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Abstract Late stent thrombosis (LST) following drug-
eluting stent (DES) implantation in patients with coronary
artery disease (CAD) is often associated with delayed vas-
cular healing, resulting from vascular inflammation and
hypersensitivity to durable polymers and drugs. Therefore,
DES design, materials, and coatings have been technolo-
gically revolutionized. Herein, we designed a novel
abluminal groove-filled biodegradable polymer sirolimus-
eluting stent (AGF-BP-SES), with a sirolimus content of
only about one-third of traditional DES. The mechanical
performances of AGF-BP-SES during compression and
expansion were investigated. The pharmacokinetic (PK)
profile of sirolimus was studied in the swine model. The
in vivo efficacy of AGF-BP-SES was compared with that of
Xience PRIME® stent. The results showed that AGF-BP-
SES exhibited mechanical properties similar to traditional
DES, including the rebound ratio of radial contraction/
direction, rebound ratio of axial contraction/direction, and
inhomogeneity of compression/expansion. Despite utilizing
a reduced dose of sirolimus, AGF-BP-SES delivered sir-
olimus to the coronary artery in a controlled and efficient

manner. The stent maintained a safe and effective local drug
concentration without local or systemic risks. In the swine
model, histopathological indicators predicted safety and
biocompatibility of AGF-BP-SES. In conclusion, AGF-BP-
SES maintained similar mechanical properties as other
stents while reducing the drug-loading capacity, and
showed a favorable safety and efficacy profile of the tar-
geted DES.

Graphical Abstract

1 Introduction

Coronary artery disease (CAD), characterized by plaque
build-up in the arteries, is the most common form of heart
disease and the leading cause of death worldwide. Treat-
ment options for CAD include bypass surgery and stent
implantation, which utilizes small expandable mesh tubes to
open the blocked arteries. Drug-eluting stents (DES) have
shown excellent results in inhibiting neo-intimal hyperpla-
sia compared with bare metal stents (BMS) in CAD patients
[1]. However, late stent thrombosis (LST), defined as an
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acute thrombosis within a stent that has been in place for
longer than 30 days, has emerged as a major cause of death
and morbidity associated with DES [2, 3].

DES consists of three parts: a stent platform based on
BMS; a spray-coated durable polymer; and an anti-
proliferative drug. The polymer used in DES can hold and
release the drug into the arterial wall by contact transfer [4].
However, both the durable polymer and drug can cause
persistent inflammation of the vessel wall, thereby delaying
endothelial healing and promoting LST [5]. Recent advan-
ces in DES technology aim to improve vascular healing,
prevent restenosis, and reduce the risk of LST by devel-
oping bio-absorbable polymers and coating [6–9].

Herein, we designed a novel abluminal groove-filled
biodegradable poly-lactic acid (PLA) polymer sirolimus-
eluting stent (AGF-BP-SES). A formulation of sirolimus in
a PLA polymer complex was poured into abluminal grooves
in the outer surface of the cobalt-chromium alloy-based
stent struts. The drug content is only about one-third of that
in Cypher® (Johnson & Johnson, New Brunswick, NJ,
USA). The biodegradable coating degraded over time,
leaving a BMS. Our goal in this novel DES design was to
reduce LST with preserved anti-restenosis activity. The aim
of this study was to investigate the mechanical properties;
examine the pharmacokinetic profile; and evaluate the
safety and efficacy of this novel DES in a Chinese domestic
swine coronary artery model.

2 Materials and Methods

2.1 Study device

The novel AGF-BP-SES consisted of three components: a
cobalt-chromium L605 platform designed in S-type link
(elastic modulus: 243 GPa, poisson ratio: 0.30) with total
strut thickness of 86 μm; a biodegradable PLA polymer; and
sirolimus, an anti-proliferative drug spayed into abluminal
grooves. The unique abluminal grooves were scored at the
outer surface of every “n” or “m” type support struts, with an
average sirolimus dosage of 3 μg/mm stent lengths (Fig. 1).
The parameters of the groove were finally set as length 510
μm, width 20 μm, depth 50 μm, based on previous studies.

2.2 Finite element (FE) analysis

Finite element analysis is used to address biomechanical
problems, especially stress distribution [10, 11]. In the
present study, the important mechanical properties of
stents during compression and expansion were analyzed,
including rebound ratio of radial contraction/direction,
rebound ratio of axial contraction/direction, inhomo-
geneity of compression/expansion, and distribution of

residual stress. Briefly, AGF-BP-SES and traditional stent
with 3.03 mm in diameter and 18 mm in length were
analyzed. Stent data were saved in Digital imaging and
communication in medicine (Dicom), and entered into
Solidworks 2012 (DS SolidWorks, Waltham, MA, USA).
HyperMesh 10.1 (Altair Engineering, Troy, MI, USA)
was used to mesh the models with a hexahedron mesh.
The model was imported into the FE software (Abaqus
6.12, Simulia, Providence, RI, USA) for definition of the
material properties.

