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o EXPERIMENTAL INVESTIGATION .

Hydrogel-Mediated Release of Basic Fibroblast Growth
Factor From a Stent-Graft Accelerates Biological Fixation
With the Aortic Wall in a Porcine Model

Miho Kusanagi, MD'; Osamu Matsui, MD'; Junichiro Sanada, MD?*; Takahiro Ogi, MD7;
Shigeyuki Takamatsu, VID'; Hongshan Zhong, MD?"; Yu Kimura, MEng?; and
Yasuhiko Tabata, PhD, DMSc, DPharm?

‘Department of Radiology, Kanazawa University Graduate School of Medical Science,
Kanazawa, Japan. 2Department of Biomaterials, Field of Tissue Engineering, Institute for
Frontier Medical Science, Kyoto University, Kyoto, Japan.

4 *

Purpose: To evaluate the local reaction of the aortic wall induced by basic fibroblast growth
factor (bFGF) released from a gelatin hydrogel coated on the outer surface of a stent-graft
for the purpose of biological fixation.
Methods: A total of 18 nitinol-based, polyester-covered stent-grafts were implanted in 6
porcine aortas for 1 month. The implanted stent-grafts were divided into 3 groups: the
control group (uncoated), the hydrogel group (coated with hydrogel containing water), and
the bFGF group (coated with hydrogel containing bFGF). After stent-graft implantation, the
results of intravascular ultrasound (IVUS) and qualitative and quantitative microscopic
examinations were compared among the groups.
Results: In the bFGF group, a thin white lamellar tissue was observed on IVUS images.
Significantly more new intimal tissue formation was observed in all the bFGF group
animals than in the other 2 groups, and alpha smooth muscle (SM) actin—positive cells
(«SMCs) were detected in this new tissue. The aSMCs within the fabric of tightly woven
grafts were significantly more abundant in the bFGF group than in the other groups.
Conclusion: The local controlled release of bFGF from the stent-graft significantly
accelerated the proliferation of new intimal tissue between the aorta and the stent-graft
and within the graft materials. These findings suggest that a graft can be fixed biologically to
the aortic wall, which may contribute to the shrinkage of aneurysms following stent-grafting.
J Endovasc Ther 2007,14:785-793

Key words: Biological fixation, stent-graft, basic fibroblast growth factor, controlied
release, hydrogel, aortic wall

L 2 *

Endovascular stent-grafting has proven to be
extremely effective in treating aortic aneur-
ysms,! especially in poor surgical candi-
dates.?® One of the most important advan-
tages of stent-grafting compared to open
surgery is its relatively low invasiveness,
resulting in extremely low periprocedural
morbidity and mortality.*® On the other hand,

because of the simple mechanical compres-
sion of the relatively thin artificial graft to the
aortic wall with an internal metallic stent, the
graft never tightly contacts the aortic wall.
This is especially true in the case of an aortic
wall rendered-irregular due to arteriosclero-
sis, with variously sized spaces remaining
between the graft and the wall.. It is speculat-
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ed that these spaces could be one of the
causes of endoleak, endotension, and stent-
graft migration, which are the major reasons
for progressive enlargement and rupture of
aortic aneurysms following stent-grafting.®®
Sealing of these spaces is considered to be
essential in preventing migration and to
obtain complete aneurysm . exclusion with
long-term clinical success. ‘

The concept of biological fixation between
the aortic wall and stent-graft has attracted
attention of late.>"® Marty et al.® enhanced
biological fixation by causing extensive gran-
ulation tissue invasion into the pores of
polyurethane-covered endoprostheses, but
healing was inadequate in stent-grafts made
with polyester, which has been the main type

- of graft material used clinically. ’

