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Abstract—In this report, a balloon-expandable, biodegrad-
able, drug-eluting bifurcation stent (DEBS) that provides a
sustainable release of anti-proliferative sirolimus was devel-
oped. Biodegradable bifurcation stents, made of polycapro-
lactone, were first manufactured by injection molding and
hot spot welding techniques. Various properties of the
fabricated stents, including compression strengths, collapse
pressures, and flow pattern in a circulation test, were
characterized. The experimental results showed that biode-
gradable bifurcation stents exhibited comparable mechanical
properties with those of metallic stents and superior flow
behavior to that of metallic bifurcation stents deployed
via the T And small Protrusion approach. Polylactide-
polyglycolide (PLGA) copolymer and sirolimus were then
dissolved in acetonitrile and coated onto the surface of the
stents by a spray coating device. An elution method and a
high performance liquid chromatography analysis were
utilized to examine the in vitro release characteristics of
sirolimus. Biodegradable bifurcation stents released high
concentrations of sirolimus for more than 6 weeks, and the
total period of drug release could be prolonged by increasing
the drug loading of the PLGA/sirolimus coating layers. In
addition, the eluted drug could effectively inhibit the prolif-
eration of smooth muscle cells. The developed DEBS in this
study may provide a promising strategy for the treatment of
cardiovascular bifurcation lesions.

Keywords—Biodegradable bifurcation stents, Mechanical
properties, Flow behavior, Sirolimus, In vitro release, Anti-
proliferation.
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INTRODUCTION

Percutaneous coronary intervention (PCI) of bifur-
cation disease remains a challenge in terms of proce-
dural success rate, as well as long term major cardiac
events, target lesion revascularization, restenosis, and
stent thrombosis.*?**’ The use of metallic drug-eluting
stents (DESs), coated with anti-proliferative drugs,
either sirolimus or paclitaxel, during percutancous
transluminal coronary angioplasty, has been a com-
mon practice for the treatment of bifurcation
lesions.*'®2%35 Sjde branch (SB) ostial restenosis,
however, remains a problem in 10-20% of bifurcation
lesion cases, due to limited strut coverage, with con-
sequently inadequate drug distribution to the stented
artery.®?2%-393% Therefore, the provisional approach
of implanting one stent on the main branch has
become the default approach to most bifurcation
lesions. Bifurcation PCI, however, still remains tech-
nically challenging,® especially when two-stent strate-
gies are required.

Metallic bifurcation stents using multiple stents®
present an exciting innovation as they show an attempt
to find a technological solution for a specific subset of
coronary lesions. They, however, may also induce
various long-term side effects, such as the prevention
of the lumen expansion, associated with late favorable
remodeling, and the preclusion of surgical revascular-
ization, which may become necessary at a later time.”
In addition, the bifurcation stents may be produced by
coating a layer of non-degradable polymers containing
anti-proliferative drugs onto the surface of stainless
steel stents. It has been reported that metallic drug
eluting stents may be a cause of systemic and intra-
stent hypersensitivity reactions that are associated with
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late thrombosis and death.”’ On the other hand,
Guerin et al.'* analyzed the consequences of the post-
dilatation, by using simultaneous, kissing balloon
inflation, and observed over-inflation in the deployed
stents. The over-inflation reduced the ratio of potential
metal to artery, as well as the ratio of potential drug
application to area in these over-expanded segments,
which in turn impaired the anti-proliferative effect of
the drug-eluting stents. Furthermore, the coating
damage observed on the ostial struts might also reduce
drug delivery and increase the restenosis risk. A bio-
degradable drug-eluting stent that provides a sustain-
able release of anti-proliferative pharmaceuticals and
resolves gradually after serving its purpose is thus
highly desired.

Biodegradable bifurcation stents that integrate the
main vessel and the two branches into one part provide
the advantages of not needing a second stent, delivering
adequate drug concentrations to the coronary artery,
especially at the SB ostial to prevent restenosis, and being
biodegradable so that the long-term side effects can be
minimized.”'*** Presently, various groups have focused
on the development of biodegradable drug-eluting
stents.>>15:1924.27:3638 Nope however, have developed a
biodegradable, bifurcation, drug-eluting stent for the
treatment of bifurcation lesions.