Fatigue performance of stents was important for suc-
cessful implantation of the coronary stent. Therefore, FE
was used to analyze the fatigue strength of the stents by the
Goodman curve.

2.3 In vivo pharmacokinetic study

Animal experiments were performed with the authorization
of Animal Care and Use Committee of Shanghai Jiaotong
University. Fifty-six Chinese domestic swine were ran-
domly divided into two groups (n= 28 in each group). One
group of animals were implanted with AGF-BP-SES (size:
φ3.0× 18 mm, labeled sirolimus content: 47 μg) and the
other group with Cypher® (size: φ3.0× 18 mm, labeled
sirolimus content: 150 μg), all in left anterior descending
artery. Three days before the procedure and throughout the
follow-up period, all animals received oral administrations
of 100 mg aspirin and 75 mg clopidogrel daily, which is the
standard treatment administered to human patients with
DES implantation. Animals were sacrificed after 1, 3, 7, 14,
30, 60, and 90 days of stent implantation, with n= 4 in each
time point.

Whole blood and tissue samples were collected to
determine the concentration of sirolimus. For coronary

Fig. 1 Geometric model of AGF-BP-SES
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artery samples collection, the stented coronary arterial
segments were carefully dissected from the heart after
removal from the thoracic cavity. The stented section plus
18 mm of adjacent proximal and distal non-stented tissue
each were excised with micro-dissection scissors. The
stents were carefully separated from the arterial tissue
(luminal and abluminal) with blunt dissection. Samples
were also taken from the left apical lung (30× 10× 10
mm), left lateral liver (30× 10× 10 mm), and left apical
kidney (20× 10× 10 mm) to analyze the sirolimus con-
centration by tandem mass spectrometry analysis with AB
Sciex API 4000 triple quadruple mass spectrometer
(Foster City, CA, USA) equipped with a turbo ion spray
source.

PK values were estimated using non-compartmental
methods, including maximum observed blood concentration
(Cmax), time to Cmax (Tmax), elimination half-life (T1/2),
apparent systemic clearance (CL/F), and area under the
concentration-time curve (AUC).

2.4 In vivo safety and efficacy study

In experiment 1, Chinese domestic swine (weighing 55 to
90 kg) were randomly divided into AGF-BP-SES single
stent (SS), Polymer SS, BMS SS, and Xience SS groups.
They were followed for 3, 28, and 90 days. AGF-BP-SES
SS group included swine with AGF-BP-SES, polymer SS
included swine with AGF-BP-SES without drug eluting,
and BMS SS group included swine with standard BMS.
Xience SS referred to the Xience PRIME® DES (Abbott
Vascular, Sana Clara, CA, USA). Animals were sedated
and anesthetized with intravenous ketamine (20 mg/kg)
and atropine (1 mg). Arterial access was achieved by a
femoral artery cut-down, and nitroglycerin (100 μg) and
heparin (100 IU/kg) were administered in the coronary
vessels. Coronary angiography was performed using 6 F
guiding catheters under digital subtraction angiography
(INNOVA 2100, GE Healthcare, Little Chalfont, Buck-
inghamshire, United Kingdom). Stents were implanted in
two major branches of the coronary artery: the left anterior
descending and the right coronary artery. Three days
before the procedure and throughout the follow-up period,
all animals received oral administrations of 100 mg
aspirin and 75 mg clopidogrel daily.

In experiment 2, Swine were randomly divided into
AGF-BP-SES overlap (OL), Polymer OL, BMS OL, and
Xience OL groups to study the overlap of stents on
arterial healings. The swine were followed for 3, 28, or
90 days. The study protocol was as the same as in
experiment 1. Arterial tissues with stent implants were
harvested for histological and scanning electron micro-
scopy (SEM).

2.5 Histological analysis

Hematoxylin and Eosin (H&E) was used to stain the stented
arterial segments. The samples were dehydrated in ethanol
and embedded in methylmethacrylate plastic. After poly-
merization, the stent section was cut on a rotary microtome
(EXAKT, Norderstedt, Germany) into≈10 μm thickness and
stained with H&E. An experienced pathologist, blinded to
the groups, performed all histological analyses. Ordinal data
were collected on each stent section, including lumen area,
internal elastic membrane area, neointimal thickness,
neointimal area, percent lumen stenosis, percent struts with
fibrin, mean fibrin score, percent mal-apposition, percent
endothelialization, injury score, and inflammation score.
Neointimal thickness was measured as the distance from the
inner surface of each stent strut to the luminal border.
Percent-area stenosis was calculated as [1—(lumen area/
internal elastic membrane area)]× 100. Vessel injury score
was calculated according to the Schwartz method [12]. The
inflammation score around the stent struts was measured as
described previously [13].

