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ARTICLE INFO ABSTRACT

Available online 15 February 2009 Ultrananocrystalline diamond/amorphous carbon (UNCD/a-C) composite films have been prepared by
microwave plasma chemical vapour deposition (MWCVD) from 17% CH4/N, mixtures and modified with O,
and CHF; plasmas, which changed the surface termination from hydrogen to oxygen and fluorine,
respectively. X-ray photoelectron spectroscopy (XPS) showed that successful oxidation and fluorination of
the UNCD surface has been achieved with surface O or F concentrations of ca. 12 at.%. None of the plasma
modification processes led to a change of the film topography as studied by atomic force microscopy (AFM);
for all samples the rms roughness was in the range of 10-12 nm. The UNCD/a-C films with different
terminations were characterized by contact angle measurements with water, formamide and benzyl alcohol;
from the results obtained the surface energy was calculated. The adsorption of albumin and fibrinogen to the
different UNCD/a-C samples was assessed by an inverted enzyme-linked immunosorbent assay (ELISA). The
determined albumin/fibrinogen ratios, which could be used to evaluate the tendency of thrombus formation,
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are correlated with the surface properties of as-deposited and modified UNCD/a-C films.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The chemical inertness and biocompatibility of diamond, together
withits other exceptional properties like extreme hardness, low friction,
high wear resistance, etc., have directed the efforts of the scientists in
recentyearstowardstheapplicationofdiamondthinfilmsinbiomedicine
and biotechnology [1-6]. However, the very high roughness of poly-
crystalline diamond (PCD) films prevents their application in many bio-
related fields, where smooth surfaces are required. Ultrananocrystalline
diamond (UNCD) films, in pure form or as composites of diamond
nanocrystallites embedded in an amorphous matrix, offer a solution of
this problem, as they are very smooth and retain to a great extent the
outstanding properties of PCD coatings. As a result, the possible
application of UNCD films in biosensorics [7], as coatings for implants
[8]andtemplatesforimmobilizationofbiomolecules[9-12]havealready
been investigated. In almost all of these cases a surface modification
followed by functionalization is required. The first step, achieved by
plasma, photo-,electro-orthermochemistry,isratherfundamentalsince
it tailors the surface termination and as a consequence, the hydrophili-
city/hydrophobicity of the surface. This is of particular importance for
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biointerfaces because tuning the surface hydrophobicity could promote
specificbiomolecule adsorption and/ or suppress biofouling.

In this paper we report on the results of plasma modification of the
surface of UNCD/a-C composite films and their characterization with
respect to the surface composition, topography, wettability and protein
adsorption.

2. Experimental
2.1. Deposition and surface modification

Ultrananocrystalline diamond/amorphous carbon (UNCD/a-C) com-
posite films were prepared by MWCVD from 17% CH,4/N, mixtures in a
deposition set-up described in details elsewhere [13]. The experiments
were performed at a substrate temperature of 600 °C, a working pressure
of 22 mbar, and a MW plasma input power of 800 W; the duration of the
deposition process was 390 min. The films were grown onto monocrystal-
line (100) silicon wafers, which were etched in NH4F/HF and then pre-
treated ultrasonically in a suspension of nanocrystalline diamond powder
(250 nm grain size, 50 mg) and ultradisperse diamond powder (3-5 nm
grain size, 80 mg) in n-pentane to enhance the nucleation density.

The surface of the as-deposited films is hydrogen terminated;
nuclear reaction analysis (NRA) revealed an H surface concentration of
ca. 14 at.% [14]. These samples are referred as UNCD_H in the following.
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Fig. 1. Wettability of UNCD/a-C films with different surface terminations with water,
formamide and benzyl alcohol.

In order to modify the surface of the UNCD/a-C films, they were
subjected to plasma treatments in an O, MW plasma (Technics Plasma E
100) at room temperature for 10 min (UNCD_O) and in a CHF; RF plasma
at 66 Pa and room temperature for 10 min (UNCD_F). It can be supposed
that the temperature, induced during these treatments is rather low to
cause any structural changes in the films.

2.2. Surface analyses

The surface composition of UNCD/a-C films with different termi-
nations was investigated by X-ray photoelectron spectroscopy (XPS)
and time of flight secondary ion mass spectroscopy (TOF-SIMS);
details of the set-ups and measurement procedures have been
reported earlier [15]. The films were also characterized by atomic
force microscopy (AFM) in tapping mode to probe the influence of the
plasma treatment on their topography.

Wettability studies were performed in dynamic sessile drop mode
against water, formamide and benzyl alcohol with a DataPhysics
contact angle goniometer. The contact angle measurements were
carried out with five drops of each liquid on each sample in order to
get reasonable statistical averages. The surface energy of the samples,
divided into a dispersive and a polar component, was calculated
according to the method of Owens and Wendt [16].