This study aims to develop biodegradable drug-
eluting bifurcation stents (DEBS) that provide a sus-
tained release of anti-proliferative sirolimus (rapamy-
cin). To prepare the DEBS, biodegradable bifurcation
stents made of poly(e-caprolactone) (PCL) were first
manufactured using injection molding and hot spot
welding techniques. PCL'7 is a non-toxic and tissue-
compatible material and can be eventually resorbed in
the vital organs. It undergoes a two-stage degradation
process: first, the ester group is cleaved due to the non-
enzymatic hydrolysis; and second, the polymer is seen
to undergo intracellular degradation when it is more
highly crystallized and of low molecular weight (less
than 3000 Da).** Polycaprolactone degrades at a
slower pace than other biodegradable polymers, such
as polylactide (PLA), polyglycolide (PGA), and their
copolymers, and can therefore be used in drug delivery
devices that remain active for over a year. Polycapro-
lactone is also a semi-crystalline polymer with a low
melting point (59—64 °C) and exhibits good flexibility
at room temperature and at 37 °C. This would avoid
the occurrence of stent fragmentation,'® which may
cause the obstruction of arteries. Furthermore, stents
with good flexibility are easier to manipulate and
deploy with minimal invasion and are more likely to
adapt to the bifurcation area.

Sirolimus and polylactide-polyglycolide (PLGA)
copolymer were then dissolved in acetonitrile and coated
onto the surface of the stents by a spray coating device.
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Sirolimus is a macrolide compound that acts by selec-
tively blocking the transcriptional activation of cyto-
kines, thereby inhibiting cytokine production. It can
inhibit arterial smooth muscle cell proliferation and
migration and prevent neointima formation after balloon
angioplasty. The anti-proliferative effect of sirolimus has
also been used in conjunction with metallic coronary
stents (Cypher, Cordis Corp.) to prevent restenosis in
coronary arteries following balloon angioplasty. Pires
et al*' showed that sirolimus exhibited more efficiency
when compared to paclitaxel, as an anti-restenotic agent
in an animal model. Song e al.** compared the long-term
outcomes of patients treated with sirolimus-eluting stents
and paclitaxel-eluting stents and reported that the use of
the former resulted in better outcomes in patients with
bifurcation lesions.

Polylactide-polyglycolide is one of the most widely
used polymers used to achieve a sustained release
of pharmaceuticals. It is non-toxic, elicits a mini-
mal inflammatory response, and can be eventually
absorbed without any accumulation in the vital organs.
Under environmental as well physiological conditions,
PLGA is hydrolytically degraded into glycolic acid or
lactic acid. The degradation rate depends on the
molecular weight, surface quality, and composition of
the polymers. The complete degradation of PLGA
copolymers takes a few months.*!

After fabrication, various properties, including com-
pression strengths, collapse pressures, and flow patterns
in a circulation test, of the fabricated biodegradable
bifurcation stents were characterized. An in vitro elution
method and a high performance liquid chromatography
(HPLC) analysis were employed to characterize the
release behaviors of sirolimus from the DEBS. The
effectiveness of eluted sirolimus on inhibiting the prolif-
eration of smooth muscle cells was also examined.

MATERIALS AND METHODS

Materials

The polymer used for the fabrication of biode-
gradable stents was PCL, with a molecular weight (M)
of 80,000 Da (Sigma-Aldrich, USA). The materials
used for the spray coating of the stents were PLGA
with a ratio of 50:50 and a molecular weight of 24,000—
38,000 Da (RG 503, Boeringer Ingelheim, Germany),
and sirolimus (R0395, Sigma-Aldrich, USA).

