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Abstract: Advanced additive manufacturing techniques such as electron beam melting 

(EBM), can produce highly porous structures that resemble the mechanical properties and 

structure of native bone. However, for orthopaedic applications, such as joint prostheses or 

bone substitution, the surface must also be bio-functionalized to promote bone growth.  

In the current work, EBM porous Ti6Al4V alloy was exposed to an alkali acid heat (AlAcH) 

treatment to bio-functionalize the surface of the porous structure. Various molar 

concentrations (3, 5, 10M) and immersion times (6, 24 h) of the alkali treatment were used 

to determine optimal parameters. The apatite forming ability of the samples was evaluated 

using simulated body fluid (SBF) immersion testing. The micro-topography and surface 

chemistry of AlAcH treated samples were evaluated before and after SBF testing using 

scanning electron microscopy and energy dispersive X-ray spectroscopy. The AlAcH 

treatment successfully modified the topographical and chemical characteristics of EBM 
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porous titanium surface creating nano-topographical features ranging from 200–300 nm in 

size with a titania layer ideal for apatite formation. After 1 and 3 week immersion in SBF, 

there was no Ca or P present on the surface of as manufactured porous titanium while both 

elements were present on all AlAcH treated samples except those exposed to 3M, 6 h alkali 

treatment. An increase in molar concentration and/or immersion time of alkali treatment 

resulted in an increase in the number of nano-topographical features per unit area as well as 

the amount of titania on the surface. 

Keywords: porous titanium; chemical surface treatment; apatite formation; additive 

manufacturing 

 

1. Introduction 

Titanium has long been used for biomedical applications because of its combined superiority in 

biocompatibility, mechanical properties and corrosion resistance [1–3]. However, orthopaedic implants 

fabricated of solid titanium and its alloys have been shown to lack in performance due to the stress 

shielding effect, subsequently causing implant loosening [4,5]. Although titanium has a lower Young’s 

modulus than alternative biomaterials (i.e., stainless steel or cobalt-chrome), stress shielding continues 

to exist causing bone resorption due to the difference in stiffness between the titanium implant (110 GPa 

for alloy Ti6Al4V) and adjacent bone (20–30 GPa for cortical bone) eventually initiating implant 

loosening [6]. Porous titanium was thus developed with an aim to improve implant performance by 

reducing the difference in stiffness between the interacting implant and adjacent bone through the 

addition of pores, in some cases achieving implant stiffness between 3.5–25 GPa [6–8]. Ideally the 

porous titanium is to mimic native bone structure and stiffness to eradicate bone resorption. Furthermore, 

porous titanium has also improved implant performance by increasing surface area and porosity allowing 

higher levels of bone ingrowth [9,10] and the incorporation of functional molecules [11]. Over the past 

decade, porous titanium has thus emerged as a breakthrough material showing potential by minimizing 

stress shielding effects, improving bone ingrowth and creating larger surface areas for drug delivery 

media, particularly in orthopaedics for joint prosthesis [12–15] or bone substitution [16–19].  

New ways to manufacture porous titanium are constantly being developed with an aim to achieve 

similar porous structure and mechanical properties as native bone. As a result, the porous structure will 

allow for bone ingrowth and incorporation of functional molecules while the mechanical properties are 

important in avoiding stress shielding effects. Various manufacturing methods such as gel casting [6], 

loose powder sintering [7], powder metallurgy space holder and titanium fibre sintering [8] have been 

successfully developed. Yang et al. [6] demonstrated that with gel casting methodologies porosities 

between ~38%–58% resulted in specific Young’s moduli between 7–25 GPa, fitting within the range of 

native cortical bone stiffness. In a comparison study between sintering and space holder methodologies, 

loose powder sintering formed an interconnected structure with ~42% porosity with specific Young’s 

moduli of 20–25 GPa however the space holder technique dominated as the size of pores and porosity 

were controllable achieving better mechanical properties [7]. A porosity between 50%–70% with 
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specific Young’s moduli between 3.5–4.2 GPa was obtained for porous titanium fabricated by titanium 

fibre sintering, a potential candidate for cancellous bone substitution [8]. 

