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Abstract 

SURFACE MODIFICATION OF TITANIUM BY ELECTROLYTIC PLASMA PROCESSING 

AND IN-VITRO STYDIES 

 

Wisanu Boonrawd, Ph.D. 

The University of Texas at Arlington, 2021 

 

Supervising Professor: Efstathios I. Meletis 

 

Electrolytic plasma processing (EPP) can be operated in two modes, namely plasma 

electrolytic saturation (PES) and plasma electrolytic oxidation (PEO). In this study, the PES was 

used to create hydrophilic surface profiles on titanium (Ti). The wettability, surface morphology 

characteristics and chemical composition of the treated samples were studied as a function of PES 

processing parameters. The PES profiled surfaces comprised of a characteristic “hills and valleys” 

morphology because of continuous surface melting and freezing cycles. A bimodal surface profile 

was produced with 2-3 µm height hills and valleys with nano-roughness (≤ 200 nm). The produced 

profile resulted in a significant contact angle decrease (from 38.7° to 5.4°). Ratios of actual surface 

area to projection area (r) and fraction of solid surface remaining dry (j) were obtained from 

profilometry. The surface characteristics and large r values produced by PES were able to induce 

hemi-wicking. Hence, PES produced superhydrophilic surfaces on Ti. The bioactivity of PES 

treated Ti was evaluated using cell free and MC3T3 cells in-vitro studies. The treated Ti surface 

significantly increased the bioactivity and formed stoichiometric hydroxyapatite after immersion 

in a bone cell culture medium for 21 days. Cells’ attachment and proliferation studies indicated 
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that PES treated surface significantly enhances the cells’ adhesion and growth after 24 and 48 hr 

compared to the untreated surface. The results show that Ti surface profiling by PES constitutes a 

promising method to potentially improve bone implant bonding. 

 

 PEO was used to produce titanium oxide (TiO2) coatings on Ti surface in potassium – 

phosphate electrolyte. The morphology, wettability, phase, and chemical compositions were 

studied as a function of processing parameters. The bioactivity of the coating was assessed by the 

ability to form biomimetic apatite in-vitro using cell culture medium. In-vitro studies using human 

mesenchymal stem cells were also conducted to evaluate cells’ proliferation and viability of the 

treated Ti. The results revealed that the produced TiO2 coatings comprised pore features with the 

pore size increasing with applied current density and treatment duration due to high energy 

discharge channels at higher potential. The PEO treated Ti exhibited superhydrophilic 

characteristics with a contact angle <1o. The findings indicated that the large actual surface area 

produced by the PEO treatment and the presence of negatively charge 𝑃𝑂!"#are the key factors for 

the superhydrophilic behavior. The in-vitro studies revealed that the PEO treated groups had higher 

amount of biomimetic apatite formation compared to the as-polished Ti. The PEO treatment 

significantly enhanced the cells’ adhesion and growth after 24 and 72 hrs compared to the untreated 

Ti. A significant difference in the bioactivity was not observed between anatase and rutile. 
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Chapter 1 Introduction 

 

1.1. Introduction and motivation 

 

Properties of a biomaterial depend greatly on its surface characteristics. Ti has superior 

corrosion resistant due to a thin and stable TiO2 film that naturally built up on the Ti surface. It 

also has desire mechanical properties to be used as an implant. However, a surface treatment is 

required to improve longevity of the Ti implant since it has poor osteoconduction and 

osseointegration [1][2]. 

  

A number of surface modification techniques have been explored to overcome these 

drawbacks. The most common solution is to coat the Ti implant with bioactive ceramics, such as 

calcium phosphate. Even though the osteoconduction and osseointegration have been promoted on 

the Ti implant by this strategy, the detachment of the coating materials often leads to implant 

loosening [3][4]. Recently, it has been reported that Ti with a characteristic surface texture has 

shown better bioactivity compared to a flat surface [5][6][7]. Furthermore, Ti with superwetting 

surface has beneficial for cell adherence and proliferation [6][7][8][9].  Thus, there is still room to 

ameliorate its bioactivity without introducing the calcium phosphate layers on the Ti implant.  

 

Electrolytic plasma processing (EPP) is an emerging surface modification technique due 

to its versatility and ease of operation. It can be used to clean, create characteristic surface profile, 

and build up TiO2 layer on the Ti surface, depending on a selected working polarity and electrolytic 

bath. Processing parameters of the EPP are also affecting the surface characteristic of the treated 

Ti.  
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EPP can be operated in cathodic, known as plasma electrolytic saturation (PES), or anodic 

regime, known as plasma electrolytic oxidation (PEO). The study of metal film depositions by 

PES has been growing in numbers because it allows various metal ions to be deposited on metal 

substrates by controlling ion species that present in the electrolyte [10][11]. The PES is also able 

to clean and create characteristic profile on a metal surface when operating in a proper electrolytic 

bath [12]. The produced surface profile may have positive effects on the bioactivity of the Ti since 

surface texture has been proven to enhance osteoconductivity and osseointegration of the Ti 

implants [5][6][7]. However, there is no research conducted on the bioactivity of the Ti profiling 

surface treated by PES.  

 

In the view of PEO, it is used to build ceramic layers on a light metal surface. Numerous 

studies have been focusing on the deposition of calcium phosphate on the Ti substrate [13][14][15]. 

But there are only a few reports that investigate on the osteoconduction of TiO2 films produced by 

PEO in the electrolytic bath that calcium ions are absent. The PEO produces the TiO2 layers with 

a unique surface topography, chemical compositions, and phases [16]. Therefore, because of the 

need in an alternative surface modification technique to overcome the existing drawbacks of the 

Ti implants, it would be worthwhile to study the EPP as a promising surface treatment for the Ti 

implants. 

 

This dissertation provides an opportunity to investigate the surface characteristics of EPP 

treated Ti at different processing parameters by conducting surface characterization studies. 

Moreover, the osteoconductive of the EPP treated Ti as a function of its surface characteristics will 

also be investigated by conducting in-vitro studies. Understanding the relationship of the surface 

characteristics and the bioactivity would be beneficial for the selection of processing parameter. 
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1.2. Research objectives 

 

i. Study the effect of EPP parameters that producing a desirable Ti surface profile for 

bone replacement applications by characterizing the EPP treated Ti surface in terms 

of surface composition, morphology, topography, and hydrophilicity. This study 

provides the fundamental understanding on how the working polarity, electrolytic bath 

compositions, input power, and treatment duration affect the surface characteristics of the 

EPP treated Ti. Fundamental understanding of the wetting mechanism on the EPP treated 

surface will also be focused in this study. A goal of this objective is to get a desirable 

surface roughness and wettability. The surface composition and morphology are going to 

be characterized by SEM, EDS, XRD, and FTIR. An optical profilometry and a sessile 

drop technique will be used to evaluate the roughness and wettability of the Ti samples, 

respectively. 

ii. In-vitro studies of the EPP treated Ti as a function of its surface characteristics using 

cell free media, MC3T3-E1 pre-osteoblast cells, and human mesenchymal stem cells. 

The cell free media, alpha modified minimum essential medium (a-MEM) is an 

appropriate media for bone cell culture studies; its ions concentration, pH, and amino acids 

and vitamins make it similar to that of human blood plasma. The precipitation of bone like 

calcium phosphate on the Ti surface after immersion in a-MEM is reflecting the 

osteoconductivity of the Ti surface. The in-vitro study using cells will also be performed 

to further investigate the bioactivity and cellular behavior. SEM, EDS, XRD and FTIR will 

be used to characterize the Ti surface after the in-vitro studies. These studies are going to 

reveal the relation of the surface characteristics of the EPP treated Ti and its bioactivity. 
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Chapter 2 Literature review 

 

2.1. Ti characteristics 

 

Ti is one of the most important metals in the industry. Its unique high strength to weight 

ratio brought Ti into the aerospace industry started in the 1950s. Thereafter, Ti has not limited its 

usage only to the aerospace industry. Ti also offers other properties as well, such as low elastic 

modulus, excellent biocompatibility, and superior corrosion resistance. The latter characteristic of 

the Ti owes to its thin passive oxide layer that naturally built up upon air exposure. Due to the 

desire properties mentioned earlier, Ti and its alloys have been used extensively as artificial bones, 

joints, and dental implants [17]. Physical properties of the Ti are listed in Table 2.1. 

 

Table 2.1. Physical properties of unalloyed Ti [17] 

Property Value 

Atomic number 22 

Atomic weight (g/mol) 47.9 

Density (g/cm3) 4.54 

Coefficient of thermal expansion (K-1) at 20 °C 8.4 x 10-6 

Thermal conductivity (W/(mK) 19.2 

Melting temperature (°C) 1668 

Boiling temperature (°C)  3260 

Transformation temperature (°C)  882.5 

Electrical resistivity (µΩcm) 55 
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Pure Ti is an allotropic metal, having hexagonal closed pack (HCP) below 882 °C and 

starting to change to body centered cubic (BCC) above that temperature. The HCP and BCC also 

known as 𝛼-phase and 𝛽-phase, respectively. The 𝛼-phase is strong due to the nature of HCP 

structure, while the BCC structure of 𝛽-phase is more ductile. The addition of alloying elements 

can stabilize 𝛼-phase and 𝛽 -phase to coexist below the transition temperature. The prime example 

of Ti alloy is Ti6Al4V, it contains 6 wt.% Al and 4wt.% V. The present of Al stabilizes the 𝛼-

phase which promotes good weldability, excellent strength characteristics and oxidation 

resistance. The specific added amount of V stabilizes the 𝛽-phase under 882 °C and improves its 

strength [18]. Some important mechanical properties of commercially pure Ti (CP grade 1 - 4) and 

Ti6Al4V are summarized in Table 2.2. 

 

Table 2.2. Mechanical properties of commercial Ti (ASTM F67, F136) 

Property Grade 1 Grade 2 Grade 3 Grade 4 Ti6Al4V 

Tensile strength (MPa) 240 345 450 550 860 

Yield Strength (MPa) 170 275 380 485 795 

Elongation (%) 24 20 18 15 10 

Modulus of elasticity (GPa) 103 103 103 105 114 

Hardness (HV) 128 160 191 251 327 

 

 

Ti and its alloys are used in artificial hip joints, consist of an artificial bearing (femoral 

head, liner, and acetabular cup) and stem. The artificial bearing is made up from different 

materials, the femoral head and cup are usually made from very low friction materials since their 

functions require excellent wear property. The femoral head can be a ceramic material coupling 

with an ultra-high molecular weight polyethylene liner. The acetabular cup and the stem are 
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usually made of Ti alloys [19]. The schematic picture of artificial hip joint is shown in Fig. 2.1. Ti 

and its alloys are also used commonly as dental implants. Although Ti and its alloys are 

biocompatible, its bioinertness requires surface modification to improve osteoconductivity and 

osseointegration in order for them to fuse with surrounding bones. Numerous techniques have been 

implemented to ameliorate bioactivity of Ti, such as grit blasting, coating, chemical etching, 

anodizing, and alkaline treatments [5][20][21].  

 

 

Fig. 2.1. Schematic of an artificial hip joints 
 

 

 

Fig. 2.2. Crystal structure of (a) anatase and (b) rutile 

(a) 

(b) 

Ti 

O 
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As mentioned earlier, the stable oxide film, TiO2, grows spontaneously on the Ti surface 

when exposed to air. Thickness of the natural TiO2 film typically ranges from 3 – 10 nm. TiO2 can 

be found in 3 different phases at ambient pressure, namely anatase, brookite, and rutile. Brookite 

has orthorhombic crystal structure with lattice parameters a = 0.5456 nm, b = 0.9182 nm and c = 

0.5143 nm. Anatase and rutile have tetragonal crystal structure with lattice parameters a = 0.3785 

nm, c = 0.9514 and a = 0.4593, c = 0.2959, respectively. Fig. 2.2 presents crystal structure of 

anatase and rutile. Rutile is the most stable form, thermodynamically, while anatase and brookite 

are metastable [22][23]. However, anatase is kinetically favored due to its open structure, hence it 

is usually the product of Ti oxidation. The crystal structure of rutile is more compact, thus, it is 

more difficult for short-range ordered TiO6 octahedra to form long-range ordered of rutile than 

anatase. Furthermore, surface free energy of rutile is higher which results in slower 

recrystallization of rutile compared to anatase [24]. Metastable anatase can transform to stable 

rutile (ART) at the temperature between 600 – 1000 °C and there must be sufficient time allowing 

for the transformation to occur.  

 

Various surface modification techniques have been used to produce TiO2 films. It is 

possible to control the oxidation product of Ti by selecting proper processing parameters. 

