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Poly-I-lactic acid/amorphous calcium phosphate
bioabsorbable stent causes less inflammation
than poly-l-lactic acid stent in coronary arteries
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Abstract: Aim: Poly-I-lactic acid (PLLA) based bioabsorbable stents with or without amorphous calcium phosphate
(ACP) were implanted and compared the inflammation in coronary arteries. Methods: 6 PLLA and 6 PLLA/ACP based
paclitaxel-eluting stents were randomly implanted into the coronary arteries of 12 healthy mini-pigs. The segments
with stent were used to evaluate inflammation score and endothelialization score by hematoxylin-eosin staining.
Results: At the 28th day after stent implantation, no in-stent restenosis or stent thrombosis was found in both PLLA
and PLLA/ACP group. Histological analysis indicated that the inflammation score in PLLA/ACP group was less than
that of in PLLA group (2.20+0.42 vs. 2.80+0.48, P<0.05). Consist with that, the expression of NF-kB was lower in
PLLA/ACP group. The results from immunohistochemistry showed that the expressions of endothelial nitric oxide
synthase (eNOS) and CD 31 in PLLA/ACP group were dramatically higher than those in PLLA group respectively. The
serum levels of vascular endothelial growth factor (VEGF) and nitric oxide (NO) in PLLA/ACP group were significantly
higher than those in PLLA group respectively (509.86+49.37 pg/ml vs. 322.04+35.16 pg/ml and 139.46+7.52
pmol/L vs. 29.55+16.55 umol/L, P<0.05). Conclusion: The application of ACP helps to reduce the inflammation
caused by PLLA, and is also helpful in endothelial formation and function for PLLA-based bioabsorbable stent.
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Introduction increase the incidence of myocardial infarction
or even mortality on the basis of the BASKET-
LATE study published in 2006 [1]. In addition,
drug-eluting stents carry anti-proliferative drugs

at the local quick-release, which not only inhibit

Since Sigwart successfully implanted the first
coronary stent after operation in 1987, stenting
has been widely used in treatment of coronary

heart disease clinically. With the update of
technology innovations, coronary stents are
currently used mainly in metal bracket for the
platform without degradation or absorption. As
for platform, side-effects like persistent mecha-
nical guyed or foreign body inflammatory reac-
tion would cause a series of problems to the
stent-planted coronary segments, such as
endothelium injury, hyperplasia of endometrial
and smooth muscle, in-stent restenosis, and so
on. Drug-eluting stent (DES) can inhibit neointi-
ma hyperplasia with antiproliferative function
by its polymeric coating, but concerning of the
late stent thrombosis (ST) or very late stent
thrombosis caused by the DES, which may

the proliferation of smooth muscle cells, but
also delay the endothelialization without inhibit-
ing thrombosis, which leads to the contradic-
tion between anti-smooth muscle cell prolifera-
tion and promotion of endothelial repair. Fur-
thermore, delayed re-endothelialization also
plays an important role in the late stent throm-
bosis [2, 3], and the sequent problems such as
long-term endothelial dysfunction [4, 5], allergic
reaction [6], chronic artery inflammation, cau-
sed by current DES were limitations of the appli-
cation in DES in clinical.

Nowadays, fully biodegradable stent platform
are under investigation (e.g., Igaki-Tamai device,
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Igaki Medical Planning Company, Japan; BVS,
Abbott Vascular, CA) [7, 8], and the emerging of
biodegradable drug-eluting stent (BDS) has
solved the problem of permanent residue due
to metal stent implantation. Poly-I-lactic acid
(PLLA), acted as a semi-crystalline polymer
with sufficient mechanical strength, is favored
in the application of biodegradable stent plat-
formsearch now [9, 10], and constitute as the
main constructing stent material, has obvious
advantages; however, poor biocompatibility
and the contradictions between antiprolifera-
tive and endothelialization are still the unre-
solved problems of biodegradable stent. What’s
more, the vessel inflammatory response
caused by the acidic degraded products
released by PLLA can limit its applications [11,
12]. According to international research prog-
ress, high biocom\patibility of biomaterial and
efficient drug delivery coating system are
becoming the focus issues in the field of BDS
research.

