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Abstract
Background: Short-term outcomes regarding the safety and efficacy of a polymer-free everolimus-elut-
ing stent (EES) with a nitrogen-doped titanium dioxide (N-TiO2) film in a swine coronary model have 
been reported. However, the long-term results of the use of this type of stent have not yet been evaluated 
or compared to those of other polymer-free coronary stents. Therefore, this study aimed to determine the 
mid- to long-term safety and efficacy of a polymer-free EES with an N-TiO2 film in a swine coronary 
model.
Methods: Polymer-free EES with N-TiO2 films (n = 30) and polymer-free sirolimus-eluting stents 
(SES; n = 30) were implanted in 30 pigs. Quantitative coronary analysis and optical coherence tomo-
graphy were conducted immediately and at 1 (quantitative coronary analysis only), 3, and 6 months 
after stenting. Histopathologic examinations were performed at 1, 3, and 6 months after stenting.
Results: The polymer-free EES group had a lower percentage of neointimal growth than the polymer-
-free SES group at 3 months (22.5% ± 11.4% vs. 32.1% ± 12.3%; p < 0.001). The polymer-free EES 
group had a lower fibrin score than the polymer-free SES group at 1 month (1.9 ± 0.45 vs. 2.5 ± 0.54; 
p = 0.001). The re-endothelialization rates were similar between groups. The polymer-free EES group 
had a lower percentage of the area of stenosis than the polymer-free SES group throughout the follow-up 
period.
Conclusions: The novel polymer-free EES with an N-TiO2 film has superior safety and efficacy than 
the polymer-free SES at the 6-month follow-up in a swine model. (Cardiol J 2023; 30, 6: 881–891)
Key words: drug-eluting stent, optical coherence tomography, polymer, restenosis,  
titanium dioxide

881www.cardiologyjournal.org



Introduction

Although bare metal stent (BMS) implanta-
tion has a lower restenosis rate than that of bal-
loon angioplasty, the reduction of the restenosis 
rate by BMS is limited [1]. The use of durable 
polymer drug-eluting stents (DP-DES) has signifi-
cantly decreased restenosis rates [2, 3]. However,  
DP-DES may induce stent thrombosis through local 
hypersensitivity reactions and inflammation caused 
by polymer persistence [4, 5]. To overcome this 
limitation, new-generation DES, including biode-
gradable polymer DES (BP-DES) and polymer-free 
DES, have been developed [6, 7]. 

This study evaluated the safety and efficacy of  
a novel polymer-free everolimus-eluting stent (EES) 
with a nitrogen-doped titanium dioxide (N-TiO2) 
film, comparing them with those of a commercial 
polymer-free sirolimus-eluting stent (SES). To the 
best of our knowledge, this is the first pre-clinical 
study comparing a polymer-free EES with an N-TiO2  
film with another polymer-free stent design in  
a swine model with up to 6 months of follow-up.

Methods

The novel polymer-free EES with an N-TiO2 
film was designed by Chonnam National University 
Hospital (Gwangju, Republic of Korea) and manu-
factured by Cell & Growth Factor Biotechnology 
(CG Bio Co., Ltd., Seoul, Republic of Korea). The 
stent strut based on cobalt-chromium was coated 
with N-TiO2 using a plasma-enhanced chemical 
vapor deposition process (Fig. 1) [8, 9]. The stent 
was covered with everolimus using an electrospin-
ning technique [10]. This stent has been patented 
in the United States (patent numbers 09795987 and 
10343184) and was approved for clinical trials by 
the Ministry of Food and Drug Safety in June 2020.

Characterization of the stent surface
Roughness of the stent surface

The surface roughness of the BMS, BMS 
coated with N-TiO2, polymer-free EES coated 
with N-TiO2, and polymer-free SES was assessed 
using atomic force microscopy (NX10; Park Sys-
tem, Suwon, Republic of Korea). Ra (arithmetic 
mean roughness), a commonly used roughness 
parameter, is measured using the average of the 
absolute values of height deviations from the mean 
line within the evaluation length. The higher the 
Ra value, the greater the difference between the 
peaks and valleys of the stent surface. The scan 
size was 10–20 μm.