Mortazavi et al. have investigated TiO2 films prepared by PEO on Ti substrates at difference 

applied current densities, 30 – 120 mA/cm2. The treatment durations were different, the treatment 

was stopped when arcing observed. The produced oxides were mainly comprised of anatase, since 

it was kinetically preferred as described above. However, when applied current density was at 30 

mA/cm2 rutile and anatase were both present because the heat generated from plasma and treatment 

time was sufficient for ART to occur [16]. In general, the treatment duration in PEO is limited by 

the occurrence of arcing. The arcing is avoided because it deteriorates the integrity of the produced 
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oxide layer. Thus, the lower applied current density the longer treatment duration until arcing will 

be observed due to slower oxide built up to reach critical thickness.  

 

In view of the bioactivity, anatase and rutile are both able to induce osteoconduction when 

immersed in simulated body fluid (SBF) [25][26][27][28]. Nonetheless, there is a contradiction on 

which phase has better osteoconduction. Uchida et al. studied the formation of apatite on TiO2 

prepared by sol solutions. The authors postulated that anatase exhibited better osteoconduction 

than rutile due to the crystallographic matching between the apatite (0001) plane and the anatase 

(001) plane [28]. This was in a good agreement with TiO2 prepared by electrolytic deposition in 

alcoholic solution and plasma electrolytic oxidation in KOH + K4P2O7 electrolytes [29][30]. On 

the other hands, TiO2 that contained rutile prepared by anodic arc oxidation in H2SO4 + CH3COOH 

+ H3PO4 electrolytes have shown better bioactivity than anatase [27][31]. Moritz el al. have also 

compared the bioactivity of anatase and rutile with two different surface modification techniques, 

namely heat treatment and CO2 laser treatment. The anatase from heat treatment process exhibited 

better bioactivity than rutile, but the anatase prepared by CO2 laser treatment has shown the 

opposite results. It should be noted that the TiO2 prepared by heat treatment lacks OH-group on 

the surface. The authors proposed that surface functional groups also play an important role for 

osteoconduction [26]. It is clearly seen that TiO2 produced from a different surface modification 

technique has unique bioactivity level because there are a number of factors to be accounted. 

Hence, more studies on the bioactivity of TiO2 should be conducted in order to understand the 

nature of it. 
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2.2. Surface modification techniques to improve bioactivity of Ti 

 

A bioactive surface is related to the ability of the surface to facilitate biomineralization, 

which helps to diminish an adverse host response and facilitate the formation of direct bonding 

with the bone [32]. Several techniques have been explored to improve osteoconduction and 

osseointegration of Ti and its alloys. Most of the studies have aimed to deposit bioactive calcium 

phosphate layers on top of the Ti surface. The idea is to combine the desire mechanical properties 

of Ti and the excellent osteoconductive of calcium phosphate, especially hydroxyapatite phase 

(HA). However, each technique has its own advantages and disadvantages. Recently, the 

modification of the Ti surface has not only limited to the coating of calcium phosphate layers. 

There are more reports on  positive effects of surface texturing and wettability on the bioactivity 

[5][6][7][8][9]. Thus, any surface medication that has the ability to control surface topography and 

wettability is worthwhile to investigate. 

 

2.2.1. Plasma spraying 

 

Plasma spraying process is a form of thermal spraying processes. It has been one of the 

most popular coating techniques to deposit calcium phosphate on Ti substrates. The plasma 

spraying system consists of a plasma source providing heat from ionized inert gas and a feedstock 

supplying coating materials (coating precursors). The coating materials can be metals, alloys, 

ceramics, plastics and composites. They can be fed in a form of powder or wire. The coating 

materials are melted by very high temperature plasma then accelerated towards and deposited on 

a substrate surface. Plasma spraying can produce coatings with thickness ranges from 20 μm to 

several mm at high deposition rate and considerably low operation cost compared to other coating 

techniques [33].  
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Levingstone et al. studied the effect of plasma spraying processing parameters on the HA 

coatings in terms of roughness, crystallinity and purity [34]. The current, gas flow rate, powder 

feed rate, spray distance and carrier gas flow rate were varied. The roughness of the coatings 

increased when current was high, gas flow rate was low and powder feed rate was high due to less 

splat flattening was occurred. Coating crystallinity was highest at high current, short spray distance 

and low gas flow rate. This is due to short spray distance can increase the temperature of the 

substrate and allow the amorphous film to crystallize. The phase decomposition of HA to other 

less stable phases decreased when the spray conditions produced low temperature particles. 

However, this would reduce adhesion strength of the HA coatings to the substrate. There was no 

report on bioactivity of the HA coatings in this study. Hung et al. also studied plasma sprayed 

coating of HA for dental implant in terms of biocompatibility and mechanical properties [35]. The 

coatings were produced with different processing parameters depositing on Ti6Al4V substrates. 

High purity crystalline HA powder was used as a precursor. The coatings were mainly comprised 

of HA and some α –TCP, β – TCP phases due to phase decomposition during high temperature 

plasma spraying process. The coating thickness, surface roughness (Sa) and adhesion strength of 

the coatings to the substrate were 47 – 130 μm, 6.20 μm and 41.44 MPa, respectively.  The 

bioactivity test by immersing in SBF for 28 days revealed the increasing of crystallinity amount 

of HA.  

 

More studies have also reported that plasma spraying of calcium phosphate coatings are 

having phase decomposition and poor adhesion strength [3][36]. This can lead to poor service 

reliability and mechanical integrity of the Ti prosthesis when implanted [37]. 
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2.2.2. Sputter coating 

 

Sputtering technique is a physical vapor deposition (PVD) method. It involves ejecting 

materials from a source, known as a target, then depositing on a substrate surface in a vacuum 

chamber. The sputtering process utilizes plasma gas, usually argon gas, in a very low-pressure 

chamber to remove materials from the negatively charged target. The knocked-out materials will 

then deposit and form thin layers on the substrate surface. Dense and uniform coatings with high 

adhesion strength can be produced by the sputtering technique. Calcium phosphate and composite 

coatings can be achieved by radio frequency magnetron sputtering.  

 

Stoica et al. have conducted a research on magnetron sputtering of HA. The as deposited 

HA coatings were amorphous. Post-heat treatment at 550 °C for 1 hour in air environment was 

performed to regain crystalline HA [38]. Lenis et al. studied the effect of thermal treatment of the 

HA coatings by RF magnetron sputtering with bias substrate voltage. It has been reported that 

annealing at higher temperature resulted in higher crystallinity. However, the high temperature 

annealing has an adverse effect on the adhesion strength of the coating and underlying substrate 

[39]. Boonrawd et al. also observed similar behavior on heat-treated sputtered HA/Ti composite 

coatings.  The crystallinity and adhesion strength of the produced films increased with increasing 

annealing temperature. However, annealing the coatings at temperature of 700 °C, the adhesion 

strength of the films decreased dramatically. This is due to the mismatch of thermal expansion 

coefficient between the HA coatings and underlying substrates that caused the delamination of the 

coatings during high temperature heat treatment [40].  

 

Even though, sputtering can produce HA coatings with high adhesion strength, the coatings 

still need post-heat treatment to acquire the proper crystalline phase. It is important to note that the 
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heat-treatment process can decrease the adherence of the HA coatings. Moreover, the sputtering 

technique is a line-of-sight process. Complicated substrate holder design is needed for complex 

substrate geometry in order to create uniform coatings at hidden areas. 

 

2.2.3. Sol-gel derived coating 

 

Sol-gel process involves the formation of solid materials, mainly inorganic non-metallic 

materials from a solution. The sol – gel process consists of; 

(i) Producing a homogeneous solution of purified precursors in an organic solvent which 

can be mixed with the reagent used in the next step or water. 

(ii) Shaping the solution to a sol form by using treatment with a suitable reagent, e.g. water 

for oxide ceramics.  

(iii) Changing the sol to a gel by polycondensation.  

(iv) Converting the gel to the finally preferred shape like thin film, and fiber. 

(v) Finally converting the shaped gel to the desired ceramic material at temperatures (~500 

°C) much lower than those required in the conventional procedure of melting the oxides together 

[41].  

 

The sol – gel coating technique produces thin coating with high purity and high adhesion 

to substrates. It also offers flexibility to coat a substrate with complex geometry. The sintering is 

done at relatively low temperature, usually in the range of 200 – 600 °C. However, high 

permeability, low wear resistance, and difficult porosity control are the main drawbacks for the sol 

– gel technique. Furthermore, the thermal process always introduces crack in the coatings thicker 

than 0.5 μm and trapped organic substance would result in coating failure [42]. Depositing a desire 

calcium phosphate phase by the sol – gel coating technique requires extremely stringent processing 
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parameters, particularly for the thermal processing phase, such as the duration and calcination 

temperature, chemical compositions of the precursor, types of substrate, and number of coating 

layers. These disadvantages of sol – gel technique have limited its usage for the industry 

[43][44][45]. 

 

2.2.4. Chemical treatment 

 

A postulate that Ti – OH group on Ti surface is beneficial for the apatite nucleation has 

ignited the study on chemical treatment of Ti and its alloys  [46]. The most common chemical 

treatments are done in an alkaline solution, such as NaOH and KOH due to the presence of OH- 

group can easily attach to the Ti surface. It should be noted that treated Ti with NaOH has shown 

better apatite formation ability than KOH [47][48][49][50]. The treatment is usually done by 

soaking Ti substrates in 5 – 10 M NaOH at 60 °C for 24 hrs. The mechanism behind the formation 

of apatite is described as followed. During the alkaline treatment in NaOH, the thin native TiO2 

layer reacted with NaOH to form sodium titanate gel layer. The titanate layer is expected to form 

a number of Ti – OH groups on the Ti surface when in contact with body fluid via Na+ ions 

exchange with H3O+ ions in the body fluid. These Ni – OH groups are negatively charged in the 

SBF at pH = 7.4, then an amorphous calcium titanate is formed by combining with positively 

charged Ca2+ ions. At some point, the surface becomes positively charged due to the accumulation 

of Ca2+ ions, hence it combines with phosphate ions in SBF and form amorphous calcium 

phosphate. Finally, the amorphous calcium phosphate transforms to apatite, the 

thermodynamically stable phase [47][51][52].  
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Fig. 2.3. Mechanism of the apatite formation on the NaOH- and heat-treated Ti in SBF [51] 
 

It has been reported that thermal treatment after alkaline treatment is improving the 

osteoconduction and osseointegration of the Ti. Kawai et al. have studied the apatite formation on 

NaOH treated Ti surface. The effect of post-heat treatment was also investigated. The post-heat 

treatment after alkaline treatment promoted better apatite formation in SBF compared to the 

alkaline treated alone [53]. The mechanism of the apatite formation on the NaOH and heat-treated 

Ti is shown in Fig. 2.3. Wei et al. has designed a study on alkaline treatment with various 

processing parameters, such as the NaOH concentration, soaking duration, soaking temperature, 

and post-heat treatment temperature to optimize the osteoconduction and osseointegration of the 

Ti6Al4V. It was found that soaking in the 5 M NaOH at 80 followed by heat-treatment at 600 °C 

for 1 hr had the best osteoconduction. The apatite was formed on the treated Ti alloys after 

immersion in SBF for only 3 days. It should be noted that when the heat-treatment temperature 

was at 700 °C, the ability to induce apatite formation in SBF has decreased [54]. 

 

The alkaline treatment is a promising surface modification technique for bone replacement 

applications due to the simplicity of the process and relatively low operation cost. The ability to 

induce osteoconductivity and osseointegration has already been proven in iv-vitro and in-vivo [51]. 

However, the need of post-heat treatment could have a negative effect to the underlying substrate 
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due to the possible change of microstructure. The heating and cooling rate have to be carefully 

controlled. 

 

2.2.5. Surface texturing  

 

Ti with texture profile on the surface behaves differently from flat surface. It has been 

reported that Ti with a profile texture is able to attract osteoblast cells to adhere on the surface and 

increase protein adsorption. These osteoblast cells are important for bone regeneration process on 

the implants [5]. Moreover, increasing surface roughness of Ti resulted in improving bone 

integration, osteoconduction and osteogenesis [55]. The prefer roughness is in the range of 1-2 

μm, however additional nano-submicrometer features play an important role for the bioactivity as 

well [6][20][21].  

