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Abstract: Advanced micromedical devices may require
computer-aided photofabrication, by which microarchitec-
tural surface design and entire macroshaped body design
are feasible. Liquid acrylate-endcapped poly(e-
caprolactone—co-trimethylene carbonatejs, poly(CL/TMC)s,
prepared using trimethylene glycol (TMG) or poly(ethylene
glycol) (PEG) as an initiator and an acrylate group for sub-
sequent terminal capping, were used as photocurable co-
polymers. The stereolithographically microarchitectured
photoconstructs were prepared using a custom-designed ap-
paratus with a moving ultraviolet (UV) light pen driven by
a computer-assisted design program. The prepared photo-
constructs included microneedles, a microcylinder and mi-
crobanks on surfaces. In vitro hydrolytic degradation pro-
ceeded with surface erosion when hydrophobic TMG-based

photocured copolymers were employed, whereas very fast
degradation of hydrophilic PEG-based photocured copoly-
mers probably via concerted actions of surface erosion and
bulk degradation was observed, In vive hydrolytic behavior
upon subcutaneous implantation in rats indicated that sur-
face erosion proceeded for TMG-based photoconstructs.
Anti-inflammatory drug (indomethacin) loading into mi-
croneedle-structured surfaces minimized inflammatory re-
actions. The possible biomedical microarchitectural three di-
mensinal in biomedical application photoconstructs was dis-
cussed. © 2002 Wiley Pericdicals, Inc. ] Biomed Mater Res
62: 395-403, 2002
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INTRODUCTION

Photofabrication of microdevices and microarchi-
tectured surfaces may be required for advanced medi-
cal procedures.”™ To this end, the authors have been
developing photocurable biocdegradable liquid co-
polymers and its photofabrication process. Photocur-
able liquid copolymers designed and develop to this
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end were composed of trimethylene carbonate (TMC)
and e-caprolactone (CL), and were di-, tri-, and tetra-
branched, each termini of which was capped with a
coumarin,”® phenylazide,® or acrylate group.’® When
low molecular-weight alkane diol, triol, or tetraol as
an initiator was utilized, hydrophobic, water nonab-
sorbable photocured copolymers were obtained. On
the other hand, when poly(ethylene glycol) (PEG) and
its tetra-branched derivative were used as an initiator,
hydrophilic, water-adsorbable photocured copoly-
mers were obtained.

In this article, as an extension of our series of stud-
ies, microarchitectural surfaces were prepared using
bifunctionally acrylate-endcapped hydrophobic and
hydrophilic copolymers composed of TMC and CL at
an equimolar basis. Figure 1 shows the structure of
photopolymerizable copolymers used (a and b). Using
a custom-designed stereolithographic rapid prototyp-
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Figure 1. Structure and molecular description of bifunc-
tional acrylate-endcapped poly(CL/TMC)s.

ing apparatus (SLA) with ultraviolet (UV) light, mi-
croarchitectured surfaces were prepared. In witro and
in vivo hydrolysis behaviors of photoconstructs and
drug loading and in vivo release from upon implanta-
tion of photoconstructs into subcutaneous tissues
were demonstrated.

EXPERIMENTAL
General procedure

All of the solvent and reagents were purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Ja-
pan) or Sigma-Aldrich Japan, Inc. (Tokyo, Japan). Tri-
methylene carbonate (TMC) was prepared according
to the method previously reported, and recrystallized
from a mixed solvent of ethyl acetate and hexane.®
Other solvents and reagents were purified by distilla-
tion. "H-NMR spectra were recorded on a JEOL JNM-
GX270 FT-NMR spectrometer {270 MHz, Tokyo, Ja-
pan). The chemical shifts were given as 8 values with
Me,Si as the internal standard. Ultraviolet (UV) ab-
sorption spectra were measured on a JASCO Ubest-30
UV /VIS spectrometer (Tokyo, Japan). UV irradiation
was carried out using a 250 W mercury-xenon (Hg-Xe)
lamp (Hamamatsu Photonics L5662-02, Shizuoka, Ja-
pan). The intensity of UV light was measured at 250
nm on a TOPCON UVR-25 (Tokyo, Japan). The sur-
face topographic changes of were determined by scan-
ning electron microscopy {SEM; JEOL JSM-6301F, To-
kyo, Japan). The histological observation of subcuta-
neous tissues of rats was carried out by light
microscopy (Olympus VANOX-S AHBS, Tokyo, Ja-
pan).

