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Poly (lactic-co-glycolic acid) (PLGA) nanoparticles loading paclitaxel have been deposited on coronary stents by
selt-assembling properties of colloidal particles. The layvers of the nanoparticles were enhanced to a sutficient
mechanical strength by a thermal process under the proper temperanure and lnunidity conditions. /2 vifro release
studies proved the controlled paclitaxel release of the nanoparticle lavers. This technique givesrise to a new range

of applications for nanoparticles and drug-eluting stents.
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Introduction

Coronary artery disease (CAD) is one of the most common
conditions in the developed world nowadays.! CAD patients
have been able to receive percutaneous transluminal coronary
angioplasty (PTCA) to reopen flow in their closed vessels for
the past several years.: The stent, an intravascular scaffold
device. was developed and has had a notable effect to prevent
re-narrowing which resulted from elastin re-coiling and tunica
media contraction.” Drug-eluting stents (DES) are second-
generatjon devices to deal with another new obstacle: resteno-
sis.”® Drug-eluting stents have shown remarkable results in
several clinical trials. ® However. they can result in several
biochemical responses like thrombosis, inflanimation and neo-
intimal hyperplasia-reactions to the presence of the stents as
alien materials.’”™"' Many companies and researchers have
offered and tested a range of new stents which were coated
with anti-inflammatory. antlprollferan\e anu -migratory or
pro-endothelml drugs to inhibit reste11051s " Paclitaxel (Ptx,
Taxol®) is one of the anti-cancer drugs.'™' It interferes in the
formation of microtubules at the cell-dividing stage so that
cells cannot prolifemte.l " Studies using stents which release
paclitaxel have demonstrated a considerable decrease in the
extent of in-stent restenosis.’*"”

Poly (lactic-co-glycolic acid) (PLGA) is one of the biocom-
patible polvmers and has an ester bond-backbone. It has been
used in various medicinal applications ™' Moreover. the poly-
meric properties of PLGA are very important as a drug-reser-
ving matrix on stents. PLGA is an amorphous - polyester and
shows a glass transition point (7;) at 30 ~ 55 °C.~ This charac-
teristic allows an increase in the mechanical strength of PLGA
polymer lavers with thermal processing.

In this study, we introduced polv¥mer nanoparticles (NPs)
fora drug delivery system.™ Polymer nanoparticles have been
applied to pharmaceutics for controlled drug delivery.”™ =
Poly(viny| alcohol)-graft-PLGA nanoparticles were shown to
exhibit very important results for the local delivery of paclitaxel
in a recent napon.:S The drug molecules must pass through a
shell constructed of entangled polymer chains to come out. s
the rate of release can be regulated.”™

Materials and Methods

Materials, Poly (lactic-co-glvcolic acid) [PLGA (RESOMER™
RG 504 H). 50:50, Mw 48.000. i.v. 0.45 ~ 0.60 dL/g in chloro-
form] was obtained from Boehringer Ingelheim (Germany).
Paclitaxel was purchased from Samyang Genex Co. (ROK).
Polyvinyl alcohol (PVA. Myw 30,000 ~ 70.000) was purchased
from Sigma Chemical Co. (St. Louis. Mo. USA). Bare metal
stents were obtained from Humed (ROK). The organic solvent
dichloromethane/methy lene chloride (MC) was “Baker Analy-
zed” HPLC solvent. Distilled water produced by Millipore
(Millipore Corporation) was used throughout. All other reagents
were of analytical grade and were used without further purifi-
cation,

Preparation of PLGA Nanoparticles Entrapping Paclitaxel.
PLGA and Paclitaxel were dissolved in methylene chloride
and the methylene chloride solution was poured in 0.2 % (w/¥)
polyvinylalcohol (PVA) aqueous solution. An ultrasonic pro-
cessor (VCX 600 Watt Vibracell. Sonic & Materials, Danbury.
CT) formed an o/w emulsion. The resulting emulsion was stirred
for 3 hours at room temperature under reduced pressure to
evaporate the organic solvent. After removing the organic sol-
vent. the resulting aqueous suspension particles were centrifuged
and re-suspended in distilled water prior to Iyophilizing,

Mophology Observation, The morphological examinations
of PLGA nanoparticles and their layers which deposited on the
stents were performed by scanning electron microscope (SEM.
JSM 840-A, Japan). Samples of the above and of nanoparticle-
coated stents were platinum coated using a sputter coater.

