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1. Introduction1)

Coronary heart disease has raised enormous concerns worldwide ow-
ing to its high morbidity and mortality. Coronary stenting has been 
recognized as an important method in the treatment of cardiovascular 
diseases[1-3]. Currently, drug-eluting stents (DES) have been used pre-
dominantly in the treatment of coronary artery blockage. A DES elutes 
an anti-proliferative drug that suppresses the proliferation of smooth 
muscle cells in the stented segment of the artery[4,5].

However, DES implantation may cause problems. DESs may pro-
voke cellular and biochemical events that induce pathological processes 
such as thrombosis and cytokine release[6]. Several studies have in-
dicated that the possible increase in thrombotic risk after DES place-
ment may be due to the nonspecific action of anti-mitogenic drugs on 
endothelial cells, leading to delayed re-endothelialization[7,8]. Many 
studies have suggested that rapid re-endothelial cell formation at the 
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site of stent insertion can reduce the risk of inflammation and sub-
sequent thrombus formation[9].

In the setting of drug elution, the pattern of vascular healing is al-
tered, as there is a dynamic interaction between the delayed inhibitory 
effect caused by the drug on smooth muscle cell and endothelial cell 
proliferation. Therefore, many studies in the development of any DES 
platform were aimed at maintaining sustained inhibition of smooth 
muscle cell proliferation while promoting endothelial cell coverage z 
[10,11]. The ideal combination of multifunctional drugs is not only an 
inhibitory effect on vascular smooth muscle cells, but also an endothe-
lial cell protection, anti-inflammatory and antithrombotic effect[12].

In this study, we developed a dual DES (DDES) that concurrently 
releases both an anti-proliferative drug (sirolimus) and a peptide 
(WKYMVm-dopamine) coated onto cobalt chromium stent. Sirolimus 
inhibits vascular smooth muscle cell proliferation and migration in vi-
tro, and decreases restenosis in experimental animals[13-15]. These 
synthetic chemotactic peptides have become very useful probes in the 
study of leukocyte receptor expression and activation[16].

Recently, WKYMVm, a hexapeptide isolated and modified from a 
peptide library, has been reported to be a very potent stimulant of sev-
eral human leukocyte cell lines and peripheral blood neutrophils[17]. 
In addition, angiogenesis of endothelial cells was greatly induced via 
enhancement of proliferation and migration in response to the pep-
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tide[18].
In an earlier paper[19], we reported the details of a successful 

6-week rabbit study, in which we found that the DDES resulted in 
higher re-endothelialization levels. The aim of this study was to com-
pare the pathological results between a basic and an inverse dual 
drug-coated system. In this work, we report on the in vitro character-
ization of a coated stent, DDES, implanted in a porcine coronary ar-
tery, in an effort to shed more light on DDESs.

2. Material and Methods

2.1. Investigated stents
Previously, we reported on a custom-designed bare metal stent 

(BMS) designated the Chonnam National University Hospital (CNUH) 
stent[20,21]. It showed excellent performance in terms of flexibility 
and biocompatibility, and moderate performance in foreshortening and 
recoil according to the Food and Drug Administration guidelines. The 
CNUH stent was undoubtedly competitive compared with other stents. 
Therefore, it was utilized as a platform for peptide coating. Briefly, co-
balt-chromium alloy (Co-Cr, L605) was used as a stent material be-
cause many researchers have reported that Co-Cr is the most appro-
priate material in terms of biocompatibility[22]. To prepare the CNUH 
stent, a Co-Cr alloy tube (3.0 mm in diameter) was cut and processed 
using a laser cutting machine (StarCut Tube Femto, Hamburg, 
Germany). To remove and crush the burr, it was placed in an acidic 
atmosphere (50% H2SO4) for 1h. Then, heat treatment and polishing 
were performed to restore the mechanical properties and smoothen the 
surface of the CNUH stent. The cleaned CNUH stents were kept in a 
vacuum oven at 60 ℃ for 2 h to evaporate the residual solvent.

2.2. Synthesis of the peptide
The WKYMVm-dopamine peptide was synthesized and purified by 

Anygen (Gwangju, Republic of Korea) according to the published se-
quence[17]. Dopamine was conjugated to the lysine moiety. The purity 
of the synthesized peptide was > 90%, and the amino acid composition 
was verified using a mass spectrophotometer (data not shown).

