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Biomedical Behavior and Biocompatibility of Diamond-like-Carbon 
(DLC) Films 

Ricky K. Y. Fu, S. C. H. Kwok and Paul K. Chu 

Abstract : Diamond-like-carhon (DLC) is an attractive biomedical material due to its high inertness and 
excellent mechanical propelties. It is being used in many biomedical applications such as blood contacting- 
devices including rotary blood pumps, mechanical heart valves. coronary artery slents, and heart valvc 
replacements. Using plasma-based technology such as plasma implantation and deposition, various types o l  
DLC and doped DLC films under different conditions have been produced. The properties of the films arc 
affected by the implantation and deposition parameters such as prccursors flow rate, bias voltage, temperature 
and dopant element and concentration. The film characteristics and stluctures have been investigated an? ha\.e 
been correlated to the in virro hernocompatihilty and biomedical behaviors. The composition, sp3/sp raiio, 
surface morphology, surface energy. electrical and sem~conductor properties of the DLC and doped DLC films 
have been studied and used to interpret the biocompatible mechanism such as the adhesion, acti\,ation. and 
morphology of the platelets as well as anticoagulation properties. 

Keywords : Diamond-like Carbon; Blood Compatibility: lon lmplanwtion and Deposition 

1. Introduction 

DLC thin films have been widely studied and used in 
many industrial purposes in the past twenty years due to 
their superior chemical, optical, electrical, and 
tribological properties. Their particularly favorable 
attributes include low friction coefficient, high hardness 
and wear resistance. They have been used commercially 
as the coating materials in many applications, for instance 
shavers, cutting and drilling tools, protective coating for 
magnetic media and optical lenses. However, there has 
also been a lot of interest in DLC as biomedical coating 
materials since the materials not only possess excellent 
chemical and mechanical properties, but also are in 
general biocompatible [I-31. Conventionally, metals or 
metal alloys are the dominant materials in medical 
implants. But relatively poor wear and corrosion 
resistance and inadequate biocompatibility are the 
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drawbacks of some metallic materials. Therefore, DLC 
has been suggested to be a replacement in some 
applications. However, entire substitution of most 
medical devices with DLC is not practical. Thus, surface 
modification approach such as coating techniques is one 
of the potential solutions. 

Initial studies of DLC in biomedical applications were 
mainly applied for the orthopedic field such as surface 
modification of artificial total hip and knee joints [4-71. 
Most studies show that the DLC films are 
biocompatibility, and most important that the tribological 
properties can be greatly improved by coating with the 
DLC films. However, for the cardiovascular field, there 
are fewer literature reports. Referring to the commercial 
products of cardiovascular devices such as artificial heart 
valves, rotary heart pumps, and stents, the crucial 
requirement of biocompatibility is the bioinertness to 
blood. In other words, the implants must avoid the 
occurrence of thrombogenesis. In practice, the 
haemocompatibility of the devices is not adequate, the 
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patients should continuously take anticoagulation The yellow fluid platelet rich plasma (PRP) was then 
medication after receiving implants. Hence the obtained after the blood had been centrifuged for 15 
development of amaterial with betterbloodcompatibility minutes at 1000 revolutton per minute. On the other 
is necessary. hand, the prepared samples in about 5 x 5 mmz (cleaned 

In this study, elemental doped and un-doped DLC 
films are prepared by plasma immersion ion implantation 
and deposition technique under different processing 
parameters. The film properties related to the blood 
compatibility are characterized and compared. 