Synthesis of acrylate-endcapped
poly(s-caprolactone-co-trime[t.l{'l%'lene carbonate)
copolymer, acrylated poly(CL/TMCQ)

The preparation of acrylated poly{CL/TMC) was
carried by a two-step reaction. First, poly(CL/TMC)s
were prepared using CL and TMC as (co)monomers,
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trimethylene glycol or poly(ethylene glycol) (PEG,
mol. wt. 1000) as an initiator and tin(II)2 ethylhexano-
ate as a catalyst at almost full conversion.?®?¢ Subse-
quently, hydroxyl groups at terminal ends of copoly-
mers were esterified using acryloyl chloride.!® The
compositions of the copolymers were determined by
'H-NMR spectroscopy, and the acrylate content and
molecular weight of the acrylate-endcapped copoly-
mer were determined from the relative peak intensi-
ties between the acrylate group of the copolymer and
methylene groups ascribed to the coumarin group of
the coumarin-endcapped copolymer used as a refer-
ence compound at the same concentration in 'H-NMR
spectra (the coumarin content of the coumarinated co-
polymer was quantitatively determined by UV spec-
troscopy in our previous article®).

UV-induced photocuring characteristic

A round liquid film (diameter 15 mm) of the acry-
late-endcapped copolymer or the mixture of the co-
pelymer and benzophenone, which was coated on a
coverglass, was irradiated using a Hg-Xe lamp at 10
mW/cm? After immersion in dichloromethane to dis-
solve the solvent-soluble part, the insoluble copolymer
was dried and weighed. The photocuring yield was
defined as the weight percentage of the insoluble part
(W,} relative to that of the coated copolymer (W):
W,/W x 100.

Water adsorptivity

A round photocured film was immersed in water
for two days at room temperature. The degree of wa-
ter adsorptivity (DW) was determined as the relative
amount of water uptake relative to that of the dried
photocured copolymer on the basis of weight.

Photofabrication using a stereolithographic
apparatus (SLA)

Photofabrication of microarchitectural blocks using
a custom-designed SLA was carried out as follows
(Fig. 2). The SLA consisted of a moving light pen with
a photomask (diameter, 100 pm), an optical fiber con-
necting the light pen and the light source (Hg-Xe
lamp), a vertical elevator and controller (Sigma Koki
MARK-41, Tokyo, Japan) driven by computer-assisted
design, and a liquid-polymer bath. The stage control-
ler manipulated the movement of the light pen at a
rate of 7 pm/s and photoirradiation intensity was set
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Figure 2. Schematic diagram of the stereolithographic apparatus (SLA) used.

at 50 mW/cm?, and the liquid photoreactive copoly-
mer was refilled on the surface by lowering the verti-
cal elevator table into the liquid-polymer bath (200
pm/cycle), as shown in Figure 3.

Preparation of rose bengal-stained photoconstructs

Rose bengal-stained photoconstucts were obtained
by immersion or partial immersion in rose bengal-
saturated acetone solution for a predetermined pe-
riod, washing with ethanol and air drying. The stained
photoconstructs were sliced for visual cross-sectional
observation.