2.6 SEM analysis

Though the Food and Drug Administration typically
recommends 6-month data for preclinical stent data, 3-
month follow-up is generally acceptable for initiating
Investigational Device Exemption clinical trials if no
adverse findings are noted at this time [14]. Thus, in the
present study, stented vessels from each group obtained at
7, 28, and 90 days were examined en face by SEM for
analysis of potential stent and late stent thrombosis inci-
dence. Samples were fixed with 2.5% glutaraldehyde in 0.1
M sodium cacodylate buffer overnight and washed thrice
with cacodylate buffer. Post-fixation was completed with
1% osmium tetroxide in 0.1 M cacodylate buffer, then
serially dehydration with ethanol (30, 50, 70, 90, 95, and
100%), and critical point drying with CO2. The samples
were gold sputtered and visualized under SEM (Quanta
250, FEI, Hillsboro, OR, USA). Regions of interest were
imaged at incremental magnifications.

2.7 Statistical analysis

Continuous variables were presented as mean± standard
deviation, and categorical variables were presented as counts
and percentages. Paired comparisons were done using paired
student’s t-test. All statistical tests were two-tailed and a p
value of less than 0.05 was considered statistically sig-
nificant. WinNonlin software (version 6.2, PHARSIGHT
Corporation, Mountain View, CA, USA) was used for the
calculation of PK parameters. Statistical analyses were per-
formed with SPSS 17.0 (IBM, Armonk, NY, USA).
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3 Results

3.1 FE analysis results

At the same outer radius, AGF-BP-SES had mechanical
performances similar to the control stent during compres-
sion and expansion. There were no significant differences in
rebound ratio of radial contraction, rebound ratio of axial
contraction, and inhomogeneity of compression between the
two stents (Fig. S1). The rebound ratio of radial direction,
rebound ratio of axial direction, and inhomogeneity of
expansion did not differ in the two stents (Fig. S2). In
contrast, AGF-BP-SES (Fig. S3A) had a larger low-stress
area compared with the larger high-stress area in the control
stent (Fig. S3B). Compared with the traditional DES, AGF-
BP-SES maintained similar mechanical performance and
reducing drug-loading capacity, suggesting its potential
clinical applicability in cardiovascular stenosis diseases.

For fatigue analysis, the high-stress area is always loca-
ted in the arc sections during the deformation process. Our
results showed that as all the feature points of the two stents
were located under the fatigue limit line, which indicated
that stent crash was not possible after implantation (AGF-
BP-SES in Fig. S4A and control stent in Fig. S4B).
Moreover, there was a negative correlation between the
safety factor and stent length, width, and thickness of AGF-
BP-SES (Fig. S4C–E).

3.2 Pharmacokinetic application

The PK parameters 72 h after the implantation of AGF-BP-
SES or Cypher® stents in swine blood are summarized in
Table 1. The concentration profile is shown in Fig. 2a.
These data indicated that systemic exposure to the drug in
terms of AUC was lower with AGF-BP-SES compared with
the Cypher® stent. There was no significant difference in
terms of Tmax and T1/2 between the two groups. For the
apparent total systemic clearance (CL/F), sirolimus was
eliminated faster in the AGF-BP-SES group than the
Cypher® stent group.

Drug concentration was measured in the arteries, myo-
cardium, kidney, lung, and liver. The peak sirolimus con-
centration after AGF-BP-SES implantation occurred at Day
1 with a mean of 3555± 1225 ng/g and decreased to 1713
± 493 ng/g by Day 90. After Cypher® stent implantation,
sirolimus levels were maintained from 6896± 3412 to 328
± 335 ng/g from Day 1 to Day 90. The drug concentration
in AGF-BP-SES group decreased slowly during 30 days
post implantation and achieved similar concentration to that
in Cypher® group on Day 30 (Fig. 2b). From Day 30 to
Day 90, the concentrations of sirolimus in AGF-BP-SES
group remained constant, which indicated that the drug
reached equilibrium. Peak levels of sirolimus in the

