Controlled release of paclitaxel using a drug-eluting stent through
modulation of the size of drug particles in vivo
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Abstract: Drug-eluting stents (DESs) are generally used in
percutaneous coronary intervention. Paclitaxel (PTX) is
widely used in DESs to suppress neointima, which causes
restenosis. However, the PTX release profile is slow owing to
its hydrophobic properties, resulting in negative effects on
re-endothelialization in vessels. In this study, we assessed
the effects of the controlled release of PTX particles of specific sizes on in-stent restenosis (ISR). PTX particle sizes were
controlled by adjusting the evaporating temperature of the
solvent from 25 to 808C during ultrasonic coating, and DESs
were prepared. The properties of prepared films and DESs
were analyzed, and cell viability was assessed in vitro and in
vivo. Poly(lactic-co-glycolic acid) (PLGA)/PTX500-loaded
stents showed the most rapid release for 58 days, and
smaller drug particles exhibited lower PTX release rates. In

vivo, PLGA/PTX50-, PLGA/PTX250-, and PLGA/PTX500-loaded
stents showed good efficacy for alleviating ISR as compared
with bare metal stents and PLGA/PTX5-loaded stents. However, PLGA/PTX250- and PLGA/PTX500-loaded stents exhibited strut exposure and reduced recovery of the vascular
compared with PLGA/PTX50-loaded stents. PTX drug particles of approximately 50 nm were most effective in vivo,
and the control of particle size is a promising strategy for
C 2017 Wiley
improving the performance of PTX-eluting stents.
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INTRODUCTION

Drug-eluting stents (DESs) are commonly used treatment
techniques in percutaneous transluminal coronary angioplasty. DESs are metallic stents coated with drugincorporated nondegradable/degradable polymers and were
developed to prevent the risk of restenosis, which is caused
by bare metal stents (BMSs).1 DESs that can release drugs,
such as paclitaxel (PTX) and sirolimus, have been successful
at significantly reducing the rate of restenosis.2–5 Such studies
of DESs have focused on developing improved DESs. In particular, PTX DESs may be useful because PTX has been shown to
reduce neointimal hyperplasia by blocking the proliferation
and migration of vascular smooth muscle cells.6–8
Horwitz9 reported that PTX acts as a microtubular inhibitor to promote microtubule assembly, thereby stabilizing

the formation of tubulin polymers. Microtublar changes in
the cells mostly occur in the G2/M phase of the cell cycle,
blocking cell division. Cells consequently accumulate and
synchronize in the G2/M phase, and the arrested cells then
undergo apoptosis and necrosis.9–11 In addition, PTX-loaded
stents allow slow release of PTX in the blood vessels owing
to the hydrophobic properties of PTX.12,13 van Beusekom14
suggested that the slow drug release profile of DESs inhibits
endothelial cell proliferation and delays vascular recovery.
Thus, sirolimus, an immunosuppressive drug with a rapid
release rate due to its relatively hydrophilic properties, has
been studied as an alternative to PTX and has been shown
to have excellent inhibitory effects on cell proliferation.15–17
Sirolimus has been shown to exhibit a very high initial burst
release of drug; however, Mehilli et al.18 found that

Additional Supporting Information may be found in the online version of this article.
Correspondence to: C. H. Kum; e-mail: chkum@osstemcardiotec.com or I. Noh; e-mail: insup@seoultech.ac.kr
Contract grant sponsor: Korean Health Technology R&D Project; contract grant number: HI16C0566 and HI17C0471
Contract grant sponsor: National Research Foundation of Korea; contract grant number: 2015R1A2A1A10054592

C 2017
V
©
2017 WILEY PERIODICALS, INC.

