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Abstract 

Enhancing Biological Activity of Porous 

Titanium Scaffolds via Functional 

Surface Treatments 

 

Hyun Lee 

Department of Materials Science and Engineering 

Seoul National University 

 

Porous titanium (Ti) scaffolds have been widely used for orthopedic 

and dental applications because merits of titanium, which is represented by 

excellent mechanical properties, chemical stability, and good biocompatibility 

and porous structure are combined. Especially for porous structure, this could 

reduce stress shielding effect resulting from reduced elastic modulus, and 

infiltration of body fluid through pores leads to homogeneous bone 

regeneration. However, the improvement of effective osseointegration ability is 

still required to accomplish sufficient fixation between the scaffolds and 

surrounding bone. Thus, various surface treatments have been adopted to 
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modify surface and pore characteristics.  

In the first study, porous Ti6Al4V scaffolds with enhanced 

biocompatibility were obtained by coupling dynamic freeze casting (DFC) 

method with modified micro-arc oxidation process (MAO). The fabricated 

scaffolds exhibited tailored pore characteristics with interconnected pores. 

Compressive strength and elastic modulus were controlled by adjusting the 

porosity of the scaffolds. Modified MAO process was successfully performed 

on the porous Ti6Al4V scaffolds by inhibiting gaseous emission from the 

electrolysis of water with the addition of ethanol to the MAO solution. 

Moreover, the biological response of pre-osteoblast cells on the MAO-treated 

porous Ti6Al4V scaffolds was enhanced owing to their porous topography and 

modified chemical composition. 

In the second study, functionally graded porous Ti scaffolds generated 

by two body combination with densification process were developed, which 

can simultaneously release growth factor (rhBMP-2) and antibiotics (TCH). 

Inner dense and outer porous scaffolds were successfully fabricated and 

significantly different pore characteristics were observed by scanning electron 

microscopy (SEM) and micro CT. Mechanical properties of them proved their 

applicability as bone substitutes with sufficient strengths and elastic modulus 

in the range of real bone. Sustained release of rhBMP-2 was obtained by altered 

tortuosity through densification, whereas TCH was released in relatively earlier 
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stage. To monitor effectiveness of remaining biomolecules inside the scaffolds, 

series of in vitro cell tests and anti-microbial tests were conducted using the 

scaffolds after releasing for certain time intervals. Notable differences in the 

degree of cell differentiation were observed in functionally graded porous Ti 

scaffolds compared to control groups resulted from higher amount of remaining 

rhBMP-2. And anti-microbial properties appeared in relatively short period of 

time, which is essential to reduce early stage inflammation reaction after 

surgery.  

In the third study, acidic solution combined with HF and HNO3 was 

treated to efficiently modify pore characteristics and mechanical properties of 

porous Ti scaffolds. The porosity, pore size, wall thickness, and pore neck size 

were easily controlled by varying the acid treatment time, which produced 

scaffolds with mechanical properties that were suitable for bone tissue 

engineering. As the mixed acid treatment time increased, internal isolated pores 

were gradually interconnected with adjacent pores. After 10 min of treatment, 

nearly all the pores were interconnected. The post-treatment with HF/HNO3 

also affected the surface properties. Surface carbon contaminants were 

significantly reduced after treatment with no hydride formation. Micron-scale 

surface roughness was uniformly generated across the whole surface. The 

actual cell penetrability of the Ti scaffold was evaluated using a perfusion-based 

in vitro cell test. Over 90% of the surface pores depict cell penetrability with a 
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sufficient number of cells attached to the wall surface of the pore after 

performing acid treatment for 12 min. 

In conclusion, these researches adopted different techniques to 

enhance functional ability of porous titanium and titanium alloy for biomedical 

applications. Enhanced biological properties were obtained by adopting 

modified MAO process to porous Ti6Al4V scaffolds and drug loading in 

functionally graded porous titanium scaffolds. Improved pore interconnectivity 

for cell penetration through porous titanium scaffolds were achieved through 

simple HF/HNO3 treatment for short period of time. 
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1.1. Metallic biomaterials for hard tissue engineering 

As life expectancy dramatically increased in the past decades, 

malfunction or diseases related with hard tissue mainly dealt in orthopedic and 

dental area has been significant problems. To overcome those problems, 

substitutes derived from human or other species were used, called as autografts, 

allografts, and xenografts.  

However, due to lack of sources and immunogenic problems, their 

usages are highly limited. Thus, artificial grafts emerged as promising solution. 

Various materials including ceramics, polymers, and metals have been utilized 

for fabrication of scaffolds. Ceramics have been used as substitutes for their 

great mechanical properties, chemical stability in physiological conditions. 

Bioglass [2, 3], alumina [4, 5], zirconia [6, 7], and CaP derivatives [8, 9]are 

well known ceramics which are adopted for biomedical applications. Especially 

for calcium phosphate (CaP) derivatives, chemical composition of them is 

similar with that of real bone, which makes them to be most widely used 

materials. Well-constructed new bone near hydroxyapatite (HAp) scaffolds 

were observed in numerous researches [10-14]. In addition to that, another 

forms of CaP which represented by tricalcium phosphate (TCP) and biphasic 

calcium phosphate (BCP) exhibited both osteoconductivity and biodegradation 

behaviors [15-17]. However, usage of ceramics is hindered in parts which 
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undergoes high load due to their intrinsic brittleness. When breakage occurs in 

ceramics, residues circulates around the body through vessels and causing 

consistent irritations or pains. 

For polymeric scaffolds, they are categorized into two parts, natural 

and synthetic polymers. Natural polymers are those which are present in, or 

created by, living organisms. Collagen, chitosan, and cellulose are most widely 

used natural polymers used in hard tissue engineering. Since they are basically 

originated from living organisms, they exhibit excellent biocompatibility and 

immune problem is greatly decreased. However, they are hard to be acquired in 

large amount and their mechanical properties are low to fit in load bearing 

scaffolds. Thus, they are mainly utilized as membranes, coating material, and 

form of composites with other materials [18-21]. On the other hand, synthetic 

polymers, generated from chemical reactions, showed higher mechanical 

properties than natural polymers. And biocompatibility of them could be 

enhanced by inserting biocompatible agents [22, 23]. But as they degrade, 

residues would induce side effects. 

Metals are the most widely used materials in hard tissue engineering 

field because of their excellent mechanical properties, chemical stability, and 

intrinsic ductility. Stainless steel [24, 25], cobalt alloys [26, 27], magnesium 

alloys [28, 29], and titanium alloys [30-32] are known to be used in various 

parts. Among abovementioned metals, titanium and its alloys have been 



4 

 

extensively applied to orthopedic and dental area. They possess high strength 

with relatively low elastic modulus compared to other metallic materials, and 

excellent biocompatibility allow them to easily fit into specific surgical sites 

(Table 1.1) [1, 33, 34]. Additionally, it is reported that intrinsic ability to 

osseointegration exists in titanium itself in several researches [35, 36]. Despite 

of those advantages, still mechanical properties are far higher than those of real 

bone. Mismatch of elastic modulus between titanium implant and bone causes 

stress shielding effect (Fig. 1.1) [37-39]. After titanium implant was embedded 

inside bone, most of applied load is concentrated in implants. Thus, surrounding 

bone could not undergo essential load resulting in bone resorption near the 

implantation site.  

 

1.2. Porous titanium 

To reduce stress shielding effect, diverse methods were adopted. One 

of the efforts to hinder that has been development of titanium alloy with low 

elastic modulus. Numerous researches have been conducted to generate β- 

titanium possessing lower elastic modulus by incorporating biocompatible β-

stabilizers like niobium (Nb), tantalum (Ta), and zirconium (Zr) [40, 41]. 

Nowadays, developed β titanium materials are largely studied for biomedical 

applications [42, 43]. Even though elastic modulus was greatly decreased to 
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near 80 GPa by alloying process, still mismatch occurs because elastic modulus 

of bone is in the range of 10 to 20 GPa [1]. Thus, another method to decrease 

mechanical properties is necessary. Most efficient way to reduce elastic 

modulus was adopting porous structure. By generating pores inside titanium 

implants, mechanical properties were decreased relatively comparable to those 

of real bone than dense titanium. And existing pores in the scaffolds positively 

affect in hard tissue engineering. Pores provide rough surface, which is 

preferred to osteoblast cells which are essential for bone regeneration. In 

addition, body fluid containing nutrients can infiltrate into the pores resulting 

in homogeneous new bone formation and tight anchoring between new bone 

and implants. 

Because of those advantages, methods to adopt pores in titanium have 

been extensively researched. Powder metallurgy method uses pore generating 

materials (porogens) to fabricate porous titanium [44-46]. During fabrication 

process, readily mixed porogens are eliminated by heat treatment or leaching 

techniques. This method is quite simple and it can produce homogeneously 

distributed pore structure. However, the limitation is that the size and shape of 

pores are dominated by the nature of porogens. And it is hard to obtain high 

interconnectivity between pores due to discrete porogens. Another method to 

manufacture porous structure is polymer replication method [47, 48]. Slurries 

containing raw materials were coated on polymeric foams several times to reach 
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desired thickness. Fully interconnected pores were obtained since polymeric 

matrices already possess fully interconnected pore structure. Nevertheless, 

contamination which bring brittle behavior occur since whole structure is based 

on polymer, which consists of mainly organic elements. One of the emerging 

techniques is rapid prototyping [49, 50]. Since this technique is based on 

computer aided design (CAD) system, adopting complicated structure has been 

possible. And the shape of specimen could be customized to the surgical site. 

But this customized structure is not adequate for mass production, which raises 

cost. Finally, kinds of freeze casting method have been used to generate porous 

structure [51-53]. During the process, slurries containing sublimable vehicles, 

titanium powders are solidified. And the vehicles sublimate with maintaining 

its space in the green body, which consequently become pores. Thus, there is 

no concern of contamination. When it comes to raw titanium powder, 

homogeneous dispersion of titanium powder was a challenging problem due to 

sedimentation. To overcome that, reverse freeze casting and dynamic freeze 

casting method were developed [54, 55]. 

 

1.3. Additional treatment for enhancing functions 

1.3.1. Surface treatment 

Even though excellent biocompatibility of titanium, there are demands 
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for improvement of biocompatibility to accelerate bone regeneration. To 

achieve that, numerous surface modification methods were researched. 

Methods for surface modification could be categorized into two stream, surface 

coating and surface roughening. Surface coating method adopted additional 

biocompatible layer on top of titanium substrate. In most cases, calcium 

phosphate (CaP) derivatives like hydroxyapatite was utilized or embedded in 

coating. Micro arc oxidation (MAO) and anodizing techniques give electrical 

charge to the titanium substrate to create biocompatible TiO2 layer [56-58]. As 

elements in electrolytes could be incorporated in TiO2 layer, various functional 

changes are possible [59, 60]. Additionally, mineralization or electrophoretic 

deposition methods for generating apatite layer were also conducted for same 

purpose. Simulated body fluid (SBF) has been conventionally used for 

mineralization method, and apatite layer grow proportional to the immersing 

time [61, 62]. Electrophoretic deposition method is known to be an efficient 

technique to make nano-structural ceramic coating from colloidal suspensions 

[63, 64].  

For surface roughening, most widely used method is sand blast with 

large grit and acid etching (SLA) technique because of it great performances in 

clinical cases [65, 66]. SLA method uses sands like alumina with high speed 

and energy to generate roughness on the substrate. Generated micron-scale 

roughness aids differentiation of osteoblast cells, and increases bone-to-implant 
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contacts. And recently developed target induced plasma sputtering (TIPS) 

technique created nano-roughened structure with nano-scale pores on substrate. 

This nano-roughened structure enhanced hydrophilicity of the surface and 

enabled biomolecule loading inside pores. Other methods use chemical 

treatment by acid and alkali solution to make roughness [67, 68]. By these 

treatments, surface became roughened with increasing hydrophilicity without 

any undesired phase change. And this method is simplest way to roughen the 

surface.   

 

1.3.2. Drug delivery 

Another way to improve functional ability is that incorporating 

biomolecules on or in the scaffolds. There have been various biomolecules 

which exhibited their own ability in different states. Mainly separated into 

growth factors and antibiotics which have been utilized. Growth factor is the 

substances capable of stimulating cellular responses. For hard tissue 

engineering, kinds of bone morphogenetic proteins (BMPs) are commercially 

available. Since BMPs are sold at high costs, efficient way to deliver growth 

factors have been heavily investigated. Sudheesh Kumar P.T. et al developed 

PCL-PLLA-hydrogel system for vertical alveolar bone regeneration. By 

adopting BMP-2 encapsulated hydrogel, efficient and sustained delivery of 

BMP-2 was obtained [69]. BMP-2 was also incorporated in nano and micro-
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porous structure without any polymeric matrices. As pores could act as a 

reservoir for BMP-2, sufficient amount of BMP-2 was loaded in a single 

scaffold with prolonged release period [70, 71]. Another species of BMPs, 

BMP-7 was also utilized to promote bone regeneration. PLGA matrix was 

coated with PLGA/MC/BMP-7 solution and specimens were implanted in 

rabbit knees to see bone regeneration [72]. 

Besides growth factors, antibiotics to suppress inflammation reaction 

near the surgical sites have been also applied to different matrices. Among 

broad range of antibiotics, tetracycline hydrochloride (TCH) has been utilized 

since it is already commonly used in clinical cases and is also FDA approved 

as a form of commercial tablets. In many researches, TCH is mixed with various 

polymers to fabricate mats for wound dressing applications and clear 

hinderance of bacterial infections was observed [73, 74]. And TCH was also 

loaded in hard tissue engineering in the reported articles. In accordance with 

the results in wound dressing applications, significant decrease of bacterial 

viability was obviously shown [75-77]. 

 

1.4. Aim of the studies 

The aim of this study is improving functional ability of porous 

titanium scaffolds via different incorporating material and surface treatment 

methods. Even though porous titanium and its alloys have been utilized as 
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orthopedic and dental implants, still there are issues about fast healing after 

implantation. To accomplish this objective, three different strategies were 

designed. 

In first study, Ti6Al4V, which is most widely used Ti alloy in industry, 

was used for enhancing mechanical strength with maintaining elastic modulus. 

In addition to that, as a way to improving biocompatibility, modified MAO 

process with supplement of EtOH to reduce gaseous evolution during the 

process for homogeneous coating was adopted. 

Second study is about dual biomolecule delivery with different 

releasing behavior through functionally graded porous structure. Separately 

conducted densification process was expected to obtain sustained release of 

rhBMP-2 and initial release of TCH from the scaffolds. 

And the third study deals with better interconnectivity between pores 

through simple acid etching process by HF/HNO3 immersion. It is reported that 

HF exhibits strong etching effect on Ti. However, HF itself is very dangerous 

to use because of its high reactivity and HF treatment on Ti generates brittle 

titanium hydride layer, which is undesirable for metallic implant. Thus, HNO3 

was employed not only to stabilize HF but also to remove uppermost titanium 

hydride layer. And increased interconnectivity was anticipated through 
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immersion to this acidic solution by homogeneous etching.   
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Table 1.1. Mechanical properties of representative metallic materials for 

biomedical applications (Redrawn from ref [1]). 
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Figure 1.1. (A) Demonstration of stress energy density after implantation and 

(B) clinical appearance of stress-shielding effect after artificial hip-joint 

implantation. (Redrawn from ref [38, 39]) 
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2.1. Introduction 

Owing to structural and mechanical properties, porous titanium (Ti) 

has received much attention as biomedical scaffolds such as orthopedic and 

dental implants with load-bearing capacities [78, 79]. They provide suitable 

environment for bone repair and reduce the mismatch of stiffness between bone 

and implant materials [80, 81]. Although a porous structure leads to a high 

conductivity, the mechanical properties of the porous Ti will simultaneously 

trade off [78, 82]. With sufficient mechanical properties, porous titanium alloys 

(e.g. Ti6Al4V) has emerged as a promising solution (Table 2.1). However, there 

still is a need for additional surface treatments that can improve surface 

roughness and osteoinductivity for better performance of these materials in 

physiological environment [81, 83]. 

Micro-arc oxidation (MAO), an electrochemical surface modification 

technique which has recently received much attention in recent years, is a 

promising technique to solve this problem because it  is capable of producing 

a thick and stable micro-/nano- porous ceramic coating layer [84, 85]. Moreover, 

Ca and P ions can be incorporated in the MAO electrolyte to generate a TiO2-

based coating layer which can improve osteoblast cell responses on the surface 

and potentially block toxic ion release (e.g.Al3+ and Vn+) [86, 87]. Consequently, 

multi-scale macro-/micro- porous structures for titanium alloys with improved 
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biocompatibility can be readily fabricated by a MAO method. However, the 

coating process through MAO creates gaseous emission caused by the 

electrolysis of water during MAO process which can get trapped in narrow 

pores of the scaffold and hamper the formation of the uniform TiO2 coating 

layer within the pores [88, 89]. Because of that, MAO process was mainly 

applied to dense specimens or porous scaffolds with relatively simple porous 

structure and large pore necks [90-94].  

