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Abstract

Objective and Design: The search for improved stenting technologies to treat peripheral artery disease is trending
toward biodegradable self-expanding shape-memory stents that, as of now, still suffer from the acute trade-off between
deliverability and luminal stability: Higher deliverability leads to lower lumen stability, vessel recoil, and stent breakage.
This study was aimed at the development and testing of a self-expanding bioresorbable poly(L,L-lactide-co-g-caprolactone)
stent that was designed to produce confident self-expansion after efficient crimping, as well as quick bioresorption, and
sufficient radial force.

Materials and Methods: Bench tests were employed to measure shape-memory properties, radial force, and hydrolytic
degradation of the stent. The porcine model was employed to study deliverability, lumen stability, biocompatibility, and
stent integrity. A total of 32 stents were implanted in the iliac arteries of 16 pigs with |5 to 180 day follow-up periods.
The stented vessels were studied by angiography and histological evaluation.

Results: Recovery of the diameter of the stent due to shape-memory effect was equal to 90.6% after 6Fr crimping and
storage in refrigeration for | week. Radial force measured after storage was equal to 0.7 N/mm. Technical success of
implantation in pigs (after the delivery implemented by pusher) was 94%. At 180 days, no implanted stents were found to
be fragmented: All of the devices remained at the site of implantation with no stent migration and all stents retained their
luminal support. Only moderate inflammation and neoepithelialization were detected by histological assessment at 60, 90,
120, and 180 days. Lumen loss at 180 days was less than 25% of the vessel diameter.

Conclusions: The stent with the mechanical and chemical properties described in this study may present the optimal
solution of the trade-off between deliverability and luminal stability that is necessary for designing the next generation
stent for endovascular therapy of peripheral arterial disease.
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Introduction One important consideration of the efficacy of biore-
sorbable scaffolds (BRS) is its deliverability.> Most stents
today are delivered by balloon expansion that appears to
add strain, injury, and inflammation to the vessel walls, and
this play the major role in activating the restenosis. To

Development of better stenting technologies for endovascu-
lar treatment of peripheral artery disease (PAD) is becom-
ing increasingly prominent due to both clinical and
technological factors.! Search for the concept of an ideal
stent brought researchers to the acute trade-off between
mechanical and clinical properties of the device.>® As of
today, drug eluting stents employed to treat PAD display 1
year restenosis rates of 23% to 42.9% after percutaneous ~ Corresponding Author: _ _ ‘
ranslaminalangiopasy and 13.7% 0 3% withadional 74 Sk Ko S Corp L e
stenting.' These rates constitute an impressive progress of USA.
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Table |. Diameter of lliac Artery Vessels in the Studied Pigs.

lliac artery diameter, mm 5.0-5.4 5.5-5.9 6.0-6.4 6.5-7.0
Number of vessels implanted 3 7 3 3

decrease these harmful effects, self-expanding stents with
shape memory were developed. These stents are delivered
to the vessel in the crimped state and later expand under the
combination of body temperature and hydration.*> Early
experiments with self-expanding stents demonstrated
improved functionality and efficiency, and hence today the
ideal BRS appears to be a self-expanding shape-memory
stent with high radial force and quick resorption.

The poly(r,L-lactide-co-g-caprolactone) sten was
designed for this study to present 3 beneficial properties: (1)
high deliverability based on high shape-memory expansion
after the intensive crimping, (2) quick bioresorption, and
(3) decreased tissue inflammation. All 3 benefits are pro-
vided by controlled molecular and supramolecular structure
of the polymer material and production of the thin strut
stent as described in the relevant patent application.'?
Preclinical studies of such stent pave an important avenue
in the development of the BRS for the endovascular treat-
ment of the PAD.

t6711

Materials and Methods

The self-expanding peripheral stent was made of a semi-crys-
talline poly(r,L-lactide-co-g-caprolactone) copolymer by
laser cutting according to the technology described in the pat-
ent that illustrates production of the device.'? The thermally-
treated scaffold with a length of 21 mm and outer diameter
(OD) of 8.5 mm has a closed cell structure, strut width of 200
pm (as in nitinol analogues) and thickness of 250 um.

Radial force testing of the stent was performed with the
use of RX650 Radial Force Tester (MSI, Flagstaff, AZ,
USA). For better evaluation of radial and shape-memory
properties, the testing was performed in 4 steps: (1) crimp-
ing to an OD of 2 mm at 42°C, (2) nitrogen cooling and 1
week storage in a refrigerator, (3) shape recovery in water at
37°C, and (4) evaluation of radial force by crimping of the
recovered scaffold to an OD of 2 mm at 37°C.