1
2275

FIGURE 1. Process for coating of PLGA/PTX solution with an ultrasonic atomizing spray.

sirolimus cannot inhibit in-stent restenosis (ISR) if it is
released too quickly.
Poly(lactic-co-glycolic acid) (PLGA) has been widely used
as a drug carrier.19,20 This polymers have been shown to
degrade through simple hydrolysis of the ester group into
acidic monomers, which can be removed from the body by
normal metabolic pathways.20 PLGA has also been widely
used tissue engineering research because of its low immunogenicity, good biocompatibility, and excellent mechanical
properties.19–21
In this study, we aimed to develop PTX DESs with controlled PTX particle size using PLGA as a drug carrier. The
prepared stents were used to confirm the correlations
between PTX particle size and drug release and were tested
for their ability to control drug release in vivo.
MATERIALS AND METHODS

Materials
Cobalt-chromium (Co-Cr) stents (3.0 mm in diameter and
18 mm in length; Meko, Germany) were used as a substrate.
PLGA (75:25, molecular weight [MW] 5 268,000 g/mol) was
purchased from Boehringer Ingelheim (Ingelheim, Germany).
High-performance liquid chromatography (HPLC)-grade tetrahydrofuran (THF) was purchased from Sigma-Aldrich (St.
Louis, MO). PTX was purchased from Samyang BioPharm
(Seongnam-si, Gyeonggi-do, Korea). Human umbilical vein
endothelial cells (HUVECs) were purchased from Lonza (Walkersville, MD). Endothelial basal medium-2 and endothelial
cell growth medium-2 (EGM-2) supplement (fetal bovine
serum, 10 mL; hydrocortisone, 0.2 mL; human fibroblast
growth factor-B, 2 mL; vascular endothelial growth factor,
0.5 mL; R3-insulin-like growth factor-1, 0.5 mL; ascorbic acid,
0.5 mL; human epidermal growth factor, 0.5 mL; GA-1000,
0.5 mL; and heparin, 0.5 mL) were purchased from Lonza.
Preparation of PTX-loaded PLGA films and stents
To obtain 0.5% (w/w) polymer solution, PLGA (0.6 g) was
dissolved in THF (100 g), and PTX was added to the solution. Next, 0.4 g PTX was mixed with the PLGA solution. Co/
Cr stents or plates were coated with the PTX/PLGA solution
using an ultrasonic machine (Sonotek). When the solution
was sprayed using an ultrasonic machine, a hot box (Beahm
Designs, Milpitas, CA) was used to control the evaporate
rate of the solvent and the temperature around the jet air
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zone of the ultrasonic coating was controlled from 25 to
808C. (Figure 1). A series of PTX-loaded PLGA stents and
films were coded according to the drying gas temperature,
as indicated in Table I. PTX-loaded PLGA stents and films
were air-dried for 3 days and maintained in a vacuum for 1
day to remove the residual solvent.
Characterization of drug-loaded PLGA films and stents
The wettability of PLGA films with different amounts of
drug was measured using a water contact angle analyzer
(DGD Fast/60 Contact Angle Meter; GBX New Technologic
Development, France). The films were placed on the testing
plate. Distilled water was carefully dropped on the surface
of the films. Five microliters of deionized water was carefully dropped on the surface of the PLGA film.
The surface of drug-loaded PLGA films was characterized by attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR; FT/IR-4100; Jasco Analytical
Instruments). Infrared (IR) absorbance was measured from
650 to 4000 cm21.
For differential scanning calorimeter (DSC) analysis,
PLGA- or drug-loaded films were prepared. The thermal
properties of PLGA films with drug were analyzed by DSC
(DSC Autosampler A2910900; TA Instrument) during the
second heating run. About 8.2 mg of film was packed in an
aluminum pan and then heated from 0 to 2508C at a ramp
rate of 108C/min, with a nitrogen purge of 20 mL/min. The
glass transition temperature (Tg) was obtained during the
second heating run.
X-ray diffraction (XRD) analysis was performed with an
in-plane high-resolution X-ray diffractometer (Rigaku, Japan)
equipped with CuKa radiation. Drug-loaded PLGA films
were analyzed at 2–408, with an angular resolution of 0.028.
Drug-loaded PLGA films were prepared on a quartz holder
(Gem Dugout, PA) with a low X-ray background.
TABLE I. Condition of PLGA/PTX Films for Particle Size
Control
Sample
PLGA/PTX5
PLGA/PTX50
PLGA/PTX250
PLGA/PTX500

