3500 _fournal of Medicinal Chemistry, 2003, Voi. 46, No. 16

effective plasma level for long periods by prevention of
hepatic uptake in addition te the local administration
activity.

The in vitro enzy me assay showed that the succinyl-
ated MMP inhibitor and the prodrug polymers main-
tained their inhubition activity for the human matrix
metalloproteinases after chemical modification. Com-
paring the MMP inhibition activities with ONO-4817,
which is only slightly soluble in water, the ICse values
for each of the MMPs were approximately identical. Due
to the high water solubility of these water-soluble MMP
inhibitors, they offer many advantages for drug dose
dependent clinical trials and may suppress intimal
hyperplasia when the dose concentration of the MMP
inhibitors is increased. As for the prodrug polymers,
since the inhibition activities showed relatively good
retention they offer the potential for antirestenosis
therapy. However, the [Csp values for the prodrug
polymers indicated remarkably inferior inhibition ac-
tivities against all the MMPs compared to the mono-
meric MMP inhibitors. Such inactivation is attributed
to the steric hindrance of the MMP inhibitor moiety,
which inhibits ether MMP groups from binding to the
enzyme's active site. PA, the lower MB contents co-
polymer, showed about twice as much activity as PB.
However, copolymerization of non water-soluble syn-
thetic MMP inhibitors, such as ONO-4817, with mono-
mers of excellent water solubility, such as N N-dimeth-
ylacrylamide, is an advantageous strategy to maintain
drug concentrations at high levels in plasma and is
expected to express prodrug-like controlled drug delivery
functions by hydrolysis in vive. Further in vitro studies
of SMC migration assays using matrigel, in the presence
of MA, PA, and PB are currently in progress, as are in

vive inhibition studies of experimental neointimal hy- .

perplasia using local drug delivery systems with the
infusica balloon catheter.

Experimental Section

General Methods. 'H NMR spectra were recorded in
DMSO-d; or D0 using tetramethylsilane {0 ppm) as an
internal standard with a 270 MHz NMR spectrometer (JEOL,
GX-270, Tokyo, Japan) at room temperature. UV—vis absorp-
tion spectra were measured on a Pharmaspec UV-1700 spec-
trophotometer (Shimadzu, Kyoto, Japan). Gel permeation
chromatography (GPC) analyses in N Atdimethylformamide
were carried out with a HPLC-8020 instrument (Tesoh, Tokyo,
Japan) (column: Tosch TSKgel a-3000 and «-5000). The
columns were calibrated with narrow weight distributien poly-

* (ethylene glycol) standards.

In Vitro Enzyme Assay. MMPs were extracted and
purified from human normal derma!l fibroblast. To an assayed
buffer solution (40 ul) of the purified MMP (5.0 uM), p-
aminophenylmercuric acetate (APMA: 5.0 4L, 10 mM) was
added to activate the enzyme and preincubated at 37 °C for 1
h. A buffer solution (20 mL) of synthetic substrates, (7-
methoxycoumarin-4-yl) acetyl-Pro-Leu-Gly-Leu-(N3-(2.4-dini-
trophenyl)-L-2,3-dlamincpropionyl)-Ala-Arg-NH; (McaPLDG-
LDpaAR)?! (130 uL; final concentration: 13.5 £M) with or
without MMP inhibitor were incubated at 37 *C for 5 min prior
to addition of the preincubated activate enzyme (50 pLfwvell)
to each solution. The enzymatic assay was performed at 37
*C after 15 min incubation. The enzymatic activities were
represented by an In rease in the fluorescent intensity at 393
nm (excitation: 325 am) per 1 min over the period of incuba-
tion. Inhibition activity, the ICsg values, was determined from
plots of percentage inhibition vs log of inhibitor concentraton.

Materials. ONO-M11-335 was kindly supplied from ONO
Pharmaceutical Co., Ltd. (Osaka, Japan) and used as received.
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N-Hydroxybenztriazole (HOBt} was of spectal grade and
purchased from Peptide Institute Inc. (Osaka, Japan) and used
without further purification. 2-Aminoethyl methacrylate-tClI
was purchased from Polyscience Inc., (Niles, IL) and other
chemical reagents were commercially obtained from Wako
Pure Chemical Industries, Ltd {Osaka, Japan}. Anhydrous
solvents were distilled after drying.

Synthesis: N-Hydroxy-5-carboxylethylcarbonyloxy-
2{5)-methyl-4(5)-(4-phenoxybenzoyl)aminopentana-
mide (MA). To an anhydrous pyridine solution (5 mL) of ONO-
M11-335 (500 mg, 1.4 mmol) was added dropwise at 0 °C an
anhydrous pyridine solution {5 mL) of succinic anhydride {280
g, 2.8 mmol), and the mixture was then stirred overnight at

- reom temperature, The reaction mixture was diluted with

AcOEt (150 mL) and washed with 1. N HC] (50 mL x 2} and
then with 5% NaHCO; (50 mL x 2). The pH of the aqueous
layer was adjusted to pH 5 with 1 N HCI and then extracted
in AcOEt (50 mL x 2). After drying over MgSO,, the solvent
was removed by vacuum evaporation after filtration. The white
solid was purified by silica gel column chromatography (elu-
ent: chloroform/methanol, from 10/1 to 5/1) to give the desired
product as a white solid: yield 180 mg (28%); FAB-MASS m/n
459.18 [M -+ H*}; M, = 458.47 caled for CpaHzeN20g '"H NMR
(D:0 + NaCCs) 4 0.98 {d, 3H, /= 6.9 Hz, —CH3), 1.63—1.96
(m, 2H, —CH{CHyCH;-), 2.21-2.28 (q, 1H, J = 7.2 Hz,
~CHICH,}-), 2.30 (t, 2H, J = 6.0 Hz, —CH;CH.CC,H), 2.45
{t. 2H, J = 60 Hz, —CH,CH;CO;H)}, 4.02~4.28 (m, 3H,
—CHCFH,0-), 6.96—7.05 (m, 4H, m-H of ~-COC¢Hy— and o-H
of —0CeHs), 7-14 (t, 1H, J=7.5 Hz, p-H of —~OCgHs), 7.33 (t.
2H, J= 7.5 Hz, m-H of —OCH:}. 7.61 (d, 2H, J=7.5 Hz, ¢+ H
of —COCSI'Ll_)- Al'la]. (CzastNzOg) C. H. N.

