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The differences in structure and wettability of diamond 
like carbon (DLC) films can influence the outcome of a 
wear test under protein lubricated condition. The aim of 
this study is to analyze the wear behavior of different 
structure of DLC films (ta-C and a-C:H) under bovine 
serum albumin as an attempt to simulate synovial fluid 
protein in artificial joints. The hardness, structure and 
surface wettability of films were investigated. Fourier 
transform infrared spectroscopy (FT-IR) was employed to 
investigate changes of protein conformation on the film 
surfaces after incubation for 24 h at 37°C. The wear 
behavior of DLC films and its counterpart, ultra-height 
molecular weight polyethylene (PE) were assessed by 
reciprocating tribo tester. There is a correlation between 
surface wettability, protein absorption and wear 
behavior, and in this study, it has been found that the 
surface of a hydrophobic a-C:H film tends to bind more 
protein due to the contribution of hydrogen bonds. As a 
result, the wear rate of PE against a-C:H film is found to be 
low due to adsorbed protein acts as a lubricant film and 
protects the surface from wear. 
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1.0 INTRODUCTION 
The use of protective coatings in biomedical field is an ongoing scientific challenge. Among 

different materials, carbon-based film coatings such as diamond-like carbon (DLC) is considered 
a potential surface treatment for total hip and knee replacement devices.  These films offer a hard, 
wear resistant, inert and low friction surface engineered solution to enhance implant 
performance (Love et al., 2013). There are two subclasses of DLC films known as non-
hydrogenated DLC film (tetrahedral amorphous carbon film (ta-C) and amorphous carbon film 
(a-C)), and hydrogenated DLC film (a-C:H). These films consist of carbon and hydrogen atoms, 
where the carbon atoms mainly form sp2- and sp3- hybridized bonds. The tribological properties 
of these films have been reported in many papers, and the relationship between the properties 
and film structure and deposition method is now well understood (Al Mahmud et al.,2014, Zhang 
et al.,2015, Xiang et al., 2017). However, it is not clear whether this relationship is also similar in 
an in vivo joint where synovial fluid (body fluid) is found to have a crucial influence on the friction 
and wear value. The interaction of sliding materials with the synovial fluid, which the lubricant 
existent in bearing joints, is responsible for the lubrication mechanisms that are expected to 
minimize friction and wear in the implant (Sawae et al., 1998). The proteins that are present 
within the synovial fluid could prevent the adhesion between the sliding materials by creating 
'solid-like' films onto the material surface. The interaction between adhesive proteins and 
material surfaces depends on the wettability of the surface (generally referred to as 
hydrophobicity/hydrophilicity). Protein absorption was found to be high and stable on 
hydrophobic surfaces (Ghosh et al at., 2014). Some studies suggest that the wettability of the DLC 
films was found to be dependent on the sp2 structure, hydrogen content, and surface roughness 
of the films (Paul et al.,2008 and Zhang et al.,2015). The differences in structure and wettability 
of DLC films can influence the outcome of a wear test under protein lubricated condition.  

In this work, a comparative study on the wear behavior of two different types of DLC films 
coated titanium alloy (Ti–6Al–4V) deposited by different methods under bovine serum albumin 
(BSA) lubricated condition. BSA is commonly used as a model of synovial fluid protein lubricant 
for the interpretation of wear and friction properties of artificial joints (Sawae et al., 1998). The 
protein-surface interactions might have governed different wear mechanisms on the surface of 
different structure of DLC films. This phenomenon is important because it can provide a new 
perspective on the wear mechanism of a certain type of DLC film under protein lubricated 
condition. This mechanism can give the idea to the implant manufacturers and surgeons for 
implant selection in the future. 
 

