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ABSTRACT 

 

 
SURFACE MODIFICATION OF TITANIUM FOR ORTHOPEDIC AND DRUG DELIVERY 

APPLICATIONS 

 

 

Prantik Roy Chowdhury, MS 

Department of Mechanical Engineering 

Northern Illinois University, 2020 

Dr. Sahar Vahabzadeh, Director 

 

 

Titanium is one of the most attractive metals used in orthopedic and drug delivery 

applications because of its excellent mechanical properties, biocompatibility and high corrosion 

resistance. However, due to its bio-inertness, fibrous tissue forms between the bone and implant 

which causes loosening of the implant. Surface modification can play an important role to enhance 

interaction between implant and the surrounding tissues, which reduces the implant failure. The 

aim of this study is to a) incorporate magnesium (Mg) into modified titanium surface by different 

deposition methods for bone-implant interaction, b) modify the surface of titanium by alkali 

treatment, and c) investigate the release behavior of aloe-emodin (AE) from surface-modified 

titanium substrate. 

Different deposition methods were used to investigate the doping of magnesium content 

on titanium-modified surface. Our result showed that the magnesium content on titanium-modified 

surface was enhanced with the increase of magnesium precursor concentration in the deposition 

solution. Alkali treatment was performed using different concentrations of NaOH, temperatures 

and rotation of speeds and we found these parameters affect formation of web-like or nearly web-

like structures on polished titanium samples.  Release behavior of AE from modified Ti samples 



 
 

was controlled by applying PLGA coating at different PLA:PGA ratios, and increase in osteoblast 

cell adhesion and proliferation was found in polymer-coated samples.  

In conclusion, the study investigated various routes to modify the surface of Ti for drug 

delivery and bone tissue engineering application. 
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CHAPTER 1 INTRODUCTION 

1.1 Metallic Implants 

Metallic materials have been used as medical implants since the 19th century [1] and are 

being used in almost 95% of orthopedic applications [2]. Almost $41.1 billion growth in 

orthopedic industry was recorded in 2016 [3]. Most of the people in developed countries who are 

more than 50 years old have been affected by bone and joint degenerative problems and the 

numbers will be doubled by 2020 [4]. The goal of the metallic implant in orthopedic surgery is to 

relieve pain and restore function of the bone and joint [3]. In addition, durability of metallic 

implants is also increasing attention from the orthopedic industry [3]. The survivorship of total 

knee replacement and hip replacement after 15 years ranges from 81.7% to 98.14 % and over 90%, 

respectively [3]. In order to ensure long-term effectiveness, the metal should have desirable 

mechanical properties like strength, toughness and biocompatibility to the human body [2]. Figure 

1 shows different applications of metal used in orthopedics. In addition, the human body is 

favorable to accelerate corrosion; therefore, appropriate selection of metal is of paramount 

importance to increase the lifetime of implanted metal [4]. The selected metal must be bio-inert to 

prohibit corrosion reactions and metal ion leaching [4].  

There are different types of metal used as biomaterials that have different functions. 

Stainless steel, titanium, cobalt-chromium alloy, nitinol, among others, are used for orthopedic 

purposes. 
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Figure 1: (a) The Harrington rod, a stainless-steel surgical device (b) Artificial hip joint (left) and 

knee implant (right) [1,5]. 

 

Stainless Steel: 

Stainless steel has been used as a medical implant since the 1920s because of its good 

corrosion resistance behavior and mechanical properties [6]. There are different categories of 

stainless steel available commercially, but not all of them are suitable for metal implant 

applications because of their chemical compositions and mechanical properties [6]. In general, the 

stainless steel in austenitic phase is non-magnetic, which causes significant displacement and 

heating effects that distort its effectiveness. In addition, the stainless steel can form different phases 

in austenite, like the delta phase during metal processing, which has deleterious effects in human 

body [6]. Table 1 shows different types of stainless steel based on compositional range used as 

implant.  

316 L stainless steel is referred to as surgical stainless steel by the American Iron and Steel 

Institute (AISI). The content of alloys composition is mentioned in Table 1. Due to the presence 

of molybdenum (3 wt%), corrosion resistance behavior increased, which prohibits intergranular 

attack and pitting corrosion [6, 7]. Low carbon content (<0.03 wt%) prevents formation of 

(b) 
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chromium carbide as 17-19 wt% chromium presence in 316 L stainless steel [6,7]. In addition, due 

to the alteration of composition, nickel induces into the 316 L, which makes the metal stable at 

high temperature [6, 7]. 

Table 1: Composition (weight percentage) of implantable stainless-steel alloy [6] 

 

Cobalt-Chromium Alloys (Co-Cr alloys): 

Cobalt-chromium alloys have been used in orthopedic, dental and manufacturing stents 

because of its good mechanical properties, corrosion resistance behavior and high wear resistance 

properties [8,9]. This alloy has high Young’s modulus (210 GPa), yield strength (448-648 MPa) 

and tensile strength (951-1220 MPa) [9]. The Co-Cr alloy has favorable corrosion resistance due 

to the presence of over 20% of chromium into the alloy, which forms a chromium oxide passive 

layer on the surface [8]. In addition, their wear resistance properties are also higher compared to 

titanium and stainless steel [8]. However, Co-Cr alloys have cytotoxicity and inflammatory 

response to the human body [10]. 

 Co-Cr has different types of alloys, such as Co-Cr-Mo alloy and Co-Ni-Cr-Mo-Ti, which 

are also used as implants because of their mechanical strength and hardness properties [8,11]. 

Moreover, the use of Co-Cr alloys has become a major concern due to nickel toxicity that causes 

allergic reaction to the body [12]. 
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Titanium and Its Alloy: 

Titanium and its alloys are now receiving attention as metallic implant because of their 

high strength, low density and Young’s modulus, high corrosion resistance, biocompatibility and 

no allergic reaction to the body compared to stainless steel and Co-Cr alloys [5,6]. Table 2 shows 

a comparison among tensile strength, yield strength and elastic modulus of different metallic 

implants with bone. 

Table 2: Comparison of tensile strength, yield strength and elastic modulus of different metallic 

implants with bone [13] 

Material 

Tensile strength 

(MPa) 

Yield strength 

(MPa) 

Elastic modulus 

(GPa) 

Bone (cortical) 70-150 30-70 15-30 

Stainless Steel 490-1350 190-690 200-210 

Co based alloys 655-1793 310-1586 210-253 

Titanium based alloys 690-1100 585-1060 55-110 

 

Pure titanium (cp-Ti, grade 2) and Ti-6Al-4V (grade 5) alloys are commonly used in 

orthopedic and dental applications because of their low elastic modulus, which causes less stress 

shielding effect [5]. Stress shielding effect is defined as the mismatching of Young’s modulus 

between the bone and implant, which causes non-homogeneous stress transfer [14]. This stress 

transfer causes loosening of implants [14]. 

The main property of titanium and its alloy is the formation of an oxide layer by 

spontaneous passivation or re-passivation process, which makes the metal and its alloy 
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biocompatible and highly corrosion resistant while also making it bio-inert [5, 15, 16]. The human 

body isolates the implant due to its bio-inertness behavior that forms fibrous tissue, causing the 

loosening of the implant [17]. However, titanium and its alloy have thinner fibrous encapsulation 

compared to stainless steel and Co-Cr alloy [13]. 

The main drawbacks of titanium and its alloy are the poor fretting fatigue resistance and 

tribological properties due to its low hardness, which cause high coefficient of friction. This high 

coefficient of friction releases wear debris from implant to bloodstream, resulting in the 

inflammation of the surrounding tissue and the increase of the bone resorption [5]. Figure 2 shows 

the wear debris due to a sliding tribological coating with the presence of third bodies. 

 

Figure 2: Reason of wear debris due to a sliding tribological coating [5]. 

 

1.2 Importance of Surface Modification 

Surface modification is necessary to enhance the performance of implants by improving 

the tribological properties, corrosion resistance and osteointegration [5]. When material is 

implanted into the body, at first, blood comes in direct contact with the implant, which causes the 

blood protein adsorption at the solid-liquid interface [18]. These proteins have some 

conformational changes which increase the biological interaction between the bone and implant 
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[18]. The protein adsorption depends on exposure time, and strong adsorption increases biological 

interactions [18]. Surface modification can ensure good anchoring of the implant and surrounding 

tissue that increases bone conductivity and inductivity, improves biocompatibility and bioactive 

fixation, and enhances lifetime of the implant [19]. Table 3 shows different surface modification 

techniques on titanium and its alloy, as well as their objectives. 

1.3 Surface Modification Methods 

1.3.1 Anodization Process 

Many methods have been used to obtain nanostructure on the surface of titanium and its 

alloy. Electrochemical anodic oxidation process is one of the suitable methods to form nanotubes 

on the titanium surface [18]. Figure 3 shows the set-up of electrochemical anodization process 

consisting of electrolyte, titanium as anode, platinum foil as cathode and power supply. 

Figure 3: General set-up of electrochemical anodization process.
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Table 3: Surface modification techniques on titanium and its alloy, and their objectives [19,20] 

Surface Modification Methods Objectives 

Mechanical Methods 

• Machining

• Grinding

• Polishing

• Blasting

• Produce expected surface topography and

improve adhesion in bonding.

Chemical Treatment 

• Alkali treatment

• Acidic treatment

• Hydrogen peroxide treatment

• Sol- gel

• Anodic oxidation

• Chemical vapor deposition (CVD)

• Biochemical methods

• Improve biocompatibility, bioactivity and

bone conductivity.

• Increase corrosion resistance and wear

resistance properties and blood

compatibility.

• Removal of contamination.

Physical Methods 

• Thermal spray: flame spray, plasma spray,

high velocity oxygen fuel (HVOF),

detonation gun spraying (DGUN).

• Physical vapor deposition (PVD):

Evaporation, Ion plating, sputtering

• Ion implantation

• Glow discharge plasma treatment

• Improve wear resistance, corrosion

resistance, blood compatibility and

bioactivity.
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The purpose of the electrochemical anodic oxidation process is to form TiO2 nanotubes on 

the surface. The growth of the TiO2 follows three steps: electrochemical oxidation of Ti into TiO2, 

electric-field-assisted dissolution titanium into the electrolyte solution, and fluoride ion dissolution 

and balance of growth [21, 22]. The formation of TiO2 can be expressed by the following chemical 

reactions [21]: 

Ti → Ti4+ + 4e- (1)

(2) Ti4+ + 2H2O → TiO2 + 4H+

TiO2 + 4H++ 6F- → TiF6
2- +2H2O+ 2H+ (3) 

During the anodization process, titanium is immersed into the electrolyte as an anode that 

forms an oxide layer on the surface. The pitting and decomposition occur in the oxide layer due to 

the presence of fluoride ion into the electrolyte resulting in the formation of uniform nanotube 

structure throughout the surface. The schematic diagram of TiO2 nanotube formation is shown in 

Figure 4. 