Preparation of drug-immobilized photoconstructs

Two types of drug-immobilized photoconstructs
were prepared. One was a drug-soaked construct,

moving light pen
{x, y axis moving)

table (z axis)

2 Ay liquid bath

photocuring of
first layer

which was obtained by immersion of the photocon-
structs in 10 wt % indomethacin-containing acetone
solution for 30 min, washing with ethanol and air dry-
ing; the other was drug-capsulation construct, which
was obtained by injection of 10 wt % indomethacin
poly(CL/TMC) solution into a cavity of the cylindrical
construct and sealing with a photocurable copolymer.

In vitro hydrolytic degradation

The photoconstruct, prepared above, was immersed
in 0.1 N aqueous sodium hydroxide solution (pH 13).
After 3 days of immersion, the photoconstruct was
washed with ethanol and dried.

In vivo implantation

The photoconstructs, prepared above and washed
with ethanol and air dried, were implanted under the

photocuring of
second layer

Figure 3. Layer-by-layer photofabrication in the reaction both of SLA system.
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dorsal skin of male wister rats (around 400 g in
weight). After a predetermined time, the rats were
dissected to remove the photoconstructs from the sur-
rounding tissues. The surrounding tissues were fixed
in 1% aqueous formaldehyde solution (pH 7.4) for 12
h, and stained using hematoxylin eosin (HE} or peri-
odic acid schiff (PAS) reaction.

RESULTS
Photocuring characteristics

Table I lists the descriptions of bifunctional acrylate-
endcapped copolymers prepared using trimethylene
glycol (TMG) or poly(ethylene glycol) (PEG; mol. wt.
1000 g/mol), with molecular weights of approxi-
mately 2600-3500 g/mol. The former photocured co-
polymer adsorbed only 1% water, whereas the latter
adsorbed water of approximately one-third of its dry
weight. When UV light is irradiated on a liquid film of
a copolymer in the presence or absence of benzophe-
nene as an UV-sensitive radical initiator, the photo-
curing yield, which is insoluble parts produced by the
photoirradiation, increased with irradiation time (Fig.
4). A higher photocuring rate in the presence of ben-
zophenone was observed for copelymer (a) compared
with that in the absence of benzophenone, whereas
there was little difference in the photocuring rate of
copolymer (b), regardiess of the presence or absence
of benzophenone.

Stereolithographically prepared surfaces

A custom-designed SLA, as shown in Figure 2,
which consisted of the moving light pen with the pho-
tomask with a round pore of 100 pm diameter, was
operated at a moving rate of 7 pm/s. The photofabri-
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Figure 4. UV-induced photocuring characteristics of liquid
films composed of diacrylated poly(CL/TMC)s at an irra-
diation of 10 mW/em?®, Film thickness: 0.2 mm. Copolymer
(a): O, no initiator, A, 1 wt % benzophenone. Copolymer (b):
W, no initiator; ¥V, 1 wt % benzophenone.

cation procedures were as follows, as shown in Figure
3. First, the stage was immersed into photocurable lig-
uid at a depth of 200 pm, and then UV light was
horizontally scanned at each 100 pm apart. The pro-
cedure was repeated two cycles to attain the flat plat-
form’s height of approximately 400 pm. Figure 5
shows design configuration of four different micro-
structured photoconstructs (microneedles, microcylin-
der, microbanks, and microwells). Figure 6 shows two
examnples of designed microarchitectures; microbanks,
and microwells. A cylindrical photoconstruct with an
inner diameter of 2.0 mm, a width of 0.2 mm, and a
height of 5.0 mm was obtained by photoirradiation
using the moving pen with a diameter of 2.1 mm
(number of cycles: 25 cycles). Figure 7 shows the cy-
lindrical photoconstruct thus obtained. As for the mul-
tiple microneedle architecture, the moving pen was

TABLE I
Difunctional Acrylate-Endcapped Liquid Poly (CL/TMC)
Nonendcapped Copolymer Acrylate-Endcapped Copolymer
Composition Acrylate Content?
Polymer Initiator® CL : TMC? M, . (mol/g) M, DWE
a CH,(CH,0H), 0.50: 0.50 2200 81x10¢ 26x10° 0.01
b PEG1000 0.52:0.48 3300 5.7 x 1074 3.5x10° 0.32

*Molar fraction of monomer per total OH groups of initiator was fixed at 6.6.