Therefore, in this study, we demonstrate the possibility of applying the 

porous Ti6Al4V scaffold produced by dynamic freeze casting (DFC) coupled 

with MAO method to merge high mechanical properties and good 

biocompatibility, respectively. DFC process is one of the noteworthy methods 

to fabricate porous metal scaffolds with tailored pore size and interconnected 

porosity as well as controlled mechanical properties. To accomplish this, 

Ti6Al4V powder/camphene slurries with various Ti6Al4V contents (15, 20 and 

25 vol%) that would determine the final porosity and pore size were cast in 

rotation [95]. Electrolyte solution with the addition of ethanol and bioactive 

ions were used in MAO treatment to reduce the gaseous emission on the 

electrode and to enhance biocompatibility at the surface of the scaffolds, 

respectively. The pore structures, porosity, size, and interconnectivity of the 

fabricated samples were evaluated. Compressive strength tests were carried out 
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to evaluate the mechanical properties of the porous Ti6Al4V scaffolds. 

Biocompatibility test of MAO-treated porous Ti6Al4V scaffolds was also 

conducted by studying the pre-osteoblast cell attachment and proliferation. 

 

2.2. Experimental procedure 

2.2.1. Fabrication of porous Ti6Al4V 

Commercially available Ti6Al4V powder (-325 mesh, Sejong, Korea) 

and camphene (C10H16, Sigma Aldrich, St. Louis, MO, USA) were used as the 

starting materials. Ti6Al4V/camphene slurries with various Ti6Al4V contents 

(15, 20 and 25 vol %) were prepared by ball-milling at 60°C for 3 h with the 

addition of 1 wt.% of dispersant (Hypermer KD-4; UniQema, Everburg, 

Belgium). The prepared slurries were poured into an aluminum mold and 

continuously rotated at a speed of 30 rpm at 45°C for 1d. After demolding, the 

frozen bodies were compressed by cold isostatic pressing (CIP) at 25 kpsi for 5 

min and freeze-dried to remove the camphene. Subsequently, the samples were 

heat-treated at 1250 oC for 2h in a vacuum furnace. Porous pure titanium 

scaffolds with identical titanium contents with those of Ti6Al4V were also 

fabricated as comparing groups for mechanical properties. 
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2.2.2. Modified Micro Arc Oxidation (MAO) procedure 

An electrolyte solution for modified MAO coating was prepared 

according to a procedure reported in the literature [96]. In short, 0.15 M of 

calcium acetate monohydrate (Sigma-Aldrich, USA) and 0.02 M of glycerol 

phosphate calcium salt (Sigma-Aldrich, USA) were dissolved in distilled water 

with addition of 20 vol% of ethanol. Prepared electrolyte solution was 

infiltrated into the pores by evacuation in vacuum chamber. And modified 

MAO process was performed by applying a pulsed DC field (Pulse Power 

Supply; Model-P6241, Auto Electric Co., Korea) with the voltage (350 V), 

frequency (660 Hz), duty (60%) and time (3 min) of the pulsed DC power. All 

of the MAO treatments were conducted in a water-cooled bath with porous 

Ti6Al4V scaffolds fabricated with 15 vol% of initial Ti6Al4V contents as an 

anode and a Ti plate as a counter electrode for 3 min. 

 

2.2.3. Characterization of MAO-treated porous Ti6Al4V 

The porous structure and chemical compositions of the samples were 

analyzed by scanning electron microscopy (FE-SEM, JSM-6330F, JEOL 

Techniques, Tokyo, Japan) in conjunction with energy dispersive spectroscopy 

(EDS). The crystalline phases of the samples were also detected by X-ray 

diffraction (XRD, M18XHF-SRA, MacScience Co., Yokohama, Japan) in the 
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range of 20-80° and scan speed of 1°/min. The inner porous structure (e.g. 

porosity, pore size, pore connectivity) was closely evaluated using a 

microtomography (micro-CT, Skyscan 1173, Skyscan, Kontich, Belgium) with 

the condition of 1.0-mm aluminum filter, 0.2° rotation step, 180° rotation, 

average of four frames, four random movements, voltage of 130 kV, and current 

of 60 μA. Obtained images were analyzed by CTAn (Bruker, Kontich, Belgium) 

program, and reconstructed to 3D images by CTVox (Bruker, Kontich, 

Belgium) software. In addition, the pore connectivity of each samples were 

calculated from the ratio of true volume and external-geometric volume which 

were measured by gas pycnometer (G PYC-100, PIM, USA) [97]. 

Homogeneity of TiO2 was checked by observing cross section of the scaffolds 

infiltrated with resin. 

 

2.2.4. Mechanical behavior of MAO-treated porous Ti6Al4V 

 The mechanical properties of the fabricated MAO-treated porous 

Ti6Al4V scaffolds were measured using an Instron 5582 System (Instron, 

Norwood, MA, USA) under a displacement-controlled mode, with a cross-head 

speed of 1 mm/min. The three specimens used to examine the mechanical 

properties were 8 mm in diameter and 10 mm in height. 
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2.2.5. In-vitro biocompatibility evaluation 

 In vitro cellular responses were examined using MC3T3-E1 

preosteoblasts. Cells were cultured in a humidified incubator with 5% CO2 at 

37 ℃. The culturing medium is composed of alpha-minimum essential 

medium (Welgene Co., Ltd., Gyeongsan, Korea), 10% of fetal bovine serum 

(FBS), and 1% of penicillin streptomycin. Initial cell attachment was checked 

after 1d of culturing using scanning electron microscope (SEM; JSM-6360; 

JEOL Techniques, Tokyo, Japan). The cells which were attached on the 

scaffolds were fixed with 2.5% glutaraldehyde, and dehydrated by sequential 

immersion to 75 %, 95 % ethanol once and 100 % ethanol twice for 5 min each. 

And 1,1,1,3,3,3-hexamethyldisilazane was treated twice for 10 min followed 

by drying in a hood. Degree of cell proliferation on the MAO-treated porous 

Ti6Al4V scaffolds was determined after one, four, and seven days of culturing 

using the MTS (methoxyphenyl tetrazolium salt) proliferation assay technique. 

After culturing, the specimens were rinsed twice with Dulbecco’s phosphate 

buffered saline. The rinsed specimens were immersed into the FBS-absent 

culturing medium containing a 10% cell proliferation assay kit solution 

(CellTiter 96 AQueous One Solution Cell Proliferation Assay). The absorbance 

of the solution was checked at 490 nm using a microplate reader (Model 550; 

Biorad, Seoul, Korea), after 2 h of culturing. For evaluation of degree of 
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differentiation, ALP activity was assessed. Preosteoblast cells were cultured on 

the MAO-treated porous Ti6Al4V scaffolds for 7 days. And the medium was 

replaced to the medium composed of 10 % FBS, 1 % penicillin-streptomycin, 

10 mM β-glycerol phosphate (GP), and 50 μg/ml ascorbic acid. After culturing, 

specimens were rinsed with DPBS and the cells attached on the specimens were 

detached using 0.25 % of trypsin-EDTA solution. Collected cells were 

centrifuged at 1500 rpm for 5 min and disrupted by 0.1 % triton X-100 solution 

and repeated freezing and thawing process. The amount of proteins was 

analyzed by measuring absorbance at 595 nm and normalized amount of p-

nitrophenol (pNP) compared to mg protein was obtained by conversion from 

measured absorbance at 405 nm.  

 

2.2.5. Statistical analysis 

All quantitative data were expressed in terms of mean ± standard 

deviation (SD) values. One-way ANOVA followed by Tukey's post hoc 

comparison tests were performed in all statistical analyses and p < 0.05 was 

considered significant. 

 

2.3. Results and discussion 

2.3.1. Structural evaluation 
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Typical SEM images of porous Ti6Al4V scaffolds fabricated with 

various initial Ti6Al4V contents (15, 20, and 25 vol%) are shown in Fig. 2.1A-

F. All of fabricated samples exhibited uniformly distributed pores without any 

noticeable cracks regardless of the initial Ti6Al4V content. The pores formed 

from the removal of the camphene crystals showed almost spherical shape and 

this result suggested that frozen camphene grow isostatically during casting 

instead of a dendritic growth. While in the casting process, the initial dendritic 

camphene crystals which nucleate near the mold wall was broken by external 

forces such as centrifugal force [95]. These broken camphene crystals 

transformed into spherical crystals which then grow isostatically, unlike those 

in traditional freeze casting, because there is no specific direction of heat 

conduction in the mold. 

Inner structure of the scaffolds was also observed by micro-CT. 

Homogeneously distributed spherical pores were also presented in Fig. 2.2A 

and B. The porosities calculated by micro-CT were 71  1, 61  1 and 51  1 %, 

whereas the pore sizes were 426  99, 312  66 and 311  66 μm for scaffolds 

with initial Ti6Al4V contents of 15, 20, and 25 vol.%, respectively (Table 2.1). 

This finding demonstrated that the pore characteristics can be tailored easily by 

manipulating the initial amount of Ti6Al4V powder. A scaffold with a low 

Ti6Al4V content can be used to produce a porous structure with relatively large 
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pores and high porosity which then can be integrated with modified MAO 

process to coat it with a biocompatible TiO2 layer. Moreover, regardless of the 

porosity of Ti6Al4V scaffolds, the interconnectivity of pores calculated by 

pycnometer were over 99% which indicated that dynamic freeze casting is quite 

useful for manufacturing porous Ti6Al4V scaffolds with a fully interconnected 

pore structure. 

After application of modified MAO process, surface morphology was 

monitored. In low magnification images indicating Fig. 2.3A and B, spherical 

pores still well-remained after intense discharging procedure. And distinctive 

crater-like pores within a few μm size were clearly observed in Fig. 2.3C and 

D. This structure is identical to which generated on pure titanium substrate [90, 

98]. Especially for Fig. 2.3C, micro pores covered both the outermost surface 

and inner surface which was hidden by pore walls. This resulted from the 

reduced gaseous formation by added EtOH and precedently proceeded 

infiltration of electrolyte solution.  

 

2.3.2. Chemical composition analysis 

The chemical compositions of the the MAO-treated porous Ti6Al4V 

scaffolds were identified by EDS and XRD analyses (Fig. 2.4A and B). In the 
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EDS results of porous Ti6Al4V scaffolds, peaks of Ti, Al and V were confirmed 

and wt% ratio of each element is in good accordance with original composition 

of Ti6Al4V (data not shown). On the other hand, in multiscale porous Ti6Al4V 

scaffolds, peaks of Ca and P were detected along with those of Ti and O, 

implying that Ca and P ions were incorporated into the TiO2 layer during the 

modified MAO process. The porous Ti6Al4V scaffolds only showed peaks 

related with the crystalline Ti6Al4V phase without any secondary phase, while 

the XRD pattern of multiscale porous Ti6Al4V scaffolds showed the presence 

of Ti along with TiO2 after the modified MAO treatment. 

 

2.3.3. Mechanical behavior 

The mechanical properties of the porous Ti6Al4V scaffolds were also 

analyzed by compressive strength test as shown in Fig. 2.5. The compressive 

yield strength and elastic modulus of the porous Ti6Al4V scaffolds increased 

remarkably from 76  2 to 223  12 MPa and from 3.8  0.2 to 17.8  1.5 GPa 

with a decrease in porosity from 71 to 51 % (Table 2.2). These increases in 

compressive yield strength and elastic modulus were primarily contributed 

from the decrease in the porosity of the sample. Compressive yield strengths of 

porous Ti6Al4V scaffolds were considerably higher than those of porous Ti 

scaffolds, whereas there is no significant difference in elastic modulus. 
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Comparing elastic modulus of Ti6Al4V and pure Ti, there is slight differences 

about 5 GPa [33, 34]. But as pores are adopted, mechanical properties were 

greatly decreased with decreasing the differences resulting similar elastic 

modulus. Furthermore, it should be noted that these values are favorably 

comparable to those of the natural cortical bones, indicating that the porous 

Ti6Al4V scaffolds fabricated in this study can potentially be useful as load-

bearing implants [99]. In addition, modified MAO treated porous Ti6Al4V 

scaffold with 71% porosity exhibited a compressive yield strength and elastic 

modulus of 77 ± 3 MPa and 3.7 ± 0.4 GPa which indicated that electronic 

discharge did not deteriorate the mechanical properties. As suggested in Table 

2.1, various methods were conducted to fabricate porous Ti6Al4V scaffolds and 

they showed different properties. In this study, it was possible to generate 

relatively highly porous (> 50%) scaffolds with suitable mechanical properties 

for bone substitutes. 

 

2.3.4. Coating homogeneity 

Homogeneity of TiO2 coating layer on the porous Ti6Al4V scaffolds 

was proven by cross-sectional observation. Since body fluid immerse in the 

pores in physiological conditions, coating layer of inside pores is also an 



26 

 

important issue. As shown in Fig. 2.6A and B, TiO2 coating layer was formed 

even on the pores in deep parts with thickness about 5 to 7 μm. EDS analysis 

was performed to check incorporation of Ca and P ions into the coating layer. 

In accordance with EDS results suggested in Fig. 2.4A, Ca and P ions were 

detected in restricted region. Thus, decreased gaseous evolution by adding 

EtOH and infiltration of electrolyte by evacuation procedure could enhance 

efficiency of MAO process for complex porous structure with small pore necks. 

 

2.3.5. In-vitro biocompatibility assessment 

In vitro biocompatibility assessment of the multiscale porous Ti6Al4V 

scaffolds was conducted using MC3T3-E1 pre-osteoblast cell line. Fig. 2.7 

showed the morphology of the initial cells attached on the samples after 1d of 

culturing. Cells on the porous Ti6Al4V scaffolds without modified MAO 

treatment exhibited a relatively round shape which implied poor adhesion to the 

surface, whereas cells on the multiscale porous Ti6Al4V scaffolds displayed 

filopodia extensions and much spread on the surface. As demonstrated in Fig. 

2.8, cell viability after culturing for 1, 4, and 7 days on the MAO-treated porous 

Ti6Al4V scaffolds compared to that on porous Ti6Al4V scaffolds suggested 

that enhanced degree of proliferation after coating process. Particularly for 

differentiation test results, notably higher ALP activity as obtained in MAO-
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treated porous Ti6Al4V specimens. This was due to created roughness on the 

surface and chemical similarity between the bone of the MAO-treated porous 

Ti6Al4V groups [58]. 

 

2.4. Conclusions 

MAO-treated porous Ti6Al4V scaffolds were fabricated by dynamic 

freeze casting method integrated with modified MAO procedure. Compressive 

strength and elastic modulus were controlled by adjusting the porosity of the 

scaffolds. Homogeneous coating was obtained by evacuation process and 

inhibition of gaseous emissions by adding ethanol to the MAO solution. 

Moreover, better biological responses of the MAO-treated porous Ti6Al4V 

scaffolds compared to their uncoated counterparts were proven through the 

series of in vitro cell tests. Consequently, the MAO-treated porous Ti6Al4V 

scaffolds can potentially be an alternative biomaterial for load-bearing implants. 
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Method 
Porosity 

[%] 

Pore size 

[μm] 

Compressive 

strength 

[MPa] 

Elastic 

modulus 

[GPa] 

Ref 

Electron beam 

melting 

49.75 – 

70.32 

765 – 

1960 

7.28 – 

163.02 
0.57 – 2.92 [100] 

Selective laser 

melting 
55 – 74 

900 – 

1000 
169 - 343 5.0 – 6.1 [101] 

Selective laser 

melting 
31 – 72 

730 – 

1140 
53 - 392 1.6 – 9.0 [102] 

Selective laser 

melting 
70 600 

94.7 (at 

0.29% strain) 
0.51  0.04 [103] 

Selective laser 

melting 
70.2 

400 – 

1000 
43 - 73 1.4 – 2.0 [104] 

Space holding 39.4 228 80 8 [105] 

Space holding 33 – 44 
500 – 

700 
79 - 124 20 - 40 [106] 

Powder 

metallurgy 
22 – 46 

100 – 

300 
20 - 380 3.2 - 15 [107] 

Loose powder 

sintering 
34 – 35 2 – 200 105 - 125 3.9 – 11.4 [108] 

Polymer 

replication 
~ 89 % 

500 – 

1000 
1.53 – 4.28 

Data not 

shown 
[93] 

Table 2.1. Table summarizing porosity, pore size, and mechanical properties of 

porous Ti6Al4V reported in the literatures and this study. 
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Figure 2.1. Representative SEM images of porous Ti6Al4V scaffolds with 

various Ti6Al4V contents of (A, D) 15 vol%, (B, E) 20 vol%, and (C, F) 25 

vol%. 
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Figure 2.2. (A) 2D and 3D reconstructed images of porous Ti6Al4V scaffolds 

with different Ti6Al4V contents and (B) pore size distribution of each scaffolds. 