Fabrication of Biodegradable Bifurcation Stents

The biodegradable bifurcation stent developed in
this study consisted of a main vessel and two branches.
To prepare the stent, a mesh-type stent component
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made of polycaprolactone, which consists of twelve
ring-ellipse-ring units (Fig. 1), was first molded by a
lab-made injection molding machine.>® The melt tem-
perature and mold temperature used were 100 and
60 °C, respectively. To assemble the main vessel, three
stent components were interconnected with the top six
ring-ellipse-ring units (resulting in a total of four
components), the assembly was rolled into a mesh
tube, and the final connecting points were welded by
hot spot welding. Each component was interconnected
with every bottom six ring-ellipse-ring unit (a total of
two components) to make the branches. Figure 2
shows the assembly process. A biodegradable bifur-
cation stent with external diameters of 2 and 1.4 mm
for the main vessel and the two branches, respectively,
was obtained. The fabricated stent was passed over
two commercially available 2.0 x 15 mm Maverick
balloons (Boston Scientific/Scimed, Inc., Maple Grove,
Minnesota, USA) for expansion purposes. During
balloon inflation, the stents expanded and the rings slid
over the central ellipses to the sides, causing an
expansion of both the main vessel and two branches of
the stent. Figure 3 shows the photograph of the
expanded biodegradable stent. The same experiments
were also performed for DESs (TAXUS Liberté
3.0 x 12 mm, Boston Scientific Corp., Natick, MA)
for comparison purposes. Three stents (N = 3) were
used for each test.

Mechanical Strengths

A compression test of the fabricated stents was
conducted on a tensiometer. The stents were com-
pressed along their radial direction during testing.
Deformations caused by various loads were recorded.
Comparisons were made between the biodegradable
bifurcation stents and the commercially available DES.
The testing was repeated three times.

R0.05 -

FIGURE 1. Layout and dimensions of the stent components.

The collapse pressure of the stent was measured
using a lab-made pressure chamber similar to that
reported by previous researchers.’®* The system
consisted of a pressure chamber, flow loop, and cir-
culating water at 37 °C. The test stent was mounted in
a flexible Tygon tube, connected to the flow loop
within the pressure chamber. The volumetric flow
rate of water and the luminal pressure were set to be
10 L/min and 76 mmHg, respectively. Three stents
(N = 3) were used for each test.

Circulation Test

A flow visualization circulation system, which con-
sisted of a servo-motor driven reciprocating pump,
water tank with a temperature moderator, flow rate
control, and Y shaped bifurcation glass tubes, was
designed and built in our lab. Figure 4a shows the
setup for the flow visualization experiment. The
hydraulic reciprocating pump is driven by a servo
motor and has a pumping frequency of 72 pulses per
minute and a flow rate of 90 mL/min. The fluid used
for the experiments was a water/glycerin (Sigma-
Aldrich, Saint Louis, MO, USA) blended solution,
with a viscosity of 3.6 centipoises and a density of
1.13 g/em®. To better visualize the flow patterns of
the fluid during circulation, polyethersulfone (PES)
particles with a diameter of 0.4 mm and density of
1.38 g/em® were added into the fluid.

Y-shaped glass tubes, with a main vessel (inlet of the
fluid) of 3.0 mm in diameter and two branches of
1.8 mm in diameter, were used for the experiments.
The angle set between the two branches was 70°
(Fig. 4b). A comparison was made between the flow
pattern of biodegradable bifurcation stents and com-
mercially available DESs, using the T And small Pro-
trusion (TAP) technique®® during the circulation test.
The glass tubes were glued onto the surface of a light
box, and the PES particle flow during the circulation
process was recorded by a high-speed video camera
that records 500 frames per second. The camera was
connected to a personal computer for data acquisition.
The total observation period of flow visualization was
30 min.

Coating of Sirolimus onto the Surface of the Stents

Sirolimus was coated onto the surface of biode-
gradable bifurcation stents using a spray coating
method.”* PLGA copolymers and sirolimus (a total
weight of 5 mg) at predetermined ratios (90/10, 80/20,
50/50 w/w) were first dissolved in 0.4 mL of acetoni-
trile (J.T. Baker, USA). The mixture was then deliv-
ered by the spray coater with a volumetric flow rate of
4 mL/h. After the initial coating, coated stents were
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FIGURE 2. Assembly process of the biodegradable bifurcation stent from its components.

kept in a vacuum oven for 24 h for drying. Another
drug-loaded layer was spray coated onto the stents.
The process was repeated until a total of five layers of
PLGA /sirolimus were coated onto the bifurcation
stents. All spray coating experiments were completed
at room temperature.

Release Characteristics of Sirolimus

An in vitro elution method was employed to deter-
mine the release characteristics of sirolimus from the
DEBSs. A phosphate buffer saline, 0.15 mol/L (pH
7.4), was used as the dissolution medium. The stents
were placed in glass test tubes with 1 mL of phosphate
buffer. All tubes were incubated at 37 °C. The disso-
lution medium was collected at 24 h intervals. Fresh
phosphate buffer (1 mL) was added at the beginning of
each interval for 6 weeks.