2. Biomedical test procedures for DLC 

To estimate the haemocompatibility of the DLC films, 
the in-vitro platelet adhesive test was applied. It is one 
of the direct and efficient approaches to evaluate the blood 
compatibility of the matel-ids. The technique assesses 
the surface thrombogenicity of the element doped DLC 
films and examines the interaction between the materials 
and blood. Fig. 1 describes the procedures of the test. 
Initially, the fresh blood plasma was collected from a 
healthy adult and sent to the laboratory within 24 hours. 

with the ultrasonic bath) were placed in a flat container 
and the PRP solution was flowed into the container. The 
samples were immersed in the PRP solution and 
incubated at 37'C (simulated to human body temperature) 
for 15 and 120 minutes separately. The platelets 
contacted with the DLC films. interacted and eventuallv 
adhered on the surface of the films. After rinsing, fixing, 
and critical point drying, the specimens were examined 
using optical microscopy (OM) and scanning electron 
rnicroscbpy (SEM). By employing the point countlng 
method at a fixed magnification factor, the quantity and 
morphology of the adherent platelets were determined 
to assess platelet adhesion and activation respectively. 
Ten fields on each sample were chosen randomly to 
obtain the statistical averages of the total number of 
adherent and activated platelets. 

The samples are immersed in The mntainer is then put into 
the platelets rich plasma (PRP) the water bath for 15 or 120 

SEM 

I After rinsino. fixing. and aitical aoint drvina, the auantity I 
and rnwph~logy Gthe adhereni platelits in the &mpl;s are 
observed using optical microsmpy and SEM. 

Ten fields m eachsamplearechosen randomly to obtain 
the statlsilcal BY- of the total number of adherent 
plateietsand activated platelets. 

-- -. 

Pig. 1. schemarid diagram of the experimental procedure of piarelet adhesion test. 
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3. Analysis ofplatelets adhesion t a t  via thermal or electron the impact evaporation approach. 

To identify the adherent and activated platelets, one 
Phosphorus and calcium doped DLC films were 

can observe the morphology of the adherent platelets. fabricated by using this method. C& and Ar gases are 

Fig. 2 shows SEM micrograph of typical activated and bled into the chamber through two individual flow 

non-activated platelets on the same surface. controls and inlets on top of the chamber. Fig. 3 illustrates 
the schematic diagtam of the basic experimental setup 

Gas Inlets (QHzand Ar gases) 

.A- A- 
RF Antenna 

system 

Vacuum 
Chamber 

Sample 
Stage - 

Plasma 
Cluster 

Substrate 

- - 

To Vacuum Negative (DC or 
Pump Pulsed) Bias Voltage 

Fig. 3. Schematic diagram of PIII-D system for DLC synthesis. 

of PIII-D for DLC films synthesis. By using the PIII-D 
system with C2%, amorphous hydrogenated carbon films 
can be produced. For elemental doped DLC films 

Eig. 2. SEM micrograph of typical activated and "on-activated fabrication, however, additional dopant source is 
adherent platelets on the same surface. equipped with the system to provide additional ions for 

The non-activatedplatelets typically manifest as disk- 
shaped cells about 2-3 pn in size. Slight pseudopodia 
indicate the early stage of activation. A different 
morphology exhibiting heavily developed pseudopodia, 
large size (>5 pm), and more depressed shape indicates 
a high state of activation of adherent platelet. In the 
serious case platelets aggregate after activated on the 
substrate surface. 

4. DLC fabrication techniques 

The samples of un-doped and doped DLC films were 
fabricated by utilizing the plasma immersion ion 
implantation and deposition @In-D). For PHI-D method, 
the acetylene (C2HJ gas was applied to produce the .YE WLMBUS 

carbon plasma for film deposition. While the dopants Fig. 4. Schematic diagram of PIII-D to deposit Ca, Ca & P, and P 
were introduced into the vacuum chamber simultaneously *Oped DLC 
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film deposition. In general cases, the powder of the bonds. That is, the sp3 bond content is reduced at smaller 
element is placed in acontainer and evaporated by means FCiH, IFAr flow ratios. 'rhe peak width and I,/], . . 
of heated filament and electron bombardment. The intensity ratio both vary depending on the structure of 
dopant vapor is created, mixed with the C,H, gas, and the DLC films, 
eventually ignited into plasma by RF sources for film 
deposition as demonstrated in Fig. 4. 

