 and 1:1.3. The position of the stent
was documented angiographically. All animals were
pretreated with aspirin 325 mg and clopidogrel 75 mg
p.d. 24 hr before the procedure and on each subsequent
day until death.

Stent Coating and Drug Loading Details

Stainless steel stents were coated with a 0.5 mm
thick nanoporous aluminum oxide layer that houses
and releases tacrolimus as described previously [16].
The maximal drug loading on such a nanoporous ce-
ramic stent was 3 mg/mm2 (Fig. 1A). Drug release
kinetics show that about 80% of the initially loaded
drug is released from the stent within 100 hr (Fig. 1B).

Tissue Processing and Histomorphometry

Animals were killed 1 and 3 months after stent
placement. The hearts were excised and the treated
arteries were perfusion-fixed with formalin. The stented
segments were dissected free from the heart and
embedded in methyl methacrylate. Specimens were
sectioned with the stent in place with a rotational
microtome (Leica, Germany). Vessel parameters were
measured using a computerized image analysis pro-
gram using 10� magnification as described previously
[18,19]. In brief, area measurements were obtained by
tracing the external elastic lamina (external elastic
lamina area, EEL; mm2), the internal elastic lamina
(internal elastic lamina area, IEL; mm2), and lumen
line (LA; mm2). Neointimal area (NA; mm2) was cal-
culated as follows: NA ¼ IEL � LA. The percentage

of neointimal stenosis was calculated as follows: %
stenosis ¼ IEL/LA � 100%.

Assessment of Vascular Injury and Inflammation

The extent of the vessel injury caused by the stents
was quantified using the modified method of Schwartz
et al. [20]. In brief, a score of 0–2 was applied to
account for differences of mechanical injury in the
media due to nonuniform strut expansion or nonproper
stent coatings. The amount and extent of inflammatory
cells around the stent struts was analyzed and scored
as follows: no inflammation ¼ 0; up to 1/4 of the
neointima ¼ 1; 1/4 to 1/2 of the neointima ¼ 2; more
than 1/2 of the neointima ¼ 3.

Statistical Methods

Values are given in mean 6 standard error (SEM).
Comparisons of the three groups were made using
either one-way ANOVA followed by the least-signif-
icant difference posthoc test for groups whose SD of
the means was not statistically different (P < 0.05 by
Bartlett’s test) or by the Kruskall-Wallis. ANOVA
followed by Dunn’s test was used for groups whose
SD of the means was statistically different (P < 0.05
by Bartlett’s test). Statistical differences between
treatment groups were considered significant with a
P < 0.05.

RESULTS

Four weeks after implantation of either stainless
steel (bare), ceramic aluminum oxide coating without
drug release, 50 mg or 180 mg tacrolimus-eluting stents

TABLE I. Histomorphometric Analysis 4 and 12 Weeks After Implantation of
Either Stainless Steel, Ceramic Coated, or Tacrolimus-Eluting Ceramic-Coated Stents

Stainless steel Ceramic

50 mg
tacrolimus

180 mg
tacrolimus

4 weeks n = 12 n = 9 n = 6 n = 6

Neointimal thickness (mm) 0.15 6 0.07 0.41 6 0.19a 0.32 6 0.17a 0.19 6 0.08b

Neointima area (mm2) 1.38 6 0.51 2.92 6 1.02a 2.88 6 1.31a 1.66 6 0.49b

% stenosis 26.2 6 9.7 52.1 6 1.9%a 41.8 6 16.9a 30.1 6 8.6b

Injury score 0.19 6 0.18 0.49 6 0.60 0.35 6 0.26 0.22 6 0.25

Inflammation score 0.13 6 0.10 1.0 6 0.24a 0.75 6 0.25a 1.33 6 0.33a

EEL (mm2) 6.44 6 1.02 6.81 6 0.76 8.15 6 1.48a,b 6.73 6 0.55

12 weeks n = 6 n = 6 n = 6 n = 6

Neointimal thickness (mm) 0.15 6 0.14 0.26 6 0.26 0.25 6 0.14 0.23 6 0.12

Neointima area (mm2) 1.50 6 0.79 2.38 6 1.99 2.27 6 1.06 2.09 6 0.66

% stenosis 28.7 6 16.0 40.0 6 23.0 36.1 6 13.2 35.3 6 11.5

Injury score 0.36 6 0.26 1.20 6 1.08 1.92 6 1.30a 1.22 6 0.21b

Inflammation score 0.33 6 0.10 1.67 6 0.57a 1.67 6 0.33a 1.67 6 0.33a

EEL (mm2) 5.52 6 0.76 6.94 6 1.89 6.84 6 0.89 6.88 6 0.32

aP � 0.02 vs. bare stent.
bP � 0.03 vs. ceramic.
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(TESs), a significant increase of neointimal area was
found with the nanoporous ceramic drug housing com-
pared to the bare stents. Comparing both groups,
neointimal thickness was two- to threefold higher and

stenosis percent was twofold higher in the stent group
with ceramic coating. Therefore, the combination of
coating and drug failed to demonstrate efficacy in com-
parison with bare metal stents in a porcine model of
restenosis. In all cross-sections of arteries containing
stents coated with aluminum oxide layers, particle de-
bris was noted in the media and neointima. The elu-
tion of 50 mg tacrolimus demonstrated a comparable
increase in neointima area, intimal thickness, and ste-
nosis percent as ceramic stent alone. Interestingly, the
180 mg dose TESs reduced neointimal growth signif-
icantly compared to stents with ceramic coating alone
and eluting 50 mg indicating a potential antiprolifera-
tive effect of the drug. In the 4-week animals, injury
score was comparable in all four groups examined.
Inflammation scores were significantly higher after
placement of stent with ceramic coating with and with-
out elution of tacrolimus as compared to bare stents
(Table I, Figs. 1–3).