®Copolymer composition of CL/TMC determined by *H-NMR spectroscopy.
‘Number-average molecular weight determined by GPC (PEQ standard).

4 Acrylate content determined by using the corresponding reference copolymers.

*Molecular weight determined based on acrylate content.

fDegree of water adsorption of photocured film (relative weight of water uptake to polymer).
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Figure 5. Design configurations of four different microstructured photoconstructs. Upper panels: top views; lower panels:
cross-sectional views. (A) Microneedles; (B) microcylinder; {C) microbanks; and (D) microwells.

rotated at a predetermined location. After one spot  was discented at a depth of 200 wm, resulting in the
was photocured, the light pen was moved to the next  formation of a liquid film on the photofabricated sur-
spot, which was also photocured. This sequence was  face. Then, such an SLA procedure was repeated
repeated. After each spot was photocured, the stage  again. After six cycles of the procedure were con-

Figure 6. SEM micrographs of photoconstructs prepared from the copolymer (a). (A) microbanks; (B} microwells.
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A

Figure 7. SEM micrographs of microcylindrical photoconstruct (left; side view, right; top view).

ducted, the surface was thoroughly washed with etha-
nol. The resulting microneedle-array is shown in Fig-
ure 8.

In vitro and in vive hydrolysis of
microneedle-like structure

The microneedle-like structured surface, which was
photofabricated based on copolymer (a), was im-
mersed in an alkaline solution (pH 13) for 3 days.
Figure 9 shows the SEM micrographs before and after
hydrolytically degraded microneedle-like structure.
Upon alkaline hydrolysis, the surface became rough
and the diameter became considerably smaller [ap-
proximately 70% of the original diameter; Fig. 9(B)]
but the height appeared to become slightly low. This is
due to the surface erosion of entire body of photocon-
struct including the base platform, resulting in a very
small change in the height of microneedles particu-
larly at an early phase of hydrolysis. On the other
hand, a microneedle-like photoconstruct based on

Figure 8. SEM micrographs of microneedle-array prepared
from the copolymer (a).

PEG-based copolymer (b) was dissolved away within
one day of immersion (data not shown).

Upon subcutaneous implantation of microneedles
into a rat for 1 month, some microneedles were broken
probably due to tissue movement during implanta-
tion, and the surface became rough and the diameter

g l«l‘s"‘
ey

g

iy,

(e #

right: 300 ym

Figure 9. SEM micrographs of microneedle-like photocon-
structs composed of copolymer (a) before and after surface
erosion in alkaline solution and subcutaneous implantation,
(A) Before treatment; (B) after 3 days of immersion in 0.1 N
aqueous sodium hydroxide solution (pH 13); (C) after
1-meonth implantation under dorsal skin of a rat.
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Figure 10. Cross-sectional images of sliced photoconstruct of microneedles. (A} Before immersion; (B} entire immersion in
rose bengal acetone solution for 30 min; (C) partial immersion in rose bengal-containing acetone solution for 30 min.

became smaller [approximately 80% of the original di-
ameter; Fig. 9(C)], which quite resembled with that
subjected to in vitro alkaline hydrosis. For PEG-based
copolymer (b), only small pieces of biodegraded pho-
toconstructs were left in the tissues.