Nanopaiticle Deposition Method Procedue. Nanoparticles
were deposited by RST method. 3(' Briefly. the suspension of
the particles was concentrated to a high density. A stent was
immobilized and a ring was set on the stent. Droplets of the
concentrated suspension were injected between the stent and
the ring. When the ring was moved up and down over the
stent. the nanoparticles in the suspension were deposited onto
the surface of the stent at the wedge where the meniscus met
the surface.” The reniaining suspension was removed by
centrifugation and the stent was dried in a desiccator.

Theimal Processing, PLGA nanoparticle-coated stents were
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heated in a temperature-controllable drving oven (Sangwoo
Tech. ROK) for the thermal process (TP). The temperature
was 36 °C. The dry conditions were established in a glass
chamber with dehvdrated air and the humid conditions at the
set temperature. The stents were fixed vertically.

Mechanical Strength Tests, The mechanical properties of
PLGA nanopartticle layers deposited on stents were evaluated
by two simplified strength test methods. The tensile strengths
of the nanoparticle lavers were estimated by expanding the
stent with a balloon catheter. One of the coated stents was
installed on a shrunken balloon of a catheter and the balloon
was fully expanded (10 atm). The frictional strengths of nano-
particle lavers were estimated by passing them through a figure
eight shaped curved tube filled with phosphate buffer saline at
37 °C as a model of an artery. One of the coated stents was
installed on a balloon catheter and passed through the tube at
avelocity of 25 ¢m/s. This reciprocating process was repeated
3 times. The morphologies of the nanoparticle lavers on the
expanded or mibbed stents were inspected with SEM.

In Vitro Release Studies. Each stent was immersed ina 13
mL centrifuge tube containing 3 mL PBS (pH 7.4) and also
containing 0.05 % (w/v) Tween20®. The tube was kept in a
hybridization incubator that was rotated at a constant rate of
8.5 rpm. The temperature was kept constant at 37 °C. The buffer
solution was replaced with fresh one at given time intervals.
The collected buffer solution was filtered witha 0.2 pm syringe
filter and analyzed by a reversed phase high-performance liquid
chromatography (RP-HPLC) system (Agilent 1100 Series.
USA). Separation was achieved by using a reversed-phase
column (300Extend-C18, 4.6 x 130 mm. Agilent. USA) ther-
mostated at 40 °C and with the flow rate of the mobile phase
set at 1.0 mL/min. The mobile phase composition was 60:40
(vA) of water and acetonitrile, and a UV detector set at 242 .

Results and Discussion

Enhancing Mechanical Strengths of Nanoparticle Layers
by Thermal Process. The surfaces of the stents were observed
with a scanning electron microscope (SEM) after nanoparticle
deposition. The SEM images (Figure 1) showed that nanopar-
ticles were deposited over the surface of the stents uniformly.
The lavers had over a micrometer of stratified structure through-
out the struts. The particles were closely packed along the plane
and the perpendicular.

The mechanical strengths of the nanoparticle lavers were
not enough to withstand the expanding and the nibbing tests
(Figure 2 A-B). The simply deposited nanoparticle lavers cracked
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Figure 1. SEM images of PLGA nanoparticle-coated stents.