9 

Figure 4: Schematic diagram of TiO2 nanotube formation. 
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The nanotube formation by anodic oxidation process depends on different parameters like 

electrolyte, applied voltage, anodization period, pH of the electrolyte, and temperature [23]. The 

oxide growth, uniform TiO2 formation, precipitate and non-uniform oxide formation, and gap 

formation between nanotubes depend on the electrolytes used for anodization [23]. There are 

different types of electrolytes used in the anodization process, like HF, NH4F, CH3COOH, H2SO4, 

Na2HPO4, NaF, Na2SO4 NaOH, NH4Cl, CSF, and KF [23]. Applied potential is another important 

factor to control the diameter of the nanotube [22]. Lowering the voltage implies lowering the 

diameter of the nanotubes [22]. Low voltage forms a compact TiO2 layer; while high voltage 

causes a sponge-like porous structure [22]. In addition, anodization period influences the length of 

nanotubes [23], and optimum anodization temperature (20-40 °C) does not have any impact on the 

nanopore structures [24]. However, when temperature is higher or equal to 50°C, nanostructures 

are not observed due to the faster chemical etching rates compared to oxide formation reactions 

[24]. 

Anodization is a promising method to enhance the biological properties of the titanium in 

orthopedic and drug delivery systems [22,25]. The nanostructure of the titanium has altered 

physical and chemical properties to enhance osteoblast adhesion, proliferation and long-term 

cellular functions [25]. Nano-phase structure increases fibronectin and vitronectin adsorption 15% 

and 18% respectively compared to conventional titanium [26]. 

TiO2 nanotubes are biocompatible because of their antibacterial properties, low 

cytotoxicity, enhanced adhesion, proliferation, osteointegration and differentiation properties in 

orthopedics [22]. The nanotube diameter also has an effect on osteoblast interaction. If the 

nanotube diameter is less than 15 nm, osteoblast adhesion and differentiation increase [27,28]. If 
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the diameter is more than 50 nm, cell activity decreases [27,28]. However, when the diameter is 

between 60 to 80 nm, no significant difference in cell activity is observed in between the polished 

surface and the nanotube surface [28,29]. A nanotube diameter greater than 80 nm shows 

significant bone-bonding strength compared to grit-blasted titanium [28, 30]. A large nanotube 

diameter (100 nm) ensures increased osteoblast elongation [31]. So, increase in nanotube diameter 

enhances elongation or stretch of cell bodies, which improves bone forming ability [31]. 

1.3.2 Alkali and Heat-Treated Treatment 

Alkali and heat treatments (AHT) are two most simple and economical processes of 

forming porous network structure on the surface of titanium [32]. The main advantage of alkali 

treatment is to form uniform porous network structure on the surface that shows direct bonding to 

the bone, improved attachment and bone ingrowth into the porous network structure [32]. Alkali 

treatment forms hydrated titanium oxide gel (HTiO3
+) on the surface, which contains alkali ions 

[33]. After heat treatment, alkali-titanate layer has been formed into the surface, and alkali ions 

are released from titanate layer when exposed to body fluids, resulting in the formation of titanium-

oxide layer containing calcium and phosphate ions [33]. Figure 5 represents the structure change 

of pure titanium due to alkali treatment and heat treatment and the mechanism of alkali heat- 

treated sample in SBF solution [34]. 
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Figure 5: (a) Formation of alkali-titanate hydrogel by alkali treatment (b) Densification of 

hydrogel in titanate due to heat treatment (c) Apatite formation in SBF [34]. 

The combined effects of alkali treatment and heat treatment ensure optimal condition of 

bone marrow cell adhesion and bone differentiation [35]. 

1.3.3 Ion Incorporation 

There are different types of techniques used for ion incorporation into the titanium metal, 

such as the anodization process, immersion method and physical vapor deposition (PVD). 

Immersion Method: 

Immersion method is one of the techniques to incorporate ions into the titanium. In this 

method, the surface is modified by using different surface modification techniques like anodization 

or alkali treatment. After surface modification, titanium is immersed into the immersion solution, 

prepared by precursor of the expected ion, for a certain period to ensure bonding of the ion into 

the titanium lattice [36]. The schematic diagram of the immersion methods for ion incorporation 

is shown in Figure 6. 

(a) (b) (c) 
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Figure 6: Schematic diagram of the immersion method [36]. 

 

Physical Vapor Deposition (PVD): 

Physical vapor deposition (PVD) is a widely used technique in the metal working industry, 

biomedical applications and manufacturing electrical components by applying coating with 

enhanced properties like low friction, high hardness, high wear and corrosion resistance properties, 

etc. [37]. It is a vacuum deposition process where material goes from condensed phase to vapor 

phase and then back to a thin-film condensed phase to apply a thin film or coating [38]. The most 

common two types of PVD are sputtering and evaporation [38]. 

Sputtering Process: 

During the sputtering process (Figure 7), atoms in the nearest surface have got momentum 

and sufficient energy by impact to overcome binding energy to emit from the surface [39]. The 

most common types of sputtering processes are ion beam sputtering and magnetron sputtering 

[40]. In ion beam sputtering, an ion source is being used to generate ion beams that are directed to 
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the target [40]. In magnetron sputtering system, positively charged ions from plasma are 

accelerated by an electric field imposed to the negatively charged target [40]. 

 

Figure 7: Schematic drawing of sputtering process [41]. 

 

Electron Beam Deposition (E-Beam PVD): 

E-beam evaporation (Figure 8) is a physical process where the target acts as an evaporation 

source and is bombarded by electron beams at high vacuum pressure, causing atoms of the source 

material to evaporate into the gaseous phase [41]. These atoms then precipitate in solid form and 

finally form a coating layer of vacuum chamber [41]. 
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Figure 8: Schematic diagram of electron beam deposition (e-beam) process [41]. 

 

1.4 Role of Incorporated Element 

Most of the materials are not completely inert in the human body, so selection of the 

materials is based on the elements already existing in the body [1]. Some of the elements are 

present in the bone as minerals or in blood as Ca, P, Mg, while some of the elements exist as 

electrolytes in the extracellular fluid [1]. Small amounts of elements present in the body may have 

significant effects on the human body [42]. Those trace elements act as co-factor of the enzymes 

and stabilize the structure of the protein [42]. However, the concentration of those elements at 

higher levels causes toxicity to the human body [1,42]. Table 4 shows different types of trace 

elements found in the human body. 
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Table 4: Elements and their compositions in the human body [1] 

Element O C H N Ca P K S Na Cl Mg Trace 

element 

Wt% 65 18.5 9.5 3.3 1.5 1.0 0.4 0.3 0.2 0.2 0.1 
<0.01 

At% 25.5 9.5 63.0 1.4 0.31 0.22 0.06 0.05 0.3 0.03 0.1 
<0.01 

 

Although the role of the trace elements is somewhat unclear, those trace elements play an 

important role for bone synthesis [43]. The lack of trace elements in the body causes osteoporosis 

[43].  

Iron: 

Iron is one of the essential elements in the body and involves the synthesis control of bone 

matrix [42,44]. The total iron content in the human body is around 3-5 g, 75% of which remains 

in the blood [42]. The rest of the iron is present in the bone marrow, liver and muscles [42]. The 

lack of iron causes anemia, poorly mineralized skeletons and pathological change in 

microarchitecture of trabecular bone, whereas excessive iron in the body can enlarge the liver and 

can be responsible for heart failure [1,44]. 

Magnesium: 

Magnesium is the fourth most abundant element in the human body [45]. The total content 

of magnesium in newly born babies and adults is around 0.8 g and 25 g respectively; 60% of 

magnesium exists in the bone [45]. The presence of magnesium ions enhances osteoblast cell 

adhesion and proliferation, which accelerates new bone formation [46-48]. It also plays an 

important role for bone metabolism [46]. 
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Calcium: 

Calcium is one of the most abundant elements present in the human body [45]. The total 

content of calcium in newly born babies is around 28 g [45]. Almost 99% of the total calcium 

exists in the skeleton and only a small amount of calcium is present in the plasma and extravascular 

fluid [45]. It plays an important role in the formation of new bones and enhances osseointegration 

in the early postoperative period [49]. 

Strontium: 

Strontium is another trace element that enhances bone formation and reduces resorption by 

decreasing osteoclast differentiation [50,51]. Strontium at low concentration does not have any 

deleterious effect on bone matrix mineralization [51,52]. 

Silver: 

Silver is used in orthopedic applications because of its antimicrobial properties [53-55]. 

However, silver ion may have toxic effects due to metal ion leaching [53]. The presence of silver 

ions in a metallic implant like titanium enhances bone formation and osseointegration [56]. 

Controlled release of silver nanoparticles from the implant can ensure biocompatibility [55]. 

Zinc: 

Zinc is another essential element in the human body. The average zinc content in adults is 

around 2-3 g and 99% of this is present in the intracellular matrix; the rest is found in the plasma 

[42]. Zinc is necessary for reproductive function because of its role in follicle-stimulating hormone 

(FSH) [1]. Zinc enhances bone formation and accelerates synthesis of collagen [44]. 
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Manganese: 

Manganese is also an important trace element in the human body. The total manganese 

content of an adult human body is around 15 mg [42]. Bone, liver, kidney and pancreas have higher 

manganese concentrations than other tissues [42].  Manganese deficiency disrupts bone formation 

[1, 44] and leads to reproductive disorders [1]. 

Copper: 

Copper is a co-factor of antioxidant enzymes which removes the free radical caused by the 

activation of osteoclast [44]. In addition, it directly inhibits the osteoclast resorption and maintains 

the optimal state of the bone matrix [44]. The copper content has significant impact on bone health. 

Lower serum copper level decreases body mineral density (BMD) of femur and femoral neck, 

while higher serum copper level causes fracture of the bone [57]. Moderate serum level ensures 

favorable bone health [57]. 

Boron: 

Boron is a micro-nutrient which is essential for bone mineral metabolism and inhibits 

osteoporosis [58]. It enhances bone growth and maintenance of the bone [44]. It also increases the 

bone stiffness, and lack of boron in the human body may cause defect of skeleton development 

[44].   

1.5 Purpose of Drug Delivery 

Drug delivery is a process of dispensing pharmaceutical compounds to obtain therapeutic 

effect in the human body [59]. It has been advanced for the last six decades with a large number 

of formulations introduced in clinical applications [60]. Oral drug dosing is not always effective 
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due to the damage of non-targeted cells in some parts of the body [61]. In addition, oral drug dosing 

and other injectable depot formulations presents some difficulties due to the hydrophilic nature 

and high molecular weight of drugs [60]. Moreover, the duration of drug release and drug delivery 

to the targeted cells are also a major concern to get the desire properties of the implanted area [60]. 

So, controlled delivery, slow delivery and targeted delivery are attractive methods of using drug 

delivery in the human body to get the desired output into the infected area [60]. 

The purpose of the drug release dynamics is to understand the process of release and its 

dynamic characteristics, which depends on the polymer coating, drug properties like 

hydrophobicity or hydrophilicity, dose, dose form and effect of drug [62].  

Skeletal diseases and prevention of postsurgical diseases are challenging because of the 

complex and solid structure of bone which limit the blood supply and therapeutics diffusion [63]. 

