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Why bioresorbable stents?

More than 20 years ago, interventional cardiology was launched by
Andreas Grintzig, introducing a revolutionary innovation, i.e.,
percutaneous balloon angioplasty!. The 316L stainless steel stent
was initially introduced to tackle acute closure secondary to
dissections following balloon angioplasty. In fact, the stent not only
resolved the acute complications, but also appeared to be the
appropriate response to the midterm complication, i.e.,
restenosis?3. Indeed, the principal mechanism of restenosis after
balloon angioplasty appeared to be related to chronic constrictive
remodelling as a negative component of the healing process*®.
Nevertheless, the permanent (316L stainless steel) stent was the
origin of a new disease, in-stent restenosis, corresponding to a
foreign body reaction. Drug eluting stents were conceived to skip
this particular healing process via cell cycle-inhibiting drugs in order
to prevent in-stent restenosis. However, these drugs were cytotoxic,
not only against smooth muscle cells, but also endothelial cells
leading to late stent thrombosis and/or restenosis’®. So, by
inhibiting this inescapable healing process, we have delayed the
occurrence of complications. The approach of Arterial Remodelling
Technologies (A.R.T.) is to consider that the error resides in the
discrepancy between the healing duration (i.e., a few months) and
the immortal half life of the metallic stent, the source of new
complications when it is no longer necessary: the bioresorbable
stent acts as a transitory cast, scaffolding the artery wall during the
healing process. Moreover, the healing process will induce
endothelial coverage, a mandatory step for the mid- and long-term
follow-up that will simplify one of the issues of drug eluting stents,
i.e., expensive and prolonged dual antiplatelet therapy reducing the
quality of life. The degradation of the bioresorbable stent will result
in stent fragmentation, stopping the perpetual mechanico-genic
stimulus produced by the stent’s overstretching of the arterial wall
after the healing process. This can then restore the remodelling

capacities of the artery wall itself, thus preserving its future, avoiding
a growing accumulation of metal in the arteries®!°. Last but not
least, the bioresorbable stent will not impair vasomotion after
healing, namely at its extremities.

A.R.T.: where do we come from?

A.R.T. refers to the original findings of our group, i.e., the major
impact of arterial remodelling after angioplasty during the healing
process. Originally, this concept was discovered from findings
coming out after the first experimental restenotic model which was
determined at the Cleveland Clinic Foundation in the 90's;
questioning the admitted role of neointimal hyperplasia and
demonstrating the importance of chronic constrictive remodelling on
restenosis after balloon angioplasty*. As a consequence, the idea of a
transitory stent appeared as the optimal therapeutic solution,
a solution that was developed in collaboration with F. Cornhill, head
of the Bioengineering Department of the Cleveland Clinic
Foundation. At the time, J. Anderson, a well known expert of
biodegradable polymers at Case Western Reserve University, when
approached about a potential collaboration, suggested to Antoine
Lafont, who was about to go back to Paris and Descartes University,
to meet with M. Vert, at the French Centre National de la Recherche
Scientifique (CNRS) in Paris, concerning Mr. Vert's well known
expertise on the utilisation of biopolymers in the medical field. This
represents the rationale of the collaboration between these three
institutions —the Cleveland Clinic Foundation, Paris Descartes
University, and the CNRS - originally at the scientific level, on the
very concept of a bioresorbable polymer itself. Antoine Lafont
received his PhD under the authority of M. Vert, his thesis concerned
the use of bioresorbable polymers for vascular stents!!. A patent was
then obtained by the three institutions, and a start-up company
A.R.T. was founded by F. Cornhill, Antoine Lafont and M. Vert in
2002, with funding obtained from French venture capitalists.
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Bioresorbable stents: what are the issues?
Bioresorbable stents face three issues that present multiple
interactions: the biomechanics, the bioresorption, and the
biocompatibility. The A.R.T. strategy has been to comply with these
three different dynamics —their interactions — taking advantage of
the specific properties of the polylactic acid. This approach is time-
consuming, but represents the necessary step-by-step progression
in order to go from the metal to the bioresorbable stent. Indeed,
a bioresorbable stent must have biomechanical properties that will
integrate the timing of the resorption, the alteration of the polylactic
acid (PLA) i.e., plasticity, hydration, molecular weight'?13. It will also
need to have a bioresorption process following the first phase
(mechanical scaffolding), the second phase (stent dismantling),
and the third phase (stent disappearance). The choice of PLA is
based on its excellent tolerance in vivo in several medical
applications'*'7. Eventually, the stent will have to remain
biocompatible throughout the three phases, despite PLA chemical
alterations during the resorption, and the healing process of the
artery wall. Thus, the complexity of this stent is to integrate
simultaneously these three indispensable aspects; below we will
develop each of these three individually, describing them in detail.