 

 

 

 

 

 



31 

 

 

Table 2.2. Quantified porosity and pore size of porous Ti6Al4V scaffolds. 
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Figure 2.3. (A) Optical image of MAO-treated porous Ti6Al4V scaffolds and 

(B-D) its surface morphology with different magnification. 
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Figure 2.4. (A) EDS spectrum and (B) XRD patterns of porous Ti6Al4V 

scaffolds before with and without MAO treatment. 
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Figure 2.5. (A) Compressive yield strength and (B) elastic modulus of the 

porous Ti and porous Ti6Al4V scaffolds produced with various porosities. 
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Table 2.3. Measured mechanical properties of porous Ti6Al4V scaffolds, and 

MAO-treated porous Ti6Al4V scaffolds at 71 % of porosity. 
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Figure 2.6. Cross sectional images of MAO-treated porous Ti6Al4V in low 

magnification (A), and high magnification (B). (C) is SEM micrographs of 

generated TiO2 coating layer inside the scaffold and (D) its corresponding EDS 

analysis results. 
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Figure 2.7. Morphology of attached MC3T3-E1 cells on each scaffold, (A, B) 

porous Ti6Al4V, and (C, D) MAO-treated porous Ti6Al4V (yellow arrow 

points MC3T3-E1 cells). 
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Figure 2.8. (A) Degree of cell proliferation after 1 day, 4 days, and 7 days of 

culturing analyzed by MTS assay, and (B) calculated ALP activity of MC3T3-

E1 cells on the specimens (*p < 0.05). 
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Chapter 3. 

Functionally graded porous titanium 

assembly for controlled dual delivery of bone 

morphogenetic protein and antibiotic 
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3.1. Introduction 

In past decades, variety of metal materials were utilized as artificial 

substitutes to replace weakened or impaired bones which could not provide 

adequate endurance to applied load. Many of clinical cases, titanium and its 

alloys have been widely used as implants due to their excellent biocompatibility, 

high ratio of strength to weight, and intrinsic ability to osseointegrate [33-35]. 

Furthermore, their relatively low elastic modulus reduces mismatch of elastic 

modulus between natural bone and implants, resulting in alleviation of stress 

shielding phenomenon which causes resorption of surrounding bone by 

insufficient load transfer [34, 38, 109, 110]. However, still stress shielding 

effect occurs and poor interlocking between bone and implant exists for dense 

titanium implants [37, 39]. To overcome those problems, adopting porous 

structure has been one of the most promising strategies [48, 101, 111-113]. 

Decreased elastic modulus which reside in the range of that of real bone and 

enhanced bone to the implant contact resulted from pores acting as bone 

ingrowth site. Additionally, rough surface obtained by pores improves 

osteogenic differentiation and enlarges surface area resulting in increased 

contact sites for cells [114-116]. Even though its great advantages as a bone 

substituting material, there has been increasing demands for functionally 

graded structure which mimics the structure of real bone. As high porosity in 
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the porous titanium scaffolds is detrimental to the mechanical strength, less 

porous parts are needed to withstand applied load in physiological conditions. 

Several techniques were conducted to accomplish abovementioned objectives 

including powder metallurgy [117-119], additive manufacturing [120, 121], and 

freeze-casting [122, 123]. 

Moreover, a number of surface modification methods were proposed 

to improve biological performance of metallic scaffolds in recent studies. 

Increased bioactivity has been obtained by coating the surface with bioactive 

molecules including growth factors and drugs by promoting body metabolism 

[124-127]. However, bioactive molecules incorporated by simple coating 

method could easily be detached from the surface followed by fast releasing 

behavior, which is less effective in long term period. Polymer coating method 

has been used to achieve sustained release behavior, but insufficient mechanical 

stability of polymer coating layer and delamination of polymer layer by 

possible wear during implantation prohibited its usage [128, 129]. Thus, pores 

without polymer coating process have been focused as a carrier of biomolecules. 

The amounts of embedded biomolecules through the porous scaffold increase 

by enlarged surface area, and releasing behavior is prolonged since releasing 

path is longer and more complex compared to that of simply biomolecule-

coated implants [70, 71]. 

Considering steps of implantation surgery, inflammatory reaction 
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should also be considered added to bone regeneration. During implantation 

surgery process, there should be a sequence to eliminate existing tissue for 

securing implantation site. Since internal tissues are disclosed to the air, 

inflammation reaction should occur between the tissue and implants [130, 131]. 

Though patients who underwent implantation surgery should take antibiotics 

by oral ingestion or inoculation to reduce acute inflammation in the tissue, 

inflammation could not be effectively suppressed because it does not directly 

affect to the site [132-135]. Therefore, release of antibiotics from the scaffolds 

in the initial stage after surgery is also required to reduce those disturbances. 

Thus, antibiotics should be released fast while release of growth factors is still 

remained for effective bone regeneration process. However, in the case of 

homogeneous porous scaffolds, controlling releasing behavior of growth factor 

and antibiotics differently is challenging due to difficulties of separate treatment. 

In this study, porous titanium scaffold produced by dynamic freeze 

casting method was used to fabricate functionally graded porous structure [54]. 

After combining two scaffolds with different form and height, they were 

assembled into a single scaffold by compressing through z-axis, making 

distinctively graded porous structure [70]. Particularly in this two-body 

combination system, two different types of biomolecules could be loaded 

separately and simultaneously released. Tetracycline hydrochloride (TCH) and 

recombinant human bone morphogenetic protein (rhBMP-2) were chosen as 
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antibiotics and growth factor to be loaded into the scaffold. As antibiotics 

should be released faster than growth factors to repress initial inflammation, 

antibiotics were loaded into the porous parts while growth factors were loaded 

into the denser parts. The structure and internal pore characteristics of the 

functionally graded porous scaffolds were investigated by scanning electron 

microscopy (SEM) and micro computed tomography (micro CT). Their 

mechanical properties were also evaluated by compression testing. Releasing 

behavior of each biomolecules were monitored by UV-Vis spectrophotometer. 

And their anti-microbial property and biocompatibility were evaluated by in 

vitro test. 

 

3.2. Experimental procedure 

3.2.1. Fabrication process of scaffolds 

 Commercial pure titanium (Ti) powder (−325 mesh, Alfa Aesar, Ward 

Hill, MA, USA) and camphene (C10H16, Sigma Aldrich, St.Louis, MO, USA), 

and as a dispersant, 1 wt.% of oligomeric polyester (HypermerKD-4;UniQema, 

Everburg, Belgium) were used for the slurry. Ti slurry was made by 15 vol% 

and 25 vol% for achieving homogeneous 70 % and 50 % porosity. Scaffolds of 

50 % porosity was used for control group. Mixture of ingredients was melted 

at 60 ℃ and rotated in aluminum mold (60 mm for diameter and height) with 
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constant speed at 30 rpm. The mold was kept at 44 ℃ for 12 hours to fully 

solidify camphene. After solidifying process, fabricated green body underwent 

Cold Isostatic Press (CIP) process at 200 MPa for 5 minutes to enhance the 

strength of green body. Subsequently, green body was freeze dried in vacuum 

chamber at -50 ℃ to remove camphene. After freeze drying, heat treatment was 

carried out in a vacuum system at 5 ℃/min of temperature increasing speed and 

held at 1300 ℃ for 2 hours. Produced bulk porous titanium scaffold with 70 % 

porosity and control group were machined into 2 types, ring and rod shapes 

with different diameter and height as suggested in Table 3.1. And they were 

assembled into functionally graded porous Ti scaffold by compressing through 

z-axis to induce interlocking between ring and rod scaffolds. And loading 

amounts of rhBMP-2 and TCH was different from those of scaffolds for 

monitoring release behavior (Table 3.2). 

 

3.2.2. Structural evaluation  

Porosity of the scaffolds was calculated by density method. Density of 

the sample was measured and it was divided by theoretical density of solid 

dense titanium. The porosity was computed using the mass and dimensions of 

the samples in the following equation: 
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P = 100 ∗ (1 −
ms/Vs 

ρTi 
) 

Where: ms = mass of the sample, Vs = volume of the sample, ρTi = theoretical 

density of solid titanium (4.51 g/cc) 

Typical structure of scaffolds was verified by scanning electron microscope 

(SEM, JSM‐6360, JEOL Techniques, Tokyo, Japan), and pore characteristics of 

inner structure were further analyzed by micro CT (Skyscan 1173 X-ray m-

tomography System, Skyscan, Kontich, Belgium). Conditions for analysis were 

as follows; 1.0-mm aluminum filter, 0.2° rotation step, 180° rotation, average 

of four frames, four random movements, voltage of 130 kV, and current of 60 

μA.  

 

3.2.3. Mechanical behavior 

Mechanical properties of each conditions were examined by load 

frame (Instron 5582, InstronCorp., Canton, MA, USA) at 1 mm/min with 3 

samples of 12.1 mm in diameter and 10 mm in height after compressing process. 

For pull-out test, samples with 2 mm in height were inserted between the ring 

and pin shape mold and the load was applied to the pin type mold. 
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3.2.4. Release behavior of rhBMP-2 and TCH from prepared 

scaffolds 

 Release behavior of recombinant human bone morphogenetic protein 

(rhBMP-2, Cellumed, Korea) and tetracycline hydrochloride (TCH, Aldrich, 

USA) was monitored. Scaffolds were fully immersed in 3 ml of DPBS and 

simultaneously detected by UV-Vis spectrophotometer (UV-1700, Shimadzu, 

Japan) at each selected period of time. Wavelength of 195 nm and 360 nm was 

selected for measuring the absorbance of rhBMP-2 and TCH, respectively. 

 

3.2.5. In-vitro biocompatibility tests 

For in vitro biocompatibility and anti-microbial tests, all scaffolds 

were sterilized sequentially by 70% ethanol, auto-clave for 15 min at 121 ℃, 

and UV radiation. Specimens with 12.1 mm in diameter and 5 mm in height 

were used in both tests. MC3T3-E1 cells (ATCC, CRL-2593, Rockville, MD) 

were seeded and cultured on each sample at a density of 3x104 cells/ml for 

attachment, 2x104 cells/ml for proliferation, and 0.1x104 cells/ml for 

differentiation in a minimum essential medium (α-MEM, Welgene Co, Ltd., 

Korea) containing 10% fetal bovine serum (FBS, Life Technologies, Inc., USA) 

and 1% antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin, GIBCO, 

Grand Island, NY) in a humidified incubator with 5% CO2 at 37 °C. After 1 day 



47 

 

of culturing, the morphology of cells was observed using confocal laser 

scanning microscopy (CLSM, LSM 510 NLO, Carl Zeiss, Oberkochen, 

Germany). Prior to the observation, attached cells on the scaffolds were fixed 

with 4% paraformaldehyde, and disrupted and blocked by 0.1% of triton X-100 

and 1% of bovine serum albumin. And cytoplasm and nucleus of each cell were 

stained by phalloidin and DAPI represented as red and blue color. For 

proliferation test, after cells were spread on the scaffolds, culture medium was 

refreshed every day to avoid accumulation of TCH which is harmful for cells. 

And after 3 d and 5 d of culturing time, cell viability was examined using MTS 

assay (CellTiter 96 Aqueous One Solution, Promega, USA). After 2 h of 

reaction time, absorbance of medium was checked at 490 nm of wavelength 

using microplate reader (Model 550, Biorad, USA). Especially for evaluating 

the degree of differentiation by alkaline phosphatase (ALP) activity assay, 

prepared scaffolds were immersed in DPBS for predetermined times which 

were 7 days and 14 days to extract loaded rhBMP-2 and TCH. After extracting 

procedure, cells were cultured on the specimens. After 1 d of culturing, 10 mM 

of β-GP and 50 mg/ml of ascorbic acid was added to the culture medium. And 

the medium was changed at every 3 d until culturing time reached 13 d. 

Afterwards, ALP activity was measured by absorbance at 405nm using 

microplate reader. 
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3.2.6. In-vitro anti-microbial tests 

Anti-microbial tests were performed using S.aureus (ATCC 6538, 

Rockville, USA). Before conducting tests, scaffolds were immersed in DPBS 

for determined time intervals, 0 to 7 days, and 14 days. A seed culture was 

obtained by injecting 50 μl of the bacteria suspension into 3 ml of new Luria–

Bertani (LB) broth (BD DifcoTM, 244620, USA) medium and cultured for 15 

h. After culturing at 37 ℃ with shaking at 200 rpm, 200 μl of S.aureus 

suspension were inserted in the 15 ml of LB broth and 100 μl of each was spread 

on the LB agar plate. Subsequently, holes with diameter of 11.5 mm was made 

in the LB agar plates containing S.aureus and prepared scaffolds were inserted 

and placed in the incubator for 1 d to monitor inhibition zone. For colony 

formation test, 1.3 x 107 CFU/ml of S.aureus suspension were inoculated and 

cultured on the samples for 1 d. Thereafter, samples were rinsed with DPBS 

twice and moved into the 3 ml of DPBS in the sterilized tubes. The tubes were 

vortexed for 1 min to detach all of the attached bacteria on the samples. The 

viable bacteria in the DPBS were diluted successively and spread on a LB agar 

plate, which was then incubated at 37 °C for 1 d. Images were taken using 

digital camera and the individual colonies were counted. 

 

3.2.7. Statistical analysis 
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All experimental results were expressed in the form of mean  

standard deviation. The statistical value was calculated by using one-way anova 

test after testing normality by using the Tukey’s post hoc. A p-value of less than 

0.05 indicated statistical significance. 

 

3.3. Results and discussion 

3.3.1. Characterization of functionally graded porous titanium 

scaffolds 

Fig 3.1 exhibits a schematic diagram of the procedure to fabricate 

functionally graded porous titanium scaffold with different biomolecules. 

RhBMP-2 was loaded into the part which would be densified, and TCH was 

loaded into the other part. The amount of strain was set as 0.57 to obtain 30 % 

of porosity from initial 70 % (Table 3.1), which followed the equation 

suggested in the literature [70] : 

F. P. = 1 − (
1 − 𝐼. 𝑃.

1 − 𝜀
) 

Where: F.P. = final porosity of the scaffold, I.P. = initial porosity of the scaffold, 

ε = strain applied to the scaffold 

 Typical SEM images of the scaffolds are demonstrated in Fig. 3.2. As 

shown in Fig. 3.2A, homogeneously distributed spherical pores were generated 
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in the Ti scaffolds for control group as demonstrated in previous articles [54, 

70, 123]. On the other hand, significantly different pore characteristics 

including porosity and pore size between inner and outer parts were observed 

for fabricated functionally graded porous Ti scaffolds. Spherical pores were 

clearly maintained in non-densified region (outer part of scaffolds), while shape 

of pores was flattened in densified region (inner part of scaffolds). And between 

two parts, linear interfaces were clearly seen but tightly intertwined each other.  

Further analysis of internal pore characteristics of the scaffolds was 

evaluated using micro CT. In Fig. 3.3, cross sectional images by horizontal and 

vertical axis were shown. For control group, homogeneous distribution of pores 

was also confirmed inside of the scaffold. For functionally graded porous Ti, 

clear difference between inner and outer layers was verified. Even though 

explicit interfaces were shown in Fig. 3.3E and F, any detachment or crack was 

found in the two parts and interface, and uniform densification process was 

conducted especially for densified regions. This could also be proved in 3D 

constructed images as illustrated in Fig. 3.3G. Pore size distribution was further 

analyzed using obtained micro CT images by analyzing program (CTAn). 

Scaffolds with 50 % of porosity exhibited typical normal distribution, while 

two distinct peaks appeared in functionally graded porous Ti scaffolds (Fig. 

3.3H). Measured porosity and pore size of control group was 51 ± 2 % and 232 
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± 61 µm, respectively. For functionally graded porous Ti scaffolds, overall 

porosities of them were 52 ± 0 %. Calculated porosity and pore size of 

functionally graded porous Ti scaffolds were 30 ± 1 %, 160 ± 65 µm for inner 

parts and 72 ± 4 %, 328 ± 89 µm for outer parts (Table 3.3). And pore size 

distribution of each scaffold and each part appeared to be in narrow distribution. 

Computed porosity of densified parts of functionally graded porous Ti scaffolds 

by analyzing program showed good accordance with the proven theoretical 

calculation formula proposed in former article, which proves well-conducted 

homogeneous densification [70]. This hierarchical structure is useful for 

facilitating interlocking between the scaffold and surrounding bone since new 

bone would be regenerated inside the pores with full connection of original 

bone. In addition to the aspect of tissue regeneration, inside dense part could 

act as a load bearing part which could endure applied load.  

 

3.3.2. Mechanical behavior of functionally graded porous titanium 

scaffolds 

The mechanical properties of control group and functionally graded 

porous structure were evaluated by compression test. Comparing compressive 

strengths of each scaffold, their trend inversely proportional to the overall 

porosity as commonly understood. However, elastic modulus was reduced in 
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functionally graded scaffolds compared to control group as shown in Fig. 3.4A. 

This phenomenon is attributed by deficient interfaces at the joint of inner and 

outer parts, compared to homogeneous porous scaffolds with fully sintered 

particles in pore walls. Even though mechanical properties of functionally 

graded porous Ti scaffolds were decreased, they still reside in those of human 

bone which implies compatibility to hard tissue engineering (Fig. 3.4B) [136]. 

And in terms of interfacial strength, scaffolds with height of 2mm were utilized. 

Interfacial strength was determined by calculating maximum strength during 

pull-out test. Measured interfacial strength was 80.2 MPa and this could be 

converted into 3208 N which is high enough to be used in hard tissue 

engineering application. 