The sirolimus concentrations in buffer for the elution
studies were determined by a HPLC assay standard curve
for sirolimus. The HPLC analyses were conducted on a
Hitachi L2400 UV-VIS System. The column used for the
separation of the sirolimus was a Hibar, C-18, 5 um,
4.6 x 250 mm HPLC column. The mobile phase con-
tained acetonitrile, methanol, and distilled water (45/40/
15, v/v/v). The absorbency was monitored at 278 nm and
the flow rate was 1.2 mL/min. A calibration curve was
made for each set of measurements (correlation coeffi-
cient >0.99). All experiments were repeated three times
(N = 3)and the sample dilutions were performed to bring
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the unknown concentrations into the range of the assay
standard curve.

Smooth Muscle Cell Cultures

The biodegradable stents with various sirolimus
loadings (i.e., 10, 30, and 50%) were placed onto 24-well
culture plates. Plates without stents were used as the
control. Commercially available rat smooth muscle cells
of the thoracic aorta, from Rattus norvegicus (Rat) (A7rS5,
DBI1X, Bioresource Collection and Research Center at
the Food Industry Research and Development Institute,
Taiwan), were seeded at 5 x 10° cells per plate and cul-
tured at 37 °C in 5% CO,. The culture medium was
Eagle’s Minimal Essential Medium (DMEM), with
4 mM L-glutamine adjusted to contain 1.5 g/L sodium
bicarbonate and 4.5 g/L. glucose + 10% fetal bovine
serum. Cell viability in the plates was monitored at 1, 3,7,
14, 21, and 28 days by MTT assays and quantified using
an ELISA (R&D Systems, Minneapolis, MN, USA).

Statistics and Data Analysis

Data were collected from triplicate samples and were
analyzed by a one-way analysis of variance (ANOVA)
using the drug-loaded groups as a between-subject factor.
Bonferroni post hoc analysis was performed when the F
test of ANOVA revealed statistical significance. Differ-
ences were considered statistically significant for p values
<0.05.
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3 kg/em2

FIGURE 3. Photographs depicting (a) the biodegradable
bifurcation stent and the balloons and (b) the stent expansion
subjected to different inflation pressures.

RESULTS

Development of Biodegradable Bifurcation Stents

The DEBS developed in this study, which consisted of
a main vessel and two branches, was manufactured
using injection molding and hot spot welding

FIGURE 4. Photograph of (a) the setup for the circulation
test and (b) Y-shaped glass tube and the biodegradable
bifurcation stent.

techniques. The fabricated stent was passed over two
commercial available balloons for expansion. During
balloon inflation, the stents expanded and the rings slid
over the central ellipses to the sides, causing an expan-
sion of both the main vessel and two branches of the
stent. Figure 5shows the variation of the stents’ external
diameters with the balloon pressure. The main vessel
and the branches could be completely expanded to 3.4
and 1.85 mm, respectively, with a balloon pressure of
2.5 kg/em? (bar). With the release of the balloon pres-
sure, both stents retracted to an extent, but were
self-locked soon after. With the release of the balloon
pressure, a biodegradable bifurcation stent with final
external diameters of 3.1 and 1.8 mm, for the main vessel
and the branches, respectively, was obtained. Due to the
geometric constrains of the central ellipses, once the
stent expanded, the rings were not able to slide back-
ward, exhibiting self-locking characteristics.

The compression strengths of the stents™ were
measured by a tensile tester and compared to those of
commercially available DESs. Figure 6 shows the
measured results. For compression strains <10%, the
polymeric bifurcation stents, either the main vessel or
the branch, show comparable compression strengths to

that of DESs.
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FIGURE 5. Variation of the stents’ external diameters with
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FIGURE 6. Mechanical properties of the biodegradable
bifurcation stents and the metallic stent under the compres-
sion test (N = 3).

The collapse pressures’® of both DESs and poly-
meric stents were conducted in the chamber, with a
flow loop imitating the physiological flow within a
human coronary artery. While the collapse pressure of
the metallic stent was 2.54 + 0.12 kg/cm?, the collapse
pressures of the main vessel and branch of biode-
gradable bifurcation stents were measured to be
1.38 & 0.12 and 1.53 =+ 0.16 kg/cm?, respectively.