Dry Gas Temperature (8C)

Particle Size (nm)

25
40
60
80

4.75 6 0.49
53.74 6 5.17
230.11 6 20.83
487.17 6 37.73
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To examine PTX particles aggregated on the PLGA film,
we embedded the samples in epoxy resin. Samples were
sectioned using an ultramicrotome with a diamond knife
under cryogenic conditions in cross-sections of approximately 85 nm in thickness. The foils were then placed on
Cu grids and stained with a 2 wt % solution of uranyl acetate. The samples were finally observed by transmission
electron microscopy (TEM; CM300; Philips) at 300 kV.
The surface of drug-loaded PLGA stents was sputter
coated with Pt under an Ar atmosphere for 80 s before
observation. The coating thickness and morphology of each
sample were measured by field-emission scanning electron
microscopy (FE-SEM; S-4100; Hitachi, Japan).
For analysis of polymer degradation and mass loss, pure
PLGA-, PLGA/PTX5-, PLGA/PTX50-, PLGA/PTX250-, and
PLGA/PTX500-loaded stents were prepared. Each sample
was then individually immersed in 20 mL phosphatebuffered saline (PBS) in a glass vial and stored at 378C with
a rotational speed of 100 rpm. At every time interval, samples were recovered, rinsed with pure water, and vacuum
dried at 378C for 7 days. The degree of polymer degradation
was determined using gel permeation chromatography
(GPC; Waters 410 differential refractometer; Waters) with
chloroform as a solvent. The percent mass loss was calculated as follows [Eq. (1)]:
Mass loss ð%Þ5

Massini 2 Massdry
3100
Massini

(1)

where massini is the initial mass of the stent and massdry is
the mass of the dried stent.
In vitro drug release test
The amount of PTX in the PLGA matrix was determined
using a ultraviolet spectrophotometer (k 5 227 nm) and
HPLC (LC 1100; Agilent, Germany). For in vitro drug release
assays, samples were placed in a 10-mL vial with 2 mL PBS
(pH 7.4) at 378C for various times. HPLC was performed
with a mobile phase composed of acetonitrile, methanol,
and water (45:40:15) at a flow rate of 1.2 mL/min and
detection at 227 nm.
Cell viability
HUVECs (1 3 104 cells/well) were seeded in 24-well plates,
incubated for 24 h, and then treated for 24 h with effluent
of DESs, which was prepared by releasing in PBS for 24 h.
Cell viability was analyzed using a Cell Counting Kit8 (Dojindo Molecular Technology, Inc., Rockville, MD).
Animal study protocol
This animal study was approved by the Ethical Committee of
the Daegu-Gyeongbuk Medical Innovation Foundation (Daegu,
Korea). Study animals were female swine weighing 22–35 kg.
Premedication with aspirin 100 mg and clopidogrel 75 mg
was given daily for 5 days before the procedure. On the day of
the procedure, pigs were anaesthetized with ketamine
(20 mg/kg intramuscularly) and xylazine (2 mg/kg intramuscularly). They received 3 L/min of supplemental oxygen