proximal and distal non-stented segments were less than 5%
of that in the stented segments. As expected, sirolimus
levels in distal vessel segments were greater than in the
proximal segments. Sirolimus level in the myocardium
subjacent to the stented artery in the AGF-BP-SES group
was 76.3± 44.2 ng/g on Day 1 and decreased to 0.64±
0.32 ng/g after 90 days, compared with 360± 264 ng/g
(Day 1) and 0.51± 0.20 ng/g (Day 90) in the Cypher®
group. Similarly, sirolimus levels in the distal myocardium
were higher than those in the proximal segments. The drug
levels in the liver, lung, and kidney were measurable up to
14–28 days after stent implantation, with peak levels
between 0.25 and 1.85 ng/g in AGF-BP-SES group and
0.23 to 12.0 ng/g in Cypher® group (Fig. 2c).

The PK parameters are provided in Table 2. The para-
meters showed that the AUC of arterial tissue with stent was
192,048 ng∙day/g in AGF-BP-SES group and 185,368
ng∙day/g in Cypher® group. However, the AUC in other
tissues was far lower (1/2–1/5) than in the Cypher® group.
The lower concentration of the drug in peripheral tissues
suggested that AGF-BP-SES had a similar mechanism of
action but reduced side effects.

Lung toxicity is a serious complication associated with
sirolimus [15, 16]. However, sirolimus was detected at very
low levels in the lungs in this study (the Cmax is about 2.00
ng/g; 0.20 ng/g at 30 days).

After AGF-BP-SES implantation, the mean percentage
of cumulatively released sirolimus was 21% in 24 h, 59% at
7 days, 72 at 28 days, 85 at 60 days, and 90% at 90 days.
These values were statistically similar to those released in
the Cypher® group: 9, 27, 46, 61, 78, 88, and 95% in the,
respectively (Fig. 2d).

3.3 Histomorphometry and histology

The in vivo safety and efficacy of the AGF-BP-SES was
evaluated by the histological analysis of stented arteries
with or without overlap in swine. The results are summar-
ized in Tables 3 and 4.

Table 1 Calculated pharmacokinetic parameters of stented swine
(blood) (T= 72 h)

PK parameter AGF-BP-SES
(Dosage: 94 μg, n= 4)

Cypher (Dosage:
300 μg, n= 4)

Tmax (h) 2.25± 0.29 2.00± 0.50

Cmax (pg/mL) 786± 246 2496± 441

AUC0-t (pg∙h/mL) 14630± 4628 63873± 8425

AUC0-∞ (pg∙h/mL) 22640± 8704 107120± 7557

T1/2 (h) 50.4± 11.2 55.5± 8.42

CL/F (mL/h) 6913± 2066 4757± 673
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All 25 animals survived the 3-day study duration. His-
tologically, malapposition was not observed in any section.
Analysis of morphometric data showed similar vessel area
(EEL, IEL, lumen) in both single and overlapping stents
from all groups. Neointimal/thrombus areas and stenosis
percentage in single stents were lowest with Xience SS and
highest with BMS SS (Table 3). In overlapping stents, the
stenosis percentage was lowest with Xience OL (Table 4).
The majority of struts in all groups were surrounded by
significant fibrin deposition, which, at this early duration,
was characterized as thrombus burden with frequent inter-
mixed platelets and red blood cells, and an incomplete
endothelial layer. Generally, mean fibrin scores were similar
between groups (single and overlapping). Percentage of
total struts with surrounding fibrin was highest with BMS
SS and lowest with Xience SS. In overlapping groups, both

AGF-BP-SES OL and BMS OL showed a significantly
greater percentage of struts with fibrin than with Xience OL.
Inflammation was generally mild for all stent groups, with
the least inflammation seen with Xience (single and over-
lapping) and most with BMS (single and overlapping).
Mean injury scores were minimal and statistically compar-
able among all overlapping groups. In SS, however, AGF-
BP-SES, Polymer SS, and Xience SS showed significantly
reduced injury than BMS SS. In all groups, endotheliali-
zation of luminal surfaces by light microscopy was
incomplete with frequent adherent luminal inflammatory
cells and platelets. In SS groups endothelialization was
similar, with Polymer SS showing slightly greater endo-
thelialization than others. In overlapping stents, however,
BMS OL showed significantly greater endothelialization
than other groups (Fig. 3).