Hydrophobicity of the stent surface
The contact angle test is a tool to evaluate the 

wettability of a surface. Hydrophobicity, defined 
as a contact angle over 90°, intensifies with larger 
contact angles. The degree of the dispersion of 2 μL 
of water on the stent surface was evaluated using  
a contact angle analyzer (Phoenix 300; SEO, Suwon,  
Republic of Korea). The hydrophobicity test was 
performed 10 times for each stent. 

Study groups 
A total of 30 pigs were assigned to 1 month  

(n = 10), 3 months (n = 10), and 6 months of 
follow-up (n = 10) from March to December 
2018. One polymer-free EES with an N-TiO2 film  
(3.0 × 16 mm; CG Bio Co., Seoul, Republic of Korea)  
and polymer-free SES (Coroflex ISAR® 3.0 × 16 mm;  
B. Braun. Melsungen, Hessen, Germany) were 
randomly implanted into two different coro-
nary arteries in 1 pig. Yorkshire × Landrace F1  
crossbred neutered male pigs were followed up 
for 1 month (n = 10; 15-20 kg, 3 months of age, 
Chuwol grandparent farm in southwest Republic 
of Korea). Male minipigs (trade name micro-pig; 
T-type pig) were followed up for 3 months (n = 10) 
and 6 months (n = 10) (15–20 kg, 24 months of age, 
APURES in northwest Republic of Korea) (Fig. 2). 
Contrary to previous studies that used DP-DES for 
the control group, this study used the polymer-free 
SES [10, 11]. This study conformed to the Guide 
for the Care and Use of Laboratory Animals and 
was approved by the Chonnam National University 
Hospital Animal Ethics Committee based on the 
Animal Protection Act (Institutional Review Board 
approval number: CNU IACUC-H-2018-5).

Anesthesia for experimental animals
General anesthesia was induced using an 

intramuscular injection of 12 mg/kg of ketamine 
and 8 mg/kg of xylazine. Oxygen was supplied 
using an intubation tube, and saline was supplied 
through the ear veins. Then, local anesthesia with 
2% lidocaine was sterilely induced at the center 
of the animal’s neck. The left carotid artery of 
the pig was cut, and a 7-Fr sheath was inserted.  
A dose of 200 IU/kg of heparin was administered as 
a single injection into the artery before advancing 
the guiding catheter.

Experimental process
Before stenting, coronary angiography (CAG) 

was performed to identify the coronary artery 
segment for the 3.0 × 16 mm stent implanta-
tion. Quantitative coronary analyses (QCA) were  
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performed to evaluate the coronary lumen diam-
eter and length. Then, the balloon was expanded 
for 30 s. The stent-to-vessel ratio ranged from 1.1:1 
to 1.3:1. Optical coherence tomography (OCT) 

was performed to ensure optimal stent expansion 
and apposition, together with the absence of edge 
dissections. After stenting, the left carotid artery 
was ligated, and the skin of the neck was sutured. 

A

B

Figure 1. Evaluation of the stent surface; A. Microscopic findings of polymer-free everolimus-eluting stent (EES) with 
nitrogen-doped titanium dioxide (N-TiO2) films; B. The stent surface roughness is measured using atomic force mi-
croscopy; BMS — bare metal stent; Ra — roughness average; SES — sirolimus-eluting stent.
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Acetylsalicylic acid (100 mg/day) and clopidogrel 
(75 mg/day) were administered 7 days before stent-
ing and until the end of the study period. Because 
the healing response and neointimal growth pattern 
after stent implantation occur 5- to 6-times faster in 
pigs than in humans, 1-, 3-, and 6-month follow-up 
periods were used during this study to represent 
1.5 to 3 years of follow-up for humans who receive 
DES [12]. The right carotid artery was used for 
performing CAG, QCA, and OCT during follow-up.