Several manufacturing methods have clearly demonstrated their abilities in achieving porosities and 

mechanical properties close to that of native bone, however, despite their achievement they are limited 

to a range of pore sizes and porosities and to their control over the final structure [6–8]. Advanced 

additive manufacturing techniques offers the precision and control over pore size and distribution, 

surface area and micro-architecture that cannot be matched by other manufacturing methods [20–25]. 

Advanced additive manufacturing techniques, such as electron beam melting (EBM), can therefore 

produce highly porous metallic structures with precisely controlled micro-architectures. With such a 

controlled method, structures can be fabricated to consist of varying porous micro-architectures allowing 

manipulation over the distribution of mechanical properties throughout the implant subsequently 

controlling the load bearing distribution throughout the structure. Furthermore, with advanced additive 

manufacturing the highest levels of porosity can be achieved further increasing space for more bone 

ingrowth [9,10] or surface area for drug delivery media [11]. 

Although high porosity, ideal mechanical properties and structure can be obtained through advanced 

additive manufacturing techniques, porous titanium structures must also be bio-functionalized to aid 

bone growth and integration. Several surface treatments such as plasma spray [26], gelatin [27], 

anodization [28] and chemical [28–30] treatments have been applied to porous titanium to improve its 

bio-functionality. Chemical surface treatments in particular have been successful in transforming 

titanium and titanium alloy surfaces from biologically inert to bio-functionalizing surfaces and are 

desirable due to their ease of application and low cost [28–31]. More specifically, alkali-acid-heat 

(AlAcH) treatment is a promising candidate among chemical treatments as it has been shown to 

effectively bio-functionalize the surface of porous titanium by creating nano-topographical features and 

modifying the surface chemistry of the structure [28,31] while maintaining adequate mechanical 

properties [32]. Since the surface properties of porous titanium are highly dependent on manufacturing 

technique, the effects of AlAcH treatment differs for each case, however, Takemoto et al. [31], 

successfully demonstrated promising morphology, apatite formation and bone regeneration for porous 

titanium fabricated by plasma spray. Amin Yavari et al. [28] showed similar results for porous titanium 

fabricated by selective laser melting (SLM).  

The current work evaluates the use of AlAcH treatment to bio-functionalize the surface of porous 

titanium alloy Ti-6Al-4V fabricated by EBM by examining its apatite forming ability. Various molar 

concentrations (3, 5, 10M) and immersion times (6, 24 h) of the alkali treatment were used for the AlAcH 

treatment to determine optimal parameters. Following AlAcH treatment, the apatite forming ability of 

the samples were evaluated using simulated body fluid (SBF) immersion testing. The micro-topography 

and surface chemistry of AlAcH treated porous titanium samples were examined before and after immersion 

in SBF using scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS).  

2. Results and Discussion 

In the current work, porous titanium fabricated by EBM was AlAcH treated to produce  

nano-topographical features and a crystalline titania layer to stimulate the formation of Ca and P, with a 

final objective of improving apatite forming ability. As shown in previous studies, the formation of  
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nano-topographical features [33–35] and the formation of crystalline titania [28,31] helps stimulate the 

formation of Ca and P, apatite and bone. 

2.1. AlAcH Treatment 

SEM analysis of the AlAcH treated samples revealed modified surfaces with irregular  

nano-topographical features ranging between 200 and 300 nm in size as compared to the smooth and 

featureless AsM surfaces (Figure 1 vs. Figure 2). The same topographical transformation was observed 

for all alkali molar concentrations and immersion times, however, those samples treated with stronger 

molar concentrations had increased nano-topographical features per unit area. Previous studies have 

shown that the presence of nano-topographical features helps promote the initial formation of Ca and P, 

and later apatite or bone [33–35]. The natural human extracellular matrix is a complex network made up 

of a collection of nanoscale structures and features and hence is stimulated and interacts with cells on a 

nanoscale level [36–38]. For bone, the use of artificial nanostructures allows intimate interactions with 

the first level of bone structural hierarchy allowing repopulation and re-synthesis of a new matrix for 

bone. Based on this understanding of the significance of nano-features, the current results suggest that 

an AlAcH treatment with higher molar concentration is ideal as stronger molar concentrations of NaOH 

resulted in increased nano-topographical features per unit area. This may theoretically provide more 

opportunity for interaction between the implant surface and cells.  