. MHydroxy-5-[2-[N-[2-(isopropenylcarbonyloxy)ethyl]-
carbamoyl]ethylcarbonyloxy]-2(.5)-methyl-4(5)-(4-phe-
noxybenzoyl)aminopentanamide (MB). To an anhydrous
DMEF solution (5 mL) of MA (778 mg, 1.7 mmal), 2-aminometh-
acrylate-HCE (566 mg, 3.4 mmol), HOBt (344 mg, 2.55 mmol},
and NEt; (523 uL, 3.74 mmol) was added dropwise at =5 *C
DCC (421 mg, 2.0 mmol) in anhydrous DMF (5 mL), and the

‘mixture was stirred for 2 h followed by stirring overnight at

room temperature. The reaction mixture was extracted into
ethyl acetate and washed successively with three 50 mi
portions of 1 N HCI, three 50 mL portions of 5% NaHCOs3, and
50 mL of brine, followed the separation of the organic layer,
drying over MgS0Q,y, condensation, and purification by chro-
matography on silica gel (eluent chloroforr/methanol = 15/
1) to give the desired product as a white solid: yleld 536 mg
(55%); FAB-MASS m/n 570.25 [M + H*]: M, = 569.61 caled
for C»H3sN30s; 'H NMR (DMSO-dk) 8 1.04 (d, 3H, J= 5.4
Hz, —CH3), 1.60—-1.77 {m, 2H, —CH(CH3)CH;—), 1.87 (s, 3H.
—C({CH)=CH,), 2.23-2.48 {m, 5H, —OCOCHCH,CONH-
and —CHICH3)-), 3.31 (m, 2H, ~-CONHCH;CH,0CO-), 4.07—
4.21 (m, 5H, —CONHCH.CH:0C0— and —CHCFH;0-), 5.60
and 6.0! (s, 2H, —C{CH;)=C/£), 6.99-7.06 (t, 4H, J= 8.1 Hz,
m-H of —COCsHy— and o-H of —OCgHg), 7.17 {t, 1H, J= 8.1
Hz, pHof —=OCeHs), 7.43 {t, 2H, J=8.1 Hz, m-H of —OC,Hs),
7.82 (d, 2H, J=18.1 Hz, o-H of —COCsH,4—). Anal. (CzsHasN3Os}
C, H N
Poly[N.N-dimethylacrylamide-co-N-hydroxy-5-[2-[IV-
[2-(isopropenylcarbonyloxy)ethyl]carbamoyl]ethylcar-
bonyloxy]-2{5)-methyl-4(5)}-(4-phenoxybenzoyl)amino-
pentanamide] (PA and PE). Two copolymers of MB and
DMAAm were prepared by radical copolymerization. A typical
procedure is as follows. A glass tube containing a mixture of
MB (80 mg, mmol), DMAAm {250 mg, mmol), 2,2-azobis-
(isobutyronitrile) (AIBN) (4.36 mg, mmol), and DMF (11 mL}
was sealed under reduced pressure after three freeze—pump—
thaw cycles. After shaking at 60 *C for 24 h, the precipitate,
obtained by addition of ether, was separated from the solution
by fltration. Reprecipitation was carried out in a DMF —ether

. system three times. The last precipitate was dried under
vacuum. The yield of poly{AEMA-ONO-co-DMAAm} was 230

mg (70%). The molecular weight was estimated by GPC
analysis: M, =18 000; 'H NMR (in D:0) 4 0.96 (d. 24H, J=
5.4 Hz, =CH(CHy)-), 1.24—1.54 (m, 352H, CH; and CH; of
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main chain, —CH({CH3)CFH;—}, 2.12—2.14 {m, 8H, —~CHICH,)-),
2.31-2.98 (m, 848H, —N(CH3): and —OCOCHCH;CONH-),
3.43—3.58 (m, 24H, —CONHCH,CH;0C0O—- and ~CHCH.0-),
4.00 (m, 16H, —CHCH,0-), 6.85-7.03 (2d, 32H, J= 8.4 Hz,
mrH of —COCgHy— and o-H of —0OCgHs), 7.13 {t, 8H, J=84
Hz, p-H of =0OCgH3), 7.33 {t, 16H, J = 8.4 Hz, m-H of ~OCsHs),
7.63 (d, 16H, J= 8.4 Hz, 0-H of —COCgH,—). The degree of
derivatization of MB unit was 5 mol % by UV spectral
measurement. Copelymer with 10 mol % of MB unit was
synthesized in a similar procedure by changing the monomer
ratio in the feed (data in the text).
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Abstract: . To prevent thrombus formation in the acute
phase and restenosis in the subacute to chronic phase after
stenting of atherosclerotic arteries, we developed a covered

stent with a micropored elastomeric film, the blood- .

contacting surface of which was coated with a photocured
gelatin layer immobilized with heparin. Segmented poly-
urethane (SPU) film (30 pm in wall thickness) as a cover
material was multiply micropored by excimer laser-directed
microprocessing (pore diameter, 30 pm; interpore distance,
125 pm). An agueous mixed solution of benzophencne-

derivatized gelatin and heparin was coated on the micro-,

pored SPU film. Upon ultraviolet light irradiation, 2 thin
layer of a gelatin gel immobilized with heparin was formed
and simultaneously fixed on the SPU film. The fully covered
stents were assembled by wrapping a balloon-expandable

stent with gelatin/heparin gel-layered SPU film and subse-
quently suturing and then gluing. To assess the validity of
this covered stent in wvo, “halfcovered” stents, in which
half at the distal side was covered with the gel-layered SPU
film, was implanted in rabbit common carotid arteries
{about 3 mm in diameter). After 3 months of implantation,
all the half-covered stents (n = 7) were patent. Regardless of
the covered or noncovered region of the stents, the entire
Juminal surface of the stents was fully endothelialized and a
thin necintimal tissue was formed. The potential advantages
of a covered stent as designed above are discussed. © 2002
Wiley Periodicals, Inc. ] Biomed Mater Res 64A: 52-61, 2003

Key words: stent; cover; micropore; drug delivery; elasto-
meric pelymer

INTRODUCTION

Percutaneous transluminal angioplasty in the coro-
nary and peripheral arteries (PFTCA or PTA) using ei-
ther balloon catheters or metallic stents has been
widely used for the clinical treatment of atherosclerot-
ic stenosis.’™ Because of the reduced incidence of re-
stenosis derived from excessive tissue ingrowth (inti-
mal hyperplasia), endovascular metallic stenting has
become more popular than balloon angioplasty (reste-
nosis rate within 6 months after treatment: 25-30% for
stent versus 30-50% for balloon). Many technical ef-
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~ dpal cells triggering intimal hyperplasia.

forts aiming at a further-reduced restenosis rate have
been made, especially in the structural design”® of
stents and biocompatible”'*'* and pharmacological
coating* designs for struts of stents. In general, to
minimize intimal hyperplasia, at least the following
two factors should be incorporated into a stent design:
1. prevention of thrombus formation on the struts in
the early implantation period, and 2. pharmacological
effects minimizing tissue growth including celt prolif-
eration and extracellular matrix production. The first
one is particularly important because platelet-derived
growth factor secreted from aggregated platelets in
the thrombus is a potent mitogenic substance for
smooth muscle cells (SMCs) which is one of the prin-
3031 previous
articles have reported promising approaches via bio-
compatible designs including heparin derivatization
and immobilization on struts,”* % thus minimizing
thrombus formation, and pharmacological coatings'™*

including sustained release of anti-cancer agents such
as metalloproteinase inhibitor'™!® and taxol,?**? thus
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reducing cell proliferation. The unexplored factor is 3.
to construct or place a physical barrier’™ for the pre-
vention or reduction of tissue ingrowth at the blood/
stent interface.

Our attempts to reduce the restenosis rate of stents
can be divided into two strategetic approaches: one
approach is a photocured coating for struts,’® which
permits drug release and gene transfer. To this end,
styrenated gelatin,**** which was originally designed
as a photocurable glue and a tissue-engineered scaf-
fold, was mixed with model substances, such as pro-
tein and gene-encoding adenovirus, and photocured
on struts by visible light-induced radical polymeriza-
tior. Upon implantation in arteries, time-dependent
permeation of a model protein and gene transfection
from the stent-facing tissue to a deeper vascular tissue
as well as a prolo.iged period of gene expression were
noticed. Thus, photocurable gelatin served as a drug-

or gene-delivery matrix. .