Titanium and its alloy with modified surface can solve this problem by improving 

osseointegration, reducing inflammation and infection by facilitating localized drug delivery 

(LDD) to cure bone disease as well as cancer [63]. Titanium nanotubes (TNT) structure is suitable 

for localized drug delivery although the drug release from TNT is quick [64]. pH and polymer 

coating can control the release of drug from TNT [64, 65]. Different types of polymer can be used 

to coat the drug-loaded TNT like gelatin, chitosan, polycaprolactone, poly(lactic acid) and 

poly(lactic-co-glycolic acid) (PLGA). A study on drug delivery from TNT coated with polymer 

and effect of pH on drug release reported that TNT coated with PLGA improved the drug release 

profile [65]. Figure 9 shows the drug release into the buffer medium by polymer swelling during 

the critical time t1 and drug released completely due to polymer degradation into the time period 

of t2 [64]. 
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Figure 9: Schematic diagram of pH-dependent drug release from polymer [64]. 

 

1.6 Research Objectives 

This research is focused on magnesium incorporation into titanium nanotubes by 

immersion method, single-step anodization technique and reverse polarization method to obtain 

optimum doping of magnesium into the nanotubes. The research is also focused on surface 

modification of titanium by anodization forming nanotube structure to investigate drug release 

profile and effect of controlling drug release from the nanotubes in orthopedic applications. Alkali 

treatment at different temperatures and rotational speeds is also investigated to form uniform web-

like or nearly web-like surface structures and their effectiveness on in vitro biological properties. 

Objective 1: Magnesium-Deposited Surface-Modified Titanium for Orthopedic 

Applications. 

Incorporation of magnesium into the titanium nanotubes was carried out by immersion 

methods, single-step anodization and reverse polarization methods to get optimum surface 

morphology followed by magnesium deposition into the nanotubes. 
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Objective 2: Controlled Release of Aloe-Emodin from Surface-Modified Titanium and Its in 

Vitro Interaction with Human Osteoblast Cells. 

Anodization method was carried out to form uniform nanotube structure on the surface and 

aloe-emodin was loaded into the nanotubes followed by PLGA coating. After that, controlled 

release of aloe-emodin from nanotube surface was investigated and in vitro interaction of aloe-

emodin with human osteoblast cells was also studied. 

Objective 3: Surface Modification of Titanium by Alkali Treatment for Orthopedic 

Application. 

  Alkali treatment at different rotational speeds and temperatures was carried out to form 

web-like or nearly web-like structures. 



 
 

CHAPTER 2 COMPARATIVE STUDY FOR SUCCESSFUL DEPOSITION OF 

MAGNESIUM ON SURFACE-MODIFIED TITANIUM FOR BIOMEDICAL 

APPLICATIONS 

2.1 Introduction 

Titanium and titanium alloy-based implants are an inevitable part of orthopedic and dental 

applications due to their biocompatibility, corrosion resistance, fatigue resistance and high elastic 

modulus [66-67]. The corrosion resistance behavior is due to the native oxide layer which is 

formed by the exposure of titanium to the air at room temperature [15,68]. This native oxide layer 

also makes the implant surface bio-inert [20]. The bio-inertness behavior is responsible for the 

formation of fibrous tissue and the lack of osseointegration, resulting in the loosening of the 

implant [15,69]. In order to increase osseointegration and durability, the surface of the titanium 

implant needs to be modified by different surface modification methods like plasma spraying [70, 

71], anodization [72, 73], alkali treatment [32-35], sol gel [74, 75] and so on. Anodization is one 

of the surface modification techniques used to form nanotubular structures on the implant surface 

that enhance cell adhesion, proliferation and differentiation [76]. The main advantages of TiO2 

nanotubes are uniform structure on the surface, high specific surface area, favorable mechanical 

and chemical stability, and charge transport property [77, 78]. In addition, incorporation of various 

bioactive molecules or ions into the nanotubular structure enhances bioactivity of the implant [79]. 
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Incorporation of bioactive trace elements like strontium, magnesium, iron, and calcium is 

now gaining attention in orthopedic application due to their stability, flexible storage environment 

and suitable fabrication methods that facilitate apatite forming ability, bone growth and bone 

healing by enhancing osteoblast activity [46, 72, 80-82]. The elements can be deposited into the 

titanium by different methods: electrochemical anodic oxidation process [83, 84], sol-gel route 

[85], photo-assisted deposition method [86], ultrasound-assisted impregnation-calcination method 

[87], and reverse polarization [88].  

Magnesium is one of the essential trace elements in the human body. The total content of 

magnesium in a newly born baby and an adult is around 0.8 g and 25 g respectively, 60% of which 

exists in the bone [45]. Magnesium is important for bone metabolism and to stimulate bone 

formation because concentration of incorporated magnesium accelerates osteoblast cell 

proliferation [46, 72, 89, 90]. In addition, magnesium prevents osteoporosis, which happens due 

to decrease of new bone formation and increase of bone resorption of the human body [72]. Many 

studies have been performed to incorporate magnesium into the modified titanium surface. Wang 

et.al. [46] performed a study on magnesium ion incorporation into titanium nanostructure where 

hydrothermally fabricated TiO2 nanostructure was used to deposit magnesium ions at different 

concentrations using plasma-immersion ion implantation process. Other research was performed 

to study magnesium ion deposition into TiO2 nanotubes to enhance osteogenic differentiation of 

bone marrow mesenchymal stem cells (BMSCs) [72]. In the research, magnesium-doped titanium 

nanotube was fabricated using electrochemical anodization and ion exchange method where 

magnesium content in titanium nanotube increased with increase of magnesium acetate 

concentration in the solution [72]. 
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The aim of this study is to use different techniques to incorporate magnesium in titanium-

modified surface. The hypothesis of this study is validated by the fabrication of modified titanium 

surface with different concentrations of incorporated magnesium ions. To accomplish the aim, 

surface morphology and magnesium content were investigated by field emission scanning electron 

microscope (FESEM) and energy-dispersive X-ray spectroscopy (EDS). 

2.2 Materials and Methods 

2.2.1 Materials 

Commercially pure titanium (cp-Ti grade #2, President Titanium, MA, USA), ethanol (200 

proof anhydrous), acetone (certified ACS), hydrofluoric acid (48-51% solution in water), and 

magnesium nitrate hexahydrate (Mg (NO3)2·6H2O, BioXtra, ≥98%, obtained from Sigma Aldrich 

USA). 

2.2.2 Methods 

In this work, three different methods of immersion, single-step anodization, and reverse 

polarization were used to investigate the effective parameters of successful preparation of Mg-

deposited nanotubular structure on Ti. Prior to each method, commercially pure titanium disks 

with a diameter of 11 mm and a thickness of 2 mm were ground by silicon abrasive paper (grits 

320, 400, 600 and 800), followed by polishing. Samples were then washed and cleaned by nano-

pure water, ethanol, acetone and finally dried it at ambient temperature. 

Immersion Method: 

In immersion method, anodization was performed using 1 vol. % HF electrolyte at 20V for 

45 minutes, as explained in detail in our previously published work [91]. Briefly, anodization was 
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carried out in 1 vol. % HF electrolyte solution at 20 V for 45 minutes; titanium disk and platinum 

foil (Alfa Aesar) were used as anode and cathode respectively. After anodization, titanium 

substrate was rinsed with DI water and dried at atmosphere. 

Anodized samples with nanotubular surface structure were then used to deposit Mg using 

immersion method. Immersion solution prepared by magnesium nitrate hexahydrate was stirred at 

35°C for 0.5 h. Samples were immersed in magnesium nitrate hexahydrate solution in nano-pure 

water for 24 h. Samples were then removed from the solution and dried in oven at 60°C for 2 h. 

To understand the role of the solution concentrations, sequence of calcination and cleaning 

processes, two different routes were used as subsequent stages after drying. In the first route, 0.6 

g magnesium nitrate hexahydrate in 50 ml nano-pure water was used. After subsequent drying, 

samples were washed with nano-pure water and then calcined at 300 °C for 2 h with a rate of 10°C/ 

min [36]. In the second route, three different concentrations of 0.6 g, 1.0g and 2.0 g magnesium 

nitrate hexahydrate in 50 ml nano-pure water were used. After subsequent drying, samples were 

calcined at 300 °C for 2 h, followed by cleaning with nano-pure water and then dried at ambient 

temperature. Calcination at 300 °C was performed to allow the crystallization of the surface [36]. 

Another immersion process was carried out where magnesium nitrate hexahydrate solution 

with a concentration of 0.6g was stirred at 35°C for 2 h following Route 2 for the sequence of 

calcination and cleaning process. 

Single-Step Anodization (SSA) Method: 

Single-step anodization was performed at voltage of 20 V and two different time periods 

of 45 and 70 minutes. Precleaned polished titanium was used as anode and platinum foil was used 
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as cathode. For 45 minutes time periods, electrolyte was 1 vol% HF with a concentration of 1.0 g 

(Mg(NO3)2·6H2O) used, and for 70 minutes time periods, electrolyte was 1 vol% HF with three 

different concentrations of (Mg(NO3)2·6H2O): 0.3, 0.8 and 1.0 g. Following the anodization, 

samples were rinsed with nano-pure water and dried at ambient temperature. Finally, calcination 

of Mg-deposited Ti samples was carried out at 450°C for 1 h a rate of 5°C/ min [46]. 

Reverse Polarization Process: 

Reverse polarization was performed in 50 ml electrolyte solution containing 0.6 g and 1.0 

g of Mg(NO3)2·6H2O at voltage of 3V for 45 s. Titanium and platinum (Pt) foil were used as 

cathode and anode, respectively. Similar to immersion method, two different routes were used to 

study the effect of furnace drying on surface topography and doping content. In the first route, 

samples were dried in furnace at 90 °C for 2 h, followed by cleaning with nano-pure water and 

calcined at 450°C for 1 h a rate of 5°C/ min [46]. In the second route, samples were cleaned with 

nano-pure water after reverse polarization process and then calcined at 450°C for 1 h a rate of 5°C/ 

min [46]. 

In another method, anodic oxidation was carried out after the reverse polarization process 

to investigate the effect of surface topography and doping content. Upon reverse polarization 

process, anodic oxidation was carried out in the electrolyte of 1.0 g Mg(NO3)2·6H2O at voltage of 

3 V and two different time periods of 45 s and 5 mins, whereas titanium was used as anode and 

platinum (Pt) foil was used as cathode. After anodic oxidation process, sample was cleaned with 

nano-pure water and calcined at 450°C for 1 h a rate of 5°C/ min [46]. 
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Material Characterization: 

Surface morphology was evaluated by using field emission scanning electron microscope 

(FESEM, Hitachi model S4500) and elemental deposition was performed by using energy 

dispersive spectroscopy (EDS, Oxford Instruments). 

2.3 Results and Discussion 

2.3.1 Results 

Figure 10 shows the morphology of the samples prepared by immersion method and first 

route, which includes the cleaning of samples after drying, followed by calcination at 300 °C. SEM 

analysis showed successful anodization and nanotube formation; however, no particulate-like 

structure resembling Mg deposition was found on nanotubes, which was in line with our EDS 

evaluation, where no Mg was present. 