2.3. Methods of coating the peptide and sirolimus on the BMS
Drug coating was carried out through 2 consecutive steps. For the 

primary coating, WKYMVm-dopamine (10 mg/ml) was coated with 
acetonitrile and then coated onto the CNUH stent. Coating was applied 
using an electrospinning coating system (ESR200RD, NanoNC, Seoul, 
Korea) and a spray coating machine (MediCoat peripheral stent coating 
system; Sono-Tek, Milton, NY, USA). The solvent was removed and 
dried at room temperature with rotation. For the secondary coating, si-
rolimus (20 mg/ml) and poly-lactic-glycolic acid (50 : 50, molecular 
weight 12,000 Da, inherent viscosity 0.16~0.24 dl/g, 10 mg/ml) were 
mixed in tetrahydrofuran and coated to the CNUH stent that had un-
dergone the primary coating procedure (with peptide) with electro-
spinning and spray coating machines. Stents that had undergone this 
sequence of drug coating were designated as the SPS group. The coat-
ing of the PSS group was as previously described, although sirolimus 

Figure 1. PSS, stent with peptide as primary coating and sirolimus as 
secondary coating. SPS, stent with sirolimus as primary coating and 
peptide as secondary coating. Red: Sirolimus and PLGA, Blue: 
WKYMVm-dopamine.

was the primary coating and the peptide was the secondary coating 
(Figure 1).

2.4. Scanning electron microscopy
The surface morphologies of the stents at every coating step were 

analyzed using a scanning electron microscope (SEM; Hitachi, Tokyo, 
Japan). The samples were dried overnight and sputter coated using 
gold before the SEM observation.

2.5. In vitro release kinetics of drugs
In vitro release kinetics were investigated using an ultraviolet (UV)- 

visible spectrophotometer (Multi Skan EX; ThermoFisher Scientific, 
Waltham, MA, USA). Unlike other studies that used a simple shaking 
procedure, equipment mimicking the body’s circulation system was de-
signed for this study. A peristaltic pump (JenieWell, Seoul, Korea) and 
hydrophobic silicone tubing with various thicknesses were used to 
function as the heart and vasculature of the body, respectively. Three 
stents were inserted and then expanded in the inner lumen of the sili-
con tube (96410-16, tubing internal diameter: 3.1 mm; Cole-Parmer, 
Vernon Hills, IL, USA) using a balloon (3.0 × 20.0 mm) under 10 atm 
pressure. Phosphate-buffered saline (PBS) was circulated through the 
lumen of the tube by dipping both open ends of the silicon tube into 
the temperature-controlled reservoir. The rotational speed was set at 
150 rpm, and unidirectional flow was used to simulate the body’s cir-
culation system. PBS was taken out at every designated time point, and 
its absorbance at 275 nm was measured. The concentration of released 
drug was calculated by comparing it to the drug standard curve and 
was expressed in a cumulative manner.

2.6. Animal preparation and stent implantation
This animal study was approved by the Ethics Committee of 

Chonnam National University Medical School and CNUH (CNU 
IACUC-H-2014-36), and conformed to the Guide for the Care and Use 
of Laboratory Animals published by the US National Institutes of 
Health[23]. The study animals were castrated male pigs weighing 
10~25 kg. To prevent acute thrombosis after stenting, premedication 
with aspirin 100 mg and clopidogrel 75 mg daily were given for 5 
days before the procedure. On the day of the procedure, the pigs were 
anesthetized with zolazepam and tiletamine (2.5 mg/kg, Zoletil50®; 
Virbac, Caros, France), xylazine (3 mg/kg, Rompun®; BayerAG, Le- 
verkusen, Germany), and azaperone (6 mg/kg, Stresnil®; Janssen-Cilag, 
Neuss, Germany). The animals continuously received supplemental 
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oxygen through an oxygen mask. Subcutaneous 2% lidocaine was ad-
ministered at the cut-down site; the left carotid artery was surgically 
exposed; and a 7 French sheath was inserted.

Continuous hemodynamic and surface electrocardiographic monitor-
ing was maintained throughout the procedure. Next, 5000 units heparin 
was intravenously administered as a bolus before the procedure; the 
target coronary artery was engaged using standard 7-Fr guide catheters; 
and control angiograms of both coronary arteries were obtained with 
a nonionic contrast agent in 2 orthogonal views. The stent was de-
ployed by inflating the balloon, obtaining a stent-to-artery ratio of 1.3 
: 1. Coronary angiograms were obtained immediately after stent 
implantation. Then, all equipment was removed and the carotid artery 
was ligated. Four weeks after stenting, the animals underwent fol-
low-up angiography in the same orthogonal views before they were 
sacrificed with an intracoronary injection of 20 mL potassium chloride.