Calcium phosphates have been widely used in
tissue engineering scaffolds and composite
material [13]. And amorphous calcium phos-
phate (ACP) has been proved to have better bio-
absorbable and biocompatible characteristic
compare to other tricalcium phosphates owe to
its high solubility in aqueous solution. Moreover,
the ions released from ACP are considered to
aggravate the biocompatibilities of PLLA by
counteracting the acidic products released dur-
ing PLLA degradation, hence ultimately
decrease the inflammation response [14], and
the ACP also can form the uniform microporous
structure which can facilitate cell adhesion and
hold the differentiated cell function, thus accel-
erate endothelialization of coronary artery and
make greater biocompatibility [15, 16]. The
stents used in this study are of fully bioabsorb-
able drug-eluting stent (NFBS), which are pri-
marily constituted by poly-I-lactic acid and a
special nanomaterials-amorphous calcium
phosphate (ACP). Besides, paclitaxel drugs are
evenly added to the stent body by using a spe-
cial manufacturing process for the first time.
This experiment aims to investigate the effects
of the new stent on vascular inflammatory reac-
tion to observe the endothelialization of stent
segments. It will promote the new development
of the BDS, which provide experimental founda-
tion and theoretical basis for the future
research.
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Materials and methods
Stent preparation

In this experiment, the body material of BDS is
PLLA and the body material of NFBS is
PLLA+ACP. ACP was uniformly dispersed into
PLLA with a ratio of PLLA/ACP of 98/2 (w/w),
using a speed mixer under class 100 clean
room conditions. 2% paclitaxel (w/w) was incor-
porated into both PLLA and PLLA/ACP compos-
ites prior to extrusion by a single screw extrud-
er. The extruded tubes were laser-automated
according to design specifications (3.0 mm
diameter x13 mm length x150 ym width). Two
radiopagquemetal markers were incorporated,
one on each end. All stents were crimped on
3.0 mmx15 mm balloon catheter and sterilized
with gamma radiation for 60 minutes prior to
implantation.

Animal preparation and stent implantation

Twelve healthy experimental mini-pigs (16 to 18
months old, weighing 30-40 kg) were randomly
divided into PLLA group and PLLA/ACP group.
Aspirin 100 mg and clopidogrel 50 mg were fed
to the pigs orally for three days before the pro-
cedure and continued throughout the observa-
tion period. Animal study protocol was approved
by Institutional Animal Care Committee at
Renmin Hospital of Wuhan University. Pigs uti-
lized in our study were taken care of according
to the policies and principles established by the
Animal Welfare Act.

Ketamine 15 mg/kg, midazolam Lun 0.1 mg/
kg and scopolamine 0.01 mg/kg were intra-
muscularly injected into the back ear muscle of
each mini-pig. Mini-pigs were fixed and trans-
ported to the cardiac catheterization laboratory
after basal anesthesia. Surgical skin prepara-
tion was performed while establishing a venous
channel, Ketamine and propofol anesthesia
were used for surgery. A 6F guiding catheter
was inserted into the coronary arteries through
left femoral artery percutaneously. After angio-
grams were taken from three directions/views,
one stent per animal was placed at a selected
site (stent to artery ratio =1.1:1) and expanded
at 8-12 ATM pressure. Once the stent was
deployed, a final coronary arterial angiogram
was taken out of the site. Recovered from anes-
thesia, animals were sent back to the animal
care facility where they received continuous
dual anti-platelet therapies throughout the
study period.
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Figure 1. Histological analysis indicated that no severe inflammation occurred in both groups, but PLLA/ACP group
have less inflammation score. A. PLLA/ACP group; B. PLLA group.
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Figure 2. The difference of the expression of NF-kB
between the PLLA/ACP and PLLA groups. "P<0.05
vs. PLLA.

Angiography follow-up

Twenty-eight days after stent implantation, ani-
mals were anesthetized and subjected to angi-
ography to assess the patency of coronary
artery, thrombosis and vascular restenosis at
stent segments. Each treated vessel under-
went follow up angiography and quantitative
coronary angiography (QCA) analysis, which
was performed using representative single digi-
tal images selected from the digital video
sequences. The following standard parameters
were assessed: 1) minimal lumen diameter
(MLD), 2) percent diameter stenosis.