 

Numerous surface texturing techniques have been explored to produce a desire surface 

profile for hard tissue replacement applications. Schwarz et al. studied the effect of surface 

roughness and porosity on osseointegration of titanium in a minipig model using glass pearl 

blasting, sand blasting, plasma spraying Ti particles and plasma spraying Ti particles then 

electrochemically deposited a thin layer of resorbable calcium phosphate. The result of in-vivo 

studies revealed that rougher surface giving higher implant anchorage and osseointegration. It is 

good to note that the resorbable of calcium phosphate enhanced significant amount of bone 

growing on the implant but not the level of anchorage [56]. Alenezi et al. investigated the 

osseointegration, bone – implant contact (BIC), percentage and the bone area (new – BA), and 

new bone area (BA), of 2 commercially available Ti implants with and without nanotopography 

texture by conducting an in-vivo study in 12 rabbits. The sample with nanotopography texture 

prepared by TiO2 micro – blasted then bombarded with noble gas ion. The other group prepared 
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by anodic oxidation process in an electrolytic bath that contained Ca and P. The statistical analysis 

results revealed that both groups have shown strong osseointegration properties, but there are no 

significant differences in BIC and in total BA. However, the new – BA has significantly higher 

percentage for the implant with nanotopography [21]. Similar results have been reported by Xu et 

al. [57]. Selective laser melting (SLM) was used to create Ti substrate with micro-rough surface. 

The SLM Ti substrates were then subjected to various additional surface modification processes. 

The first group, control group, was the as manufactured SLM Ti. The rest of the SLM samples 

were sandblasted with 250 μm ZrO2 particles then immersed in an acidic mixture of 40% HF and 

60% HNO3 (H2O/HF/HNO3, 1:4:5, v:v:v) for 2 minutes to remove oxide layer and then polished. 

The second group of substrates was subjected to sandblasting/acid etching (SLA) process, acid 

etch in 98% H2SO4 and 36.5% HCl solution (H2O/HCl/H2SO4, 2:4:3, v:v:v) at 95 °C for 15 

minutes. For the third group, SAN, the polished specimens were used as the electrode anode with 

a titanium rod as a cathode and were anodized in a 0.5 wt% HF in distilled water solution using 

20 V power supply for 45 minutes. For the fourth group, alkaline treatment (SAH), the sandblasted 

specimens were treated with NaOH solution for 8 hours. All specimens were then clean and 

subjected to in-vivo study in rabbits for 4 and 8 weeks. The results revealed that, even though there 

was no bioactive material coating, surface with micro-/nano-textured hierarchical topographies 

enhanced bone regeneration and BIC. The SAH treatment showed higher bone-implant contact 

percentage, almost double compared to that of native-SLM and SLA group. 

 

It has only been recently found that the surface topography and the present of the nano-

submicrometer textures on top of the rough profile have positive effects to the bioactivity of Ti 

implants. More studies on improving bioactivity of the Ti are focusing on surface modification 
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techniques that possess the ability to create such rough profile on the Ti implants. An alternative 

surface modification technique which is environmental friendly and cost efficiency is still needed. 

 

2.3. Electrolytic plasma processing 

 

Electrolytic plasma processing (EPP) is an electrochemical process operating at a high 

electrical potential range in an aqueous environment. It involves electrolysis of the aqueous 

electrolyte accompanied by several electrode processes. The EPP system consists of a power 

supply, an electrolytic cell, aqueous electrolytes, and two electrodes. The aqueous electrolyte acts 

as a conductive bridge between the two electrodes. It can be used to clean a metal surface and coat 

metal films on a metal substrate when connected the workpiece to the negative electrode. A thick 

oxide layer can be built up on a light metal surface when connecting the workpiece to the positive 

electrode by oxidation process. However, the oxidation process can also dissolve the oxide 

depending on the electrolyte chemical activity. Fig. 2.4 represents the electrodes reactions in 

electrolysis of aqueous solutions.  

 

Fig. 2.4. Electrode reactions in electrolysis of aqueous solutions [58] 
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2.3.1. Plasma electrolytic saturation 

 

The EPP is also known as plasma electrolytic saturation (PES) when the workpiece is 

connected to the negative electrode, cathodic process. During the applying of high electrical 

potential, the liberation of gaseous hydrogen and cation reduction occur on the cathodic surface. 

The cation species present in the electrolyte are drawn to interact with the substrate surface. Hence, 

the PES can deposit various metal ions by carefully choosing the compositions of the electrolytic 

bath. It can also utilize hydrogen plasma to clean a metal surface and create unique surface profile 

when performing PES in an electrolytic bath containing NaHCO3. The cleaning process of PES 

requires simple set up and nontoxic chemical compared to tradition surface cleaning, such as acid 

pickling. 

 

 

Fig. 2.5. A general current – voltage response of PES process [59] 
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Fig. 2.5 presents a typical current – voltage plot of the PES process. The mechanism of 

PES can be divided into four stages;  

 

(i) The production of fine hydrogen gas (gas liberation) due to a strong electric field from 

the applied potential to the electrodes, at this stage the current is increased with the applied 

potential.  

(ii) Scatter plasma starts to appear at the workpiece surface, at this stage the current drops 

sharply due to the breakdown of the electric field. 

(iii) As increasing the applied potential further, the current drops to the lowest point and 

the plasma becomes stable and uniform. This stage is defined as working region or Kellog’s region.  

(iv) In the last stage, increasing the applied potential further, the current starts to increase 

again, and intense arcing is observed. Hence, the arcing is usually avoided because it causes 

deterioration of the surface.  

 

 The PES treated surface is usually comprised of submicron hill and valley features, due to 

the collapse of the generated plasma. An energetic shock wave from the collapsed plasma bubbles 

melts the substrate surface, then subsequently freezing event occurs due to the present of aqueous 

electrolyte. When the electrolytic bath contains metal cation species, a thick and high adhesion 

metal coating is formed in less than a minute of processing time. The cleaning effect takes place 

when the electrolytic bath only contains hydrogen cations. Thus, performing PES in NaHCO3 

electrolyte will provide clean surface with desirable surface characteristics which could be 

beneficial for rapid osteoconduction. 

 

As described earlier, the process characteristics of the PES are possible to improve the 

osteoconduction of Ti surface. It is important to note that there is no report on how Ti surface 
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prepared by PES supports osteoconduction in-vitro and in-vivo. Furthermore, the wettability of 

PES treated Ti as a function of its surface characteristics has not been studied yet.  

 

2.3.2. Plasma electrolytic oxidation  

 

Plasma electrolytic oxidation (PEO), also known as micro arc oxidation (MAO), is similar 

to the PES but the working electrode is connected to the positive panel. It is widely used to build 

up thick oxide layers on light metals, such as aluminum, magnesium and titanium. PEO produces 

hard, corrosion and wear resistance oxides on the metal surface at high deposition rates. The 

principle of PEO is similar to anodizing but operating at higher potentials which results in 

generation of plasma discharges. Formation of these microdischarges produce high temperature 

resulting in conversion of the substrate into the coating and production of high adhesion strength 

coatings [60][61].  

 

During PEO, the working electrode is surrounding by a continuous gas envelope of oxygen. 

Highly localized electric field is generated by high voltages between the electrodes. This strong 

electric field leads to implosion of bubbles and ionization of gas space inside the bubbles, then a 

plasma discharge is initiated. The temperature of the microdischarges is estimated between 8,000 

to 10,000 K in the core and as high as 2,000 °C at their surroundings [12][62]. It is reported that 

high temperature of the plasma discharges leads to the localized melting of the substrate close to 

the discharges and forming discharge channels. Furthermore, anionic species present in the 

electrolytic bath enter these channels under the strong electric field and react with cations of 

substrate and forming oxides. During PEO processing, cations move outwards and oxygen ions 

and other anions move toward the substrate. Depending on the nature of the substrate, electrolyte, 

and mobility of ions, the inward and outward growth rate can change [63][64][65]. 
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A typical mechanism of PEO treatment as a function of voltage and time is shown in Fig. 

2.6 and can be divided into three stages: 

(i) The first stage is similar to the traditional anodizing process where the increasing of 

voltage is almost linearly with time. Numerous bubbles containing oxygen are formed near the 

workpiece surface due to the electrolysis of water. This stage involves a formation and growth of 

a passive film on the substrate. Thus, the voltage increases as the thickness of the oxides increased. 

(ii) When the voltage reaches breakdown point, the rate of voltage increasing is slowly 

decreased, also scattered and fine spark appear on the workpiece due to the discharge of plasma. 

At this stage, the extremely high potential between the two electrodes triggers the breakdown of 

the dielectric layers. This resulting in cycles of the very high temperature local melting at the zone 

of developed microdischarges and quenching of oxides due to the present of the cold electrolyte. 

The PEO is usually done within this stage. 

(iii) At the last stage, the voltage is nearly stable, also intense sparks are noticeable. When 

the critical thickness of the oxides has reached, an intense arcing will appear at a particular area. 

This results in deterioration of the oxide layers. It is good to note that these three stages can vary 

depending on workpiece material and electrolytic bath compositions.  

 

PEO has also been explored as a surface modification technique for Ti implant because of 

its ease of use and versatility. The compositions of chemical in the electrolytic bath, current density 

and other processing parameters have been reported to affect the coating characteristics (thickness, 

roughness, and phases). The key phases of PEO produced coatings for bioapplications are HA and 

other calcium phosphate phases. These phases are bioactive and can support osteoconduction 

rapidly when implanted in living systems.  
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Fig. 2.6. PEO treatment as a function of voltage and time [66] 
 

Song et al. performed PEO on Ti substrates in an electrolyte containing 𝛽-

glycerophosphate disodium salt pentahydrate and calcium acetate monohydrate. The applied 

voltage was ranged from 250 – 500 V. The produced titanium oxide films contain Ca and P which 

strongly dependent on the applied voltage. The compounds such as CaTiO3, 𝛽-Ca2P2O7 and 𝛼-

Ca3(PO4)2 were produced at voltage higher than 450 V. The coatings were able to induce 

biomimetic HA after immersed in SBF for 28 days [67]. Faghili-Sani et al. also performed PEO 

on Ti alloys in an electrolyte containing calcium acetate and calcium glycerophosphate. But the 

Ca/P molar ratio was adjusted to 6.8. The applied current density was 0.212 A/cm2, frequency of 

100 Hz and duty ratio of 60% for 4 minutes. The PEO films were then subjected to hydrothermal 

treatment in an autoclave containing NaOH solution, pH 11.5, at different temperature and 

duration. The HA was detected by XRD after hydrothermal treated above 160 °C at least 10 hours. 

The crystallinity of HA increased as the hydrothermal temperature and duration increased. 

However, XRD did not detect HA on the as-produced PEO films and the heat-treated for 5 hours 
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at 160 °C [68]. As mentioned earlier, post-heat treatment could deteriorate the adhesion strength 

of the coatings. Durdu et al. also performed PEO on Ti alloys in an electrolyte containing calcium 

acetate and 𝛽-calcium glycerophosphate using and alternate current power supply at current 

density of 0.123 A/cm2. The treatment duration was 1, 5, 10, 20, 40, 60, and 120 minutes. After 

treated for 5 minutes, small amount of HA was detected by XRD. The highest HA crystallinity 

was reported on the PEO treated for 120 minutes [69]. It should be noted that the treatment 

parameters affect not only the phase that presents in the coating but also surface morphology and 

topography. The change of surface morphology and topography could affect the cellular response. 

Unfortunately, these studies have not performed cellular response studies on the PEO treated 

samples.  

 

2.4. Surface roughness 

 

Surface topography of a surface can be quantitatively characterized by contact and non-

contact scanning techniques. The latter technique is usually preferred since it gives better 

resolution and does not alter specimen surface. The parameters that characterize the overall 

morphology of the surface in this study are Sa, Sz, Ssk, and Sdr. 

 

Sa (arithmetical mean height) is the extension of the traditional Ra (arithmetical mean 

height of a line) to a surface. It is representing a surface roughness within the sampling area by 

expressing, as an absolute value, the difference in height of each point compared to the arithmetical 

mean of the surface. The Sa is approximated by the following equation (2-2) [70]: 

 

𝑅𝑎 = $
% ∫ |𝑍(𝑥)|𝑑𝑥

%
&        (2-1) 

𝑆𝑎 = $
'∬ |𝑍(𝑥, 𝑦)|𝑑𝑥𝑑𝑦'        (2-2) 
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where A in the integral expressions implies that the integration is performed over the area of 

measurement and then normalized by the cross-sectional area of the measurement, and Z is the 

surface height relative to the reference mean plane. 