continuously through an oxygen mask. After administration
of subcutaneous lidocaine 2% at the incision site, the left
carotid artery was surgically exposed, and a 7 F sheath was
inserted. Continuous hemodynamic and surface electrocardiographic monitoring was maintained throughout the procedure. Heparin (5000 U) was administered intravenously as a
bolus prior to the procedure, and the target coronary artery
was then engaged using standard 7 F guiding catheters. Control angiograms of both coronary arteries were performed
using nonionic contrast agent in two orthogonal views.
Stent implantation
In 12 pigs, one of two BMSs, PLGA/PTX5-loaded stents,
PLGA/PTX50-loaded stents, PLGA/PTX250-loaded stents,
and PLGA/PTX500-loaded stents was inserted into the middle left anterior descending artery, and the other stent was
inserted into the proximal left circumflex artery randomly.
The stent was fixed by inflating the balloon to nominal pressure, and the resulting stent to artery ratio was 1.3:1.
Repeat angiograms were obtained immediately after stent
implantation. Then, all equipment was removed, and the
carotid artery was ligated. All animals received 100 mg
aspirin and 75 mg clopidogrel orally each day. At 3 months
after stenting, the animals underwent repeat angiography in
the same orthogonal views before being sacrificed with
20 mL potassium chloride (intracoronary injection). The
hearts were removed, and the coronary arteries were fixed
by pressure perfusion at 70 mmHg in 10% neutral-buffered
formalin overnight. Arteries were step-sectioned and processed routinely for light microscopy.
Histopathological analysis
Histopathological evaluation of each artery was performed
by an experienced cardiovascular pathologist. The specimens were embedded in methyl methacrylate, and sections
were cut with a low-speed diamond wafer mounted on a
Buehler Isomet saw (Buehler Ltd.), leaving the stent wires
intact in the cross-sections to minimize potential artefacts
from removal of stent wires. Sections measuring 50–100 mm
were obtained at about 1 mm apart and stained with hematoxylin and eosin (H&E) for histological analysis. Measurements of the histopathologic sections were performed using
a calibrated microscope, digital video imaging system, and
microcomputer program (Visus 2000 Visual Image Analysis
System). Borders were manually traced for the lumen area,
area circumscribed by the internal elastic lamina, and the
innermost border of the external elastic lamina (external
elastic lamina area). Morphometric analysis of the neointimal area for a given vessel was calculated as the measured
internal elastic lamina area minus the lumen area. The
measurements were made on five cross-sections from the
proximal and distal ends and the three midpoints of each
stented segment. Fibrin was identified on H&E-stained sections and with Carstair’s histochemical staining.
Evaluation of inflammation scores and fibrin scores
With regard to the inflammation score for each individual
strut, the grading was as follows: 0, no inflammatory cells
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FIGURE 2. ATR-FTIR of pure PTX and PLGA/PTX-loaded films.

surrounding the strut; 1, light, noncircumferential lymphohistiocytic infiltrate surrounding the strut; 2, localized, moderate to dense cellular aggregate surrounding the strut
noncircumferentially; and 3, circumferential dense lymphohistiocytic cell infiltration of the strut.22 The inflammation
score for each cross section was calculated by dividing the
sum of the individual inflammation scores by the total number of struts in the examined section. Arterial healing was
assessed by fibrin deposition, and ordinal data for fibrin
were collected on each stent section using a scale of 0 to 3,
as previously reported.23
Statistical analysis
Data are expressed as means 6 standard deviations. Statistically significant differences were determined by Student’s t
tests. Differences with p values of <0.05 were considered
significant.
RESULTS AND DISCUSSION

Preparation and characterization of the PLGA/PTX-loaded
matrix
As shown in Figure 1, DESs were prepared well by coating
Co/Cr BMSs or plates with PLGA/PTX solution or film using
an electrospray coating method. The size of PTX was controlled by increasing the drying gas temperature of the