 

Figure 1. (a) Macrograph of test sample and (b) SEM micrograph of AsM surface. 

 

Figure 2. Cont. 
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Figure 2. SEM micrographs of samples after AlAcH treatment for various alkali parameters 

(a) 3M, 6 h (b) 3M, 24 h (c) 5M, 6 h (d) 5M, 24 h (e) 10M, 6 h and (f) 10M, 24 h. 

During the chemical treatment, immersion in NaOH alkali solution introduces a sodium titanate layer, 

the sodium is then removed by HCl acid leaving behind a layer of amorphous titania [31]. The heat 

treatment then transforms the titania from amorphous to crystalline (anatase and rutile), encouraging the 

formation of apatite because of its favorable atomic arrangement. Following AlAcH treatment, EDS 

elemental analysis confirmed a modified surface chemistry composed predominantly of oxygen and 

titanium as compared to the AsM samples composed primarily of titanium alone (Table 1 vs. Table 2). 

This was expected as the formation of crystalline titania is the culminating result of the AlAcH  

treatment [31]. Similar surface chemistry was observed for all AlAcH treated samples exposed to various 

alkali molar concentrations and immersion times, however, in general those exposed to higher 

concentrations and/or longer immersion times had increased oxygen content suggesting a more 

prominent titania layer (Table 2). This can be explained by the samples’ exposure to increased 

concentrations and/or immersion times of NaOH allowing more sodium titanate to form which 

eventually forms the final crystalline titania layer [31]. The increased amount of oxygen observed for 

the 3M, 6 h sample is assumed to be an outlier based on the trend of increased oxygen content with 

increased concentration and/or immersion time observed for all other samples. The increase in oxygen 

is assumed to represent the local area analyzed rather than the entire sample. The EDS elemental analyses 

therefore suggests that AlAcH treatment with a stronger molar concentration and/or longer immersion 

time alkali treatment may result in the formation of a more prominent titania layer. The phase of the 
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titania layer cannot be confirmed to be crystalline using EDS however, based on the results presented by 

Takemoto et al. [31] the culminating result of AlAcH treatment is expected to be a crystalline titania layer. 

Table 1. Chemical composition of the Ti-6Al-4V pre-alloyed powder used in electron beam 

melting and required by DIN EN ISO 5382-3 standards. 

Chemical Element Al V Fe O N H C Y Ti 

Used wt.% 6.4 4.1 0.21 0.13 0.01 0.004 0.01 <0.001 Balance 

Required wt.% 5.5–6.75 3.5–4.5 <0.3 <0.2 <0.05 <0.015 <0.08 -- Balance 

Table 2. EDS elemental analysis (wt. %) of AlAcH treated samples for various alkali 

concentrations and immersion times. 

Alkali treatment conditions O Al Ti V 

3M, 6 h 48.89 ± 0.51 2.15 ± 0.14 47.04 ± 0.22 1.91 ± 0.33 

5M, 6 h 18.83 ± 1.46 3.88 ± 0.21 74.74 ± 1.72 2.55 ± 0.80 

10M, 6 h 23.20 ± 5.35 3.46 ± 0.28 70.88 ± 5.62 2.45 ± 0.15 

3M, 24 h 25.66 ± 3.20 4.16 ± 0.17 67.79 ± 3.33 2.38 ± 0.82 

5M, 24 h 26.33 ± 2.85 3.30 ± 0.19 68.11 ± 2.90 2.26 ± 0.28 

10M, 24 h 28.05 ± 2.48 2.77 ± 0.28 67.58 ± 2.58 1.59 ± 0.04 

In conclusion, both SEM and EDS elemental analyses conducted following AlAcH treatment suggest 

that samples exposed to stronger molar concentration alkali treatment may produce more promising 

results for apatite forming ability. 