The A.R.T. concept

Our concept is to simultaneously balance biocompatibility,
biomechanics, and bioresorption in a bioresorbable PLA stent
without altering healing by drug elution from the stent platform. We
provide a transient effective scaffolding for five to seven months,
followed by a complete monomer resorption within 18 months. The
stent applies conventional delivery, is balloon expandable, and 6 Fr
compatible. The extensive investigation has taught us that quality
preservation of the PLA is essential and critical to achieve the
optimal balance. The excellence of this superior biocompatible
oligo-element initiated PLA is preserved throughout the whole
processing, providing very limited transformation/degradation
measured by molecular weight (Mw) loss of less than 15% from
granules to sterilised product.

Biomechanics

The biomechanics of polymer stents has been extensively
evaluated'®13, Classically, recoil has been an issue of bioresorbable
stents which has recently been seen with a bioresorbable stent
showing a slight acute recoil in human coronary arteries!®.
Moreover, optical coherence tomography revealed ellipsoid forms of
the stents in contrast with metallic stents. The magnesium stent
suffered from severe recoil resulting in restenosis in humans®®. PLA
can be compared to a stiff sponge when dry, which becomes soft
when it is hydrated. Initially, we encountered similar patterns that
could be attributed to both an alteration of the mechanical
properties of the stent in vivo related to excessive hydration, loss of
radial force leading sometimes to stent collapse. Interestingly, this
did not lead to acute closure, and the collapsed stent was
embedded under an endothelialised cap by the healing process.
The other reason for stent recoil was the occurrence of stent strut
fractures either during the stent crimping process, or secondary to
deployment. Moreover, it appears that polymers quickly lose their
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molecular weight before its use, throughout the successive steps
from the granular state to the stent sterilisation. This loss of
molecular weight indicates an alteration of PLA quality, and plays a
major role in the loss of mechanical properties of the stent. We have
developed a system which preserves —as much as possible — this
molecular weight throughout the various steps of stent preparation.
These issues have been solved as well, by taking into account the
coefficient of hydration, thus inducing a memory of self-expansion
based on the polymer properties. We therefore developed
a proprietary moulding process, a proprietary memory shaping
process, an exclusive designed crimping technology, resulting in
preserving the molecular weight at > 85% of its initial weight from
granules to sterilisation (Figures 1 and 2).

Figure 1. A. PLA stent gently crimped on the balloon resulting in
neither strut cracks nor crazing; B. PLA expanded stent deployment
presenting neither strut cracks nor crazing.
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Figure 2. Graph showing the learning process of the PLA stent
resulting in a slight, 5% increase of the stent diameter (Y axis, in mm)
one hour after in vitro deployment, and 10% after 2 hours of in vitro
deployment. This results, without recoil, at 7 days.
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Bioresorption

Bioresorption of the polymer plays a critical role since it interferes
with the duration of the mechanical properties of the stent: the
biocompatibility of its degradation products, the coefficient of poly-
dispersity, hydration. There is no clear answer with regards to the
optimal duration of the bioresorption process which takes in account
the duration of the scaffolding. Bioresorption is a major property of
the polymer stents, and it is also classically considered as a potential
threat because of the inflammatory reaction that may be induced.
Van der Giessen et al have studied various bioresorbable polymer
platforms, showing the issue of the lack of biocompatibility during
the resorption period®°. We evaluated in vitro and in vivo resorption,
via the changes in molecular weight and the hydration. It appears
that our in vitro model follows precisely the in vivo model (Figures 3
and 4). Based on these data, and pending the choice of the polymer,
it is possible to anticipate the level of bioresorption at a precise time-
point. This will impact on the control of the molecular weight at all
steps before the use of the stent itself, and during its in vivo

Biomechanics - Hydration
Hydration of PLA stereocopolymers films in 0,13M PBS
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Figure 3. Graph showing the evolution of the hydration of various PLA
stereoco-polymer films (Y axis: percentage of hydration) throughout
time (X axis: time in days).
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implantation. The bioproducts of degradation will also play a critical
role in biocompatibility; indeed, the theoretical degradation of
polylactic acid in lactic acid monomers results in H,0 and CO,.
However, depending on the quality of the synthesis and the
transformation process, the degradation may result in the creation of
incomplete degradation by-products (oligomers) that are highly
proinflammatory through their crystalline forms. This situation is
enhanced by the fact that the artery wall undergoes, at the same
time, a healing process including a local inflammatory reaction
caused by the presence of macrophages. During the resorption
phase, our stent is well embedded by the healing process itself,
thereby preventing any late migration of a dismantling strut.