 

Figure 10: Surface morphology of TiO2 nanotube without Mg doping. 
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In samples with immediate calcination after drying, not only nanotubular structure but also 

Mg particles deposition was confirmed by both SEM and EDS analysis. Mg particles were 

deposited mainly on and between the walls of the nanotubes and higher deposition rate was found 

in samples immersed in 1.0 g of Mg (NO3)2·6H2O solution, as compared to the 0.6 g. Mg content 

of 0.81 wt% ± 0.15 wt% and 1.8 wt% ± 0.12 wt% that were measured for 0.6 and 1.0 g of Mg 

(NO3)2·6H2O immersion solution respectively. The highest deposition rate of 10.96 wt% ± 1.48 

wt% was found on samples with immersion concentration of 2.0 g, which shows significant 

increase in deposition with slight increase in precursor concentration, is in line with SEM data 

where the majority of surface is covered by particles.  

Samples prepared by immersion method, where magnesium nitrate hexahydrate solution 

with a concentration of 0.6g was stirred at 35°C for 2 h instead of 0.5 h, followed Route 2 for the 

sequence of calcination and cleaning process. SEM analysis showed that nanotubes formed 

successfully throughout the surface and Mg particles also deposited on and between the wall of 

the nanotubes, and no significant difference of Mg content was observed compared to the short 

time duration (0.5h) of stirring period of immersion solution. The Mg content of 0.6 wt% ± 0.1 

wt% was found with immersion solution stirring period of 2 h.  

Figure 11 shows the morphology of the samples prepared by immersion methods and Route 

2 that includes calcination of samples at 300°C after drying followed by cleaning of the samples 

(a-c); figure 11 also shows samples when immersion solution was prepared by stirring at 35°C for 

2 h (d). 
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Figure 11: Surface morphology of Mg-doped TiO2 nanotube obtained under different Mg 

(NO3)2·6H2O concentrations. (a) 2.0 g (b) 1.0 g (c) 0.6 g, and (d) 0.6 g Mg (NO3)2·6H2O solution 

was stirred at 35 °C for 2 h. 

Figure 12 shows the morphology of the samples prepared by single-step anodization 

method at voltage of 20 V and two different time periods of 45 and 70 minutes. For both time 

periods of single-step anodization, SEM analysis showed successful anodization and nanotube 

formation, but Mg particles as well as residue formed due to incomplete chemical reaction which 

covered the surface of the nanotubes. According to EDS analysis, Mg content of 0.4 wt% ± 0.1 

wt% was measured on samples with a concentration of 1.0 g Mg (NO3)2·6H2O when single-step 

anodization was carried out for 45 minutes, whereas Mg content of 0.59 wt% ± 0.10 wt%, 0.76 

(a) (b) 

(c) (d) 
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wt% ± 0.11 wt% and 0.9 wt% ± 0.15 wt% were measured for 0.3 g, 0.8 g and 1.0 g respectively, 

when single-step anodization was performed for 70 minutes. 

 

Figure 12: Surface morphology of Mg-doped TiO2 nanotube obtained when anodization was 

performed for 70 minutes in three different Mg (NO3)2·6H2O concentrations. (a) 1.0 g (b) 0.8 g 

(c) 0.3 g, (d) Surface morphology of Mg-doped TiO2 nanotube obtained when anodization was 

performed for 45 minutes in 1.0 g Mg (NO3)2·6H2O concentration electrolyte solution. 

 

 

 

 

 

(a) (b) 

(c) (d) 
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Figure 13 (a-b) shows the morphology of the samples prepared by reverse polarization 

method and Route 1, which includes furnace drying after the reverse polarization process, followed 

by cleaning and finally calcined at 450 °C. SEM analysis showed precipitation on the nanotube 

surface and magnesium doping was confirmed by EDS analysis. Mg content of 3.42 wt % ± 1.01 

wt% and 1.97 wt% ± 0.44 wt% was measured for 1.0 g and 0.6 g Mg (NO3)2·6H2O concentrations, 

respectively. 

In samples with immediate cleaning after reverse polarization followed by calcination at 

450 °C, surface morphology was found similar to Route 1 as shown in Figure 13 (c-d). The total 

magnesium content of 2.59 wt% ± 0.40 wt% and 1.47 wt% ± 0.48 wt% was found on samples with 

concentrations of 1.0 g and 0.6 g. 

Figure 13 (e-f) shows surface morphology of the samples prepared by reverse polarization 

followed by anodic oxidation at two different time periods of 45 s and 5 minutes, respectively. The 

nanotubes surface with precipitate as well as Mg deposition were confirmed by SEM and EDS 

analysis. Mg content of 3.13 wt% ± 1.04 wt% and 1.40 wt% ± 0.43 wt% were measured for 45 s 

and 5 minutes periods of anodic oxidation, respectively. 
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Figure 13: (a-b) Surface morphology of samples that include the furnace drying after the reverse 

polarization process, followed by cleaning for 1.0 g and 0.6 g of Mg (NO3)2·6H2O respectively, 

(c-d) Surface morphology with immediate cleaning followed by calcination for 1.0 g and 0.6 g of 

Mg (NO3)2·6H2O respectively, (e-f) Surface morphology when anodic oxidation was carried out 

after reverse polarization at 45s and 5 minutes, respectively at 1.0 g of Mg (NO3)2·6H2O. 

 

(a) (b) 

(c) (d) 

(e) (f) 
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2.3.2 Discussion 

TiO2 nanotubes are of great interest in orthopedic and dental applications because of high 

surface compared to flat titanium, which increases additional space for cellular interaction [92]. In 

this study, magnesium was incorporated into nanotubes and nanostructures using different 

experimental techniques. Anodization was carried out to get bone-inspired surface morphology. 

Research found that the formation of TiO2 nanotubes enhances bone mineralization’s compared to 

non-nanotexturised titanium surfaces [93]. The nanotube was formed by anodization of a Ti 

smooth surface following two steps: 1) field-assisted oxidation to form TiO2 passive layer on 

Titanium smooth surface by the recombination of Ti4+, O2−and OH− ions due to the action of 

electric potential and 2) chemical dissolution of passive oxide layer by F¯ ion and finally forming 

pits. The consequence of oxidation and dissolution process results is the formation of nanotubes 

from nanopores [21, 94-96]. The reactions of forming nanotubes by anodization are given below 

[97]: 

Ti + 2H2O→TiO2 + 4H+ + 4e- 

TiO2 + 4H+ + 6F¯→TiF6
2- +2H2O 

In response to immersion method for incorporating magnesium into the TiO2 nanotubes, 

various routes were performed for post-processing of samples after furnace drying, as explained 

in the experimental procedure section. The samples with immediate calcination after furnace 

drying followed by cleaning showed satisfactory surface morphology with Mg doping on and 

between the wall. A study was performed on silver deposition into titanium nanotubes by pulse 

current deposition (PCD) methods where silver was deposited on and between nanotubes as well 

as at the bottom of the nanotubes [78]. The trapped air in the TiO2 nanotube was removed due to 
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the immersion of the nanotube samples into the solution, which facilitates direct contact of 

magnesium nitrate solution with the nanotube network, and Mg2+ was adsorbed by the TiO2 

nanotube surface. In addition, increasing the time deposition of titanium substrate into the solution 

leads to the deposition reaction of forming Mg(OH)2 colloid from Mg2+ ion and adhering to the 

nanotube surface. This Mg(OH)2 colloid transformed into MgO when the titanium substrate was 

heated at 300 ⁰C for 2 h to dehydrate the substrate. Thus, the excess Mg2+ was doped into the TiO2 

nanotube lattice structure [87]. If concentration of Mg(NO3)2·6H2O is reduced in immersion 

solution, then colloidal form of Mg(OH)2 will decrease, resulting in less doping of Mg2+ ion into 

the lattice structure. From EDS results, it was also found that when there was a decrease in 

concentration of Mg(NO3)2·6H2O into the immersion solution, Mg2+ deposition  rate also 

decreased. 

 The single-step anodization technique was another method used to incorporate magnesium 

in the modified surface. The anodization was carried out at a voltage of 20 V and two different 

time periods of 45 minutes and 70 minutes. Research showed that the deposition of ions can be 

controlled by the concentration of initial ion solution and pore size [72]. Loading capacity of the 

nanotubes increased with the increase of Mg2+ ion content in the solution [72]. Figure 12 (a-d) 

above shows the surface morphologies of magnesium-doped titanium modified surface at different 

conditions. At all concentrations and conditions, Mg was doped into the nanotubes, but large 

amounts of precipitates formed on and between the nanotubes. Nanotubes formation was carried 

out in two steps: 1) formation of oxide layer and 2) chemical dissolution of oxide layer by F¯ and 

forming pits. Due to the addition of magnesium nitrate hexahydrate (Mg (NO3)2·6H2O), Mg2+ ion 

was present in the electrolyte solution at higher concentration compared to F¯ ion, resulting in the 
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lack of free F¯ as a consequence of the reduction of dissolution reaction, which formed stain-like 

structures on the surface [98].  

Mg deposition depends on anodization period. Mg incorporation was increased due to the 

enhancement of anodization period, which was confirmed by EDS result. In samples with a 

concentration of 1.0 g Mg (NO3)2·6H2O, Mg deposition rate was higher for 70 mins anodization 

period compared to 45 mins. 

 Reverse polarization was another method of magnesium deposition into the titanium-

modified surface. TiO2 film undergoes various stages from oxide reduction reaction to dissolution 

and the processes are adsorption and absorption of hydrogen, hydrogen evolution and oxygen 

reduction reaction [94]. When TiO2 nanotubes were introduced to reverse polarization, TiO2 

nanotube film’s thickness was reduced due to the influence of hydrogen evolution reaction [94, 

99]. This hydrogen evolution reaction caused the reduction of Ti4+ ion in TiO2 film to Ti3+, 

resulting in the reduction of TiO2 to TiOOH [39,40]. Due to the dissolution of TiO2 film in 

electrolyte, precipitates formed on the nanotube surface [94]. 

2.4 Conclusion 

In this study, various deposition methods were used to incorporate magnesium into 

titanium-modified surface. The results found that nanotubular structure with successful deposition 

of magnesium occurred by immersion methods followed by subsequent drying and calcination. 

The magnesium content increased with the increase of magnesium nitrate hexahydrate 

concentration in the immersion solution. The magnesium deposition also performed by single-step 

anodization technique where less amount of magnesium also deposited as well as residual formed 

on the titanium-modified surface. In response to the reverse polarization technique, magnesium 
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was deposited on the surface as well as precipitate formed on the surface which covered the 

nanotubes. The magnesium content by reverse polarization was higher compared to other methods. 

Thus, magnesium deposition with well-developed nanotube structures was formed by immersion 

method followed by subsequent drying and calcination process. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

CHAPTER 3 CONTROLLED RELEASE OF ALOE-EMODIN FROM SURFACE-MODIFIED 

TITANIUM AND ITS IN VITRO INTERACTION WITH HUMAN OSTEOBLAST CELLS 

 3.1 Introduction 

Titanium is one of the most promising metals used in bone metabolic disease treatment due 

its biocompatibility, high mechanical strength and high corrosion resistance behavior [100, 101]. 

