
CHAPTER 6 DISCUSSION 

Bio-acceptability is a complex issue involving all the 

phenomena that contribute to the interfacial reactions between 

host tissues and implant. The bio-acceptabili ty of Ti tanium 

has been attributed to its physical and chemical 

characteristics and the stable oxide layer that forms on its 

surface (Kasemo, 19 83) . 

Most metals form oxide layers whe n exposed to the atmosphere 

and Titanium and its alloys are no exception. Many of the 

Titanium alloys in which Titanium is present in concentrations 

of 85% to 95% maintain the passivity of pure Titanium (Parr et 

al, 1985). 

Due to the reactive nature of Titanium (see 2.1.5, p8) the 

oxide formed on its surface is dependent on the condi tions 

under which it gets oxidized. Any substance that comes into 

contact wi th the implant surface has the potential to modify 

the oxide layer (Lausmaa et al , 1990; Hellsing, 1997) 

Assuming that a true clean metal surface is available, the 

first stage is adsorption of t h e Oxygen on the metal surface, 

usually considered as a chemisorption process, which is 

assumed to invol ve a process of dissociation and at least 

partial ionization of the Oxygen l eadin g to the formation of 

ordered superlattice domains or sub-oxide platelets within the 

metal. So called "oxide nuclei" form at the surface of many 

metals and these may grow together to form a continuous layer 

of oxide. Thes e initial stages of the oxidation process depend 

on the cleanliness of th e surface, which in turn depends on 

the gaseous environment and th e puri ty of the metal. It also 

critically depends on the surface orientation and the 

roughness of the surface. Further complexi ties are introduced 

after the growth of a continuous layer of oxide on the metal 

surface, since the o x ide provides a barrier between reactants. 

If the layer is compact, diffusion processes dominate and in 
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the case of a porous oxide, the reaction may be controlled by 

phase-boundary processes. The initial stage of oxidation, if a 

continuous oxide layer is already present, is still adsorption 

of gaseous species (Louw, 1997). 

The incorporation of Oxygen into the oxide generally depends 

on the defect structure of the oxide. Diffusion of cations and 

anions across the oxide film is much slower than the electron 

transfer and can lead to space charge layers that may modify 

the transport process. The driving force for the diffusion of 

metal or Oxygen ions may be either the strong electric field 

set up across thin films of oxides, and/or the chemical 

potential gradient across thic ker oxide films or scales. The 

reaction will also normally be a function of temperature, 

Oxygen pressure an d the crystal structure and physical 

properties of the oxide on the metal (see 2.1.6, pl0) (Louw, 

1997) . 

Before the advent of Titanium Casting machines, Titanium 

products were a vailable In the wrought form and either 

machined or plastic formed to the desired shape (see 2.2, 

p12). Casting of Titan i um opened up a new era in the 

fabrication of implants. Pure Titanium has a hexagonal close

packed structure to a body-centred cubic phase that remains 

stable up to the melting point. Titanium alloy microstructure 

is made up of two phases the alpha phase and smaller amounts 

of beta phase (see 2.1.4, p7). Casting invol ves heat treatment 

and wi th the increase in temperature, a different crystalline 

structure is produced to the wrought form (Louw, 1997). 

Miyakawa et al ( 1 996) claims that surface contaminants 

introduced as a res ul t of ca sting or surface process ing may 

influence Titanium's biocompatibility and resistance to 

corrosion ne g atively. Chemical interactions are known to occur 

between investment materials and cast samples and it is 

therefore necessary to grit blast cast surfaces to remove 

refractory material that adheres to the casting after 
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devesting (Curtis, 199 8) . According to Miyakawa et al (1989) 

the surfaces of Titanium castings exhibit a layered structure. 

Grit blasting with larger size particles may be considered to 

improve the mechanical bonding of cast Ti tani um (Papadopoulos 

et al, 1999) and grit blasting with 250)1m Alumina (A1203) has 

the potential to remove significant amounts of substances that 

could affect the end result of the prosthesis, in this 

instance its bio-acceptability (Watanabe et al, 1999) 

As it is the oxide layer of implants that makes contact with 

body tissues (see 2.4, p19), allowing direct apposi tion of 

bone to the implant surface enhancing osseointegration 

(Branemark et a 1, 1 977) r different treatments including 

tailoring of the oxide thickness, chemical composition and 

roughness, have been developed by implan t companies according 

t o proprietary preparations (Buser et al, 1991; Martin et al, 

1995; Boyan et al, 1996; Schwartz et al, 1996; Arys et al, 

1998). Howe ver as yet, overall in vitro, animal and clinical 

studies do not yield compelling conclusions about the role of 

surface composition and texture with respect to bone response 

at the interface (Brunski et al, 2000) 

Bio-acceptability of the different samples in terms of 

materials used, fabricat ion procedures employed and surface 

preparations adopted wil l be discussed in relation to the 

different surface characterizations. 

6.1 Chemical Composition 

cpT i and T i 6A14 V showed no signi f icant di f feren ces in their 

surface chemical composi tion in quanti ta ti ve (a tomic %) and 

qual i ta ti v e (composi tion) terms in disagreemen t to Kasemo & 

Lausmaa, (1991) who mentioned major differences between cpTi 

and Ti6A14V. 

Chemical analysis of sample surfaces showed had dominant 

signals for Ca rbon, Oxygen and Titanium, in agreement to other 
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studies (Lausmaa et ai, 1990; Keller et ai, 1994; Placko et 

ai, 2000). The atomic % concentration of Carbon reflects the 

amount of residues or contamination on the surface (Hellsing, 

1997) and can be assigned mainly to surface contamination by 

adsorbed carbon containing (organic) molecules, which is a 

normal observation for air-exposed surfaces (Lausmaa et ai, 

1990). RFGDT significantly reduced Carbon indicating that the 

maj or i ty of it was pre sent as a surface contaminant and that 

its presence was not related to the materials employed, 

fabrication procedures or surface enhancement. Baier & De 

Palma (1970) also reported that strongly bound hydrocarbon 

layers, the mos t common residual contamination on solid 

surfaces, could be ef fi ciently stripped by RFGDT. 