Steps 1 and 2 simulate crimping of the scaffold onto a
delivery system and storage before the implantation at low
temperature, respectively. Steps 3 and 4 simulate scaffold
expansion (due to shape-memory effect) in a vessel and a
contact interaction between the scaffold and the vessel wall.
At steps 1 and 4, the crimper was heated up to crimping
temperature within 10 minutes. Radial force was evaluated
as normalized (per unit length) force during the second
crimping procedure (step 4) that caused 3% of irreversible
(ie, plastic) deformation. Shape-memory properties were
evaluated as a ratio of the scaffold OD after shape recovery
37°C to initial stent OD.

To perform hydrolytic degradation testing of the material
in vitro, plates with a size 60 mm X 10 mm X 1 mm were
fabricated by injection molding in HAAKE MiniJet
Injection Molding System (Thermo Scientific, Waltham,
MA, USA). During the degradation process at 37°C, we
measured the decrease in the molecular weight and mass of
the sample. The samples were immersed in 50 mL tubes
with phosphate buffer of 7.4 pH with 0.2% NaN, (antibac-
terial agent). The average molecular weight (M, ) was deter-
mined by size-exclusion chromatography on the Smartline
gel permeation chromatpgraphy system equipped with
refractometric detector (KNAUER, Berlin, Germany).
Distilled tetrahydrofuran was used as an eluent. The experi-
ments were performed at 40°C and 1 mL/min flow rate. The
column was calibrated by polystyrene standards.

The stents were tested in 16 healthy model animals
(pigs) without atherosclerotic lesions. Each pig was
implanted with 2 stents (1 stent in the right common iliac
artery and 1 in the left common iliac artery). In total, 32
devices were implanted using a 9Fr sheath introducer and
pusher. The 9Fr sheath introducer was used because of the
size of the scaffold, which is not suitable for 6Fr sheath. In
future, the scaffolds will be crimped on a special 6Fr deliv-
ery device, which is currently under development. The stent
diameter was 1-2 mm greater than the reference diameter of
the vessel in the implantation zone. The diameter of iliac
artery vessels in the studied pigs is shown in Table 1.

The animals were quarantined until the day of the study.
The weight of the animals ranged from 60 to 70 kg; the age
of the animals was commensurate to the weight. The pig
model is recommended for the use in preclinical research in
the FDA’s (US Food and Drug Administration) “Guidelines
for Presenting Research and Marketing Applications for
Interventional Cardiology,” May 1995. The testing center
used the “Guide for the Care and Use of Laboratory
Animals” (Institute of Laboratory Animal Resources,
National Academy Press, 1996) as a guideline for animal
care. All animals were fed standard high-fiber feed. There
were no known impurities in the feed or water that could
affect the results of this study. Animal care was performed
in accordance with the protocol which was approved by the
facility Institutional Animal Care and Use Committee.

Fasting was done 12 hours before surgery, water was
allowed. After intramuscular injection of Zoletil for basic
anesthesia, the tracheal intubation was performed, the skin
was prepared, and the ear vein was established. After tra-
cheal intubation, respiratory anesthesia was used.

During the operation, the animal was supine, with limbs
fixed on the operating table, the surgical area on the thigh
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Table 2. Stratification of the Trial Animals Based on the
Research Time.

Control point Days of trial Number of pigs/stents (n)
I 15 16/32

2 30 16/32

3 60 16/32

4 90 12/24

5 120 8/16

6 180 4/8

shaved and disinfected, and the electrocardiogram (ECG)
monitoring established.

The bilateral femoral arteries were surgically dis-
sected and an 9Fr sheath was placed. Under the fluoros-
copy, a 9Fr delivery sheath entered the femoral artery
from the outer sheath tube and then entered the iliac
artery along the guidewire. The size of the abdominal
aorta and the bilateral external iliac artery was measured
by angiography.

The degradable stent was placed at the end of the deliv-
ery sheath with the aid of the pushing rod. After positioned,
the pushing rod was gripped, the delivery sheath was with-
drawn, and the stent was released. Then the delivery sheath
and the pushing rod were withdrawn. The position of the
stent was further determined by angiography. The catheter
sheath was withdrawn, and the femoral artery was ligated.

Aspirin (100 mg) and Plavix (75 mg) were adminis-
tered daily after surgery, and antibiotics were given daily
within 5 days after surgery. In total, 32 devices were
implanted.

