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Abstract

Effects of doping with fluorine to diamond-like carbon (DLC) films on the antithrombogenicity were investigated by changing its content.
Fluorinated DLC (F-DLC) films were prepared on silicon (Si) substrates using radio frequency (RF) plasma enhanced chemical vapour
deposition (CVD) by changing the ratio of hexafluoroethane (C,F) and acetylene (C5H,). The contact angle measurements of human whole
blood droplet on Si, DLC and F-DLC were 24.27, 60.8" and 95.3", respectively. Furthermore. the static evaluation of F-DLC films incubated
with platelet-rich plasma (PRP) showed dramatic reduction of platelet adhesion and activation on the surface. It was found that the addition of
fluorine into DLC films much improved antithrombogenicity, which was clearly shown by scanning electron microscopy (SEM) with
statistical analysis. F-DLC coating can be a great candidate for developing antithrombogenic surfaces in blood contacting materials.

€ 2004 Elsevier B.V. All rights reserved.

Keywords: Fluorinated diamond-like carbon: Hydrophobicity: Platelet adhesion: Antithrombogenicity

1. Introduction

Biomaterial implants such as vascular grafts, artificial
heart valves or interventional devices (stents, guidewires and
catheters) have been gaining widespread use with develop-
ment of medical engineering. Thrombogenic complication
remains as one of the main problems for blood contacting
implants, which triggers the life-threatening device failure.
For example, it has been reported that the restenosis after
coronary stenting statistically occurs 20% to 40% [1-4].
Recent study has shown that the thrombus formation after
intraarterial stent implantation provides a stimulus for
neointimal hyperplasia and, if excessive, can result in stent
thrombosis at sites of coronary stenting in humans [4].
Surface modification techniques are indispensable for

* Corresponding author. Center for Materials Science (Suzuki lab.).
Department of Mechanical Engineering. Keio University School of Science
and Technology. 3-14-1 Hiyoshi, Kohoku-ku. Yokohama. Kanagawa 223-
8522 Japan. Tel.: +81 45 563 1141: fax: +81 45 566 1495.

E-mail address: teru_hasebe@hotmail.com (T. Hasebe).

0925-9635°S - see front matter £ 2004 Elsevier B.V. All rights reserved.
doi:10.1016/).diamond.2004.09.017

improving both the mechanical and physical properties of
these implants in direct contact with the blood and tissue.

Recently, diamond-like carbon (DLC) films have received
much attention because of their antithrombogenicity, which
inhibits platelet adhesion and activation [5--7]. However, the
blood coagulation mechanism on DLC films in biological
environment has not been well understood so far. There have
been several reports that cell adhesion on DLC films is related
to surface energy and wettability [8-12]. They suggested that
hydrophobic surface tends to inhibit blood cell adsorption. As
for hydrophobic property, it is well known that fluorocarbon
polymers present great water-shedding characteristics. Thus,
we consider that the addition of fluorinate has potential to
develop haemocompatibility of materials.

2. Experimental

2.1. Film preparations and characterization

Conventional DLC and fluorinated DLC (F-DLC) films
were prepared on Silicon (Si) substrates using radio
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frequency (RF) plasma enhanced chemical vapour deposi- (?)oo
tion (CVD) method by changing the ratio of hexafluoro- 90:0
ethane (C,F¢) and acetylene (CoH»). The RF (13.56 MHz) £0.0
power and total pressure were fixed at 200 W and 13.3 Pa, §° 700
respectively. DLC films were deposited from C-H- and F- Lg 60.0
DLC films from a mixture of C,H-> and C-F,, and the 2 500
thickness of DLC and F-DLC films was 40 to 50 nm. £ 400
respectively. According to partial pressure of C-Fg. each F- S 300
DLC film was denoted as follows: for example, F-DLC20 200
idicates that F-DLC films were deposited under partial 100

pressure of C-Fgq at 20% of the total pressure.

Surface chemical compositions and bonding states of
DLC and F-DLC films were measured by the X-ray
photoelectron spectroscopy (XPS; JPS-9000MX, JEOL).
The wettability of Si, DLC and F-DLC80 were evaluated by
measuring the static contact angles between a droplet of
human whole blood (10 ul) and the samples surfaces.