Chronic bone metabolic diseases like osteopenia and osteoporosis are usually common among 

older people [101]. The term “osteopenia” means low bone mass due to lower bone density; 

osteoporosis alters trabecular bone strength resulting in the reduction of bone regeneration [101]. 

Both diseases cause the failure of implants which can be reduced by enhancing osteointegration 

between bone and implant [100, 101]. The strong oxide layer on the titanium surface makes the 

surface bio-inert, which inhibits the bone and implant interaction [100]. The lack of 

osteointegration is more complex for patients who are suffering osteosarcoma [101]. 

Osteosarcoma is the bone tumor most likely derived from mesenchymal stem cells [102]. In 80% 

of the cases, osteosarcoma occurs in metaphysis of the long bone, although it may also occur in 

diaphysis of long bone and axial skeleton [103]. To increase the osteointegration, surface 

modification techniques are necessary to alter surface topography and increase surface roughness, 

physically mimicking host bone structure and improving biocompatibility of the implant 

[104,105]. Surface roughness enhances contact area of the implant and has direct effect of 

osteoblast cell proliferation and differentiation [104]. The osteoblastic adhesion is essential for 
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maintenance of tissue integration, wound healing and biomaterial tissue integration [106]. 

Research shows that higher surface roughness promotes higher osteoblast cell proliferation and 

attachment [106]. In addition, several studies showed that osteosarcoma cell (MG-63) adhesion, 

proliferation rate, differentiation and growth factor production are influenced by rough surface of 

the titanium [107, 108]. 

An implant is a bio-inert device that is used for bone repair, support or therapy, but the 

purpose of the implant may be extended because of technical and therapeutic reasons [109]. 

Implantable drug delivery devices have been classified into two categories: active and passive 

[109, 110]. The former category can be controlled by external drives or stimuli, while in the second 

category, the drug release cannot be controlled after implantation [109, 110]. Passive implants can 

be biodegradable or non-biodegradable [109, 110]. Oral drug delivery system is one of the most 

widely used drug delivery systems because of dose accuracy, simplicity of use and ease of 

treatment termination [110, 111]. However, it has many disadvantages: degradation in acidic 

condition of stomach or alkaline condition of intestine, poor intrinsic permeability, possibility of 

enzymatic attack, and damage of non-targeted cells [61, 110, 112]. Localized drug delivery system 

is the alternative way to reduce infection of the surgical area, reduce toxicity in non-targeted cells 

and enhance deposition in tumor [61, 113, 114]. However, drug release from the implant must be 

in an optimal manner in the implant area [115]. The drug molecules can be released from the 

implant by different mechanisms for a certain period and facilitate the technical features of the 

implant [116]. 

Sustained drug release from the implant prevents adverse effects in the implant area [115], 

keeps the drug concentration at constant rate in the target tissue [116], ensures the drug delivery 
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for long periods of time [116] and improves efficacy of the treatment [117]. Sustained drug release 

is beneficial especially for cancer treatment [116]. Sustained drug release can be achieved by 

prohibiting the drug molecule into the aqueous environment by controlling the diffusion rate of 

the drug molecules or by adjusting the degradation speed of the carrier [116]. Different methods 

are used for sustaining drug release: polymer-based drug delivery system [109], dynamic implant 

system like osmotic pump system, implantable pump system [115], electromechanical system 

[115], and ion exchange resin drug delivery system [118].  

Biodegradable polymers like gelatin, chitosan, polycaprolactone, poly(lactic acid) and 

poly(lactic-co-glycolic acid) (PLGA) are widely used to apply coating on drug-loaded metallic 

implants, where drug molecules are released from polymer matrix by diffusion [119]. Polymer is 

coated into the drug-loaded implant by different methods: dip-coating technique [120], drop-wise 

method [61], and solvent-casting methodology [121]. PLGA is one of the most commonly used 

polymers because of its desired degradation properties, biocompatibility, good mechanical 

strength, hydrophobic/hydrophilic balance and crystallinity [113, 122, 123]. PLGA is a liner co-

polymer composed of its monomers, lactic acid (LA) and glycolic acid (GA). PLGA is obtained 

through a polymer synthesis process with different lactic acid and glycolic acid ratios [123]. 

Depending on the ratio, the degradation properties of the PLGA varies. PLGA with higher lactic 

acid (LA) concentration has lower degradation rate [123]. Thus, higher LA concentration means 

lower dissolution rate as well as degradation rate. 

Aloe-emodin, a hydroxyanthraquinone [124], is a natural compound extracted from leaves 

of aloe vera [125] and from the roots and rhizomes of Rheum palmatum L [126] that is used for 

multiple applications such as antifungal activity [127], antitumor or anticancer [124], and anti-
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inflammatory response [128]. In addition, emodin increases osteoblast differentiation at low 

concentration by inducing BMP-2 gene expression via activating the PI3K-Akt and/or MAP 

kinase–NF-κB signaling pathways [129]. A study showed that aloin, another anthraquinone 

extracted from aloe vera, accelerated osteogenic induction of MC3T3-E1 cells [130]. Another 

study indicated that acemannan was used to investigate its effect on load-bearing applications 

where acemannan was extracted from aloe vera gel by ethanolic Soxhlet extraction procedure 

[131]. However, the effects of aloe-emodin (AE) on drug release kinetics, in vitro cell proliferation, 

and attachment have not been examined. 

The aim of this study is to examine the effect of aloe-emodin (AE) in PLGA-coated 

titanium nanotubes on release kinetics and in vitro osteoblast cell viability. Titanium nanotube 

samples were prepared by anodization process. AE was loaded on samples followed by PLGA 

coating at different concentrations of lactic acid and glycolic acid. To validate the hypothesis, in 

vitro release of AE was investigated in phosphate buffer solution (pH 7.4) and acetate buffer 

solution (pH 5.0) from both PLGA-coated and non-coated samples. Cell attachment and 

proliferation were studied based on the effect of AE, presence of PLGA coating and cell culture 

period. Based on drug-polymer interaction, surface chemistry of metal and environment, it is 

believed that AE could lead to a beneficial effect on in vitro cell viability that will accelerate bone 

formation. 

3.2 Materials and Methods 

3.2.1 Materials 

Commercially pure titanium (cp-Ti grade #2, President Titanium, MA, USA), ethanol (200 

proof anhydrous), acetone (certified ACS), hydrofluoric acid (48-51% solution in water), aloe-
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emodin (≥95% HPLC, MW:270.24 g/mol, purchased from Sigma Aldrich, St. Louis, MO, USA), 

PLGA (LA:GA- 50:50, 65:35, 75:25, purchased from Sigma Aldrich, St. Louis, MO, USA) and 

dimethyl sulfoxide (DMSO). 

3.2.2 Methods 

Preparation of TiO2 Nanotubes: 

Commercially pure titanium disks with a diameter of 11 mm and a thickness of 2 mm were 

ground by silicon abrasive paper (grits 320, 400, 600 and 800), followed by polishing (using 

MasterTex polishing cloth). Samples were then washed and cleaned by DI water, ethanol, acetone 

and finally dried at ambient temperature. 

 TiO2 nanotubes were formed by anodization process as explained in detail in our 

previously published work [91]. Briefly, anodization was carried out in 1 vol. % HF electrolyte 

solution at 20 V for 45 minutes; titanium disk and platinum foil were used as anode and cathode, 

respectively. After anodization, titanium substrate was rinsed with DI water and dried at 

atmosphere. 

Incorporation of Aloe-Emodin: 

Aloe-emodin (AE) drug was dissolved in dimethyl sulfoxide (DMSO) with a ratio of 50 

mg/ 1ml DMSO. After dissolution in DMSO, the liquid drug solution was diluted into DI water 

based on loading concentrations. In this experiment, 60 µL liquid drug-DMSO-DI water solutions 

were loaded in each titanium substrate to get 100 µg AE in each substrate. Liquid drug solution 

was loaded in two different types of titanium substrates: polished titanium and titanium nanotubes. 

The drug-loaded substrates were then dried completely at room temperature. 
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Polymer Coating on Aloe-Emodin-Loaded Titanium Substrates: 

 Three different types of PLGA with ratios of 50:50, 65:35 and 75:25 lactic acid (LA) and 

glycolic acid (GA) were used to coat the aloe-emodin-loaded titanium substrates; 5wt% of three 

different PLGA solutions were prepared by dissolving each composition in acetone and loaded on 

titanium substrate, followed by drying at room temperature. 

Drug Release Experiment: 

Two different types of buffer solutions were used to measure the release of aloe-emodin 

(AE). A phosphate buffer pH-7.4 was used to mimic physiological pH and acetate buffer was used 

to mimic the condition just after surgery [132]. Two samples of each type of substrate (polished 

titanium [cp-Ti] and titanium nanotubes [Ti-NT]) with or without PLGA of different lactic acid 

and glycolic acid were placed in 4 ml of phosphate buffer and acetate buffer separately. Vials were 

labelled based on sample types and number, pH; PLGA ratio depends on LA and GA 

concentrations. Vials were kept in a shaking incubator at 37°C under the speed of 70 rpm. Buffers 

were collected after 3h, 6h, 12h, 1 day, 2 days, 4 days, 6 days, 8 days, 12 days and 16 days and 

refilled with fresh buffer solution. Three hundred microliters from each sample in triplicate was 

pipetted to a 96-well plate and release rate was measured by UV visible spectrometer at a 

wavelength of 410 nm. 

In Vitro Cell Material Interaction: 

To understand the effects of aloe-emodin release from titanium on proliferation of bone 

forming, human fetal osteoblast cells (hFOB 1.19, ATCC CRL-11372TM) were used. The culture 

medium used for osteoblast cells was a mixture of 1:1 Ham’s F12 medium and Dulbecco’s 

modified eagle’s medium (DMEM) with 2.5 mM-glutamine (without phenol red; Sigma) 
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supplemented by 10 % fetal bovine serum (FBS, ATCC), 1.2 g/L of NaHCO3 (Sigma), 0.3 mg/ml 

G 418 (Sigma) and penicillin/ streptomycin (Invitrogen, Germany) (10 mg/ml). Cells were 

cultured in 75 cm3 vented cell culture flasks and maintained at 34 °C under an atmosphere of 5% 

CO2/ 95% air. Prior to cell culture, titanium nanotube (Ti-NT) substrates were autoclaved to 

sterilize. Upon sterilization of Ti-NT substrates, 2 µg aloe-emodin (AE) drug was loaded in Ti-NT 

substrates. After drying, 60 µl of 5% (wt/v) PLGA (LA:GA-65:35) were added onto each of the 

AE-loaded substrates and dried completely before cell seeding. A total four different types of 

samples were used: No AE + No PLGA, No AE+ PLGA, AE+ No PLGA and AE+ PLGA. Cells 

were seeded with a density of 5x104 cells/substrate.  