The hearts were removed and the coronary arteries were pressure 
perfusion fixed at 110 mmHg in 10% neutral buffered formalin 
overnight. Each of the 10 stented arteries in the 3 groups was step-sec-
tioned, processed routinely for light microscopy, and stained for histo-
logical analysis.

2.7. Histopathological analysis
An experienced cardiovascular pathologist performed the histopatho-

logical evaluation of each sample. The samples were sections of 50~ 
100 µm and stained with hematoxylin-eosin and Carstairs’ fibrin stain 
for histological analysis. Measurements of the histopathological sec-
tions were performed using a calibrated microscope, digital video 
imaging system, and microcomputer program (Visus 2000 Visual Image 
Analysis System; IMT Tech,CA). Borders were manually traced for lu-
men area (LA), internal elastic lamina (IEL) area, and the innermost 
border of the external elastic lamina. Morphometric analysis of the ne-
ointimal area for a given vessel was calculated as the measured IEL 
area minus the LA. The measurements were made on 5 cross-sections 
from the proximal and distal ends and the 3 midpoints of each stented 
segment. Histopathological stenosis was calculated as 100 × [1 - (le-
sion LA / lesion IEL area)][24]. Measurements were obtained by in-
tegrating the values for all sections, and slices in the mid region of the 
stents were selected as representative images.

2.8. Evaluation of arterial injury
Arterial injury at each strut site was determined according to the 

anatomic structures penetrated by each strut. A numeric value was as-
signed, as previously described by Schwartz et[24]. as follows: 0 = no 
injury, 1 = break in the internal elastic membrane, 2 = perforation of 
the media, and 3 = perforation of the external elastic membrane to the 
adventitia. The average injury score for each segment was calculated 
by dividing the sum of the injury scores by the total number of struts 
at the examined section. For the evaluation of inflammation scores, ne-
ointimal area, and fibrin score with regard to the inflammation score 
for each individual strut, the grading was as follows: 0 = no in-
flammatory cells surrounding the strut; 1 = light, noncircumferential 
lymphohistiocytic infiltrates surrounding the strut; 2 = localized, mod-

erate-to-dense cellular aggregates noncircumferentially surrounding the 
stent strut; 3 = circumferential dense lymphohistiocytic cell infiltration 
of the stent strut[24].

2.9. Immunofluorescence analysis
Upon completion of flow experiments, the samples were immedi-

ately fixed in 10% formaldehyde. Immunofluorescence staining was 
then performed after blocking with 10% (w/v) bovine serum albumin 
in PBS at room temperature for 1 h, and then the samples were in-
cubated in 1 : 200 primary antibody (CD34, bs-8996R, Bioss, an-
ti-CD68; Abcam, Cambridge, UK) in a blocking solution at room tem-
perature for 1 h. Sections were then washed 3 times in PBS for 5 min 
and exposed to fluorescent-labeled secondary antibodies (goat anti-rab-
bit/rat 546/488) diluted in blocking buffer to 1 : 250/500 for 40 min 
at room temperature in a humidified chamber with shaking. After 3 
PBS washes for 5 min each, the slides were incubated with 4’,6-dia- 
midino-2-phenylindole at 1 : 1000 in distilled water for 10 min, wash-
ed in PBS in a Coplin jar for 5 min, dried, and covered with coverslip 
and sealed with nail polish. The immunostained sections were imaged 
using a Nikon microscope (ECLIPSE 80i; Nikon, Japan).

2.10. Statistical analysis
Statistical analysis was performed using commercially available soft-

ware (SPSS version 15; SPSS Inc., Chicago, IL, USA). Data were pre-
sented as mean ± standard deviation. Unpaired Student’s t test was 
used to compare between the 2 stent groups. A P value of 0.05 was 
considered statistically significant.

3. Results & Discussion

3.1. Surface morphology of the stent surface
The surface morphology that resulted from each coating step was in-

vestigated using a SEM. The stent surface morphologies of the SPS 
and PSS groups are shown in Figure 2a,b and Figure 2c,d, respectively. 
The surface of the stents was very smooth and uniform, and no crack 
or webbing was observed between struts.