In recent years, the application of various
genes or growth factors has been investigat-
ed in the field of regeneration medicine and
tissue engineering. Among them, basic fibro-
blast growth factor (bFGF) had shown its
effectiveness and has been applied clinically
for accelerated wound healing."'? Conklin et
al.” also reported that bFGF increased the
proliferation rate of both endothelial cells and
endothelial progenitor cells in their experi-
mental study.”® In addition, Tabata et al.'
developed a biodegradable gelatin hydrogel
as a vehicle for controlled release of bFGF;
they confirmed that biologically active bFGF
was released to surrounding tissue as a result
of in vivo degradation of the acidic gelatin
hydrogel. Using this gelatin hydrogel, we
postulated that these new techniques might
have a potential for achieving biological
fixation between a stent-graft and the aortic
wall. Hence, we created a new stent-graft that
could gradually release bFGF from gelatin
hydrogels coated on the outer surface of
a stent-graft. We studied the local reaction
caused by controlled release of bFGF and
explored its potential for biological fixation
between the aortic wall and stent-graft.

METHODS
Study Design

The biological reactions evoked between the
stent-graft and aortic wall following endovas-

J ENDOVASC THER
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cular stent-grafting in a pig were compared in
3 groups: the bFGF group, in which a poly-
ester graft was coated with gelatin hydrogel
crosslinked with a bFGF solution; the hydro-
gel group, in which the graft was coated with
gelatin hydrogel containing water; and the
control group consisting of a non-coated
graft. Eighteen stent-grafts (6 in each group)
were implanted in the abdominal aortas of 6
pigs. The observation period was 1 month.

Animals

All animals were treated in accordance with
the  Guidelines for the Care and Use of
Laboratory Animals in Kanazawa University.
The protocol was approved by our institu-
tion’s Animal Care Committee. Six Landrace-
Large White-Duroc pigs weighing a mean
39.3+£3.0 kg were boarded and given oral
anticoagulation with aspirin (81 mg/d) and
ticlopidine (100 mg/d) from 3 days before the
procedure to the end of the observation
period.

Stent-Graft

The frame was .a self-expanding 25-mm-
long Matsui-Kitamura stent,'® which is made
from a single 0.3-mm-diameter superelastic
nitinol wire (Memoalloy; Tokin Inc., Tokyo,
Japan) having a transformation temperature
<0°C. The fabric cover was a seamless woven
polyester cylindrical graft measuring 15 mm
long with a porosity of 250 mL/min/cm?. The
outer diameters of the stent-grafts were 10%
to 20% larger than the aorta measured by
preoperative aortography.

Twelve grafts were coated with gelatin
hydrogel.'® Gelatin samples with an isoelec- -
tric point of 5.0 (molecular weight 99000; Nitta
Gelatine Co., Osaka, Japan) were dissolved in
double-distilled water with a consistency of
5% wt/wt at 40°C so that these gelatin
hydrogels would dissolve over 1 week. The
aqueous gelatin solution was chemically
crosslinked with glutaraldehyde (target water
content 95%) to prepare the hydrogels. Before
coating, the graft materials were charged for
“1 minute with 100 V for ionization, and then

‘the graft materials were covered with the

hydrogels. The closslinking reaction was
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Figure 1 & Stent-graft: MK stent and polyester fabric.

allowed to proceed for 24 hours at 4°C, and
the crosslinked hydrogel-coated grafts were
immersed in a 50-mM aqueous glycine solu-
tion at room temperature for 1 hour to block
residual aldehyde groups. The grafts were
rinsed twice with double-distilled water and
then freeze-dried to preserve them for ex-
tended periods of time.