The concentration and XPS binding energy determination of the 

different oxygen peaks are important in determining the 

chemical make up of the oxide. Similar to findings by Placko 

et al, (2000) the 01s peak had a characteristic peak for Ti02 

at ~531eV. Other peaks were of metal oxides of Aluminium and 

other oxygen containing species. The significant increase in 

Oxygen concentration with RFGDT could be attributed to the 

process of plasma cleaning itself as immediately after the 

Argon plasma tr e atment the samples were oxidized ~n si tu in 

pure Oxygen at room temperature (Aronsson et al, 1997). In 

this study the atomic percent concentration of Oxygen was 

significantly influenced by RFGDT and was not related to cpTi 

or Ti6Al4V material employed or the machining and casting 

procedures or the differently enhanced surface preparations. 

The dominant Titanium peak at 457-458eV indicates that the 

oxide is mai nl y made up of Ti02 and some T i 20 3 , a s found in 

other studies (Lausmaa et al, 1989; Machnee et al 1993; Sittig 

et al 1999; Kilipadi et ai, 2000). The absence of a Titanium 

metal pea kat 45 4eV indicates tha t the oxide thickness is 

greater than t he escape depth of photoelectrons from the 

underlying Ti tanium substrate and intermediate layer, meaning 
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that the bulk material was not exposed (Lausmaa et al, 1990). 

A lower Tita n ium surface concentration is measured on the cast 

and surface enhanced samples. This can probably be attributed 

to the remnants of grit blasting over surfaces of samples. The 

Titanium su rface c o r c entration detected on cpTi and Ti6A14V 

samples was similar b u t the significant increase in Titanium 

s urface concentration after RFGDT can be explained by the 

consequent significant decrease of Carbon on the surfaces of 

samples. 

The relativel y high Aluminium concentration detected on the 

surfaces of samples can be attributed mostly to the Aluminium 

oxide used in t he gr it blasting procedures o f surface 

enhanc e ment. RFGDT was not able to influence the Aluminium 

concentration indicating that it was either strongly embedded 

into the sur f ce or because the parti c les were too huge to be 

sputtered of th e sur f a ce (see 2.6 .4.1, p39) In agreement with 

results o f t h is s tudy, Wennerberg et al (1996) also found 

relatively high atomic % levels of Aluminium (17 %) on the 

surfaces of blasted implants. Darvell et al (1995) indi cated 

the presence of up to 1 0 % atomic concen tration of Aluminium on 

the surfaces of cas tings afte r blasting was done. According to 

Kononen et al, (199 2) Aluminum is generall y known to be 

biocompatible though i t has been associated with irreversible 

enz ymat i c disturbance (B runeel & Helsen, 1988) as well as 

inhibition of the mineralization process of bone (Pilliar, 

1998) 

The presence of Sodium on samples is re lated to the process of 

fabrication and surface enhancement and its concentration was 

not affected by RFGDT. Small amounts of Sodium on implant 

sur faces do not ca use probl ems in implant use (Klauber et a 1, 

1990) and its pre sence may be important in the initial 

attachment of cell s to the surface of the implant, especially 

due to its interac tion with other inorga nic e lements within 

body tissues. 
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Most of the other inorganic contamination (Calcium, Lead, 

Zinc, Ni t rogen and Vanadium) tha t wa s introduced In smaller 

quantities as a result of surface preparation was eliminated 

by RFGOT. RFGOT also reduced the Carbon contamina tion wi th a 

resultant increase In the Oxygen and Titanium concentrations, 

but had no effect on the Aluminium or Sodium concentrations, 

in agreement with results reported by Aronsson, et al, (1997). 

The Sodium and Aluminium did not change wi th RFGOT probably 

because they are i nco rporated into the oxide layer by the 

surface preparation methods employed. The elimination of 

contaminants by RFG OT indicates that most of the contaminants 

were present at the outer most surface layer only. According 

to Aronsson et al, (1 997) normal contamination layers are 

typically restricted to one monolayer of atoms or molecules or 

less. Probably explaining why most of the contaminants 

disappear a f t er RFG OT . 

According to Saun (1982 ) contaminants in the oxide layer may 

arise from the bull<: composition through heat treatment 

processes t ha t fac i litate diffusion of the lighter elements to 

the surface and could be the explanation as to why after RFGO 

treatment only cast samples were detected as having Zirconium. 

During the recovery of Titanium from its ore a number of 

zirconium products are used and probably explains its presence 

(Seder & Pl oger, 1959) 

Absence of traces of Silicon on any of the samples analyzed 

can be related to the storing of samples under Argon in 

polypropylene containers after RFGOT. Silicon contamination is 

normally obser ved on samples stored in glass vials but not In 

polypropylene vi a l s (Esposito et al, 1999). 

The fact that differences in chemical composition are 

negligible amongst samples after RFGOT could be due to the 

high stability of the oxide formed during the RFGOT (Taborelli 

et al, 1 997) As In accordance wi th the criter ia for RFGOT 

(Aronsson et al , 19 97) the plasma cleaning process did not 
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introduce any new impurities to the surface. The reoxidation 

in situ In pure oxyg en passivates the surface and minimizes 

the subsequent formation of unintentional surface reaction 

layers (Aronsson et a l , 1997). 

The oxide la yer of cast and machined enhanced samples had 

similar elements detected that relates to the adopted 

procedure of grit blasting. Buser et al (1991) also found 

levels of Alumi n ium a nd Sodium on their sandblasted samples. 

