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Hydrogenated amorphous carbon (a-C:H) films and unhydrogenated amorphous carbon (a-C) films are promis-
ing as artificial joint coatings due to their excellent wear resistance. In this paper, the cytocompatibility of a-C:H
film and a-C film was evaluated to determine the more appropriate type for prosthesis modification. The a-C:H
film was deposited by electron convolute resonance plasma enhanced chemical vapor deposition (ECR-PECVD)
and a-C film was fabricated by magnetic filtered cathodic vacuum arc (MFCVA). The microstructure and physical
characteristics of the films were investigated by Raman spectroscopy, contact angle measurement, atom force
microscopy (AFM), electrokinetic analysis, electrical resistivity measurement and Hall effect measurement. Bo-
vine serum albumin (BSA) and serum protein adsorption on a-C and a-C:H films was determined by micro
BCA assay. RAW264.7 macrophages were cultured on the a-C:H and a-C films for 24 h to evaluate the cell
death, cell activation and inflammatory cytokine release. Primary mouse osteoblasts were cultured on the a-C:
H and a-C films for 2 h, 1 day, 3 days and 6 days with biological tests performed to evaluate the cell adhesion,
cell viability and cell morphology. The results show that a-C film is N type semiconductor with unpaired elec-
trons. Protein adsorption assay shows that the a-C film can covalently bind more serum proteins than a-C:H
film. The unpaired electrons of a-C film contribute to its better ability to covalently bind bioactive proteins
than a-C:H film, and the superior adsorption and bioactivity of the adhesion proteins on a-C film further induce
the better biological performance of a-C film. In a word, a-C film induces lower inflammatory reaction and higher
ostoblasts viability than a-C:H film.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

As the most direct and effective treatment of advanced hip joint dis-
eases, for example, traumas, osteoarthritis, rheumatoid arthritis, or
bone tumors, artificial hip joints have been successfully applied in clinic
and greatly improved the quality of patients' life. The common types of
artificial joint are metal-on-polymer (MOP), metal-on-metal (MOM)
and ceramic-on-ceramic (COC). The wear rate of the MOM prosthesis,
which is made of CoCrMo alloy, is about 0.3 mm?/year, presenting 1%-
2.5% of the wear of traditional MOPs [1,2]. Such good wear resistant
makes MOM a promising friction pair. However, CoCr debris and
metal ions such as Co?™" and Cr®* can be generated due to the wear
and corrosion process, which would induce pro-inflammatory response,
cytotoxicity to osteoblasts and even DNA damage [3-5]. As a result,
there is serious risk of aseptic loosening and genotoxicity with this
type of implant, and this restricts the application of MOM in artificial
arthroplasty [6]. In 2010, Depuy Orthopaedics Inc recalled all the ASR
MOM surface replacement system and ASR™ XL MOM total hip replace-
ment system due to the undesirable response caused by metal debris.

* Corresponding author. Tel./ffax: +86 28 87601149.
E-mail address: yxleng@263.net (Y.X. Leng).
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Despite all these drawbacks, the unique advantage to form large size
femoral head, which offers a greater range of motion, makes the MOM
joints desirable and attractive for active patients in younger age. In
order to resolve the problems caused by wear debris, methods to reduce
the wear of MOM joints have been widely investigated.

Diamond like carbon (DLC) film is deemed to be a promising solu-
tion of MOM joints aseptic loosening since DLC coating is hard, wear re-
sistant and chemically inert [7,8]. The wear of DLC-coated CoCrMo-
CoCrMo joint is 10°-10° times lower than that of conventional MOM
hip joints [9]. In order to further promote the application of DLC films
in load bearing joints, the biological properties of DLC films have been
wider analyzed in the recent years [10-14]. DLC stands for a group of
carbon films, which can be divided into hydrogenated carbon film and
unhydrogenated carbon film, namely, a-C:H film and a-C film. It has
been proven that both a-C:H and a-C films influence the adhesion and
viability of osteoblasts in a positive way and reduce inflammatory reac-
tions compared to Si, polyetheretherketone (PEEK), stainless steel and
Silicon nitride (Si3N4) ceramics [10-12,14]. The biological property of
various DLCs may be different due to different surface energy, surface
roughness and microstructure, which are causally determined by the
fabrication method and deposition parameters [15-17]. Hence, it is of
great significance to find out whether a-C film or a-C:H film has better
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biocompatibility and which properties of the DLC films have major im-
pact on the biocompatibility.