Histopathologic study
The experimental animals fasted the day 

before anesthesia. After follow-up CAG, 40 mL of 
potassium chloride was injected through a cath-
eter sheath to induce euthanasia. The heart was 
removed through an incision in the left thoracic 
cavity. Perfusion fixation with 4% formalin was per-
formed for more than 24 h at a perfusion pressure 
of 70 mmHg. The stented coronary artery was iso-
lated, and three sections were prepared to estimate 
the coronary artery lesion. Samples were embed-
ded in paraffin. To evaluate re-endothelialization 
of the stent, an immunohistochemical analysis was 
performed. The tissue samples were divided into 
5-μm-thick sections using a rotary microtome. To 
reduce autofluorescence, 0.1% Sudan black B was 
used for 20 min. To prevent non-specific reactiv-
ity, 3% fetal bovine serum in phosphate-buffered 
saline was used for 60 min. An anti-mouse mono-
clonal cluster of differentiation 31 (CD31) antibody 

(1:100; Abcam, Cambridge, Massachusetts, USA) 
was used for immunohistochemistry. Streptavidin 
Alexa Fluor® 488-conjugated anti-mouse IgG 
(1:400; Invitrogen) was used as the secondary 
antibody for fluorescence microscopy.

Analysis
QCA evaluation

Two experienced examiners conducted the 
QCA. CAG was performed after the administration 
of nitroglycerin into the coronary artery. The analy-
sis was conducted using a QCA system (CAAS QCA 
Workstation; Pie Medical Imaging, Maastricht, 
Netherlands). The reference vessel diameter, 
stenosis diameter in the target lesion, and minimal 
lumen diameter were measured. Late lumen loss 
(LLL) was defined as the difference between the 
minimal lumen diameter immediately after stent 
implantation and at the time of follow-up.

OCT evaluation
Optical coherence tomography with C7-XRTM 

(Light Imaging Inc., Westford, Massachusetts, 
USA) was used to observe the strut apposition 
during the stent implantation and the neointimal 
response in the coronary vessels during follow-up. 
A DragonflyTM OPTIS catheter (Abbott Vascular, 
Chicago, IL, USA) was used for the acquisition. 
The optical catheter was previously purged with 
contrast (Omnihexol 350; Korea United Pharm Inc., 
Seoul, Republic of Korea). A 6-Fr guiding catheter 

60 Coronary arteries in 30 pigs
Stent:arteries = 1.1:1 to 1.3:1

Stenting in LAD, LCX, and
RCA at 8–10 atm

QCA and OCT
at stenting

ASA 100 mg/d, clopidogrel
75 mg/d from 7 days before
stenting until end of study

Sacrice
QCA and H&E stain

Sacrice
QCA, OCT and H&E stain

N-TiO EES2

(N = 10)
N-TiO EES2

(N = 10)
N-TiO EES2

(N = 10)
Polymer-free

SES
(N = 10)

1 month 3 months 6 months

Polymer-free
SES

(N = 10)

Polymer-free
SES

(N = 10)

Figure 2. Study flowchart. Experimental and control stents were implanted in 30 pigs, and the stent placement was 
evaluated at 1, 3, and 6 months; ASA — acetylsalicylic acid; EES — everolimus-eluting stent; H&E — hematoxylin 
and eosin; LAD — left anterior descending artery; LCX — left circumflex artery; N-TiO2 — nitrogen-doped titanium 
dioxide; OCT — optical coherence tomography; QCA — quantitative coronary analysis; RCA — right coronary artery; 
SES — sirolimus-eluting stent.
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was used, and the guidewire was inserted into the 
coronary artery where the stent was located. The 
OCT probe was advanced along the guidewire and 
placed at the intended scanning location using 
C-arm guidance. A total of 30 mL of contrast was 
injected into the coronary artery at a pressure of 
300 psi/s using an automatic injector, thus enabling 
OCT image acquisition using the non-occlusive 
technique. A 54-mm coronary segment was imaged 
at a pullback speed of 20 mm/s and a rotation speed 
of 100 frames/s.

Histopathologic evaluation
Experts at Chonnam National University Hos-

pital and CG Bio Inc. conducted the histopathologic 
analysis. The external and internal elastic laminae, 
lumen, stent, and neointimal areas and stent strut 
thickness were measured. Damage to the vessel 
walls caused by stent overexpansion was assessed 
by the following scoring system: disruption of the 
internal elastic lamina, 1 point; disruption of the 
media, 2 points; and disruption of the external 
elastic lamina, 3 points. The inflammatory index 
was used to quantify the degree of inflammatory 
cell infiltration into the entire vessel. When the in-
flammatory cells were scattered, the inflammatory 
index score was 1. When they were concentrated 
around one-half of the struts, the score was 2. 
When they were concentrated around all struts, 
the score was 3. Fibrin deposition was scored from 
0 to 3 and assessed for each stent section. The 
rate of re-endothelialization was calculated based 
on the percentage of the lumen area covered by 
endothelial cells.