The other approach under development is the lpad-
ing of a physical barrier against tissue ingrowth on a
stent, as mentioned above, which is also expected to
serve as a pharmacological reservoir for drug or gene
delivery. To this end, segmented polyurethane (SPLN)
elastomeric thin film with well-designed and fabri-
cated micropores is wrapped to form a “covered”
stent. This is based on our previous studies in which
such a micropored SPU tube was photocured. Benzo-
phenone-derivatized gelatin® mixed with heparin
served as a small-diameter compliant graft®™>¢ (wall
thickness, 100 um; inner diameter, 1.5 mm), and very
high patency and rapid normal tissue regeneration
without substantial intimal hyperplasia in arterial cir-
culatory system were achieved. In this study, this hep-
arin-loaded photocured gelatin-coated thin SPUJ film
was used to cover a stent. '

In contract, nonpermeable (or nonmicropored) arti-
ficial grafts provided very low patency. Our previous
in vivo study® using a covered stent with regionally
different pore densities showed that a higher pore
density results in a lower degree of intimal hyperpla-
sia under the particular condition of micrporosity den-
sities examined. Based on these previous data, we
developed a covered stent with a micropored elasto-
meric thin film and drug delivery function.

In this report, first we describe the fabrication
method of the covered stent. Second, as a model de-
vice, we prepared “half-covered” stents in which half
of each stent at the distal side was covered with the
micropored film, and implanted them in the common
carotid arteries of rabbits. This enabled us to demon-
strate the validity of the concept of the covered stent
with high reliability, That is, the effect of the covering
on neointimal hyperplasia can be examined in a single
animal using a single device by implantation of such a
half-covered stent, thus minimizing the number of

animal experiments and verifying our concept with
high fidelity.

EXPERIMENTAL
Preparation of covered stents -

SPU film (thickness, 30 pm; size, 15 x 7 mm; Shee-
dom Co., Tokyo, Japan) was used as the covering ma-
terial, and microporing (diameter, 30 pm; interpore
distance, 125 pm) of the film was performed using a
KrF excimer laser microprocessing apparatus (model
L4500; Hamamatsu Photonics, Hamamatsu, Japan).”
One side of the micropored SPU film was coated with
an aqueous solution (20 pL/cm?) of benzophenone-
derivatized gelatin®* (benzophenone groups per gela-
tin molecule, 32 groups; 50 mg/mL) and heparin
(25 mg/mL, 164.5 1./mg; Wako Pure Chemical Ind.,
Osaka, Japan) and irradiated with a 400-W ultra-hi gh-
pressure mercury-vapor lamp (H-400-A/B; Irie Co.,
Tokyo, Japan). The treated surface of the film was
placed on the outside of a balloon-expandable stent
(Palmaz-Schatz; length, 15 mm; diameter, 1.2 mm;
Johnson & Johnson Interventional Systems, Warren,
N]), ard stay-sutured using 10-0 nylon thread under
microscopy at six points. The film ends were over-
lapped, and adhered using a small amount of N,N-
dimethylformamide (DMF) which is a good solvent
for SPU, to prepare the covered stents,

Implantation

The experimental animals were seven New Zealand
white rabbits, weighing 3—4 kg. The investigations
were performed according to the Principles of Labo-
ratory Animal Care (formulated by the National Soci-
ety for Medical Research) and the Guide for the Care
and Use of Laboratory Animals {National Institutes of
Health Publication, No. 56-23, revised 1985). Heparin
(2000 IU) was administered only during angiography.
The covered stent mounted on a PTA balloon catheter
(3.0 mm, 2 cm, SAVVY, Johnson & Johnson) was ad-
vanced into the common carotid artery {approxi-
mately 3 mm) from the femoral artery under fluoros-
copy using a standard PTCA microguidewire. The bal-
loon was inflated at a pressure of § atm for 30 s,
deflated, and slowly withdrawn, leaving the covered
stent in place. Neither antiplatelet agents nor addi-
tional anticoagulants were administerd during the
3-month follow-up period.

Microscopic examination

The implanted stents, including the surrounding
common carotid artery tissues, were dissected free
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and fixed with 10 /4 formaldehyde in phosphate budfer
(pH 7.4) for more than 48 h for light microscopy and
scanning electron microscopy (SEM). Specimens for
light microscopy were dehydrated with an alcohol se-
ries and embedded in glycolmethacrylate. Thin sec-
tions of the tissues were prepared in the direction of
the circumference, subjected to standard hematoxylin
and eosin staining, and observed under a light micro-
scope (VANOX-S; OLYMPUS, Tokyo, Japan). Spedi-
mens for SEM were postfixed with 1% osmium tetra-
oxide, dehydrated in a graded series of ethanol, criti-
cal point dried, and sputter coated with platinum.

Morphometry

Using the National Institutes of Health Image soft-
ware after calibration the thickness of the neointimal
layer, defined as the distance between the endothelial
lining and the stent strut or internal elastic lamina,
was measured on top of and between the stent struts
in at least three hematoxylin and eosin-stained sec-
tions at the proximal portion (bared region in the
stent) and the distal portion (covered region} of each
stented carotid segment.

Mechanical properties

The measurements of the tensile strength -and the
apparent elastic modulus of the SPU films were per-
formed using a theometer (RE-3305; Yamaden, Tokyo,
Japan). The stress was recorded by continuous loading
of strain to the films at a rate of 0.5 mm/s up to about
4 times extension. Apparent elastic modulus of the
films were determined using the slope of the linear
part of the strain—stress curve obtained at the initial
extension. )

RESULTS

Fabrication procedure

The fabrication procedure of the covered stent is
shown in Figure 1, and the outline is described below.
SPU film used as a covering film was subjected to laser
ablation to create multiple micropores of a defined
size (30 pm in diameter) and pore distribution (inter-
pore distance, 125 pm) (step I in Fig. 1). Coating of a
mixed aqueous solution of benzophenone-derivatized
gelatin® and heparin and subsequent ultraviolet (UV}
irradiation on one face of the micropored film pro-
duced a crosslinked gelatin layer which was immobi-
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Figure 1. A schematic diagram of the preparation of the
covered stent by microporing of SPU film with ablation by
excimer laser (I), surface heparin immobilization using ben-
zophenone-derivatized gelatin by UV irradiaton (M), fol-
lowed by covering the treated SPU film on a balloon-
expandable stent (III, IV, V). ‘

lized with heparin (step II). A commercially available
balloon-expandable stent was wrapped with the mi-
croporous SPU film with its treated surface facing in-
wards (step IIT). One end of the film was fixed to the
stent strut by suturing (step IV). The other end was
overlapped with the fixed end and adhered to it by
gluing with DMF (step V). The detailed procedures for
each step are described below.