The protein adsorption on UNCD surfaces with different termina-
tion was studied by inverted enzyme-linked immunosorbent assay
(ELISA) with albumin and fibrinogen. Standardized human plasma
(dilution 1:10 in phosphate buffer solution) was incubated for 30 min
on the coatings. After rinsing with phosphate buffer (pH="7.4), the
primary antibody, either anti-human albumin (anti-alb) or anti-
human fibrinogen (anti-fib), depending on the protein to be detected,
was added and incubated for 10 min. The dilution of the primary
antibodies was 1:400 in phosphate buffer. Following another rinsing, a
peroxidase-linked secondary antibody, immunoglobulin G (IgG), was
added (dilution 1:500 in phosphate buffer) and incubated for another
10 min. With a final rinsing the unbound antibody-enzyme
conjugates were removed. The following step was the addition of a
stain which is converted by the enzyme into a color signal to be
detected. This conversion process was stopped after 6 min by addition
of sodium dodecyl sulfate (SDS) solution. The remaining bound stain
was proportional to the protein quantity adsorbed to the UNCD
surface. The adsorption was analyzed with a spectrometer SpectraMax
M2 (Molecular Devices) at an absorbance wavelength of 405 nm.

3. Results and discussion
3.1. Basic bulk and surface properties

The UNCD/a-C films deposited under the conditions described above
have been comprehensively characterized with respect to their crystal-

linity, composition and bonding structure [17,18]. They are composed of
diamond nanocrystallites with sizes of 3-5 nm as determined by X-ray
diffraction, which are embedded in an amorphous carbon matrix. The
ratio of the volume fractions of the two phases is close to unity.
Investigations of the films with Raman spectroscopy, XPS and Auger
electron spectroscopy showed the presence of sp?>-bonded carbon atoms
(up to 15 at.%) [18]. Although no H, was added to the precursor gas
mixture, the UNCD/a-C films contain about 8-9 at.% H in the bulk, as
revealed by NRA, originating form the CH; molecules and bonded
predominantly in sp>-CH, groups [14].

The surface composition of UNCD/a-C films with different termi-
nations has been investigated by XPS [19]. It was found that the
oxygen content of the O, plasma treated surface is about 12 at.%, in
contrast to 2 at.% for the H-terminated as-deposited sample,
indicating an oxidation of the surface. The plasma treatment with
CHF; leads to a surface fluorine concentration of almost the same
value (1242 at.%) indicating that a fluorination process has taken
place on the surface. Having in mind that the hydrogen surface
concentration of the as-grown samples is about 14 at.% [14], the XPS
results indicate a change of the surface termination by the plasma
processes.

Closer analyses of the XPS peaks combined with the results from
TOF-SIMS revealed that in the case of the oxygen plasma treatment
the terminating hydrogen atoms are replaced by O and OH groups
rather than by carboxylic acid groups [19]. CHF; plasma treatment has
led to a substitution of the C-H bonds by C-F rather than to the
deposition of a C,H,F, polymer, in agreement with the XPS observa-
tion that even slight argon sputtering (3 keV for 1 min) is sufficient to
remove the fluorine completely from the surface [19].

AFM studies showed for all samples under investigation the
characteristic topography of UNCD/a-C films, composed of structures
with diameters of several hundreds nanometers, which themselves
possess a substructure. The rms surface roughness values lie in the
narrow range of 10-12 nm which are typical for our films [20]. These
results indicate that the plasma treatments, under the experimental
conditions described above, do not lead to changes of the surface
structure; especially, grain boundary etching by any of them can be
excluded within the limits of the parameters used in this study.

3.2. Wettability and surface energy

Dynamic contact angle measurements were used to probe the
wettability of UNCD/a-C films with different surface terminations. The
water contact angle increases from 6 =82 4-3° for UNCD_H to 6 =91 +
1° for UNCD_F, but decreases to 6 =33 £ 1° for UNCD_O (Fig. 1). These
values slightly differ (by few degrees) from those obtained in static
mode [19], most probably due to the different method and/or the
sample storage duration. The treatment in CHF; plasma strongly impairs
the water wetting, while the replacement of the surface H atoms by O
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Fig. 2. Total surface energy of UNCD/a-C films with different surface terminations
shown with its dispersive yd and polar y? components.
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Fig. 3. Adsorption ratio albumin/fibrinogen on UNCD/a-C films with different
terminations.

and OH in the oxygen plasma makes the surface more hydrophilic. A
similar trend is observed for 6 of the other polar test liquid, formamide,
while the influence of the surface termination on the benzyl alcohol
contact angles is weaker, due to the polarity which is lower in
comparison with the other two test liquids.