In this work, a-C:H film was deposited by electron convolute reso-
nance plasma enhanced chemical vapor deposition (ECR-PECVD) and
a-C film was fabricated by magnetic filtered cathodic vacuum arc
(MFCVA). The microstructure, surface properties, the inflammation re-
action and mouse calvaria osteoblast behavior of the films were
evaluated.

2. Materials and methods
2.1. Sample preparation

Mirror polished Co alloy (Cr: 28.02%, Mo: 6.11%, Ni: 0.2%, C: 0.062%,
Co: bal) disks (10 mm diameter and 2 mm thickness) were used as a pos-
itive control. In order to eliminate adverse effect caused by the metal
substrate in biocompatibility evaluation, single-crystal silicon wafer
(EMEI Semiconductor, Sichuan, China) was used as the substrate of a-C
and a-C:H film. Glass was also used as the substrate for a-C and a-C:H
film to conduct electrical property measurement. The a-C film (about
60 nm thick) was prepared by MFCVA as reported by Liu et al. [18] and
a-C:H film (about 80 nm thick) was prepared by ECR-PECVD as re-
ported by Deng et al. [19]. The DLC coated Si wafer was then cut
into 10 mm x 10 mm square and ultraviolet sterilized (30 min for
each side) and then put into 24-well plates before biological testing.

2.2. Surface characterization

Raman spectra from 800 cm™ ! to 2000 cm™ ! were obtained using
Raman spectrometer (Renishaw Invia, UK) activated by a 514 nm Ar™
laser. The wettability of DLC film was characterized by static contact
angle measurements using a Drop Shape Analyzer DSA100 (KRUSS,
Germany) with distilled water, diiodomethane and glycerol. Five differ-
ent areas of the sample were chosen to get representative data. The aver-
age value and the standard deviation were used to calculate the surface
energy following the Owen-Wendt theory according to the given soft-
ware. An AFM (CSPM 5000, China) was used to evaluate the surface mor-
phology of DLC films. The root-mean-square roughness (RMS) was
obtained by tapping mode. Zeta potential of DLC film was measured by
an electro kinetic analyzer (EKA, Anton Paar GmbH, Graz, Austria) in
0.001 M KCl (pH = 7.4 + 0.3) solution. Ten data of each sample were ex-
amined and the average value is reported. Electrical resistivity of a-C film
and a-C:H film was detected by a four point probe tester (SZ-82, China).
Conductivity type and carrier mobility of DLC films were measured by a
Hall effect measurement system (ET-9002, China).

2.3. Protein adsorption

Bovine serum albumin (BSA) and serum protein from culture medi-
um (a-MEM with 5% FBS) were used for protein adsorption assay and
protein adsorption was analyzed using the micro BCA protein assay
(Thermo Scientific, America). For BSA adsorption, each sample was im-
mersed in 1 ml of BSA (2 mg/ml protein in PBS) solution at 37 °C for
24 h. For serum protein adsorption, each sample was immersed in a
1 ml of culture medium at 37 °C for 2 h. After the incubation, samples
were washed three times with PBS to remove the non-adherent pro-
teins. To quantify the covalent bound proteins, additional samples are
immersed in culture medium for 2 h and then immersed in 2% sodium
dodecyl sulphonate (SDS) for 2 h followed by rinsing in water for 3
times to remove the non-covalently bound proteins. All the samples
were blow-dryed, then 150 pl micro bicinchoninic acid (BCA) working
reagent was peptted onto each sample in a 24 well plate and incubated
at 37 °C for 120 min. At last, 100 pl working reagent was collected and
measured at 562 nm.