Microporing of the cover film (step I)

Microporing of the cover film was performed using
a previously developed excimer laser ablation tech-
nique.¥ Irradiation of pulsed UV light from the ex-
cimer laser processing apparatus through a photo-
mask with a round aperture 660 pm in diameter pro-
duced a micropattern of micropores 30 pm in
diameter and with an interpore distance of 125 pm
[Fig. 2(a, b)]. The mechanical properties of the micro-
pored SPU films produced were examined by tensile
strength tests. As shown in Figure 3, upon stretching
the film, the strain of the film increased and concomi-
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Figure 2, SEM of (a) the micropore and (b) multiple micropores, all of which were prepared by ablation with an excir.ner
laser of SPU films, {c) multiply micropored SPU film after expanded upon about 4-times stretching from the original
dimension in b, and (d) cross-section of the micropored SPU film surface-fixed with a heparin-immobilized gelatin layer,

which was

epared by coating with the mixture of benzophenone-derivatized gelatin and heparin on the micropored SPU

T
film and su%sequent UV irradiation. Light micrographs of the SPU film partially surface-fixed with heparin-immobilized
gelatin gel layer before (e-1) and after (e-2) stretching. The gelatin gel layer was fixed on only the dark-colored rectangular

areas in e-1.

tantly the micropores were deformed from circles to
ellipses [Fig. 2(c)]. The stress increased almost linearly
within a range of strain up to 0.5, and the film was
not ruptured by up to about 4 times of stretching from
the original dimension. The elastic coefficient caleu-
lated was 1.60 x 107 Pa for the non-micropored film
and 1.45 x 107 Pa for the micropored film.

Heparin immobilization on the cover film (step II)

One side of the microporous SPU film was coated
with the aqueous solution of benzophenone-

derivatized gelatin® and heparin, dried, and subse-
quently irradiated with UV light. The irradiated sur-
face was slightly swollen in water, indicating the for-
mation of a water-swellable gelatin gel layer. No
delamination even upon vigorous rinsing with water
was observed, indicating that the gelatin layer was
tightly fixed to the SPU surface. SEM of the cross-
section of the treated SPU film revealed that an ap-
proximately 5-pm-thick gelatin gel layer was formed
on the coated surface, and the micropores were com-
Pletely filled by the photocured gel {Fig. 2(d)]. To vi-
sualize heparin immobilized in the gel layer, the fol-
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Figure 3. Stress-strain curves of nontreated SPU film (—),
the micropored SPU films with an interpore distance of 125
em {---), and the adhered SPU film (). All films were
expanded at a constant rate (0.5 mm/min) up to about
4-times stretching.

lowing experiment was separately conducted. The
gelatin gel layer containing heparin was regionally
prepared on SPU film by UV irradiation through a
photomask with a lattice pattern, washed to remove
non-photocured gelatin mixture, and immersed in an
aqueous solution of a cationic dye, toluidine blue.’® A
blue-purple-stained lattice pattern was formed only at
the gelatin-fixed area [Fig. 2(e-1)]. However, the film
fixed with the gelatin without heparin was not stained
by toluidine blue (data not shown). These results in-’
dicate that the formation of heparin-immobilized gel
and fixation on SPU film simultaneously occurred by
UV irradiation. When such a gelatin-fixed film was
stretched, the gelatin layer was also synchronously -
stretched without delamination [Fig. 2 {e-2)}.

4

Assembling of the covered stents (steps III, IV, V)

The heparin-immobilized gelatin gel layer-coated
SPU film was placed so as to face the struts of stent,
and one end of the film was wrapped and sutured to
the struts at three sites using 10-0 nylon thread under
microscopy. After the stent was tightly wrapped with
the SPU film, the free ends of the film with a width of
about 1 mm were overlapped, and adhered by gluing
with DMF. The adhesion strength of the adhered SPU
film was examined by tensile strength tests as de-
scribed above. There was no rupture even when the
film was expanded up to about 4 times stretching from
the original dimension (Fig. 3). The elastic coefficient
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of the adhered film (1.2 x 107 Pa) was found to de-
crease to about two-thirds of that of the untreated mi-
cropored film. The covered stent was mounted ¢n a
PTA balloon catheter [Fig. 4(a}]. The covered stent was
dilated by expanding a balloon with pressurized wa-
ter [Fig. 4(b)]. After balloon deflation and subsequent
removal of the balloon catheter, the shape of the stent
was enough maintained without shrinkage [Fig. 4(c)]-
As a model device for implantation, a half-covered
stent was prepared by wrapping half of the outer sur-
face of the stent strut with the heparin-loaded gelatin-
layered SPU film similarly to the fully covered stent as
mentioned above {Fig. 2(b)].

Implantatitlm and histological evaluation

The half-covered stent, with the covered area on the
distal side, was mounted in a PTA balloon-expandable

Figure 4. Gross appearance of the covered stent after
mounting on a FTA balloon catheter (a), after dilation by
expansion of the balloon (b}, and after deflation and removal
of the balloon {c).
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catheter, and inserted from the femoral artery through
a 5F sheath introcucer, taking care not to slip both the
stent and the cover film out of the balloon. The cov-
ered stents could be smoothly manipulated in blood
vessels, and no differences in handling were noted
irrespective of the presence of covering. The stent was
navigated into the common carotid artery under fluo-
roscopy and placed by dilation of the PTA balloon.
There was no difference in the dilation of the stent
with or without covering. '

Angiography immediately after implantation
showed that all arteries (# = 7) were patent with no
sign of intraluminal defects. In addition, angiography
after 3-month implantation showed that all stents
were patent. No significant intimal hyperplasia was
macroscopically observed in the stent [Fig. 5(a)]. SEM
observation indicated that the surface of the stent was
covered with confluent endothelial cells in all cases,
irrespective of covered or noncovered region (Fig. 6).
The endothelial cells in all luminal surfaces exhibited
a normal spindle shape and the direction of cellular
elongation paralleled that of blood flow. This re-
sembled the typical morphologic features of endothe-
lial cells in natural vessels. Genesis of thin neointimal
layers was observed around the strut in the noncov-

ered stent region shown in the cross-section of the’

implanted sample [Fig. 5(b)]. In the covered region,
thin neointimal layers were observed mainly on the
surface of the film lumen, and the neogenetic and old
intimal layers were united through the micropores
produced on the film [Fig. 5(c)]. There was little dif-
ference in the neointimal layers between covered and
noncovered regions. The mean thickness of the neo-
intimal layers was 230.6 £ 57.5 pm in the uncovered
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region and 244.3 + 48.5 um including cover film thick-
ness in the covered region.

DISCUSSION

For the treatment of arteriosclerotic stenosis lesiors,
stent angioplasty, which is much less invasive than the
conventional surgical treatment, has widely been per-
formed.>* However, 25 ~ 30% of restenosis rates ob-
served in a few months after stenting have been re-
ported, which remains an unsolved problem. To re-
duce the restenosis rate as miich as possible, various
“second-generation” stents have been under develop-
ment by incorporation of various working principles
including surface designs such as polymer coating or
fixation' "> and immobilization of pharmacological
agents,"*?” material designs such as metallic?% for
biocompatibility, and biodegradability and architec-
tural design for flexibility and resistance against re-
coiling, as mentioned below.

The polymer materials used in these studies were
degradable po%gmers such as polyglycolic acid®® and
polylactic acid** or nondt‘aEradable polymers such
as polyurethane,®** silicon, and polyester.! How-
ever, it has been reported that stents covered with
non-pored-polymer films implanted in the swine coro-
nary artery caused significant inflammation, throm-
bus formation, and an excessive growth of SMCs, re-
sulting in severe stenosis. This is because a covering
film greatly increases the blood-contact surface area,
which eventually increases the frequency of thrombus
formation and inflammatory reaction. Therefore, a

500

" s00pm

Figure 5. Angiograph of the rabbit common carotid artery after 3
micrographs of tne circumferential sections of the rabbit common ¢

bared region (b); and covered region (c) in the stent.