Biocompatibility

Biocompatibility represents the ultimate issue which influences the
mid- and long-term outcome of the stent®. It is related by
biodegradation as shown in past studies; to such a degree, that
several programs of bioresorbable stents have considered it
mandatory to include a drug elution system to prevent neointimal
hyperplasia related to inflammation. It is also related to
biomechanics in a positive manner, since the mechanico-genic
stimulus induced by the radial force disappears when the
degradation of the stent reaches the stage of dismantling. This
represents, by itself, a major advantage of the bioresorbable stent
over the permanent stent. In order to optimise the biocompatibility of
polymers, we evaluated bioresorbable polymers issued from different
sources, from variable D/L ratios. This resulted in differences in
smooth muscle cell proliferation and macrophage accumulation,
especially around the struts. The differences were particularly
discernible at four weeks, whereas at 10 weeks the differences were
no longer significant. In terms of endothelial coverage and collagen
accumulation, there was no difference; PLA was recovered
independently of the origin and the specificity. Our work then
focused on the influence of the various steps altering the polymer
variability upon biocompatibility. This was to optimise the choice of

In vitro
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Figure 4. Graphs showing the evolution of the resorption of various PLA stereoco-polymer films in vitro (right) and explanted PLA stents in vivo
(left) (Y axis: percentage of molecular weight) at various time-points (X axis: time in days). Comparison of the 2 graphs demonstrates the good

relationship between our in vitro and in vivo models.
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the polymer with regard to biocompatibility, which is, to our
knowledge the critical issue. Our choice has been a consensus
between biocompatibility, bioresorption, and biomechanical issues.
Our current product has been tested in vitro and in vivo at one, four
and six months in a rabbit model. This model was chosen because it
represents the most appropriate response to compare in humans
with regards to thrombosis, inflammation, and healing. In contrast to
other groups, we aimed at evaluating the biocompatibility of our stent
without the influence of drug elution. Our stent showed a remarkable
ability to be deployed without recoil and strut partial or total
breakage. At one month, endothelialisation was 100% completed,
inflammation, smooth muscle cell proliferation and collagen
accumulation was no more than after balloon angioplasty (Figure 5).
At six months, the stent was completely integrated in the artery wall,
thus preventing any strut migration secondary to the bioresorption
process. Immunohistochemistry shows that the peak PLA resorption
did not result in an increase or even persistence of inflammation, as
has been reported with other bioresorbable polymer stents
(Figure 6). Moreover, inflammation and smooth muscle cell
proliferation were almost not detectable, resulting in a stable status
translating into no hyperplasia, i.e., no in-stent restenosis. This result
is important, since it justifies our strategy, dedicated to coping with
the healing process without the need of drugs, thus preventing stent
thrombosis or late malapposition, as shown in Figure 7. Last but not
least, at six months there was no endothelial dysfunction (Figure 8).
In brief, bioresorption of the well synthesised and processed PLA
can occur with excellent biocompatibility, and biomechanics,
without preventive need of drugs. It can therefore be compared to a
good wine, which can be digested without provoking a headache,
thereby without necessitating the preventive absorption of Tylenol.

Endothelialisation at 1 month=100%

Figure 5. CD 31 immuno-marquage of a stented iliac rabbit artery
showing complete endothelialisation of the stent one month after in
vivo deployment.
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Figure 6. RAM 11 immuno-marquage of stented iliac rabbit arteries at
1, 4, and 6 months showing almost no macrophage infiltration at early
stage, translating into absence of inflammation and an excellent
biocompatibility despite PLA resorption at 6 months.
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histology
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Figure 7. Hemalin eosin staining of stented iliac rabbit arteries at 1, 4,
and 6 months with well embedded stents showing a satisfactory healing
process without neointimal hyperplasia, despite PLA resorption.

6 month angiographic foIIow-up

After angioplasty 6 month follow-up

Endothelial function is restored

Figure 8. Angiograms of stented iliac rabbit arteries immediately and
6 months after deployment; exhibiting at 6 months a lack of
endothelial dysfunction despite PLA resorption.

References

1. Grintzig A. Percutaneous dilatation of experimental coronary artery
stenosis- description of a new catheter system. Klin Wochenschr.
1976;54:543-5.

2. Sigwart U, Puel J, Mirkovitch V, Joffre F, Kappenberger L.
Intravascular stents to prevent occlusion and restenosis after transluminal
angioplasty. N Engl J Med. 1987;316:701-706.

3. Serruys PW, de Jaegere P, Kiemeneij F, Macaya C, Rutsch W,
Heyndrickx G, Emanuelsson H, Marco J, Legrand V, Materne P, for the
Benestent Study Group. A comparison of balloon-expandable-stent
implantation with balloon angioplasty in patients with coronary artery dis-
ease. N Engl J Med. 1994;331:489-495.