2.4. Evaluation of inflammatory reaction

Macrophages are commonly used for evaluation of inflammatory re-
actions, as they are central inflammatory cells, connecting the innate
and the adaptive immune system [20]. RAW 264.7 murine macrophages
were cultured in Dulbecco's modified Eagle's medium (DMEM, Corning
cellgro®, USA) supplemented with 10% fetal bovine serum (FBS). Prior
to cell seeding, macrophages were mechanically dispersed and adjusted
to 1 x 10° cells/ml with culture medium. Then 1 ml/well cell suspen-
sion was added onto the sterilized samples and incubated at 37 °C
with 5% CO, for 24 h.

2.4.1. Cell death

After incubation for 24 h, macrophage death was investigated im-
mediately by acridine orange and propidium iodide (AO/PI) staining
[21]. AO can pass through the intact cell membrane and bind to the nu-
clear DNA, resulting in bright green fluorescence, but PI can only pass
through an impaired cell membrane and binds to the nuclear DNA, lead-
ing to orange fluorescence. Stock solutions of AO (100 pg/ml) and PI
(100 pg/ml) in phosphate buffered saline (PBS) were mixed with cul-
ture medium at the ratio of 1:1:100. The harvested samples were rinsed
three times with PBS and transferred into a new 24-well plate. Thereaf-
ter, 350 pl staining reagent was added on each sample and later
incubated at 37 °C with 5% CO, for 5 min. Then the samples were ob-
served by an inverted fluorescence microscope (OLYMPUS IX51,
Japan). More than seven random images at the same magnification
were obtained for statistically analysis of adherent cells.

24.2. Cell morphology

Samples were rinsed three times with PBS, fixed with 2.5% glutaral-
dehyde overnight at 4 °C and then the fixed samples were again rinsed
three times with PBS. Afterwards, samples were dehydrated in a graded
ethanol series (50%, 75%, 90%, and 100% vol/vol) for 15 min each and
later dealcoholized using isoamyl acetate at the same procedure as for
dehydration. After that, samples were put in the fume hood overnight
so that isoamyl acetate completely evaporated. The dry specimens
were sputter coated with gold before SEM observation. Morphology of
the macrophages was acquired by scanning electron microscopy
(SEM, Quanta 200, FEI, Holland).

2.4.3. Cytokine analysis

The supernatant of each sample was collected and stored at — 20 °C
until cytokine analysis. Levels of tumor necrosis factor-o. (TNF-a) and
interleukin-6 (IL-6) were determined using commercial sandwich
enzyme-linked immunosorbent assay (ELISA) kits (Boster, China), fol-
lowing the instructions of the manufacturer.

2.5. Primary mouse osteoblast culture and evaluation

Primary mouse osteoblasts were obtained from mouse calvaria ac-
cording to standard tissue culture protocols [22]. Osteoblasts were cul-
tured in Minimum Essential Medium Alpha (a-MEM, Corning cellgro®,
USA) supplemented with 5% FBS. The osteoblast monolayers were tryp-
sin digested and cells were adjusted to 5 x 10% cells/ml with culture me-
dium, then 1 ml/well cell suspension was seeded onto the samples and
incubated at 37 °C with 5% CO,.

2.5.1. Cell adhesion

After a 2 h incubation, samples were removed and fixed overnight
before staining by 4’,6-diamidino-2-phenylindole (DAPI) for cell
counting. A fluorescence microscope was used to obtain random 15 im-
ages for statistics of attached cell.

2.5.2. Cell viability
The viability of the osteoblasts was investigated using a cell counting
kit (CCK-8, Japan) after 1, 3, and 6 days of culture. At each time points,
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Fig. 1. Gaussian fitted Raman spectrum of a-C film and a-C:H film.

the harvested specimens were transferred into fresh 24-well cell culture
plates with 0.35 ml/well fresh culture medium containing 10% CCK-8
solution and then incubated with the samples for 4 h. Finally, 0.2 ml in-
cubated medium was transferred to a 96-well plate for OD measure-
ment at 450 nm.

2.5.3. Cell morphology

Fluorescence microscopy was applied to observe the cell morpholo-
gy of osteoblasts cultured for 1 day and 3 days by staining with rhoda-
mine 123. The harvested samples were rinsed three times with PBS.
Afterwards, 50 pl rhodamine 123 was added to make sure it spread
out on the whole surface of each sample. Cell staining was operated in
darkroom for 15 min, and the stained samples were again rinsed with
PBS three times. Then the samples were blown dry before observation.