 

Sz is the ten-point height over the sampling area. It represents the average difference 

between the five highest peaks and five lowest valleys. The Sz can be estimated following equation 

(2-3): 

 

𝑆𝑧 = [∑ |𝑃𝑒𝑎𝑘	𝐻𝑒𝑖𝑔ℎ𝑡𝑠| + ∑ |𝑉𝑎𝑙𝑙𝑒𝑦	𝐷𝑒𝑝𝑡ℎ𝑠|]/5(
$

(
$   (2-3) 

 

Ssk or skewness is the ratio of the mean of the height cubed and the cube of Sq within a 

sampling area. The Ssk can be estimated following equation (2-4): 

 

𝑆𝑠𝑘 = $
)*!

$
'∬ 𝑍"(𝑥, 𝑦)𝑑𝑥𝑑𝑦'      (2-4) 

 

where Sq is the root mean square height within a sampling area, it can be estimated using equation 

(2-5): 

 

𝑆𝑞 = I$
'∬ 𝑍(𝑥, 𝑦)𝑑𝑥𝑑𝑦'       (2-5) 

 

The Ssk parameter is used to evaluate a profile symmetry of a surface. Its value can be 

positive, negative or zero. The negative skew means the bulk of the material is above the mean 

plane where the positive skew is the opposite. This implies that the surface with negative skew is 

mostly comprised deep valleys rather than spikes. The zero skewness means the surface is more 

symmetric with having a distribution curve followed Gaussian distribution [70]. 
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Fig. 2.7. Area between four adjacent points calculated by the average of two triangles 
 

Sdr or the developed interfacial area ratio is expressed as the percentage of additional 

surface area contributed by the texture as compared to an ideal plane. The developed interfacial 

area of a surface can be calculated by summing the local area when following curvature. It can be 

estimated by the mean area of two triangles formed between four adjacent points, shown in Fig. 

2.7. The area of a triangle is half the cross product of two vectors as shown in equation (2-6) [70]: 
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R   (2-6) 

 

Equation (2-7) below is used to calculate Sdr, where Aij is the mean area calculated at a 

point, and A is the projected area calculated by the product of the lengths in x and y.   

 

𝑆𝑑𝑟 =
∑∑'"##'

'
       (2-7) 

 

From equation (2-6), it can be seen that Sdr is related to the ratio of the actual surface to 

the projected surface area (r). The r will be discussed as one of the most crucial surface 

characteristics in superwetting behavior in the next section. It can be simply calculated using 

equation (2-8). The Sdr is equal to zero when the surface is ideally smooth. 
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r = Sdr + 1        (2.8) 

 

2.5. Surface wetting 

 

Wettability of a material is the ability of a liquid droplet to spread on the surface of the 

material. It plays an important role in various applications ranging from anti-fogging and heat 

exchanging to self-cleaning and bone replacement applications. Wettability of a surface relates to 

its surface energy, which is a result of inherent surface chemistry and topography [71][72]. A 

simple way to describe wettability of a solid surface has been proposed by Young as early as 1804 

[73]. Young treats contact angle (CA) of a droplet as a result of mechanical equilibrium of three 

surface tensions, as shown in Fig. 2.8. Young’s equilibrium equation is described by: 

 

𝛾)- − 𝛾). = 𝛾.- cos 𝜃       (2-9) 

 

where 𝛾.-, 𝛾)-  and 𝛾). are the surface tension at the interface of liquid-vapor phases, solid-

vapor phases, and solid-liquid phases, respectively [74]. Later on 1936, Wenzel reported that 

surface roughness can affect wettability of a material [75], as described in equation (2-10): 

 

cos 𝜃' = 𝑟 cos 𝜃         (2-10) 

 

where r is the ratio of actual surface area to projected area, θA and θ are the apparent CA 

on a rough surface and a flat surface, respectively. 
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Fig. 2.8. Young’s equilibrium contact angle 
 

Since r is always equal or greater than 1 for the textured surface, rough surface will have 

higher level of wettability when the chemical nature of the flat surface is hydrophilic (θ < 90°). On 

the other hand, a rough surface can become more hydrophobic when the flat surface is naturally 

hydrophobic (θ > 90°). The Wenzel’s equation can be applied if the liquid droplet fills in the 

valleys of the texture. This wetting state is known as Wenzel state, as shown in Fig. 2.9. 

 

 

Fig. 2.9. Wenzel wetting state of a rough surface 
 

It has been reported that surfaces with proper texture can become superhydrophobic and 

superhydrophilic (superwetting), when water CA is larger than 150° and smaller than 10°, 

respectively [76][77][78][79]. However, these results are related to how the droplet spreads/sits on 

rough profile contours. The superhydrophobic surface state has been extensively studied due to 

the need for water repellant materials. Various fabrication techniques have successfully produced 
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superhydrophobic surfaces, such as photolithography, laser texturing, and plasma processing [80]. 

On the other hand, literature reports on superhydrophilic surfaces are quite limited [71]. 

 

2.6. Surface free energy and cell adhesion 

 
Materials or substances are formed by the interactions or bonds of atoms. Within the bulk 

of a material, atoms are generally stable and have a balanced set of interactions or bonds. In 

contrast, the atoms on a surface have an unbalanced set of interactions due to the absent of their 

neighbor atoms, broken bonds. Thus, these atoms on the surface have an excess internal energy 

compared to the atoms in the bulk and the excess energy is considered as surface free energy, in 

short surface energy. Surface energy affects activity of cells, such as protein adsorption and cell 

adhesion. Cell adhesion is important for cell sensing, cell regulation, cell proliferation, organ 

formation, and tissue maintenance [81][82]. It has been reported that surface with high surface free 

energy showed improvement of cell adhesion and spreading, while that with low surface free 

energy can inhibit cell behavior [83][84][85]. The mechanism behind this is still not fully 

understood.  

 

The amount of surface energy depends strongly on the atomic bonding force and number 

of broken bonds, i.e., surface energy will be higher when the atoms have strong interactions and 

the surface is parallel to a high-index crystal plane. Surface energy can be described by Gibb’s free 

energy as follows [86]:   

 

𝐺 = 𝐺& + 𝐴𝛾          (2-11) 
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 Where 𝐺 is the free energy of a system containing an interface of area A, 𝐺& is the free 

energy of the system, 𝛾 is the surface energy or the excess free energy from the broken bonds on 

a surface. 

 

The surface energy can also be determined indirectly by CA measurements, which is more 

convenient. Various kinds of known surface tension liquid droplets, such as water and 

diiodomethane, are used to measure CA. Then the CA values will be used as parameters for surface 

energy calculation by a suitable model. There are a lot of surface free energy calculation models, 

however most of them are based on Young’s equation, equation (2-9). Generally, a surface with 

high surface energy will have low CA of droplets or good wettability. This is due to the surface 

can form strong bonds, the interaction of liquid droplet with the surface will minimize the free 

energy of the system. Thus, the liquid is willing to break bulk bonding and spreading on the 

surface. The following equations are some examples for surface energy calculation. 

 

2.6.1. Dupre’s equation 

 
This model can be used to relate interfacial tension and the interactions between the solid 

and liquid by describing the work of adhesion, WSL. The work of adhesion represents the work that 

must be done to separate the two phases or the energy released in wetting of a surface. Dupre’s 

equation is shown below: 

 

𝛾). = 𝛾.- + 𝛾)- −𝑊).        (2-12) 

 

When combining equation (2-12) with Young’s equation (2-9), giving Young – Dupre 

equation which is one of the basic forms used in surface energy calculation. The Young – Dupre 

equation is as followed [87]: 
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𝑊). = 𝛾.-(1 + cos 𝜃)        (2-13) 

 

2.6.2. Zisman Model 

 
This model assumes that the surface energy of a solid is equal to the maximum surface 

tension liquid that will give a contact angle of 0°. This assumption is known as the critical surface 

tension. The contact angle on the surface for a series of liquid droplets is plotted versus surface 

tension. Then the surface energy of the solid can be extrapolated from the plot, as shown in Fig. 

2.10 [74][88]. The cos 𝜃 is plotted against surface tension. The maximum surface tension that 

achieves 𝜃 = 0° is equal to surface energy. Nonetheless, The Zisman model is only suitable for 

non-polar surface since it ignores the impact of polar interactions.  

 

 

Fig. 2.10. Zisman plot  
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2.6.3. Owens – Wendt – Rabel & Kaelble Model 

 
The Owens – Wendt – Rabel & Kaelble (OWRK) model requires two known polar 

dispersive and polar interactions liquids to determine surface energy. The most common used 

liquids are water and diiodomethane. The OWRK model is described in equation (2-14) and 

suitable for polar surfaces [89].  

 

!!"(#$%&'()

*+,!!"# -
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Where 𝛾./0  and 𝛾./1  are the polar and dispersive components of the surface energy of the 

solid, respectively. The 𝛾2/0  and 𝛾2/1  are the polar and dispersive components of the surface 

tension of the liquid, respectively [90]. 
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Chapter 3 Experimental methods 

 

3.1. Materials 

 

Pure Ti (commercially pure Ti, Grade 2) sheets, 1 x 45 mm2 and 1 mm thick, were used as 

substrates. The substrates were ground by silicon carbide papers down to 1000 grit as the last step 

and then masked to have a working surface area of about 1 cm2. The samples were rinsed with 

acetone followed by ultrasonic cleaning in methanol for 15 minutes and ultrasonic cleaning in DI 

water for 15 minutes. These steps were followed for samples before and after their profiling 

process by EPP to eliminate oil, dirt, and contamination before performing contact angle 

measurements.  

 

3.2. Electrolytic plasma processing 

 

In this study, the Ti substrates were divided into three groups, which are the as-polished, 

plasma electrolytic saturation (PES) treated, plasma electrolytic oxidation (PEO) treated. The PES 

utilized cathodic reaction while the latter utilized anodic reaction. The two techniques performed 

in a different electrolyte and apparatus.  

 

3.2.1. Plasma electrolytic saturation 

 

Prior to actual PES, the entire voltage – current density response (V-i) was established in a 

10 wt.% NaHCO3 electrolyte to identify the Kellog’s region, where the plasma envelope was 

stable. Fig. 3.1 represents the full V-i response of the setup used in this study. The current density 

variation was plotted versus the applied potential. Based on the full V-i response in Fig. 3.1, the 
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Kellog’s region was determined to be in the range of 90 – 110 V with a prevailing current density 

of ~3 A/cm2. 

 

Fig. 3.1. Full PES V-I response of pure Ti in 10 wt.% NaHCO3 
 

PES was performed under the cathodic regime by controlling the input voltage using a DC 

power supply (SGA 600/17 DC, Sorensen, USA). A schematic drawing of the EPP system is 

shown in Fig. 3.2. Perforated graphite was used as the counter electrode (anode). DI water 

containing 10 wt.% of NaHCO3 (99%, Alfa Aesar, USA) was used as the electrolyte with a pH 

8.35. The electrolyte temperature was maintained at 75 °C. During the process, the electrolyte was 

circulated from a reservoir at a flow rate of 2 liters/min and supplied through the perforated counter 

electrode onto the surface of the Ti sample. The separation distance between the counter electrode 

and the substrate was 5 mm. The plasma processing was conducted at 105 V for different 

processing times; 30 s, 60 s, 90 s, 120 s, and 150 s. Duplication samples were processed at each 

processing time to confirm the reproducibility of the process. 
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Fig. 3.2. Schematic drawing of the PES unit 
 

 

3.2.2. Plasma electrolytic oxidation 

 

A direct current power supply (SGA 600/17 DC, Sorensen, USA) was used as a power 

source. The PEO was done in a 800 mL double walled beaker and the temperature was kept below 

30 °C by water coolant. The Ti anode was immersed in the center of the electrolytic cell and 

surrounded by a cylindrical stainless steel plate cathode. The coatings were prepared in 0.1 M 

KOH and 0.017 M K4P2O7 electrolyte at pH = 12.7 and conductivity of 125 mS/cm at difference 

current density, i.e., 50, 100, and 150 mA/cm2. The presence of the KOH in the electrolyte is 

beneficial for developing uniform coatings. The applied current densities were kept constant 

during each PEO treatment. Preliminary experiments were performed to observe the breakdown 

voltage and arcing regime of the setup in this study. After the PEO process reached breakdown 

voltage (~220 V), the Ti substrates were further treated for 90 and 270 s. The maximum treatment 

duration was set at 270 s to avoid detrimental effects from severe arcing. 
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3.3. Surface characterizations 

 

3.3.1. Surface morphology and chemical composition 

 

Scanning electron microscopy (SEM) in conjunction with energy dispersive X-ray 

spectroscopy (EDS) (S-3000N, Hitachi, Japan) was used to examine the surface morphology and 

the chemical composition of the Ti samples before and after EPP processing.  The acceleration 

voltage during EDS analysis was kept constant at 15 kV, to minimize the excitation volume. 