Each group of 4 experimental animals was followed up
for 15, 30, 60, 90, 120, and 180 days. Calculation of steno-
sis in the stent was performed by diagnostic subtraction
angiography (Table 2). During angiography, the reference
diameter of the vessel, its structure and diameter, as well as
the signs of thrombosis and restenosis of the stent were
evaluated. At each control point of 60, 90, 120, and 180
days, a group of 4 pigs were sacrificed and histological
evaluation of the vessel in the stenting area was performed.
The molecular weight of the explanted devices was deter-
mined to evaluate the rate of biodegradation in vivo. The
specimens were sectioned perpendicular to the axis of the
vessel. Histological analysis was performed following
hematoxylin and eosin staining, and observations were
made under an optical microscope.

Results

Bench and In Vitro Degradation Tests

The recovery of the stent after crimping was evaluated by
immersion in water at 37°C. Within 5 minutes after
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Figure |. Hydrolytic degradation of the studied stent is
demonstrated by the change of sample’s mass (red squares),
weight-average molecular weight of poly(lactide-co-¢-
caprolactone) during hydrolytic degradation in vitro at 37°C
(black squares), and biodegradation in vivo (empty squares).
The hydrolysis of this material (a decrease in molecular weight)
was rather fast and has started right from the first week of the
experiment.

immersion, the stent recovers to an OD of 7.7 mm, which
corresponds to 90.6% of the initial OD. The measured radial
force of the stent after shape recovery and following crimp-
ing at 37°C was found to be 0.7 N/mm.

Hydrolytic degradation of poly(L,L-lactide-co-¢-
caprolactone) used for creation of the stent revealed that
the hydrolysis of this material (a decrease in molecular
weight) was rather fast and began within the first week of
the experiment (Figure 1). The weight-average molecular
weight (M) of the polymer decreased from 240 to 92 kDa
in a month. However, this decrease in molecular weight is
not crucial for mechanical properties of the material,
which were retained at the same level. The mass of the
sample increased slightly during the first weeks due to
water absorption and remained approximately at the same
level for 3 months. After 4 months of hydrolysis, the
molecular weight decreased significantly and reached a
critical value of 13 kDa. At this point, mechanical proper-
ties of the material have decreased, and water-soluble
fractions of oligomers have started to wash out. This led to
a reduction in the mass of the test sample to 97.5% of the
original after 4 months of hydrolysis. A material of such a
low-molecular weight is capable of disintegration even
with a small effort. After 6 months, the sample mass was
reduced to about 83% of the initial level. It was impossible
to measure further mass loss due to mechanical rupture of
the sample. The biodegradation kinetics of polymeric
stents in vivo showed a similar pattern with a slightly
lower rate. This may be due to a different environment and
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(A)

Figure 2. (A) Angiography 60 days post implant and histopathology of the left iliac artery. Angiography revealed irregularities in
the contours of the artery. (B) Bar: 450 um. Arrows: (i) neointima, (ii) media, (iii) adventitia, and (iii) strut holes. In the area of stent
implantation, endothelialization of the stent is complete with a neointimal thickness of 270 + 20 pm.

higher thickness of the model plates for in vitro test com-
pared with stents. It is known that greater thickness of the
device limits the rate of diffusion of low-molecular weight
degradation products and leads to an auto-catalytic accel-
eration effect of hydrolysis.!

In Vivo Results

The implantation success rate (performed with pusher) was
87.5% (deployment of the stent on the lines with the ves-
sel’s reference diameter). One case (6.25%) showed insuf-
ficient deployment of the stent, which required post-dilation.
In another case (6.25%), the stent was damaged by the
pusher. Implementation of a special device for delivery of
the stent in the future should increase technical success of
implantation up to 100%. All stents had satisfactory radi-
opacity and were well visualized against the background of
iodinated contrast agents, even in the absence of radiopaque
markers. An oversize of arteries was 15% = 2% after
implantation of stents.

Control angiography on the 15th and 30th days of the trial
was performed in all 16 animals. In all cases, there was an
increase in the diameter of the artery in the stent area by 1.6
*+ 0.1 mm, that means the effect of the stent “pre-expansion”
within 30 days was recorded. Angiography of 1 animal (3%)
showed lumen loss of the common iliac artery and stenosis
which can be caused by neointimal proliferation. Despite the

small artery diameter and stenosis noted on the 15th day of
investigation, on the 30th day of investigation the decrease of
lumen loss and reopening of the vessel were observed. We
conclude that the stent maintains its mechanical properties
and radial stability.