5. Bloodplatelet beha:liors on DLC 

5.1 The influence offlow rate onfil~n characteristics 

Using plasmaimmesion ion implantation - deposition 
(PIII-D), DLC films are fabricated on silicon substrates 
at room temperature. By changing the C,H, to 

A~(F,--~, IF,,.) flow ratio during deposition, the effects 

of the reactive gas pressure and flow ratio on the 
characteristics of the DLC films are systematically 
examined to correlate to the blood compatibility. The 
Raman D-band to G-band intensity ratio is consistent 
with the adherent platelet quantity. Both first increase 

and then decrease with higher F G ~ ,  /FA, flow ratios. 
This implies that the blood compatibility of the DLC films 
is influenced by the ratio of sp' to sp2. notby the absolute 
sp3 or sp2 content. 

Fig. 5. AFM micrograph5 of the DLC films prepared by PUI-D at 

F,p,,,F,, ratios of fa) 0.6 and (b) 1.2. 

Using stylus profilometry, the fdm thicknesses are 
determined to be about 100, 130,200,240, and 300 nm 

, . , - s - . -  , - 
2000 1600 1200 800 400 

at F , H , / F A ~  flow ratios of 0.4, 0.6, 0.8, 1.0, and 1.2, Rarnan shift (ctTil) 
respectively. As expected, the deposition rate is higher 
with increasin. C.H. flow rate, ~ i p .  5 exhibits the three. Fig. 6. Raman specvaof DLCfilms fablicated at different F,,I~ i?,,. 

- z z  - 
dimensional AFM morphology of the DLC films at 
FC?.vZ :hr flow ratios of 0.6 and 1.2. The surfaces are 

relatively smooth, but a higher Fc,H, /FA, flow ratio 
gives rise to a rougher surface, and it is due to the 
difference in the sp3 content. The Raman spectra acquired 

from the DLC films prepared at different Fc,H, .'Fa7 
flow ratios are shown in Fig. 6. All the Raman spectra 
show a relatively sharp peak at around 1550 cm-' and a 
shoulder at around 1345 cm-', commonly referred to as 
the G band and D band, respectively. The latter becomes 
ashoulder of the formerbecause the film is hydrogenated. 
It is found that the shifts of both the G and D peaks are 
the biggest and the G-peak width [full width half 

maximum (FWHM)] is the largest at a Fc,f~2 i"F,q,, flow 
ratio of 1.2. The changes in the Rarnan spectra indicate 
that smaller Fc,.v2iF,tr flow ratios weaken the 
formation of DLC films with more fourfold coordinate 

ratios. 

The platelet adhesion tests are conducted on the DLC 
film surface. After incubation in PRP for 20 minutes, 
the number of adherent platelets on the DLC film sulface 
first increases, and then decreases with increasing of 

F C ~ H ~  ,:FA,. flow ratios. The platelet count is highest at 

a FCI,y2 ,:FA? flow ratio of about 0.8. After 3 hours of 
incubation, the adherent platelets are too numerous to 
count. 

The amount of platelets on sample prepared under 

F&H? !Fdr flow ratio of 0.8 is the highest, and the 
accumulation of platelets is also most serious as 
manifested by several platelets interconnecting to 
form aggregation. In addition. pseudopodium of the 
adhered platelets is also observed seriously on this 
sample. 
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Fig. 7 displays the relationship between the Rarnan 
D-band to G-band intensity ratios and the platelet quantity 
for diierent F%H, /FA, flow ratios. It can be readily 
obsewed that these two parameters agree well with each 
other. That is, both increase fmt and then decrease with 
increasing F C , ~ ,  /FAr flow ratios. The largest value is 

observed at a F G ~ ,  ,'Fh flow ratio of 0.8 - 1.0. Taking 
into the account the Raman results shown in Fig. 6 which 
illustrafes that the shift of both the G and D peaks is the 
biggest and the FWHM of the G-band peak is largest at 
a FC?~* /FA? flow ratio of 1.2, it can be inferred that the 
blood compatibility of the DLC film is influenced by the 
sp3 to sp2 ratio, not by the absolute sp3 content or sp2 
content, and the hemo-compatibility becomes worse 
when the sp3 to sp2 ratio increases. 