Circulation Test Results

The flow pattern of fluids in the biodegradable
bifurcation stents and commercially available stent was
tested using a flow visualization circulation system,
which consisted of a servo-motor driven reciprocating
pump, water tank with a temperature control, flow rate
control, and a Y-shaped glass tube (Fig. 4b). A com-
parison of the flow patterns of glass tubes stented by
metallic bifurcation stents technique vie TAP and
biodegradable bifurcation stents (Fig. 7) was com-
pleted. The circulation process took approximately
30 min. During the test, the polymeric particle-filled
fluid flowed smoothly through both the DEBS stented
tube and the TAP stented tube. Nevertheless, some
particles aggregated at the ostial sites of both stented
tubes, as shown in Fig. 8. The results matched the
clinical observation that most of the restenosis occurs
at the ostium. Furthermore, more particles aggregated
at the ostrial sites of metallic stents (Fig. 8a) than at
those of the biodegradable stents (Fig. 8b). Despite the
fact that the glass tubes used in the circulation test
were much stiffer and exhibited less flexibility than
those of human arteries, the preliminary results of the
circulation test showed that the biodegradable drug-
eluting stents exhibited superior flow patterns for the
water/glycerin fluid, compared with that of commer-
cially available bifurcation stents.

(a)

(b)

FIGURE 7. (a) Metallic bifurcation stent deployed via TAP technique and (b) polymeric bifurcation stent used for high speed

visualization.
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2.5mm

FIGURE 8. Particle agglomerations in (a) metallic bifurcation stent deployed via TAP technique and (b) biodegradable stent after

the circulation test.

Release of Anti-Proliferative Sirolimus

Three different sirolimus weight loadings (10, 30,
and 50% w/w, respectively) were used in this study.
Five layers of PLGA/sirolimus were coated onto the
surface of the stents. Figures 9a and 9b show, respec-
tively, the daily and accumulated release of sirolimus
from the DEBS. All stents show a burst of release of
the drug during the first 3 days, followed by a second
substantial drug release at 3 weeks. The results in
Fig. 9 show that the total release period of the stents
increases with the loading percentage of sirolimus.
Approximately 40 and 36% of the drugs were released
for the 10 and 30% sirolimus loaded stents, respec-
tively, while the 50% drug loaded DEBS released only
15% of the drug at 6 weeks.

The effectiveness of the released sirolimus from the
DEBS was examined by a MTT assay (Roche,
Germany) of smooth muscle cell viability at 1, 3, 7, 14,
21, and 28 days. The data was analyzed by a ANOVA.
The results in Fig. 10 show that the smooth muscle
cells in the control group proliferated with time, up to
day 21, while it began to degrade at day 28. One
possible explanation for the reduction of cell prolifer-
ation is that the commercially available smooth muscle
cells reached their life span during culturing.'® Cell
proliferation decreased accordingly. Furthermore, the
smooth muscle cells were cultured alone in the exper-
iments. When there is no co-culture with endothelium,
the proliferation of smooth muscle cells can also be
limited."" A more detailed culture experiment should
be done in the future to further investigate this phe-
nomenon. Nevertheless, the results in Fig. 10 suggest
that the released sirolimus from the DEBS could
effectively inhibit the proliferation of smooth muscle
cells at different days, compared with the control
group (p < 0.01). This further proves the effectiveness
of the DEBS developed in this study.
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FIGURE 9. (a) Daily and (b) accumulated release character-
istics of sirolimus from the biodegradable bifurcation stents
with varying drug loadings (N = 3).

DISCUSSION

Polycaprolactone has been one of the most promising
biodegradable bio-materials. It is a semi-crystalline
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[_1Day1
Day 3
Day 7
Day 14
E= Day 21
Day 28

O.D. value

control 10/90 30/7 50/50

Drug/PLGA p** < 0.01

FIGURE 10. Smooth muscle cell viability monitored at 1, 3, 7,
14, 21, and 28 days by MTT assays and quantified using an
ELISA reader (**p<0.01).

polymer with a low melting point® and can be easily
processed by commonly used polymer processing meth-
ods, such as injection molding or extrusion. PCL is also
non-toxic and tissue-compatible, exhibits good flexibility
atroom temperature and at 37 °C, and can be eventually
resorbed in the vital organs. The total degradation time of
PCL is approximately 1-2 years. Furthermore, the
results of our previous study>® showed that no significant
mechanical property change and weight loss of the stents
were observed after being submerged in phosphate buffer
saline for 12 weeks. All these make PCL an ideal material
for the backbone of the biodegradable, drug-eluting
stents.

