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Abstract

Haemocompatibility is one of the most important properties, together with the tissue compatibility, corrosion and wear resistance
that determine the biocompatibility of the artificial implants. Carbon-based thin films, such as amorphous carbon and amorphous hydro-
genated diamond-like carbon (a-C:H or DLC) are considered as excellent candidates in order to be used as biocompatible coatings on
biomedical implants. The aim of this work is to develop a methodology in order to study the protein adsorption phenomenon on thin
films and to explore the optical properties of two basic blood plasma proteins, human serum albumin (HSA) and fibrinogen (Fib) and
their adsorption mechanisms on amorphous hydrogenated carbon (a-C:H) thin films. Two techniques advantageous for the study of bio-
logical samples are used: Vis–UV spectroscopic ellipsometry (SE) and atomic force microscopy (AFM).

a-C:H Films are grown with rf reactive magnetron sputtering. Static and real-time SE measurements are made. In the energy range of
Vis–UV, proteins are almost transparent, while they present an absorption peak at higher energies. Different protein adsorption behav-
iour is observed on amorphous hydrogenated carbon films deposited under different conditions. This is probably due to their different
surface structure, composition and topography of the surface and its interaction with the protein molecule. Adsorption phenomenon is
studied through AFM technique as well. AFM results are in accordance with those derived by SE. The combination of the two tech-
niques provides us a more accurate description of protein adsorption mechanisms.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Protein adsorption has been investigated extensively
during the past decades. This is an important aspect for
the improvement of many applications, such as medical
implants, biosensor design, etc. Plasma protein adsorption
is accepted as the first event that occurs when a foreign
material comes into contact with blood [1]. Subsequent
phenomena are determined by interactions of blood cells
with adsorbed protein layer. This procedure normally ends
in coagulation, thrombus formation and embolization. The
density, orientation, and conformation of surface-bound
proteins are believed to be key factors in controlling subse-
quent cellular adhesion [2].

Several works have dealt with the biocompatibility of
diamond-like carbon (DLC) and tetrahedral amorphous

carbon (ta-C) coatings [3–12]. Carbon-based thin films with
an increased fraction of sp3 bonds are known to possess
high-mechanical hardness, low friction coefficient, low sur-
face roughness and chemical inertness [13–15] and have
also shown good blood compatibility. This is very interest-
ing in the field of biomaterials, which are an important
aspect in the development of biomedical devices and
implants. In a previous work of our research team, it was
deduced that a-C:H thin films, developed with rf reactive
magnetron sputtering, with sp3 content of 42% and small
amount of H2 in plasma during deposition, exhibit good
haemocompatibility [16,17].

This deduction has led to the need of investigating fur-
ther the phenomenon of protein adsorption on a-C:H thin
films. Two basic human plasma proteins, with function
related to thrombus formation were used, Human Serum
Albumin (HSA) and Fibrinogen (Fib). HSA is the most
abundant protein in human blood plasma. It has been
found that HSA adsorption on surfaces inhibits thrombus
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formation [18,19]. On the other hand, Fib takes part in
blood coagulation, facilitates adhesion and aggregation
of platelets, and is important in the processes of both hae-
mostasis and thrombosis [20]. Two non-destructive tech-
niques which can also be applied both in air and in liquid
environment were used: spectroscopic ellipsometry (SE)
and atomic force microscopy (AFM). SE has the capability
of using advanced modelling procedures, which can
describe complicated systems, such as the biomaterial–pro-
tein system. By the tapping mode of AFM, the oscillatory
motion of the tip above the surface allows no contact with
the sample and therefore no danger to drag, deform, or
scratch the latter, exists. For these reasons, SE and AFM
are favourable techniques for the study of biological sam-
ples. First, they were used for the fundamental character-
ization of the a-C:H coatings in terms of their optical,
compositional and surface properties, as well as of the pro-
tein layers formed on the a-C:H coatings. From the analy-
sis of the SE data, using the appropriate modelling, the
optical properties of the two proteins, as well as their thick-
ness change during their adsorption on the thin films, were
derived. AFM technique provided information about the
surface roughness of the thin films and the protein layers
formed on them. The results are discussed in terms of the
bonding structure and composition of the examined films.

2. Experimental

The sputtered a-C:H films studied in this work were
deposited by rf magnetron sputtering on c-Si (10 0) sub-
strates at room temperature [21]. For the growth of a-
C:H films, H2 reactive gas was introduced into the vacuum
chamber. One sample was deposited with negative biased
voltage (Vb = �40 V) and the other was deposited with
no substrate bias (floating). The latter one has performed
good haemocompatibility properties [17]. The H2 partial
pressure in the deposition chamber during deposition was
10%. Measurements were performed with ex situ phase

modulated spectroscopic ellipsometer (by Horiba Jobin
Yvon, in a flow cell (by Nanofilm) in the energy region
1.5–4.0 eV) with angle of incidence 60 Å. Two separate
HSA (10 mg/ml) and Fib (1 mg/ml) solutions in phosphate
buffer saline (PBS, pH 7.4) were used for the study of the
protein adsorption on the a-C:H films. The samples were
studied by SE in the cell and their optical properties were
derived. Afterwards, the protein solution was introduced
into the cell and a real-time study of the protein adsorption
was performed, for about 70 min, at room temperature.
Complementary measurements with atomic force micros-
copy (AFM) (in tapping mode) (by NTMDT) after incuba-
tion time of 70 min, verified SE results and gave
quantitative information about the surface morphology
of the a-C:H thin films and the protein layers on them.

3. Results and discussion

3.1. Characterization of a-C:H thin films

Electronic transitions of graphite, diamond and com-
posite carbon films, as well as the influence of the incorpo-
ration of hydrogen into the amorphous carbon matrix,
have been described thoroughly in various studies [22–27].

In order to obtain quantitative information from the
analysis of the ellipsometric data, it is essential to parame-
terize the dielectric functions with the optical constants on
the wavelength of light. In this work, we have used a
recently proposed dispersion model for amorphous semi-
conductors namely ‘‘Tauc–Lorentz’’ (TL) model

Table 1
Sample codes, bias voltage H2 partial pressure (%) during deposition and
the corresponding refractive indices n at x = 0 eV, n(0)

Sample codes Bias voltage, (Vb) %H2 Refractive index (n(0))

F +10 V 10% 1.476
B �40 V 10% 1.611
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Fig. 1. The calculated bulk dielectric functions e(x): (a) real e1(x), and (b) and imaginary e2(x) parts, using the best-fit parameters for the floating and
biased a-C:H films.
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