0.4 0.6 0.8 1 .O 1.2 

Fig. 7. Effsts of the &.>HI IF,," flow mios on the intensity ratio of 
ihe D-band to G-band and platelet counts 

5.2 The influence ofbias voltage on film characteristics 

Hydrogenated amorphous carbon films were 
fabricated at room temperature. A mixture of acetylene 
(C,HJ and argon was subsequently introduced into the 
chamber and the plasma was triggered using radio 
frequency (RF). Film deposition was carried out at a 

adhesion by means of ion mixing. A series of DLC films 
were synthesized by adjusting the substrate bias voltage 
in subsequent deposition of the top Elms. 

= 
m - 
> = 
01 
C 
0 ... 
c - 

a-C:H-4 - -900" 

Graphite 

Raman shifl (cm-I) 
Fig. 8. Raman spectra of the a-C:H films fabricared at diffirenr bias 
v01mger. 

The Raman spectra acquired from the hydrogenated 
DLC (a-C-H) films prepared under different bias voltages 
are exhibited in Fig. 8. A h~gher bias voltage (V,,) leads 
to shifts of the two peaks towards higher wave numbers 
and increasing IJIG ratios. The positions of the G and 
D-lines, G-full width at half-maximum and integrated 
intensity ratio (IJQ can be correlated with the s$/sp2 
bonding ratio 181, graphite cluster size [9,10], and 
disorder in these threefold coordinated islands [Il l .  
Hence, the sp3/sp2 ratios in the a-C:H films cannot be 
derivedmrectly from the Raman spectn, but nevertheless, 
some qualitative information can be extracted. Increases 
in the IJIG ratio, shifting of the G-peak towards higher 
wave numbers, widening of the D-peak and narrowing 
of the G-peak are caused by increase of the graphite-like 
component in the amorphous carbon films [12]. The 
results indicate that the film structure becomes more 
graphite like with increasing substrate bias. One of the 
reasons is that the increase in substrate temperature 
induced by higher energetic ion bombatdment promotes 
film graphitization, as it has been shown that such a 
graphitization process is thermally driven [I 31. 

Wettability examinations were performed using the 

constant RF power of 500 W. During the initial 
deposition of the base film, a higher negative DC bias 
voltage was applied to the sample holder to improve film (yfy;)" +(Tfy$'Z = ~ , ( ~ + c o s B )  
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where y f  and y;.' are the polar and  dispersive 
components of the solid phases. The polar and dispersive 
components of the investigated coatings were determined 
by a contact angle measurement using six different 
liquids. 

Fig. 9. Surface energies (ys) and their polar and dispersive components 
(y: mdy;) of the n-C:H films. 

The surface energy ( y ,$ ) and its polar and dispersive 

components ( y f  and y $  ) are shown in Fig. 9 together 
with thecontact angle of water. The results show that all 
thesurfaces have a hydi-ophobic nature with much higher 
yf than y f  . As the absolute value of the bias voltage 
increases, the polar part of the surface energy decreases 
by nearly 60% from6.4 mJ/m2to 3.8 mJ/m2. The contact 
angle of water for the films is about 75' - 85" and 
decreases with higher V,. The trends are consistent with 
the change of the Id], ratio as displayed in Fig. 10. The 

0 200 400 600 800 1000 

Negative bias voltage (v) 

Fig. 10. Effects of the bias voltage on: (a) Intensity ratio of the D- 
band to G-band and (b) Ratio of polar1 dispersive component of the 
su~face energy. 

surface energy thus appears to be affected mainly by the 
sp3 content in the films, and Pinzari's study on the 
wettability of diamond films in fact showed similar effects 
[141. 