ultrasound coating from 25 to 808C. The sizes of PTX particles in PLGA were 4.75 6 0.49, 53.74, 230.11, and
487.17 nm. As shown in Table I, the particle size increased
as the temperature increased. The evaporation rate of the
solvent is related to the temperature, resulting in an unstable drug droplet in the solvent, and increases in particle
size due to particle interactions with drugs are shown.24
FTIR demonstrated the typical structural features of
PLGA- and PTX-loaded films (Figure 2). The sharp peak at
2973–2254 cm21 was representative of the CH3/C-H
stretching vibration in the structure of PTX. The strong
absorption band at 1751 cm21 corresponded to the C5O
stretching vibration of carbonyl groups in PTX. The C-O
stretching vibrations from the ester bond were observed at
1093–1050 cm21, and the bands at 2996 and 2877 cm21
were assigned to the C-H asymmetric and symmetric
stretching vibrations of the CH3 groups, for which the bending vibration of the corresponding group was observed at
1454 cm21. The band at 2948 cm21 was attributed to the
stretching vibration of the C-H groups in PLGA, for which the
bending vibrations appeared at 1382 and 1358 cm21.25,26
PTX-loaded films showed similar IR spectra to that of PLGA.
Therefore, these results demonstrated the PTX-loaded film
was well prepared.
Next, PLGA- and PTX-loaded films (PLGA/PTX5, PLGA/
PTX50, PLGA/PTX250, and PLGA/PTX500) were analyzed
by DSC [Figure 2(a)]. The Tg of PLGA was 45.68C, and those
of PLGA/PTX5 and PLGA/PTX50 films were 37.9 and
28.18C, respectively. The Tg values of PLGA/PTX250 and
PLGA/PTX500 were 21.1 and 14.78C, respectively, indicating
that the Tg decreased as the size of PTX particles decreased
from 4.75 6 0.49 to 487.17 6 37.73 nm (corresponding to a
decrease from 45.6 to 14.78C). Generally, Tg is known to
depend on chain flexibility and intermolecular interactions
in polymers. The crystalline structure and particle size can
induce changes in the molecular motions of amorphous
chains, thereby acting as a plasticizer. Thus, increasing the
particle sizes decreases the Tg of the polymer film by
increasing the free volume of polymers.27 Our findings demonstrated that Tg values could vary depending on the properties of PTX particles and based on whether the polymer
film was in the noncrystalline state, which could absorb
moisture more readily than that in the crystalline state.

FIGURE 3. DSC thermograms of PTX-loaded PLGA films (a) and X-ray diffraction patterns of PTX-loaded PLGA films (b).
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FIGURE 4. TEM images of PTX-loaded PLGA films. PLGA/PTX5 (a), PLGA/PTX50 (b), PLGA/PTX250 (c), and PLGA/PTX500 (d).

XRD measurements were carried out in order to confirm
whether PTX particles existed in the amorphous or crystalline state inside the PLGA matrix and to investigate whether
the crystallinity of PLGA affected the particle size of PTX.
As shown in Figure 3, PLGA, PLGA/PTX5, PLGA/PTX50,
PLGA/PTX250, and PLGA/PTX500 films were prepared and
measured, respectively. The 2u diffraction angles of PTX are
5.6, 9.9, and 12.7.28 Our findings [Figure 3(a–d)] showed
that PLGA and PTX-loaded PLGA films fabricated with PLGA/
PTX5, PLGA/PTX50, PLGA/PTX250, and PLGA/PTX500 displayed only amorphous halo patterns. The peaks corresponding to PTX in the crystalline state disappeared in the
PLGA film as the sizes of PTX particles increased, indicating
that the crystallinity of the PTX/PLGA films gradually
decreased.
In order to investigate the size and morphology of PTX
particles on PLGA films, samples were examined by TEM. As
shown in the TEM images in Figure 4, PLGA/PTX5, PLGA/

PTX50, PLGA/PTX250, and PLGA/PTX500 films were well
dispersed, and the sizes of PTX particles were successfully
controlled by increasing the drying temperature. Thus, these
data confirmed that the evaporation rate of the solvent
affected particle size.24 The morphology of drug particles
resembled a spherical shape in the PLGA matrix, and the
sizes of PTX particles in TEM images were 4.75 6 0.49,
53.74, 230.11, and 487.17, respectively.
The water contact angles, PTX loading content and loading
efficiency of the PLGA, PLGA/PTX5, PLGA/PTX50, PLGA/
PTX250, and PLGA/PTX500 films were measured (Table II).
Our observations showed that the water contact angles
increased in the presence of PTX (PLGA/PTX5: 70.7 6 2.38;
PLGA/PTX50: 75.1 6 4.78; PLGA/PTX250: 80.4 6 3.68; PLGA/
PTX500: 85.8 6 6.78) compared with that of the PLGA film
(64.5 6 1.48C), consistent with the properties of PTX as a
hydrophobic drug. In addition, as the particle size increased,
the surfaces of the PLGA/PTX films became more hydrophobic.