-month implantation of the half-covered stent (a). Light
arotid arteries implanted with the half-covered stent (c);
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Figure 6. SEM of the luminal surface of the rabbit common carotid artery im?lanted with the half-covered stent.

high degree of anti-coagulation, minimal inflamma-
tion, and rapid endothelialization are essential prop-
erties for a “covered” stent. The first of these can be
realized by heparin release from a gelatin gel-layered
surface, the second may be achieved by using a non-
biodegradable biocompatible surface, and the last is
mainly achieved by controlling the fransmural tissue
ingrowth of accompanying capillaries. Thus, micropo-
rosity is an essential factor for improved endothelial-
ization and arterial tissue regeneration similar to the
results observed for small-diameter artificial grafts®>>®
as well as a model “covered” stent in our previous
study: SPU film-wrapped stents with regionally dif-
ferent pore densities in the circumferential configura-
tion differentiated in the degree of tissue ingrowth,
which depends on the pore density.®

In this study, we newly designed and devised a
covered stent with the dual functions of drug reser-
voir/release and physical contro! of tissue ingrowth.
Such a covering material should: 1. be a durable thin
elastomeric film (which minimally increases the diam-
eter of the stent because the diameter of diseased coro-
naries is approximately 3 mm, and that of stents in the
nonexpanded state is approximately 1 ~ 1.5 mm but in
the expanded state is approximately 3 mmj. This
means that approximately two- to three-fold stretch-
ing of the covered film occurred in the circumferential

-287-

. direction upon expansion; 2. be micropored with high-
" dimensional precision and at a well-defined pore den-

sity; and 3. provide a drug-loading matrix on both
faces of the film surface. A drug-loaded covered film
contacts with a much larger tissue area than a drug-
loaded strut. SPU film was selected because it satisfies
the requirements mentioned above in terms of dura-
bility, elasticity, high-quality microporing, and surface
modification. Our previous article showed that preci-
sion processing of micropores at micron levels can be
achieved using an ablation process with a pulsed ex-
cimer laser which has high energy in the UV re-
gion.¥** Multiple microporing, which is manipulated
by computer-assisted design, reduced the elastic coef-
ficient of the film (Fig. 3). The assembled covered stent
could be easily expanded by inflation of an inserted
balloen, in the same way as a noncovered stent. As the
surface-layered dru§-reservo'u- matrix, benzophenone-
derivatized gelatin,”* which was previously used for
fabrication of SPU film-based small-diameter artificial
grafts,>*>% served effectively in stent application.
Upon UV irradiation, radicals generated by photolysis
of benzophenone groups lead to photocrosslinking be-
tween gelatin molecules as well as surface covalent
bonding. Anti-coagulation was attained by impregna-
tion of heparin in the photocured gelatin layer fixed
on the SPU film. At 3-month implantation, all stents
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were patent without significant intimal hyperplasia:
there was little difference in the intimal thickness be-
tween the noncovered and covered regions of the
“half-covered” stents, indicating that the immobilized
and/or released heparin on the blood-contacting sur-
face of the cover film effectively suppressed or mini-
mized thrombus formation. Sooner or later, complete
endothelialization on the struts of the stent and cover
film appeared to proceed (Fig. 6). This was attributed
to tissue ingrowth from both ends of the covered film
as well as through the micropores [Fig. 5(b, ¢)], and
indicates that, despite the presence of a foreign mate-
rial, micropored SPU film did not significantly trigger
the foreign body reactions that usually lead to exces-
sive tissue ingrowth.

In this study, only the luminal surface. (or blood-
contacting face of film) was immobilized with heparin,
simply focusing on anti-coagulation at the blood-
contacting surface. However, drug loading on the tis-
sue-facing surfacz: may alter thé morphogenesis pro-
cess at athelosclerotic sites, reverting them to the nor-
mal tissue architecture if an appropriate drug is
selected. Such candidate drugs may exert pharmaco-
logical or biological actions on cell proliferation, cell-
cycle arrest, apoptosis, and/or phenotypic reversion
of SMCs from “synthetic” to “contractile” type. That
is, synthetic-phenotype SMCs, which exist in athelo-
sclerotic sites, are highly proliferative and massively
produce extracellular matrix components, both of
which are major causes of intimal hyperplasia,
whereas contractile-phenotype SMCs are in the quies-
cent state of their cell cycle—a phase of no-prolif-
eration and no extracellular matrix synthesis, as is
found in normal vascular tissue. %=

In addition to suppressed intimal hyperplasia via
sustained release from the matrix on the tissue-facing
surface, the micropored film may act as a physical
barrier controlling tissue ingrowth on the blood-
contacting surface face in two manners. As shown in
Figure 5¢, vascular-type cells migrated from the tissue
to the blood-contacting surface through micropores,
resulting in neointimal tissue formation and subse-
quent endothelialization. Rapid endothelialization is
the ultimate good for contrel of normal tissue regen-
eration. Qur previous in vitro*® and in vive® studies
revealed that optimal microporing is essentially
needed for the control of cell migration from one side
of the film surface to the other side, and that pore size
and pore density are the real determinants for cellular
migration and tissue ingrowth. As exemplified with
other researchers’ studies, nonpermeable films do not
form neointimal tissue. Therefore, the high risk of con-

tinuous occurrence of thrombus is not circumvented -

in nature.

The other possible effect of a cover film on morpho-
genesis is to serve as a protective membrane resistant
to “recoil” phenomena in the chrenic phase,®>* in
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which SMCs which have accumulated in neointimal
tissue and are highly elongated circumferentially self-
contract to fasten the vessel wall: this generates in-
ward tissue pressure, reducing the luminal diameter
of a vessel. This recoiling often occurs after a pro-
longed period of implantation. The “protective or bar-
rier membrane” may physically inhibit the “recoil”

~ phenomena, whereas the minimally micropored area

provides capillary-accompanying tissue ingrowth, re-
sulting in endothelialization. Thus, by the concerted
actions of sustained release of bioactive substances
ffor example, anti-coagulant (or heparin), 2% anti-
proliferative agents (heparin for SMCs or anti-cancer
agent'>18312 or cell-cycle modifier®?%), angiogene-
sis-inducing growth factor (or vascular endothelial
growth factor)], and a physical barrier as mentioned
above, intimal hyperplasia and mechanical recoiling
may be prevented. This is our hypothetical appraisal
of the “covered” stent and its potential performance in
clinical situations.