Blood examination

Blood samples were taken from porcine arter-
ies pre-operation and 28 days post implanta-
tion. According to the kit of nitric oxide (NO) and
the enzyme linked immunosorbent assay kit
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(ELISA) kit of vascular endothelial growth factor
(VEGF) (RB Company, America), we detected
the concentrations of NO (umol/L) and VEGF
(pg/ml) in the serum of arterial blood.

Histology and immunohistochemistry

After the end of the observation period, the ani-
mals were sedated, anesthetized deeply, and
given euthanasia. The hearts were harvested,
and the coronary arteries were perfusion-fixed
with 4% paraformaldehyde at 100 mmHg. The
vascular stent segments were 4% paraformal-
dehyde-fixed. After fixation, each stented speci-
men was sectioned into proximal, central, and
distal segments. Each segment was cut into
5-um-thick slices, which were stained with
hematoxylin-eosin ~ (HE)  for  histological
analysis.

Inflammation was graded as O, none; 1, scat-
tered inflammatory cells; 2, inflammatory cells
encompassing 50% of a strut in at least 25% to
50% of the circumference of the artery; 3,
inflammatory cells surrounding a strut in at
least 50% of the circumference of the artery.
Endothelial scores were defined as the extent
of the circumference of the arterial lumen cov-
ered by the endothelial cells and were graded
from O to 3 (0£25%, 1=25-50%, 2=50-75%,
3>75%).

For immunohistochemical analysis, selected
arteries were immunohistochemically stained
for detection of NF-Kb, endothelial nitric oxide
synthase (eNOS) and CD31 by SP method. The
mean value of three parts (the proximal, middle
and distal) was calculated as the final measure-
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Figure 3. Positive staining of eNOS and CD31 in PLLA/ACP and PLLA group. A. eNOS in PLLA/ACP group; B. eNOS in
PLLA group; C. CD31 in PLLA/ACP group; D. CD31 in PLLA group.

ment for each specimen. Each slice was taken
five visions, percentage of positive cell and
average optical density were analyzed by
Image-Pro Plus 6.0 analysis software (Media
Cybernetics, Inc). The positive expression of
the indicator index will be defined as: percent-
age of positive cell x average optical density
x100.

Statistical analysis

Statistical analyses wer e performed with SPSS
software version 17.0. All data were expressed
as mean + standard deviation (SD), categorical
variables as counts (%). t-test was performed to
detect the difference between groups and a
value of P<0.05 was considered statistically
significant.

Results
General condition
All stents were implanted successfully. All ani-

mals survived the scheduled follow-up period
without any major adverse cardiac event. No
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influence and differences on animal diet, activ-
ity and other general conditions of the two
groups.

Results of coronary angiography

A total of 12 stents were successfully implant-
ed, and reached a predetermined diameter
after balloon dilation. Follow-up angiography
revealed that all stented vessels and the distal
branches were opened without any sign of
peripheral embolization or thrombosis. Gross
examination of the hearts showed no sign of
coronary abnormalities, epicardial hemorrhage,
myocardial infarction and aneurysms. No
stents collapsed or broke up. There was no dif-
ference between experimental group and con-
trol group.

Quantitative coronary angiography revealed
comparable baseline characteristics between
groups. Furthermore, the degree of balloon/
vessel oversized of two groups was similar. At
28-day follow-up, MLD andpercent diameter
stenosis were not significantly different
between the two groups.

Int J Clin Exp Med 2014;7(12):5317-5323
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Inflammatory response

At necropsy, stented coronary arteries seg-
ments were dissected to reveal presence of
inflammation. Extensive inflammation was evi-
dent in 1 of 6 PLLA-stented coronary samples.
However, the tissue inflammation can’t be
found in the PLLA/ACP group. Histological anal-
ysis indicated that no severe inflammation
occurred in both groups, but only some mono-
cyte around the stent, and compared with the
control group, PLLA/ACP group have less
inflammation score (2.20+0.42 vs. 2.80+0.48,
P<0.05) (Figure 1).