Fig. 11 exhibits the statistical I-esults of the platelets 
adhered on the a-C:H film sulfaces from PRP, expressed 
as a percentage of platelets adhered on the stainless steel 
in the same test. After incubation in PRP for 15 minutes, 
the number of adherent platelets slightly decreases with 
inti-easing V, (absolute value) and is less than that on 
stainless steel sulface. The percentage of un-activated 
platelets drops steeply from 30% to 8% when V, is 
changed from -75 V to -900 V. The percentage of un- 
activated platelets on stainless steel is in between. 

- 
a-cn-1 a~C:H-2 a-C:H-4 LTl-bon stainless steel 

F i e  11. Quantitv of vlatelets adhered on the surface of the a-C:H . . 
films synthesized at different bias voltages (I5 minutes incubation in 
PRPi lEnvressed as aoercentage of datelets adherin. on the stainless . -  . 
steel in the same test]. 

Platelets are stronely surface activated by the a-C:H 
film deposited at high V, (absolute value) compared to 
those at low V, (absolute value). It is consistent with the 
variation of the polar component yf  of the surface 
energy. The platelet attachment studies suggest that the 
adhesion behavior of the platelets is 1-elated to the surface 
energy of the film. The higher the absolute value of V,, 

the lower is the value of y F , and accordingly. the higher 
the activation of adherent platelets. Besides. the results 
show that when the bias V, (absolute value) is increased, 
the interfacial energy of albumin and fibrinogen increases 
from 10.8 mJlm2 and 15.0 d l m 2  to 15.9 mJ/m2 and 20.9 
mJ/mZ, respectively. It is  expected because protein 
molecules will undergo a conformational transformation 
when plasma protein adsorbs onto an artificial surface 
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Ougher interfacial energy) from its aqueous phase (lower annealing was carried out at 20&600°C for 30 min at 
iriterfacial energy). Thus, it suggests that the higher the reduced pressure (<I x 10.3Pa). 
interfacial energy Y I. the larger the conformation position and width ofthe G - ~ ~ ~ ~  and iD/lGratio 
changes. Moreover, the exacerbation of activation of as a function of the annealing temperature are shown in 
the platelets adhered on the a-C:Hfilm deposited at high pig. 12, ~h~ shift in the ~ . b ~ ~ d  indicates the increase in 
"b is probably due the changes Of fibrinogen size and number of the sp2 carbons, and the increase in 
conformation. the observed [,/IG intensity ratio suggests that there is 

All in all, the study of tlze surface energ); of t]zefi[lrzs an increase in the number of ordered aromatic rings 
shows that the polar part of the surface energy decreases within the samples. The emergence of the D-band as well 

with increasing bias voltage, and the tendency is as the increase of the Io/Ic ratio show that the material 

consistent with the chnge of the?JIGratios. ~t is believed has become nano-crystalline graphite [151. The steep 
that this trend is affected mainly by the reduction of the changes observed in the three curves at 300-400°C 

content in the films. Activation and the quantity of indicate that graphitization is promoted at higher 

' adherent platelets on the surface of the a-C:H films are annealing temperature arising from a diffusive 

influenced by the substrate bias. The higher the bias V,, mechanism. Simihresults have been repofled by Ogwu 
I the larger is the activation of the adherent platelets. This [161. ' trend is consistent with the sulface energy of the films. ~h~ dependence of Eg, resistivity and carrier 

The effects can beattributed to the preference of albumin concentration on annealing temperature is shown in ~ i ~ ,  
; adsorption due to the higher Wu value of albumin 13. the band gap does depend on the configuration of 

. that and the changes of thesp2sites,thegrowth ofthesp'clusterwith increasing 
fibrinogen conformation caused by higher interfacial annealing temperature is fie main reason for the observed 
energy Y s p .  'IRe blood compatibility of the a-C:H film I deposited at -7'5 Y is better than that exhibited by 

11 stainless steel and similar to that of LTI-carbon. 