To validate thi; hypothesis, we are now evaluating
the usefulness of “full covered” stents using an animal
model under conditions more directly resembling
clinical applications: rabbits with hyperlipidernia and
an intimal hypertrophy produced by balloon-induced
denudation of endothelium are being used as an ath-
erosclerotic animal model. The results for up to
7-month implantation will be reported in the near fu-
ture.
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To reduce in-stent restenosis rates, we developed a novel drug-eluting covered stent with a

microporous elastometric covered film, in which its luminal surface was flat and immobilized with
heparin for anticoagulation and its outer surface immobilized with FK506 to prevent neointimal
hyperplasia. One month after implantation into the bilateral common carotid arteries, all stented
arteries were patent and the luminal surfaces were fully covered with a confluent of endothekal cells
imrespective of the drug immobilization. In the control group, which consisted of covered stents
without drug immobilization, intensive inflammatory cells adjacent to the stents and neointimal
hyperplasia, indicating vascular injury, were observed. In contrast, in the developed drug-ehuting
stents, only a few inflammatory cells around the stent strut and covered film were observed, and

Absiract
there was no significant neointimal thickening.
© 2003 Elsevier Inc. All rights reserved.
Keywords: Stents; Drug-chating; Covered stents; Micropore; FK506; Heparin

1. Introduction

Percutaneous transluminal angioplasty in coronary and
peripheral arteries (PTCA or PTA) using either balloon
" catheters or metallic stents has been widely used for the
clinical treatment of atheroscleotic stenosis [1-6}. Due to the
reduced incidence of restenosis derived from excessive
tissue in-growth, endovascular metallic stenting has become
more popular than balloon angioplasty. However, it has been
reported that a few months after stenting, restenosis rates of
25-30% occur, which remains an unsolved problem.

To reduce the in-stent restenosis rate, we attempted to
produce covered stents, in which a covering of an elastomeric
film was loaded over a stent strut to provide a physical barrier
against tissue in-grewth [7,8]. This film should also be
expected t serve as a pharmacological reservoir for delivery
of drugs. As the firct step, a covered stent with a wrapping of
microporous elastomeric film over a stent strut was designed,
with the strut placed at the inner side of the film.

* Corresponding author. Tel: +81-6-6833-5012; fax: +8 1-6-6872-8090.
E-mail address: nakayama@ni neve.go.jp (Y. Nakayama).

1522-1865/03/8 ~ see front matter © 2003 Elsevier Inc. All rights reserved.
doi:10.1016/51522-1865(03)001434

In this study, we developed a novel drug-eluting cov-
ered stent as a modification of the previously prepared’
covered stent. The structural design of the covered stent is
shown in Fig. 1. The stent sbut was buried into a cover
film, which provided a flat luminal surface for improved
reliability of the anticoagulation. In addition, the cover
film was differentially coated with two altemative drugs to
satisfy an appropriate requirement for each surface; that is,
its luminal surface was immobilized with heparin for
anticoagulation, and the outer surface was immobilized
with FK506 (tacrolims) [9,10] for the prevention of neo-
intimal hyperplasia. Firstly, a fabrication method for the
covered stents is described, and, subsequently, the covered
stents were implanted into common carotid arteries of
rabbits as a preliminary experiment.

2. Experimental

2.1. Preparation of covered stents

A tetrahydrofuran solution containing 5 wt.% of scg-
mented polyurethane (SPU; Miractran Japan, Kanagawa,
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Deferential drug coating Pore-to-pore distance: 250 um

Fig. 1. The structural design of the developed covered stent. The stent strut
is buried into the cover film and the luminal surface is flat. The cover film
was micropored (pore diameter; 100 um and pare-to-pore distance; 250 pm)
and coated with a photogelated gelatin, immobilized with heparin on the
inner surface and FK506 in the outer surface,

Japan) was dip-coated on a stainless-steel rod (2 mm in
.diameter, 100 mm in length) up to 50 mm from the end and
was air-dried. After repeating the procedure twice, a SPU
tube with a thickness of around 20 pm was formed on the
rod The SPU-coated rod was mounted at the center of the
SPU-coated region with a Palmaz—Schatz stent (Johnson &
Johnson Medical Japan, Tokyo, Japan), predilated to 25 mm
in diameter, and over-dip-coated three times with the SPU
solution. The total thickness of the SPU film was around
50 pm. The rod coated with the SPU film buded with the
stent was micropored using a KrF excimer laser apparatus
[11] (L4500; Hamam:tsu Photonics, Shizuoka, Japan), The
pore diameter was fixed at 100 pm, and the pore-to-pore
distance was fixed at 200 pm. After completion of micro-
processing, the rod was removed to obtain a microporous
SPU-covered stent The inner and outer surfaces of the
cover film were coated with an aqueous solution (40 pl/em?)
of photoreactive gelatin [12] (5 wt.%) mixed with heparin
(2.5 wt.%) or FK506 (140 pug/cm?), respectively. Both
surfaces were irradiated with a 200-W mercury—xenon arc
lamp (L2859-0}; Hamamatsu Photonics) for 1 min.

2.2. Implantation

The experimental animals were New Zealand white
rabbits, weighing 3—4 kg. The investigations were per-
formed according to the *Principles of Laboratory Animal
Care” (formulated by the National Society for Medical
Research) and the ‘Guide for the Care and Use of Labora-
tory Animals” (National Institutes of Health Publication, No.
56-23, revised 1985). Heparin (2000 1U) was administered
only during angiography. The covered stent mounted on a
PTA balloon catheter (3.0 mm, 2 cm, SAVVY, Johnson &
Johnson) was positioned into the common carotid artery
(approximately 3 mm) from the femoral artery through a 51"
sheath introducer under fluoroscopy using a standard PTCA

micro-guide wire. The balloon was inflated at a pressure of
8 atm for 30 s, deflated and then slowly withdrawn, leaving
the covered stent in place. Neither antiplatelet agents
nor additional anticoagulants were administered during the
I-menth follow-up period.

2.3. Microscopic examination

One month after stenting, animals were anesthetized, and
a preeuthanasia angiogram of the common carotid arteries
was conducted, followed by euthanasia and perfusion~—
fixation. The stented arteries were dissected free and fixed
with 10% formaldehyde in phosphate buffer (pH 7.4) for
over 48 h prior to light microscopy and scanning electron
microscopy (SEM). Specimens for light microscopy were
dehydrated with an alcohol series and embedded in glyco-
Imethacrylate. Thin sections of the tissues were prepared in
the direction of the circumference, subjected to standard
hematoxylin and eosin staining, and then observed under a
light microscope (E1000M; Nikon, Tokyo, Japan). Speci-
mens for SEM were postfixed with 1% osmium tetraoxide,
dehydrated in a graded series of ethanol, critical point dried -
and then sputter-coated with platinum. The surfaces of
longitudinally cut stents were observed using a SEM
(JSM-6301; JEOL, Tokyo, Japan). ‘

3. Results
3.1. Fabrication of covered stent

The covered stent was prepared according to the proce-
dure as shown in kig. 2. At first, a tbular film of SPU was
prepared on the outer surface of a stainless-steel rod
following a repetition cycle of immersion into a SPU
solution and then drying (Step 1). After mounting with a
commercially available balloon-expandable stent (Step 1),
the SPU film-coated rod was overcoated with a SPU film
using the same procedure as mentioned above (Step 1),

Subsequently, the SPU film was micropored using a
previously developed excimer laser ablation technique
(1] (Step 1V). lmadiation of pulsed UV light from the
excimer laser processing apparatus through a photomask
with a round aperture of 2.2 mm in diameter produced a
micropattermn of micropores of 100 ym in-diameter, with an
interpore distance of 200 pm. After removal from the
stainless-steel rod, the covered stent with a microporous
SPU film was obtained (Step V). Because the stent strut was
interposed into the SPU cover film, the inner surface of the
covered sterit was flat.