 

3.3.3. Release behavior of rhBMP-2 and TCH from functionally 

graded porous titanium scaffolds 

Release behaviors of rhBMP-2 and TCH were monitored for 56 d in 

DPBS comparing prepared scaffolds with 2 groups. In case of rhBMP-2, loaded 

rhBMP-2 was mostly released in 7 d for scaffolds for control group, whereas 

significantly prolonged release behavior was obtained for functionally graded 

porous Ti scaffolds as illustrated in Fig. 3.5A. On the other hand, release profile 

of TCH was similar in control group and functionally graded porous Ti 
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scaffolds (Fig. 3.5B). Prolonged release behavior was obtained by scaffolds 

with graded structures in comparison with control group. This was mainly due 

to increased degree of complexity in densified regions and increased pathway 

through medium. Following the previous articles, further quantitative analysis 

was conducted based on calculated relative tortuosity compared to control 

group, resulting in enlarged relative tortuosity was the main reason for 

sustained release [70, 137, 138]. In the case of TCH, there was no big difference 

in releasing behavior between control group and functionally graded porous Ti 

scaffolds because there are no factors which could produce alteration. 

 

3.3.4. In-vitro biocompatibility evaluation 

Initial attachment of preosteoblast cells were confirmed by CLSM. As 

shown in Fig. 3.6A, regions were classified into inner and outer for functionally 

graded porous Ti scaffolds. All of the cells were well attached on the scaffolds 

regardless of regions containing different biomolecules, rhBMP-2 and TCH. 

Observed cell morphologies were demonstrated in Fig. 3.6A, and there was no 

sign of cytotoxicity to pre-osteoblast cells. Attached cells exhibited healthy 

state in terms of their number and spreading shapes with multiple filopodia. 

Cell viability after 3 d and 5 d of culturing was monitored with refreshing 

medium everyday to avoid accumulation of antibiotics. Degree of proliferation 
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was similar each other both in 3 d and 5 d of culturing (Fig. 3.6B). However, 

ALP activity, which represents degree of differentiation of pre-osteoblast cells, 

was considerably different at each determined precedent releasing time (Fig. 

3.7). At initial stage, ALP activity was higher for control group than 

functionally graded porous Ti scaffolds due to initial burst release. On the other 

hand, after precedent 7 days of release, ALP activity was dramatically 

decreased for control group while remained in functionally graded porous Ti 

group. As illustrated in Fig. 3.5, almost all of rhBMP-2 was released at 7 days 

for control group where as some amounts of rhBMP-2 are still left inside the 

functionally graded porous Ti scaffolds. Thus, functionally graded porous Ti 

scaffolds performed well for long-term application in terms of osteogenic 

differentiation of preosteoblast cells resulting in enhanced bone regeneration. 

 

3.3.5. In-vitro anti-microbial properties 

Anti-microbial test was performed in terms of inhibition zone 

monitoring and colony formation test with S.aureus which is known to cause 

20-30 % of infection around the surgical site [130]. Inhibition zone test is 

widely performed in most of researches related with checking the effect of 

antibiotics [76, 139]. Scaffolds with different immersion time were placed onto 

the agar plate which contains pathogens. After 1 d of culturing, clear inhibition 



55 

 

zone was observed until immersion time of 3 days, and S.aureus covered near 

the scaffolds after 4 days of immersion (Fig. 3.8A). The trend of the size of 

inhibition zone was calculated and demonstrated in Fig. 3.8B, which exhibited 

gradual decrease. Similar result was obtained in colony formation test as shown 

in Fig. 3.9. Colony emerged from the scaffolds of 4 days immersion, and the 

number of colonies dramatically increased from 5 days to 7 days, and saturated 

until 14 days (Fig. 3.9B). Increasing the time for reducing infection is possible 

with higher dose of TCH, but this should be carefully considered since it can 

terminate nearby cells which is common for researches related with anti-

bacterial agents [77, 131]. 

 

3.4. Conclusions 

In this research, two body combination with densifying process was 

developed to effectively release growth factor and antibiotics at the same time. 

The characteristic structure was successfully fabricated and their pore 

characteristics were significantly changed through densification procedure 

following determined theoretical calculation. For mechanical properties, 

compressive strengths were inversely proportional to the overall porosity, but 

elastic modulus was reduced due to deficient interfaces at the joint of inner and 
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outer parts. And releasing behavior of rhBMP-2 and TCH was monitored in 

pre-determined time intervals. By altered tortuosity through densification 

procedure, release of rhBMP-2 was prolonged in functionally graded porous 

scaffolds. However, release of TCH was not changed in functionally graded 

porous Ti scaffolds. Assessment of anti-microbial properties were performed 

using S.aureus by zone of inhibition, and colony formation tests confirmed the 

effective termination of bacteria in a few days. Initial cell attachment and 

proliferation proved porous Ti scaffolds with biomolecules are biocompatible, 

and enhanced maintenance of degree of differentiation for functionally graded 

porous Ti scaffolds compared to control group. In addition to suggested 

structure, it is possible to fabricate the scaffolds with different in and out ratio 

and reversely structured scaffold composed of dense outer part. Therefore, 

versatile designs can be applied to this assembly system which can tightly fit 

into the targeted structure. 
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Figure 3.1. Schematic demonstration of fabricating functionally gradient 

porous titanium (Ti) scaffold with dual drug loading. 
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Table 3.1. The initial size of rod and ring parts to fabricate functionally graded 

porous Ti scaffolds. 
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Table 3.2. Concentration of rhBMP-2 and TCH used for evaluation of in-vitro 

release behavior and biological properties. 
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Figure 3.2. Typical SEM micrographs of control group and functionally graded 

porous Ti scaffolds. 
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Figure 3.3. Cross-sectional and 3D reconstructed micro-CT images and pore 

distribution of control, and functionally graded porous Ti scaffolds. 
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Table 3.3. Measured porosity and pore size of control group and functionally 

graded porous titanium scaffolds. 
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Figure 3.4. Compressive strength and elastic modulus of control, functionally 

graded porous Ti scaffolds, and human bone. 
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Figure 3.5. Relative release behavior of (A) rhBMP-2 and (B) TCH of control, 

functionally graded porous Ti. 
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Figure 3.6. (A) Confocal laser scanning microscopy (CLSM) images of 

attached MC3T3-E1 cells on each part, and (B) cell viabilities of MC3T3-E1 

cells for 3 days and 5 days on control group and functionally graded porous Ti 

scaffolds. 
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Figure 3.7. ALP activity of pre-osteoblast cells after 13 days of culturing on 

control group and functionally graded porous Ti scaffolds (*p < 0.01, **p < 

0.005). 
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Figure 3.8. Optical images of inhibition zones at each pre-determined releasing 

time, and measured diameter. 
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Figure 3.9. Comparison of functionally graded porous Ti scaffolds with 

different releasing time on bacterial growth inhibition. 
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Chapter 4. 

Effect of HF/HNO3-treatment on the porous 

structure and cell penetrability of titanium 

(Ti) scaffold 
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4.1. Introduction 

Titanium (Ti) is widely used as a biomedical material in orthopedic 

and dental applications because of its high corrosion resistance, low density, 

extraordinary mechanical properties, and satisfactory biocompatibility. The 

inherent osseointegration ability enables formation of direct bone contact on 

the implant surface for mechanically stable anchorage of implants to the 

surrounding living bone [33, 40, 140]. Mismatch of the Ti implant rigidity with 

that of the host bone tissue creates a stress shielding effect at the bone–Ti 

implant interface, which can diminish the long-term clinical performance and 

stability of Ti implants [37, 38]. The introduction of an internal pore structure 

inside Ti implants is a promising strategy to overcome this problem. By 

controlling the pore size, distribution, and interconnectivity, porous Ti was 

designed to match the mechanical properties of the native bone tissue [141, 

142]. The porous structure of a Ti scaffold influences cellular activity. The 

surface pore size of several hundreds of microns allows sufficient free space for 

inward bone growth as well as body fluid transmission of oxygen and nutrients 

and metabolic waste excretion, which is essential for the strong fixation of a Ti 

scaffolds with long-term reliability [143, 144]. The generation and precise 

control of an internal pore architecture have been thoroughly investigated for 

Ti implants by using polymer replication [47], space holding [44], and freeze 
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casting [54, 122] methods. 

Dynamic freeze casting based on a Ti/camphene slurry has recently 

emerged as a promising technique for producing a homogenous porous Ti 

structure. The slurry was continuously frozen under dynamic rotational 

conditions for 12 h, creating stable spherical growth of camphene crystals and 

maintaining a uniform distribution inside the slurry [54]. Sedimentation of 

coarse Ti particles is a problem associated with conventional freeze casting 

techniques that generates undesirable density and porosity gradients. This issue 

was prevented by the rotational movement during the freezing process. In our 

previous study, spherical-like pore structures were surrounded by dense Ti 

walls with a smooth surface finish, which successfully maintained the 

mechanical behavior of the Ti powder after sintering [70, 123]. The dynamic 

freeze casting method still produced pore structures lacking interconnectivity 

because of the spherical growth of camphene crystals. Pores were easily 

isolated by the separated camphene particles in the slurry, and the coalesced 

spherical camphene particles could only form a small number of interconnected 

pores by cold isostatic pressing (CIP). Increasing the volume fraction of 

camphene in Ti slurry can increase formation of coalesced camphene particle 

formation. However, even above 70% total porosity, surface pores were 

partially connected by small pore neck sizes and cell attachments were 
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restricted within the isolated surface pores. Therefore, further enhancement of 

pore interconnectivity is necessary for uniform cell distribution, facilitating cell 

migration inside the scaffold, and for achieving regenerated bone tissue 

homogeneity both inside and outside the porous Ti scaffold. 

Most post-treatment methods for Ti are focused on surface 

modification to accelerate osseointegration, e.g., apatite blasting [145], micro-

arc oxidation (MAO) [146], and anodizing [147, 148]. Acid etching treatment 

modifies both the overall pore structure and its surface because of the high 

reactivity of Ti with acidic solutions [68, 149-151]. Hydrochloric acid, sulfuric 

acid, hydrofluoric acid (HF), and nitric acid (HNO3) are used in the tissue 

engineering field. Post-acid etching treatment of Ti induces micron-scale 

surface roughness that directly affects the hydrophilicity, cytotoxicity, and 

biocompatibility. HF treatment uniformly etches the Ti surface and generates 

an irregular complex surface morphology that enhances osteoblastic cell 

attachment and differentiation by increasing bone-specific gene expression. 

However, the etching rate of pure HF is too slow to modify the overall pore 

structure inside the Ti scaffold. Flammable and explosive hydrogen gases are 

generated during the reaction, which can also induce the formation of titanium 

hydride at the metal surface with consequent embrittlement. Therefore, 

additives are required. 
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We adopted a mixed acid solution of HF and HNO3. HF is more stable, 

hydrogen gas is eliminated, and the etch rate increases with this combination. 

The effects of acid post-treatments on the internal pore structure of 

prefabricated Ti scaffolds and the degree of cell penetration through 

interconnected pores were evaluated. We developed extremely strong HF and 

HNO3 formulas with different etching times from one to twelve minutes to 

maximize the etching rate of the Ti scaffold. The surface crystalline phase and 

chemical composition changes were investigated using X-ray diffraction (XRD) 

and X-ray photoemission spectroscopy (XPS), respectively. The effect of the 

mixed acid treatment on the surface and pore structure of the Ti scaffold was 

monitored by scanning electron microscopy (SEM) and micro-computed 

tomography (micro-CT). We established a novel in vitro experimental model 

based on a cell perfusion method and evaluation protocol to evaluate the cell 

penetration capacity of HF/HNO3-treated Ti scaffolds and assess the practical 

performance of the Ti scaffold in the human body. 

 

4.2. Experimental procedure 

4.2.1. Preparation of flat Ti substrates and porous Ti scaffolds 

Commercially available pure Ti plates (10 mm × 10 mm × 2 mm) were 

gradually polished with SiC papers from P400 to P2000. The plates were 
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washed with ethanol for 20 min in an ultrasonic bath after polishing. A dynamic 

freeze casting method was used to prepare porous Ti scaffolds [54]. 

Commercially available Ti powder (−325 mesh, Alfa Aesar, Ward Hill, MA, 

USA) and camphene (C10H16, Sigma-Aldrich, St. Louis, MO, USA) were used 

as the starting materials. Ti/camphene slurries with 15 vol% Ti powder were 

produced by ball-milling at 60°C for 1 h with the addition of 1 wt% of 

dispersant (Hypermer KD-4; UniQema, Everburg, Belgium). The slurries were 

solidified by mold rotation at 30 rpm at 44 °C for 24 h. The green bodies were 

hydrostatically compressed by CIP and freeze-dried to sublimate the camphene 

after demolding. Subsequently, the samples were sintered at 1,300 °C for 2 h in 

a vacuum. Fabricated scaffolds were machined into a cylindrical shape with 

diameter 4 mm and height 6 mm by electric discharge machining (EDM) 

process at 44 V and 1.5 A in water condition. 

 

4.2.2. Acid treatment procedure 

Acid treatment was performed with a solution of 3 vol% HF (48 wt%, 

Sigma-Aldrich, St. Louis, MO, USA) and 97 vol% HNO3 (70 wt%, Sigma-

Aldrich, St. Louis, MO, USA). Prepared Ti plates and scaffolds were immersed 

in the acid solution for 2, 4, 6, 8, 10, and 12 min with stirring to ensure 

homogeneity. Treated specimens were sequentially rinsed with deionized water 
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and ethanol, and dried in air. The specimens for in vitro cell testing were cleaned 

by sonication with 70% ethanol and sterilized by UV irradiation. 

 

4.2.3. Structural analysis 

The structures and chemical compositions of the treated plates and 

porous samples were analyzed by SEM (FE-SEM, JSM-6330F, JEOL 

Techniques, Japan). The pore characteristics of the treated porous Ti scaffolds 

(e.g., porosity, pore size, and pore connectivity) were further evaluated using 

micro-CT (Skyscan 1173, Skyscan, Kontich, Belgium) with the following 

parameters: 1.0 mm aluminum filter, a source voltage of 130 kV and a source 

current of 60 µA, a rotation step of 0.4°, an average of five frames, and five 

random movements. Obtained images were analyzed using Data Viewer 

(Bruker, Kontich, Belgium) and CTAn (Bruker, Kontich, Belgium) programs.  

 

4.2.4. Chemical analysis 

The crystalline phases were observed by XRD (D8-Advance, Bruker 

miller Co., Germany) with a Cu Kα source and a scanning range and speed of 

20°–80° and 1°/min, respectively. XPS (XPS; Thermo ESCALAB 250XI, 

Thermo Fisher, USA) analysis was used to determine the near-surface 
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elemental composition.  

 

4.2.5. Measurement of compressive properties 

The mechanical properties of porous scaffolds treated with different 

exposure times were measured using an Instron machine (Instron 5582, Instron 

Corp., Canton, MA, USA) with a crosshead speed of 1 mm/min. Size of the 

specimens were 4 mm in diameter, 6 mm in height, and tests were conducted 

three times with different samples at each condition. 

 

4.2.6. In-vitro biocompatibility and cell penetrability test 

 The in vitro biocompatibility of the treated Ti substrates was 

examined using a preosteoblast cell line (MC3T3-E1, ATCC, CRL-2593). The 

cells were cultured in a humidified incubator under an air atmosphere 

containing 5 % CO2 at 37 °C. Prepared porous Ti scaffolds were inserted into 

readily sterilized silicone tubes with a diameter of 4 mm to test the cell 

penetrability of the Ti scaffolds. The scaffolds were tightly fitted into the tubes 

to maximize cell penetration. Syringes containing cell culture medium at 100 × 

104 cells/ml were connected to the tube. Subsequently, 3 ml of the medium was 

gently injected into the tube. The tube and scaffold were then vertically placed 



77 

 

onto a 24-well culture plate with cell culture medium to ensure a sufficient 

nutrient supply. The Ti scaffold was removed from the silicone tube after 3 h 

culture using a surgical blade. Cells were fixed using 2.5% glutaraldehyde 

solution, dehydrated with 75%, 95%, and 100% alcohol, treated with 

1,1,1,3,3,3-hexamethyldisilazane, and dried sequentially in a hood. Attached 

cells were observed by SEM (JSM-5600; JEOL Techniques, Tokyo, Japan). 

The quantitative cell penetrability of the Ti scaffold was calculated on the basis 

of SEM image analysis (Image J). The equation was represented in terms of the 

areas of whole surface pores and cell incorporated pores measured in pixel units 

as follows: 

Cell penetrability (%) =  
Area of pores with cells [pixel]

Area of whole pores [pixel]
 ×  100 

 

4.2.7. Statistical analysis 

All data are expressed as mean ± standard deviation (SD). The 

statistical analysis was performed by one-way analysis of variance with Tukey 

post-hoc comparison. A p value below 0.05 was considered significant in all 

cases. 

 

4.3. Results and discussion 
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4.3.1. Surface characterization of HF/HNO3 treated Ti 

We employed new conditions with HF/HNO3 mixed acid as an etching 

solution for Ti to effectively modify closed or isolated pore openings and 

enhance the porous Ti scaffold interconnectivity. Before direct application to 

the porous Ti scaffolds, the chemical and crystallographic effects of the mixed 

acid solution on a flat Ti surface were investigated for treatment times up to 12 

minutes. Figure 4.2 shows representative EDS and XRD patterns of each Ti 

specimen before and after HF/HNO3 treatment. There was only Ti related peaks 

in EDS results. And the XRD spectra of HF/HNO3-treated specimens exhibited 

the presence of Ti in the etched surfaces with no changes in relative intensity 

without any additional phases. 