I 
5.3 The influence of annealing temperature on film 
chnmcten'cs 

W 
Hydrogenated amorphous carbon films were 0.5 

fabricated at room temperature using plasma immersion 0.0 

ion irnplantation-deposition (PIII-D). After PIII-D, 

3,2\ , , . . r-- @)\ 

3.0 
4 2.a -. 40 

2.6 
2.4 

E7;rnI , I I 

? 
, , ,/ , , , . 6 1570 - = 

g 1560 
0.0 

a 100 200 300 4W 500 600 200 300 400 500 600 
Q Anneal Temperature (%) Anneal temperature ( O C )  

Fig. 12 Intensity ratios of the D-band to G-band, width and position Fig. 13. Band gap, resistivity, Hall mobility and carrier concentration 
of G-band with annealing temperature derived from Raman spectra. of a€:H films as functions of annealing temperature. 
------ ---- ---- ------ ---- 
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band gap narrowing [17]. Both the res~stivity and Hall 
mobility decrease with increasing annealing temperature 
and the trends are consistent with the Raman shift of the 
G-line. The steep changes approximately 400°C in the 
two curves also agree with the Raman results. Thus, i t  
appears that the increase of the electrical conductivity in 
the annealed a-C:H film is related to an increase in the 
sp' bonding carbon and ordered sp' cluster caused by 
graphitization. 

Fig. 14 exhibits the statistical results of the platelets 
adhered on the  a-C:H f i lms of  different anneal 
temperature from PRP. In contrast with the results 
acquired from the as-deposited film. the number of 
adherent platelets on the annealed films decreases, 
fluctuates slightly from 200 to 500°C, and increases 
slightly at 600°C. The un-activated platelet percentages 
of the annealed films are close to that of as-deposited 
one when the annealing temperature is lower than 400°C, 
and the  percentages  decrease  when the  anneal 
temperature is higher than 500 8C. The curvechanges 
steeply at 400-500°C like the curves in Fig. 14. It thus 
appears that annealing at a I-elatively low temperature 
cannot cause retrogression of blood-compatibility of our 
a-C:H films, and the activation of platelets adhered on 
the a-C:H film surfaces is related to the change of the 
physical properties of the films. 

m i 0 0  - 
a, - 
3 g so - 
C 

$ 60 
c 
Om 
% 40 

2 
5 20 
Z 

0 

deposited 

Fig. 14. Quantity of platelets udliet.ed an the surface ol me a-C:H tillns 
annealed at different temperature (15 nlin incubation in PRP). 

When blood comes in contact with an artiftcial 
surface, the first event is protein adsorption. If the 
adsorbed protein such as t-ibrinogen is denatured, the 
coagulation factors or platelets will be activated causing 
a series of cascade reaction of blood coagulation and 

finally thrombosis. It has been shown that denaturing of 
fibrinogen and coagulation factor FV, FVIII. FIX depends 
on transfer of its charges to the material, and this process 
is related to the electronic structure and properties of the 
material [18,19]. Fibrinogen has an electronic stmctul-e 
similar to that of a semiconductor. When a material 
possesses a widel- band gap than fibrinogen. there a]-e 
less local  s ta tes  in the  band gap. lower  carrier 
concentration and n-type structut-e. and consequerltly, 
fibrinogen denaturation will be inhibited. Thus, it is 
reasonable that the as-deposited a-C:H film with a larger 
band gap and lower carrier concentration possesses lower 
sul-face activation of adherent platelets. It is probably the 
reason for the blood-compatibility retrogression at 
temperature higher than 400°C and the significant change 
in the electronic characteristics such as narrowing of the 
band gap (narrower than band gap of fibrinogen), order- 
of-magnitude increase of the carrier concentration and 
of p-type conductivity. Hence, the blood compatibility 
of a-C:H films is affected by the electronic structure and 
improving the electronic structure is important for the 
abatement of platelet activation. 