TABLE II. Characteristics of PTX-Loaded PLGA Films
Sample
PLGA
PLGA/PTX5
PLGA/PTX50
PLGA/PTX250
PLGA/PTX500
a
b

Contact Angle (8)

Thickness (lm)

PTX Loading Contenta (g)

Loading Efficiencyb (%)

64.5 6 1.4
70.7 6 2.3
75.1 6 4.7
80.4 6 3.6
85.8 6 6.7

–
5.21 6 0.13
4.97 6 0.14
5.19 6 0.11
4.96 6 0.12

–
0.38
0.38
0.37
0.39

–
95.0
95.0
92.5
97.5

PTX loading content (g) 5 Final film weight (g) – PLGA weight (0.6 g).
Loading efficiency (%) 5 [PTX total spray content (g) – PTX loading content (g)]/PTX total spray content (g) 3 100.
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FIGURE 5. SEM images of DESs. The surfaces of PLGA/PTX5-loaded stents (a), PLGA/PTX50-loaded stents (b), PLGA/PTX250-loaded stents (c),
and PLGA/PTX500-loaded stents (d). Cross-section images of DES struts: PLGA/PTX5-loaded stents (e, f) and PLGA/PTX500-loaded stents (g, h).

This result suggested that the PTX particles increased exposure
on the surface of the matrix as the particle size increased in
the PLGA matrix.29 In addition, PTX particle size distribution
data are provided in Figure S1, Supporting Information.
In vitro drug release behaviors and cell viability
In order to investigate the surface morphology of PLGA/
PTX5-, PLGA/PTX50-, PLGA/PTX250-, and PLGA/PTX500loaded stents, we used FE-SEM. As shown in Figure 5, the
surfaces of PTX5/PLGA- and PTX50/PLGA-loaded stents
were smooth and uniform. In contrast, those of PTX250/
PLGA- and PTX500/PLGA-loaded stents showed increased
roughness. Measurement of the roughness of these samples
by three-dimensional-laser microscopy (LEXT OLS4000;
Olympus) showed that the roughness increased as the particle size increased, with PLGA/PTX5-, PLGA/PTX50-, PLGA/
PTX250-, and PLGA/PTX500-loaded-stents having roughness
values of 0.049 6 0.003, 0.062 6 0.011, 0.121 6 0.018, and
0.167 6 0.042 lm, respectively. Additionally, the thicknesses
of PLGA/PTX5-, PLGA/PTX50-, PLGA/PTX250-, and PLGA/
PTX500-loaded stents were 5.21 6 0.13, 4.97 6 0.14,
5.19 6 0.11, and 4.96 6 0.12 lm, respectively, indicating that
the thickness of the DESs were maintained constant at
around 5 lm.

The cumulative release profile of PLGA/PTX-loaded stents
with different PTX particle sizes is shown in Figure 6(a), and
Figure 6(b) shows the results of mass loss and MW degradation in PLGA/PTX5-, PLGA/PTX50-, PLGA/PTX250-, and
PLGA/PTX500-loaded stents. All PTX/PLGA-loaded stents
showed an initial pattern of release and were found to
decrease rapidly after 14 days of initial release of the drug.
This is because the initial burst of the drug PTX on the coating
surface of DES resulted in an initial burst, and the sustained
release of the drug due to the hydrophobic property of PTX in
the coating layer appeared. Drug release behavior even at
about 50 days, the drug release rate is low because the mass
loss rate is still about 50% or less, which means that the activity of subsequent erosion is low because the drug is contained
inside the coating layer. However, if the continuous erosion of
the drug carrier is activated, the mass reduction rate may
increase and the drug release rate may increase.30
In addition, PLGA/PTX500-loaded stents showed the
most rapid release for 58 days (PTX eluting rate at 58 days;
35.5% 6 1.9%), followed by PLGA/PTX250-loaded stents
(24.3% 6 1.5%), PLGA/PTX50-loaded stents (18.3% 6
2.8%), and PLGA/PTX5-loaded stents (9.7% 6 2.1%). Generally, if the drug is relatively homogeneously distributed in
the polymer without large crystallized regions, the initial