Further chemical composition analyses of HF/HNO3-treated 

specimens were performed using XPS, which analyzes uppermost surface 

within a few nm thicknesses [152]. and the results are shown in Fig. 4.3. The 

surfaces had Ti, oxygen, and carbon as the major elements with trace amounts 

of nitrogen. The ratio was significantly changed by increasing the mixed acid 

treatment time. Before acid treatment, the surface carbon content reached a 

peak and carbon signals decreased, similar to the case of increased acid 

treatment time. Ti and oxygen were gradually increased by increasing the 

treatment time. Surface carbon was the contaminant on the surface of Ti and it 
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increases hydrophobicity of substrate resulting in poor cellular behavior on the 

Ti surface [153]. Treatment with the mixed acid solution effectively removed 

the surface carbon contaminant, facilitated the formation of an additional 

oxidized Ti layer on the surface, and positively affected the cellular behavior 

on the Ti surface [154]. Fluoride formed from the reaction with HF solution 

further improved the biological capability by attaching fluorine ions to the Ti 

surface, which was confirmed by several studies [155, 156].  

Hydrophilicity, a crucial surface characteristic, was evaluated by the 

contact angle measurement of a single distilled water droplet on each specimen 

(Fig. 4.4). The average contact angle of untreated Ti was approximately 66°, 

which is similar to previous results [157]. As the HF/HNO3 treatment time 

increased, the contact angle continuously decreased. With a 12-min treatment 

time, the hydrophilicity enhanced by up to 17% compared with untreated Ti. 

Surface modification strongly influences the surface wettability of Ti, which 

modulates protein adsorption behavior and cell attachment [68, 158-160]. As 

shown in Fig. 4.3, following the HF/HNO3 treatment, the reduced surface C 

contamination and increased surface oxides might improve the wettability of 

HF/HNO3-treated Ti [161, 162]. 
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4.3.2. Structural evaluation of HF/HNO3 treated Ti scaffolds 

Typical SEM images of porous Ti scaffolds fabricated with different 

HF/HNO3 treatment times are presented in Fig. 4.5. Uniformly distributed 

spherical pore bodies, the large central parts of the pores, were observed in 

untreated scaffolds (Fig. 4.5A). After HF/HNO3 treatment, their shapes were 

well-maintained with no noticeable cracks or defects (Fig. 4.5B–G) because of 

the homogeneous etching behavior of the mixed acid solution. Because of the 

isostatically grown camphene crystals in the untreated Ti scaffold, only a small 

proportion of the area was interconnected with adjacent pores with a narrow 

pore neck structure. Most of the pore necks were less than 200 μm, as indicated 

by yellow arrows in Fig. 4.5. The interconnected pore structures of HF/HNO3-

treated Ti scaffolds were enhanced as the acid treatment time increased. The 

proportions of interconnected areas and the pore neck sizes continuously 

increased. After 6 min of HF/HNO3 treatment, all the pore necks were larger 

than 200 μm. 

The effect of mixed acid treatment on the wall surface topography of 

Ti scaffolds was also investigated using SEM, as shown in Fig. 4.6. Fully 

densified Ti walls with strongly adhered Ti particles on the wall surface were 

observed without HF/HNO3 treatment, as shown in Fig. 4.6A. This result arose 

from the post-machining processing (electrical discharge machining) that was 
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performed to cut the Ti scaffold into a desired shape for further evaluation. 

Irregular surface particles were eliminated after HF/HNO3 treatment. A 

homogenous distribution of micron-scale circular stepped irregularities was 

observed throughout the surface after 6 and 12 min of treatment (Fig. 4.6B and 

C).  

Internal pore structure changes in Ti scaffolds produced by HF/HNO3 

treatment were further investigated using micro-CT, as shown in Fig. 4.7. 

Sequential HF/HNO3 treatment was adopted for a single porous Ti scaffold 

sample to precisely monitor changes in the overall pore structure. Spherical 

micropores were uniformly distributed throughout the internal and external 

zones of the scaffold in the untreated Ti scaffold (Fig. 4.7A). Nearly all internal 

pores were isolated and surrounded by densified pore walls on a scale of several 

tens of microns, as indicated by red arrows in Fig. 4.7. A small number of 

interconnected pores formed near the scaffold surface, which represented the 

lack of interconnectivity of pore structures produced by the dynamic freeze 

casting method. Post-treatment with HF/HNO3 dramatically changed the 

internal pore structure of the Ti scaffold. The pore size and porosity 

continuously increased with the acid treatment time, while the overall contour 

of the scaffold was maintained. Closed pores were continuously interconnected 

with adjacent pores from the external to internal zone of the scaffold, as 
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indicated by blue arrows in Fig. 4.7. All internal pores were interconnected with 

hundreds of micron-sized pore neck structures after 10 min of mixed acid 

treatment, as shown in Fig. 4.7F. Since the scaffold maintained its overall pore 

wall structure with no breakage, precise modification of the overall pore 

structure and interconnectivity was achieved for the Ti scaffold by controlling 

the time of immersion in the mixed acid solution [163]. 

The quantitative overall porosity, pore size, and pore neck size were 

also evaluated using micro-CT and are shown in Fig. 4.8. The porosity, pore 

size, and pore neck size gradually increased from 68.1 ± 2.6% to 79.0 ± 2.8%, 

496.3 ± 165.5 µm to 575.1 ± 168.8 µm, and 173 ± 85 µm to 439 ± 129 µm, 

respectively. The wall thickness of the scaffolds decreased from 248.0 ± 108.0 

µm to 228.2 ± 100.5 µm as the HF/HNO3 treatment time increased. The pore 

neck structures were enlarged by the mixed acid treatment. Cells and essential 

nutrients easily penetrated the entire interconnected pore structure of the 

scaffold when the acid-treated Ti scaffold was applied to physiological 

conditions. After 12 min of exposure to HF/HNO3, the wall thickness was above 

200 µm with no noticeable defects (Fig. 4.7F) and provided sufficient 

mechanical resistance against applied external loads. 

Based on abovementioned findings, this HF/HNO3 post-treatment 

could be applied to titanium printing technique. Although titanium printing 
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technique is effective to generated customized structure, their strut sizes are 

limited to several tens of micrometers due to the size of used laser. And still 

laser cutting process is needed for detaching the scaffolds created by titanium 

printing technique from the basement or bridges to sustain complex structure. 

Thus, HF/HNO3 post-treatment could resolve limitations of titanium printing 

technique by homogeneous etching effect on titanium surface. 

 

4.3.3. Compressive properties of HF/HNO3 treated Ti scaffolds 

The mechanical behavior of the porous Ti scaffolds treated with 

HF/HNO3 for different times was evaluated by compression tests. Figure 4.9A 

shows typical compressive stress–strain curves of each sample. All the curves 

exhibited an initial linear elastic region, and the stress levels dropped followed 

by a long plateau region. The thinner Ti pore walls were deformed first during 

the compression test. Figure 4.9B illustrates the effect of HF/HNO3 treatment 

on the compressive properties of the Ti scaffold. As the etching time increased, 

the compression strength of the Ti scaffold gradually decreased. These 

decreases in compressive strength were attributed to a decrease in the pore wall 

thickness and an increase in the porosity and pore size. The wall thickness 

decreased from 248.0 µm to 228.2 µm as the porosity increased from 68.1% to 

79.0%, which decreased the spatial ratio of load-bearing parts. Consequently, 



84 

 

the compressive strength and stiffness decreased from 109.7 MPa to 28.3 MPa 

and 3.84 GPa to 0.91 GPa, respectively. These results were much closer to the 

corresponding values for natural bone. The mechanical property requirement 

for the scaffold to overcome the stress shielding effect is primarily to match the 

mechanical properties of natural bone, especially cancellous bone that is noted 

for its compressive strength (2–70 MPa) and elastic modulus (0.05–5.7 GPa) 

[164, 165]. Mixed acid post-treatment is a promising technique for tailoring the 

mechanical properties of the Ti scaffold to match the implanting sites with a 

relatively simple processing method [166].  

 

4.3.4. In-vitro cell penetrability evaluation 

Conventional in vitro evaluation of porous scaffolds has focused on 

the direct interaction between the seeded cells and the scaffold surface. 

Biological information on the scaffold surface is provided, such as cellular 

affinity, cytocompatibility, and biocompatibility. This type of in vitro 

characterization does not reflect the expected role of the porous scaffold in the 

human body. The porous scaffold serves as an internal biological pathway for 

cell and body fluid transmission and allows bone growth. Cell penetrability 

through the interconnected pore structure is a key in vitro characteristic for 

predicting the practical performance of the porous scaffold. We developed a 
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novel method to visualize and quantify the in vitro cell penetrability based on 

the perfusion technique, as shown in Fig. 4.1. All sides of the top surface of the 

Ti scaffold were tightly fixed to a sterilized silicone tube so that cell penetration 

was only possible through the internal interconnected pore pathways. The 

scaffolds underwent post-treatment for SEM observation after 3 h of cell culture 

to allow cell attachment to the internal pore walls. All the sides of the surface 

pores were observed for the presence of cells and the cell attachment 

morphology on the pore walls, as shown in Fig. 4.10. All the surface pores were 

classified into two groups, which are represented by blue and red in the low 

magnification SEM images: the blue group, in which attached cells were 

observed, and the red group, in which cells were not observed. The lowest 

number of pores with cells in the untreated Ti scaffold is shown in Fig. 4.10A. 

Pores near the inflow region showed a greater number of attached cells 

compared to the intermediate pores. The number of attached cells strongly 

depended on the cell seeding density in the in vitro test. Infiltrated cells could 

reach some of the surface pores through interconnected internal pores within 

the untreated Ti scaffold. However, an insufficient pore neck size restricted the 

number of penetrating cells, which was smaller than those seeded into the 

silicone tube. HF/HNO3-treated Ti scaffolds showed similar numbers of 

attached cells irrespective of their position within the scaffold. An enlarged pore 

neck size post-treated with HF/HNO3 did not hinder cell penetration through 
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interconnected pores. Cells were observed within almost all the surface pores 

after 12 min of acid treatment, as shown in Fig. 4.10C. The mixed acid 

treatment also affected the cell morphology on the surface of pore walls with 

improved spreading area and filopodia formation compared to the untreated Ti 

scaffold. Cells recognize their surrounding environments by forming filopodia, 

which are considered “cell antennae.” Increased filopodia formation with a 

wider spreading cell membrane implies excellent interaction between the cell 

and the surface [167]. HF/HNO3 acid treatment of the Ti scaffold reduced the 

amount of contaminating C on the surface and increased the surface roughness 

and wettability, which might enhance the cell affinity of the Ti scaffolds. 

As shown in Fig. 4.11, the degree of cell penetrability increased with 

the acid treatment time and was consistent with the structural characterization 

of the Ti scaffold. The pore interconnectivity of a porous scaffold was evaluated 

in our previous studies using micro-CT. Dynamic freeze cast porous scaffolds 

were shown to have full pore interconnectivity (over 99%), regardless of their 

porosity. However, these results did not represent the actual cell penetrability 

of the scaffold. In the untreated Ti, only 68% of the surface pores showed 

attached cells despite full pore interconnectivity with an average pore neck size 

of over 170 µm. Enhanced interconnectivity with an enlarged pore neck 

structure is required to efficiently deliver body fluids, including cells, for 
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generating bones and nutrients in the deeper regions of the scaffold. HF/HNO3 

post-treatment of the Ti scaffold enhanced the cell penetrability of the scaffolds. 

The 12 min treatment time resulted in over 90% cell-attached surface pores, 

which corresponded to the structural analysis. The outstanding cell 

penetrability of the HF/HNO3-treated Ti scaffold could enhance the bone 

regeneration process through mechanically strong fixation and long-term 

reliability. 

 

4.4. Conclusions 

HF/HNO3 post-treatment was successfully performed on a Ti scaffold 

with tunable modification of the pore structure and mechanical properties. The 

porosity, pore size, and pore neck size also increased as the treatment time 

increased due to the high etching rate of the Ti pore walls. The amount of 

surface C contaminants decreased with increasing surface wettability after 

HF/HNO3 treatment. The cellular responses to the treated Ti scaffold were 

enhanced due to the roughened surface and altered surface chemical 

composition. The actual cell penetrability of the Ti scaffold was evaluated by a 

perfusion-based in vitro cell test. Over 90% of the surface pores showed cell 

penetrability with a sufficient number of cells attached to the pore wall surface 

after 12 min of acid treatment. Post-treatment with HF/HNO3 is a promising 
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and simple approach to tailor the pore characteristics and mechanical properties 

of the porous Ti scaffold for orthopedic implant applications. 
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Figure 4.1. Schematic representation of in vitro model of cell penetration via 

interconnected pores in the Ti scaffold. 
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Figure 4.2. (A) EDS spectra and (B) XRD patterns of HF/HNO3 treated Ti plate. 

( • : Ti ) 
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Figure 4.3. (A) XPS profiles, and (B) quantitative amounts of each element in 

the HF/HNO3-treated porous Ti scaffolds as a function of exposure time. 
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Figure 4.4. Contact angles of Ti specimens with various HF/HNO3 treatment 

times. Insets represent typical images of sessile droplets on the specimens. 
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Figure 4.5. Typical SEM images of HF/HNO3 treated porous Ti scaffolds after 

different exposure time, (A) 0, (B) 2, (C) 4, (D) 6, (E) 8, (F) 10, and (G) 12 min. 

(scale bar: 500 μm) 
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Figure 4.6. High-resolution SEM images showing the Ti wall surface of (A) 

untreated and HF/HNO3-treated porous Ti scaffolds with treatment times of (B) 

6 and (C) 12 min. 
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Figure 4.7. Micro-CT images of internal pore structure of untreated (A) and 

HF/HNO3-treated Ti scaffold with different etching times of (B) 2, (C) 4, (D) 6, 

(E) 8, (F) 10, and (G) 12 min. Red and blue arrows indicate closed and opened 

pore walls, respectively. (scale bar: 1 mm) 
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Figure 4.8. Analyzed pore characteristics with different HF/HNO3 exposure 

times; (A) porosity, (B) wall thickness, (C) pore size, and (D) pore neck size. 
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Figure 4.9. (A) Compressive stress–strain curve and (B) quantified compressive 

yield strength and elastic modulus of each scaffold. 
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Figure 4.10. Low and high magnification SEM images of Ti scaffold side 

regions; (A) untreated Ti scaffold, and HF/HNO3-treated Ti scaffolds with 

treatment times of 6 min (B) and (C) 12 min, in which cell-attached and non-

attached pores are indicated in blue and red, respectively. 
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Figure 4.11. (A) Schematic representation of the quantitative cell penetrability 

of the Ti scaffold based on the SEM image analysis using Image J, and (B) 

quantified cell penetrability via interconnected pores of untreated porous Ti 

scaffolds and those treated for 6 min and 12 min with HF/HNO3 (*p < 0.05). 
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5.1. Conclusions 

This thesis aimed to improve functions for porous titanium scaffolds 

for further applications in hard tissue engineering area. As required properties 

as substitutes for human hard tissues varies with different parts, tailored 

mechanical properties and structure are necessary. 

In chapter 2, porous Ti6Al4V scaffolds coupled with modified MAO 

process was fabricated. The fabricated scaffolds showed tailored mechanical 

properties by changing initial Ti6Al4V contents. Porous Ti6Al4V scaffolds 

exhibited higher compressive strength than porous pure Ti in similar porosity, 

whereas elastic modulus was similar. Furthermore, modified MAO process 

with addition of EtOH to reduce gaseous evolution was well-adopted and 

resulted in homogeneous coating. Through series of in-vitro tests, enhanced 

biocompatibility was confirmed. 

Chapter 3 focused on fabricating biomimetic functionally graded 

porous Ti scaffolds with dual drug delivery. By two body combination with 

densification process, inner dense and outer porous hierarchical structure was 

generated. Mechanical properties of them proved their applicability as bone 

substitutes with sufficient strengths and elastic modulus in the range of human 

bone. As rhBMP-2 was loaded in inner dense part, release behavior of rhBMP-

2 was more prolonged than release behavior of TCH loaded in outer porous part 
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because of increased complexity between pores. In-vitro biocompatibility and 

anti-microbial tests were performed to evaluate loaded rhBMP-2 and TCH. 

Since prolonged delivery of rhBMP-2 from functionally graded porous Ti 

scaffolds resulted in enhanced degree of maintained ALP activity. And loaded 

TCH successfully terminated bacteria in early stage. 

Lastly, chapter 4 dealt with HF/HNO3 treatment for efficient 

modification of surface morphology, pore characteristics, and mechanical 

properties. Through HF/HNO3 treatment, steps were created on top of the 

surface which increased roughness. And carbon contamination on near surface 

was eliminated through HF/HNO3 treatment, subsequently increased 

hydrophilicity. The pore characteristics were easily controlled by varying the 

treatment time, which produced scaffolds with suitable mechanical properties 

for bone tissue engineering. As the HF/HNO3 treatment time increased, internal 

isolated pores were gradually interconnected with adjacent pores. The actual 

cell penetrability of the Ti scaffold was evaluated using a perfusion-based in-

vitro cell test. Over 90% of the surface pores depict cell penetrability with a 

sufficient number of cells attached to the wall surface of the pore after 

performing acid treatment for 12 min. 