6. Blood platelet behaviors on elemeittal doped 
DLC 

6.1 Phosphorl~s (loped DLCfilnls (P-DLC) 

Phosphorus  is  commonly  found in inorganic 
phosphate rocks and in all living cells, it is one of the 
essential elements in biological system. In the study. DLC 
films were firstly fabricated using acetylene gas in PIII- 
D instrument. Subsequent P implantation was conducted 
in the same vacuum chamber using high-voltage glow 
discharge so as to prepare P-doped DLC. 

Dotlike features are observed in the phosphorus doped 
DLC films as depicted in Fig. 15. These microstructures 
with an avenge diameter of 8-18 mm and height of 30- 
50 nm are evenly distributed near the film sutface. The 
total solid-sufiace free energy and its components were 
determined us ing double-dis t i l led  water and 
diiodomethane. The surface free energy components of 
different materials and biological substances are 
summarized in Table 1. FOI- the P-doped DLC film, the 
total surface free energy increases from 42.9 to 72.4 nJ/ 
c m b n d  the polar component ( y ! )  increases from 11.5 
to 44.8 nJ/cm2. Moreover, the contact angle of water 
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adherent olatelets on the P-dooed DLC film is lower than 
that on LTIC which is a common biomedical material. 
The morphology of adhered platelets was assessed and 
the platelets shapechanges on the different surfaces after 

Fig. 15. Optical micrograph of the surface of P-doped D r .  

Table 1. Contact angle and surface energy components of different 
materials and biological substances. 

CMcrr mple SorFace energy (dim') 
Subsmate 

Water DiiodomemwC y, ysd UsP 

.. 
LTLC 14.9 34.4 43.1 37.5 5.6 

DLC 68.4 43.8 42.9 31.4 11.5 

P d o H D L C  16.9 37.0 72.4 27.6 44.8 

BlWd 47.5 11.2 36.3 

Abdoo~n 65.0 14.7 40.3 

Albvmio 65.0 31.38 33.62 

80 

40 

! 20 
t 

0 
LTIC DLC P-DLC 

L Sample ! - 

I Fig. 16. Quantiv of platelets adhered on the surface of LTIC, DLC 
E and P-doped DLC. 

120 min incubation are compared. As shown in Fig. 17, 
the adherent platelets on the P-doped DLC (Fig. 17b) 
and LTIC (Fig. 17a) are isolated and relatively round. 

Fig. 17. (a) Morphology of adherent platelets on LTIC (120-min 
incubation in PW) observed by SEM; @) morphology of adherent 
platelets on P-doped DLC (1U)-min incubation in PRP) observed by 
SEM. 

In the study, it has found that the interfacial tension is 
highest with albumin on the P-doped DLC film, but there 
are higher interfacial tensions between fibrinogen and 
LTIC orDLC. This suggest that albumin is preferentially 
adsorbed on P-doped DLC, whereas fibrinogen is 
preferentially adsorbed on LTIC and DLC. In particular, 
a high contribution of a polar interaction between 
undoped DLC and albumin and an equal level of 
dispersive and polar interaction between undoped DLC 
and fibrinogen further prove the preferential adsorption 
of fibrinogen on the undoped DLC surface. Albumin 
preferential adsorption is known to passivate the surface 
of an implant and the preferential adsorption of fibrinogen 
or globulin will lead to favor coagulation and platelet 
activation. Furthermore, the interfacial tensions of three 
kinds of plasma proteins on the P-doped DLC surface 
are significantly lower than those on the undoped DLC 
and LTIC surface. Moreover, a mechanically stable 
blood-biomaterial interface is considered another surface 
energetic criterion of biocompatibility of a foreign surface 
[20]. Because the cellular elements are compatible with 
blood and their interface with the medium is also 
mechanically stable, it is considered that a blood- 
biomaterial interfacial tension of about the same 



2 0 0  Application of LVanacrj~sfaliine Diomond and Diamond Like Carbon Marerials 

magnitude as the cell-medium interfacial tension 
( y = 1-3 dynlcm) will provide a foreign surface with 

SL 
both long-term compatibility as well as mechanically 
stable interface with blood. It has shown that the 
interfacial tension between the P-doped DLC film and 
medium (water) is 2.7 dymlcm, which has the same 
magnitude as the ceU-medium interfacial tension. Thus, 
the good hemocompatibility of the P-doped DLC coating 
is that it has significantly minimizes the interactions with 
plasma protein giving rise to slight changes in the 
conformation of adsorbed plasma proteins and 
preferentially adsorbed albumin. 