As it is the oxide l ayer and not the metal itself that 

determines the chemical properties of the implant, the 

chemical "qual it yu of the Titanium oxide superficial layer 

together with o t her related factors become the determining 

factors of bio-acceptabili ty (see 2.6.4, p37) . The 

concentration of the Aluminium and Sodium from cast and 

enhanced samp le s co ul d probably be reduced by meticulous post 

blasting using air to dislodge the loosely adhered particles 

followed by an ultrasonic bath using distilled water for 30 

min. As no significant differences were observed between the 

different samp l es IAi i th regard to material, fabrication 

procedure or surface enhancement, it was difficult to relate 

if bio-acceptability was infl uenced by the presence of the 

different el eme n t s. 

6.2 Surface Roughness 

A major consideration in designing implants has been to 

produce surfaces that promote desirable responses in the cells 

and tissue contacting the implant. In an attempt to improve 

cell attachment various forms of dental implants are available 

with diffe r ing surface characteristics that range from 

relatively smooth machined surfaces to more roughened surfaces 

crea ted by coa t ing s, bIas ting b y various subs tances, by acid 

treatments, or by e mp loying combinations of these mentioned 

treatments (Coc h ran, 19 99). Currently, virtually all dental 
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implant manufacturers market implants that feature some f orm 

of roughened sur f ace (Coch ran, 19 99) . 

Area analysis was determined from a 3D image scan of the 

surface while Line anal ys is was determined from a line drawn 

across a 20 i ma ge scan. The importance of each va lue in the 

determination o f s urface top ography is discussed separately 

(see 2 . 6 . 2 .1, p3 3 - 34 ) . 

6.2.1 Area Analysis 

Bo th addi ti on and subtrac ti on methods can increase the surface 

area of an imp lant, but they do not necessarily make the 

implant su rface r o ugher (K l ok kev o ld, 2002). The surface 

topography o f samples was introduced by the fabrication 

procedure adopted and was not related to the material 

employed. The Ra values of ca s t samples (0 . 50)Jm) were much 

higher than machine o samp les (O .ll)Jm). Lar sson et al, (1997) 

measured a Ra value of O. 05)Jm f or machined Ti tanium surfaces 

and Buser et al, (19 98) r eported a Ra va lue of 2.0)Jm f or the 

SLA surface and a Ra o f 1.3)Jm for the Osseoti te surface. Zhu 

et al, (2002) repor t ed a Ra va lue o f 0 .340 ± O.Ol)Jm before 

being anodized and after anodizing with a voltage of 391V, 

surfaces had a Ra va lu e of 0.516 ± 0.037)Jm that was similar to 

the observed Ra v al ue o f cast samples in this study. Most 

studies on l y specify the Ra val ue s as a measure of surface 

roughness, whi c h is t o t ally inadequate as the Ra value lS the 

average deviati on o f th e prof ile from the mean line and has n o 

abili ty to di f f eren t i a te between peaks and va lleys. RMS that 

is the root mean square of the Ra va lue is inadequa te when 

reported with the Ra va lue or alone. It is important therefore 

to repo r t o t h er are a analysis values for prope r 

interpretations to be ma de (see 2 . 6 .2.1, p33). 

Cast samples analyzed had a Ra va lue of 0.50)Jm and a RMS value 

of O. 6S)Jm together wi th an avera ge height of 1.93)Jm and a 

Maximum range of 3 . 8 6 )Jm while machined samples had significant 

144 


 
 
 



lower values of Ra (O.ll~m), RMS ( 0.14~m ) , Average height 

(0 .54]Jm) and Max ~ mum range (1. 0 3]Jm) The surfaces of machined 

samples showed typical features of grooves that were 

preferentiall y oriented in the machining direction while cast 

samples showed a relatively irregular topography of peaks and 

valleys. The spa t i al relationship was different for the 

machined a n d cast samples and this difference may have 

contributed to the surface roughness parameters being much 

higher for cast samnles. 

The irregulari ; _~ c s resulting from grit-blasting treatment_ 

typically range from submicron size to approximately 10 

microns (Pi11iar, 1998). Wennerberg et a1 (1 9 96) concluded 

that surfaces created by blasting with A1203 were isotropic and 

they recommended a sur face roughnes s wi th a Ra of 1-1.4]Jm as 

being sui table f or good bone to metal fixation. Samples that 

were fabricated by casting a l so had an isotropic surface but 

with a much lowe r Ra v a l ue than that recommended by Wennerberg 

et a1, (1996). Gr it b l a sting and casting are both methods of 

surface creati o n t ha t a r e based on forming processes leading 

to isotropic sur f aces. The machined surfaces also displayed a 

similar topography because the surfaces were not really 

produced by turn i ng but by cut ting into the discs. Machining 

of implants norma l y en t ails a turning procedure (anisotropic 

surface) (see 2.6.2, p2 9). Therefore though our resul ts showI 

that the machined surfaces and the cast surfaces are similar, 

it should be remembered that the overall topography could 

differ. 

Gr it bla s ti ng not on l y ta kes away ma ter ia 1 but a Iso creates 

depression on t h e sur f ace. The blasting pressure together with 

the si ze of th e gr i t particles used could be a determining 

factor to the surface roughness of the cast samples. Cast 

surfaces were observed to have deep depressions in comparison 

to their high peaks resulting in the increase in surface area. 

According to Scac c h i (2000 ) , the requirements for an oral 
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implant design include maximum surfa ce area f o r attachment and 

primary stab i lity. 

The significant incre a s e in surface area for the 20)lm scan 

with RFGDT can be related to the intentional oxidation that is 

done after removal of contaminants during the RFGDT (Kasemo & 

Lausmaa, 1 988 b). Va rgas et al, (19 92 ) hypothesized that after 

removal o f con taminants t he remaining oxide is leveled but 

this study found a significant build up of ox ide especiall y 

over the peaks. At. 5)Jm scan only few peaks are present in 

comparison to the 2 0 )Jm scan hence ox i de needles thus formed 

from the ox id a tion process were probably too few to have a 

significant e f f ect on sur face area. 

6.2.2 Line Analysis 

Taborelli et al (1997 ) found distinct topographies introduced 

by surface p r epara t ion t h at co u ld be identified by their peak 

t o valley va lues o f mi cro roughness. 