2.2. Apatite Forming Ability 

The purpose of chemically treating the porous titanium was to modify its surface topography and 

chemistry such that its apatite forming ability is improved. The apatite forming ability was tested by 

immersing AlAcH treated porous titanium samples in SBF for 1 and 3 weeks. After 1 and 3 week 

immersion in SBF, SEM observations and trends in the EDS results were similar therefore to eliminate 

redundancy the results following 3 week immersion in SBF are presented and discussed. SEM analysis 

confirmed that following 3 weeks of SBF immersion all surface topographies were generally unchanged, 

however, there were a limited number of surface structures that formed on AlAcH treated samples that 

were distinct to the surrounding topography (Figure 3b,d–f). As previously noted, an increase in  

nano-topographical feature density was observed with increasing alkali molar concentration and/or 

immersion time. AsM surfaces remained smooth and featureless after 3 weeks of SBF immersion  

(Figure 3a). Cross-sections revealed the depth of the nano-features observed on all EBM specimens after 

surface treatments (Figure 4). In all cases, the depth of the nano-features were in the sub-micron range, 

measuring a few hundred nanometers in size. 
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Figure 3. SEM micrographs after 3 week SBF immersion for (a) AsM and AlAcH treated 

samples for alkali treatment (b) 3M, 6 h (c) 3M, 24 h (d) 5M, 6 h (e) 5M, 24 h (f) 10M, 6 h 

and (g) 10M, 24 h. 
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Figure 4. SEM micrograph of cross-sectioned 3M, 6 h AlAcH treated sample at (a) 2kX and (b) 20kX. 

EDS elemental analysis confirmed that the AlAcH treatment was successful in improving Ca and P 

formation after 3 weeks of immersion in SBF however, no apatite was observed. Although the Ca and P 

was limited in terms of concentration and in distribution among the surface, both elements were present 

on all AlAcH treated samples except for those exposed to 3M, 6 h alkali treatment (Table 3). It is 

assumed that with an alkali treatment of 3M, 6 h the concentration and duration of the alkali treatment 

were inadequate in forming a substantial sodium titanate layer. Although the samples exposed to 3M,  

6 h alkali treatment formed nano-topographical features, the concentration and limited time may have 

contributed to a lack of a sodium titanate layer and subsequently a lack of Ca formation. Wei et al. [39] 

immersed microarc oxidized TiO2-based films in SBF following 1, 3 and 5M alkali treatment and 

concluded that apatite formation increased with increasing concentration of NaOH. They reported that 

the apatite XRD pattern for samples exposed to 3M NaOH for 24 h was very weak while demonstrating 

strong patterns for 5M alkali treatment. In a similar apatite formation study, Liang et al. [40] found that 

porous titanium fabricated by powder metallurgy exposed to 0.5 or 1M alkali solution had no apatite 

formation however apatite was observed for those exposed to 5 or 10M alkali solution following SBF testing. 

Table 3. EDS elemental analysis (wt. %) after 3 week SBF immersion for AsM and AlAcH 

treated samples with various alkali concentrations and immersion times. 

Element AsM 3M, 6 h 3M, 24 h 5M, 6 h 5M, 24 h 10M, 6 h 10M, 24 h 

N -- 9.78 ± 2.91 12.08 ± 7.00 6.15 ± 0.40 0.34 ± 0.59 2.8 ± 2.04 1.20 ± 1.05 

O -- 39.80 ± 7.94 31.16 ± 13.84 36.58 ± 9.97 20.07 ± 6.95 21.33 ± 10.92 24.59 ± 8.85 

Na -- -- 0.25 ± 0.13 1.11 ± 0.72 3.30 ± 0.62 0.65 ± 0.85 0.12 ± 0.20 

Mg -- -- -- 0.01 ± 0.02 0.02 ± 0.03 -- -- 

Al 4.97 ± 1.83 2.52 ± 0.59 3.08 ± 1.48 2.42 ± 0.07 3.52 ± 0.19 0.73 ± 0.31 0.64 ± 0.11 

Si -- 0.03 ± 0.06 0.02 ± 0.03 0.02 ± 0.04 -- -- 0.03 ± 0.06 

P -- 0.10 ± 0.11 0.20 ± 0.07 0.31 ± 0.01 0.24 ± 0.08 0.29 ± 0.10 0.37 ± 0.23 

Cl -- -- -- 0.74 ± 0.13 2.26 ± 0.39 0.11 ± 0.19 -- 

Ca -- -- 0.13 ± 0.12 0.37 ± 0.01 0.21 ± 0.03 0.15 ± 0.15 0.96 ± 0.13 

Ti 90.95 ± 2.22 40.54 ± 10.87 50.97 ± 18.32 50.97 ± 9.63 66.62 ± 7.51 70.28 ± 12.24 69.37 ± 8.39 