6.2 Calcium doped DLCfiIms (Ca-DLC) 

Calcium (Ca) is the fifth most abundant element in 
the earth crust and it is one of the essential elements in 
living organisms particularly pertaining to cell 
physiology. Moreover, calcium is a crucial constituent 
in bones and teeth formation hence it is a interesting 
dopant in DLC for biomedical applications. In this study, 
three doped DLC films: Ca doped, Ca & P doped, and P 
doped DLC films were deposition. 

together. Figs. 20-22 display the XPS depth profiles 
acquired from the Ca, P, and Ca-P doped DLC films, 
respectively. The Ca-DLC profile shows a sharp film 
interface at about 25 nm but the interfaces in the P and 
Ca-P doped samples are not as well defined due to the 
interface mixing by PILl treatment. 

@PC P E  CB-C LTlC 

Fig. 19. Quantity of platelets adhered on Cap-C, P-C. Ca-C andLTIC. 
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Fis 18. SEM photos showing adhered pIaIeIets on (a) Cap-DLC, @) 

6o 1 P-DLC, (c) Ca-DLC, and (d) LTIC control. m ,. 
The surface biocompatibility was assessed using in 

vitro platelet adhesion tests. Fig. 18 displays the 'E .4-*-.... ' 2.. 
m&rphology and the quantity of the adhered platelets on 2 20 
the samples. The statistical results are presented in Fig. ,-. 

0 ..- 
19. Both the P-DLC and Ca-DLC films show smaller 
numbers of adhered and unactivated platelets than LTIC. 0 10 20 30 4 0  50 60 70 80  90 

Our results show that either Ca or P doping alone can Depth (nm) 

enhance the hernocompatibility but not when Fig. 21. Elemental depth profiles acquired horn the P-DLC film. 
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Table 3. Contact angle (ow) and interfacial energy (ysw) between 
different materials (samples) and water. 

7. Conclusion 

0 10 20 30 40 50 60 70 

Depth (nrn) 

Fig. 22. Elemental depth profiles obtained from the Cap-DLC film. 

The interfacial energies (Ysp) between plasma 
proteins and samples are shown in Table 2. Ca-DLC 
(0.11) and P-DLC (0.08) have lower value of y;IYfp 
for albumin ( y &  and yfP represent the polar and 
dispersive components of the inte~facial energy between 
proteins and materials) than CaP-DLC and LTIC, 
suggesting stronger adhesion of albumin. The yfb/yg 
ratio for fibrinogen is also small, but the total interfacial 
energy, Y,, is less than that of albumin, which means 
that less conformational changes occur. The results 
suggest that these surface energies are the primary factors 
for the good compatibility observed on Ca-DLC and P- 
DLC in the platelet adhesion test. Table 3 shows the 
results of the contact angles and calculated interfacial 
energies (y,) between water and the films. Ca-DLC 
and P-DLC have the lowest value of interfacial energy 
(Y,~, =6.2 and 5.1, respectively) with water (medium), 
indicating that both fiims have closer interracial tension 
(1-3 nJ/cmZ) with the cell medium than CaP-DLC and 
LTIC. Hence, the platelet results are consistent with the 
calculated surface energy. 

Much progress has been made in the improvement of 
blood compatibility of biomaterials using plasma 
immersion ion implantation and deposition. In the study, 
the influence of flow rate, bias voltage and annealing 
temperature on thecharactedstics of DLC and the further 
improvement of blood compatibility of doped DLC have 
been investigated. 
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