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Abstract 

 

The coronary artery stent used for treatment of coronary artery disease is associated with 

stent thrombosis and restenosis. Stent thrombosis is a thrombotic occlusion and neointi-

mal hyperplasia is the major cause of restenosis at the site of stent placement. In order to 

prevent these problems, a drug-eluting stent (DES) that is coated with a drug on the sur-

face of the stent has been developed, but new problems, such as very late stent throm-

bosis occurring more than one year later, arose. Therefore, we focused on fluorinated di-

amond-like carbon (F-DLC) coatings, which is known to have antithrombotic properties, 

as a better coronary artery stent with the ability to prevent thrombotic and inflammatory 

events. 

 F-DLC films has fluorine added to diamond-like carbon (DLC) films. DLC is an amor-

phous carbon film having sp3 bonds with a diamond-like structure of carbon and sp2 



)

bonds with a graphite-like structure. DLC has superior abrasion resistance, high hard-

ness, and chemical inertness. It is known that F-DLC films inhibit platelet adhesion, and 

this can be applicable to medical devices. 

 A biomaterial that is placed in a blood vessel requires anti-thrombotic, anti-inflamma-

tory, and cell proliferative properties. In this study, these functions were evaluated using 

platelets, leukocytes and vascular endothelial cells. 

  

1. F-DLC films 

 Using radio frequency plasma-enhanced chemical vapor deposition (RF-PECVD), fluo-

rine-incorporated diamond-like carbon (F-DLC) films were deposited on a stainless steel 

(SUS) 316L alloy, which is widely used as a substrate for medical equipment. a-

SiC:H/a-C:H:Si film was deposited as an intermediate layer to prevent peeling and 

cracking. 

 F-DLC films were analyzed by XPS and Raman spectroscopy. The surface of the film 

contained a large amount of fluorine and had sp2 bonds and sp3 bonds like DLC. 



 

2. Evaluation of antithrombogenicity using platelets 

 Platelets were exposed to F-DLC-coated and -uncoated SUS discs. Compared to F-

DLC-uncoated SUS discs, the number of platelets adherent and the CD62P expression in 

reaction to F-DLC-coated SUS was significantly lower. CD62P is the platelet activation 

marker most closely associated with increased thrombotic risk and promotion of throm-

bus formation. In addition, CD62P binds to leukocyte P-selectin glycoprotein ligand-1 

(PSGL-1) and activates the leukocytes that trigger the inflammatory response. It may im-

ply inhibition of leukocyte accumulation, rolling, adhesion, and transmigration through 

interaction with activated platelets by the F-DLC-coating, consequently preventing 

thrombosis and inflammation. 

 

3. Evaluation of anti-inflammatory features using white blood cells 

 When granulocytes were exposed to F-DLC-coated and -uncoated SUS discs, the num-

ber of granulocytes adherent to the surface of disc coated with F-DLC was significantly 



decreased compared to F-DLC-uncoated SUS discs. Adhesion of leukocytes is the begin-

ning of the inflammatory reaction, and anti-inflammatory features of F-DLC-coated ma-

terials are thus expected to suppress neointimal hyperplasia and prevent restenosis. 

 Leukocytes (lymphocytes, monocytes, and granulocytes) were exposed to FDLC-

coated and -uncoated SUS discs, and the concentration levels of various cytokines in 

their supernatants were measured. The level of interleukin (IL)-8, a cytokine with potent 

neutrophil-activating and angiogenic activities, was found to be significantly increased in 

the supernatant from leukocytes exposed to FDLC-coated discs compared to those ex-

posed to uncoated SUS discs. A higher level of IL-8 is thought to enhance inflammation, 

while promoting early coverage of the stent surface after stent placement. 

 

4. Evaluation of cell proliferation using HUVECs 

 HUVECs (human umbilical vein endothelial cells) were seeded on F-DLC-coated and -

uncoated SUS discs. F-DLC-coated SUS discs inhibited cell adhesion, although adherent 

cells continued to grow for four weeks. The supernatants of HUVECs cultured on F-



DCL-coated and -uncoated SUS discs were collected, and the cytokine levels were meas-

ured. The levels of IL-10, an anti-inflammatory cytokine, were significantly elevated in 

the supernatant from HUVECs cultured on F-DLC-coated SUS discs compared to those 

cultured on F-DLC-uncoated ones.  