In conclusion, this study suggested various strategies including 

increased strength, biocompatible coating, drug delivery, and efficient etching 

process that offers great potential for biomedical applications. Based on these 
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researches, customized properties could be obtained which is appropriate for 

specific implantation sites. And further researches could be conducted 

regarding newly developed titanium alloys and even other metallic biomaterials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



104 

 

References 

[1] K. Pałka, R. Pokrowiecki, Porous Titanium Implants: A Review, Advanced 

Engineering Materials  (2018). 

[2] F.-H. Lin, Y.-Y. Huang, M.-H. Hon, S.-C. Wu, Fabrication and 

biocompatibility of a porous bioglass ceramic in a Na2O CaO SiO2 P2O5 

system, J. Biomed. Eng. 13(4) (1991) 328-334. 

[3] W. Helen, J.E. Gough, Cell viability, proliferation and extracellular matrix 

production of human annulus fibrosus cells cultured within PDLLA/Bioglass® 

composite foam scaffolds in vitro, Acta Biomater. 4(2) (2008) 230-243. 

[4] P.S. Batista, M.A. Rodrigues, D.M. Silva, P.I. Morgado, J.P. Henriques, M.O. 

Almeida, A.P. Silva, I.J. Correia, Characterization of the mechanical and 

biological properties of a new alumina scaffold, J Appl Biomater Funct Mater 

11(1) (2013) e18-25. 

[5] B.H. Yoon, W.Y. Choi, H.E. Kim, J.H. Kim, Y.H. Koh, Aligned porous 

alumina ceramics with high compressive strengths for bone tissue engineering, 

Scripta Materialia 58(7) (2008) 537-540. 

[6] A.E. Rodriguez, M. Monzavi, C.L. Yokoyama, H. Nowzari, Zirconia dental 

implants: A clinical and radiographic evaluation, Journal of Esthetic and 

Restorative Dentistry 30(6) (2018) 538-544. 

[7] C. Piconi, G. Maccauro, Zirconia as a ceramic biomaterial, Biomaterials 



105 

 

20(1) (1999) 1-25. 

[8] O. Gauthier, J.M. Bouler, E. Aguado, P. Pilet, G. Daculsi, Macroporous 

biphasic calcium phosphate ceramics: Influence of macropore diameter and 

macroporosity percentage on bone ingrowth, Biomaterials 19(1-3) (1998) 133-

139. 

[9] A. Sugawara, K. Asaoka, S.-J. Ding, Calcium phosphate-based cements: 

clinical needs and recent progress, J. Mater. Chem. B 1(8) (2013) 1081-1089. 

[10] R.E. Holmes, H.K. Hagler, Porous hydroxyapatite as a bone graft 

substitute in cranial reconstruction: A histometric study, Plast. Reconstr. Surg. 

81(5) (1988) 662-671. 

[11] T.M.G. Chu, D.G. Orton, S.J. Hollister, S.E. Feinberg, J.W. Halloran, 

Mechanical and in vivo performance of hydroxyapatite implants with 

controlled architectures, Biomaterials 23(5) (2002) 1283-1293. 

[12] N. Tamai, A. Myoui, T. Tomita, T. Nakase, J. Tanaka, T. Ochi, H. 

Yoshikawa, Novel hydroxyapatite ceramics with an interconnective porous 

structure exhibit superior osteoconduction in vivo, J. Biomed. Mater. Res. 59(1) 

(2002) 110-117. 

[13] Y. Shinto, A. Uchida, F. Korkusuz, N. Araki, K. Ono, Calcium 

hydroxyapatite ceramic used as a delivery system for antibiotics, Journal of 

Bone and Joint Surgery - Series B 74(4) (1992) 600-604. 

[14] P.D. Costantino, K. Jones, H.J. Pelzer, G.A. Sisson, Sr., Hydroxyapatite 



106 

 

Cement: I. Basic Chemistry and Histologic Properties, Archives of 

Otolaryngology--Head and Neck Surgery 117(4) (1991) 379-384. 

[15] K.J. Oh, Y.B. Ko, S. Jaiswal, I.C. Whang, Comparison of 

osteoconductivity and absorbability of beta-tricalcium phosphate and 

hydroxyapatite in clinical scenario of opening wedge high tibial osteotomy, 

Journal of Materials Science: Materials in Medicine 27(12) (2016). 

[16] R.Z. Legeros, S. Lin, R. Rohanizadeh, D. Mijares, J.P. Legeros, Biphasic 

calcium phosphate bioceramics: Preparation, properties and applications, 

Journal of Materials Science: Materials in Medicine 14(3) (2003) 201-209. 

[17] H. Yuan, J.D. De Bruijn, Y. Li, J. Feng, Z. Yang, K. De Groot, X. Zhang, 

Bone formation induced by calcium phosphate ceramics in soft tissue of dogs: 

A comparative study between porous α-TCP and β-TCP, Journal of Materials 

Science: Materials in Medicine 12(1) (2001) 7-13. 

[18] F. Tamimi, B. Kumarasami, C. Doillon, U. Gbureck, D. Le Nihouannen, 

E.L. Cabarcos, J.E. Barralet, Brushite-collagen composites for bone 

regeneration, Acta Biomater. 4(5) (2008) 1315-21. 

[19] D.A. Wahl, J.T. Czernuszka, Collagen-Hydroxyapatite Composites for 

Hard Tissue Repair, European Cells and Materials 11 (2006) 43-56. 

[20] E.J. Lee, S.H. Jun, H.E. Kim, Y.H. Koh, Collagen-silica xerogel 

nanohybrid membrane for guided bone regeneration, J. Biomed. Mater. Res. A 

100(4) (2012) 841-7. 



107 

 

[21] J.D. Bumgardner, B.M. Chesnutt, Y. Yuan, Y. Yang, M. Appleford, S. Oh, 

R. McLaughlin, S.H. Elder, J.L. Ong, The integration of chitosan-coated 

titanium in bone: an in vivo study in rabbits, Implant Dent. 16(1) (2007) 66-79. 

[22] T.T. Nguyen, T. Hoang, V.M. Can, A.S. Ho, S.H. Nguyen, T.T.T. Nguyen, 

T.N. Pham, T.P. Nguyen, T.L.H. Nguyen, M.T.D. Thi, In vitro and in vivo tests 

of PLA/d-HAp nanocomposite, Advances in Natural Sciences: Nanoscience 

and Nanotechnology 8(4) (2017). 

[23] M. Domingos, F. Intranuovo, A. Gloria, R. Gristina, L. Ambrosio, P.J. 

Bartolo, P. Favia, Improved osteoblast cell affinity on plasma-modified 3-D 

extruded PCL scaffolds, Acta Biomater. 9(4) (2013) 5997-6005. 

[24] K. Kato, A. Yamamoto, S. Ochiai, M. Wada, Y. Daigo, K. Kita, K. Omori, 

Cytocompatibility and mechanical properties of novel porous 316 L stainless 

steel, Mater Sci Eng C Mater Biol Appl 33(5) (2013) 2736-43. 

[25] J.A. Disegi, L. Eschbach, Stainless steel in bone surgery, Injury 31 (2000) 

D2-D6. 

[26] F.A. Shah, O. Omar, F. Suska, A. Snis, A. Matic, L. Emanuelsson, B. 

Norlindh, J. Lausmaa, P. Thomsen, A. Palmquist, Long-term osseointegration 

of 3D printed CoCr constructs with an interconnected open-pore architecture 

prepared by electron beam melting, Acta Biomater. 36 (2016) 296-309. 

[27] J.A. Hunt, J.T. Callaghan, C.J. Sutcliffe, R.H. Morgan, B. Halford, R.A. 

Black, The design and production of Co-Cr alloy implants with controlled 



108 

 

surface topography by CAD-CAM method and their effects on osseointegration, 

Biomaterials 26(29) (2005) 5890-7. 

[28] M.H. Kang, H. Lee, T.S. Jang, Y.J. Seong, H.E. Kim, Y.H. Koh, J. Song, 

H.D. Jung, Biomimetic porous Mg with tunable mechanical properties and 

biodegradation rates for bone regeneration, Acta Biomater. 84 (2019) 453-467. 

[29] D. Bian, J. Deng, N. Li, X. Chu, Y. Liu, W. Li, H. Cai, P. Xiu, Y. Zhang, Z. 

Guan, Y. Zheng, Y. Kou, B. Jiang, R. Chen, In Vitro and in Vivo Studies on 

Biomedical Magnesium Low-Alloying with Elements Gadolinium and Zinc for 

Orthopedic Implant Applications, ACS Appl Mater Interfaces 10(5) (2018) 

4394-4408. 

[30] X. Liu, P. Chu, C. Ding, Surface modification of titanium, titanium alloys, 

and related materials for biomedical applications, Materials Science and 

Engineering: R: Reports 47(3-4) (2004) 49-121. 

[31] P. Prachar, S. Bartakova, J. Vanek, The titanium PV I endosteal implant 

from beta-titanium alloy Ti 38Nb 6Ta, Biomed. Pap. Med. Fac. Univ. Palacky 

Olomouc Czech. Repub. 159(3) (2015) 503-7. 

[32] M.K.N. Kato, E. Onari, E.A.L. Arisawa, N.S. da Silva, A.S. Ramos, 

Osseointegration features of orthopedic Ti–10Si–5B implants, Materials 

Science and Engineering: C 29(3) (2009) 980-986. 

[33] M. Niinomi, Mechanical properties of biomedical titanium alloys, 

Materials Science and Engineering A 243(1-2) (1998) 231-236. 



109 

 

[34] M. Long, H.J. Rack, Titanium alloys in total joint replacement - A materials 

science perspective, Biomaterials 19(18) (1998) 1621-1639. 

[35] L. Carlsson, T. Röstlund, B. Albrektsson, T. Albrektsson, P.-I. Brånemark, 

Osseointegration of titanium implants, Acta Orthop. Scand. 57(4) (2009) 285-

289. 

[36] J. Ödman, U. Lekholm, T. Jemt, P. Brånemark, B. Thilander, 

Osseointegrated titanium implants-a new approach in orthodontic treatment, 

Eur. J. Orthod. 10(1) (1988) 98-105. 

[37] R. Huiskes, H. Weinans, B. Van Rietbergen, The relationship between 

stress shielding and bone resorption around total hip stems and the effects of 

flexible materials, Clinical Orthopaedics and Related Research (274) (1992) 

124-134. 

[38] D.R. Sumner, Long-term implant fixation and stress-shielding in total hip 

replacement, J. Biomech. 48(5) (2015) 797-800. 

[39] Y. Noyama, T. Miura, T. Ishimoto, T. Itaya, M. Niinomi, T. Nakano, Bone 

Loss and Reduced Bone Quality of the Human Femur after Total Hip 

Arthroplasty under Stress-Shielding Effects by Titanium-Based Implant, Mater 

Trans 53(3) (2012) 565-570. 

[40] D. Kuroda, M. Niinomi, M. Morinaga, Y. Kato, T. Yashiro, Design and 

mechanical properties of new β type titanium alloys for implant materials, 

Materials Science and Engineering A 243(1-2) (1998) 244-249. 



110 

 

[41] Y. Zheng, B. Zhang, B. Wang, L. Li, New Kind of Titanium Alloys for 

Biomedical Application, Integrated Biomaterials for Biomedical 

Technology2012, pp. 253-272. 

[42] S. Ozan, J. Lin, Y. Li, C. Wen, New Ti-Ta-Zr-Nb alloys with ultrahigh 

strength for potential orthopedic implant applications, J Mech Behav Biomed 

Mater 75 (2017) 119-127. 

[43] S. Ozan, J. Lin, Y. Li, R. Ipek, C. Wen, Development of Ti-Nb-Zr alloys 

with high elastic admissible strain for temporary orthopedic devices, Acta 

Biomater. 20 (2015) 176-187. 

[44] S.W. Kim, H.D. Jung, M.H. Kang, H.E. Kim, Y.H. Koh, Y. Estrin, 

Fabrication of porous titanium scaffold with controlled porous structure and 

net-shape using magnesium as spacer, Mater Sci Eng C Mater Biol Appl 33(5) 

(2013) 2808-15. 

[45] A. Bansiddhi, D.C. Dunand, Shape-memory NiTi foams produced by 

replication of NaCl space-holders, Acta Biomater. 4(6) (2008) 1996-2007. 

[46] Y. Chen, J.E. Frith, A. Dehghan-Manshadi, D. Kent, M. Bermingham, M. 

Dargusch, Biocompatible porous titanium scaffolds produced using a novel 

space holder technique, J. Biomed. Mater. Res. B Appl. Biomater.  (2018). 

[47] J.H. Lee, H.E. Kim, Y.H. Koh, Highly porous titanium (Ti) scaffolds with 

bioactive microporous hydroxyapatite/TiO2 hybrid coating layer, Materials 

Letters 63(23) (2009) 1995-1998. 



111 

 

[48] C. Wang, H. Chen, X. Zhu, Z. Xiao, K. Zhang, X. Zhang, An improved 

polymeric sponge replication method for biomedical porous titanium scaffolds, 

Mater Sci Eng C Mater Biol Appl 70(Pt 2) (2017) 1192-1199. 

[49] G.E. Ryan, A.S. Pandit, D.P. Apatsidis, Porous titanium scaffolds 

fabricated using a rapid prototyping and powder metallurgy technique, 

Biomaterials 29(27) (2008) 3625-35. 

[50] J.P. Li, J.R. de Wijn, C.A. Van Blitterswijk, K. de Groot, Porous Ti6Al4V 

scaffold directly fabricating by rapid prototyping: preparation and in vitro 

experiment, Biomaterials 27(8) (2006) 1223-35. 

[51] Y. Chino, D.C. Dunand, Directionally freeze-cast titanium foam with 

aligned, elongated pores, Acta Mater. 56(1) (2008) 105-113. 

[52] L. Yan, J. Wu, L. Zhang, X. Liu, K. Zhou, B. Su, Pore structures and 

mechanical properties of porous titanium scaffolds by bidirectional freeze 

casting, Mater Sci Eng C Mater Biol Appl 75 (2017) 335-340. 

[53] J.C. Li, D.C. Dunand, Mechanical properties of directionally freeze-cast 

titanium foams, Acta Mater. 59(1) (2011) 146-158. 

[54] H.D. Jung, S.W. Yook, T.S. Jang, Y. Li, H.E. Kim, Y.H. Koh, Dynamic 

freeze casting for the production of porous titanium (Ti) scaffolds, Materials 

Science and Engineering C 33(1) (2013) 59-63. 

[55] S.W. Yook, H.D. Jung, C.H. Park, K.H. Shin, Y.H. Koh, Y. Estrin, H.E. 

Kim, Reverse freeze casting: a new method for fabricating highly porous 



112 

 

titanium scaffolds with aligned large pores, Acta Biomater. 8(6) (2012) 2401-

10. 

[56] M. Gunyuz, M. Baydogan, H. Cimenoglu, E.S. Kayali, The effect of micro 

arc oxidation process parameters on surface properties of Ti6Al4v alloy, Defect 

and Diffusion Forum, 2011, pp. 1000-1003. 

[57] H.-D. Jung, H.-E. Kim, Y.-H. Koh, Production and evaluation of porous 

titanium scaffolds with 3-dimensional periodic macrochannels coated with 

microporous TiO2 layer, Materials Chemistry and Physics 135(2-3) (2012) 

897-902. 

[58] L.H. Li, Y.M. Kong, H.W. Kim, Y.W. Kim, H.E. Kim, S.J. Heo, J.Y. Koak, 

Improved biological performance of Ti implants due to surface modification by 

micro-arc oxidation, Biomaterials 25(14) (2004) 2867-2875. 

[59] X. Zhang, J. Li, X. Wang, Y. Wang, R. Hang, X. Huang, B. Tang, P.K. Chu, 

Effects of copper nanoparticles in porous TiO 2 coatings on bacterial resistance 

and cytocompatibility of osteoblasts and endothelial cells, Materials Science 

and Engineering: C 82 (2018) 110-120. 

[60] X. Zhang, H. Wu, Z. Geng, X. Huang, R. Hang, Y. Ma, X. Yao, B. Tang, 

Microstructure and cytotoxicity evaluation of duplex-treated silver-containing 

antibacterial TiO(2) coatings, Mater Sci Eng C Mater Biol Appl 45 (2014) 402-

10. 

[61] A.C. Tas, S.B. Bhaduri, Rapid coating of Ti6Al4V at room temperature 



113 

 

with a calcium phosphate solution similar to 10× simulated body fluid, Journal 

of Materials Research 19(09) (2011) 2742-2749. 

[62] Y. Zhang, Y. Chen, H. Kou, P. Yang, Y. Wang, T. Lu, Enhanced bone 

healing in porous Ti implanted rabbit combining bioactive modification and 

mechanical stimulation, J Mech Behav Biomed Mater 86 (2018) 336-344. 

[63] L. Mohan, D. Durgalakshmi, M. Geetha, T.S.N. Sankara Narayanan, R. 

Asokamani, Electrophoretic deposition of nanocomposite (HAp+TiO2) on 

titanium alloy for biomedical applications, Ceramics International 38(4) (2012) 

3435-3443. 