 
2.0 EXPERIMENTAL PROCEDURE 
   
2.1  DLC Deposition Conditions 

A filtered cathodic vacuum arc (FCVA) and chemical vapor deposition (CVD) method were 
used to deposit non-hydrogenated DLC films (ta-C) and hydrogenated DLC films (a-C:H) on 15 
mm x 15 mm x 4mm Ti6Al4V substrates, respectively. Before the deposition, the substrate was 
ground by using silicon carbide (SiC) paper from 120 to 2000 grits and continued with polished 
using diamond paste 6 µm and 1 µm, respectively to achieve mirror surface finishing. The 
substrates were cleaned ultrasonically with distilled water, methanol and acetone each for 40, 20 
and 20 min, respectively. Afterward, the substrate was placed on the sample holder and loaded 
into the deposition chamber. The deposition condition of each film is shown in Table 1. 
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Table 1: DLC film deposition conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2  DLC Film Characterization 
The film properties were studied using several characterizations. The structure of the films 

was analyzed using Raman spectroscopy (Raman WorkStation, Kaiser Optical Systems, Michigan, 
United States) at an excitation wavelength of 532 nm. The Raman spectra in the wavenumber 
region were deconvoluted from 1000-2000 cm-1 into the Gaussian D and G peaks. The integral 
area under the D and G peaks was determined by curve fitting.  The hardness of the films was 
measured by nanoindentation (Ubi 750, Hysitron, United States). The measurements were 
conducted with the maximum 60 nm of indentation depth and 10 nm/s as an indent rate. The 
depth of indentation was set at a lower 10% of the layer thickness. The contact angle (θ) was 
measured under atmospheric conditions at room temperature with a contact angle meter (OCA 
15EC, DataPhysics Instruments, Germany) using distilled water, diiodomethane, hexadecane, 
diluted protein as the tested liquids. A droplet of the tested liquids with a volume of 3 μL was 
released onto the surface of a sample. For each surface, at least three droplets were measured. 
The surface energy of the sample was calculated based on the measured contact angles using the 
extended Fowkes theory (Kitazaki and Hata, 1972, 1987). 
 
2.4  Wear Characterization 

The wear behavior of DLC films was evaluated using the reciprocating machine with pin-on-
disc method (TR 283 Series, DUCOM, India) under 10 ml diluted BSA lubricated condition (fully 
immersed). The composition of diluted BSA was 2.0 wt.% of BSA, 0.3 wt.% of sodium azide and 
phosphate buffer saline (PBS) (Thermo Fisher Scientific, United States). Ultra-height molecular 
weight polyethylene (PE) pin with size of 6 mm diameter and length was pressed against the films 
with a normal load of 50 N. The tests were conducted under the constant frequency of 10 Hz and 
sliding wear duration lasted for 42,000 cycles. The stroke length used in the reciprocating sliding 
tests was 2 mm and the resultant sliding speed was 0.04 ms-1. After the wear test, the samples 
were rinsed with distilled water, then dried in dirt free surrounding in room temperature to 
remove contaminants. Stylus profilometer (P-6, KLA Tensor, United States) was used to obtain 
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Source  Graphite Ar C4H12Si C2H2 

Pressure (Pa) 5 - 2 3 3 

Voltage (kV) -0.45 -0.40 -3.5 -4.5 -4.5 

Current (A) 0.2 38 - - - 

Flow rate 
(cm3/min) 

200 - 20 15 20 

Time (min) 30 60 30 15 40 
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the cross sectional area of the worn trace. This area was used to calculate the wear volume loss. 
The wear rates were calculated as wear volume divided by sliding distance. The worn surfaces of 
the deposited films and UHMWPE pins were characterized using scanning electron microscopy 
(SEM)(JSM-6010PLUS/LV, JEOL, Japan). The chemical composition on the DLC worn surfaces 
were analyzed via the energy dispersive spectrum (EDS, Oxford Instruments, United Kingdom) 
attached to the SEM. FTIR and Raman spectroscopy were employed for assessing the protein 
conformational changes upon its denaturation during the sliding. 
 
 
3.0 RESULTS AND DISCUSSION 

Figure 1 shows Raman spectroscopy analysis results and indentation hardness of DLC films by 
nanoindenter. The relative ratio of the D peak and G peak (ID/IG) is proportional to the ratio of sp2 
/sp3 (Al Mahmud et al.,2014). ID/IG ratio plays a significant role in analyzing the Raman spectra.  
In this study, the ta-C film exhibits more sp2 cluster than a-C:H film due it had low thickness 
(approximately 200-nm-thick film) which more clustering of the sp2 phase are occurred for film 
deposited by this method (Kondou et al.,2015). However, ta-C film deposited by FCVA method 
had the higher hardness of 57.68 GPa than a-C:H film. From previous study, it can be deduced that 
the high hardness value for the ta-C films by FCVA method is attributed to the low hydrogen 
content in the film (Kamiya et al.,2008).  