Drug loading on microarchitectured surface

Different procedures of drug loading on and releas-
ing from microbanks- or microtube-structured sur-

faces were attempted as follows. One method was
photofabrication using a liquid copolymer dispersed
or dissolved with a drug. Indomethacin, which is well
known as an antiflammatory drug, was selected for
this purpose. However, due to the strong absorption
characteristic of indomethacin (very high absorption
at 300-400 nm) in UV wavelength, the drug-
immobilized liquid could not be fully photocured. Al-
ternatively, the drug was soaked after partial or full
immersion of microneedle-like architectured photo-
constructs in an indomethacin-containing acetone so-

50 um

Figure 11. Histological cross-sectional photos of microfabricated photoconstruct facing subcutaneous tissues after 1-week
implantation. (A, B), nenloaded; (C, D), indomethacin-loaded. (A, C) HE-stained; {B, D) PAS-stained. p: The space occupied
by the photocured film (note that photoconstruct film became very slippery due to surface hydrolysis and was spontanecusly
detached at the time of retrieval). Arrows: multinucleated-like cell.
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lution. To visualize the state of drug immobilization, a
red-colored dye, rose bengal, was employed as a test
substance. Figure 10 shows cross-sectional views of
the rose bengal-stained, sliced microtectured surfaces
[Fig. 10(A)]: one micrograph shows partial staining, in
which dye soaking is limited to microneedle-like
structural regions when only microarchitectural parts
were soaked [Fig. 10(C)], and the other micrograph
shows the entire sorption of dye upon immersion of
the entire photoconstruct [Fig. 10(B)].

Indomethacin was soaked in the entire body of mi-
croneedle-arrayed substrates from acetone solution.
Upon implantation of microarchitectured implants
with or without indomethacin loading into subcuta-
neous tissues of rats for 7 days, some histological dif-
ferences between nonloaded and drug-loaded
samples were observed. In the tissue facing the surface
of nondrug-loaded photoconstruct some neutrophiles
[stained by PAS reaction, Fig. 11(B})] and numerous
newly recruited macrophage-like cells were present. A
few giant foreign bodies, fused macrophages, were
also seen [Fig. 11{A)]. On the contrary, such macro-
phage-like cells and neutrophiles were hardly seen in
tissues facing the indomethacin-loaded surfaces {Fig.
11{C}) and (D)]. This study indicates that the slow re-
lease of indomethacin from the microarchitectured
surfaces appears to work well for modulation of for-
eign-body inflammatory reaction.

DISCUSSION

* Stereolithography (SL} is a process of formulating
three-dimensional (3D) plastic models from computer-
aided manufacturing (CAM) technique using a com-
bination of light beam, optical scannings, and photo-
reactive materials, This has been used for biomodeling
to replicate the morphology of a biclogical structure in
a solid substance.!”=!® The process uses a moving UV
or visible light beam or laser beam, directed by a com-
puter, to draw cross-sections of the model onto the
surface of photocurable liquid polymer. In addition to
btomodeling, microarchitectural surface design and
entire-body design for advanced medical technology
may be the next subject of SLA-based fabrication tech-
nology in biomedical applications.

To this end, we prepared photocurable liquid bio-
degradable copolymers that are photocured by UV or
visible light irradiation. Because TMC units and CL
units in copelymers are hydrolytically susceptible,
these copolymers are essentially biodegraded. These
hydrolyzed substances are essentially nontoxic. When
TMG was used as an initiator, the resultant copolymer
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was hydrophobic and exhibited minimal water up-
take, by which degradation proceeds preferentially via
surface erosion upon immersion in aquecus alkaline
sclution as well as subcutaneous implantation. On the
other hand, a PEG-based copolymer is hydrophilic
and highly water sorpable, which induces the degra-
dation both at the surface and in the bulk. Using these
copolymers with different hydrolytic behaviors, a mi-
croarchitectural surface was designed by scanning
photocurable liquid biodegradable copolymers films
with a moving UV light beam. Stereolithographically
microarchitectures were feasible as evidenced in the
SEM micrographs. The thin liquid film of photocur-
able copolymers was easily photocured by UV irradia-
tion. This enabled the layer-by-layer photocuring, as
shown in Figure 3, resulting in a microphotoconstruct.
Although SLA-driven photoconstructs have been uti-
lized for shaping of automobiles and biomodeling of
complex-shaped organs, few applications have uti-
lized microfabrication of implant devices.