Fig. 2 Mean sirolimus whole blood concentration-time profiles in
swine after implanting AGF-BP-SES or Cypher® a. Mean sirolimus
stented artery concentration-time profiles in swine after implanting
AGF-BP-SES or Cypher® b. Mean sirolimus tissues concentration-

time profiles in swine after implanting AGF-BP-SES c. In vitro release
profile of sirolimus from AGF-BP-SES and Cypher® stent d. Data
points presented as mean ± SD
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All 41 animals survived to the 28-day study time-point.
Histologically, all devices showed good apposition to the
vessel wall with uniform expansion. Analysis of morpho-
metric data showed similar EEL and IEL areas in both
single and overlapping stents from all groups. Lumen areas
in overlapping stents, however, were smallest with Polymer
OL and largest with Xience OL. Neointimal areas and

stenosis percentage were statistically similar in single stents,
but were lowest in AGF-BP-SES OL in overlapping stents.
Fibrin deposition was moderate and surrounded the major-
ity of struts in both single and overlapping AGF-BP-SES
groups. Both Polymer and BMS groups (single and over-
lapping) had significantly less fibrin than AGF-BP-SES.
Mean injury scores are minimal and statistically comparable
among all groups (single and overlapping). Endotheliali-
zation of luminal surfaces by light microscopy was near
complete in all groups with occasional adherent luminal
inflammatory cells (Fig. 4).

Forty-one of the 43 animals survived the 90-day study
duration. There were two early deaths: one on the day of
implantation and the other euthanized during implantation
due to ventricular fibrillation. Histologically, all devices
showed good apposition to the vessel wall with uniform
expansion. Malapposition was not seen in any section.
Analysis of morphometric data showed significantly greater
EEL areas in BMS SS compared with AGF-BP-SES SS. All
other morphometric measurements (including IEL, lumen,
and medial area) were similar in both single and over-
lapping stents from all groups. Neointimal areas and ste-
nosis percentage were statistically similar between groups
in single and overlapping stents. Fibrin deposition was mild
and frequently seen surrounding struts in single and over-
lapping groups. Mean injury scores were minimal and sta-
tistically comparable among all groups (single and
overlapping). Endothelialization of luminal surfaces by light
microscopy was near complete in all groups with occasional
adherent luminal inflammatory cells (Fig. 5).

3.4 SEM analysis

SEM analysis showed good expansion of all stents at 3, 28,
and 90 days. The majority of stent surfaces showed
incomplete coverage by endothelium at day 3, but near
complete coverage at days 28 and 90. All stent groups
showed regions of fibrin/platelet thrombi on strut surfaces
with frequent inflammatory cells. None of the groups
showed obstructive luminal thrombi. Similar coverage was
seen between all groups. Representative images of AGF-
BP-SES and Xience Prime are shown in Fig. 6.

4 Discussion

The deformation process of balloon-expansible coronary
stents occurs in three stages: compression towards the bal-
loon when the stents are assembling; expansion under the
force exerted by the balloon; and periodic compression of the
vascular wall after the balloon was removed. In this study,
we designed a novel abluminal groove-filled biodegradable
PLA polymer sirolimus-eluting stent (AGF-BP-SES), which

Table 2 Calculated pharmacokinetic parameters of stented swine in
different tissues (T= 90 day)

Tissue PK parameter AGF-BP-
SES (n= 4)

Cypher
(n= 4)

Blood Tmax (Day) 1 1

Cmax (pg/mL) 113 733

AUC0-t

(pg∙day/mL)
615 6776

Artery (stent) Tmax (Day) 1 1

Cmax (ng/g) 3555 6896

AUC0-t

(ng∙day/g)
192048 185369

Artery (proximal) Tmax (Day) 3 1

Cmax (ng/g) 21 99

AUC0-t

(ng∙day/g)
732 875

Artery (distal) Tmax (Day) 1 1

Cmax (ng/g) 72.6 255

AUC0-t

(ng∙day/g)
2540 5768

Myocardium (stent) Tmax (Day) 1 1

Cmax (ng/g) 76.3 360

AUC0-t

(ng∙day/g)
594 1817

Myocardium (proximal) Tmax (Day) 1 3

Cmax (ng/g) 13.0 17.8

AUC0-t

(ng∙day/g)
97.7 170

Myocardium (distal) Tmax (Day) 1 1

Cmax (ng/g) 28.2 186

AUC0-t

(ng∙day/g)
234 1088

Kidney Tmax (Day) 3 1

Cmax (ng/g) 1.51 12.0

AUC0-t

(ng∙day/g)
19.2 106

Liver Tmax (Day) 1 1

Cmax (ng/g) 1.06 6.13

AUC0-t

(ng∙day/g)
7.16 62.5

Lung Tmax (Day) 1 1

Cmax (ng/g) 1.85 8.72

AUC0-t

(ng∙day/g)
17.5 77.3
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Table 3 Morphometric comparison of cross-sectional vessel areas and neointimal thickness