[64] A. Araghi, M.J. Hadianfard, Fabrication and characterization of 

functionally graded hydroxyapatite/TiO2 multilayer coating on Ti–6Al–4V 

titanium alloy for biomedical applications, Ceramics International 41(10) (2015) 

12668-12679. 

[65] T.W. Oates, P. Valderrama, M. Bischof, R. Nedir, A. Jones, J. Simpson, H. 

Toutenburg, D.L. Cochran, Enhanced implant stability with a chemically 

modified SLA surface: A randomized pilot study, Int. J. Oral Maxillofac. 

Implants 22(5) (2007) 755-760. 

[66] D.L. Cochran, D. Buser, C.M. Ten Bruggenkate, D. Weingart, T.M. Taylor, 

J.P. Bernard, F. Peters, J.P. Simpson, The use of reduced healing times on ITI® 

implants with a sandblasted and acid-etched (SLA) surface: Early results from 

clinical trials on ITI® SLA implants, Clin. Oral Implants Res. 13(2) (2002) 144-



114 

 

153. 

[67] T. Wang, Y. Wan, Z. Liu, Fabrication of hierarchical micro/nanotopography 

on bio-titanium alloy surface for cytocompatibility improvement, Journal of 

Materials Science 51(21) (2016) 9551-9561. 

[68] R. Zahran, J.I. Rosales Leal, M.A. Rodriguez Valverde, M.A. Cabrerizo 

Vilchez, Effect of Hydrofluoric Acid Etching Time on Titanium Topography, 

Chemistry, Wettability, and Cell Adhesion, PLoS One 11(11) (2016) e0165296. 

[69] P.T. Sudheesh Kumar, S. Hashimi, S. Saifzadeh, S. Ivanovski, C. Vaquette, 

Additively manufactured biphasic construct loaded with BMP-2 for vertical 

bone regeneration: A pilot study in rabbit, Mater Sci Eng C Mater Biol Appl 92 

(2018) 554-564. 

[70] H.D. Jung, T.S. Jang, L. Wang, H.E. Kim, Y.H. Koh, J. Song, Novel 

strategy for mechanically tunable and bioactive metal implants, Biomaterials  

(2014). 

[71] S. Kim, C. Park, B.S. Moon, H.E. Kim, T.S. Jang, Enhancement of 

osseointegration by direct coating of rhBMP-2 on target-ion induced plasma 

sputtering treated SLA surface for dental application, J. Biomater. Appl.  

(2016). 

[72] M.R. Jung, I.K. Shim, H.J. Chung, H.R. Lee, Y.J. Park, M.C. Lee, Y.I. Yang, 

S.H. Do, S.J. Lee, Local BMP-7 release from a PLGA scaffolding-matrix for 

the repair of osteochondral defects in rabbits, J. Control. Release 162(3) (2012) 



115 

 

485-91. 

[73] N. Liao, A.R. Unnithan, M.K. Joshi, A.P. Tiwari, S.T. Hong, C.-H. Park, 

C.S. Kim, Electrospun bioactive poly (ɛ-caprolactone)–cellulose acetate–

dextran antibacterial composite mats for wound dressing applications, Colloids 

Surf. Physicochem. Eng. Aspects 469 (2015) 194-201. 

[74] S. Anbazhagan, K.P. Thangavelu, Application of tetracycline 

hydrochloride loaded-fungal chitosan and Aloe vera extract based composite 

sponges for wound dressing, J Adv Res 14 (2018) 63-71. 

[75] A. Dashti, D. Ready, V. Salih, J.C. Knowles, J.E. Barralet, M. Wilson, N. 

Donos, S.N. Nazhat, In vitro antibacterial efficacy of tetracycline hydrochloride 

adsorbed onto Bio-Oss bone graft, J. Biomed. Mater. Res. B Appl. Biomater. 

93(2) (2010) 394-400. 

[76] B. Ren, X. Chen, S. Du, Y. Ma, H. Chen, G. Yuan, J. Li, D. Xiong, H. Tan, 

Z. Ling, Y. Chen, X. Hu, X. Niu, Injectable polysaccharide hydrogel embedded 

with hydroxyapatite and calcium carbonate for drug delivery and bone tissue 

engineering, Int. J. Biol. Macromol. 118(Pt A) (2018) 1257-1266. 

[77] N.S. Radda'a, W.H. Goldmann, R. Detsch, J.A. Roether, L. Cordero-Arias, 

S. Virtanen, T. Moskalewicz, A.R. Boccaccini, Electrophoretic deposition of 

tetracycline hydrochloride loaded halloysite nanotubes chitosan/bioactive glass 

composite coatings for orthopedic implants, Surface and Coatings Technology 

327 (2017) 146-157. 



116 

 

[78] H.-D. Jung, T.-S. Jang, L. Wang, H.-E. Kim, Y.-H. Koh, J. Song, Novel 

strategy for mechanically tunable and bioactive metal implants, Biomaterials 

37 (2015) 49-61. 

[79] L.-P. Lefebvre, J. Banhart, D. Dunand, Porous metals and metallic foams: 

current status and recent developments, Advanced Engineering Materials 10(9) 

(2008) 775-787. 

[80] M. Long, H. Rack, Titanium alloys in total joint replacement—a materials 

science perspective, Biomaterials 19(18) (1998) 1621-1639. 

[81] H.D. Jung, S.W. Yook, C.M. Han, T.S. Jang, H.E. Kim, Y.H. Koh, Y. Estrin, 

Highly aligned porous Ti scaffold coated with bone morphogenetic protein‐

loaded silica/chitosan hybrid for enhanced bone regeneration, Journal of 

Biomedical Materials Research Part B: Applied Biomaterials 102(5) (2014) 

913-921. 

[82] H.-D. Jung, H. Lee, H.-E. Kim, Y.-H. Koh, J. Song, Fabrication of 

Mechanically Tunable and Bioactive Metal Scaffolds for Biomedical 

Applications, JoVE (Journal of Visualized Experiments) (106) (2015) e53279-

e53279. 

[83] H. Kajiwara, T. Yamaza, M. Yoshinari, T. Goto, S. Iyama, I. Atsuta, M.A. 

Kido, T. Tanaka, The bisphosphonate pamidronate on the surface of titanium 

stimulates bone formation around tibial implants in rats, Biomaterials 26(6) 

(2005) 581-587. 



117 

 

[84] H.S. Ryu, W.-H. Song, S.-H. Hong, Biomimetic apatite induction of P-

containing titania formed by micro-arc oxidation before and after hydrothermal 

treatment, Surface and Coatings Technology 202(9) (2008) 1853-1858. 

[85] Y. Han, S.-H. Hong, K. Xu, Structure and in vitro bioactivity of titania-

based films by micro-arc oxidation, Surface and coatings technology 168(2) 

(2003) 249-258. 

[86] L.-H. Li, Y.-M. Kong, H.-W. Kim, Y.-W. Kim, H.-E. Kim, S.-J. Heo, J.-Y. 

Koak, Improved biological performance of Ti implants due to surface 

modification by micro-arc oxidation, Biomaterials 25(14) (2004) 2867-2875. 

[87] K. Rokosz, T. Hryniewicz, S. Raaen, Development of plasma electrolytic 

oxidation for improved Ti6Al4V biomaterial surface properties, The 

International Journal of Advanced Manufacturing Technology  (2015) 1-13. 

[88] D.-Y. Kim, M. Kim, H.-E. Kim, Y.-H. Koh, H.-W. Kim, J.-H. Jang, 

Formation of hydroxyapatite within porous TiO 2 layer by micro-arc oxidation 

coupled with electrophoretic deposition, Acta biomaterialia 5(6) (2009) 2196-

2205. 

[89] R. Zhou, D. Wei, S. Cheng, B. Li, Y. Wang, D. Jia, Y. Zhou, H. Guo, The 

structure and in vitro apatite formation ability of porous titanium covered 

bioactive microarc oxidized TiO 2-based coatings containing Si, Na and Ca, 

Ceramics International 40(1) (2014) 501-509. 

[90] A. Santos-Coquillat, E. Martínez-Campos, M. Mohedano, R. Martínez-



118 

 

Corriá, V. Ramos, R. Arrabal, E. Matykina, In vitro and in vivo evaluation of 

PEO-modified titanium for bone implant applications, Surface and Coatings 

Technology 347 (2018) 358-368. 

[91] M.R. Kaluđerović, J.P. Schreckenbach, H.L. Graf, Titanium dental implant 

surfaces obtained by anodic spark deposition – From the past to the future, 

Materials Science and Engineering C 69 (2016) 1429-1441. 

[92] P. Xiu, Z. Jia, J. Lv, C. Yin, Y. Cheng, K. Zhang, C. Song, H. Leng, Y. 

Zheng, H. Cai, Z. Liu, Tailored Surface Treatment of 3D Printed Porous 

Ti6Al4V by Microarc Oxidation for Enhanced Osseointegration via Optimized 

Bone In-Growth Patterns and Interlocked Bone/Implant Interface, ACS Appl 

Mater Interfaces 8(28) (2016) 17964-75. 

[93] K. Korkmaz, The effect of Micro-arc Oxidation treatment on the 

microstructure and properties of open cell Ti6Al4V alloy foams, Surface and 

Coatings Technology 272 (2015) 72-78. 

[94] X. Rao, J. Li, X. Feng, C. Chu, Bone-like apatite growth on controllable 

macroporous titanium scaffolds coated with microporous titania, J Mech Behav 

Biomed Mater 77 (2017) 225-233. 

[95] H.-D. Jung, S.-W. Yook, T.-S. Jang, Y. Li, H.-E. Kim, Y.-H. Koh, Dynamic 

freeze casting for the production of porous titanium (Ti) scaffolds, Materials 

Science and Engineering: C 33(1) (2013) 59-63. 

[96] C.M. Han, H.E. Kim, Y.S. Kim, S.K. Han, Enhanced biocompatibility of 



119 

 

Co  Cr implant material by Ti coating and micro‐arc oxidation, Journal of 

Biomedical Materials Research Part B: Applied Biomaterials 90(1) (2009) 165-

170. 

[97] L. Singh, V. Kumar, B.D. Ratner, Generation of porous microcellular 85/15 

poly (DL-lactide-co-glycolide) foams for biomedical applications, 

Biomaterials 25(13) (2004) 2611-2617. 

[98] E. Santos, G.B. de Souza, F.C. Serbena, H.L. Santos, G.G. de Lima, E.M. 

Szesz, C.M. Lepienski, N.K. Kuromoto, Effect of anodizing time on the 

mechanical properties of porous titania coatings formed by micro-arc oxidation, 

Surface and Coatings Technology 309 (2017) 203-211. 

[99] M.J. Yaszemski, R.G. Payne, W.C. Hayes, R. Langer, A.G. Mikos, 

Evolution of bone transplantation: molecular, cellular and tissue strategies to 

engineer human bone, Biomaterials 17(2) (1996) 175-185. 

[100] J. Parthasarathy, B. Starly, S. Raman, A. Christensen, Mechanical 

evaluation of porous titanium (Ti6Al4V) structures with electron beam melting 

(EBM), J Mech Behav Biomed Mater 3(3) (2010) 249-59. 

[101] K. Bari, A. Arjunan, Extra low interstitial titanium based fully porous 

morphological bone scaffolds manufactured using selective laser melting, J 

Mech Behav Biomed Mater 95 (2019) 1-12. 

[102] E. Onal, J. Frith, M. Jurg, X. Wu, A. Molotnikov, Mechanical Properties 

and In Vitro Behavior of Additively Manufactured and Functionally Graded 



120 

 

Ti6Al4V Porous Scaffolds, Metals 8(4) (2018). 

[103] C. Chen, Y. Hao, X. Bai, J. Ni, S.-M. Chung, F. Liu, I.-S. Lee, 3D printed 

porous Ti6Al4V cage: Effects of additive angle on surface properties and 

biocompatibility; bone ingrowth in Beagle tibia model, Materials & Design 175 

(2019). 

[104] M. Zhang, Y. Yang, D. Wang, Z. Xiao, C. Song, C. Weng, Effect of heat 

treatment on the microstructure and mechanical properties of Ti6Al4V gradient 

structures manufactured by selective laser melting, Materials Science and 

Engineering: A 736 (2018) 288-297. 

[105] I. Farias, L. Olmos, O. Jimenez, H.J. Vergara-Hernández, D. Bouvard, P. 

Gárnica, M. Flores, Analyzing the compressive behavior of porous Ti6Al4V by 

X-ray microtomography, Materials Research 20(6) (2017) 1511-1517. 

[106] Y.S.F. Lantang, E. Kobayashi, H. Tezuka, T. Sato, Effects of Macro- and 

Micro-Porosity on Mechanical Properties of a Porous Ti-6Al-4V Alloy 

Fabricated Using Solid-State Space-Holder Method, Mater Trans 55(9) (2014) 

1428-1433. 

[107] S. Hosseini, S. Mirdamadi, A. Nemati, Porous Ti6Al4V scaffolds for 

dental implants: Microstructure, mechanical, and corrosion behavior, 

Proceedings of the Institution of Mechanical Engineers, Part L: Journal of 

Materials: Design and Applications 230(5) (2016) 927-933. 

[108] Z. Esen, E. Tarhan Bor, Ş. Bor, Characterization of loose powder sintered 



121 

 

porous titanium and TI6Al4V alloy, Turkish Journal of Engineering and 

Environmental Sciences 33(3) (2009) 207-219. 

[109] T. Abbasian Najafabadi, A. Illarionov, S. Belikov, S. Grib, A. Yurovskikh, 

I. Sevostianov, K. Yeghiazaryan, A. Nguyen Dong, V. Mladenovic, Metallic 

materials for medical use, MATEC Web of Conferences 132 (2017). 

[110] M. Niinomi, M. Nakai, Titanium-Based Biomaterials for Preventing 

Stress Shielding between Implant Devices and Bone, Int J Biomater 2011 (2011) 

836587. 

[111] H.D. Jung, S.W. Yook, C.M. Han, T.S. Jang, H.E. Kim, Y.H. Koh, Y. 

Estrin, Highly aligned porous Ti scaffold coated with bone morphogenetic 

protein-loaded silica/chitosan hybrid for enhanced bone regeneration, Journal 

of Biomedical Materials Research - Part B Applied Biomaterials 102(5) (2014) 

913-921. 

[112] C. Caparros, M. Ortiz-Hernandez, M. Molmeneu, M. Punset, J.A. Calero, 

C. Aparicio, M. Fernandez-Fairen, R. Perez, F.J. Gil, Bioactive macroporous 

titanium implants highly interconnected, J. Mater. Sci. Mater. Med. 27(10) 

(2016) 151. 

[113] J.-B. Lee, M.-K. Ahn, Y.-H. Koh, H. Lee, H.-E. Kim, Ti scaffolds with 

tailored porosities and mechanical properties using porous polymer templates, 

Materials & Design 101 (2016) 323-331. 

[114] N. Taniguchi, S. Fujibayashi, M. Takemoto, K. Sasaki, B. Otsuki, T. 



122 

 

Nakamura, T. Matsushita, T. Kokubo, S. Matsuda, Effect of pore size on bone 

ingrowth into porous titanium implants fabricated by additive manufacturing: 

An in vivo experiment, Materials Science and Engineering C 59 (2016) 690-

701. 

[115] A. Jonitz-Heincke, J. Wieding, C. Schulze, D. Hansmann, R. Bader, 

Comparative Analysis of the Oxygen Supply and Viability of Human 

Osteoblasts in Three-Dimensional Titanium Scaffolds Produced by Laser-

Beam or Electron-Beam Melting, Materials (Basel) 6(11) (2013) 5398-5409. 

[116] T. Schouman, M. Schmitt, C. Adam, G. Dubois, P. Rouch, Influence of 

the overall stiffness of a load-bearing porous titanium implant on bone ingrowth 

in critical-size mandibular bone defects in sheep, Journal of the Mechanical 

Behavior of Biomedical Materials 59 (2016) 484-496. 

[117] K.A. Nazari, T. Hilditch, M.S. Dargusch, A. Nouri, Functionally graded 

porous scaffolds made of Ti-based agglomerates, J Mech Behav Biomed Mater 

63 (2016) 157-63. 

[118] Y. Torres, P. Trueba, J. Pavón, I. Montealegre, J.A. Rodríguez-Ortiz, 

Designing, processing and characterisation of titanium cylinders with graded 

porosity: An alternative to stress-shielding solutions, Materials & Design 63 

(2014) 316-324. 

[119] Y. Torres, P. Trueba, J.J. Pavón, E. Chicardi, P. Kamm, F. García-Moreno, 

J.A. Rodríguez-Ortiz, Design, processing and characterization of titanium with 



123 

 

radial graded porosity for bone implants, Materials & Design 110 (2016) 179-

187. 

[120] S. Wang, L. Liu, K. Li, L. Zhu, J. Chen, Y. Hao, Pore functionally graded 

Ti6Al4V scaffolds for bone tissue engineering application, Materials & Design 

168 (2019). 

[121] K.C. Nune, A. Kumar, R.D.K. Misra, S.J. Li, Y.L. Hao, R. Yang, 

Osteoblast functions in functionally graded Ti-6Al-4 v mesh structures, J. 

Biomater. Appl. 30(8) (2016) 1182-1204. 