2.2. Platelet adhesion and activation

Human whole blood (45 ml) from a healthy volunteer
without any medication for at least 10 days was collected
and mixed with 5 ml of acid-citrate-dextrose (ACD), and
then the blood was centrifuged at 180 Xg for 10 min to
separate the blood corpuscles, and the resulting platelet-
rich plasma (PRP) was prepared. Subsequently, the rest of
whole blood was centrifuged at 2000 Xg for 20 min to
obtain the platelet-poor plasma (PPP). The density of
platelets in PRP was adjusted to a concentration of 2X10°
cells/ul by diluting with PPP. After rinsing samples with
phosphate-buffered saline (PBS), the samples disks with a
surface area of 100 mm” were incubated in a 24-wells
plate with 2 ml of adjusted PRP for 60 min with 5% of
CO- gas at 37 “C (n=5 disks for each sample). There-
after, the supernatant was discarded, and the samples were
washed with PBS. The adherent platelets were then fixed
with 1 ml of freshly prepared 1.0% of glutardialdehyde

for 60 min at room temperature. After fixation, the
(@)
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Fig. 2. Contact angle measurements of 10-ul whole human blood droplet on
the sample surface (wettability). The values of contact angle dramatically
increased with increasing the ratio of doped fluorine (a). F-DLC80 showed
the most hydrophobic property (b).

samples were washed and dehydrated in a graded ethanol
series (20%, 40%, 60%, 80%, 100% and 100% for 15
min each), as described previously [13]. Dehydrated
materials were put in a vacuum chamber and dried
overnight. The entirely dried materials were coated with
gold and investigated by a scanning electron microscopy
(SEM: S-3100H. HITACHD.

Adhering platelets were manually counted on photo-
graphs per unit area (6000 pm°). Results of the experi-
ments are expressed as means of counts/unit area and
standard error (SE). Values were compared statistically by
unpaired ¢ test. Results with P<0.05 were considered to
be statistically significant. Additionally, the morphological
shape changes were categorized to Goodman et al. and
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Fig. 1. XPS spectra of DLC. F-DLC20. F-DLC40. F-DLC60 and F-DLCR0. (a) Cls XPS. (b) Fis XPS.
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Allen et al. [14.15] as (1) round or discoid. (1D dendritic
or early pseudopodial. (I spread-dendritic or intermedi-
ate pseudopodial. (1V) spreading or late pseudopodial -and
{(Vy fully spread.

3. Results and discussion
34 Chemical compositions and bonding

Fig., 1{a) and (b} shows the local spectra of Cls and Fls
for DLC, F-DLC20, F-DLC40, F-DLCG0 and F-DLCBO by
XPS. The horizontal axis corresponds to binding energy
[eV] and the vertical axis to ntensity. By taking curve fitting
1o each spectrum, they were well decomposed into main
three peaks, which centered at ~284.4, ~287.0 and ~289.0

eV, respectively. Due to the surface contamination and
charging effect during XPS analysis. it is very complex and
also still controversial to identify these peaks.

As shown in Fig. 1, the peak intensity for C-C bond
(284.4eV) gradually decreased (Fig. Ha)) and the pesk
inensity for FF bond (686.0 eV) gradually increased (Fig.
1b)) with increasing pressure of C-Fy gas during deposi-

fa) {h)

2 Xaitn ot al. 7 Divmond & Reiutec

Maiorials 14 (2005

I1ig jiiv

tion. This indicates that the pressure of C-F, influences the
ratio of fluorine on the topmost surface of films. Further-
more, in the spectra of F-DLC films, there were some peaks
indicating bonds of carbon and fluorine. The spectra of F-
DLC20, F-DLC40 and F-DLC60 showed the existence of
C-CF bond (287.0 eV as well as C € bond. The spectrum
of F-DLCRO showed the existence of C F bond (289.0 V)
in addition to C-CF and C € bonds. Bonding structures of
carbon and fluorine show low polarizability. which leads to
low surface energy with increasing the hydrophobicity of F-
DLC films.