According to SEM image, it is possible to know the difference be-
tween the SEM measurement results of PSS and SPS. The concept of 
electrospinning coating method was used to enhance the adhesion be-
tween peptide and Co-Cr. It can be confirmed by the smoothness of 
the SEM. As a result, it was possible to prevent cracking and peeling 
of the backup layer between the drug-eluting stent and the drug storage 
layer. Also, organic solvents that can cause cytotoxicity in electro-
spinning are completely volatile, so they evaporate completely[25]. 
Acetonitrile was used as the coating solvent for the peptide, and THF 
was used for sirolimus. Depending on the secondary coating solvent, 
the surface roughness varies[26]. Although only substances are differ-
ent, all other conditions are the same, but due to problems like sol-
ubility, such conditions are not established and additional supplementa-
tion is required.
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Figure 2. Surface morphologies of the stents. Peptide- then sirolimus- 
coated stent, magnification (PSS): × 100 (a) and × 100 (b). Siro- 
limus- then peptide-coated stent, magnification (SPS): × 100 (c) and 
× 1k (d).

3.2. In vitro drug release of DDES
The total coating amount of sirolimus and peptide was 106 and 104 

µg/18mm, respectively, which is similar to that of the commercial siro-
limus-eluting stent (180 µg/18 mm)[27]. SPS group and PSS group 
showed the same elution pattern, and it was confirmed that sirolimus 
was eluted after peptide was eluted. In this comparison, it was con-
firmed that 60% of the peptide and sirolimus was eluted on the 3rd 
day (Figure 3).

To investigate drug release kinetics, a device designed to mimic the 
circulation system of the body was used in this study. It was confirmed 
that 60% of the peptide was eluted on the 3rd day. The dissolution rate 
confirmed that the peptide was eluted earlier than sirolimus. According 
to this study, the dopamine synthetic peptide progressed faster than us-
ing sirolimus and PLGA. Graph confirmed that peptide elution was 
promoted in both groups. This is due to the difference in polymer 
elution. Also, the peptide has hydrophilicity, sirolimus is hydrophobic, 
which also has an effect.

3.3. Histopathological analysis
In this animal study, the coated stents (SPS and PSS) were randomly 

introduced into the left anterior descending artery and left circumflex 
artery of the pigs (n = 10). The mortality rate in this study was 0%. 
The stent-to-artery ratio was defined as the proportion of the stent di-
ameter divided by the arterial luminal diameter. Four weeks after stent 
implantation, vessels surrounding the stents were harvested and sub-
jected to histopathological analysis. The images from histopathological 
analysis are shown in Figure 4. There were no significant differences 
in the injury score (SPS S 2.8 ± 0.17 and PSS 2.6 ± 0.70), fibrin score 
(SPS 2.2 ± 0.67 and PSS 2.2 ± 1.05), or scores of the inflammation 
parameters (SPS 2.2 ± 0.76 and PSS 2.1 ± 1.13). However, there were 
significant differences in the LA (SPS 2.1 ± 0.01 mm2 and PSS 2.8 
± 0.01 mm2), IELarea (SPS 3.8±0.02 mm2 and PSS 4.2±0.63 mm2), 

Figure 3. In vitro cumulative release kinetics of drugs from stents. 
Stents were immersed with cells in phosphate-buffered saline (PBS). 
The amount of drugs released in PBS at designated time points was 
measured using an ultraviolet-visible spectrophotometer. Peptide- then 
sirolimus-coated stent (PSS) (a), Sirolimus- then peptide-coated stent 
(SPS) (b).

Figure 4. Carstairs’ staining (in low- and high-power fields, × 20 and 
× 200) of fibrin infiltration in the implanted Peptide- then sirolimus- 
coated stent (PSS: a, b) and Sirolimus- then peptide-coated stent (SPS: 
c, d).

and percentage area of stenosis(SPS 43.4±0.01% and PSS 33.8±0.31%) 
(Figure 5).
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Figure 5. Morphometric analysis of histological sections. Data are 
mean ± standard deviation (n = 10). ***P < 0.001 (NS, not signifi- 
cant). PSS, stent with peptide as primary coating and sirolimus as 
secondary coating. SPS, stent with sirolimus as primary coating and 
peptide as secondary coating.