 

 
Figure 1: (a) Raman spectra and (b) indention hardness for different DLC films before the wear 
test. 
 

The wettability of the films was predicted using a contact angle between a liquid and a solid 
surface and surface energy measurement. The results of surface energy and BSA contact angle on 
films are shown in Figure 2.  The total surface energy (γT) of the films is estimated as the sum of 
the dispersion component (γd the polar component (γp), and the hydrogen-bonding component 
(γh) (Kitazaki and Hata, 1972, 1987). In this study, high surface energy was observed on ta-C film. 
The increasing surface energy was due to the increase in the polar components at the film surface.  
The polar component increases due to ta-C film consists very high fraction of C-C sp3 (tetrahedral) 
bonds. In this study, the best hydrophobic surface occurred at the a-C:H film with lowest surface 
energy approximately at 47.23 mN.m-1. The a-C:H surface is essentially fully covered with C-H 
bonds, so it is chemically passive. Further measurements of the contact angle for diluted BSA was 
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done in order to see if the DLC films surface loses its hydrophobicity/hydrophilicity or gains it 
further when in contact with BSA. Figure 2b shows that the contact angle consistent with surface 
energy of film, which means that the DLC surface does not loses its hydrophobicity/hydrophilicity. 
Whereas, BSA does not modify the chemical structure of DLC films. 
 

 
Figure 2: (a) Surface energy and (b) BSA contact angle. 

 
When biomaterials are implanted into a living body, water, ions and protein from synovial fluid 

will be spontaneously adsorbed onto their surfaces. In most cases, proteins approach the surface 
in their native state and some native proteins undergo conformational transitions corresponding 
to relatively slow rearrangement of secondary structure at the initial adsorption. FTIR 
spectroscopy is useful in the protein secondary structure study, especially conformational 
analysis of proteins. Although FTIR does not provide quantitative information about the total 
amount of adsorbed protein, it is commonly monitored by the intensity of amide peak before and 
after protein absorption. Banker (1992) described protein-peptide group has nine amide 
vibration modes: amide A (~3300 cm-1), amide B (~3100 cm-1), amide I (~1650 cm-1), amide II 
(~1550 cm-1), amide III (~1300 cm-1), amide IV (~735 cm-1), amide V (~635 cm-1), amide VI 
(~600 cm-1), and amide VII (~200 cm-1).  

 

 
Figure 3: IR spectra showing the presence of proteins on the DLC films surfaces after incubation 
24 hr. 
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For this study, the analysis concentrated one spectral region only: 1500-1800 cm-1, which 
corresponded to the amide I and II peaks. Amide I peak is a mixture of C=O and N-H vibrations, 
while amide II peak is a combination of the N-H bending and C-N stretching vibration (). Figure 3 
shows the IR spectra of ta-c and a-C:H before and after incubation at 37°C for 24 h with diluted 
BSA (20 mg/L of protein). Spectra of the pure albumin powder is also shown as a comparison. 
After 24 hours of incubation, the small Amide I and Amide II peaks was identified on the a-C:H 
surface. Protein secondary structures are more likely to adsorb and remain attached to 
hydrophobic a-C:H surface which contain hydrogen and low polar due to the higher number of 
contact sites between amino acids. This result has shown very clearly that the protein absorption 
in DLC surface depends largely on the surface energy and the hydrogen bond (C-H).  Furthermore, 
the protein are more easily to be attracted toward hydrophobic surface due to hydrophobic 
interactions (Zhang et al., 2015; Rabe et al., 2011).  
 

 
Figure 4: Wear rate of PE (counterpart). 

 
In order to evaluate the correlation between protein adsorption and wear performance of DLC 

films, wear tests were carried out under BSA lubricated condition in ambient air.  The higher 
mechanical properties of DLC film allows it to resist to these test conditions, leading to a very 
reproducible low wear. Thus, the wear data of DLC films was not obtained for this study. However, 
the wear rate of PE as counterpart sliding against DLC film surface can be calculated as shown in 
Figure 4. It was observed that the wear of PE as counterpart was strongly reduced when testing 
against a-C:H film. This result might be related with the structural differences within both films 
and the hydrophobic character in a-C:H film under protein lubrication condition. Further SEM 
analysis was done on the PE worn surfaces to characterize the wear mechanism. In Figure 5, 
similar image are shown that both of the PE worn surfaces exhibited adhesive wear where there 
are delamination and plastic flow perpendicular to the sliding direction.  
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Figure 5: SEM images of PE worn surfaces slide on (A) tα and (b) α-C:H films. 