In this study parameters o f line analysis were definitely 

higher for cas t sampl es compared to machined samples. For cast 

samples t he Ra va lue of O.31)lm was nearl y the same as the Rpm 

values of O. 3 7)lm indi cat ing that the distance of the profile 

from the mean was actu a l l y contributed to by the peaks. The Rt 

values o f 1.66)Jm we r e also approximately double th e Rp value 

of O.77)lm for cast samples, impl y ing that the peaks and 

valleys o n the surface were of appro xima tely similar distances 

from the mean. Th e Rt and Rp values contributed to the Rtm 

being nearl y double th e Rpm . The ratio of Rpm/Rtm f o r cast 

samples was 1:2 s ignifying a surface that is relatively rough 

as a l ow ratio norma l l y lS preferred for bearing surfaces. 

Wong et al (1 9 95 ) n o ted that the presence of many small peaks 

resul ted in more ef f ct i ve fixa tion of bone than a smaller 

number of highe r ea ks. We did not determine the number of 

peaks or v al l eys wi t hi n a line scan and it would have 

contributed to a be tte r surface topographical analysis, though 
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it is accepted that reported values are representative (see 

2.6.2. 1, p33-34 ) 

The Rp value for c as samples was s i gnifi ca ntly increased by 

RFGDT and the i n c rease can be explained by the oxide 

protrusions that oc c u r_ed ove r the peaks in agreement wi th 

Solar et a1 (1 979 ) 

Similar t o our f indings, Abron et a1, (2001) in their study 

rep o rted that the average surface roughnes s values (Ra) and 

the average pea k t o valley distance (Rp -v) were similar 

regardless of blasting and acid etching or incomplete blasted 

surfaces, indicating that the devia tion from the mean surface 

plane in the form of a peak or the deviation in the f orm of a 

va lley were pra c i c al l y the same. As exp lained (see 2.6.2.1, 

p33 ) the Ra value d oe s n ot differentiate peaks fr o m valleys. 

Although the cri tical level of roughness magnitudes that 

influence biologi ca l r e sponse has not yet been established, it 

is possible that cells tend to respond mo st acti ve ly to 

structures that approach their size. Thi s was the reason why 

analysis of 20 ~m s a n s for su rface t opog raphy were performed . 

Smaller points of att achments we re evaluated from the 5~m 

scan s . Determining the number of peaks and va lleys within a 

line scan could be a n added indic a tor of bio-acceptability as 

it was o bserved that the presence of peaks is necessary for 

cell attachment. From this investigation it is indicat ive that 

surface topog r aphy can be man ipulated for better bio

acceptability. 

6.3 Depth Profile 

Titanium dioxide lS indeed the definiti ve material that 

governs the interaction between host tissue and the implant 

surface in contact with the b ody tissues, allowing the direct 

apposi tion o f bo ne to the implant surface, enhancin g 
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osseointegration (Branemark et al, 1977; Kasemo! 1983; 

Branemark et al, 198 5 ) 

The oxide thickness between cpTi and Ti6Al4V showed no 

significant differences In this study though Keller et al 

(1994) found that the oxide thickness on Titanium alloy 

oxidized surface was approximately 2 .5 times thicker than the 

oxides on cpTi. Dif ferences, if any, between the surface 

oxides formed on th e ll o y Ti6Al4 v and on unalloyed cpTi might 

play a role in t he a c cep tance (and integration) by the host 

tissue (Ask et al, 1 988) (see 2. 6 . 3 , p34-35) 

After RFGDT the mac h ined control surfaces were found to have 

the lowest oxide th 'c kness compared to other samples that were 

either cast or e nh anced, suggesting that the fabrication 

method and surface enhancement were the determining reasons 

for the significa n t l y higher oxide thickness. Machnee et al 

(1993) did not f i nd any significant differences in oxide 

thickness betl"jeen the differen tl y prepared samples they 

studied while Bin o n et al (1 992) found that the oxide 

thickness of the i mpla n t s investigated greatly depended on the 

manufacturing proce s s and cond i t ions. Lausmaa et al (1990) and 

Sittig et al (1999 ) in their studies measured oxide thickness 

of 2 -6nm depending on method of sterilization. Placko et al 

(2000), in their st ud y estimated the thickness of oxides to be 

about 3nm, similar to that found by Ong et al (1993) The 

reported difference in oxide thi c kness by authors could be 

partly attributed to the different equipment and methodologies 

adopted to measure t he Titanium oxide layer. 

RFGDT surfaces h a d a significantly thicker oxide than 

untreated sur :'aces. 1. agreeme nt, Aronsson et al (1997) 

reported that r e ox i d ation o f surfaces produces oxide 

thicknesses of ab o u t 2-1S0nm and RFGDT treatment normally 

produced a stoich ime tric Ti02 surface oxide of uniform 

thickness with no t r a c es from earlier treatments. 
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The ideal oxide th ic kn ess th a tis required f or bio

acceptability has not been delineated by this study. In 

disagreeme n t to Ka s mo & Lausmaa (19 86) and Albrektsson et al 

(1981) who reported that the oxide layer is assumed to grow 

over time after i mp l an ta tion, Wennerberg eta 1 (1996) found 

that after implantation and removal o f the screws, the 751lm 

blasted implants ha d become smoother than before implantation 

but were still dis tingu ishable from the 251lm implants in terms 

of roughness. Arys et al (1998) also found that the Ti02 

overlay on fail e d i mp lants was considerably reduced in 

thickness or absent and speculated it to being stripped away 

either by mechani c a l stress, or being chemically modified and 

dissolved in t he mic r oen v ironme nt . Another explanation of the 

absence of the Tita ium oxide layer on to implanted implants is 

the possibility t ha t osteoclast cells phagocytosed the oxide, 

as osteoclasts are essential cells in bone remodeling (Davies 

et al, 1989). The i mp ortance o f a s toichiometr ic oxide layer 

that is not pro ne to the p hagocyt os is activity of the 

osteoclast is thus e mp h a sized. 