The release mechanism of sirolimus from the
DEBSs is important to consider. Drugs formulated in
polymeric devices are usually released by diffusion
through the polymer barrier, by degradation of the
polymer materials, or a combination of both mecha-
nisms. Generally, the cumulative release of sirolimus
from biodegradable stents with multi-layer coatings, in
this study, shows three different stages of release
kinetics, namely an initial burst, a diffusion-controlled
release, and a degradation-controlled release. After the
spray coating process, although most particles are
dispersed in the bulk of the PLGA layer, some drug
particles may possibly be located on the surface of the
coated layer' and are dissolved quickly. This in turn
would cause the initial burst release of the drugs.

Figure 9 shows that the total release period of the
stents increases with the loading percentage of siroli-
mus. This can be explained by the fact that the deg-
radation rate of polymers and the daily release of
sirolimus from stents of various drug-loadings were
comparable. A stent with a higher drug loading, based
on the same release rate, can thus release the drug for a
longer time. Following the initial burst release, the
cumulative release of sirolimus from the DEBSs
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exhibits two different stages of release kinetics, namely
a diffusion-controlled release at days 3-20 and a deg-
radation-dominated release after day 20.%"*> For the
first stage of drug release (days 3-20), the slow deg-
radation of PLGA materials makes diffusion through
the stents the only possible mechanism for drug
release. As the loading of sirolimus was low, the stents
did not release a high concentration until after 20 days,
during the elution process. Beginning at day 20, the
stents showed an accelerated release of sirolimus. This
might be due to the fact that polymers degrade during
the elution process. When the polymer molecular
weight decreases sufficiently, loss of the polymer
begins. The polymer matrix may break to form open-
ings for sirolimus release. Sirolimus is then released
along with this polymer and the release rate accelerates
accordingly.

It has been reported'®?’ that DESs that elute
sirolimus over 30 days were more effective in sup-
pressing neointimal hyperplasia and reducing major
adverse cardiovascular events than stents that elute
drugs over a shorter period of time. Drug elution
beyond 30 days, however, could also be theoretically
detrimental, as this may delay endothelialisation of the
stent, with the potential risk of stent thrombosis. A
significant advantage of the DEBSs developed in this
study is that the local sirolimus concentrations are high
at the target site, especially at the branch ostium,
mainly due to the integration of the main vessel and
branches into one piece and only one stent being used
during deployment. Controlled drug release can be
achieved using polymeric materials, within which the
active agent is stored in reservoirs. By employing
micro-injection molding and multi-layer spray coating
techniques, the fabrication of DEBSs that integrate the
main vessel and the branches into one stent is possible,
releasing a high concentration of sirolimus for more
than 6 weeks. This would eliminate the problem
associated with the wuse of multi-stents for the
treatment of bifurcation lesions, as well as provide
advantages in terms of sustained drug release for car-
diovascular applications.

CONCLUSIONS

In this study, we successfully developed balloon-
expandable, biodegradable DEBSs that provide a
sustainable release of anti-proliferative sirolimus. Bio-
degradable bifurcation stents made of PCL were
manufactured by injection molding and hot spot
welding techniques. The experimental results showed
that DEBSs exhibited comparable mechanical prop-
erties with those of commercial stents, and superior
flow behavior to that of metallic bifurcation stents via
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TAP technique. Furthermore, biodegradable bifurca-
tion stents released high concentrations of sirolimus
for more than 6 weeks, and the total period of drug
release could be prolonged by increasing the drug
loading of the PLGA/sirolimus coating layers. The
eluted drug could effectively inhibit the proliferation of
smooth muscle cells. By employing micro-injection
molding and multi-layer spray coating techniques, the
fabrication of DEBSs that integrate the main vessel
and the branches into one stent is possible, thus elim-
inating the problem associated with the use of multi-
stents for the treatment of bifurcation lesions, as well
as providing advantages in terms of sustained drug
release for cardiovascular applications. The DEBS
may provide a promising strategy for the treatment of
cardiovascular bifurcation lesions.
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