Angiography of the 12 remaining animals on the 60th
day follow-up period demonstrated further narrowing of
the artery in 1 animal (6.25%). After angiography evalua-
tion, 4 animals (8 stents) were taken out of the study
(Figure 2A). According to the results of histological exam-
ination, there was less than 25% vessel stenosis and mini-
mal inflammation. The stents retained their mechanical
properties. In the area of stent implantation, neointima pro-
liferation with a thickness of 270 = 20 pm was detected
(Figure 2B).

On the 90th day after stent implantation, angiography
was performed in the second group of animals. Following
final angiography, the animals were sacrificed and histopa-
thology studies were performed (Figure 3A). Angiography
of the iliac arteries of this group of animals did not show
any abnormalities. Histopathology showed a slight narrow-
ing of the vessel (less than 25%) and mild inflammation. In
the area of stenting, neointimal proliferation with a thick-
ness of 350 = 50 pm was detected (Figure 3B).

On the 120th day of follow-up (5th Check Point), angi-
ography and histopathology were performed for the 4
remaining animals. Angiography in 1 animal (6.25%)



144

Journal of Endovascular Therapy 30(1)

Figure 3. (A) Angiography and histopathology 90 days post implant in the right iliac artery. Angiography of the iliac arteries did not
show any abnormalities. (B) Bar: 450 um. Arrows: (i) neointima, (ii) media, (iii) adventitia, and (jiii) strut holes. Histopathology showed
a slight narrowing of the vessel (less than 25%) and a slight inflammation in the area of stenting. Complete endothelialization of the

stent with a neointimal thickness of 350 = 50 um was detected.

showed a slight remodeling of the vessel with a decrease in
the lumen of the vessel proximal to the implanted stent (in
the area of the aortic bifurcation; Figure 4A). The molecular
weight of the samples at this point was about 50 kDa. The
stent was still mechanically stable at that time point. The
results of hydrolytic degradation of the polymer material in
vitro and biodegradation in vivo allow one to suppose that
the stent completely degrades within 12—15 months after
implantation. Histological evaluation of this area revealed a
slight (less than 25%) decrease in the vessel lumen and
signs of moderate inflammation. Histological evaluation of
the vessel in the area of stenting revealed initial process of
absorption without signs of inflammation and complete epi-
thelialization of the stent with a neointima thickness of 400
* 90 um (Figure 4B).

Angiographically, visual abnormalities in the animals’
arteries were not detected after 180 days (Figure S5A).
Histological examination of this area did not reveal a
decrease in the lumen of the vessel and signs of moderate
inflammation. Histological evaluation of the vessel in the
stenting area revealed partly endothelialization of the stent
with a neointima thickness of 520 = 100 um (Figure 5B).

Discussion

One of the key parameters of shape memory that we pur-
sued in this study is the stable expansion of the stent after

deep crimping,'' as inspired by the Tamai et al'> stent,
which was the first biodegradable stent implanted in human
in 1999. We developed the bioresorbable stent based on
poly(r,L-lactide-co-g-caprolactone) copolymer that is
described in the relevant patent applications.'”> Unlike
poly(L-lactide), the developed copolymer has shape-mem-
ory property at body temperature ensuring self-expansion
of a device after implantation.

Radial force of the stent was found to be 0.7 N/mm,
which is enough for luminal stability as proven by in vivo
tests in the porcine model. According to experimental and
computational tests,'* this value for designed stent is lower
but comparable with the nitinol analogues (0.938 N/mm for
Medtronic Complete SE (Medtronic, Ireland), 0.885 N/mm
for Cordis SMART Control (Cordis, USA), and 0.936 N/
mm for Boston Scientific Innova (Boston Scientific, USA))
and almost 2 times higher'> than the radial force of poly(L-
lactic acid) braided stent (0.4 N/mm).

Bench tests of the stent performed after crimping dem-
onstrated 90% self-expansion due to shape-memory effect
after immersion in water at 37°C for 3 minutes. This pro-
vides delivery of the device without balloon. Accelerated
degradation of the material (compared with PLA) was
another positive outcome of the modified molecular struc-
ture of the polymer. High mobility of polymeric chains in
this state, as well as higher rate of hydrolysis, results in
accelerated degradation. The in vitro tests showed that
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(A) (B)

Figure 4. (A) Angiography and histological result 120 days after biodegradable stent implantation. The angiography showed a slight
remodeling of the vessel with a decrease in the lumen of the vessel proximal to the implanted stent (in the area of aortic bifurcation).
(B) Bar: 450 um. Arrows: (i) neointima, (ii) media, (iii) adventitia, and (iii) strut holes. Histological evaluation of the vessel in the area
of stenting revealed initial process of absorption without signs of inflammation. Endothelialization of the stent is complete with a
neointimal thickness of 400 + 90 pm.