FIGURE 6. In vitro release patterns of PTX-loaded PLGA films (a) and MW and mass loss of PTX-loaded PLGA films after in vitro release (b).
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Next, the viability of HUVECs in the presence of PTX
released from DESs was evaluated. In pure PLGA-coated
stent, cell viability decreased to about 85% compared with
that of the control group. As the PTX particle size increased,
cell viability decreased in a size-dependent manner. Cell viability was 83% for PLGA/PTX5, 71% for PLGA/PTX50, 63%
for PLGA/PTX250, and 31% for PLGA/PTX500, consistent
with the effects of particle size on drug release, thereby suggesting that elevated PTX released from DESs affected cell
viability (Figure 7).

FIGURE 7. Cell viability in HUVECS after release of PTX from DESs.

release rate is slow.31 However, although the drug was uniformly distributed in the polymer matrix, the release rate of
PTX was rapidly increased as the drug particle size increased
[Figure 6(a)]. Thus, we observed the increasing size of drug
particles present in the PLGA matrix, decreasing the Tg by
increasing the free volume in the PLGA matrix, and increasing
the degree of hydrolysis of the polymer matrix.
The degradation of PLGA is related to the hydrolysis of
ester bonds.23,25 Thus, we measured the MW change of
PLGA/PTX-loaded stents using GPC [Figure 6(b)]. The
results showed that the mass loss rate of PLGA/PTX-loaded
stents was influenced by the sizes of drug particles in the
polymer matrix. After 58 days of incubation, the coating
layer of pure PLGA-coated stents was decreased to 76.1%.
Thus, the mass loss rate was greatly affected by the sizes of
drug particles in the PLGA film.
Decreasing the sizes of PTX particles resulted in decreased
variation in the degradation ratio. The degradation ratios of
PLGA/PTX500-, PLGA/PTX250-, PLGA/PTX50-, and PLGA/
PTX5-loaded stents were 43.5, 35.3, 33.1, and 27.1%, respectively. These results were consistent with the Tg, XRD, and
drug release profile data. Increased Tg values with small PTX
particle sizes resulted in a slow release profile, and increasing
the sizes of PTX particles resulted in the opposite pattern.

In vivo implantation of DESs
All vessels were histologically patent under the implantation of
all stents. Morphometric and histologic characteristics of BMSs
and PLGA/PTX5-loaded stents at 3 months after implantation
are depicted in Figures 8 and 9, respectively. The antirestenotic
efficacy of stents was examined by measuring the crosssectional areas of the lumen and neointima. Lumen areas were
significantly higher in PLGA/PTX5-loaded stents (3.97 6
1.17 mm2), PLGA/PTX50-loaded stents (5.21 6 0.67 mm2),
PLGA/PTX250-loaded stents (5.58 6 0.52 mm2), and PLGA/
PTX500-loaded stents (5.71 6 0.61 mm2) than in BMSs
(0.785 6 0.55 mm2). Neointimal areas were also significantly
lower in PLGA/PTX5-loaded stents (2.27 6 0.76 mm2), PLGA/
PTX50-loaded stents (0.94 6 0.11 mm2), PLGA/PTX250-loaded
stents (0.57 6 0.17 mm2), and PLGA/PTX500-loaded stents
(0.44 6 0.21 mm2) than in BMSs (4.31 6 1.09 mm2; p < 0.005).
Thus, PLGA/PTX50-, PLGA/PTX250-, and PLGA/PTX500-loaded
stents showed good efficacy for alleviating ISR as compared
with that of BMSs and PLGA/PTX5-loaded stents, with BMSs
showing approximately fourfold greater ISR than PLGA/PTX50loaded stents in the lumen and neointima.
Generally, ISR is more easily observed in BMSs than in
DESs due to the lack of drug-induced suppression of proliferation of smooth muscle cells.32,33 Some reports have
shown that 40–50% of in-stent neointimal hyperplasia can
be prevented by implantation of DESs in pigs owing to the
antiproliferative effects of PTX on vascular smooth muscle.34
Our findings also showed that the lumen and neointima
areas of PLGA/PTX50, PLGA/PTX250, and PLGA/PTX500