 
SEM images of wear traces (Figure 6) were obtained for ta-c and a-C:H films after wear test. 

The EDS detection of the white particles on all film surfaces denote that it contains distinguished 
elements from DLC film which is N, Cl, Ca and Na elements. These elements were precipitated 
from diluted BSA. In this case, we are able to reveal the adsorption of protein occurs onto those 
surfaces. There is element of nitrogen (N) which attributed to the amino acid residue or peptide 
bond in the protein are observed to confirm the occurrence of protein adsorption (Ishihara and 
Choi, 2010). Figure 6(b) shows clearly that the adsorbed protein was dominant on a-C:H film 
surface. The adsorption of protein from BSA have a significant effect on the wear behavior. As the 
mechanism, it was a possibility that there are protective layers through protein adsorption 
between the contact surfaces. 
 

 
Figure 6: SEM images and EDS analysis of the (A) tα and (b) α-C:H films surfaces after wear test 

under BSA lubricated conditions. 
 

Through the microscopic observation using SEM, it has been revealed that the distribution of 
a protein was non uniform, the protein film might be destroyed during cleaning process prior to 
the observation. The protein film formed in the worn surface is thought to mainly consist of 
denatured protein aggregates. Protein denaturation was attribute due to frictional heating of 
surfaces during sliding (Maskiewicz et al., 2010). Using the FTIR and Raman spectroscopy, the 
local protein conformational change was examined after the wear test. On a-C:H film (Figure 7), 
the presence of peak of amide I and amide II was shown clearly, indicates the denaturation of 
protein was occurred. This result is in fairly good agreement with the Raman results, which also 
show high protein absorption on a-C:H surface after wear test as shown in Figure 8. This finding 
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has reveals that there is presence of amide III region near 1300 cm-1  which is also known as 
protein secondary structure (C-N stretch and N-H bend) on both ta-C and a-C:H films under BSA 
lubricated condition. However, a-C:H has high concentration of protein with high intensity of 
amide III as compare to ta-C. 

 

 
Figure 7: IR spectra of the worn surface DLC films. 

 

 
Figure 8: Raman spectra of the worn surface DLC films. 

 
Based on analyses of the secondary protein structure, the results show clearly that the 

adsorbed protein was dominant on a-C:H film surface. The adsorption of protein will have a 
significant effect on the wear behaviour. The proteins that are present within the synovial fluid 
could prevent the adhesion between the sliding materials by creating 'solid-like' films onto 
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material surface. Nevertheless, the wear of the PE as counterpart was strongly reduced when 
testing against a-C:H film.  

Researchers have identified a correlation between surface wettability and wear rate (Zhang et 
al.,2015), and in this study, it has been found that the surface of a hydrophobic a-C:H film tend to 
bind more protein from diluted BSA through “hydrophobic interactions” and decrease the wear 
of PE by protects the surface from damage. a-C:H film is effective for protein absorption and the 
driving force of this phenomena is mainly the hydrogen bonding between the protein and the film 
(Pace et al., 2014). In addition, the hydrogen component of the total surface energy for a-C:H film 
was significantly larger than ta-C film. Thus, the presence of hydrogen in film may allow control 
of protein adsorption to the surface.  
 
 
CONCLUSIONS 

In this work, DLC films were prepared by different deposition method and systematically 
investigated the structure, surface wettability, protein absorption and wear behavior under 
protein lubricated condition. From the obtained results, the following conclusions can be drawn.  

(a) Protein absorption was high on hydrophobic a-C:H film surface due C–H bond in film may 
allow control of protein adsorption to the surface. 

(b) Under sliding condition, protein was absorbed more on the worn surface of a-C:H film and 
the existence of secondary structure was confirm by IR and Raman Spectra. 

(c) The protein adsorption makes a favorable contribution to low wear rate of PE as a 
counterpart in sliding system.  
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