Implant group AGF-BP-SES SS Polymer SS BMS SS Xience SS

Day 3 n= 6 n= 6 n= 6 n= 6

Injury score 0.016± 0.039a 0.00± 0.00a 0.087± 0.074 0.009± 0.021a

Inflammation score 0.67± 0.42a 1.00± 0.60 1.39± 0.53 0.44± 0.34a

Struts with fibrin (%) 74.61± 15.15 64.44± 15.88 92.82± 6.77 47.81± 29.78a

Mean fibrin score 1.33± 0.42 1.33± 0.37 1.89± 0.27 1.33± 0.79

Malapposition (%) 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00

EEL area (mm2) 9.33± 1.96 9.15± 1.68 8.99± 2.49 9.31± 1.28

IEL area (mm2) 8.58± 1.82 8.45± 1.56 8.20± 2.31 8.20± 1.13

Lumen area (mm2) 8.14± 1.78 7.96± 1.49 7.58± 2.31 8.19± 1.03

Medial area (mm2) 0.75± 0.16 0.70± 0.12 0.78± 0.20 0.81± 0.18

N/T area (mm2) 0.47± 0.10 0.48± 0.15 0.62± 0.13 0.31± 0.20

N/T thickness (mm) 0.012± 0.006a 0.015± 0.011 0.023± 0.014 0.008± 0.010a

Stenosis (%) 5.22± 1.28a 5.69± 1.47 8.03± 2.91 3.53± 2.10a

Endothelialization 25.56± 12.72 36.67± 10.27a 29.44± 8.80 21.94± 14.47

Day 28 n= 10 n= 10 n= 10 n= 10

Injury score 0.096± 0.150 0.069± 0.090 0.120± 0.160 0.230± 0.370

Inflammation score 0.00± 0.00 0.13± 0.32 0.07± 0.14 0.10± 0.22

Struts with fibrin (%) 90.23± 9.84 64.58± 22.84 38.96± 19.65 92.93± 5.71

Mean fibrin score 1.60± 0.34a 1.03± 0.40 0.73± 0.44 1.70± 0.51a

Malapposition (%) 0.26± 0.81 0.00± 0.00 0.00± 0.00 1.84± 3.85

EEL area (mm2) 8.74± 1.97 9.74± 1.54 8.68± 1.68 9.10± 0.86

IEL area (mm2) 7.52± 1.73 8.39± 1.37 7.54± 1.53 7.84± 0.87

Lumen area (mm2) 6.29± 1.57 6.76± 1.43 5.95± 1.56 6.34± 0.82

Medial area (mm2) 1.22± 0.36 1.35± 0.25 1.14± 0.22 1.26± 0.25

N/T area (mm2) 1.23± 0.43 1.63± 0.47 1.59± 0.28 1.50± 0.56

N/T thickness (mm) 0.080± 0.039 0.120± 0.064 0.130± 0.050 0.110± 0.062

Stenosis (%) 16.50± 4.62 19.80± 6.38 21.86± 6.21 18.99± 6.26

Endothelialization 98.40± 1.27 99.33± 0.42 98.67± 1.34 97.57± 2.86

Day 90 n= 10 n= 10 n= 10 n= 10

Injury score 0.270± 0.360 0.079± 0.120 0.130± 0.130 0.300± 0.380

Inflammation score 0.430± 0.890 0.033± 0.110 0.170± 0.360 0.630± 1.250

Struts with fibrin (%) 45.02± 17.76 5.64± 7.38 0.72± 1.66 46.04± 27.28

Mean fibrin score 0.70± 0.29 0.033± 0.11 0.00± 0.00 0.83± 0.63

Malapposition (%) 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00

EEL area (mm2) 7.89± 1.42a 8.70± 0.79 9.27± 0.82 8.12± 1.17

IEL area (mm2) 6.81± 1.29 7.29± 0.58 7.91± 0.93 6.97± 0.96

Lumen area (mm2) 5.26± 1.43 5.89± 0.66 6.30± 1.07 5.39± 0.83

Medial area (mm2) 1.07± 0.19 1.41± 0.37 1.36± 0.33 1.15± 0.25

N/T area (mm2) 1.55± 0.48 1.40± 0.23 1.61± 0.42 1.59± 0.61

N/T thickness (mm) 0.120± 0.062 0.092± 0.025 0.120± 0.059 0.130± 0.068

Stenosis (%) 23.72± 8.21 19.34± 3.72 20.68± 5.95 22.51± 7.23

Endothelialization 99.67± 0.24 99.89± 0.24 100.0± 0.00 99.67± 0.57

Analysis includes mean of all sections (proximal, mid, and distal stented sections)