 

3.3.2. Surface profile characteristics 

 

An optical profilometer (Wyko NT9100, Veeco Instruments Inc., USA) was used to 

measure the surface roughness (Sa) and other surface characteristics such as the average of 

maximum height of the hills to valleys (Sz), the asymmetry of surface about the mean plane (Ssk), 

and the ratio of the actual surface area to projected area (r). The samples were scanned at 7 different 

areas to cover the surface and extreme values were eliminated before determining average values.  

 

3.3.3. Contact angle measurement and surface energy calculation 

 

A simple sessile drop system was used to measure the CA on the Ti surface before and 

after the EPP profiling process. Briefly, an electronic pipet was used to drop DI water droplets, 5 

μL, on the sample surface. An optical microscope was used to capture the images of the droplets 

on the Ti surface. Then, Adobe Photoshop was used to process the images into black and white. 

Finally, CA values were acquired in ImageJ software (NIH) by Dropsnake analysis plugin. The 

CA measurements were repeated for 7 times at different locations on each sample and average 

values are reported.  
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To calculate the surface energy of the Ti surfaces, the CA of the water and the 

diiodomethane droplets were measured using the sessile drop method. The CA values were then 

used as parameters to determine the surface energy using the OWRK model, Eq. (2-13). 

 

3.4. In-vitro studies 

 

To study the effect of Ti surface treatment on its bioactivity, cell free in-vitro studies were 

performed on the treated samples compared to the untreated Ti samples. Alpha modified minimum 

essential medium (a-MEM) (Gibco 12571063, USA) was used as an alternative solution to the 

conventional simulated body fluid (SBF) in this study [91][92][93]. a-MEM is an appropriate 

medium for bone cell culture studies; its ions concentration, pH, and amino acids and vitamins 

make it similar to that of human blood plasma. The ions concentration (mM) of the a-MEM are 

as followed Na/= 144.4, K/= 5.3, Mg+/= 0.8, Ca+/= 1.8, Cl#= 126.2, HCO"#= 26.2, HPO!+#= 1.0, 

SO!+# = 0.8 and pH = 7.4. The a-MEM has been reported to be used as an alternative SBF to 

evaluate HA (Ca10(PO4)6(OH)2) precipitation in in-vitro studies [91]. α-MEM gives similar 

precipitation driving forces and nucleation rates as found by Hank’s balanced salt solution [92]. 

Untreated Ti (polished 1000 grits) samples were used as a control group. For the PES treated 

samples, in-vitro study was performed only on the 150 s treated samples, since they exhibited the 

lowest contact angle. Untreated, PES and PEO treated Ti samples were immersed in a-MEM and 

kept incubated at 37 °C for 7, 14, and 21 days. The test solution was changed every 48 hours to 

maintain ion concentration levels and pH. After completion, the samples were then rinsed with 

phosphate buffered saline and then dried under air environment for further characterizations.  
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X-ray diffraction (XRD) (D8, Bruker, USA) was used to identify the precipitation of HA. 

The θ-2θ scans were performed by Cu Ka radiation (l = 1.5418 Å) with step size of 0.01° and 

dwell time of 3 s/step. Fourier transform infrared spectroscopy (FTIR) (Thermo Nicolet 6700 

ATR, Thermo Electron Corporation, USA) was also used to confirm the presence of hydroxyl and 

phosphate groups in HA. Surface morphology and chemical composition were evaluated by high 

resolution (HR) SEM in conjunction with EDS (S-3000N and S-4800, Hitachi, Japan). 

 

After studying the surface bioactivity using cell free media, in-vitro studies using murine 

calvarial MC3T3-E1 pre-osteoblast and human mesenchymal stem cells were performed to further 

investigate the bioactivity and the cellular behavior on the PES treated 150 s and PEO treated 

surface, respectively, compared to the untreated Ti. The osteoblast cells are responsible for bone 

deposition of bone matrix and for osteoclasts regulation [94]. They are widely used to assess the 

bioactivity of a biomaterial surface. For the PES treated Ti, MC3T3-E1 cells (American Type Cell 

Culture Inc., Manassas, VA) were cultured using α-MEM supplemented with 10% fetal bovine 

serum and 1% penicillin/ streptomycin until 75% confluence (passage 14-15). Then, cells were 

seeded on the different Ti surfaces using 24 well-plates and n=3 for each group for 24 and 48 

hours. For the PEO treated Ti, male-human mesenchymal stem cells (MSCs) were carried out to 

investigate the surface cytotoxicity and the cellular behavior on the PEO treated samples, n = 3 for 

each group. MSCs are typically used in the field of tissue engineering applications due to their 

ability for self-renewal, capability to proliferate and then differentiate into different cell-type such 

as bone [95,96], ligament [97], adipose [98], cartilage [99,100], and muscle [101] tissues based on 

the type  of conditioned cell culture media being used. Male human bone marrow MSCs were 

obtained from Lonza (Lonza Walkersville Inc., MD, USA) and cultured in MSCGM BulletKitTM 
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(Lonza, PT-3238 & PT-4105) specific growth medium until 75% confluence (passage 2). The cells 

were seeded on the PEO treated samples for 24 and 72 hrs.  

 

After each time point, MTS assay was performed using CellTiter 96® AQueous One Solution 

Cell Proliferation Assay kit (Promega, Madison, WI, USA). MTS reagent was added directly to 

each well, the plate was wrapped with Al foil to be protected from the light, and the plate was 

incubated for 2 hours. Then, the optical density (OD) readings were recorded using microplate 

reader (SpectraMax® i3, Molecular Devices, CA, USA) at 490 nm. Furthermore, live/dead assay 

using Invitrogen LIVE/DEAD Viability/Cytotoxicity Kit (Thermo Fischer Scientific Inc., 

Waltham, MA, USA) was performed. Green stained live cells were captured as fluorescent images 

using a DMi8 inverted Leica microscope (Leica Microsystems Inc., IL, USA). Five images were 

taken for each sample and n=3 samples for each group. Fluorescent images were further used for 

quantitative analysis to count the exact number of live cells on each Ti surface using ImageJ 

software (NIH). OriginPro 8.5 software was used for all graphs and statistical analysis, and one-

way ANOVA followed by Tukey’s post hoc was used between group comparisons. Statistical 

significance was considered when p < 0.05 represented as (*), p < 0.01 as (**), and (***) for p < 

0.001. 
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Chapter 4 Results and discussion 

 

4.1. Plasma electrolytic saturation  

 

4.1.1. Chemical composition and surface morphology 

 

EDS analysis was conducted on all PES processed samples. Figs. 4.1a-b show EDS 

spectrums of the untreated and EPP treated Ti, respectively. The untreated Ti surface contained 

carbon 8.4 at.% (± 1.0 at.%) and the rest was Ti. The untreated Ti surface may absorb carbon from 

ubiquitous hydrocarbon in air, solution containing organic contaminations, or the previous 

polishing process. For the PES treated Ti, the EDS analysis revealed a small amount of carbon, 

1.7 at.% (± 0.5 at.%). The oxygen content on the PES treated Ti ranged from 7 – 10 at.%. The PES 

treatment eliminated surface contamination, as seen from the decreased carbon content. It’s good 

to note that the remaining of carbon found on the PES treated may come from the carbon residual 

that already presents in the SEM chamber. Plasma processing creates a fresh and effectively clean 

metal surface that is highly reactive. Thus, oxygen in the air reacts with the treated Ti surface and 

a very thin TiO2 layer is built up. Cionea has reported that the top layer of PES treated Ti has 

ultrafine grain (10 – 40 nm) with the depth of about 100 nm due to the repeated melting and 

freezing cycles during the plasma processing [59]. Thus, this thin TiO2 layer is responsible for the 

small amount of oxygen content found on the PES treated Ti. The TiO2 is capable of forming 

hydroxyl groups on its surface, which may help decreasing the contact angle of water droplets 

[102]. 
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Fig. 4.1. EDS spectrum of (a) untreated, (b) PES treated for 150 s 
 

Scanning electron micrographs of the PES profiled Ti at different processing time are 

shown in Figs. 4.2. Characteristic hills, valleys, and crater-like features appear across the surface 

of the PES profiled Ti. These features were a result of local surface melting by high temperature 

discharge created by PES. Then, the collapse of high energetic plasma at the vicinity of the titanium 

surface produced shock waves. Subsequently, fast solidification takes place due to the presence of 

aqueous electrolyte [10][12]. Elias et al. and Guéhennec et al. have reported that crater-like and 
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pore features on the surface exhibit higher wettability and removal torque after in-vitro and in-vivo 

tests, compared to other rough surfaces without these features [103][104]. 

 

 

 

 

 

Fig. 4.2. Scanning electron micrograph of PES textured Ti (a) untreated; after processing for (b) 
30 s, (c) 60 s, (d) 90 s, (e) 120 s, and (f) 150 s 

The SEM images also reveal that the size and number of crater-like features were increased 

by increasing processing time. The processed surfaces exhibited complex texture such as 
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protruding and undercutting features for plasma processing at or longer than 90 s. These features 

are greatly increasing the surface area of the PES profiled Ti. Furthermore, there were 

submicrometer (80 – 350 nm in diameter) pores embedded in the protruding features. The high 

surface area and the presence of pores can increase the wettability of the surface by letting the 

liquid droplet imbibe through those pores. Thus, the wetting state may not solely follow the Wenzel 

state, where the surface is dry ahead of the contact line, but rather exhibiting film state, where the 

texture is filled with a liquid film [105]. The condition for droplet imbibition will be discussed in 

the following section. 

 

4.1.2. Wettability and surface roughness 

 

The wettability of the surface was investigated by CA measurements. An example of a 

water droplet on an untreated and plasma processed Ti surface is shown in Fig. 4.3a and Fig. 4.3b, 

respectively. The CA variation of the Ti samples at different processing times is shown in Fig. 4.4. 

The CA for the unprocessed sample (denoted as 0 s) is also included for comparison. The results 

revealed that the untreated Ti was hydrophilic with a CA of 38.7°. After plasma processing, the 

CA decreased significantly (~82%) exhibiting only a small decrease with increasing processing 

time. It is important to note that even a PES treatment for 30 s produced a surface profile, Fig. 

4.2b, with a very low CA (~9°). Thus, the wettability of the Ti samples was increased and became 

superhydrophilic after subjected to PES profiling. The highest wettability (average AC of 5.4°) 

was observed for the profile produced after 150 s of processing, Fig. 4.2f. 
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Fig. 4.3. Water droplet on titanium surface (a) untreated and (b) after PES for 150 s 

 

 

Fig. 4.4. Apparent contact angle as a function of processing time 
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The results of Sa and Sz versus processing time are shown in Fig. 4.5 and Fig. 4.6, 

respectively. The results clearly show that increasing processing time resulted in an increase in 

roughness parameters. The trend of the increase of Sa is almost linear since longer processing time 

allows plasma processing to produce rough characteristic surface from numerous cycles of local 

melting and freezing events. Even a 30 s treatment produces a significant increase in Sa from 17 

nm for the untreated surface to 87 nm. The highest surface roughness was achieved after processing 

for 150 s exhibiting a value of Sa 213 nm. It is important to note that the PES treatment produced 

a nanoscale roughness with the Sa parameter remaining at or below ~200 nm for all treatments. 

Gui et al. performed PES treatment (cleaning) on 304 stainless steel at different processing time 

and found a similar trend for the surface roughness, even though it has been analyzed in 2D (Ra) 

[106]. 

 

 

Fig. 4.5. Surface roughness (Sa) as a function of processing time 
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Fig. 4.6. Maximum height from hills to valleys (Sz) as a function of processing time 
 

The results of Sz present the average variation of the distance between the top of the hill 

and bottom of the valley features with processing time. The trend of Sz with processing time 

exhibits a sharp increase initially and more of a plateau after 60 s. Furthermore, initially the 

variation was obviously high which was probably due to insufficient processing for such short 

duration. Beyond 60 s of treatment, Sz seems to stabilize at about 3 µm. Another surface roughness 

parameter obtained is Ssk that is used to evaluate the profile symmetry of the surface about the 

mean plane. The value of the Ssk can be negative, zero, or positive. The negative skew means the 

bulk of the material is above the mean plane where the positive skew is the opposite. This implies 

that the negative skew surface mostly comprises deep valleys rather than spikes. The zero skew 

means the surface is more symmetric [107]. In this study, the untreated sample had a negative 

skew as seen from the results in the Fig. 4.7. This is a result of the presence of scratches from the 

mechanical grinding process. However, the negative skewness has reduced after subjected to the 

PES profiling, moreover, it became closer to zero after PES profiling for 90 s and longer. This is 
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due to the effect by the fine plasma during PES producing a profile with higher Ssk uniformity. 