Finally, the inner and outer surface of the cover film were
coated with either a mixed aqueous solution of photoreac-
tive gelatin and heparin or a mixed aqueous solution of
photoreactive gelatin [12) and FK506 and were subsequent-
ly iradiated with UV light for drug immobilization onto 2
thin layer of photoproduced gelatinous hydrogel, which was

-292-



Y. Nakayama et al. / Cardiovascular Radiation Medicine 4 (2003) 77-82 ' 79

— .
/Stalnless SPU
steel rod tube

¥ / Stent

m | m (1)
Dip coating » Stent Dip coating |-
with SPU | | mounting with SPU "1
(1st} i (2l |

Hi

Surface
coating

Fig. 2. A schematic diagram of the preparation of the covered stent. A stainless-steel rod was fisstly dipped into a SPU solution to fabricate a SPU tube around
the rod (1), this was followed by mounting of the balloon-expandable stent on the SPU-coated rod (I1) and overcoating the stent-mounted rod with the SPU
solution using a dipping process (111). Thereafter, microporing the SPU film with ablation using an excimer laser was performed (IV), followed by removal of
the covered stent from the rod (V) and finally coating the surface with a drug using a photoreactive gelatin by UV irradiation (heparin for the inner surface and

FX506 for the outer surface) (V1).

chemically fixed nn both sides of the SPU cover film
(Step VI).

The drug-immobilized microporous covered stent was
then mounted on a commercially available PTA balloon-
expandable catheter. Using this procedure, no rupturing
occurred, even when the covered stent was dilated up to
3 mm in diameter by expanding the balloon with pressurized
water (Fig. 3A and B). No differences in dilation of the stent
were noted irrespective of the presence of covering. After
balloon deflation and subsequent removal of the balloon
catheter, the stent maintained its shape with no shrinkage.

3.2. In vivo performance

The covered stent, mounted on a PTA batloon-expand-
able catheter, was inserted into the femoral artery through a
SF sheath introducer, taking precaution not to slip both the
stent and the cover film out of the balloon. The covered
stents could be smoothly manipulated in the blood vessels,
and no differences in handling were noted irrespective of the
presence of the covering. The stent was navigated into the
bilateral common carotid arteries of rabbits under fluoros-
copy and placed by dilating the PTA balloon (Fig. 3C). As a
control, stents covered with a microporous film but no drug
coating were used.

Immediately afier implantation, all arteries were patent
with no sign of intraluminal defects regardless of the
presence or absence of a drug coating. The presence of
FK506 in blood was still observed after 3 days of
deployment (32.4 ng/ml immediately after deployment
and 4.2 ng/ml after 3 days of deployment). One month
after implantation, angiographs of all the stents showed
patent with no significant intimal hyperplasia. In addition,
SEM observation indicated that the surfaces of the stents
were fully covered with a confluent of endothelial ceils,
irrespective of the drug coating (Fig. 3D). The endothelial
cells in all the luminal surfaces exhibited a normal spindle
shape and the direction of cellular elongation paralleled
that of the blood flow. Histological evaluation showed that
in the control group, intensive inflammatory cells adjacent

to the stents and neointimal hyperplasia, indicating vascu-
lar injury, were observed (Fig. 3E). In contrast, in the
drug-eluting stents, few inflammatory cells around the
stent strut, and no significant neointimal thickening, were
observed (Fig. 3F). The mean thickness of the neointimal

Fig. 3. (A and B) Gross appearance of the covered stent after dilation by
expansion of a PTA balloon catheter Angiograph (C) and SEM photo (D)
of the rabbit common carotid artery { month after implantation of the
covered stent, Lipght micrographs of circumference sections of the rabbit
common carotid arteries | month after implantation of the covered stents
cither without (E) or with (F) drug immobilization. -

—293-



80 Y Nakayama et al. / Cardiovascular Radiation Medicine 4 (2003) 7782

layer and percentage of stenosis arca were ca. 120 pm and
ca. 25%, respectively, both of which were Iess than half
the level of the control group.

4, Discussion

To reduce restenosis rates, high-performance stents are
being developed, which incorporate various working princi-
ples, including surface designs such as coating or immobi-
lization of pharmacological agents [13—24], material designs
such as metallic [25,26] or polymers [27-35] for biocom-
patibility or biodegradability and shape designs for flexibil-
ity [36,37]. In particular, drag-eluting stents are expected to
cause a revolutionary change. Indeed, recent clinical trials
have shown that stents immobilized with Rapamycin (Siro-
limus) or Paclitaxel can inhibit vascular smooth muscle cell
proliferation and migration in vitro, and thus demonstrate
their potential for the treatment of de novo lesions.

Recently, we have developed a covered stent with the dual
functions of physical control of tissue in-growth in stents and
drug reservoir/release [7,8). In our previous study [7,8], the
first model of the covered stent was fabricated by wrapping a
micropored elastomeric film over a stent followed by sutur-
ing and gluing. However, there were two major problems
in this fabrication method for the covered stent.

The first problem concerned the geometrical structure of
the luminal surface of the stent Because the cover film was
wrapped over the outer side of the strut, the strut was placed
at the luminal surface of the cover film. Such an uneven
~ structure of the luminal surface may trigger thrombus

formation immediately after implantation. Large amounts
of thrombus may lead to occlusion of the stented arteries. In
addition, platelet-derived growth factor {PDGF), secreted
from aggregated platelets in the thrombus, is a potent
mitogenic substance for smooth muscle cells, which is one
of the principal cells tiggering intimal hyperplasia. In our
previous paper [7], histological examination of arteries
implanted with this type of wrapping of covered stents
without heparin immobilization showed that thrombus was
formed around the strut. On the other hand, in this study, the
covering of the stents was performed using a dip-coating
method in which the strut could be buried into the cover
film. From this, the whole strut of the stent was fully

covered with film and a flat luminal surface was obtained, .

both of which are expected to prevent blood coagulation. In
practice, a little thrombus formation at the luminal surface of
the cover film was observed 1 meonth after implantation
even without heparin immobilization (Fig. 3E,F). Therefore,
it was considered tha: PDGF-induced activation of smooth
muscle cells was reduced.

The second problem involved the gluing process of the
cover film during preparation of the tube. In the last process
[7), when the free ends of the film were covered, they
overlapped by a width of about 1 mm and then adhered by
gluing with N,N-dimethylacrylamide. In this process, almost

all of the micropores at the gluing region were clogged.
Because micropores are essential for rapid endotheljaliza-
tion (Fig. 3D), which also guarantees anticoagulation, the
lack of unclogged micropores resulted in polymer material-
induced thrombus formation at an acute phase of implanta-
tion. On the other hand, with the ‘dip-coating method, no
connection process between the films was needed (Fig. 2).
Therefore, a homogencous pattern of microporing was
cbtained over the whole area of the cover film (Fig. 3B).