Twelve weeks after placement of either stainless
steel, ceramic, 50 mg and 180 mg TESs, we found simi-
lar results for intimal thickness, neointimal area, and
stenosis percent compared with the 4-week groups. In
all stents with ceramic coatings, an increased vascular
inflammation was still present when compared with
stainless steel stents (Table I, Figs. 1–3).

DISCUSSION

The present study demonstrated an inhibitory effect
on neointimal proliferation of tacrolimus eluting from
coronary stents in a porcine model of stent restenosis
but revealed major particle debris from a nanoporous
stent coating counteracting this inhibitory effect. Thus,
we only confirmed in part previous animal data in the
rabbit [16] showing that tacrolimus eluting from a
nanoporous aluminum oxide stent coating may have
antiproliferative capacities in the subgroup of the
coated stents. The rabbit and the porcine model of rest-
enosis have distinct differences with respect to vessel
structure and proliferative responses to injury, and
therefore the data of the present study are not compar-
able with the previous work. In our study, particle de-
bris cracking off from the ceramic drug housing during
stent expansion eliminated any potential antiprolifera-
tive effects of tacrolimus and, even worse, increased
neointimal growth and luminal stenosis compared to
bare stents. Our results may have been corroborated by
the relatively high restenosis rates of a pilot clinical
trial (PRESENT) using the nanoporous ceramic coating
eluting tacrolimus (data not shown). The PRESENT
trial was terminated early to refine the drug delivery
platform of the stent. The aluminum oxide particle

Fig. 2. Four histomorphometric images of arterial cross-sec-
tions processed 4 weeks after placement of bare stents, alu-
minum oxide ceramic-coated stents, and aluminum oxide
ceramic-coated stent eluting 50 and 180 mg of tacrolimus
(FK506). A: Bare metal stent at 4 weeks. Well-healed thin
neointima present. B: Ceramic-coated stent at 4 weeks. Thick
neointima present. Fragment of ceramic stent coating present
in neointima (arrow, right). C: Ceramic-coated stent eluting
FK506 (50 mg) harvested at 4 weeks. Well-healed moderately
thick neointima present. Fragments of ceramic stent coating
present in neointima (arrow, right). D: Ceramic-coated stent
eluting FK506 (180 mg) harvested at 4 weeks. Well-healed
neointima present; similar in area to bare metal stent. Frag-
ment of ceramic stent coating present in neointima (arrow,
right). [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com]
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debris exaggerated inflammatory responses to the stent
surface in porcine coronary arteries most likely during
stent expansion. Mechanical stress during stent expan-
sion and deployment in vivo may contribute to particle
debris beyond the amount assessable by in vitro bench
tests. An inflammatory response related to loose ceram-
ic particles in other tissues was described by Nagase
et al. [21].
Approximately 20% of the loaded tacrolimus

(FK506) was not released from the stent, most likely
because of the high liphophilicity of the drug. FK506
elicited a dose-dependent reduction of the neointima in
the subgroup of stents with aluminum oxide coating,
which appears to be associated with the known anti-
inflammatory actions of the drug. Yet a relatively high
dose of 180 mg dose of FK506 was necessary to yield
amounts of neointima comparable with those formed in
stainless steel stents. A neointimal catch-up was
observed at 3 months in the 180 mg dose group vs. the
results at 1-month follow-up, indicating that potential
antiproliferative and anti-inflammatory drug effects
may last only temporarily.
Other animal studies of drug-eluting stents have

already shown that drug-eluting stents (DESs) may
increase the presence of fibrin, inflammation, and
incomplete endothelialization compared with bare
stainless steel stents [22]. However, if inflammation is
exaggerated in DESs, stent thrombosis, malapposition
of the stent, as well as potential dislodgment may be
the consequence. If drug-eluting stents are inflamma-
tory, there may be greater risk of thrombus formation
or hemorrhage around the strut. In the RAVEL study,
for example, a higher incidence of incomplete stent
apposition in patients receiving sirolimus-eluting stents

compared with the uncoated stent group was found,
which may not only be associated with the growth-
arresting effects of the drug but also with a lack of
biocompatibility of the polymer [12,23,24]. Studies
looking at the time courses of inflammation after
stenting suggested that lengthier human and animal
studies are necessary to find out whether negative
consequences will be observed in a late phase after
implantation of drug-eluting stents. Animal studies of
polymer-coated stents showed that healing is incom-
plete and inflammatory reactions are clearly still
ongoing in a late phase after implantation of drug-
eluting stents [25].

We previously reported that stent surface coatings
may be prone to fissures, cracks, and particles debris
[26]. The durability and biocompatibility of ceramic
coatings may vary significantly by the substance and
the manufacture of the coating. Titanium oxide, for
instance, has other characteristics than aluminum
oxide. Ceramic coatings of heart valves using titanium
oxide have been shown to exert profound antithrombo-
genic and break resistant properties [27,28]. The pres-
ent data suggest that stent coatings for drug release
should be very tightly fixed to the stent frame. Many
stent coatings, including those of polymer nature, come
loose during the enormous mechanical stress of stent
expansion and cause additional vessel wall injury.
Local inflammation due to either particle elimination
processes or augmented vascular injury is known to
increase in stent restenosis. Further research is cur-
rently conducted to investigate whether surface poro-
sity alone created in bare metal stent frames is
eliminating the problem of particle debris cracking off
from porous coatings of drug-eluting stents.

Fig. 3. High-power field magnification
of the neointima 4 weeks after place-
ment of a ceramic stent. The image
shows aluminum oxide particles (arrows)
within the neointima (N). M, media.
[Color figure can be viewed in the on-
line issue, which is available at www.
interscience. wiley.com]
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