Cell Viability Assessment Using MTT Assay: 

The MTT assay was performed after 2, 5 and 7 days of incubation to analyze the efficacy 

of AE on osteoblast cells. The MTT (Life Technologies, Eugene, OR) solution of 0.5 mg/mL was 

prepared by dissolving MTT in sterile filtered PBS; 100 µL of MTT solution were added to each 

substrate in the well plate, followed by 900 µL cell media addition and incubated at 34°C for 

osteoblast cells. After 2 h of incubation, the media was removed and 600 µL of solubilizer solution 

(composed of 10 % Triton X, 0.04 M HCl and isopropanol) were added to each substrate to 

dissolve formazan crystals. One hundred microliters solution were transferred to 96-well plate and 

read by UV visible spectrometer at a wavelength of 570 nm. Triplicate samples according to 

composition were evaluated and three measurements were performed from each substrate. 

Cell Morphology Imaging: 

 The cellular morphology was evaluated by field emission scanning electron microscope 

(FESEM). The substrates were removed from culture at 2, 5, and 7 days. Substrates were fixed in 
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2% paraformaldehyde/2% glutaraldehyde in 0.1 M phosphate buffer solution and kept overnight 

at 4 °C. Samples were rinsed with 0.1 M phosphate buffer three times, followed by post fixation 

with 2 % osmium tetroxide (OsO4) for 2 h at room temperature. Samples were then rinsed again 

with 0.1 M phosphate buffer and dehydrated in ethanol series (30, 50, 75, and 100 % three times). 

Samples were dried overnight and the palladium coating was then used to apply a layer of coating 

with thickness of 4-5 nm. 

3.3 Results and Discussion 

3.3.1 Results 

Figure 14 shows the cumulative release of AE from polished and anodized (or NT) titanium 

samples with or without PLGA coating at pH- 7.4. The drug release rate from both types of samples 

without PLGA coating was higher than the PLGA-coated samples. At initial stage, burst release 

of AE occurred within the first 2 days, and almost 70% and 60 % of the drug was released from 

polished and anodized samples with no polymer coating, respectively, and plateaued after that. 

The presence of PLGA coating decreased the AE release. For polished samples with PLGA 

coating, AE release decreased with the increase of lactic acid concentration in PLGA as shown in 

Figure 14 (a). However, the release of AE increased from PLGA-coated (75:25) polished samples 

compared to PLGA-(65:35) and PLGA-coated (50:50) polished samples after 50 and 148h, 

respectively. Almost 77%, 70% and 83% of AE was released from polished samples coated with 

PLGA (50:50), PLGA (65:35) and PLGA (75:25), respectively, after 16 days. On the other hand, 

the AE release from anodized samples with PLGA coating decreased with the increase of lactic 

acid concentration in the PLGA, as shown in Figure 14 (b). There was almost 73%, 53% and 48% 

of AE release from the anodized samples coated with PLGA (50:50), PLGA (65:35) and PLGA 
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(75:25), respectively, after 16 days. Figure 14 (a) and Figure 14 (b) show that release of AE from 

the polished samples coated with PLGA was higher than release from the anodized (or NT) 

samples coated with PLGA.  

 

Figure 14: Percentage release of AE from samples with and without PLGA coating at pH-7.4. (a) 

Polished samples, (b) Anodized (or NT) samples. 

 

Figure 15 shows the cumulative release of AE from polished and anodized samples with 

or without PLGA coating at pH-5.0. In both types of samples without PLGA coating, the AE 

release was higher compared to the samples with PLGA coating. An initial burst release of AE 

occurred within the first 2 days, and nearly 64% and 63% of AE was released from polished and 

anodized samples, respectively. The presence of PLGA coating decreased AE release significantly. 

The AE release decreased with the increase of lactic acid concentration in PLGA from both types 

of samples, but cumulative release of AE was lower in anodized samples compared to polished 

samples. AE release from anodized samples with PLGA (75:25) coating was almost the same as 

PLGA-coated (65:35) anodized samples. After 16 days, there were almost 54%, 51% and 28% of 

AE released from PLGA-(50:50), PLGA-(65:35) and PLGA-coated (75:25) polished samples, 

respectively, while around 47%, 33% and 33% of AE was released from PLGA-(50:50), PLGA-

(65:35) and PLGA-coated (75:25) anodized samples, respectively. 

(a) (b) 
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Figure 15: Percentage release of AE from samples with and without PLGA coating at pH-5.0. (a) 

Polished samples, (b) Anodized (or NT) samples. 

 

 Figure 16 shows the osteoblast cell viability by MTT assay and cell morphology by SEM 

after 2, 5, and 7 days of culture. Flattened adhere cells with filopodia were observed on the No 

AE+ No PLGA, No AE+ PLGA, AE+ NO PLGA and AE+ PLGA samples after 2 days of culture. 

Figure 16a shows that there was no significant cell proliferation in AE-loaded nanotube samples 

compared to non-AE-loaded nanotube samples after 2 days. However, cell viability was found 

almost similar for AE loaded with polymer-coated nanotube samples and non-AE-loaded polymer-

coated nanotube samples. After 5 days of culture, cell viability was reduced on AE loaded with 

and without PLGA-coated nanotube samples compared to non-AE-loaded nanotube samples. The 

cell viability of AE-loaded nanotube samples was higher than the non-AE-loaded nanotube 

samples after 7 days of culture. A coating of PLGA controlled the release kinetics of AE and 

reduced the cell viability. Excellent cell attachment was noticed on No AE+ No PLGA, No AE+ 

PLGA, AE+ No PLGA and AE+ PLGA titanium nanotube samples after 5 and 7 days of culture, 

as shown in Figure 16b. 

(a) (b) 
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Figure 16: a) In vitro osteoblast cell viability of AE and No AE loaded with and without PLGA-

coated titanium nanotube samples after 2, 5, and 7 days of culture, b) SEM micrograph of 

osteoblast cell attachment of AE and No AE loaded with and without PLGA-coated titanium 

nanotube samples. 
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3.3.2 Discussion 

 Many plant-derived natural medicinal compounds are used in orthopedic applications to 

stimulate bone formation [129- 131]. AE is a natural hydroxyanthraquinone, especially used in 

anticancer or antitumor therapy [124, 133]. Previous research showed that AE was also used to 

inhibit diseases to vascular calcification in vitro and in vivo [134]. The aim of this research study 

was to investigate the effect of control release of AE from surface-modified titanium on osteoblast 

cell viability and proliferation. 

 Titanium has been used as a metallic implant in hard-tissue applications because of its 

biocompatibility [135]. However, due to its bio-inertness behavior, surface modification is 

necessary [18]. The surface modification by anodization increases surface roughness and produces 

a thicker oxide layer that enhances bone response to titanium [136]. The drug molecules are 

attached to the surface of biomaterials due to strong electrostatic interaction between a porous 

surface and drug molecules [132, 137, 138]. This electrostatic interaction can be suspended due to 

the stronger interaction between released media and drug particles, resulting in the uncontrolled 

release of drug molecules from the samples [132]. Initial burst release or uncontrolled release is 

the common phenomena that could damage target tissues [132, 137]. Therefore, sustained drug 

release is necessary to get the efficacy of treatment for a period of time [61, 138]. Previous research 

showed that drug delivery from biodegradable polymer coating controlled the release rate, 

resulting in the beneficial effect of treatment [132, 138]. In this study, PLGA was used as coating 

on the drug-loaded polished titanium and titanium nanotube samples due to its nontoxic effect 

while degrading it into the body [120]. Our results showed that release of AE from both polished 

and anodized (or NT) samples were different based on the constituent monomeric ratios (lactic 
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acid and glycolic acid) of the PLGA. Results showed that the cumulative AE release decreased 

with the increase of lactic acid concentration in PLGA. The reason behind this scenario was that 

higher concentration of lactic acid (LA) in PLGA causes lower degradation rate, i.e., higher 

dissolution rate into the release media [123]. Glycolic acid (GA) is more hydrophilic; thus, lower 

concentration of GA means lower dissolution rate of PLGA [123]. PLGA starts degradation by 

hydration process, which involves water penetration in the amorphous region, resulting in the 

weakening of van der Waals forces and hydrogen bond, followed by the initial degradation by 

fission of covalent bond and continuous degradation by mass fission of the backbone of covalent 

bond [123]. As a result, the fragments are further split into molecules that are soluble in aqueous 

environment [123]. The diffusion kinetics also depend on diffusion, matrix degradation and 

external or electronic processes [61, 138].  

The AE forms hydrophobic interaction with the PLGA, which controls release rate in pH 

7.4 and pH 5.0 [61]. Figure 14 and Figure 15 show a high amount of drug release from the 

beginning to end of the AE release study at higher pH (pH 7.4) compared to lower pH (pH 5.0). 

The reason behind the phenomena was the higher interaction between AE and released media 

compared to the AE and PLGA interaction [132]. Figure 17 below shows favorable and 

unfavorable interactions between AE and PLGA. At higher pH, AE releases protons and this 

deprotonated form of AE is more hydrophilic than a protonated form, which caused unfavorable 

interaction between PLGA and AE, resulting in the release of a high amount of AE at a higher pH 

(pH 7.4) value [132]. 
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Figure 17: Chemical structural interpretation of hydrophobic-hydrophobic and hydrophobic-

hydrophilic interaction between PLGA and AE. 

 

 The hydrophobic interaction of PLGA and AE and solubility of PLGA into the release 

media also influenced the release rate of the AE molecules [132]. As LA is more hydrophobic, 

therefore, with the increase of LA concentration, AE released from the samples was also reduced, 

as shown in Figures 14 and 15 for both release media at pH 7.4 and pH 5.0. In addition, surface 

roughness also had an important role in electrostatic interaction between AE and titanium samples. 

The sample surface of polished titanium is often smoother, whereas anodized (or NT) sample 

surface is rougher due to the formation of NT on the surface [136]. Thus, the interaction between 

polished titanium sample surface and AE was lower, resulting in a higher release of AE from 

polished samples compared to NT samples. In Figure 14, an opposite behavior was observed on 

PLGA-coated (75:25) and AE-loaded polished titanium samples. After 2 days, AE release rates 

from PLGA-coated (75:25) AE-loaded polished samples were higher than the PLGA-coated 

(65:35) and AE-loaded polished samples, and the release rate increased with the increase of time. 

Finally, the cumulative AE release from PLGA-coated (75:25) AE-loaded polished titanium 
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samples was higher than the PLGA-(65:35), and PLGA-coated (50:50) coated AE-loaded polished 

titanium samples. This happened due to the higher interaction between PLGA and AE compared 

to the polished surface of titanium and AE that caused the detaching of AE-PLGA (75:25) layer 

from the polished titanium surface. 