Statistical analysis
All measurements are expressed as mean 

± standard deviation. They were analyzed using 
unpaired t-test and one-way analysis of variance. 
Statistical analyses were conducted using SPSS 
software (version 25.0; SPSS Inc., Chicago, IL, 
USA). Statistical significance was set at p < 0.05.

Results

Stent surface roughness and hydrophobicity
The average surface roughness was 83.3 nm  

for the BMS and 407.2 nm after the plasma-
enhanced chemical vapor deposition of N-TiO2. 

The surface of the EES with an N-TiO2 coating 
was rougher than that of the polymer-free SES 
(628.1 nm vs. 558.1 nm) (Fig. 1). The water contact 
angles were 124.3° ± 0.18° for the BMS, 117.0° ±  
± 0.06° for the BMS with an N-TiO2 coating,  

108.1° ± 0.18° for the EES with an N-TiO2 coating, 
and 123.8° ± 0.11° for the polymer-free SES. The 
hydrophobicity values of the stent surfaces were 
significantly different between the BMS and the 
BMS with an N-TiO2 coating (p < 0.001), between 
the BMS with an N-TiO2 coating and the EES with an  
N-TiO2 coating (p < 0.001), and between the EES 
with an N-TiO2 coating and the polymer-free SES  
(p < 0.001) (Fig. 3).

Coronary lumen diameters and LLL
The baseline coronary lumen diameters were 

not significantly different between the follow-up 
groups. Stent implantation was successful in all 
animals, with a thrombolysis in myocardial infarc-
tion flow grade of 3. After stent implantation, the 
coronary lumen diameters were not significantly 
different between the follow-up groups. On all 
follow-up QCA, the coronary lumen diameter  
(p = 0.732 at 1 month, p = 0.186 at 3 months,  
p = 0.314 at 6 months) and LLL (p = 0.520 at 
1 month, p = 0.218 at 3 months, p = 0.449 at 
6 months) were not different in the comparison 
groups (Table 1). No death occurred during the 
follow-up period.

Neointimal area and volume
The percentage of neointimal area obstruction 

in the polymer-free SES was larger than that in the 
polymer-free EES with an N-TiO2 film at 3 months 
(32.1% ± 12.3% vs. 22.5% ± 11.4%, p < 0.001) 
but was not significant at 6 months of follow-up 
(28.8% ± 13.4% vs. 27.9% ± 10.5%, p = 0.524). 
No significant differences in the neointimal volume 
between the two stent groups at 3 and 6 months of 
follow-up were recorded (Fig. 4, Table 1).

Histopathologic outcomes
No significant differences in the injury and 

inflammatory scores between the two stent groups 
at 1 month were observed. The fibrin score with 
the polymer-free SES was significantly higher 
than that with the polymer-free EES with an 
N-TiO2 film (p = 0.001). The area of stenosis 
with the polymer-free SES was larger than that 
with the polymer-free EES with an N-TiO2 film  
(p = 0.003). The injury, inflammatory, and fibrin 
scores were not significantly different between the 
two stent groups at 3 months. The area of stenosis 
with the polymer-free SES was larger than that 
with the polymer-free EES with an N-TiO2 film  
(p = 0.019). At 6 months, the injury, inflammatory, 
and fibrin scores were not significantly different 
between the two stent groups. The area of stenosis 
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with the polymer-free SES was larger than that 
with the polymer-free EES with an N-TiO2 film 
(p = 0.002) (Figs. 4, 5, Table 1). The rates of re-
endothelialization were not significantly different 
between the two stent groups at 1, 3, or 6 months 
(Fig. 6, Table 1).

Discussion

The main findings of this study can be sum-
marized as follows: A polymer-free EES with an 
N-TiO2 film showed borderline superior efficacy 
than that of a polymer-free SES for up to 6 months 
in a swine study, as indicated by the smaller neo-
intimal area obstruction on OCT at 3 months and 
the smaller stenosis area on QCA at 6 months of 
follow-up. Although the polymer-free EES with an 
N-TiO2 film resulted in a lower fibrin score than 
that of the polymer-free SES at 1 month, all other 

parameters of inflammation, re-endothelialization, 
and safety were not significantly different.