[122] H.-D. Jung, S.-W. Yook, H.-E. Kim, Y.-H. Koh, Fabrication of titanium 

scaffolds with porosity and pore size gradients by sequential freeze casting, 

Materials Letters 63(17) (2009) 1545-1547. 

[123] H.D. Jung, H. Lee, H.E. Kim, Y.H. Koh, J. Song, Fabrication of 

mechanically tunable and bioactive metal scaffolds for biomedical applications, 

Journal of Visualized Experiments 2015(106) (2015). 

[124] D.W. Lee, Y.P. Yun, K. Park, S.E. Kim, Gentamicin and bone 

morphogenic protein-2 (BMP-2)-delivering heparinized-titanium implant with 

enhanced antibacterial activity and osteointegration, Bone 50(4) (2012) 974-82. 

[125] J. Lv, P. Xiu, J. Tan, Z. Jia, H. Cai, Z. Liu, Enhanced angiogenesis and 

osteogenesis in critical bone defects by the controlled release of BMP-2 and 

VEGF: Implantation of electron beam melting-fabricated porous 

Ti<inf>6</inf>Al<inf>4</inf>V scaffolds incorporating growth factor-doped 



124 

 

fibrin glue, Biomedical Materials (Bristol) 10(3) (2015). 

[126] L.-j. Chen, C. Chen, X.-y. Qiao, K. Yu, L.-z. Xie, J. Cao, B.-l. Liu, Y. Yan, 

Effect of porous titanium coated with IGF-1 and TGF-β1 loaded gelatin 

microsphere on function of MG63 cells, Transactions of Nonferrous Metals 

Society of China 25(9) (2015) 2974-2985. 

[127] L. Roland, M. Grau, J. Matena, M. Teske, M. Gieseke, A. Kampmann, M. 

Beyerbach, H. Murua Escobar, H. Haferkamp, N.C. Gellrich, I. Nolte, Poly-

epsilon-caprolactone Coated and Functionalized Porous Titanium and 

Magnesium Implants for Enhancing Angiogenesis in Critically Sized Bone 

Defects, Int. J. Mol. Sci. 17(1) (2015). 

[128] B. Wildemann, P. Bamdad, C. Holmer, N.P. Haas, M. Raschke, G. 

Schmidmaier, Local delivery of growth factors from coated titanium plates 

increases osteotomy healing in rats, Bone 34(5) (2004) 862-8. 

[129] A. Barfeie, J. Wilson, J. Rees, Implant surface characteristics and their 

effect on osseointegration, Br. Dent. J. 218(5) (2015) E9. 

[130] R.P. Wenzel, Minimizing surgical-site infections, New Engl. J. Med. 

362(1) (2010) 75-77. 

[131] J.C. Wenke, S.A. Guelcher, Dual delivery of an antibiotic and a growth 

factor addresses both the microbiological and biological challenges of 

contaminated bone fractures, Expert Opinion on Drug Delivery 8(12) (2011) 

1555-1569. 



125 

 

[132] K. Kanellakopoulou, E.J. Giamarellos-Bourboulis, Carrier systems for 

the local delivery of antibiotics in bone infections, Drugs 59(6) (2000) 1223-

1232. 

[133] H. Winkler, O. Janata, C. Berger, W. Wein, A. Georgopoulos, In vitro 

release of vancomycin and tobramycin from impregnated human and bovine 

bone grafts, J. Antimicrob. Chemother. 46(3) (2000) 423-428. 

[134] V. Alt, J. Franke, R. Schnettler, Local delivery of antibiotics in the 

surgical treatment of bone infections, Techniques in Orthopaedics 30(4) (2015) 

230-235. 

[135] G.R. Persson, G.E. Salvi, L.J.A. Heitz-Mayfield, N.P. Lang, 

Antimicrobial therapy using a local drug delivery system (Arestin®) in the 

treatment of peri-implantitis. I: Microbiological outcomes, Clin. Oral Implants 

Res. 17(4) (2006) 386-393. 

[136] S. Zhang, Q. Yang, W. Zhao, B. Qiao, H. Cui, J. Fan, H. Li, X. Tu, D. 

Jiang, In vitro and in vivo biocompatibility and osteogenesis of graphene-

reinforced nanohydroxyapatite polyamide66 ternary biocomposite as 

orthopedic implant material, Int J Nanomedicine 11 (2016) 3179-89. 

[137] T. Higuchi, Mechanism of sustained‐action medication. Theoretical 

analysis of rate of release of solid drugs dispersed in solid matrices, J. Pharm. 

Sci. 52(12) (1963) 1145-1149. 

[138] T. Higuchi, Rate of Release of Medicaments from Ointment Bases 



126 

 

Containing Drugs in Suspension, J. Pharm. Sci. 50(10) (1961) 874-875. 

[139] W. Shao, H. Liu, S. Wang, J. Wu, M. Huang, H. Min, X. Liu, Controlled 

release and antibacterial activity of tetracycline hydrochloride-loaded bacterial 

cellulose composite membranes, Carbohydrate Polymers 145 (2016) 114-120. 

[140] T. Albrektsson, P.I. Brånemark, H.A. Hansson, J. Lindström, 

Osseointegrated titanium implants: Requirements for ensuring a long-lasting, 

direct bone-to-implant anchorage in man, Acta Orthopaedica 52(2) (1981) 155-

170. 

[141] Y.J. Chen, B. Feng, Y.P. Zhu, J. Weng, J.X. Wang, X. Lu, Fabrication of 

porous titanium implants with biomechanical compatibility, Materials Letters 

63(30) (2009) 2659-2661. 

[142] B. Dabrowski, W. Swieszkowski, D. Godlinski, K.J. Kurzydlowski, 

Highly porous titanium scaffolds for orthopaedic applications, J. Biomed. 

Mater. Res. B Appl. Biomater. 95(1) (2010) 53-61. 

[143] Z.J. Wally, W. van Grunsven, F. Claeyssens, R. Goodall, G.C. Reilly, 

Porous titanium for dental implant applications, Metals 5(4) (2015) 1902-1920. 

[144] J. Wieding, T. Lindner, P. Bergschmidt, R. Bader, Biomechanical stability 

of novel mechanically adapted open-porous titanium scaffolds in metatarsal 

bone defects of sheep, Biomaterials 46 (2015) 35-47. 

[145] T. Mano, Y. Ueyama, K. Ishikawa, T. Matsumura, K. Suzuki, Initial tissue 

response to a titanium implant coated with apatite at room temperature using a 



127 

 

blast coating method, Biomaterials 23(9) (2002) 1931-1936. 

[146] Y. Li, I.S. Lee, F.Z. Cui, S.H. Choi, The biocompatibility of 

nanostructured calcium phosphate coated on micro-arc oxidized titanium, 

Biomaterials 29(13) (2008) 2025-2032. 

[147] M. Jin, S. Yao, L.-N. Wang, Y. Qiao, A.A. Volinsky, Enhanced bond 

strength and bioactivity of interconnected 3D TiO2 nanoporous layer on 

titanium implants, Surface and Coatings Technology 304 (2016) 459-467. 

[148] C.-M. Han, H.-E. Kim, Y.-H. Koh, Creation of hierarchical micro/nano-

porous TiO2 surface layer onto Ti implants for improved biocompatibility, 

Surface and Coatings Technology 251 (2014) 226-231. 

[149] M. Wong, J. Eulenberger, R. Schenk, E. Hunziker, Effect of surface 

topology on the osseointegration of implant materials in trabecular bone, J. 

Biomed. Mater. Res. 29(12) (1995) 1567-1575. 

[150] M.H. Pham, M.A. Landin, H. Tiainen, J.E. Reseland, J.E. Ellingsen, H.J. 

Haugen, The effect of hydrofluoric acid treatment of titanium and titanium 

dioxide surface on primary human osteoblasts, Clin. Oral Implants Res. 25(3) 

(2014) 385-394. 

[151] L. Le Guehennec, A. Soueidan, P. Layrolle, Y. Amouriq, Surface 

treatments of titanium dental implants for rapid osseointegration, Dent. Mater. 

23(7) (2007) 844-54. 

[152] S. Geng, S. Zhang, H. Onishi, XPS applications in thin films research, 



128 

 

Materials Technology 17(4) (2002) 234-240. 

[153] D.M. Korotin, S. Bartkowski, E.Z. Kurmaev, M. Meumann, E.B. 

Yakushina, R.Z. Valiev, S.O. Cholakh, Surface Characterization of Titanium 

Implants Treated in Hydrofluoric Acid, Journal of Biomaterials and 

Nanobiotechnology 03(01) (2012) 87-91. 

[154] B. Demri, M. Hage-Ali, M. Moritz, J.L. Kahn, D. Muster, X-ray 

photoemission study of the calcium/titanium dioxide interface, Applied Surface 

Science 108(2) (1997) 245-249. 

[155] Y. Li, S. Zou, D. Wang, G. Feng, C. Bao, J. Hu, The effect of hydrofluoric 

acid treatment on titanium implant osseointegration in ovariectomized rats, 

Biomaterials 31(12) (2010) 3266-73. 

[156] S.F. Lamolle, M. Monjo, M. Rubert, H.J. Haugen, S.P. Lyngstadaas, J.E. 

Ellingsen, The effect of hydrofluoric acid treatment of titanium surface on 

nanostructural and chemical changes and the growth of MC3T3-E1 cells, 

Biomaterials 30(5) (2009) 736-42. 

[157] T.S. Jang, H.D. Jung, S. Kim, B.S. Moon, J. Baek, C. Park, J. Song, H.E. 

Kim, Multiscale porous titanium surfaces via a two-step etching process for 

improved mechanical and biological performance, Biomed Mater 12(2) (2017) 

025008. 

[158] X. Zhu, J. Chen, L. Scheideler, R. Reichl, J. Geis-Gerstorfer, Effects of 

topography and composition of titanium surface oxides on osteoblast responses, 



129 

 

Biomaterials 25(18) (2004) 4087-103. 

[159] F. He, F. Zhang, G. Yang, X. Wang, S. Zhao, Enhanced initial proliferation 

and differentiation of MC3T3-E1 cells on HF/HNO3 solution treated 

nanostructural titanium surface, Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 

Endod. 110(4) (2010) e13-22. 

[160] C.N. Elias, Y. Oshida, J.H. Lima, C.A. Muller, Relationship between 

surface properties (roughness, wettability and morphology) of titanium and 

dental implant removal torque, J Mech Behav Biomed Mater 1(3) (2008) 234-

42. 

[161] C.-j. Yang, X.-s. Mei, Y.-l. Tian, D.-w. Zhang, Y. Li, X.-p. Liu, 

Modification of wettability property of titanium by laser texturing, The 

International Journal of Advanced Manufacturing Technology 87(5-8) (2016) 

1663-1670. 

[162] M.V. Rukosuyev, J. Lee, S.J. Cho, G. Lim, M.B.G. Jun, One-step 

fabrication of superhydrophobic hierarchical structures by femtosecond laser 

ablation, Applied Surface Science 313 (2014) 411-417. 

[163] E.M.M. Sutter, G.J. Goetz-Grandmont, The behaviour of titanium in 

nitric-hydrofluoric acid solutions, Corros. Sci. 30(4-5) (1990) 461-476. 

[164] S.A. Goldstein, The mechanical properties of trabecular bone: 

Dependence on anatomic location and function, J. Biomech. 20(11-12) (1987) 

1055-1061. 



130 

 

[165] F.J. Hou, S.M. Lang, S.J. Hoshaw, D.A. Reimann, D.P. Fyhrie, Human 

vertebral body apparent and hard tissue stiffness, Journal of Biomechanics 

31(11) (1998) 1009-1015. 

[166] V. Karageorgiou, D. Kaplan, Porosity of 3D biomaterial scaffolds and 

osteogenesis, Biomaterials 26(27) (2005) 5474-91. 

[167] B.S. Moon, S. Kim, H.E. Kim, T.S. Jang, Hierarchical micro-nano 

structured Ti6Al4V surface topography via two-step etching process for 

enhanced hydrophilicity and osteoblastic responses, Mater Sci Eng C Mater 

Biol Appl 73 (2017) 90-98. 

  

 

 



131 

 

초록 (Abstract)  

기능성 표면처리를 통한 다공성 티타늄 

스캐폴드의 생체활성도 향상 

서울대학교 

재료공학부 

이 현 

다공성 티타늄 (Ti) 지지체는 우수한 기계적 성질, 화학적 

안정성, 우수한 생체 적합성으로 대표되는 티타늄의 장점과 다공성 

구조가 결합되어 정형 외과 및 치과 용으로 광범위하게 사용되어 

왔다. 특히 다공성 구조의 경우, 탄성 계수 감소로 인하여 응력 

차폐 효과를 감소시킬 수 있으며, 기공을 통한 체액의 침투는 균질 

한 골 재생을 유도한다. 그러나 효과적인 골 유착 능력의 향상은 

지지체와 주위 뼈 사이에 충분한 고정을 이루기 위해 여전히 

요구된다. 따라서 다양한 표면 처리가 표면 및 기공 특성을 

변화시키기 위해 도입되었다.  

첫 번째 연구에서는 동적 동결 주조 (DFC) 방법과 마이크로 

아크 산화 공정 (MAO)을 결합한 다중 다공성 Ti6Al4V 지지체를 

제조하였다. 제작된 지지체는 상호 연결된 조절된 기공 특성을 

보였다. 압축 강도와 탄성 계수는 지지체의 기공률을 조절하여 

조절하였다. MAO 용액에 에탄올을 첨가하여 물의 전기 분해로부터 
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발생하는 기체 방출을 억제함으로써 다공성 Ti6Al4V 지지체상에 

MAO 공정을 성공적으로 도입하였다. MAO 처리된 다공성 

Ti6Al4V 지지체에 대한 조골세포의 생물학적 반응은 다공성 형상 

및 변화된 화학 조성으로 인해 향상되었다.  

두 번째 연구에서는 치밀화 공정이 도입된 이체 조합 방법을 

이용하여 성장 인자 (rhBMP-2)와 항생제 (TCH)를 동시에 

방출할 수 있는 기능성 경사능 다공성 티타늄 지지체를 개발하였다. 

내부의 고밀도 구조 및 외부의 다공성 구조를 갖는 지지체가 

성공적으로 제조되었으며 주사 전자 현미경 (SEM) 및 마이크로 

CT 를 통하여 현저히 다른 기공 특성을 관찰하였다. 이들의 기계적 

특성은 충분한 강도의 탄성 계수를 나타내며 이는 실제 골의 범위 

내에 존재하여 골 대체제로서의 적용 가능성을 입증하였다. 

rhBMP-2 의 지속적인 방출은 치밀화를 통한 변화된 기공 

복잡도에 의해 얻어졌고 TCH 는 비교적 초기 단계에서 방출되었다. 

지지체 내부의 잔류 생체 분자의 유효성을 확인하기 위해 일련의 

세포 시험 및 항균능 시험이 일정 시간 간격 동안 방출이 진행된 

지지체를 사용하여 수행되었다. 잔류 rhBMP-2 의 양이 대조군에 

비하여 기능성 다공성 티타늄 지지체 내부에 더 많아 세포 분화 

정도에서 현저한 차이를 보였다. 그리고 항균성은 수술 후 초기 

염증 반응을 줄이는데 필수적인 비교적 단기간에서 나타났다.  

세 번째 연구에서, HF 와 HNO3가 결합된 산성 용액은 다공성 

Ti 지지체의 기공 특성과 기계적 성질을 효과적으로 변화시키기 

위해 처리되었다. 다공성, 기공 크기, 벽 두께 및 공경 (pore 
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neck)의 크기는 산처리 시간을 변화하여 쉽게 제어할 수 있었으며 

기계적 성질 역시 갖는 경조직 공학에 적합한 정도로 조절할 수 

있었다. 혼합된 산처리 시간이 증가함에 따라, 내부 분리된 기공이 

인접한 기공과 점진적으로 상호 연결되었다. 10 분간의 처리 후 

거의 모든 기공이 서로 연결되었다. HF/HNO3를 사용한 후 처리는 

표면 특성에도 영향을 미쳤다. 표면 탄소 오염물은 처리 후 

수소화물 형성 없이 현저히 감소되었다. 마이크로 단위의 표면 

굴곡이 전체 표면에 걸쳐 균일하게 생성되었다. Ti 지지체의 실제 

세포 침투성은 관류 기반 세포 시험을 사용하여 평가되었다. 표면 

기공의 90 % 이상에서 세포가 관찰되었으며 12 분 동안 산처리가 

된 시편에서 기공의 표면에 충분한 수의 세포가 부착된 것을 

확인하였다.  

결론적으로, 이러한 연구는 다공성 티타늄 및 티타늄 합금의 

생체의료용 응용을 위하여 기능적 능력을 향상시키는 다양한 

기술을 도입하였다. MAO 과정을 다공성 Ti6Al4V 지지체에 

적용하여 향상된 생물학적 성질을 얻었으며, 약물이 탑재된 기능성 

경사능 다공성 티타늄 지지체도 성공적으로 제조되었다. 짧은 시간 

동안 간단한 HF/HNO3 처리를 통해 세포가 침투할 수 있는 향상된 

기공 연결도를 달성하였다.

 

주요어: 다공성 티타늄 및 합금, 마이크로아크 산화, 조절된 기공 특

성, 기능성 경사 구조, 약물 전달, 산 에칭;  

학번: 2015-31007 
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