To prepare the stent-grafts, the hydrogel-

coated grafts were slid over the stents,
attached with 5-0 polypropylene sutures,
and sterilized with ethylene oxide gas
(Fig. 1). Using aseptic techniques, 6 stent-
grafts were impregnated with bFGF using
human recombinant bFGF (Trafermin Fiblast
spray; Kaken Pharmaceutical Co., Tokyo,
Japan), which is commercially available for
skin ulcers and burns. The freeze-dried hydro-
gel-coated stent-grafts were soaked for
"1 hour at 37°C in a solution of 1-mg/mL bFGF
in distilled water. The other 6 hydrogel-coated
stent-grafts were soaked in distilled water for
1 hour at 37°C. The 6 control stent-grafts were
soaked in distilled water for 1 hour at 37°C.
To examine how much hydrogel was lost
mechanically during the stent-graft delivery
procedure, the bFGF was radiolabeled with
iodine 125 (?°I) using the chloramine-T radio-
jodination process. Ten microliters of an
aqueous bFGF solution (10 mg/ml) was
added into 190 pL of ‘a buffer containing
0.5M potassium phosphate buffer (KPB) and
0.5M potassium chloride (pH 7.5). Five micro-
liters of a sodium '2%I solution and 100 pL of
0.05M KPB solution containing 0.02 mg chlo-
ramine-T were added to the bFGF solution.
After agitation at room temperature for
2 minutes, 100 uL of 0.01M phosphate-buff-
ered saline (pH 7.4) containing 0.4 mg of
sodium metabisulfite was added to stop the
radioiodination process. The resulting mix-
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ture was passed through a PD-10 desalting
column (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden) to remove uncoupled '
molecules.

The radioactivity of a bFGF-impregnated
graft was measured with a gamma-counter
before and after the stent-graft was pushed
through the delivery sheath in vivo. After
testing 3 samples, the residual concentration
of bFGF after stent-graft delivery was 91.3%,
94.9%, and 92.1%, respectively. Based on
these values, the quantities of bFGF initially
adherent to the stent-grafts after deployment .
were estimated as ~110, 114, and 111 pg,
respectively. In this study, it was not possible
to measure bFGF released in vivo; however,
the degradation of bFGF- impregnated gelatin
hydrogels was confirmed previously in the
subcutis of mice,'* and it is assumed that
hydrogel degradation and bFGF release to the
surrounding tissue would be similar.

Stent-Graft Procedure

Animals were placed under general anes-
thesia after premedication with azaperone
{4 mg/kg), atropine sulfate {0.05 mg/kg), and
ketamine hydrochloride (15 mg/kg). Anesthe-
sia was induced with a nitrous oxide (2 L),
oxygen {2 L), and 5% sevoflurane mixture by
inhalation. An endotracheal tube was placed
to maintain anesthesia. Pancuronium bro-

‘mide (0.1 mg/kg) was administrated intrave-

nously for muscle relaxation. Monitoring
consisted of electrocardiography, invasive
blood pressure measurements, and percuta-
neous recording of oxygen saturation. During
the procedure, all pigs were heparinized to
maintain an activated coagulation time be-
tween 250 and 350 seconds.

The left femoral artery was exposed, and
a 7-F sheath (Terumo, Tokyo, Japan) was
inserted by direct puncture. A 4-F straight
catheter with calibrated markers (Medikit,
Tokyo, Japan) was inserted. Aortography
(Infunux-Celeve CC; Toshiba Medical Sys-
tems, Tochigi, Japan) and intravascular ultra-
sound {IVUS) {Intraimaging System TU-C200;
Terumo) were performed to measure the
aortic diameter at several points and select
the deployment positions. After surgical ex-
posure of the right common femoral artery,
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a 14-F short sheath {11 cm; Medikit) was
inserted, and a 0.035-inch stiff guidewire
(Terumo) was passed to the thoracic aorta
under fluoroscopic guidance. A 12-F long
sheath (80 cm; Medikit) was inserted carefully
at the point where the stent-graft would be
placed to avoid injury to the distal aorta, and
the stent-graft was inserted into the 12-F long
sheath over the guidewire. Three stent-grafts
were placed in each animal: the control
device was placed at the uppermost site, the
hydrogel-only stent-graft in the middle, and
the bFGF-impregnated device at the lower-
most site. After each stent-graft was de-
ployed, it was dilated using an XXL Large
Balloon Catheter (Boston Scientific, Natick,
MA, USA). After stent-graft placement was
complete, aortography and IVUS were per-
formed again to check the patency of the aorta.
The access sites were sutured surgically.