The overall chemical reacti on i n volved in the oxidation 

process or forma ti on o f the oxide layer can be descr ibed in 

terms of three la y e r s: (i ) a metal/oxide interface containing 

suboxides (with the metal in a l ower oxida tion state), (ii) a 

uniform crysta ll i ne oxi d e la ye r, and (iii) a thin outer layer 

where the metal is in its highest oxidation state. For alloys, 

the selective oxidati o n of the alloy components combined with 

competing ion movement govern the growth and subsequent 

structure o f the ox i d e layer (Louw, 1997). 

Cast samples had a sig n ificantly thic ker oxide than machined 

samples and can be r el ated to the fabrication process of the 

cast samples. The s t oichiometric composition of the oxide 

layer f ormed by ca s ti ng could be entirely different from that 

formed by machi n ing , re sulting i n a variation between samples. 

Other characterist i s l i ke grain size and crys tal or ientation 
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could also be cont r~ b u t ory (see 2.1.4, p7). According to Low 

et al (2001) the thicker oxide layer of cast samples is 

related to the heav y reaction layers formed during the casting 

process and increased surface area introduced by gri t 

blasting. 

Defective oxides th a t a r e formed as a result of other elements 

bonded to Oxygen an d t h e Oxygen chemi sorbed on the sur face 

could lead to its breakdown causing failure in bio

acceptability. The type of oxide formed, amorphous in relation 

to stoichiometric c oul d be another determinant of bio

acceptabi l ity as the surface charge at the peak may be 

dependent on the t ype o f cr ystalline structure. 

6.4 Cell Cultur ing 

Assessing the attac hmen t and growth of various cell types to a 

biomaterial in v itro offers a wel l -controlled , quantitative 

and cost effective mode l o f in~eractions at the tissue-implant 

-interface. Using the direct contact method, cells are 

cultured directly onto the material under investigation and 

observed over a period of time relative to their morphologic 

and functiona l fea t u r e s (see 2.7, p41) 

Fibroblasts were ob t ai ned from human gingival biopsies p 

according to the me th od by Kononen et al (1 9 92) and Botha 

(1995) while the os te ob l a sts-like cells used in the study were 

from a human osteo s r oma cell line. Since human cells are 

more reliable as t e s t systems t han other tissues and species 

in culture the use of , man cells was motivated. 

Viable cells were cou n t ed at predetermi ned times using a 

Neubauer haemoc y tome t e r and the Trypan-blue exc l usion method 

(Botha, 1 995). The p e r cent attachment and proliferation was 

then determined from the counts. While some researchers 

counted the unatta c h e d cells using a Coulter Counter (Bowers 

et al, 1992 ) , oth e r s counted the attached cells (Morra & 
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Cas sinell i, 1997). No ne of these methods di s tingui shed viable 

from non-viable ce ll s. In this investigation it was regarded 

as an important consideration to distinguish between viable 

and non viable cell s (se e 2.7.5, p48) 

For comparison of d a ta a base-line control is necessary and 

tissue culture pla stic was used as a control because of its 

suitable characterist i c s. Keller et al (1990) demonstrated 

that after one ho r , more than 90% of the inoculated cell 

population had atta ched to the t is sue culture plastic. Tissue 

culture plastic is plasma treated to promote cell adhesion and 

growth (Amstein & Hartman , 19 7 5) . 

The percent at tachme n t e f f icienc y and prol i fera tion of both 

fibroblast s and osteob l a s t s-li ke cells displayed a significant 

difference with t i me. They both reached their peak 

proliferation by da y 14, wi th osteoblasts-like cells reaching 

a maximum of 180 % a nd fibroblasts a maximum of 120%. At day 

28, the fibrob las ts on the control surface showed a 

significant rise in % attachment efficiency and proliferation 

while the osteoblas t s- l i ke cells showed a significant decline. 

The % attachment e ffi cie ncy and proliferation of fibroblasts 

on the surfaces o f machi ned cp'l' i and Ti6Al4V control samples 

was observed to be similar to the control unlike the cast and 

enhanced samples tha t showed a decline in relation to the 

control. This obser vation wa s probably related to the type of 

surface topography (see2.6.2, p30- 3 l) . Over time, the 9o 

attachment efficienc y and proliferation for osteoblasts-like 

cells was obser ved to aecl ine f or most samples similar to the 

control, with the e x c ep tion of th e cast Ti6A14V control sample 

that displayed an increase in % attachment efficiency and 

proliferation as f rom da y 2 to day 28 and machined cpTi SI 

sample that mainta i ned a steady o 
<5 attachment e f f iciency and 

proliferation. Cast Ti6A14V ES sample and machined Ti6A14V SI 

sample showed a very s l i ght decline in % attachment efficiency 

and proliferation of fibroblasts from day 14 to 28. The array 

151 


 
 
 



in the display of res ul ts could not be explained from ei ther 

the chemical or topog raphical analysis but is probably related 

to the phenomena of at t achmen~ and spreading. From this 

investigation it appear s that s p reading and attachment are two 

different phenomena of cells that are determined by different 

factors. 

There were no sig n i f icant dif f erences in the % attachment 

efficiency and pro life ration of fibroblasts or osteoblasts

like cells between the different materials used (cpTi and 

T i 6A14 V) , fabr ica tion employed (machined and cas t) or surface 

enhancemen t procedure s (con trol, S1 and ES) and the control. 

This observation cou ld have been contributed to by the 

limitations of fun ds tha permi tt ed only two readings of cell 

counts per sample. Sta ti s t ical a na l ys is thus performed was not 

able to detect dif £ rences and deductions made from these 

results should be i nt e rpreted as possible trends. 