The use of DP-DES decreased the rate of 
in-stent restenosis from 15–30% to less than 
15% after 12 months [5]. However, DP-DES have 
a high probability of developing very late stent 
thrombosis. The remaining stent material, includ-
ing the polymer, induced chronic inflammation and 
a hypersensitivity reaction, which may cause very 
late stent thrombosis. Although the polymer-free 
DES was developed to improve these problems, it 
has not shown meaningful outcomes compared with 
those of the DP-DES. In the Intracoronary Stenting 
and Angiographic Results: Test Efficacy of Three 
Limus-Eluting Stents (ISAR-TEST) 2 and ISAR- 
-TEST 5 trials, polymer-free DES had similar 
death, myocardial infarction, and revasculariza-
tion rates (including definite or probable stent 
thrombosis) compared to those of DP-DES [13–15].  
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Figure 3. Stent surface hydrophobicity; A. Surface contact angles of the stents; B. Surface contact angles are com-
pared between two stents using a contact angle analyzer; ***p < 0.001; BMS — bare metal stent; EES — everolimus-
eluting stent; N-TiO2 — nitrogen-doped titanium dioxide; SES — sirolimus-eluting stent.
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Table 1. Coronary artery morphometric measurements.

N-TiO2 EES (n = 30) Polymer-free SES (n = 30) P

1 month n = 10 n = 10
QCA:

Before stenting
Vessel diameter [mm] 2.73 ± 0.24 2.73 ± 0.24 0.984
After stenting
Lumen diameter [mm] 2.89 ± 0.23 2.80 ± 0.25 0.446
Stent-to-artery ratio 1.06 ± 0.03 1.03 ± 0.07 0.232
Follow-up
Lumen diameter [mm] 2.49 ± 0.32 2.43 ± 0.40 0.732
Late lumen loss [mm] 0.38 ± 0.31 0.47 ± 0.21 0.520

Histologic findings:
Injury score 1.01 ± 0.02 1.00 ± 0.02 0.637
Inflammatory score 1.00 ± 0.00 1.02 ± 0.07 0.118
Fibrin score 1.89 ± 0.45 2.53 ± 0.54 0.001
Stenosis area [%] 30.5 ± 6.7 35.5 ± 10.4 0.003
Re-endothelialization rate [%] 78.4 ± 14.7 66.2 ± 27.0 0.193

3 months n = 10 n = 10
QCA:

Before stenting
Vessel diameter [mm] 2.77 ± 0.24 2.80 ± 0.26 0.738
After stenting
Lumen diameter [mm] 2.95 ± 0.25 3.00 ± 0.22 0.625
Stent-to-artery ratio 1.07 ± 0.03 1.08 ± 0.05 0.613
Follow-up
Lumen diameter [mm] 2.50 ± 0.32 2.32 ± 0.28 0.186
Late lumen loss [mm] 0.50 ± 0.37 0.73 ± 0.36 0.218

OCT:
Neointimal area [%] 22.5 ± 11.4 32.1 ± 12.3 < 0.001
Neointimal volume [%] 22.9 ± 11.6 29.6 ± 11.2 0.205

Histologic findings:
Injury score 1.06 ± 0.10 1.05 ± 0.10 0.472
Inflammatory score 1.04 ± 0.07 1.05 ± 0.09 0.871
Fibrin score 0.22 ± 0.46 0.18 ± 0.43 0.620
Stenosis area [%] 34.4 ± 10.2 39.7 ± 14.0 0.019
Re-endothelialization rate [%] 81.3 ± 19.8 78.8 ± 20.6 0.732

6 months n = 10 n = 10
QCA:

Before stenting
Vessel diameter [mm] 2.59 ± 0.20 2.69 ± 0.25 0.368
After stenting
Lumen diameter [mm] 2.93 ± 0.19 2.90 ± 0.15 0.719
Stent-to-artery ratio 1.13 ± 0.08 1.08 ± 0.06 0.119
Follow-up
Lumen diameter [mm] 2.58 ± 0.28 2.41 ± 0.40 0.314
Late lumen loss [mm] 0.40 ± 0.28 0.53 ± 0.45 0.449