Table 1
Summarized results from physical/chemical characterization of a-C film and a-C:H film.
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Fig. 2. Contact angles of a-C film and a-C:H film. (Data given as mean =+ SD, the statistical
significance is indicated by ***p < 0.001, n = 5).

2.6. Statistical analysis

One-way ANOVA was performed using the software SPSS 17
(Chicago, Illinois) to determine statistical differences between the sam-
ples. Data are given as mean 4 standard deviation (SD). p < 0.05 was
considered as significant difference.

3. Results
3.1. Material characterization

DLC is a metastable form of amorphous carbon containing both sp?
(graphite like) bonds and sp® (diamond-like) bonds [13]. The micro-
structure of the DLC films was studied by Raman spectroscopy, and re-
sults are shown in Fig. 1. To analyze the structure of a-C film and a-C:
H film, the spectra were then processed by linear background subtrac-
tion and Gaussian curve fitting with limit of less than 400 cm™ ! full
width at half maximum (FWHM). It is well known that the additional
disorder peak at about 1335 cm ™! (D band) displays disordered or
fine graphite crystallites, while the single sharp peak at about
1580 cm ™! (G band) is the presentation of large single-crystal graphite
and highly oriented pyrolytic graphite [23]. The relative intensity of the
disorder-induced D peak to that of the G peak (Ip/Ig) is related to the
graphitic content and sp> fraction [23,24]. As shown in Table 1, for a-C
film, the D band is at 1343.1 cm™ ! and G band is at 1559.4 cm™ ! with
I/l ratio of 1.99. For a-C:H film, the D band is at 1380.0 cm~ ! and G
band is at 1546.7 cm™ ! with Ip/Ig of 1.01. The larger Ip/I¢ ratio of a-C
films indicates that a-C films have a higher sp? fraction but a lower sp>
fraction than a-C:H film.

The physical/chemical characterization of a-C film and a-C:H film is
summarized in Table 1. The contact angles of a-C film and a-C:H film
for water, diiodomethane and glycerol are given in Fig. 2. The water con-
tact angle of the a-C:H film and the a-C film are 69.9 4 3.2 degrees and
87.5 + 0.3 degrees, respectively. The a-C:H film shows a slightly more
hydrophilic state than a-C film, and the surface energy of the a-C:H
film is larger than a-C film (shown in Table 1). The surface morphology
of a-C film and a-C:H film was studied by AFM in tapping mode and the

Dband (cm~') D-FWHM (cm~')  Gband (cm~!)  G-FWHM (cm~')  Ip/lc  Surface energy (mN/m)  RMS (nm)  Electrical resistivity (Q - cm)
a-C 1343.1 357.7 15594 193.5 1.99 36.78 0.363 1.70 x 1073
a-C:H 1380.0 328.8 1546.7 150.7 1.01 4577 1.462 Insulating
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Table 2
Result of protein adsorption using micro BCA assay (data given as mean 4+ SD, the statis-
tical significance is indicated by * p < 0.05, n = 4).

Protein Material

a-C a-C:H
BSA (ODs62 nm) 0.76 + 0.15 0.43 + 0.10
Serum protein (ODsg nm) 0.39 4+ 0.05 0.26 & 0.03
Serum protein (after SDS cleaning, ODsg2 nm) 0.28 4 0.07 0.19 £+ 0.05

RMS of a-C films and a-C:H films is 0.363 nm and 1.462 nm, respectively
(shown in Table 1), representing the ultra-high smooth surface of these
two DLC films. The zeta potentials of the a-C film and the a-C:H film
were measured by an electro kinetic analyzer in 0.001 M KCI (pH =
7.4 £ 0.3) solution. The zeta potential of a-C and a-C:H is —6.8 +
0.8 mV and — 5.5 4+ 1.3 mV, respectively. Electrical resistivity of a-C
and a-C:H films was determined by a four point probe tester. The a-
C:H film is an insulator while the electrical resistivity of a-C film is
1.7 x 1072 Q - cm. Hall effect measurement shows that a-C film is
N type semiconductor and the carrier mobility is 55.0 cm?> V= 's~1,
indicating a large amount of unpaired electrons in a-C film. No carri-
er mobility is detected in a-C:H film.