Thus, the PES has created a new texture on the Ti surface with comparatively equal amounts of 

spikes and valleys. Furthermore, the results revealed that a type of hierarchical profile was 

produced composed of ~3 µm spikes (2 µm< Sz <3 µm) separate by valleys with nanoscale 

roughness (100 nm< Sa <200 nm). 

 

 

Fig. 4.7. Profile symmetry about mean plane (Ssk) as a function of processing time 
 

4.1.3. Surface energy  

 

The CA and surface tension components of the water and diiodomethane droplets are listed 

in Table 4.1. Plugging in the CA, 𝛾2/3 , 𝛾2/
4 , and 𝛾2/ value of the water and diiodomethane into 

Eq. (2-14) yielded two equations, then the 𝛾./
4  and 𝛾./3  were solved. The surface energy is the 

summation of 𝛾./
4  and 𝛾./3 . The CA of diiodomethane on the as-polished and PES treated surface 

was 31° and 18°, respectively. The as-polished Ti and the PES treated for 150 s had the surface 
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energy of 61.62 mJ/m2 and 75.2 mJ/m2, respectively. The increasing of surface energy has been 

reported to be beneficial for protein adsorption and cell adhesion [83][84].  

 

Table 4.1. Contact angle values and surface energy components of the water and diiodomethane 
droplets [89] 
 

Liquid 
Droplets 𝛾2/3  (mJ/m2)	 𝛾2/

4 	(mJ/m2) 𝛾2/ (mJ/m2) 
CA (degrees) 

As-polished PES 150 s 
Water 21.8 51.0 72.8 39 5 

Diiodomethane 49.5 1.3 50.8 31 18 

 
 
 
4.1.4. Superhydrophilicity of PES profiled surfaces 

 

Prior to discussing how superhydrophilicity was induced on PES profiled surfaces, it is 

beneficial to give a brief explanation on how superhydrophobic surface is developed since it is the 

opposite phenomenon. A textured solid surface can become superhydrophobic when the liquid 

droplet rests between spikes or protrusions. Air must be trapped in the cavities under the liquid 

droplet. This follows the Cassie-Baxter wetting state as shown in Fig. 4.8a [108]. However, the 

trapping of air is metastable since the liquid droplet will eventually wet the solid surface in the 

cavity, transition to Wenzel state, due to lower energy state of their interactions. 

 

 

 

 

 



 48 

 

 

Fig. 4.8. Wetting of a droplet on rough surface (a) Cassie-Baxter state and (b) film state 
 

Bico et al. applied Young’s and Wenzel’s equations and reported that the condition for the 

stability of the liquid droplet on air cavities followed equation (4-1): 

 

cos 𝜃 < 0#$
1#0

        (4-1) 

where 𝜃, r, and j are Young’s contact angle on flat surface, the ratio of the actual surface area to 

the projected one, and the fraction of solid surface remaining dry, respectively [105]. 

 

For the superhydrophilic case, the liquid drop must be hemi-wicking, which is the opposite 

to the pinning of the droplet for the case of superhydrophobic. Hemi-wicking is the mechanism 

that the liquid droplet is intermediate between imbibition and spreading into the cavities of the 

textured surface. This wetting state has been proposed as film state. Fig. 4.8b is the schematic 

drawing of a liquid droplet on a textured surface representing the film wetting state. Hence, this 

gives the prerequisite conditions for superhydrophilic surface as follows [105][109]: 

cos 𝜃 > $#0
1#0

 ,  𝜃 < 𝜃2 with  cos 𝜃2 =
$#0
1#0

   (4-2) 
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where 𝜃2 is the critical contact angle.  

 

 Table 4.1 presents the r and φ measurements for all PES processed samples. The surface 

profiling results revealed that the r value increased significantly by increasing processing time in 

the PES profiling process. The untreated sample had an r value of 1.1, then increased to 12.4 after 

subjected to PES profiling process for only 30 s. Moreover, the r value went up to 88.6 after 

processing for 150 s. This was consistent with the Sa and Sz results, since rougher surfaces 

provided larger surface area [110]. In view of equation (4-2), when r is comparatively large, the 

condition for hemi-wicking is favored. Thus, the surface of Ti has turned to superhydrophilic after 

the PES profiling process.  

 

Table 4.2. Values of the ratio of the actual surface area to the projected area (r) and fractal area 
of solid surface remaining dry (j) as a function of processing time 

Parameter Processing time (s) 
0 30 60 90 120 150 

r  1.10 12.40 23.20 41.20 60.40 88.60 
Standard deviation 

 

0.03 9.04 5.93 9.86 14.89 19.79 
j 0 0.031 0.036 0.041 0.042 0.046 

Standard deviation 0 0.006 0.004 0.006 0.005 0.004 
 

Representative contour spectral and 2D surface line profiles as a function of treatment time are 

shown in Figs. 4.9. They were used to evaluate and calculate the j values. As seen from the SEM 

images in Figs. 4.2, the geometry on top of the features of the PES profiled surface was nonuniform 

since the protrusions were randomly created by the collapse of the plasma. The contour spectral 

images are representing the distribution of the height over the scanned area. They show that for 

the clear majority of hills, their height on the profiled surface is at least in the range of about 0.4 

µm. In view of equation (4), in a surface with a high value of r (r > 5) and naturally hydrophilic 
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(apparent contact angle 𝜃 < 75°), water droplets will imbibe and spread to fill up between these 

protrusions and valleys. This results in wetting of the surface regardless of j values. The 

summation of the area on top of each spike above the droplets is the j value. However, the PES 

produced features with a variation in height and it is hard to precisely calculate their surface area 

on the tip of them. Thus, the portion of spikes at and above 0.4 µm was considered as the surface 

remaining dry since most asperities and valleys are lying below them.  

 

The cross-sectional areas at the height of 0.4 µm and above will be representing the surface 

remaining dry area of the asperities. These areas appear in saturated red in the contour spectral 

images of Figs. 4.9. ImageJ software was used to determine the sum of the areas in saturated red 

and extract the j values that are reported in Table 4.1. The PES profiled samples had j values of 

3.1%, 3.6%, 4.1%, 4.2% and 4.6% after processing for 30 s, 60 s, 90 s, 120 s and 150 s, 

respectively. The 2D surface line results provided additional evidence that the longer processing 

time produces a higher number of tall spikes and deep valleys. It is important to note that the 

proposed criterion for surface remaining dry could possibly overestimate the j values. 

Nevertheless, these surfaces have sufficiently large r (r > 12) and their apparent contact angle on 

flat surface is small enough (𝜃 = 38.7°) to be able to neglect possible overestimation of j values. 
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Fig. 4.9. Contour spectral images (left) and 2D line scans (right) of PES profiles after treated for 
(a) 30 s, and (b) 60 s, (c) 90 s (d) 120 s, and (e) 150 s 
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Fig. 4.9. (Cont.) 
 

Figs. 4.10 present the distribution of the area of the solid surface remaining dry for each 

processing time. The results clearly show that prolonging processing time produced a larger 

number of smaller size spikes scattered across the surface. The increase in number of small spikes 

results in a substantial increase in r, which is favorable for inducing the hemi-wicking mechanism 

and, finally, lower CA of the droplets. In superhydrophilic and superhydrophobic surface design, 

line density (i.e., spike or hill density) and asperity height are one of the most important parameters 

to be considered [111]. The line density in the present study can be determined by dividing the 

scanned area shown in Figs. 4.9 with the total number of spikes taller than 4 µm from Figs. 4.10.  
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Fig. 4.10. Distribution of cross-sectional area of spikes with a height of at least 0.4 µm, 
representing surface remaining dry for a PES treatment of (a) 30 s, (b) 60 s, (c) 90 s, (d) 120 s, 

and (e) 150 s 
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For example, for a 150 s treatment, the results show that there is a spike taller than 0.4 µm in every 

10 µm2 of the profiled surface. Such a combination of spike line density and height is expected to 

be beneficial for the spread of droplets [112]. 

 

The critical CAs for the processed samples were calculated following equation (4-2). The 

apparent and critical CA for each processing time were plotted and shown in Fig. 4.11. As 

mentioned above, when the critical CA is larger than the apparent contact angle, 

superhydrophilicity will be achieved as a result of the hemi-wicking. It can be seen that the surface 

condition of the untreated sample yielded a critical CA of 24.0° which was smaller than the 

apparent CA, 38.6°. Thus, it was not able to induce superwetting of the surface. However, after 

PES profiling, the surfaces yielded critical CA values close to 90°. In other words, the textured 

created by PES profiling was able to induce superhydrophilicity on the titanium surface.  

 

 

Fig. 4.11. Apparent and critical contact angle as a function of PES treatment duration 
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Thus far in this section, superwetting mechanism of the PES treated surface has been discussed 

based on its topography. Our findings showed that wettability mainly depends on Sz and Ssk (b0th 

exhibiting a plateau with processing time) and not much on Sa (increase in roughness). Another 

factor affecting wettability is the surface chemistry. As mentioned earlier, the PES produced clean 

surface with thin TiO2 layer for all treated samples including the one processed for 30 s. The TiO2 

has been reported to be able to form hydroxyl groups, which may help decreasing the contact 

angle. However, this would happen when TiO2 reacts with a liquid at physiological pH values and 

a certain thickness may be required [102]. Also, the EPP treated samples showed an insignificant 

amount of carbon contamination on their surface. It is known that a surface with less contamination 

possesses higher surface free energy [113][114]. Hence, it is readily to reduce its surface free 

energy by bonding with the water droplets that land on its surface. In addition, the PES profiling 

surfaces have such large r value that satisfying hemi-wicking mechanism. It can be concluded that 

the combinations of surface chemistry and topography yield superwetting characteristic on the 

PES treated Ti surface.  

 

It is important to note that the PES profiled samples were not able to achieve complete wetting 

(i.e., CA of 0°). It is noted that Wenzel’s equation suggests that rough surface satisfying cosθ > 

1/r, corresponding to dE < 0 can exhibit complete wetting [112][115]. However, this is not 

accomplished since the real surface can not completely imbibe the liquid droplet. In addition, 

superhydrophilic surface is sensitive to contamination as a result of its high surface energy. By 

exposing the surface to air environment, contamination from airborne can easily reduce the 

wettability of the surface [71][116]. Nevertheless, the present results show that PES is a promising 

profiling method to induce superhydrophilicity on titanium surfaces. This is particularly important 
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for titanium and its alloys since they are biocompatible and widely used materials for biomedical 

applications. 

 

4.1.5. In-vitro study in cell free media 

 

HR-SEM images, Figs. 4.12, represent the surface morphologies of Ti samples after 

immersion in a-MEM for 7, 14, and 21 days. It is clearly seen that both treated and untreated 

groups were able to induce calcium phosphate nucleation on their surface after 7 days of 

immersion. This is due to the a-MEM is metastable and supersaturated towards calcium phosphate 

crystals. It will eventually reduce its energy by forming calcium phosphate crystals when the time 

and temperature are suitable [117]. However, it can be clearly seen that the PES treated Ti surface 

showed a higher density of calcium phosphate deposition compared to that of the control group. 

The PES treated Ti has better hydrophilicity level and larger surface area due to its rougher profile 

compared to the untreated Ti. An increase of material surface area can lead to better protein 

adsorption and faster change of local a-MEM composition, thus, a faster calcium phosphate crystal 

formed on the surface [117][118]. Moreover, a solid surface with high surface energy will provide 

a better nucleation site for heterogeneous nucleation. Since its interfacial energy with calcium 

phosphate-nucleus is lower than that of nucleus-solution interface. Hence, calcium phosphate 

nucleates and grows faster on the PES treated Ti in a-MEM. The results of apatite coverage 

analyzed in ImageJ software, shown in Figs. 4.13a-f, also provide additional evidence that the PES 

treated Ti surface has higher nucleation rate as we can see from the percentage of apatite coverage. 

At day 7, the apatite coverage of the untreated and PES treated Ti was at 18.7% (± 2.1%) and 

35.0% (± 2.6%), respectively. After immersion for 21 days, the apatite coverage increased to 
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33.0% (± 3.0%) and 72.3% (± 2.1%) for the untreated and PES treated, respectively. Fig. 4.14 

represents percentage of apatite coverage on the Ti substrates after immersion in a-MEM. 