Specimen Retrieval and
Histological Analysis

After 1 month, aortography and IVUS were
performed. The pigs were euthanized and
their abdominal aortas retrieved; the speci-
mens were preserved in 20% neutral buffered
formalin for 1 week. After careful elimination
of the stent wire so as not to injure the
surrounding tissue, the specimens were em-
bedded in paraffin. The middle portion of the
graft was taken for examination in the axial
plane, and the proximal and distal ends were
taken for examination in the longitudinal
plane. Sections were cut into thin slices and
stained with hematoxylin and eosin, elastica
van Gieson (EVG), and antibodies to alpha
smooth muscle (a-SM) actin.

The specimens were assessed for the
thickness of the neointima covering the inside
of the graft as determined by IVUS, neointi-
mal ratio (percentage of the neointimal area
along the total vascular lumen in the axial
plane) and neointimal thickness by EVG
staining, and «-SM actin—positive cells within
the graft material on the axial section in each
group. The area and thickness of the neoin-
tima were manually traced on the digitalized
axial and longitudinal EVG-stained slides and
analyzed using the National Institutes of
Health Image Analysis Software (Image J,
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for Macintosh; http:/rsb.info.nih.gov/ij/). The
intimal thickness measurements on both
IVUS and the histological specimens were
the mean values of 3 discrete points in the
longitudinal plane.

Statistical Analysis

All data are expressed as means * standard
deviation. Upon detection of significant in-
creases by an analysis of variance, post-hoc
pairwise comparisons were conducted using
Tukey's test, with the level of statistical
significance taken as p<0.05. Statistical anal-
yses were performed using SPSS software
(SPSS, Chicago, IL, USA).

RESULTS

All endovascular procedures were successful
without any complications. All of the pigs
survived the observation period uneventfully.
At follow-up, all stent-grafts were patent on
aortography, and no stent-graft migration
was observed. Angiographically, mild steno-
sis was seen in 5 of 6 stent-grafts in the bFGF
group (Fig. 2). In these cases, thin echogenic
lamellar tissue was observed on IVUS (Fig. 3).
The thickness of the echogenic tissue was
20.8£51.0 um in the control group, 314+298
um in the hydrogel group, and 593+490 um
in the bFGF group {p=0.024 versus control).

Macroscopic Findings

On gross examination, the adventitial as-
pect of the specimen showed slight bulging in
all groups. On the luminal side, all of the
specimens were completely covered with
a glistening white-tinged layer, which contin-
ued from the cranial to the caudal portion of
the stent-graft and showed complete incor-
poration into the aortic wall.

Histological Findings and Analysis

In all specimens, the medial layer became
thinner, lost its normal wavy disposition, and
sometimes showed atrophic changes (Fig. 4).
The stent struts and grafts were completely
covered by the new tissue (neointima). The
neointima, which developed in the space
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Figure 2 ® (A) Post deployment fluoroscopy of the stent-grafts (from the top: control,
hydrogel-coated, and hydrogel with bFGF-coated). Digital subtraction angiography just after
stent-grafting (B) and 1 month later (C) showed slightly stenotic changes at the level of the
hydrogel-coated stent-graft (arrow) and bFGF-impregnated stent-graft (double arrow).

Figure 3 @ (A) IVUS at 1 month in the control group showed no intimal tissue. (B) In the
hydrogel group, slight white tissue (arrows) can observed, while in the bFGF group (C), thin
white lamellar tissue {arrows) was obvious.

Figure 4 & Histological cross section (elastica van Gieson stain, original magnification x40}
in the control group (A), the hydrogel group (B), and the bFGF group (C). All the polyester
grafts were covered by neointimal tissue (*). In the bFGF group, a large amount of new tissue
both inside and outside the graft was observed. G: graft material, A: aortic wall, L: lumen.