V 4.08 ± 0.40 1.55 ± 0.56 1.52 ± 0.54 0.69 ± 1.20 2.10 ± 0.07 2.19 ± 0.71 2.58 ± 0.44 

Fe -- 5.49 ± 5.76 0.58 ± 0.14 0.61 ± 0.07 1.32 ± 0.23 1.34 ± 0.31 0.16 ± 0.27 
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In addition, no Ca or P was detected on AsM surfaces following SBF immersion suggesting that the 

AlAcH treatment does to a degree encourage the formation of both Ca and P as both elements were 

present on almost all AlAcH treated samples. While there was no distinct pattern in the amount of Ca 

present based on the molar concentration and/or immersion time of the alkali treatment, wt. % of P was 

observed to generally increase with increasing molar concentration and immersion time. The greatest 

amount of Ca and P was observed for samples exposed to 10M, 24 h alkali treatment which coincides with 

the greatest density of nano-topographical features and presumably the most prominent titania layer.  

The results presented suggest that applying AlAcH treatment does promote Ca and P formation, 

however, they are preliminary as no apatite formation was visually observed. Nucleation and 

crystallization of apatite requires the mineral saturation state to be above the equilibrium state, allowing 

the mineral to precipitate from solution [41–43]. Variations in the supersaturated solution caused by 

circumstances such as an imbalance in SBF reagent concentrations or contamination may hinder 

nucleation, potentially explaining the lack of apatite formation [44]. Additional parameters of the AlAcH 

treatment applied should also be adjusted to further optimize the parameters for apatite formation on 

porous titanium specifically fabricated by EBM. Various other chemical surface treatment studies have 

shown the apatite forming ability greatly depends on the parameters chosen. For example, while studying 

alkali-heat surface treatments Uchida et al. [45] found that the temperature and immersion time of the 

water treatment following immersion in NaOH affects the amount of apatite formed. The greatest amount 

of crystalline titania formed, which they found correlated well with the amount of apatite formation, 

occurred for the highest temperature and longest immersion time in water (80 °C, 48 h). In a similar 

study by Kim et al. [46], varying the heat treatment temperature following the chemical treatment also 

affected the apatite forming ability. The heat treatment temperature and duration are significant; it needs 

to be high and long enough to stabilize the oxide layer but not too high or long as it alters the ratio of 

anatase/rutile crystalline titania phases which regulate the rate of apatite formation. 

Different bioactivity pathways, namely, chemical and biological pathways, should also be considered 

in analyzing the results [47]. In vitro SBF tests rely on the stimulation of chemical pathways, forming 

bonds and compounds that stimulate the formation of apatite, and eventually bone regeneration. In vitro 

cell culture tests also provide chemical pathways as well as bioactivity pathways for bone regeneration 

through interactions between surface biomolecules and cellular pathways. In some cases the results of 

SBF and cell culture tests disagree [48], presumably due to differing bioactivity pathways. Amin Yavari 

et al. [28] demonstrated that SLM porous titanium exposed to acid-alkali treatment and porous titanium 

exposed to an anodizing heat treatment exhibited bioactivity through different pathways. Samples 

exposed to acid-alkali treatment had the highest apatite forming ability after SBF immersion but 

performed poorly in cell culture assays with limited cell attachment and proliferation. In contrast, 

samples exposed to anodizing heat treatment had high levels of cell attachment and proliferation but 

almost no apatite formation. While their results justify our choice in using SBF as a means of evaluating 

biofunctionality, the biological bioactivity pathways of differing advanced additive manufacturing 

techniques, namely SLM and EBM, may differ potentially explaining the lack of apatite formation observed. 

The current work does have its limitations. The study is confined in that only the molar concentration 

and immersion time of the alkali treatment were varied, however, various other parameters such as the 

temperature, concentration and immersion time of water and acid treatment as well as the temperature 

and duration of heat treatment should be considered to find ideal parameters for apatite formation.  
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Also, SEM/EDS elemental analysis is limited in characterizing the surface of porous titanium and should 

only be used for preliminary detection of apatite by visual indication and Ca and P formation; following 

studies should use X-ray diffraction to detect apatite phase.  