 

 

Fig. 4.12. SEM images of untreated Ti after immersed in a-MEM for (a, b, c) 7 days, (g, h, i) 14 
days, (m, n, o) 21 days, and PES treated Ti 150 s after immersed in a-MEM for (d, e, f) 7 days, 

(j, k, l) 14 days and (p, q, r) 21 days 
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Fig. 4.12.  (Cont.) 
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Fig. 4.12.  (Cont.) 
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Fig. 4.13. Apatite coverage on untreated Ti after immersion in a-MEM for (a) 7, (c) 14, (e) 21 
days, PES treated Ti after immersion in a-MEM for (b) 7, (d) 14, and (f) 21 days 
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Fig. 4.14. Percentage of apatite coverage on the Ti substrates after immersion in a-MEM 

 

Saruta et al. has reported similar results from their study on osteoconductive of acid etched 

Ti that has surface features close to that found on PES treated Ti for 150 s [119]. They found that 

the Ti with sub-micro-scale topography, having pit size in the range of 0.1 – 0.5 µm, had better 

calcium deposition and expression of osteoblastic compared to the group without such 

compartmental structure. Furthermore, there has also been reported that Ti with surface texture 

prepared by various techniques, such as blasting, selective laser melting and anodic oxidation, 

exhibit better osteoconductive/osteointegration compared to flat surface [56][114][120]. Thus, it 

is important to note that surface topography and hydrophilicity play an important role on 

bioactivity level of Ti implants.  

 

EDS analysis showed that Ca/P ratio increased with increasing immersion time. The Ca/P 

ratio of the PES treated Ti after immersed in a-MEM for 7, 14 and 21 days was 1.33 (± 0.08), 1.47 

(± 0.05) and 1.68 (± 0.02), respectively. Fig. 4.15 represents the Ca/P atomic ratio of the 
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stoichiometric HA and the PES treated Ti after immersion in a-MEM at different duration. At 

early stage, octacalcium phosphate (OCP, stoichiometric Ca/P ratio = 1.33), was formed after 

immersion in a-MEM for 7 days. This was in a good agreement to the results that Awad et al. 

found when immersed Ti6Al4V alloy in a-MEM for 7 days [91]. The OCP morphologies are 

shown in Figs. 4.12a-f. As immersion continued, the plate like morphology of OCP precipitation 

has developed to dense tricalcium phosphate (TCP, stoichiometric Ca/P ratio = 1.50) after 

immersed in a-MEM for 14 days. Wang et al. also reported that at early stage of in vivo 

implantation dicalcium phosphate, OCP and TCP tend to form before HA [121]. It is worth 

mentioning that OCP and TCP are thermodynamically metastable phases, the formation of them 

at early stage is kinetically favored. Eventually, HA (stoichiometric Ca/P ratio = 1.67) was found 

after immersion in a-MEM for 21 days. The formation of HA is probably due to the hydrolysis of 

OCP as shown in equation (4-3) [122]: 

 

Ca8H2(PO4)6·5H2O + 2Ca2+ → Ca10(PO4)6(OH)2 + 4H+   (4-3) 

 

 

Fig. 4.15. Ca/P atomic ratio of stoichiometric HA and PES treated Ti after immersion in a-MEM 
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HA is the most stable form of calcium phosphate in physiological environment. It has been 

reported that HA is able to bond better with surrounding bone rather than dissolve like other 

unstable calcium phosphate phases in-vivo [121][122]. 

 

 

Fig. 4.16. FTIR spectrum of PES treated Ti for 150 s after immersion in a-MEM for 21 days. 

 

FTIR spectrum of PES treated Ti after immersion in a-MEM for 21 days, Fig. 4.16, is the 

evidence that HA has precipitated on the surface. The FTIR spectrum is similar to that of HA 

powders reported by other studies [123][20][124]. The absorption peaks of PO!"# at 900 – 1200 

and 570 cm#$ are attributed to the formation of HA. The shoulder peaks at 3560, 2800, and 600 

cm#$ are due to the OH stretching of HA. XRD results also confirmed the formation of HA with 

the presence of HA (211) and HA (203) peaks at 2𝜃 = 31.77º and 45.31º, respectively (JCPDS 

#09-0432). The XRD pattern of PES treated Ti after immersion in a-MEM for 21 days is shown 

in Fig. 4.17. It is important to note that, even though the SBF or a-MEM are not able to mimic the 
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ability of living physiological system, i.e., maintaining stable range of pH level over time. 

However, at present both provide a useful tool to predict the bioactivity of a material before its 

implantation in-vivo [125]. 

 

 

Fig. 4.17. XRD of PES treated Ti for 150 s after immersion in a-MEM for 21 days 

 

4.1.6. In-vitro study with MC3T3 cell culture 

 

In-vitro cell culture studies were performed to evaluate the cells’ attachment, proliferation, 

and viability on the EPP treated Ti surface. Figs. 4.18a-d present fluorescent images of live cells 

(green) attachment and growth on the Ti surfaces. It can be clearly noticed that the cell attachment 

and viability are significantly higher on the PES treated Ti surface, i.e., Fig. 4.18b and 4.18d 

compared to the untreated surface Fig. 4.18a and 4.18c after 24 and 48 hr, respectively. For 

quantitative analysis, the fluorescence images were further used to count the exact number of cells 

on each sample, the data are presented as box plots in Fig. 4.19a.  
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Fig. 4.18. Cells attachment and viability on the Ti-surfaces, (a) and (c) show the live cells on the 
untreated Ti surface after 24 and 48 hr, (b) and (d) show the live cells on the PES treated Ti 

surface after 24 and 48 hr, respectively. 

 

The number of cells was significantly higher on EPP treated surface (236 ± 45 and 362 ± 

80, at 24 and 48 hr, respectively) compared to the untreated surface (176 ± 39 and 244 ± 74, at 24 

and 48 hr, respectively) with significance degree of *** p < 0.001. Furthermore, MTS assay was 

used for quantitative analysis of the cells’ proliferation and growth after 24 and 48 hr as indicated 

in Fig. 4.19b. The MTS assay findings confirmed the results obtained from the live cell’s count 

indicating a higher cell’s attachment and proliferation on the EPP treated surface compared to the 

untreated Ti surface. Tissue culture plate was used as a positive control for the MTS study.  
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Fig. 4.19. (a) Cell counts and (b) MTS assay results after 24 and 48 hr 

 

It is important to note that there was no significant difference in the cell’s viability between 

the EPP treated Ti surface compared to the positive control. While both positive control and EPP 

treated surfaces were significantly higher in the cell’s viability compared to the untreated surface 

at 24 and 48 hr with significance degree of *p < 0.05 and ** p < 0.01. These data concluded that 
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the EPP treated surface could enhance the cells’ viability and proliferation without any cytotoxicity 

effects.    

 

4.2. Plasma electrolytic oxidation 

 

 

Fig. 4.20. Voltage – time response of PEO at different applied current density 

 

The characteristics of PEO process are dependent on processing parameters. The applied 

current density affects the rate of voltage response as can be seen from Fig. 4.20. However, it was 

observed in this study that changing the applied current density alone did not result in shifting the 

dielectric breakdown voltage. Fine plasma started to occur at about 220 V for all applied current 

density levels, but the voltage increased at a faster rate when a higher current density was used. 

This is due to a stronger electric field applied on the electrodes. The anodic and cathodic reaction 

took place more rapidly. The oxide built up at faster rate on the anodic surface, thus, critical 

thickness for the dielectric breakdown was achieved in 20 and 40 s for the PEO treatments at 150 
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and 100 mA/cm2, respectively. While the PEO treatment at 50 mA/cm2 took 180 s to reach the 

dielectric breakdown voltage. 

 

4.2.1. Chemical composition and surface morphology 

 

 

Fig. 4.21. An EDS spectrum of PEO treated Ti 

 

EDS analysis revealed that the PEO treated samples contained O, P, K, and Ti, which are 

the constituent elements in the electrolytic bath and the underlying substrate. A typical EDS 

spectrum of a PEO treated sample is shown in Fig. 4.21. Oxygen was the main element on the 

surface due to the presence of the TiO2 layer that forms during the treatment. Table 4.2 summarizes 

the O, P, and K content of the PEO treated Ti at different current density and treatment duration. 

The O, P, and K were in the range of 46.3 – 50.3, 5.8 – 9.1, and 0.2 – 0.7 at. %, respectively. The 

P slightly decreased when the processing time was increased. 
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Table 4.3. EDS analysis of PEO treated Ti  

Treatment 
duration (s) 

Applied current 
density (mA/cm2) 

Elemental percentage (atomic %) 
O (SD) P (SD) K (SD) 

90 
50 49.6 (2.6) 9.1 (1.1) 0.2 (0.1) 
100 50.3 (1.0) 7.9 (0.7) 0.4 (0.2) 
150 48.9 (3.1) 6.7 (2.3) 0.3 (0.2) 

270 
50 46.3 (4.6) 8.3 (1.0) 0.5 (0.5) 
100 50.1 (2.5) 6.4 (0.6) 0.7 (0.5) 
150 46.9 (3.3) 5.8 (2.0) 0.7 (0.3) 

 

 

SEM analysis was performed to examine the surface morphology of the PEO produced 

layers on Ti. Figs. 4.22 presents the surface morphology of the PEO coatings on Ti. A pore 

structure is evident in all PEO coatings.  This was the result of highly localized electric field that 

initiated micro discharge channels on the Ti surface [12]. It is interesting to note that a larger 

number of fine pores were produced in treatments conducted at lower current densities. This is 

because a PEO treatment at low current density results in the development of a greater number of 

fine plasma discharge [16]. The size and number of pores were analyzed using ImageJ software 

and their distribution is shown in Fig. 4.23. Processing at higher current densities and for longer 

durations reduced the number of fine pores due to the formation of larger discharge channels at 

higher voltage and a sealing effect occurring on the pores. Furthermore, processing up to 270 s 

resulted in an agglomeration of pores, creating a complex pore structure, as can be seen from the 

morphology in Fig. 4.22d-f.  
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Fig. 4.22. SEM images of PEO treated for 90 s at (a) 50 mA/cm2, (b) 100 mA/cm2, and (c) 150 
mA/cm2, 270 s at (d) 50 mA/cm2, (e) 100 mA/cm2, and (f) 150 mA/cm2 
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Fig. 4.23. Pore distribution of PEO treated for 90 s at (a) 50 mA/cm2, (b) 100 mA/cm2, and (c) 
150 mA/cm2, 270 s at (d) 50 mA/cm2, (e) 100 mA/cm2, and (f) 150 mA/cm2 
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FTIR studies of the PEO coatings showed the existence of phosphate (𝑃𝑂!"#) stretching 

modes in the range of 1025 – 1030 cm-1, and the presence of (Ti-O) bending vibration of TiO2 

[69]. Fig. 4.24 presents the FTIR spectra of the PEO treated Ti at various current densities and 

durations. The transmittance of (𝑃𝑂!"#) slightly increased when performing PEO at higher current 

densities. It is possible that at higher current densities O atoms tend to bond with Ti to form TiO2 

rather than forming phosphate group as we have seen the declining of P in the EDS analysis. 

 

Fig. 4.24. FTIR spectrum of PEO at different processing duration and current densities 
 

4.2.2. Surface roughness and wettability 

 

To further investigate surface topography of the produced oxide layers, surface roughness 

and other roughness parameters were obtained by optical profilometry. The values of Sa, Sz, Ssk, 

and r are presented in Table 4.3. The results showed a general trend indicating that increasing 

current density and treatment duration led to an increasing of Sa. However, the roughness of all 
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PEO groups is similar and remains at low levels Sa 500 – 1,000 nm [5].  The Sz seemed to stabilize 

at around 10.1 – 11.0 𝜇m except for the sample treated at 50 mA/cm2 for 90 s, which exhibited Sz 

of 8.6 𝜇m. For such low current density and short processing time, fine discharge channels were 

dominant and as a result smaller pore structures were developed. The results also showed a general 

trend indicating that increasing current density and treatment duration led to a decreasing of Ssk 

and r. The distribution of hills and valleys became more uniform as indicated by the Ssk values 

changing from –1.1 to –0.3. The decreasing of r was due to the reduction of the number of fine 

pores as shown in Figs. 4.23.  