OCT:
Neointimal area [%] 27.9 ± 10.5 28.8 ± 13.4 0.524
Neointimal volume [%] 27.6 ± 9.7 30.8 ± 12.9 0.531

Histologic findings:
Injury score 1.07 ± 0.11 1.07 ± 0.14 0.797
Inflammatory score 1.04 ± 0.23 1.02 ± 0.05 0.413
Fibrin score 0.00 ± 0.00 0.02 ± 0.14 0.322
Stenosis area [%] 45.5 ± 7.5 51.7 ± 12.3 0.002
Re-endothelialization rate [%] 92.6 ± 11.2 85.8 ± 15.8 0.208 

Data are presented as mean ± standard deviation; EES — everolimus-eluting stent; N-TiO2 — nitrogen-doped titanium dioxide; OCT — optical 
coherence tomography; QCA — qualitative comparative analysis; SES — sirolimus-eluting stent
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In contrast, fluoropolymer-coated stents demon-
strated outstanding results in in vitro tests. Fluoro-
polymers bind tightly with albumin and passivate the 
surface to protect against thrombogenic materials 
[16]. The platelet adherence and inflammatory cell 
density were lower with the fluoropolymer-coated 
EES compared with the polymer-free biolimus 
A9-coated stent in ex vivo swine arteriovenous 
shunt model experiments [17]. To overcome the 
limitations of the previous polymer-free DES, the 

polymer-free EES with N-TiO2 films used differenti-
ated coating technologies and drugs.

Several technologies have been used to coat 
the polymer-free DES with drugs, including use 
of microporous surfaces, direct coating, crystal-
lization of the drug, and inorganic porous coatings. 
These coating technologies affect the drug load-
ing, drug-eluting rate, and platelet activation [18]. 
The stent platform of the polymer-free SES used 
in the control group was sandblasted to create  

A

B

C

Figure 4. Histopathologic and optical coherence tomography findings at 1 (A), 3 (B), and 6 (C) months after stent 
implantation. Numbers above the histological section images indicate corresponding numbers on the coronary an-
giogram on the left panel; EES — everolimus-eluting stent; H&E — hematoxylin and eosin; N-TiO2 — nitrogen-doped 
titanium dioxide; SES — sirolimus-eluting stent.

888 www.cardiologyjournal.org

Cardiology Journal 2023, Vol. 30, No. 6



0

0

0

0

0.4

1

0.4

20

0.8

2

0.8

40

1.2

3

1.2

60

1.6

4

1.6

80

A

C

B

D

6 months

6 months

6 months

6 months

In
ju

ry
 s

co
re

Fi
br

in
 s

co
re

In
j

am
m

at
or

y 
sc

or
e

Pe
rc

en
t a

re
a 

st
en

os
is

 [
%

]

3 months

3 months

3 months

3 months

1 month

1 month

1 month

1 month

N-TiO  EES2

N-TiO  EES2

N-TiO  EES2

N-TiO  EES2

Polymer-free SES

Polymer-free SES

Polymer-free SES

Polymer-free SES

**

**

*

**

0

20

40

60

80

100

A B

6 
m

on
th

s

6 months

R
e-

en
do

th
el

ia
liz

at
io

n 
ra

te
 [

%
]

3 
m

on
th

s

3 months

1 
m

on
th

1 month

N-TiO  EES2

N-TiO  EES2

Polymer-free SES

Polymer-free SES

DAPI DAPICD31

100× 100×

CD31

Figure 5. Histopathologic changes at 6 months after stent placement. Changes in the injury score (A), inflammatory 
score (B), fibrin score (C), and stenosis area (%) (D); *p < 0.05, **p < 0.01; EES — everolimus-eluting stent; N-TiO2 
— nitrogen-doped titanium dioxide; SES — sirolimus-eluting stent.