(A) (B)

Figure 5. (A) Angiography and histological result 180 days after biodegradable stent implantation of the right iliac artery. No luminal
loss is detected. (B) Bar: 450 um. Arrows: (i) neointima, (ii) media, (iii) adventitia, and (iiii) strut holes. Histological evaluation of the
vessel in the stenting area revealed complete endothelialization of the stent with neointimal thickness of 520 = 100 pm.
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Table 3. Comparative Results on the Histographic Studies of Diverse Stents as Published in Zhao et al'® with the Developed BRS

With Shape Memory.

3 months 6 months
Neointimal thickness, pm
Bare Metal Stent (BMS)'® 790 = 200 730 = 140
Drug Eluting Stent(DES)'® 370 *+ 400 410 = 80
Bioresorbable NA NA
scaffold(BRS)’
Bioresorbable scaffold 350 £ 50 520 = 100
BRS with shape memory
Endothelialization, %
BMS!'® 100 = 0.00 100 = 0.00
DES'¢ 100 = 0.00 99.96 + 0.04
BRS’ 100 = 0.00 100 = 0.00
BRS with shape memory 100 = 0.00 100 = 0.00
Area stenosis, %
BMS!'® 4137 = 6.73 38.80 = 5.09
DES'¢ 26.75 = 1.29 27.25 £ 2.99
BRSY 9.1 =27 7456
BRS with shape memory 70 £24 6.5 £ 6.1

Abbreviations: BRS, bioresorbable scaffolds; NA, not available.

molecular weight of the polymer has decreased to a critical
level after 4 months of hydrolysis. At this point, the drop in
mechanical properties can be expected. However, the sup-
port for 3—4 months is enough for the remodeling of the
vessel. The projected time for full bioresorption can be esti-
mated as 13 = 3 months.

In vivo results demonstrate that the processes that fol-
lowed implantation of the stent are quite typical. In all ves-
sels, endothelialization has been fully completed by the 30th
day. Only minimal initial resorption has been observed on
the 90th day, while the start of the resorption has been mani-
fested by the occasional cell infiltration in the stent rods, as
observed histologically. The definitive resorption was
observed at the 180th day, when only small fragments of the
stent have been found intact. Neointima thickness was found
to be 520 = 100 um at the 180th day. The resorption was
accompanied by the moderate inflammation that signals
acceptable biocompatibility of the stent during the entire
duration of this resorption. Importantly, the stent has not
migrated and stenosis has been insignificant (6.5% = 6.1%),
most probably related to the neointimal proliferation.

In vivo studies serve as an important demonstration of
the stent safety that paves the way toward clinical trials.
Although we did not employ comparables in our studies,
the results may be quite accurately compared with the pub-
lished results on the coated and non-coated nitinol stents,’
as well as shape-memory BRS of Sharma et al.” Such com-
parison is summarized in Table 3. The inflammation levels
that were induced by our stent are similar among all devices.
The smaller stenosis area in our study, as compared with the
other stents, may be explained by the larger arterial diame-
ter of the animals used in our study. Most notably, our stent
displayed a larger neointima thickness in comparison with

the Drug Eluting Stent (DES) device at the 180th day: 520
* 100 pm versus 410 = 80 pm. We believe that this differ-
ence does not jeopardize the advantages of our stent for 2
reasons: (1) we certainly will implement drug coating of our
stent that will result in significant decrease of the neointima
thickness during the initial period after implantation, and
(2) these results cannot be compared directly, because our
stent fully resorbs after 180th day while the DES stent con-
tinues to accumulate neointima thickness for many years
ahead.

Conclusion

The stent with the mechanical and biochemical properties
described in this study may present the optimal solution of
the trade-off between deliverability and luminal stability,
which are necessary for designing the next generation stent
for the endovascular therapy of PAD. Two key findings of
this study are safety (low tissue inflammation) and low
luminal loss of the proposed stent in the porcine model that,
taken together, predict high patency in practical applica-
tions. Although this study did not include a control group,
results still may be compared with those for nitinol stents'®
and the BRS of Sharma et al’ to predict the relative superi-
ority of the stent studied in this article in both safety and
luminal loss. Another crucial advantage of the proposed
stent is the significant improvement in deliverability due to
self-expansion enabled by the polymer shape memory.
Radial force of the stent is lower but comparable with niti-
nol analogues and almost 2 times higher than radial force of
poly(L-lactic acid) self-expandable braided stent. Further
clinical trials of such device on 6Fr delivery system are
needed to investigate its actual patency.
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