FIGURE 8. H&E staining images of porcine coronary arteries implanted with BMSs or PTX-eluting stents for 3 months.
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FIGURE 9. Histology data for BMSs and PTX-eluting stents at 3 months after implantation. Lumen area (a), neointimal area (b), inflammation
score (c), and fibrin score (d).

were similarly altered, whereas that of PLGA/PTX5-coated
stents was relatively low [Figures (8 and 9)(a), and 9(b)].
These results suggested that the PLGA/PTX5 film was difficult to hydrolyze due to the small particle sizes and slow
drug release pattern.
Notably, PLGA/PTX250- and PLGA/PTX500-loaded stents
were exposed and showed reduced recovery of vascular cells
compared with PLGA/PTX50-loaded stents (Figure 8). Accordingly, the death of endothelial cells for re-endothelialization
supported the anticancer effects of PTX in vascular tissues.
Additionally, vascular healing was assessed by standard protocols according to fibrin deposition and inflammation. The
inflammation score was significantly reduced in PLGA/PTX5loaded stents (2.64 6 0.36), PLGA/PTX50-loaded stents
(1.44 6 0.17), PLGA/PTX250-loaded stents (1.51 6 0.16),
and PLGA/PTX500-loaded stents (1.27 6 0.27) compared
with that of BMSs (3.74 6 0.79). Moreover, PLGA/PTX50-,
PLGA/PTX250-, and PLGA/PTX500-loaded stents showed
relatively light, localized, or moderate inflammatory
responses as compared with those of BMSs or PLGA/PTX5loaded stents. Based on these findings, PLGA/PTX50loaded stents appeared to be the most efficient at vascular
healing.
The effect of DESs on inflammation scores can be
explained by the observation that PTX suppresses inflammation.35,36 BMSs are generally known to elicit in vivo inflammatory responses, which are caused by the foreign body
reaction of materials. As shown Figure 9(c), PTX alleviated
inflammatory responses through its anticancer effects.37
Therefore, PLGA/PTX5-, PLGA/PTX50-, PLGA/PTX250-, and
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PLGA/PTX500-loaded stents gradually decreased inflammation scores by increasing PTX elution.
In addition, after stent implantation in pigs, fibrin
scores were measured from cross-sectional areas of the
arterial wall. However, there were no significant differences fibrin scores for PLGA/PTX5-loaded stents
(1.98 6 0.16), PLGA/PTX50-loaded stents (1.77 6 0.13),
PLGA/PTX250-loaded stents (1.87 6 0.17), and PLGA/
PTX500-loaded stents (1.83 6 0.15) compared with BMSs
[1.61 6 0.22; Figure 9(d)]. Deposition of fibrin around
stent struts was largely moderate in all stent groups, and
fibrin deposition around the stent was slightly higher in
PLGA/PTX50-, PLGA/PTX250-, and PLGA/PTX500-loaded
stents than in BMSs. Therefore, these results showed that
the 50-nm PTX particles in PLGA/PTX-loaded stents effectively reduced restenosis by decreasing the degree of reendothelialization.
CONCLUSION

In this study, the particle sizes of PTX/PLGA-loaded stents
were successfully controlled. The size of PTX particles was
shown to be related to the rate of PTX release from the
DESs. Moreover, in vivo analyses confirmed the release profiles of PTX and showed that the PLGA/PTX50-loaded stent
was the most efficient at vascular healing. Additionally, the
DESs were able to control endothelial cell death, revealing
the anticancer effects of PTX. Our findings demonstrated
that PTX drug particles of about 50 nm were most effective
in vivo and may be a promising strategy for improving the
performance of PTX-eluting stents.
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