3.2. Protein adsorption

The protein adhered on the films was determined with a micro BCA
assay, and the determined OD values are given in Table 2. Both BSA and
serum protein are used in this work, because BSA is commonly used as a
model protein and serum protein contains complex proteins that ap-
proaches to physiological environment. Results show that a-C film
adsorbed more BSA and serum protein than a-C:H film, indicating the
better protein adsorption capability of a-C film. From Table 2, it is

observed that more serum proteins are remained on a-C film after
cleaning with SDS, a detergent capable of disrupting noncovalent inter-
actions, which indicates that a-C film covalent binds more proteins than
a-C:H film.

3.3. Inflammation response

The Raw 264.7 macrophage line was used to evaluate the inflamma-
tion response to a-C and a-C:H films. Death of macrophages was deter-
mined by AO/PI staining, and images are shown in Fig. 3, green cells are
vital, orange cells represent dead ones. Most of the macrophages on Co
alloy (Fig. 3a) show an orange fluorescence, indicating that many mac-
rophages were activated and then died. Fig. 3b (a-C film) shows that all
the cells are green, meaning no macrophage death on a-C. Some cells on
the a-C:H film (Fig. 3¢) also are orange, but the death rate is lower com-
pared to Co alloy.

Morphology changes of macrophages are related to their immune
function [25]. Macrophages normally are round in shape, but once stim-
ulated, they extend pseudopodia to phagocyte the foreign bodies [26].
SEM images of macrophages cultured on Co alloy and DLC films for 24 h
re shown in Fig. 4. Fig. 4a shows that the cells on Co alloy are totally
spread, occupying a large area, extending a large number of pseudopo-
dia with an extremely irregular shape. This is the typical morphology of
activated macrophages [27,28]. Cells on a-C (Fig. 4b) and a-C:H films
(Fig. 4c) show less activated morphology. Some macrophages on the
a-C surface (Fig. 4b) are spherical with no or few pseudopodia extend-
ing, indicating lower inflammation reaction. Macrophages are spheri-
cally on a-C:H film as shown in Fig. 4c, but many cells are with
multiple pseudopodia. Thus, it can be assumed that a-C induces less ac-
tivation of the macrophages than a-C:H.

TNF-ox and IL-6 are bone-resorbing or osteolytic factors that can be
released by activated macrophages [29,30]. In order to further evaluate
the inflammatory reaction, the cytokines (IL-6 and TNF-a) were

Fig. 3. Death of macrophages cultured on (a) CoCr alloy, (b) a-C films and (c) a-C:H films stained by AO/PL
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Fig. 4. SEM images of macrophages cultured on (a) Co alloy, (b) a-C and (c) a-C:H for 24 h.

measured by ELISA, and presented in Fig. 5. It shows that macrophages
on a-C film release less IL-6 than that on the a-C:H film (p < 0.05). The
same trend tends to be reproduced also for the TNF-c release (not sig-
nificant). The a-C films show a lower inflammatory response than a-C:H
film.

All results show that both a-C film and a-C:H film induce lower in-
flammatory reaction than the Co alloy. The a-C film induces less macro-
phage activation, no macrophage death and lower levels of TNF-a and
IL-6 release, indicating a lower inflammatory response to a-C than to
a-C:H films.

3.4. Osteoblast cytotoxicity

Cell attachment was characterized by statistic analysis of the num-
ber of adherent cells after 2 h incubation. The data are shown in Fig. 6,
more osteoblasts adhered on a-C:H film when cells initially contacted
the material in 2 h. The viability of osteoblasts cultured on a-C, a-C:H
and Co alloy was evaluated by CCK-8. As shown in Fig. 7, osteoblasts cul-
tured on a-C and a-C:H films show better viability than osteoblasts on
Co alloy at all three time points of 1 day, 3 days and 6 days. Compared
with a-C:H film, the a-C induced higher osteoblasts viability in the 3rd
and 6th days.