 The effect of AE on in vitro osteoblast cell material interaction has been demonstrated in 

Figure 16 for a span of 7 days. In Figure 16a, after 5 days of culture, the presence of AE inhibited 

the cell growth. The inducing of PLGA coating decreased cell inhibition rate of AE-loaded samples 

by controlling the release rate. After 7 days of culture, cell viability increased due to the presence 

of AE in both PLGA- and non-PLGA-coated samples. The control release of AE due to PLGA 

coating decreased cell growth, which revealed the influence of AE release rate on osteoblast cells 

proliferation. The SEM images also showed flattened adhered cells with filopodia on all types of 

sample surface. The high OB cell density observed on the AE-loaded samples was compared to 

non-AE-loaded samples after 7 days of culture, which also correlated with the quantitative analysis 

of cell viability by MTT assay. Previous research investigated the effect of aloe vera or aloe vera 

extracted natural compounds on bone healing or bone repairs [131, 139]. A study showed that aloe 

vera stimulates bone formation, accelerates the repairing process and reduces inflammatory 

effects. Another study investigated the effects of acemannan, an extracted compound from aloe 

vera gel, on in vitro and in vivo biological properties. Results indicated that aloe vera enhances 

bone formation and accelerates bone healing [131]. In our study, AE is also an aloe vera extracted 

natural compound and has an anti-inflammatory response. This anti-inflammatory factor facilitates 

bone formation [139]. Emodin, another anthraquinone natural compound, has also been used for 

anticancer and anti-inflammatory therapy [18]. Research showed that emodin inhibits osteoclast 

differentiation and function and stimulates osteoblast formation [18]. 
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The main outcome of this study was the development of a PLGA-coated AE-loaded 

titanium nanotube implant that can be used as a delivery vehicle for AE release from the implant. 

The results show that the release of AE from the developed implant stimulates osteoblast cell 

interaction and proliferation. 

3.4 Conclusion 

In this research, aloe-emodin (AE), a natural compound extracted from aloe vera, was used 

to investigate its effect on in vitro osteoblast cell growth. Titanium nanotube samples were used 

to incorporate AE into the nanotube and PLGA coating was applied to control the release rate of 

drug to get the desired output of the AE. Results shows that the AE-loaded titanium nanotube 

samples with PLGA coating control the release rate of AE from the samples. The sustained and 

effective AE release was observed from the titanium nanotube samples coated with PLGA (65:35). 

An in vitro cell culture experiment was performed on human fetal osteoblast cells on AE and No 

AE-loaded titanium nanotube samples with and without PLGA (65:35) coating. Results shows that 

the samples with AE load enhance osteoblast cell proliferation and attachment. Thus, the result 

from this study reveals that effect of AE enhances osteoblast bone formation. 

 

 

 



 
 

CHAPTER 4 SURFACE MODIFICATION OF TITANIUM BY ALKALI TREATMENT AT 

DIFFERENT TEMPERATURES AND ROTATIONAL SPEEDS. 

4.1 Introduction 

Titanium is one of the metals that has been widely used in orthopedic and dental 

applications because of its biocompatibility and good mechanical properties [5,140]. 

Biocompatibility is an important characteristic of implants to ensure appropriate host response by 

emitting toxicity into the surrounding tissues [141]. In addition, mechanical properties like 

Young’s modulus, tensile strength, hardness and elongation have an impact on the implant’s 

lifetime [5]. To enhance implant lifetime, the mechanical properties of the implant and bone are 

expected to be similar [5]. Osteointegration is another property that increases the interaction 

between the implant and surrounding tissue, thus enhancing the lifetime of the implant [5]. 

Different types of surface modification techniques have been used to increase osteointegration of 

the implants [142]. Alkali treatment (AT) is one of the surface modification techniques to enhance 

bioactivity of the implant [142]. AT at higher concentration forms a porous and bioactive surface 

layer on the implant [143].  Addition of heat treatment after AT produces porous network layers 

of sodium titanate [141] that enhance pull-out of the failure load and bone formation surrounding 

the implant [144]. Different temperatures and concentrations of NaOH or KOH were used to 

perform AT for several hours to modify the surface of the titanium [143]. Kim et al. [34] performed 

AT in 10 M NaOH or 10 M of KOH solution at 60 °C for 1-24 h. In another research study, AT   
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was performed in 10 M NaOH solution at 30°C for 24 h [35]. The AT was also conducted in lower 

concentration, i.e., 5M NaOH solution at 60 °C for 24 h [32].  

The aim of this research was to optimize the AT to get web-like or nearly web-like 

structure. In this experiment, AT was carried out at three different concentrations of sodium 

hydroxide (NaOH), i.e., 5M, 10M and 15M. At each concentration, the experiment was performed 

at two different temperatures, 40 °C and 60 °C, with three different rotational speeds: 0, 30 and 60 

rpm. To accomplish the aim, surface morphology was investigated by field emission scanning 

electron microscope (FESEM). 

4.2 Materials and Methods 

4.2.1 Materials 

 Commercially pure titanium (cp-Ti grade #2, President Titanium, MA, USA), ethanol (200 

proof anhydrous), acetone (certified ACS), hydrofluoric acid (48-51% solution in water) and 

sodium hydroxide pellets (S318-1, Fisher Scientific). 

4.2.2 Methods 

Commercially pure titanium (Cp-Ti) samples with a diameter of 11 mm and thickness of 2 

mm were used for AT. The samples were ground by using silicon carbide abrasive paper with a 

range of 320-800, followed by polishing using MasterTex polishing cloth. After polishing, samples 

were cleaned ultrasonically with DI water, ethanol, acetone and dried at atmospheric temperature. 

Then, AT was carried out at 5M, 10M and 15M concentrations of NaOH. At each concentration, 

the experiment was performed at 40 °C and 60 °C with three different rotational speeds: 0, 30 and 

60 rpm for each temperature. The AT solution was prepared by dissolving NaOH in DI water. 
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Then, polished samples were immersed into the solution and incubated at predefined temperatures 

and rotational speeds for 24h. After 24h, samples were rinsed with DI water, ethanol and 

ultrasonically cleaned with DI water and finally dried at atmospheric temperature. The alkali heat- 

treated (AHT) samples were prepared by conducting heat treatment (HT) at 600 °C for 1h at a rate 

of 5 °C/min after alkali treatment. 

Material Characterization: 

Surface morphology after AT was carried out by using field emission scanning electron 

microscope (FESEM, Hitachi model S4500). 

In Vitro Cell Material Interaction: 

To understand the effects of surface modification of titanium by alkali experiment and heat 

treatment on proliferation of bone forming, human fetal osteoblast cells (hFOB 1.19, ATCC CRL-

11372TM) were used. The culture medium used for osteoblast cells was a mixture of 1:1 Ham’s 

F12 medium and Dulbecco’s modified eagle’s medium (DMEM) with 2.5 mM-glutamine (without 

phenol red; Sigma) supplemented by 10 % fetal bovine serum (FBS, ATCC), 1.2 g/L of NaHCO3 

(Sigma), 0.3 mg/ml G 418 (Sigma) and penicillin/ streptomycin (Invitrogen, Germany) (10 

mg/ml). Cells were cultured in 75 cm3 vented cell culture flasks and maintained at 34 °C under an 

atmosphere of 5% CO2/ 95% air. Prior to cell culture, alkali-treated samples with following 

conditions were prepared: 5M at 60°C for 30 rpm and 10M at 60°C for 60 rpm. Then, polished 

titanium, alkali-treated titanium and AHT titanium were autoclaved to sterilize. A total of five 

different types of samples were used for the cell culture experiment: polished titanium, 5M-60°C-

30 rpm alkali-treated titanium, 10M-60°C-60 rpm alkali-treated titanium, 5M-60°C-30rpm+HT 
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titanium and 10M-60°C-60rpm+HT titanium. Cells were seeded with a density of 2x105 

cells/substrate.  

Cell Viability Assessment Using MTT Assay: 

The MTT assay was performed after 2, 5 and 7 days of incubation to analyze the effect of 

web-like or nearly web-like structure formed by alkali experiment on osteoblast cells. The MTT 

(Life Technologies, Eugene, OR) solution of 0.5 mg/mL was prepared by dissolving MTT in sterile 

filtered PBS. One hundred microliters solution were added to each substrate in well plate, followed 

by 900 µL cell media addition and incubated at 34°C for osteoblast cells. After 2 h of incubation, 

the media was removed and 600 µL of solubilizer solution (composed of 10 % Triton X, 0.04 M 

HCl and isopropanol) were added to each substrate to dissolve formazan crystals. One hundred 

microliters solution were transferred to 96-well plate and read by UV visible spectrometer at a 

wavelength of 570 nm. Triplicate samples according to composition were evaluated and three 

measurements were performed from each substrate. 

4.3 Results and Discussion 

4.3.1 Results 

 Figure 18 shows the SEM micrograph of alkali-treated samples with a concentration of 

5M NaOH solution at different temperatures and rotational speeds: (a) 40 °C, 30 rpm, (b) 60 °C, 0 

rpm and (c) 60°C, 30 rpm. The experiment at each condition was performed repeatedly and nearly 

web-like structures were observed on the surface of the titanium. 
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Figure 18: Surface morphology of alkali-treated samples with a concentration of 5M at different 

conditions: (a) 40 °C and 30 rpm (b) 60 °C and 0 rpm (c) 60 °C and 30 rpm. 

 

 The experiment was carried out at 5M NaOH solution with the following conditions: 40 

°C, 0 rpm; 40 °C, 60 rpm; and 60 °C, 60 rpm, and the inconsistent surface morphology was found 

in the repeated experiment as a shown in Figure 19. Figure 19 (a-c) shows the surface morphology 

of the repeated experiment performed at 40 °C, 0 rpm and Figure 19 (d-f) shows the surface 

morphology of the experiment performed repeatedly at the same temperature but at 60 rpm. The 

same types of surface morphology were not observed in either condition for repeated experiments. 

The same trend was also observed when the experiments were performed repeatedly at 60 °C with 

a rotational speed of 60 rpm as shown in Figure 19 (g-i). 

 

 

(a) (b) (c) 
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Figure 19: Surface morphology of alkali-treated samples at 5M NaOH solution with following 

conditions: (a-c) 40 °C, 0 rpm, (d-f) 40 °C, 60 rpm and (g-i) 60 °C, 60 rpm. 

 

 When the concentration of NaOH in alkali experiment was increased to 10 M, the web-like 

or porous-like structures formed on the surface in the following conditions: condition 1) 40 °C 

with the combination of three different rotational speeds of 0, 30 and 60 rpm; condition 2) 60°C 

with the combination of three different rotational speeds of 0, 30 and 60 rpm. Figure 20 shows the 

surface morphology of alkali-treated samples with a concentration of 10 M NaOH solution. Figure 

20 (a-c) shows the surface morphology of porous or web-like network when the experiment was 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 
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carried out at 40°C for 24h with the rotational speed of 0, 30 and 60 rpm, respectively. Similarly, 

Figure 20 (d-f) shows the surface morphology of porous or web-like network when the experiment 

was carried out at 60°C for 24h with the rotational speed of 0, 30 and 60 rpm, respectively. In all 

combinations of experimental parameters, an identical porous network or web-like structure 

formed on the surface of the titanium samples.  

 

Figure 20: Surface morphology of alkali-treated samples with a concentration 10 M NaOH 

solutions at different combinations of temperatures and rotational speeds: (a) 40 °C, 0 rpm,  (b) 

40 °C, 30 rpm, (c) 40 °C, 60 rpm, (d) 60 °C, 0 rpm, (e) 60 °C, 30 rpm and (f) 60 °C, 60 rpm. 