The other major property of the covered stents, in addition
to providing a covering that acts as a barrier for tissue in-
growth, is the possibility of differential coating of two
alternative drugs on each surface of the cover film. Heparin,
due to its anticoagulation properties, was selected as the drug
for coating to the luminal surface (or blood-contacting face)
of the cover film. However, drug loading on the tissue-facing
surface may alter the morphogenesis process at atheloscler-
otic sites, reverting them once more to normal tissue archi-
tecture if an appropriate drug is selected. For this reason,
FK506 (tacrolims) was used as a drug for the outer surface
because it is known as a potent immunosuppressive agent
[9,10] related to rapamycin, with its mechanism of action
thought to be due to inhibition of calcineurin phosphatase, In
a recent study, our data indicated that FK506 inhibited
vascular smooth muscle cell migration and proliferation in
a concentration-dependent manner (data not shown). In
addition, FK506 has also been reported to inhibit migration
of neutrophils on coated on coated vitronectin by affecting
the affinity of the vitronectin receptor [38,39]. Therefore,
FK506 may be an appropriate coating drug for stents. In this
study, neointimal thickness was markedly reduced by two
immobilized druzgs. There was little correlation between
mean injury score and mean neointimal thickness or percent
stenosis area. However, 2 statistically significant proportion-
al relationship existed in the plots of mean inflammation
scere, Which may be dependent upon the polymer material of
the cover film vs, mean neointimal thickness (r=.98) and
percent stenosis area (r=.83). In the dmg-eluting stents, an
extremely low inflammation score was obtained and was one
fifth of that in the covered stents. The antiinflammatory role
of FK506 may therefore be effective in the prevention of
neointimal hyperplasia.

In order to validate this hypothesis, we are now evalu-
atng the usefulness of the covered stents using animal
models under conditions that more directly resemble clinical
applications; rabbits with hyperlipidemia and an intimal
hypertrophy produced by balloon-induced denudation of
the endothelium are being used as atherosclerotic animal
models. The results 6 months after Jmplantauon will be
reported in the near future.

5. Conclusion

The FK506- and hepann-eluting microporous film cov-
ered stents are effective in the prevention of neointimal
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thickening with a marked suppression of inflammation at
the subacute phase.
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Abstract

Keywords:

Purpose: For percutaneous transluminal 'angioplasty (PTA), a heparin-loaded stent graft, composed of
a commercially available metallic stent with a microporous and surface-modified thin film, has been
developed. Early controlled endothelialization is promoted by a regular array of micropores produced
by an excimer laser ablation technique. Early thrombus is prevented by a drug delivery system es-
tablished by impregnation of photoreactive gelatin with heparin. Our stent grafts were used for em-
bolization of experimental carotid aneurysms with an autologous external jugular vein patch in dogs.
Materials and methads: At 1 month after formation, the aneurysims were occluded with stent grafts,
Affected arteries were removed with the aneurysms, immediately (two aneurysms in one dog), t week
(four aneurysms in two dogs), 1 month (three aneurysms in two dogs) and 3 months {four aneurysms in
two dogs) after embolization, and were studied histologically to evaluate patency and endothelializa-
tion over the intraluminal surface of the thin film.

Results: Treated carotid arteries were ail patent with occluded aneurystms completely at any periods.

Even at 1 week after embolization, endothelialization was confirmed on the surface of the stent graft on
the lumen side, At 1 and 3 months, all treated aneurysms with enough patent parent arteries were filled
with organized tissues and completely occluded. '

- Conclusion: Our developed stent graft appears to be promising for the treatment of anzsurysms,

especially with respect to immediate termination of blood inflow and early endothelialization in the

neck of the aneurysm.
© 2003 Elsevier Inc. All rights reserved.

Stent graft; Micropores; Heparin; Experimental aneurysm; Carotid artery

1. Introduction

Improvement in endovascular techniques for the treat-
ment of intracranial aneurysms with GDC coils has led to
excellent clinical results [1-3]. However, intrinsic tech-
nical problems remain, especially for the occlusion of
surgically difficult large or giant aneurysms [4]. Complete

* Corresponding author, Tel.: +81-72-696-0571; fax: +81.72-696-1228, -
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occlusion of broad-based aneurysms may be hazardous
becanse misplaced occlusive thaterial may enter and block
the parent vessel. Thromboembolic complications also
occur, and neck remnants may cause regrowth of the
aneurysm and rupture.

Our ‘stent graft consists of a metallic stent, a micro-
porous cover and a local ,drug delivery system for
heparin. Early induction of intraluminal endothelialization
and control of tissue ingrowth from surrounding tissues
are assured by the micropores. In this study, our stent
grafts were used for embolization of experimental carotid
aneurysms in dogs. We showed satisfactory occlusion of
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the aneurysms, together with. prevention of early occlu-
sion and late patency of the parent artery.

2. Materials and methods

Thirteen experimental saccular aneurysms [5] were
created in seven adult mongrel dogs, each weighing about
- 13-15 kg. The aneurysms measured 0.5 cm in diameter at
the neck and 1.0 cm in height. The high-performance stent
grafts were metallic stents (Palmaz stent; Cordis, Johnson &
Johnson, Japan) bearing a thin microporous segmented
polyurethane (SPU) film impregnated with heparin [6].
. They were placed in the common carotid artery across the
aneurysms on both sides. Aspirin and ticlopidine were
administered orally at a dosage of 81 and 100 mg once
daily, respectively, from 1 week prior to creation of the
aneurysmns. Angiography was performed before stent graft

placement, immediately after deployment of stent grafts, -

and 1, 4 and 12 weeks after stenting.

2.1, Fabrication of the stent graft

Micropores were formed on a SPU thin film by using an
excimer laser ablation technique [7]. The pore size was
100 pm, and the interpore distance was 250 um. After
formation of micropores, 1 mg (164.5 units)em%10 pl
heparin was impregnated onto the surface of the film by
photoreactive gelatination. With the aid of a microscope, the
modified film was sutured on the stent strut with 10.0 nylon
thread, rolled up and fixed on it with N N-dimethylforma-
mide solvent (Fig. 1).
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2.2. Preparation of aneurysms in dogs

Lateral-wall vein-patch aneurysms with a 5-mm orifice
were constructed bilaterally in the common carotid arteries
of seven adult mongrel dogs [5,8). A total of 13 aneurysms
were created. Surgical procedures were performed under a
protocol approved by our institution’s Animal Care Com-
mittee. The dogs were maintained on standard laboratory
diet. The dogs were anesthetized with intramuscular injec-
tion of Ketalar (I cc/kg) and atropine sulfate (0.5 mg),
endotracheally intubated and maintained with 2030 mg/kg
sodium pentobarbital iv. A 10-cm cervical midline skin
incision, dissection of the muscles and connective tissnes
exposed the bilateral common carotid arteries and the right
external jugular vein. Two pieces of the external jugular
vein were harvested. The carotid arteriss were cleared of
adventitia and were clamped on both sides. A longitudinal
linear arteriotomy was made. The vein graft was then
sutured onto the artery with a discontinuous 8.0 nylon
suture (Fig. 2). Seven dogs each had one aneurysm on each
carotid artery.

2.3. Procedure for embolization of aneurysm

The balloon expandable stent with microporous SPU
film impregnated with heparin was mounted on the per-
cutaneous transhuminal -angioplasty (PTA) balloon (a 5
French Power Flex PTA balloon 4 or 5 mm, 2 cm; Cordis,
Johnson & Johnson) after sterilization using 0.5% Maskin-
alcohol before use. Aneurysms were embolized using our
stent graft, 2—-4 weeks after creation. The femoral artery
was surgically exposed. A 6 French sheath introducer was

Fig. }. An expanded stent graft. Ovoid-shape micropores are seen on the inflated and detached stent graft,
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