The CAD system enabled the automated prepara-
tion of microarchitectural surfaces as designed. Be-
cause the biodegradation rate can be manipulated by
changing the mixture ratio of TMG-based and PEG-
based vinylated copolymers or copolymer composi-
tion of TMC and CL, control of sustained release rate
may be feasible. The SLA-driven microarchitecture
may find versatile application. in high precision-
microfabricated biomedical devices.

The authors appreciate the histological examination by
Dr. H. U. Ueda, Department of Pathclogy, National Cardio-
vascular Center Hospital (Osaka, Japan). One of the authors
(M.M.) appreciates the continuous encouragement of Dr. G.
N. Kumar, Dr. S. C. Arnold, and Dr. A. G. Scopelianos (all of
whom are from Johnson & Johnson).
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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 pry; interpore distance,
125 pm). An aqueous mixed solution of benzophenone-
derivatized gelatin and heparin was coated on the micro-
pored SPU film. Upon ultraviolet light irradiation, a thin
layer of a gelatin gel imumobilized with heparin was formed
and simultanecusly 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-
g:lently suturing and then gluing. To assess the validity of

is covered stent in vivo, “half-covered” 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 (i = 7) were patent. Regardless of
the covered or noncovered region of the stents, the entire
luminal surface of the stents was fully endothelialized and a
thin neointimal 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-
meri¢ polymer

INTRODUCTION

Percutaneous transluminal angioplasty in the coro-
nary and peripheral arteries (PTCA 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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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 cell 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-
cipal cells triggering intimal hyperplasia ***! Previous
articles have reported promising approaches via bio-
compatible designs including he%arin derivatization
and immobilization on struts,” 7 thus minimizin

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-
tion. Upon implantation in arteries, time-dependent
permeation of 2 model protein and gene transfection
from the stent-facing tissue to a deeper vascular tissue
as well as a prolonged period of gene expression were
noticed. Thus, photocurable gelatin served as a drug-
or gene-delivery matrix.

The other approach under development is the load-
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 (SPU)
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 wm; 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 SPU 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
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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
14500; Hamamatsu Photonics, Hamamatsu, Japan).”
One side of the micropored SPU film was coated with
an aqueous solution (20 pL/em?) of benzophenone-
derivatized gelatin® (benzophenone groups per gela-
tin molecule, 32 groups; 50 mg/mL) and heparin
(25 mg/mL, 164.5 n/mg Wako Pure Chemical Ind.,
Osaka, Japan) and irradiated with a 400-W ultra-high-
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,
NJ), and 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 em, 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 8 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



and fixed with 10% formaldehyde in phosphate buffer
(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). Speci-
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 necintimal
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 rheometer (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 um} (step 1 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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l (1) Micraporing

{A) Full covered stent

{B) Hali-covered stent

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 irradiation (II), fol-
lowed by covering the treated SPU film on a balloon-
expandable stent (IIL, 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 III). 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 um 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 excimer
laser of SPU films, (¢) 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 prepared by coating with the mixture of benzophenone-derivatized gelatin and heparin on the micropored SPU

film and subsequent UV irradiation. Light mi

crographs of the 5PU 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 calcu-
lated was 1.60 x 107 Pa for the non-micropored film
and 145 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-
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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
pm (---), 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 blue3® 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)}.

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 SFU
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 on 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)].

Implantation 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 PTA 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 introducer, 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 (n = 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 neocintimal
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 um in the uncovered
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region and 244.3 + 48.5 pm including cover film thick-
ness in the covered region.