The % attachment e f f iciency and proliferation of fibroblasts 

did not show any s t atist i cal difference between materials 

used. Machined cont r o l samples were similar to the control 

whi 1 e cas t and enh an c ed samples had a di f feren t % at tachmen t 

efficiency and proli feration ha t was much lower than the 

control. Mustafa et a1 (1998) showed that smooth surfaces 

favour f ibroblas t a t tac hrL(;n t and 1 ea s tat tachmen t occurs on 

rough surfaces (see 2.6.2, p30). The % attachment efficiency 

and proliferation o f fibrob la sts on all S1 samples and 

machined Ti 6A14 V ES and cast cpTi ES was much lower than the 

control wh i le the mach ined cpTi ES and cast Ti6A14 V ES samples 

nearly matched the control. These resul ts imply a possible 

trend that the SI surfaces are not compatible for the 

proliferation of fibro b lasts. It is possible that the reduced 

% attachment effi c i e ncy and pro l i feration of fibroblasts was 

related to the de la y In finding attachment points, as the 

surface was probably smoot her t ha n other samples. 
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The % attachment e ff ic i e ncy and proliferation for osteoblasts

like cells did not show an y significant differences between 

samples. Machined SI samples were observed to have a higher % 

attachment efficiency and proliferation of osteoblasts-like 

cells compared to o t h er machined samples and the control. This 

observation was probabl y related to the way the ma ch ined SI 

samples were manuf actu red and t h e topography they displayed. 

The cast samples h a d a simil a r presentation to the controls 

wi th the exception 0 ca st Ti 6A1 4V control and cast cpTi ES 

samples that had a muc h higher 9-o attachment efficiency and 

proliferation (p >O . 05 ). It lS possible that these surfaces 

were smoother than th e other cast surfaces but it could also 

be rela ted to the ardne ss of t h e cast alloy material (see 

2,1.4, p6 ) and t he blasti n g procedure that produced a 

different surface topography conducive to osteoblasts-like 

cell proliferation. u merous studies have associated increased 

surface roughness wit h greater osteoblastic activity (Michaels 

et al, 1989; Bowers et a l , 1992 ; Kel ler et al, 1994; Walivaara 

et al, 1994; Trisi e t al , 1999) . Though other studies (Mustafa 

et a1, 1998; Larsson et al, 1 997) found that: bone derived 

cells behave dif f erent ly to fibroblast cells we found a 

similarity betwe e n the behaviour of fibroblast and 

osteoblasts-like c el ls. Fibroblast and osteoblasts-like cells 

are anchorage depe d a nt cells (B r nette, 1988; Zreiqat et al, 

1996) and therefo r e it can be assumed that their behaviour 

would be similar. 

The tendency of cel l s to prol i£er te on a surface appears to 

be dependent on the u r face topography (see 2.6.2, p29). From 

this investigation smoother surfaces have been observed to 

enhance proliferation and spreading probably because of the 

presence of focal contacts while on rougher surfaces % 

proliferation and a t tachment was related to the presence of 

filopodia. 
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6.5 Scanning Electron Microscopy 

Scanning Electron Microscopy of samples revealed that the 

fibroblast and osteoblasts-like cells had a similar mechanism 

of attachment and proliferation depending o n the surface 

encountered. On su rfaces wi th smoother topography cells were 

observed to be in close conta c t wi th each other and formed 

very close contact wi t h the s u rf ac e adapting to the underlying 

topography. On sur f a ces wi th a rougher topography the spread 

or suspended cell s exhib i t ed i r r egula r pol ygona 1 shapes with 

gaps or space s whe r e t . e re wa s no area of contact. As the 

adhered cells for me a l ayer of differently shaped suspended 

cells over the s urface it was difficult to determine the 

underlying topography. On surfaces that were observed to have 

a lower % proliferat ion scannin g el ectron micrographs revealed 

tha t there were a lot of empty spaces between the attached 

cells (see Fig 5-5 8, p126). 

After inoculation, c el ls sett led on the surface of samples by 

gravi tation. Thoug h we di d not v iew the different stages of 

cell adhesion, it c a be hypot he sized that once cells settle 

they react to the e n c o t ered sur face by the production of 

filopodia. Extensi ons of filopodi a are indicative of cell 

spreading (Keller e t ai, 1 99 4). Possibly the filopodia that 

are produced by the ce l l have specific functions, namely for 

exploratory purposes a n d at tachment purposes. The attachment 

filopodia are pres umably shorter in length and used for 

suspending the cell once it has attached to a point while the 

exploratory filopo d i a a re normally longer and thicker. The 

length of the exploratory filopodia is probably determined by 

the absence of at ta c hme nt si tes wi thin the vicini ty of the 

cell stimulating t h e cell 0 continue the search for 

attachment sites. I t is possible that along the path that the 

explora tory filopo d i a ta kes, a t t c hmen t filopodia are formed 

when contact points are met. Bagambisa & Joos (1990) have 
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reported filopodia of as long as l 20 ~m over the surfaces they 

studied (regular surface) 

On smooth surfaces it is ass ume d that filopodial extension of 

a cell move in all directions in search of points to adhere. 

,After a failed at temp t to fi n d points of attachment on the 

smooth surface the f i l opodia are seen to coalesce together by 

the spread of the cytoplasm to the filopodia causing the cell 

to flatten maintaini ng a circular shape. The circular shape of 

the cell is probably a result of absence of points of tension 

within the cell that cause the cytoplasm to move in different 

directions. After t e cell has f l attened there are still few 

filopodia that eme rg e and probably still in search for a point 

of attachment to wh ich it can at t ach itself. According to 

Brunette (1986b ) f ilopo' i a were found to increase in length 

wi th time and have b e en found t o pla y an important role in 

cell spreading and that contact however was not required for 

cell spreading as most isolated cel ls became fully spread. As 

the number of sp r e a d cells increased it was difficult to 

differentiate one c el l from an o t her as cells on the surface 

were viewed as a un it of cytoplasm that was in close contact 

to the underlying topography of t he surface. Shel ton et al 

(1 988) also observed that cells o n smooth surfaces eventually 

formed very close cont act wi t h the surface adapting to the 

under lying topog raph y . S i nce ce l l s are not attached but jus t 

spread over the under l ying surf c e , proliferation is probably 

an easy task as th e c e lls do not have t o detach before 

proliferation, explaining why the smoother surfaces had a 

higher % of prolife ra ted cells. 