Based on these wettability data, the surface energy of the UNCD/a-
C films with different terminations was determined. The total surface
energy s can be described as a sum of a dispersive y¢ and a polar y?
component. The first is related to van der Waals and induced dipole
forces, while the second one comprises dipole-dipole interactions,
hydrogen bridge bonds, acceptor-donor and acid-base interactions
[21]. Both plasma processes increase the total surface energy of the
UNCD/a-C films (Fig. 2). However, the contribution of the two
components is different: an increase of the dispersive component for
UNCD_F and a large contribution of the polar one for UNCD_O. Since
the polar component is responsible for donor-acceptor interactions at
the solid-liquid interface, better wettability with the polar test liquids
(water and formamide) was observed in the case of O-terminated
UNCD/a-C films (Fig. 1). The values of vy, obtained for the UNCD/a-C
films (between 38.0 and 59.2 mN/m) are in the same range as those of
as-deposited (36.3-47.6 mN/m) [22] and surface modified (47.0-
65.8 mN/m) [23] PCD films, as well as of NCD films (50.0-70.4 mN/m)
[24]. The surface energy difference between the H- and O-terminated
UNCD/a-C films of 21.2 mN/m is very close to those for PCD films with
the same termination (Ays,=18.8 mN/m).

3.3. Protein adsorption

The first event that occurs when a foreign material comes into
contact with blood is plasma protein adsorption, followed by platelets
interaction with the adsorbed protein layer [25,26]. In order to evaluate
the haemocompatibility of a surface, in the sense of decreased possibility
of thrombus formation, an important parameter to be initially studied is
the adsorption of two plasma proteins, albumin and fibrinogen. HSA
(Human Serum Albumin) is the most abundant protein in the human
blood plasma. It has been found that HSA adsorption on a surface
inhibits thrombus formation. Fibrinogen takes part in blood coagulation,
facilitates the adhesion and aggregation of platelets, and plays an
important role in the processes of haemostasis and thrombosis [27,28].
Therefore the enhancement of HSA adhesion against that of fibrinogen is
highly desirable for a successful functionalization of haemocompatible
coatings. Dion et al. proposed that the higher the ratio albumin to
fibrinogen, the lower the number of adhering platelets and the lower the
tendency of thrombus formation [29,30].

The effect of the surface termination of the UNCD/a-C coatings on
the adsorption of albumin and fibrinogen was studied by inverted
ELISA. The ratio of albumin to fibrinogen adsorption was calculated
from the individual levels of both proteins adsorbed on the surfaces
(Fig. 3). The oxygen terminated layers exhibit a higher albumin to

fibrinogen ratio as compared with the fluorine and hydrogen termi-
nated films. It has been pointed out that the variation of the albumin
and fibrinogen adsorption ratio is strongly related to the associated
surface energies since fibrinogen, being itself hydrophobic, preferen-
tially adsorbs on hydrophobic surfaces, but albumin (with a hydro-
philic nature) on hydrophilic surfaces during competitive binding
[31]. The O-terminated UNCD/a-C layers have a hydrophilic surface
(contact angle of water 33°) with a greater polar component of
the surface energy, leading to a higher albumin/fibrinogen ratio. The
F-terminated films show the lowest protein ratio, which is related to
the hydrophobic nature of these surfaces (contact angle of water 91°)
and the predominant dispersive component of the surface energy.
Therefore the albumin adsorption is much greater on the oxygen
terminated surfaces and vice versa - the fibrinogen is preferentially
adsorbed on the hydrophobic fluorine and hydrogen terminated sur-
faces. These results are in accordance with the literature data where
the albumin/fibrinogen adsorption ratio increases with the surface
hydrophilicity, e.g. for hydrophilic DLC (Alb/Fib>2) [32], and for
hydrophobic a-C:H (Alb/Fib=1.0-1.2) [33] and a-C (Alb/Fib=1.0-
1.1) [21]. They also indicate that UNCD/a-C coatings with improved
blood compatibility can be prepared applying different surface
modifications. Further experiments including platelets adhesion on
the coatings and ELISA with greater number of samples for improved
statistics are in progress, and the results will be reported later.

4. Conclusions

UNCD/a-C composite films were deposited by MWCVD and
subjected to O, and CHF; plasmas for surface modification, which
resulted in a replacement of the terminating C-H bonds by C-0 or C-OH
and C-F, groups, respectively, without changing the surface roughness.
The as-deposited H-terminated films are hydrophobic, as revealed by
contact angle measurements; the hydrophobicity is increased for the
F-terminated coatings, while the O-terminated ones are hydrophilic.
The plasma treatments increase the surface energy of the UNCD films
with different contributions of the dispersive and polar components.
The surface termination affects the protein adsorption; the albumin/
fibrinogen adsorption ratio increases with the hydrophilicity of the
UNCD surface suggesting the possibility of preparation of such
coatings with good haemocompatibility.
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