The morphology of osteoblasts is shown in Fig. 8. Normal individual
osteoblasts are polygonal or triangular, with an average size of
10-15 pm in width and 50-80 um in length. Their good adhesion on
the material surface can be characterized by the presence of lamellipodia
that strongly adhere to the substrate [11]. It is observed that most of the

cells cultured on CoCr alloy (Fig. 8a), a-C film (Fig. 8b) and a-C:H film
(Fig. 8c) for 1 day are polygonal and spreading, indicating a normal cell
activity. The long and abundant cytoplasmic extensions in multiple di-
rections prove the excellent adhesion behavior of the cells on the surface
of the different substrates [17]. Moreover, stack-up cells and bone whirl-
pool turn up on the CoCr alloy (Fig. 8d), a-C film (Fig. 8e) and a-C:H film
(Fig. 8f) after 3 day culture, displaying a trend of osteogenic behavior.

In conclusion, osteoblasts cultured on a-C and a-C:H film show
higher viability than that cultured on Co alloy. Compared with a-C:H
film, a-C film has less osteoblasts adhesion on the surface in the first 2 h
(shown in Fig. 6). But the viability and proliferation ability of the osteo-
blasts on the a-C film is much higher than that on the a-C:H film in the
3rd and 6th days.

4. Discussion

DLC films are suggested to be applied on MOM artificial joints to re-
duce the wear of the prosthesis. Since a-C film and a-C:H film show dif-
ferent tribology properties due to the different microstructure and
surface properties [16,31,32], differences in cytocompatibility of a-C
and a-C:H film should also be considered. What's more, because wear
debris of artificial joint may cause osteolysis, aseptic loosening and
eventually lead to prosthesis failure [4,6,7], the cytotoxicity of DLC de-
bris is also worth for research [33]. As we all know, DLC film is hard and
has excellent wear resistance, so it is difficult to collect wear debris for
in vitro evaluation. And DLC films are a group of materials, different
bulk material will generate different debris. So it is impossible to collect
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dicated by *p < 0.05, n = 4).

debris of all DLC films with different microstructure and surface proper-
ties and to study their cytotoxicity. In our strategy, we firstly picked
over the DLC films and evaluated inflammatory reaction and osteoblasts
cytotocxity of DLC films, looking for more cytocompatible one in this
work. After that we will fabricate debris of the more cytocompatible
DLC film. Then we will focus on cytocompatibility evaluation of DLC
debris.

In this paper, the cytocompatibility of hydrogenated and
unhydrogenated carbon film has been studied and the results show
that a-C film activates fewer macrophages and induces higher osteo-
blasts viability than a-C:H film. This is result from different physical/
chemical properties of a-C and a-C:H film.

Compared with a-C:H film, a-C film has less osteoblasts adhesion on
the surface in the first 2 h (shown in Fig. 6). Surface energy is proven
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Fig. 6. Number of adherent osteoblasts after 2 h cultivation on the surfaces.

to be an important factor that has effect on cell attachment. It is widely
accepted that higher surface energy generally results in better cell adhe-
sion in the beginning when cells attach to a materials surface [13,34].
Comparing with a-C film, a-C:H film has higher surface energy, so
more osteoblasts adhere on a-C:H film in the first 2 h (Fig. 6). But the sur-
face energy only influences the cell attachment in the initial period. We
can find that osteoblasts on a-C film show higher viability than that cul-
tured on a-C:H film in the 3rd and 6th days of culture (Fig. 7). This may
result from different protein adsorption behavior of a-C film and a-C:H
film, because protein layer formed at the solid/liquid interface will deter-
mine the cell behavior with longer cell culture duration [11,35].