N/T neointimal/thrombus
a P< 0.05 vs. BMS SS
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Table 4 Morphometric comparison of cross-sectional vessel areas and neointimal thickness

Implant group AGF-BP-SES OL Polymer OL BMS OL Xience OL

Day 3 n= 6 / n= 6 n= 6

Injury score 0.072± 0.083 / 0.032± 0.033 0.130± 0.160

Inflammation score 0.83± 0.34a / 1.32± 0.28 0.79± 0.19a

Struts with fibrin (%) 91.33± 9.45 / 91.08± 10.43 71.60± 10.87a

Mean fibrin score 2.13± 0.54 / 1.99± 0.29 1.75± 0.47

Malapposition (%) 0.00± 0.00 / 0.00± 0.00 0.00± 0.00

EEL area (mm2) 8.65± 2.05 / 7.96± 1.63 9.50± 1.07

IEL area (mm2) 7.83± 1.80 / 7.20± 1.54 8.76± 0.95

Lumen area (mm2) 7.22± 1.70 / 6.59± 1.53 8.26± 0.95

Medial area (mm2) 0.82± 0.25 / 0.76± 0.13 0.75± 0.16

N/T area (mm2) 0.62± 0.19 / 0.60± 0.04 0.49± 0.11

N/T thickness (mm) 0.012± 0.004 / 0.015± 0.003 0.014± 0.007

Stenosis (%) 7.96± 2.21 / 8.64± 1.69 5.63± 1.31a

Endothelialization 16.04± 8.19a / 44.68± 21.87 13.54± 6.44a

Day 28 n= 10 n= 10 n= 10 n= 10

Injury score 0.075± 0.080 0.140± 0.190 0.065± 0.100 0.140± 0.130

Inflammation score 0.050± 0.110 0.068± 0.230 0.230± 0.340 0.083± 0.140

Struts with fibrin (%) 85.27± 14.87 55.03± 20.12 34.39± 16.43 89.27± 11.48

Mean fibrin score 1.60± 0.36a 1.02± 0.21 0.68± 0.40 1.58± 0.41a

Malapposition (%) 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.38± 1.22

EEL area (mm2) 8.45± 1.61 8.35± 1.16 8.71± 1.15 9.31± 1.28

IEL area (mm2) 7.34± 1.44 7.22± 1.04 7.56± 1.01 8.03± 1.12

Lumen area (mm2) 5.84± 1.14 4.98± 1.01a 5.40± 0.82 6.32± 1.19a

Medial area (mm2) 1.11± 0.20 1.13± 0.19 1.15± 0.18 1.27± 0.22

N/T area (mm2) 1.50± 0.38a 2.24± 0.62 2.16± 0.57 1.71± 0.46

N/T thickness (mm) 0.070± 0.024a 0.170± 0.086 0.140± 0.056 0.110± 0.047a

Stenosis (%) 20.47± 2.85a 30.97± 8.09 28.51± 5.65 21.45± 5.94a

Endothelialization 96.10± 3.95 99.20± 0.89 99.39± 0.47 98.53± 1.04

Day 90 n= 10 n= 10 n= 10 n= 9

Injury score 0.0± 0.080 0.120± 0.170 0.110± 0.120 0.340± 0.440

Inflammation score 0.050± 0.110 0.430± 0.860 0.050± 0.160 0.690± 1.130

Struts with fibrin (%) 38.70± 15.56 8.31± 4.75 3.56± 3.23 40.45± 30.85

Mean fibrin score 0.63± 0.24 0.16± 0.14 0.05± 0.11 0.68± 0.44

Malapposition (%) 0.00± 0.00 0.75± 2.37 0.00± 0.00 0.00± 0.00

EEL area (mm2) 8.40± 1.31 8.95± 1.45 8.85± 1.27 8.28± 0.73

IEL area (mm2) 7.12± 1.06 7.56± 1.22 7.55± 1.17 7.08± 0.75

Lumen area (mm2) 5.13± 0.92 5.37± 0.98 5.55± 0.82 5.12± 0.76

Medial area (mm2) 1.28± 0.37 1.39± 0.37 1.30± 0.31 1.20± 0.19

N/T area (mm2) 2.00± 0.42 2.19± 0.66 2.00± 0.78 1.96± 0.35

N/T thickness (mm) 0.130± 0.055 0.160± 0.074 0.120± 0.084 0.140± 0.045

Stenosis (%) 28.11± 4.78 28.67± 6.99 26.05± 6.65 27.63± 5.14

Endothelialization 99.92± 0.13 99.86± 0.25 99.75± 0.56 99.38± 0.71

Analysis includes mean of all sections (proximal, mid1, mid2, and distal stented sections)

N/T neointimal/thrombus
a P< 0.05 vs. BMS OL
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was shown to have similar mechanical performance,
including compression and expansion, compared with tradi-
tional DES.