hard and peeled off. These will be the main problems of the
drug loss during the PTCA operations. resulting in poor reme-
dial results. The thermal process (TP) was designed to enhance
the mechanical strengths of the PLGA nanoparticle layers with
heating and moisturizing. According to the results of the damp
TP (Figure 2 C-D). the mechanical strengths of the PLGA
nanoparticle layers were improved enough and could endure
the expanding and rubbing tests. The nanoparticles maintained
the morphologies as particles during the thermal process
(Figure 2 E). The PLGA nanoparticle layers. however. showed
unsatisfactory enhancement in the dry TP condition. It was
assumed that this difference would result from the micro-wet
environment between the nanoparticles. The polymer chains
are entangled and project at the swrfaces of the polymer particles.
When heated. these chains of neighboring particles move dyna-
nmucally and become entangled with each other. The humid
conditions could form the water phase between the polymer
particles leading to an acceleration of the entanglement of the
polymer chains. The polymer chains could move more dyna-
mically in the micro-wet environment between the polymer
particles than in a dry environment despite the hydrophobic
characters of the chains. These effects enhanced the mechanical
strengths of the polymer nanoparticle lavers enough to be
stable in the PTCA operations.

In Vitro Release Profiles of Paclitaxel-loaded Stents. The
thermal process did not alter the release profiles even although
it enhanced the strength of the nanoparticle layers. The pacli-
taxel release displayed simular patterns among different groups
which were underwent the thermal process with various times
(Figure 3). It seems that the thermal process did not affect the
PLGA shells of the nanoparticles but the surfaces which were

Figure 2. SEM mages of PLGA nanoparticle lavers on stents after mechanical strength tests. (A) control-rubbing, (B) control-expanding, (C)
damp 1P-rubbing, (D) damp 1P-expanding, (E) damp 1P-a cross section of a nanoparticle laver.
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Figure 4. It vitro release profiles of Ptx-loaded stents. () film-coated,
() NP-loaded-TP 1 h.

adjacent to the neighboring particles. However, the nanopar-
ticle lavers themselves were different from coated films. The
film-coated stents were prepared by a dipping method with
the same paclitaxel / PLGA ratio of the paclitaxel-loaded nano-
particles. As shown in Figure 4. the nanoparticle-loaded stents
released paclitaxel more slowly than the film-coated stents.
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Figure 5. Drug distnbutions and release patterns. (A) film~coated stents,
(B) NP-loaded stents.

The release profile of the film-coated stents had an initial burst.
Approximately 20 % of the loaded paclitaxel streamed out
during the first one hour. The nanoparticle-loaded stents. on
the other hand. have no initial burst and release paclitaxel at
the controlled rates. The controlled release patterns may be
due to the different distribution of paclitaxel (Figure 5). Pacli-
taxel was spread over the whole films and exposed at the sur-
faces in the case of the film-coated stents. The exposed paclitaxel
would flood out in the early release time in an initial burst so
that the film-coated stents could not exhibit the controlled
release profiles. In the case of the nanoparticle-loaded stents.
paclitaxel would be localized at the core of the PLGA nanopar-
ticles and sheltered in the polymerbarriers.”” The release rates
of paclitaxel would be controlled by the polymer barriers,
resulting in the controlled release.

The most important conditions for this controlled release
are the temperature and the humidity of the thermal process.
The release pattern is constructed by the delocalization of the
drug molecules and the shielding of the polymer nanoparticles.
and so the characteristics of the polymer nanoparticles must
be maintained after the reinforcement of the mechanical strengths
such as the thermal process. If the morphologies of the polymer
particles are destroved by melting. it leads to remarkably
reduced results with an effective decrease of the drug-de-
localization and the shielding by the shells of the polymer
nanoparticles. PLGA was. therefore. the suitable polymer for
the nanoparticle deposition and the mechanical strength re-
inforcement by the thermal process which was proved by the
SEM images (Figure 2 C-E). The drugrelease profiles (Figure 4)
also confirmed the controlled release effects of this strategy.
the deposition of the paclitaxel-loaded PLGA nanoparticles
and the thermal process. for the paclitaxel delivery and release.

Conclusion

The mechanical strengths of the PLGA nanoparticle layers
on stents were improved enough for PTCA operations by the
simple thermal process. The paclitaxel release patterns of
nanoparticle-loaded stents showed controlled release characters.
comparable with film-coated stents. This technique gives rise
to a new range of applications for nanoparticles and drug-eluting
stents.
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