4. Lafont A, Guzman L, Whitlow PL, Goormastic M, Cornhill JF,
Chisolm GM. Restenosis after experimental angioplasty: intimal, medial,
and adventitial changes associated with constrictive remodeling. Circ Res
1995;,76:996-1003.

5. Andersen HG, Maeng M, Thorwest M, Falk E. Remodeling rather
than neointimal formation explains luminal narrowing after deep vessel
wall injury: insights from a porcine coronary (re)stenosis model.
Circulation 1996;93:1716-1724.

6. Mintz GS, Popma JJ, Pichard AD, Kent KM, Satler LF, Wong SC,
Hong MK, Kovach JA, Leon MB. Arterial remodeling after coronary angio-
plasty: a serial intravascular ultrasound study. Circulation 1996;94:35-43.

7. lakovou |, Schmidt T, Bonizzoni E, Ge L, Sangiorgi GM, Stankovic G,
Airoldi F, Chieffo A, Montorfano M, Carlino M, Michev |, Corvaja N,



Ploughing new ground, update of the bioabsorbable programmes

Briguori C, GerckensU, Grube E, Colombo A. Incidence, predictors, and
outcome of thrombosis after successful implantation of drug-eluting
stents. JAMA. 2005;293:2126-30

8. Kuchulakanti PK, Chu WW, Torguson R, Ohlmann P, Rha SW,
Clavijo LC, Kim SW, Bui A, Gevorkian N, Xue Z, Smith K, Fournadjieva J,
Suddath WO, Satler LF, Pichard AD, Kent KM, Waksman R. Correlates
and long-term outcomes of angiographically proven stent thrombosis with
sirolimus- and paclitaxel-eluting stents. Circulation 2006;113:1108-1113.

9. Labinaz M, Zidar JP, Stack RS, Phillips HR. Biodegradable stents:
the future of interventional cardiology? J Interv Cardiol 1995;8:395-405.

10. Tamai H, lgaki K, Kyo E, Kosuga K, Kawashima A, Matsui S, Komori H,
Tsuji T, Motohara S, Uehata H. Initial and 6-month results of biodegradable
poly-I-lactic acid coronary stents in humans. Circulation 2000;102:399-404.

11. Lafont A, Li S, Garreau H, Cornhill F, Vert M. PLA stereocopolymers
as sources of bioresorbable stents: preliminary investigation in rabbit. J
Biomed Mater Res B Appl Biomater 2006;77:349-56.

12. Nuutinen JP, Valimaa T, Clerc C, Tormala P. Mechanical properties
and in vitro degradation of bioresorbable knitted stents. J Biomater Sci
Polym Ed. 2002;13:1313-23.

13. Zilberman M, Nelson KD, Eberhart RC. Mechanical properties and
in vitro degradation of bioresorbable fibers and expandable fiber-based
stents. J Biomed Mater Res B Appl Biomater. 2005;74:792-9.

14. Kulkarni RK, Pani KC, Neuman C, Leonard F. Polylactic acid for
surgical implants. Arch Surg 1966;93:839-43.

15. Frazza EJ, Schmitt EE. A new absorbable suture. J Biomed Mater
Res 1971;5:43-58.

16. Ike O, Shimizu Y, Hitomi S, Wada R, lkada Y. Treatment of malig-
nant pleural effusions with doxorubicin hydrochloride-containing poly(L-
lactic acid) microspheres. Chest 1991;99:911-915

17. Vert M, Li S, Garreau H. New insights on the degradation of biore-
sorbable polymeric devices based on lactic and glycolic acids. Clin Mater.
1992;10:3-8.

18. Ormiston JA, Webster MW, Armstrong G. First-in-human implanta-
tion of a fully bioabsorbable drug-eluting stent: the BVS poly-L-lactic acid
everolimus-eluting coronary stent. Catheter Cardiovasc Interv
2007;69:128-31.

19. Erbel R, Di Mario C, Bartunek J, Bonnier J, de Bruyne B, Eberli FR,
Erne P, Haude M, Heublein B, Horrigan M, lisley C, Bose D, Koolen J,
Luscher TF, Weissman N, Waksman R; PROGRESS-AMS (Clinical
Performance and Angiographic Results of Coronary Stenting with
Absorbable Metal Stents) Investigators. Temporary scaffolding of coronary
arteries with bioabsorbable magnesium stents: a prospective, non-ran-
domised multicentre trial. Lancet 2007;369:1869-75.

20. van der Giessen WJ, Lincoff AM, Schwartz RS, van Beusekom
HM, Serruys PW, Holmes DR Jr, Ellis SG, Topol EJ. Marked inflamma-
tory sequelae to implantation of biodegradable and nonbiodegradable
polymers in porcine coronary arteries. Circulation 1996;94:1690-
1697.

- F87 -

monline