DISCUSSION

For the treatment of arteriosclerotic stenosis lesions,
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 much as possible, various
“second-generation” stents have been under develop-
ment by incorporation of various working principles
includin§ surface designs such as polymer coating or
fixation**?**4 and immobilization of phamacol?&ical
agents,’*%® material designs such as metallic¥4® 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 polzmers such as polyglycolic acid®® and
polylactic acid*?™** or nondegradable 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

Figure 5. Angiograph of the rabbit common carotid artery after 3-month implantation of the half-covered stent (a). Light
micrographs of the circumferential sections of the rabbit common carotid arteries implanted with the half-covered stent (c);
bared region (b); and covered region (c) in the stent.
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Figure 6. SEM of the luminal surface of the rabbit common carotid artery implanted with the halfcovered 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 transmural 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 control 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 mum but in
the expanded state is approximately 3 mm). This
means that approximately two- to three-fold stretch-
ing of the covered film occurred in the circumferential

direction upon expansior; 2. be micropored with high-
dimensicnal 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.3’4° 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
balloon, in the same way as a noncovered stent. As the
surface-layered dru§-reservoir 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
encothelialization 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 Alm
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 surface may alter the morphogenesis pro-
cess at athelosclerotic sites, reverting them to the nor-
ma] 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 necintimal tissue formation and subse-
quent endothelialization. Rapid endothelialization is
the ultimate good for control of normal tissue regen-
eration. Our previous in vitro*® and in vivo® 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 “reccil” phenomena in the chronic 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 concerte”
actions of sustained release of bioactive substance.
[for example, anti-coagulant (or heparin), 2% anti-
proliferative agents (heparin for SMCs or anti-cancer
agent®162122 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 this hypothesis, we are now evaluating
the usefulness of “full covered” stents using an animal
model under conditions more directly resembling
clinical applications: rabbits with hyperlipidemia 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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ABSTRACT

In this article, we show that human endothelial progenitor cells (EPCs) in circulating peripheral
blood may be a novel cell source for a cell-incorporated engineered vascular graft. Cultures of hu-
man peripheral blood monenuclear cells collected by the density gradient technique developed highly
proliferative EPC colonies, which expanded with culture time. The production rates of antiplatelet
substances such as endothelial-type nitric oxide synthase and 6-keto-prostaglandin-F;-a were ap-
proximately one-third and approximately one-half of those of mature endothelial cells (ECs), re-
spectively. On the other hand, the tissue-type plasminogen activator production rate of EPCs was
almost the same as that of ECs. EPCs were seeded and cultured on a small-diameter compliant graft
(inner diameter, 1.5 mm) made of microporous segmented polyurethane film coated with a photo-
reactive gelatin layer, and subsequently subjected to hydrodynamic shear stress by ex vivo circula-
tion. EPCs fully covering the graft elongated and aligned themselves with the direction of the flow,
resulting in the production of an integrated EPC-engineered graft. These results indicate that EPCs,
which have high proliferative potential and high antithrombogenic potential, comparable to those
of ECs, are a suitable cell source for cardiovascular tissue engineering.

INTRODUCTION

N ENDOTHELIAL CELL (EC) MONOLAYER formed on the

lumenal surface of a synthetic graft has been proved
to be antithrombogenic because of its inherent anti-
thrombogenic potential to express potent antiplatelet, an-
ticoagulant, and high fibrinolytic activities. In the past 20
years,! many experimental studies have been reported on
the EC-seeded small-diameter vascular graft with high
patency derived from improved seeding techniques and
optimally designed extracellular matrix layering meth-
ods. Clinical studies indicate that the EC-seeded graft has
high patency rates in human cardiac artery bypass graft-

ing? and in lower extremity artery bypass grafting.3 De-
spite such successful results, however, the clinical appli-
cation of the EC-seeded graft is still hampered by the lack
of a convenient source of ECs.

A few articles have reported the existence of endothe-
lial progenitor cells (EPCs) in human adult peripheral
blood, and the contribution of these cells to adult vascu-
logenesis.*7 These studies suggest that it is possible to iso-
late and expand EPCs obtained from peripheral blood for
cell-seeded vascular prostheses. The advantage of using
EPCs as a new source for vascular tissue engineering is
that the procedure is much less invasive than the surgicat
harvest of ECs from large veins or tissue microvessels of
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