In the in vivo preclinical PK study, sirolimus con-
centration at the stented coronary artery segment was much
higher than that at the myocardium. The drug concentration
in whole blood, liver, kidney, and lung was lower than in
the myocardium, indicating that sirolimus from AGF-BP-
SES was delivered to the stented coronary artery segment.
The drug elimination rates in AGF-BP-SES group were
shorter than the Cypher® group. These data support the
systemic safety of AGF-BP-SES. The average drug con-
centration at the stented coronary artery segment was within
the known therapeutic drug concentration range, and the
peak drug concentration was much lower than the max-
imum acceptable drug concentration. Therefore, local tol-
erance and safety of AGF-BP-SES was evident. Local drug
concentrations with AGF-BP-SES over time were evenly
distributed within the therapeutic drug concentration range.
During rapid proliferation phase of smooth muscle cells
(SMCs), AGF-BP-SES delivers a drug amount to the
stented coronary artery wall similar to that delivered by

Cypher®. Consequently, the efficacy of AGF-BP-SES was
clear.

DES significantly reduces restenosis and the need for
repeat target lesion revascularization (TLR) [17]. Unfortu-
nately, DES-based therapies contribute to the higher inci-
dence of LST because of delayed healing and/or incomplete
RE compared with BMS [18, 19]. In fact, recent studies
suggest that the best predictor of LST is the ratio of
uncovered/total stent struts [20]. A severe localized hyper-
sensitivity reaction to polymer carriers can produce chronic
inflammation and delay endothelialization, a major risk
factor for LST [21–23]. Biodegradable polymers appear to
be safer than non-biodegradable polymers because inflam-
mation subsides with the degradation of the polymer [24]. A
new generation biodegradable polymer DES that dissolves
6–9 months after implantation reduces the risk of late and
very late stent thrombosis [7, 25, 26]. Lupi A et al. found
that in comparison with biodegradable polymer DES, non-
biodegradable polymer DES showed lower LLL and LST,
but did not reduce mortality or TLR [27]. DES combines a
PLA-based scaffold with an anti-proliferative drug, and
appears to be feasible and effective in animal and human

Fig. 3 Representative histological images at low- (×100) and high-magnification (×200) of different stents implanted into arteries at 3 days. There
is moderate, localized aggregation of inflammatory cells adjacent to the lumen surface of the strut in all groups
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Fig. 4 Representative histological images at low- (×100) and high-
magnification (×200) of different stents implanted into arteries at
28 days. Inflammatory scores were similar among the AGF-BP-SS,

BMS, Polymer, and Xience groups. All stent groups exhibited normal
neointima formation over the struts, including normal amount of
smooth muscle cells with no histiocytes or lymphocytes
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Fig. 5 Representative histological images at low- (×100) and high-magnification (×200) of different stents implanted into arteries at 90 days
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studies [28–30]. In the present study, we evaluated AGF-
BP-SES with PLA polymer coating and compared it with
standard DES and BMS at 3, 28, and 90 days after
implantation. We showed that AGF-BP-SES successfully
delivered the drug and demonstrated similar ability to
inhibit long-term neointimal hyperplasia. Furthermore,
AGF-BP-SES showed reduced inflammation within the
vessel wall and better ability to preserve RE, thus had the
potential to prevent LST.

Drug concentrations on the polymer of DES are also
considered a risk factor for LST due to delay in endothelium
healing [10]. Therefore, DES with abluminal coating has
been developed [31, 32]. To minimize drug concentrations
in the vessel, sirolimus and PLA polymer matrix are applied
to the abluminal surface with a groove facing the vessel
wall. This unique design reduces the drug concentration by
targeting the vessel wall and minimizes long-term inflam-
mation, decreases the stent thrombosis rate, yet maintains
the anti-restenotic effect. The average sirolimus dosage of
AGF-BP-SES was 3 μg/mm stent length, which was
approximately one-third of standard stents. AGF-BP-SES
inhibited long-term neointimal hyperplasia in animals
similar to DES but was more efficacious in reducing
inflammation, indicating that AGF-BP-SES had better
ability to prevent LST.

In conclusion, we designed a novel targeted DES, AGF-
BP-SES, which delivered sirolimus to the coronary artery
segment in a controlled and efficient manner. There was a
low risk of local and systemic risks as demonstrated in the
animal studies.
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