On irregular surfaces t hat consisted of peaks and valleys 

filopodia were observed around the entire surface of the cells 

and extending in al l directions (see Fig 5-66, pl33) It is 

presumed that for a cell t o adh e re to a surface there must be 

a rea s (points) to ,vhi ch the fil opodia can a t tach and these 

points are assumed t o be the peaks. Filopodia observed were of 
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different types, some we r e short and attached to nearby peaks 

while others were ta pered and some even extended over 

depression and valleys in search of attachment sites. Ohara & 

Buck (197 9 ) found th t cells did not follow the finer surface 

contours but bridged over the g r ooved areas. Where there was 

no area of contact the cytoplasmic extensions continued over 

the surface until th ey f ound a place to attach. When cells 

that had settled e n ou n te red a surface that had surrounding 

pea ks mos t of its filop o d ia were observed to attach to these 

peaks. After attachme nt o f the filopodia to the peaks the cell 

cytoplasm was obs erved to li~~ off the surface and spread 

between its filopod' a. Oepending on the number of attachment 

points that also a c -e d as tension points the cell was observed 

to acquire its shape. Using these attached filopodia the cell 

was then able to suspend itself to the surface creating a gap 

or space beneath. It is probably the tension that is created 

within the cell that ca use s the cell to lift off the surface. 

Since most of man's funct i ons are determined by impulses due 

to different charges g ener ated, it is also assumed that for an 

attraction to occ u r b etween two surfaces they must be of 

different charge. It is possi b le that the filopodia are of a 

di ffe r ent charge to the pea ks that they see k" According to 

Tengvall & Lunds t r om (1992) T i t ani um is covered by a sur face 

layer of oxide whi ch is only wea kl y nega ti vel y cha rged under 

physiological condit: ions. It also appears that the filopodia 

are rigid enough to br i dge over surfaces in search of the 

opposite charge. Whe n a fl at or smooth surface is encountered 

there probably is no ch arge on the s u rface explaining why the 

cell spreads but oe s no t attach. According to Weiss (1978) 

most bi osur faces c a r r y a net nega ti ve sur face charge and net 

positi vely charged sur faces are not encountered in mammals. 

Many researchers (Th omas et a1, 1 98 7 ; Mustafa et a1, 1998; 

Ell in g sen, 1 9 9 8 ; La z z a rae tal, 1 9 9 9 ; Ab r on eta 1 , 2 0 0 1 ) h a ve 

reported higher bo n e -imp l ant-contact for the rougher surfaces 
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compared to the s mo o t.her sur f aces and the probable reason 

could be the many a d h e slon points over a rough surface in 

comparison to the smooth surface where cells were spread more 

but with no contact. 

The data from this study indicates that numerous parameters 

can be measured or identified as an indicator for potential 

bio-acceptability. Since there were no significant differences 

in the bio-accepta bil i t y between samples it was difficult to 

relate the effec t s o f chemical analysis of samples 

investigated. Probabl y the time interval of the study was not 

adequate enough to d e t e r mine the effects of the different 

elements found on th e s ur faces of samples with emphasis on 

Sodium and Alumini um that was introduced by the process of 

grit blasting (see 6.1, p140 ) . The immediate effect of the 

oxide thickness was a l so not obvious but the importance of an 

oxide of adequate thickness and stoichiometric make up is 

emphasized, as it wi ll prevent the dissolution of elements 

(see 2.1.5, pIO). It is also prob ably the oxide crystals that 

determine the sur f ace charge of the peaks that is necessary 

for cell attachmen t . Su r face t o pography was able to display 

its immediate effe c t s fr om t he % proliferation and attachment 

of cells. 

6.6 Bio-acce ptability 

The bio-acceptabi 1 i t y of machined and cas t cpT i and T i 6A14 V 

from results of th is investigation showed no significant 

differences in t e r ms of % attachment efficiency and 

proliferation. Sur fa ce en ha ncement that was used as a tool to 

increase the surface topography also was not able to display 

any significant dif fe rences between the control surfaces and 

the enhanced surfa ce s i n terms of % attachment efficiency and 

proliferation. Scann i ng elec t ron micrographs were able to 

emphasize the diff er e nce in cell morphology as seen on smooth 

and rough surfaces. Cells (as determined by surface analysis) 
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were found to a t t ach ra ther than to spread on the rougher 

surface s i nvestig a ted. Th e chemical analysis of cast and 

enhanced samples was similar, probably because the grit 

blasting process inf l uenced the oute r su rfa ce o f these 

samples . Grit blas ti ng was used as a method of surface 

enhancement and for the deves t ing of cast samples. The oxide 

layer was signifi c a nt l y thi cker for the cas t and enhanced 

surfaces than for the machined cont rol surfaces but no 

differences were 0 se rved in terms o f bio-acceptability. RFGDT 

was significantly able to reduce all contaminant s that were 

introduced from th e diffe r ent sample processi ng methods wi th 

the exception of Sodi um and Alumin ium that were not affected. 

The effect of Sod i um and Aluminium concentration on blo

acceptability was n o t no ted probably due to the time interval 

of the study. 