The two groups of stents (SPS and PSS) were transplanted into por-
cine coronary arteries. There were no significant differences in the in-
jury score, fibrin score, and inflammation scores among the groups at 
4 weeks post-implantation (Figure 5). However, the percentage area of 
stenosis was lower with PSS than with SPS. In this study conducted 
animal experiments on stents that inhibit restenosis when using 
WKYMVm and sirolimus to improve re-endothelialization. 

3.4. Immunofluorescence
Four weeks after stent implantation, the vessels surrounding the 

stents were isolated and sectioned. Immunofluorescence for investigat-
ing re-endothelialization and inflammation was performed using CD34 
and CD68 antibodies. CD34 and CD68 stained with a consecutive line-
ar pattern in the SPS and PSS groups, suggesting that WKYMVm pro-
moted endothelialization and reduced the inflammation induced by si-
rolimus (Figure 5).

In this study, the order of coating of the two drugs was different, 
and PSS and SPS which want to confirm the difference in the dis-
played animal experiment were compared and analyzed. PSS was more 
effective then SPS in terms of endothelialization and neointima for-
mation without significant inflammation. CD34 antibody was used as 
a marker for endothelial cells and CD68 as an inflammation marker, 
and CD34 and CD68 staining showed a consecutive linear pattern in 
the two groups, suggesting that SPS and PSS were similar. To identify 
the cells around the stent struts, immunofluorescence analysis was per-
formed to investigate whether endothelialization of the stent lumen 
occurred. We confirmed again that endothelialization was promoted 
based on the positive staining of endothelial cells with the CD34 
antibody. As shown in Figure 5, it was confirmed that re-endotheliali-
zation was achieved in both groups owing to the influence of the pep-
tide (green in PSS and SPS). However, in immunofluorescence stain-
ing, the green-expressed cell layer was found to becaused by reendo- 

Figure 6. Representative images of histopathological analysis. Four 
weeks after transplantation, blood vessels surrounding the peptide- 
then sirolimus-coated (a, b) and sirolimus- then peptide-coated stents 
(c, d) were isolated and subjected toimmunofluorescence analysis. 
CD34 staining (a, c), CD68 staining (b, d).

thelialization in the PSS group because it was stained uniformed at 
PSS CD34. It is predicted that WKYMVm peptide is eluted at the site 
of direct contact with the inner wall of the blood vessel, and the effect 
of WKYMVm peptide is given more and the result is obtained. Formyl 
peptide receptor (FPR) has been reported to play an important role in 
plasma reactions and vascular-genetic responses. The WKYMVm pep-
tide used in this study was confirmed with a novel peptide that acti-
vates FPR-2 expressed in various cell types such as phagocytes, fibro-
blasts, and endothelial cells[28]. Our results demonstrate that sustained 
release of WKYMVm peptide from SPS, PSS promotes angiogenic 
stimulation. The presence or absence of inflammation was determined 
using CD68 antibody. As a result, the inflammatory findings were 
found to be not significant in both groups (red in PSS CD68 and PPS 
CD68). This showed the role of sirolimus in cell proliferation.

4. Conclusion

In previous studies, the results of histological analysis by animal 
studies showed that WKYMVm promotes endothelial cell formation, 
showing a continuous linear pattern in HA-Pep and Pep/SRL groups. 
These results demonstrate that the WKYMVm coating could promote 
endothelial healing, and consecutive coatings of WKYMVm and siroli-
mus onto bare-metal stents have a potential role in re-endothelialization 
and neointimal suppression. overcome these problems the use of two 
drugs requires research on the placement of drug coatings. We synthe-
sized dopamine into WKYMVm, a synthesized natural polymer, for the 
purpose of enhancing biocompatibility and controlling elution. 
WKYMVm and sirolimus were coated onto our own custom-designed 
CNUH stent in consecutive order. Then, we investigated the effect of 
coating the stent with WKYMVm-dopamine and sirolimus in the re-
verse order. The sequence of drug coating onto BMS may affect the 
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various physio-biological properties of stents, such as the surface mor-
phology, drug release kinetics, and drug release time point. In this ani-
mal study, it was confirmed that endothelialization was promoted with-
out being significantly affected by the coating order (SPS or PSS). The 
sequence of drug and peptide coating may affect development of reste-
nosis and PSS was effective in the prevention of restenosis compared 
in SPS. These results suggest that the drug-coating sequence is a con-
siderable factor in obtaining the desired results. PSS was more effec-
tive in the prevention of neointimal proliferation compared with SPS.
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