 

 Figure 21 shows the surface morphology of alkali-treated samples; when the concentration 

of NaOH in AT experiment was increased to 15 M, cracks were formed in the porous or web-like 

structure in the following conditions: condition 1) 40 °C with the combination of  three different 

rotation speeds of 0, 30 and 60 rpm; condition 2) 60°C with the combination of three different 

(a) (b) (c) 

(d) (e) (f) 
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rotation speeds of 0, 30 and 60 rpm. Figure 21 (a-c) shows the surface morphology of the alkali-

treated samples when the experiment was carried out at 40°C with the rotational speeds of 0, 30 

and 60 rpm, respectively. Similarly, cracks with web-like or porous structures were observed at 

60°C with the rotational speeds of 0, 30 and 60 rpm, respectively, as shown in Figure 21 (d-f). 

 

Figure 21: Surface morphology of alkali treated samples with a concentration 15 M NaOH 

solutions at different combinations of temperatures and rotational speeds: (a) 40 °C, 0 rpm,  (b) 

40 °C, 30 rpm, (c) 40 °C, 60 rpm, (d) 60 °C, 0 rpm, (e) 60 °C, 30 rpm and (f) 60 °C, 60 rpm. 

 

 Figure 22 shows the optical density of osteoblast cell proliferation after 2, 5 and 7 days of 

culture. After 2 days of culture, cell proliferation of polished titanium was higher compared to 

samples prepared by alkali-treated and AHT samples. The same trend was also observed after 5 

and 7 days of culture. Among alkali treated and AHT, the sample prepared by AT with a 

concentration of 5 M at 60 °C for 30 rpm followed by heat treatment showed higher cell viability 

compared to other conditions of alkali-treated and AHT samples. 

(a) (b) (c) 

(d) (e) (f) 
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Figure 22: In vitro osteoblast cell viability of surface-modified titanium by alkali experiment at 

different temperatures and rotational speeds. 

 

4.3.2 Discussion 

 The study investigates the effect of AT at different NaOH concentrations, temperatures and 

rotational speeds of samples on the formation of web-like or nearly web-like structure on the 

surface of pure titanium. When polished titanium samples are treated with NaOH solution during 

AT, a passive layer of TiO2 on the surface partially dissolves in alkali solution due to the attack by 

hydroxyl groups which form HTiO3¯ ions [34,142, 145]. This reaction is supposed to proceed 

simultaneously due to hydration of Ti as shown in following reactions [34,142]: 
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TiO2 + NaOH→ HTiO3¯ + Na+    (1) 

Ti+ 3OH¯→ Ti(OH)3
+ + 4e¯     (2) 

Ti(OH)3
+ + 4e¯ → TiO2.H2O + 

1

2
H2↑    (3) 

Ti(OH)3
+ + OH¯↔ Ti (OH)4     (4) 

The hydrated TiO2 layer is attacked by OH¯ again and forms negatively charged hydrates 

on the surface of the samples [34,142,145]. These negatively charged hydrates combine with alkali 

ions in the aqueous solution, resulting in the formation of an alkali titanate hydrogel layer 

[34,142,145]: 

TiO2.H2O + OH¯ ↔ HTiO3¯. nH2O    (5) 

Figure 18 shows nearly web-like structure formed at lower concentration of NaOH in AT 

solution. The reason for forming nearly web-like structure is due to the lower concentration of 

NaOH and immersion time, which allows less formation of sodium titanate on the surface [146].  

The web-like structure formed on the surface is shown in Figure 20 when the concentration of 

NaOH increased to 10 M. The higher the molar concentration of NaOH causes more a noticeable 

titania layer, resulting in the formation of well-organized web-like structure on the surface [146]. 

In addition, the surface treatment in basic solution forms porous network structure due to the 

material erosion [147]. The material erosion depends on the concentration of eroding agent and 

immersion time in the solution [147]. If the concentration of eroding agent is high in the surface 

treatment solution, some of the irregularities and notches observed on the surface cause the 

potential crack initiation on the surface as shown in Figure 21 [147].  The crack formed at all 
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different combinations of temperatures and samples rotational speeds, which reveals no effects of 

temperature and sample rotation on surface morphology at 15M NaOH alkali-treated samples. 

 The formation of porous network structure depends on the corrosion of the surface. 

Corrosion resistance behavior of the surface of titanium also depends on the concentration and 

temperature at which the alkali experiment is carried out [148]. Corrosion resistance behavior 

deteriorates with the increase of concentration and temperature [148]. Figure 20 shows the images 

of alkali experiment carried out at 10 M NaOH with the increase of temperature and rotation speeds 

from 40°C-60°C and 0-60 rpm, respectively. Figure 20 (a-c) shows surface microstructure of the 

alkali experiment samples at 40 °C, which was less porous compared to the microstructure of the 

alkali experiment samples carried out at 60°C as shown in figure 20 (d-e). Thus, surface 

microstructures have significant effects on concentration of the NaOH in the solution and the 

temperature at which the experiment was performed. 

 The titanium plate treated with NaOH accelerates osteointegration [149]. The modified 

surface by NaOH treatment causes rapid protein adsorption and electrostatic attraction to the cells 

due to the hydrophilic nature of the modified surface [149]. A study was performed to investigate 

the biocompatibility of titanium nanostructure formed by alkali experiment or NaOH treatment 

where rat bone marrow (RBM) cells were used to analyze bioactivity [35]. The results showed that 

surface modified by alkali experiment and heat treatment enhanced cell adhesion and 

differentiation [35]. Figure 22 shows that polished titanium samples have higher cell viability 

compared to the titanium samples prepared by alkali experiments at different temperatures, 

rotational speeds, and heat treatment. The reason for this low viability was unexpected cell death. 

This unexpected cell death occurred due to a large volume cell media for cell seeding that caused 
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spilling of cell seeding media from the surface of the samples, resulting in the drying out of cell 

media during incubation. The surface formed by alkali experiment is more hydrophilic, and thus 

after seeding cells with media, the cell media spilled from the surface. Therefore, optimization is 

necessary to determine the exact way of cell seeding on the surface-modified titanium sample 

surface. 

4.4 Conclusion 

 In this study, alkali treatment was carried out with different concentrations at different 

temperatures and rotational speeds of titanium sample to form web-like or nearly web-like 

structure and also to investigate the in vitro osteoblast cell viability. Alkali experiment was 

performed at three different concentrations of 5M, 10M and 15M NaOH at two different 

temperatures 40°C and 60°C. The experiment was carried out at three different rotational speeds 

of 0, 30 and 60 rpm, with the combination of each concentration and temperature. A nearly web-

like or web-like structure formed at 5M and 10M concentrations while web-like structure with 

crack formed at a concentration of 15 M. The experiment with concentration of 5M at 40°C 

followed by 0 and 60 rpm and 60°C at 60 rpm did not obtain consistent morphology in repeated 

experiments. Based on the results, a nearly web-like structure formed by alkali experiment at 5M 

concentration of NaOH at 60°C and 30 rpm, and 10 M concentration of NaOH at 60°C and 60 rpm 

was used to investigate cell viability. Results showed that cell viability was less for surface-

modified titanium compared to pure titanium because of cell seeding difficulties of rough surface. 

Optimization of cell culture is necessary to further investigate the cell viability of modified 

titanium samples. 

 



 
 

CHAPTER 5 SUMMARY AND FUTURE DIRECTION 

The purpose of this research was to understand the effect of ion incorporation into the 

surface-modified titanium, controlled release of aloe-emodin (AE) on surface-modified titatnium 

and its effect on in vitro cell interaction with surface modification by alkali experiment for 

orthopaedic applications. Some of the key conclusions of this research are: 

1. Magnesium was incorporated into the modified titanium surface by different methods. 

Immersion methods, single-step anodization processes and reverse polarization 

techniques were used to dope magnesium into the modified titanium surface. In 

immersion methods with furnace drying followed by calcination, successful doping of 

magnesium with well-organized nanotubalar structures formed on the surface of the 

pure titanium. The magnesium content in nanotube structure decreased with the 

decreasing of magnesium nitrate concentration in solution. Single-step anodization was 

another method used for magnesium doping where two different anodization periods 

(45 mins and 70 mins) were used to perform the experiments. Magnesium was 

incorporated by anodization at 70 mins periods while only negligible amount of 

magnesium was doped at 45 mins time periods. At both time points, magnesium as well 

as residue due to chemical reaction formed on the surface, which covered some of the 

portion of nanotubal structures. The magnesium content in nanotubes decreased with 

the decreasing of magnesium nitrate concentration in electrolyte solutions. Other 

methods, named reverse polarization with different routes of drying, cleaning and 
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calcination processes, were used to incorporate magnesium into the surface-modified 

titanium. Magnesium-doped surface-modified titanium was found in this method. The 

magnesium content by reverse polarization was high, but nanotubal structures were 

slightly removed due to the reverse polarization process. Anodic oxidation was further 

carried out to investigate its effect on doping and nanotube formation. Results showed 

that less amount of magnesium doped and no well-organized nanotube structures 

formed. Thus, immersion method followed by drying and calcination was the most 

prominent methods to get magnesium-doped well-oganized nanotube structures. 

2. Effect of controlled release of AE from surface-modified titanium and its in vitro 

interaction with osteoblast cells was invesitagated. Three different types of PLGA were 

used based on lactic acid (LA) and glycolic acid (GA) concentrations to observe the 

controlled AE release from titanium-modified surface. Results showed that addition of 

PLGA coating controlled the release of AE from modified titanium surface. After that, 

in vitro osteoblast cell culture study was performed on PLGA-coated (65:35) AE-

loaded modified titanium samples for 2, 5, and 7 days time periods. Results showed 

that presence of AE enhanced osteoblast cell attachment and proliferation after 7 days 

of cultures for both PLGA- and No PLGA-coated samples. Therefore, the release of 

AE from develpoed implant increase osteoblast cell interaction and proliferation. 

3. Alkali treatment was carried out with concentrations of 5M, 10M and 15M of NaOH 

at two different temperatures of 40°C and 60°C, repectively. The experiments with 

combination of each concentration and temperature were carried out at three different 

rotational speeds of sample incubation: 0, 30 and 60 rpm. The purpose of this study 

was to form web-like or nearly web-like structure. Results showed that nearly web-like 
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structure formed at 5M concentration of NaOH for the following combinations of 

temperature and rotational speeds: 40°C and 30 rpm, 60°C and 0 rpm, and 60°C and 30 

rpm. Inconsistent results were found for all other combinations of temperature and 

rotation of speeds. The alkali experiment with 10 M concentrations at all combinations 

of temeprature and sample rotional speeds of incubation formed web-like structure on 

the surface. When the concentration was increased to 15 M, web-like structure with 

crack formed on the surface at all combinations of temperature and rotional speeds. 

Therefore, the alkali experiment at 10M concentration of NaOH showed uniform web-

like structure in all combinations of temperature and rotation of speeds. 

The data for the current research can be used to do further research on the following 

orthopedic and drug delivery applications: 

1. In vitro cell culture study of Mg-doped modified titanium samples for bone formation. 

2. Effect of controlled release of AE for cancer therapy in the implanted area. 

3. Continuation of surface modification on titanium and different types of ion doping in 

titanium to investigate their effects in orthopedic applications. 

4. To optimize and investigate the effect of in vitro osteoblast cell attachment and 

proliferation for alkali-treated samples with different combinations of NaOH at 

different temperatures and rotational speeds of incubated samples. 
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