3.2, Contact angle measuremenis

Fig. 2 shows the results of contact angle measurements
for three different samples. These results indicated the
dramatic improvement of wettability for DLC and F-DLC
films. The contact angles of luman blood on Si, DLC and F-
DLCBO were 24.27, 60.8 and 93.3 | respectively. For the
DLC fibms, the contact angle increased by 2.50 times
compared to that of Si substrate, In particular. F-DLCS0 is
the most hyvdrophobic. and the contact angle for F-DLCS0
increased by 3.94 times compared to that of St

The more hvdrophobic a surface is, the higher the
interfacial free energy between the solid and liquid phases.
The interfacial free energy determines the wetting charac-
teristics and hence the wall shear swess generated when the
liquid comes into contact with the surface. It is considered
that the polarization of - F and C CF bends on the
topmost surface of F-DLCRO, proven by the XPS analysis,
can lower the surface energy and the results i the increase
in contact angles.

3.3, Plarelet adhesion and activaiion

Platelets play a pivotal role m thrombogenicity of
biomaterials in blood contacung applhcations. and the
reduction of platelet adhesion and activation is determinant
for the eventual success of any application. The initial local
response to foreign surface in the body s mainly catalyzed
by surface-absorbed proteins. which trigger numerous
processes such as cellular activation. inflammatory and
complement activation and atiraction of circulating platelers.
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During activation, the platelets attach to the sample surface,
and they change in shape in developing pseudopodia versus
their activation level [12]. Thus, the investigation of platelet
adhesion must support the thrombogenicity evaluation of
biomaterials.

Fig. 3 shows the adherent platelets counts on the three
different samples by SEM. This result clearly demonstrated
that the number of platelets per unit area for DLC or F-
DLCR0 was significantly smaller compared to that of Si
substrate ( P<0.05 and P<0.001, respectively). In addition,
the number of platelets on F-DLC80 was significantly
smaller than that of DLC (P<0.001). The morphology of the
attached platelets after 60 min of incubation is displayed as
shown in Fig. 4. Si substrate showed a dense platelet layer
with predominantly spread platelets (categories IV and V)
(Fig. 4(a)), whereas, on F-DLC80, a few platelets adhered,
and the categories of platelets uniformly varied between I to
V (Fig. 4(c)). DLC films showed that almost all the platelets
were categorized into III to V (Fig. 4(b)).

In this present study, DLC and F-DLC coatings could
suppress the adhesion and activation of platelets compared
to Si substrate. The surface that promoted the greatest
spreading of platelets, i.e., the Si substrate, is the most
hydrophilic in the tested samples. In contrast, F-DLC
coating, which caused less activation, was most hydro-
phobic in the tested samples. This suggests that the
wettability of a biomaterial surface determines in part its
blood compatibility. However, it has been described to be
influential that blood compatibility is not solely determined
by wettability and also the specific chemical composition,
interfacial free energy and a higher ratio of albumin/
fibrinogen adsorption of biomaterial surfaces [16.17]. The
mechanism of biomaterial-associated thrombosis is not fully
clear. It is very complicated to determine all factors that
contributed to novel antithrombogenic properties of F-DLC
films in this study. Further in vitro and in vivo studies are
needed to investigate all of the factors related with
biomaterial-associated thrombosis.

4. Conclusion

We have presented an engineering analysis of fluorine-
doped DLC films and quantitative and morphological
studies on platelet adhesion to DLC films or F-DLC coated
Si and bare Si substrate incubated in PRP. In this study, we
described a novel antithrombogenic effect by doping with
fluorine into DLC films compared to Si substrate and
conventional DLC. Our experiments showed that an
addition of fluorine into DLC films enhanced the water-

shedding properties. The number of platelets per unit area
decreased in order of Si, DLC and F-DLC80. It was found
that F-DLC showed the best antithrombogenicity among the
tested samples. In addition, DLC and F-DLC coating
inhibited the platelets activation, as well as the number of
platelets on the film surface.

The presented F-DLC appears to be a promising
candidate coating material for blood contacting devices,
such as interventional devices, artificial organs and pace-
makers. However, more basic study and long-term implan-
tation are needed.
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