Figure 6. Re-endothelialization rates and immunohistochemical staining at 1, 3, and 6 months after stent placement; 
Re-endothelialization rate changes (A) and immunohistochemical staining at 1, 3, and 6 months after stent implanta-
tion (B); CD31 — cluster of differentiation 31; DAPI — 4,6-diamidino-2-phenylindole; EES — everolimus-eluting stent; 
N-TiO2 — nitrogen-doped titanium dioxide; SES — sirolimus-eluting stent.
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a microporous surface that allows drug deposition. 
The novel polymer-free EES used specific coating 
technologies, such as an inorganic porous coating 
with an N-TiO2 film. A plasma-enhanced chemi-
cal vapor deposition process with N-TiO2 creates  
a coarse surface on the stent for the drug. One 
study showed that the smooth surface of the 
stent had less thrombogenicity and induced less 
neointimal hyperplasia [19]. However, in the study 
by Dibra et al. [20], rough stent surfaces did not 
increase LLL and restenosis rates compared with 
those of smooth stent surfaces in patients with 
coronary artery disease who underwent percutane-
ous coronary intervention. Another study showed 
that microscopic parallel grooves improved the 
endothelialization compared with that of smooth 
surfaces [21]. The process of N-TiO2 coating also 
results in an improved hydrophobicity at the stent 
surface (Fig. 3). The hydrophilic surface tends to 
improve the endothelial healing and reduce the 
platelet adhesion. The ultra-hydrophilic surface-
-treated BMS showed less intimal hyperplasia 
compared with that of the second-generation DES 
in a swine coronary model [22]. During inflamma-
tion, monocytes are more likely to adhere to hydro-
phobic surfaces than to hydrophilic surfaces [23]. 

Drugs (such as limus analogs and paclitaxel) 
may be used to reduce neointimal hyperplasia, 
which is related to restenosis, by suppressing the 
activation of smooth muscle and inflammatory 
cells. However, re-endothelization may also be 
inhibited, consequently increasing the stent throm-
bosis. Use of the EES resulted in less neointimal 
hyperplasia, less fibrin deposition, and more re-
endothelialization compared with use of the SES in 
a rabbit model of iliac artery stenting [24]. Although 
similar clinical outcomes were reported for the 
EES, a zotarolimus-eluting stent, and SES in the 
BIO-RESORT trial [25], the EES had a lower risk 
of very late stent thrombosis and better outcomes 
than the SES in the Scandinavian Organization 
for Randomized Trials with Clinical Outcome IV 
trial [26]. Because of the influences of the coating 
technology and drugs used, the percentage of the 
area of stenosis during 6 months of follow-up and 
the fibrin score, which reflects the state of arterial 
healing, at 1 month after the stent placement were 
lower in the polymer-free EES with an N-TiO2 film 
than in the polymer-free SES. Similar inflammatory 
scores and re-endothelialization rates between the 
two groups throughout the follow-up period can 
also be influenced by these factors.

The novel polymer-free EES with an N-TiO2 
film showed good biocompatibility and favorable 

1-month outcomes in previous swine coronary 
models [10, 11]. In the preclinical study of Cho 
et al. [27], the polymer-free EES with an N-TiO2 
film also demonstrated similar 6-month OCT and 
histopathologic findings compared with those of 
fluoropolymer-coated stents. Although a significant 
difference was not observed between the two stent 
types, the polymer-free EES with an N-TiO2 film had 
a fibrin score of 0 at 6 months (0 vs. 0.07 ± 0.11,  
p = 0.180). Therefore, reasonable mid- to long-term 
outcomes regarding restenosis and stent thrombosis 
are expected based on the results of our study. The 
polymer-free DES with an N-TiO2 film can be an 
alternative to DP-DES and other polymer-free DES. 

Limitations of the study
However, this study has some limitations. First, 

the stent was implanted in a healthy swine coro-
nary artery that had no significant atherosclerosis. 
Second, the type of pigs used during the 1-month 
follow-up period was different from the type of pigs 
used during the other follow-up periods. Finally, the 
follow-up period was limited to 6 months. Further 
research is warranted to obtain data regarding the 
longer-term safety and efficacy.

Conclusions

The domestic polymer-free EES with an N-TiO2  
film outperformed the safety and efficacy of the 
polymer-free SES in experimental and pre-clinical 
6-month follow-up tests in many aspects. The novel 
polymer-free EES with an N-TiO2 film may be used 
effectively in clinical practice.
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