Using the results from this investigation that has conf irmed 

the bio-acceptabil it y of cast surfaces, the fabricati on of 

cost effective imp l a n t s using Titanium alloy is possible. The 

desired strength th at the alloy poss esses together with its 

ease in availabil iL Y and affordable custom made appliances 

prepared by cast in g wo u l d have the same results in bio

acceptability. The bio-acceptability of the fabricated cast 

Titanium alloy impl ants could also be enhanced employing grit 

blasting of specif i c size to ensure the desired surface 

topography t ha t will d etermine the peaks and valleys. RFGDT 

could be uti 1 i zed a s a method of p r oduci ng a s toichiometr ic 

ox ide for even better bio-acceptability. 
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

From 	 this study that investigated the su rface characteristics 

and 	 in vitro bio-acceptability of Tit anium and Titanium alloy 

th e following can be concluded : 

1. 	 Chemi ca l Analysis: 

a) 	 Chemical and elemental composition of cpTi and 

Ti6A14V sur fa ces showed no significant differences 

when analysed for their atomic 9-o concentration and 

the curve fitting for the different elements 

detected on their surface. 

b) 	 Casti ng of samples introduced Sodium and Aluminium 

to the surface in comparison t o the ma chi ning of 

samples that did not have these elements on their 

surfaces. The Oxygen peak of cast samp l es showed 

more sub peaks from peak fitting compared to the 

machined samples and the Titanium peak indicated 

mostly Ti02 · 

c) Surfa ce enhancement of samples regardless of the 

si ze of gri t particl e s used introduced the presence 

of Sodium and Aluminium onto the surface of the 

samples . 

2. 	 Surfa ce topogr ap hy 

a) 	 Materials used (cpTi and Ti6A14V) in the fabrication 

of samples were of no significance in determining 

the surface topography of t he samples . 

b) 	 Surface topography was de t ermined by the fabrication 

procedure and the cast sample s were found to have a 
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significant l y rougher surface topography compared to 

machined samples. 

3. 	 Depth profiles 

a) The oxide thickness of the different materials used 

(cpTi and Ti6A14V) for the preparation of samples 

was not statistically different. 

b) 	 The cas t samples had a significantly higher oxide 

thickness than the machined samples . 

c) 	 Surface enhancement significantly increased the 

oxide thickness. 

4. 	 Radio Frequency Glow Discharge Treatment (RFGDT) 

a) 	 There was a significant reduction in the surface 

Atomic 9-o concentration of Carbon and a resultant 

significant increase in Oxygen and Titanium with 

RFGDT. Aluminium and Sodium were not affected by 

RFGDT but most of the smaller signals from Calcium, 

Zinc, Lead, Ni t rogen, etc were removed from surfaces 

by RFGDT. 

b) 	 Surface a re a of samples and the Rp value of the 20~m 

scan were significantly increased by RFGDT. 

c) 	 The oxide thickness was significantly increased by 

RFGDT. 

5. 	 Bio-acceptability 

a) 	 Fibroblasts were observed to increase their % 

attachment efficiency and proliferation (%AEP) with 

time whil e osteoblasts-like cells were observed to 

decrease their %AEP with time. 
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b) 	 The reac t ion of fibroblasts and osteoblasts-like 

cells to cpTi and Ti6A14V showed no significant 

differences between the materials. 

c) 	 Though no significant differences were found between 

the machi e d and cast samples in terms of %AEP of 

fibroblasts and osteoblasts-like cells, machined 

samples were observed to have a higher %AEP than 

cast samples. 

d) 	 Surface enhancement of samples showed no significant 

differences in the %AEP of fibroblasts and 

osteoblasts-like cells. Machined cpTi ES enhanced 

samples h d a similar %AEP of fibroblasts to the 

con trol, u n l i ke the other enhanced samples tha thad 

a much lower %AEP. Machined Ti6A14V SI and cast 

Ti6A14V c o n trol samples had relatively higher %AEP 

for osteobl asts-like cells than the other samples. 

e) 	 Scanning El ectron Micrographs revealed that cells 

over the machined control samples had spread and 

prolifera t e d more than the other samples showing the 

underlying topography of the sample. Cells on the 

cast and enhanced surfaces were observed to have 

attached to the pea ks and were not in con tact with 

the unde r lying surface but suspended over the 

surface a of i r regular shapes. 

f) 	 After di ff e rent surface characterization processes, 

cast cpTi and Ti6A14V samples showed similar results 

in terms of bio-acceptabili ty when compared to the 

proprieta r y innovative characterized implant 

surfaces. 
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7.2 Reconunendations 

The results from thi s study identified numerous opportunities 

for future research: 

1) 	 Further development and testing of the cast surfaces are 

needed to opti i se the blasting particle size for the 

devesting o f cast samples and to determine the degree of 

roughness desired for better osseointegration. 

2 ) The long-term effect of the blasting particles 

(A lumin i um) tha t get embedded onto the surface should be 

analysed for t h e ir effect on bio-acceptability. 

3) 	 Alternative methods of devesting of cast samples should 

be evaluated. 

4) 	 The optimal oxide thickness and the stoichiometry of the 

cast samp l es s . o uld b e defined and evaluated. 

5) 	 Increased used of cast Titanium in the dental fraternity 

will depend on clinical trials to compare the 

effectiveness of cast Titanium as an equivalent or 

superior design for osseointegration. 

6) 	 As cas t ing ch an ges the crys tall i ne s truct ure, further 

investigations s hould lin k the relationship of the oxide 

formed to the un derlying crystalline structure. 

7) 	 Further study of cellular and tissue responses , 

particu l ar l y long-term studies of e xpression of cell 

phenot ype , wo u ld help explicate the importance of surface 

micro-morpho log y on biological response. 

8) 	 The di ff erence between cell attachment and spreading 

should be defi ne d, as there may be a difference between 

contact, initial adhesion, later adhesion and detachment 

before mi tosis. 
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9) 	 The op t imal RFGDT of cast samples for better bio

acceptabil i t y sh ould be elucidated. 

10) 	 Histomorphomet r ic analysis of cast samples following 

defined surface topography. 

11) 	 Further studies are warranted to determine the effect of 

surface roug h ness on osteoblasts attachment and 

proliferation. 

12) 	 Comparative biological evaluation of cast samples in 

relation to mac hi ned samples using epithelial cells will 

indicate its bio-acceptability in terms of the cast 

surface. 

13) 	 De fining t h e p e a k and valley heights and di stance on the 

surface of cast samples will help to determine the 

optimal deviation for improved attachment of cells. 
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