The schematic diagram of adsorbed protein layer and its mediation
to osteoblasts growth and proliferation on a-C and a-C:H film is
shown in Fig. 9. Compared with a-C:H film, a-C film is more hydropho-
bic (the water contact angle of a-C:H and a-C is 69.9 + 3.2 degrees and
87.5 + 0.3 degrees, respectively), the hydrophobic surface state dis-
plays better affinity to proteins [36], so more proteins (BSA and serum
protein) adsorbed on a-C film than a-C:H film (Table 2). In this study,
a-C film has a large Ip/Ig ratio of 1.99, reflecting the disorder and high
graphic content of a-C film, which will generate significant concentra-
tions of unpaired electrons. The unpaired electrons belong to radical-
containing groups trapped in the bulk of the surfaces [37], and such
groups have high reactivity with amino acid residues to form covalent
binding [38,39]. Thus, the a-C film is likely to covalent bind more pro-
teins (Table 2). Covalent binding has been reported to provide a strong
bond wherein the function of the attached proteins can be preserved
[39-42]. So the proteins on a-C film are stable and bioactive as illustrat-
ed in Fig. 9a, which will enhance the osteoblasts spreading and prolifer-
ation. Besides, as shown in Fig. 9a, the adsorbed proteins provide many
binding sites for growth factors and signaling molecules that promote
the process of osteoblasts proliferation, which also result in high viabil-
ity of osteoblasts on a-C film.

However, for the a-C:H film, no carrier mobility is detected, indicat-
ing its low covalent binding capability [37]. Hence, the a-C:H film cova-
lent binds fewer proteins than a-C film (Table 2), and most proteins may
be absorbed on a-C:H film through weak interactions like van der waals
bond as illustrated in Fig. 9b. The weak bound proteins tend to undergo
unfolding and loss of activity [39-42], which may have negative influ-
ence on osteoblasts spreading and proliferation. And the weakly
bound proteins are susceptible to detach from a-C:H film, which will re-
sult in loose contact between osteoblasts and a-C:H film. Moreover, a-C:
H film adsorbs fewer proteins than a-C film (Table 2), and there are
fewer growth factors and signaling molecules adsorbed on a-C:H film
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Fig. 7. Viability of mouse osteoblasts on Co alloy, a-C film and a-C:H film after 1 day, 3 days
and 6 days, determined by the CCK-8 assay. (Data given as mean =+ SD, the statistical sig-
nificance is indicated by ***p < 0.001, n = 6).
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Fig. 8. Fluorescence microscope images of osteoblasts stained by rhodamine 123 on (a) Co alloy, (b) a-C, and (c) a-C:H for 1 day; (d) Co alloy, (e) a-C, and (f) a-C:H for 3 days.

than a-C film, so osteoblasts cultured on a-C:H film show relatively
lower viability than that cultured on a-C film.

Apart from the osteoblasts behavior, the different reaction of macro-
phages cultured on a-C and a-C:H film is also mediated by the protein
layer. In this study, a-C film activates fewer macrophages than a-C:H
film (Fig. 4). It is known that when macrophages are cultured on solid
materials, the denatured proteins on the surface will induce the “frus-
trated phagocytosis” as macrophages attempt [43]. As we discussed
above, the proteins adsorbed on a-C film are mostly bioactive because
of covalent binding, so most of the macrophages on a-C film will not
be activated. But some proteins adsorbed on a-C:H film are likely to be
denatured because of weak interaction, thus more macrophages on a-
C:H film are activated.

5. Conclusion

In this paper, the cytocompatibility of a-C and a-C:H film was evalu-
ated, and the relationship of the physical/chemical properties and cell

behavior of DLC films was studied. The a-C film shows superior
cytocompatibility to osteoblasts and less inflammatory response than
a-C:H film. Compared with a-C:H film, a-C film is more hydrophobic
and contains more unpaired electrons. The hydrophobic surface state
of a-C film displays better affinity to proteins. The unpaired electrons
in a-C film induce covalent binding between proteins and a-C film, pro-
viding a strong bond wherein the function of the attached proteins can
be preserved. However, some of the adsorbed proteins on a-C:H film
tend to be denatured. The superior adsorption and bioactivity of the ad-
hesive proteins on a-C film finally result in its better cytocompatibility
than a-C:H film.
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Fig. 9. Schematic diagram of adsorbed protein layer and mediation of adsorbed proteins to osteoblasts adhesion and growth on (a) a-C film and (b) a-C:H film.
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