 

The present study revealed that F-DLC had anti-thrombotic, anti-inflammatory proper-

ties, and affected the ability of cells to proliferate on the F-DLC-coated SUS discs. De-

velopment of devices, not only coronary artery stents but also intravascular devices, with 

high biocompatibility can be expected with F-DLC coatings. 
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ACD� acid-citrate-dextrose 

BMS Yare metal stent 

BRS bioresorbable scaffold 

CABG coronary artery bypass grafting 

CVD chemical vapor deposition 

DAPT dual anti-platelet therapy 

DES drug eluting stent 

DLC diamond like carbon 

EDTA ethylenediaminetetraacetic acid 

F-DLC fluorinated diamond like carbon 

FITC fluorescein isothiocyanate 

GIC graphite intercalation compounds 

HUVEC human umbilical vein endothelial cells 

ICAM-1� intercellular adhesion molecule-1 

LFA-1� lymphocyte functional antigen-1� CD11a/CD18 

LST late stent thrombosis 

PAF platelet- activating factor 

PCI percutaneous coronary intervention 

PFA paraformaldehyde 

PPP platelet-poor plasma 



PRP� platelet-rich plasma 

PVD physical vapor deposition 

RF-PECVD    radio frequency plasma enhanced chemical vapor deposition 

ST stent thrombosis 

SUS stainless steel 

TF tissue factor 

TMS tetramethylsilane 

VCAM-1 vascular cell adhesion molecule-1 

VEGF vascular endothelial growth factor 

VLA-4� very late antigen-4 

vWF von Willebrand factor 

XPS X-ray photoelectron spectroscopy 
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Fig. 1  (a) Fluorinated diamond like carbon (F-DLC) -coated stent, (b) F-DLC-uncoated stent, 

(c) balloon mounted F-DLC-coated stent and (d) balloon mounted F-DLC-uncoated stent.  
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Fig. 2  Stages of stent placement. (a)stenosis, (b)stent with balloon inserted, (c)balloon inflated 

to expand stent and (d)balloon pulled out and stent placed to keep lumen open. 
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Fig. 3  Structure of Diamond like carbon (DLC). Diamond consists of sp3 bonds and graphite 

consists of sp2 bonds. Diamond like carbon has sp2 bonds and sp3 bonds.  
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Table 1  Film forming conditions.  

F N1.6 KNP F 1.6. N KNP F 1.6.4 KNP

MNHOR VV R R R

5FVD4PS UF E : D VHH E
1 6 D ) VHH E

: D( VHH E

1 6 D VHH E

1 4 D VHH E

0NFV SP FL OB OB OB

N V V V

The F-DLC film was deposited on SUS316L stainless steel disc substrates from a mixture of 

acetylene (1 6 ) and perfluoropropane (1 4 ) using RF-PECVD equipment. To avoid cracking 

and peeling the F-DLC film, a-C:H:Si/a-SiC:H interlayer was deposited. 



)

 

       

 

Fig. 4  Structural formula of perfluoropropane (left) and tetramethylsilane (light). The F-DLC 

film was deposited from a mixture of acetylene and perfluoropropane. The interlayer to prevent 

cracking and peeling was deposited on SUS316L from tetramethylsilane. 

 

 

 

 

Fig. 5  Diagram of the F-DLC film. The F-DLC film was deposited on SUS316L stainless steel. 

a-SiC:H and a-C:H:Si coating were first deposited on SUS316L substrates to avoid peeling and 

cracking. 
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Fig. 6  Measurement points of Raman spectroscopy. Three points on the F-DLC-coated SUS 

disc were measured. 
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Fig. 7  XPS wide-scan spectrum of the F-DLC-coated SUS316L. The spectrum showed F1s, 

O1s and C1s peaks. The surface of F-DLC film consisted of C, F and O. 
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Fig. 8  XPS spectra of F-DLC-coated SUS316L. (a) O1s spectrum and (b) F1s spectrum of F-

DLC coated SUS 316L. (c) C1s spectrum of F-DLC-coated SUS316L had four main peaks 

which showed C-C, C-CF, C-F and C-F2 bonds, respectively. 
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Table 2  Atomic Concentration (Atomic Percent) of the F-DLC film. The element concentra-

tions of the F-DLC film were about 60 at.% carbon, 30 at.% fluorine and 10 at.% oxygen. 

VF TP [ L R 4PXSUNR 1FUGSR

H R U ( (

XRI U ) ( )-

P K - ( )-

 

 

Table 3  XPS Chemical Composition (Atomic Percent) of the F-DLC film. The F-DLC film had 

sufficient C-F bonds on its surface. 

VF TP 1 1 1 14 1 4 1 4

H R U (

XRI U )- (( ) - ( )

 

  



 

Table 4  The Comparison of Fluorine to Carbon Ratios (F/C).  

VF TP

4 1

KN NRL 1 V VNLRFP 

4 1

NR LUF I NR RVN N V 

H R U ) (

XRI U ))

F/C (fitting C1s signal) obtained by the intensities of the carbon components. F/C (integrated in-

tensities) obtained by the integrated intensities of C1s and F1s signals. F/C (fitting C1s signal) 

were lower than F/C (integrated intensities). 
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Fig. 9  Raman spectra of F-DLC coated SUS316L. (a), (b) and (c) spectrum were obtained at 

three different spots on the substrate shown Fig. 6. G band and D band were observed in all spec-

tra.  
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Fig. 10  Diagram of graphite intercalation compound. Intercalates were inserted between the 

carbon layers. 
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