 

Table 4.4. Roughness parameters of PEO treated Ti  

Treatment 
duration (s) 

Applied current 
density (mA/cm2) 

Roughness parameters 
Sa (SD) [nm] Sz (SD) [𝝁m] Ssk (SD) r (SD) 

90 
50 636 (4) 8.6 (0.1) -1.1 (0.1) 427 (14) 
100 659 (13) 10.1 (0.5) -1.0 (0.1) 391 (16) 
150 708 (23) 11.0 (1.1) -0.7 (0.1) 315 (7) 

270 
50 722 (37) 10.4 (0.6) -0.5 (0.1) 252 (7) 
100 873 (27) 10.4 (0.5) -0.3 (0.1) 204 (6) 
150 929 (20) 10.8 (0.7) -0.5 (0.1) 199 (5) 

 

All PEO treated Ti exhibited superwetting characteristics with a contact angle <1o while 

the as-polished Ti exhibited a contact angle of 39o. Fig. 4.25 presents a typical water droplet 

spreading on a PEO treated Ti surface. Due to the large surface area produced by the PEO 

treatment, as indicated by the r value, hemi-wicking occurred and superhydrophilic behavior was 

developed. The mechanism of superwetting surface has already been described in another report 

[126]. It should be noted that the r values of the PEO treated surface are much larger compared to 

that of the as-polished Ti. Moreover, the presence of surface charges from (𝑃𝑂!"#) has also 

facilitated the formation of hydroxyl groups. These hydroxyl groups are beneficial for water 

droplet spreading [127]. Thus, the combination of surface topography and chemistry of the PEO 
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treated Ti yielded a superhydrophilic surface. It has been reported that a superwetting surface 

exhibits better osteoconduction, osseointegration, and cellular response both in-vitro and in-vivo 

compared to a surface with lower hydrophilicity level [6][8][103][7]. 

 

 

Fig. 4.25. A water droplet spreads on PEO treated Ti 
 

4.2.3. Surface energy 

Eq. (2-14) was also used to determine surface energy of the PEO treated surface. The 

surface tension components of the water and diiodomethane droplets are listed in Table 4.1 The 

CA of the diiodomethane on the as-polished and PEO treated was 31° and 13°, respectively. The 

as-polished Ti and the PEO treated had the surface energy of 61.62 mJ/m2 and 75.8 mJ/m2, 

respectively. The PEO treated surface exhibited higher surface energy compared to that of the as-

polished surface.  

 

4.2.4. XRD analysis 

 

Fig. 4.26. presents the XRD patterns of the PEO treated Ti at various current densities and 

treatment durations. The XRD analysis revealed TiO2 and Ti peaks for all treatment conditions. 

Two TiO2 phases were detected in the coatings, namely anatase and rutile. Anatase was formed in 
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all coatings, while rutile formed only in the coatings produced at 100 and 150 mA/cm2. Anatase is 

a metastable phase, that eventually transforms to the stable TiO2 phase of rutile, in the presence of 

sufficient energy and time. Anatase was detected at 2𝜃 angles of 25.3°, 36.9°, 37.8°, 48.0°, 53.9°, 

and 55.1° corresponding to the (101), (103), (001), (100), (105), and (211) planes, respectively 

(JCPDS #21-1272).  Anatase was formed in all PEO coatings since it is kinetically favored. As 

shown earlier, the response of the electrode potential during PEO is dependent on the level of the 

applied current density. At high current densities, the potential rose at a faster rate, producing 

stronger plasma and larger discharge channels. Hence, at 100 and 150 mA/cm2, the coatings had 

sufficient energy to transform anatase to rutile. Nonetheless, it is important to note that when the 

Ti was treated for 90 s, the intensity of the rutile peaks was relatively low and almost undetectable 

in the coatings prepared at 100 mA/cm2. The anatase to rutile transformation may be limited for 

such a short processing period. The XRD results showed the peaks of rutile at 2𝜃 angles of 27.4°, 

36.1°, and 41.2° corresponding to the (110), (101), and (111) planes, respectively (JCPDS #65-

0191). The broad peak around 2𝜃 = 20 – 35° observed in all samples corresponds to the formation 

of an amorphous phase. The broad peak found in the PEO coatings using KOH and K4P2O7 

electrolytes was reported to be attributed to a P containing phase [16].  
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Fig. 4.26. XRD results of PEO coatings for 90 s at (a) 50 , (b) 100, and (c) 150 mA/cm2, and for 
270 s at (d) 50, (e) 100, and (f) 150 mA/cm2 

 

 

It has been reported that anatase (100) and rutile (101) planes have the ability to form 

biomimetic apatite in SBF because they match well with the structure of HA (0004) and (0001), 

respectively [31][128][129]. However, there is a contradiction in these report on which phase of 

TiO2   has shown better bioactivity. The PEO coatings in this study comprised various anatase and 

rutile phases. The ability to form the biomimetic apatite in cell free media as well as cellular 

response is reported in the following section. 
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4.2.5. In-vitro studies 

 

Biomimetic apatite formation in cell free media 

Fig. 4.27 presents the untreated Ti and PEO treated surfaces after immersion in a-MEM 

for different time periods. It is clearly seen that, after 21 days, the treated samples have a higher 

amount of biomimetic apatite formation compared to the untreated Ti. This is in a good 

agreement with other reports that a surface with rougher profile and better wettability exhibits 

better biomimetic apatite formation in SBF [126]. It is important to note that there is no 

significant difference of biomimetic apatite deposition among the PEO treated groups. This is 

because all PEO treated groups are superhydrophilic and exhibit a similar surface roughness. 

The present results also reveal that the presence of the two different TiO2 phases is not influence 

the ability to induce biomimetic apatite formation when the surface has the same wettability level 

and roughness range.  
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Fig. 4.27. Calcium phosphate precipitation after immersed in a-MEM 
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The EDS analysis shows that Ca/P ratio of the precipitated biomimetic apatite on PEO 

treated Ti increased as immersion duration increased. The Ca/P ratio of the biomimetic apatite 

on the treated Ti was 1.48 (± 0.08), 1.64 (± 0.05), and 1.70 (± 0.06) after 7, 14, and 21 days of 

immersion, respectively. Dense tricalcium phosphate (TCP, stoichiometric Ca/P ratio = 1.50) 

was formed after 7 days of immersion, then it developed to HA (stoichiometric Ca/P ratio = 1.67) 

when the immersion time reached 14 days. It is important to note that HA is the most stable 

phase of calcium phosphate. The other calcium phosphate phases, such as dicalcium phosphate, 

octacalcium phosphate (OCP, stoichiometric Ca/P ratio = 1.33), and TCP tend to dissolve in the 

biological system. The Ca/P ratio of the biomimetic apatite on the untreated Ti was 1.29 (± 0.04), 

1.41 (± 0.03), and 1.50 (± 0.09) after 7, 14, and 21 days of immersion, respectively. After the 

first week of immersion, the morphology of the precipitation on the untreated Ti was different 

from the PEO treated groups. The flower like structure that loosely formed is characteristic of 

OCP. High resolution SEM micrographs of the OCP have been published in the previous report 

[126]. The OCP will eventually dissolve and form denser and more compact structure of calcium 

phosphate phases, such as HA, as we can see from the SEM images of the untreated Ti after 

immersion in a-MEM for 14 and 21 days in Fig. 4.27 [121]. The transformation of OCP to HA 

is probably occurred by the hydrolysis of OCP as shown in Eq. (1) [122]. The transformation of 

OCP to HA is probably occurred by the hydrolysis of OCP as shown earlier in Eq. (4-3) [122]. 

 

The biomimetic apatite precipitation on the PEO treated Ti was confirmed to be HA by 

XRD and FTIR analysis. Fig. 4.28 is the XRD pattern of the PEO treated Ti at 50 mA/cm2 for 

90 s after immersion in a-MEM for 21 days. HA (211) and (203) diffractions were observed at 

2𝜃 = 31.77° and 45.31°, respectively (JCPDS #09-0432). The FTIR results shown in Fig. 4.29 

also confirmed the formation of HA on the PEO treated samples. The peaks of PO!"# at 1020 and 
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570 cm#$ and the shoulder peaks of OH stretching at 3500 and 2800 are attributed to the 

formation of HA. 

 

 

Fig. 4.28. XRD peaks of PEO treated Ti after immersed in a-MEM for 21 days 

 

MSCs in-vitro cytotoxicity studies 

The effect of the PEO treatment on the cellular behavior (i.e., cytotoxicity, cell’s adhesion, and 

viability) were also evaluated using human MSCs compared to the untreated Ti (as-polished) 

surface as a control. MSCs are typically used in the field of tissue engineering applications due to 

their ability for self-renewal, capability to proliferate and then differentiate into different cell-type 

such as bone [95,96], ligament [97], adipose [98], cartilage [99,100], and muscle [101] tissues 

based on the type  of conditioned cell culture media being used. Here, cells proliferation 
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Fig. 4.29. FTIR spectrum of the PEO treated Ti after immersed in a-MEM for 21 days 

 

was quantified by an MTS assay (quantitative cytotoxicity assay) while cell viability was further 

assessed by live/dead staining (qualitative cytotoxicity assay). Fig. 4.30a shows the MTS assay 

cell viability results after 24 and 72 hrs of MSCs proliferation on the tested surfaces, respectively. 

Data are presented in a boxplot with the standard deviation and the mean of each group. Although 

the MTS results indicated that the PEO treated groups have higher cells proliferation, significant 

differences were not observed. 
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Fig. 4.30. MSCs’ viability and proliferation after 24 and 72 hrs of culture (a) MTS assay and (b) 
live cell counts 
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Fig. 4.31. Fluorescence images of live cells and dead cells after culture for (a) 24 and (b) 72 hrs 
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Fluorescence images in Fig. 4.31 show the live cells (green) and dead cells (red) on the 

different tested surfaces which indicated good cell adhesion and spread on the surfaces. Almost 

no red stained cells were observed meaning there is not cytotoxic effect on the PEO treated 

surfaces as well as the as-polished Ti after 24 and 72 hr. Green stained cells (live) indicated a 

good cell’s adhesion and normal morphology on the surfaces at 24 and 72 hr. The results of live 

cell counts are presented in Fig. 4.30b. The PEO treated surfaces have higher live cell counts 

compared to the as-polished with significant level of p < 0.001. However, no significant 

difference was observed among the PEO treated groups. This indicates that cell adhesion 

depends on surface topography and wettability rather than the presence of the different TiO2 

phase structures. It is good to note that the number of dead cells has no significant difference for 

all groups. These data present evidence that the PEO treatment of Ti in KOH + K4P2O7 electrolyte 

can enhance biomimetic apatite formation as well as cell viability without any cytotoxic effect. 
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Chapter 5 Conclusions 

 

5.1. Plasma electrolytic saturation (PES) 

 

- PES of Ti produced a characteristic hierarchical surface profile comprised 2-3 µm height 

hills and valleys with nanoscale roughness. The roughness increased with processing time, but 

it remained below 200 nm. Analysis of PES profile parameters showed the development of 

several beneficial profile characteristics including a major increase in the ratio of the actual 

surface area to projection area.  

 

- The studies give the fundamental understanding that PES produced profile with very large 

actual surface area, r, resulted in high critical contact angle values inducing hemi-wicking and 

significant reduction in the droplet contact angle. The PES treatment was able to produce 

desirable profile characteristics on pure Ti surface resulting in superhydrophilic behavior.  

 

- Its superhydrophilic surface was able to induce HA formation after immersed in an 

alternative SBF (a-MEM) for 21 days. In-vitro cell culture studies using MC3T3 pre-osteoblast 

cells indicated the significant enhancement in the cells’ viability and proliferation on the PES 

treated Ti surface compared to the untreated Ti.   

 

5.2. Plasma electrolytic oxidation (PEO) 

- PEO of Ti in potassium - phosphate electrolyte produced TiO2 coatings with a micropore 

structures. The total number of pores decreased, and their size increased with increasing the 

applied current density and treatment duration. Although the roughness increased with applied 
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current density and treatment duration, the roughness of all PEO treated Ti groups remained at 

low levels, Sa 630 – 930 nm. 

 

- The ratio of actual surface area to the projected area (r) decreased as increased current 

density and treatment duration. However, the r values in all PEO coatings are much larger than 

that of the PES treated Ti. The presence of negatively charge 𝑃𝑂!"# and high r values of the 

PEO coatings were responsible for the superhydrophilic characteristic, contact angle smaller 

than 1°. 

 
- The treated Ti groups were able to induce biomimetic apatite formation after immersion in 

a-MEM. In-vitro cell culture studies using human MSCs indicated the significant enhancement 

in the cells’ viability on the PEO treated groups without any cytotoxic effect. 

 
- The results in this study provide an evidence that anatase and rutile show no significant 

difference in terms of biomimetic apatite formation ability, cell proliferation, and cell viability. 
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