Immunohistochemical result revealed that pos-
itive staining of NF-kB viewed as tan particles
mainly distributed in the nuclei of vascular
endothelium and endangium. The expression
quantity of PLLA/ACP group was much less
than PLLA group (27.02+2.18 vs. 54.34+4.21,
P<0.05) (Figure 2). Positive staining of eNOS
and CD31 viewed as yellow particles mainly dis-
tributed in the nuclei of vascular endothelium
and endangium. The expression quantity of
eNOS in PLLA/ACP group was higher than PLLA
group (P<0.05). The expression quantity of
CD31 in PLLA/ACP group was higher than that
in PLLA group (58.53+4.25 vs. 26.53+3.55,
P<0.05) (Figure 3).

Serum concentrations of NO and VEGF

The serum concentrations of NO in both the
two groups at 28 days were all significantly
lower than before stenting. But on the 28" day,
the VEGF and NO level in PLLA/ACP group were
higher than that of PLLA group (509.86+49.37
pg/ml vs. 322.04+35.16 pg/ml and
139.46+7.52 ymol/L vs. 29.55+16.55 uymol/L
P<0.05).

Discussion

Coronary stenting has been viewed to be a
giant achievement in the history of percutane-
ous coronary interventions (PCls) since Sigwart
successfully implanted the first coronary stent
after operation in 1987. Moreover, drug-eluting
stent (DES) can inhibit neointima hyperplasia
with antiproliferative function by its polymeric
coating. From this point of view, DES reduces
the risk of in-stent restenosis and improves
prognosis contrast with bare metal stent (BMS).
However, concerning of the late stent thrombo-
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sis (ST) and inflammatory caused by the metal
platform, the bioabsorbable stent are preferen-
tially used in Drug-Eluting Stents. Currently, the
fully biodegradable stent are under investiga-
tion, and the fully biodegradable Drug-Eluting
Stents may become a tendency for clinical
applications. Poly-I-lactic acid (PLLA), act as a
semi-crystalline  polymer with  sufficient
mechanical strength, is favored in the applica-
tions of biodegradable stent platform search
now. The stents used in our study are of fully
bioabsorbable drug-eluting stent (NFBS), which
are primarily constituted by poly-I-lactic acid
and a special nanomaterials-amorphous calci-
um phosphate (ACP). In addition, paclitaxel
drugs are evenly added to the stent body by
using a special manufacturing process for the
first time.

The principal findings of our study are as follow:
1) NFBS which is primarily constituted PLLA
and ACP and PLLA based bioabsorbable stents
without ACP were both non-obstructed, with no
sign of peripheral embolization or thrombosis
by coronary angiography. 2) The inflammatory
response of PLLA/ACP Bioabsorbable Stent
was similar to that of PLLA stent, and no severe
infammation can be found in both groups. 3)
above 90% stent surface endothelialization
were shown in the PLLA/ACP group, while the
BDS was partially covered by a thin layer of neo-
intima; and this result can be explained by that
the ACP can generate uniform microporous
structure which can facilitate cell adhesion and
hold the differentiated cell function, thus accel-
erate endothelialization of coronary artery and
make greater biocompatibility. Hence, using
biodegradable PLLA that incorporated with ACP
to modify the stent is practical for clinic. 4) The
expression quantity of NF-kB positive cells of
PLLA/ACP Bioabsorbable Stent group was
much less than that of PLLA stent group. NF-kB,
viewed as a marker of inflammation and can
mediate the expression of numerous inflamma-
tory cytokines [17], and as the literature
reports, it includes the monocyte chemoattrac-
tant protein (MCP-1) and the interleukin-6 (IL-
6). One explanation for the anti-inflammatory
effect of the PLLA/ACP Bioabsorbable Stent is
the co-formulation of ACP into PLLA. Amorphous
calcium phosphate (ACP) has been proved to
have better bioabsorbable and biocompatible
characteristic compare to other tricalcium
phosphates owe to its high solubility in aque-
ous solution. Moreover, the ions released from
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ACP are considered to aggravate the biocom-
patibilities of PLLA by counteracting the acidic
products release [17].

Conclusions

The result of PLLA polymers blended with ACP
shows significantly less inflammatory response
than the group of the PLLA without amorphous
calcium phosphate suggesting that the incor-
poration of ACP with PLLA improves the stent’s
biocompatibility. This preclinical study was pro-
jected to promote the new development of the
BDS, which provide initiatory data for future
search.
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