3. Experimental Section 

3.1. Materials and Manufacturing 

EBM techniques (implantcast GmbH, Germany) were employed to produce porous titanium samples 

from Ti6Al4V alloy powder based on DIN EN ISO 5832-3 standards (Table 1) [49]. The samples were 

produced on a Q10 machine (Arcam AB, Sweden) in a controlled high vacuum chamber kept at 3 × 10E-6 

bar using helium gas intake. The porous structures (EPORE®) designed and manufactured by implantcast 

were based on a random structure designed to meet the properties of cancellous bone with strut size of 

360 µm, porosity of 60% and specific Young’s Modulus of 3.1 GPa. The samples were discs with an 

outer diameter of 8 mm, a height of 3 mm and a concentric hole with a diameter of 2 mm. 

3.2. Surface Treatment  

Prior to surface treatment, all samples were ultrasonically cleaned using ethanol followed by ultrapure 

water for 10 min each, then were dried in an oven overnight at 40 °C. The samples were then immersed 

in either 3, 5 or 10M NaOH at 60 °C for either 6 or 24 h as shown in Table 4. 

Table 4. Alkali treatment parameters tested during AlAcH treatment. 

Group name 3M, 6 h 3M, 24 h 5M, 6 h 5M, 24 h 10M, 6 h 10M, 24 h 

Molar concentration NaOH (M) 3 3 5 5 10 10 

Immersion time (hrs) 6 24 6 24 6 24 

After the alkali treatment, the samples were immersed in ultrapure water at 40 °C for 24 h then in  

0.5 mM HCl at 40 °C for 24 h. After the acid treatment, the samples were washed with ultrapure water 

and dried in an oven at 40 °C for 24 h before they were placed in the furnace at 600 °C for  

1 h dwelling time. The heating rate of the furnace was 5 °C/min. The samples were allowed to cool down 

in the furnace. An SEM JEOL (JSM-6500F, Japan) coupled with an EDS was used for observing the 

surface and conducting elemental analysis. The EDS spectra were taken at an accelerating voltage of  

10 kV and a magnification of 12kX. 

3.3. Apatite Forming Ability 

All surface treated samples, along with as manufactured (AsM) samples were immersed in SBF to 

evaluate their apatite forming ability. The SBF solution was prepared based on NEN-ISO 23317 

standards for in vitro evaluation for apatite-forming ability of implant materials [50]. 8.035 g NaCl, 

0.355 g NaHCO3, 0.225 g KCl, 0.231 g K2HPO4.3H2O, 0.311 g MgCl2.6H2O, 39 mL 1M HCl, 0.292 g 

CaCl2, 0.072 g Na2SO4 and 6.118 g Tris were added sequentially to 700 mL of deionized water at 37 °C. 

After dissolving all reagents the pH of the solution was adjusted to 7.4 by incrementally adding 1M HCl. 

Deionized water was then added to the solution to reach a volume of 1 L. 
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The samples were individually immersed in 15 mL fresh SBF at 37 °C using 50 mL plastic tubes as 

described by the standards [46]. The plastic tubes were then placed in a water bath maintained at 37 °C. 

The samples were removed from the water bath after 1 and 3 weeks, washed with deionized water and 

dried overnight at 40 °C. An SEM JEOL (JSM-6500F, Japan) coupled with an EDS was used for 

observing the surface and conducting elemental analysis. The EDS spectra were taken at an accelerating 

voltage of 10 kV and a magnification of 12kX. To further characterize the surface topography the cross 

section of samples were also immersed in nitrogen, cross-sectioned and examined by SEM. 

4. Conclusions 

AlAcH treatment successfully modified the topographical and chemical characteristics of EBM 

porous titanium surface. The chemical and heat treatment created a surface with nano-topographical 

features ranging in the size of 200–300 nm with a titania layer ideal for apatite formation. After  

3 weeks immersion in SBF there was no Ca or P present on the surface of AsM porous titanium, however, 

both elements were present on all AlAcH treated samples except those exposed to 3M, 6 h alkali 

treatment. An increase in alkali solution concentration resulted in an increase in the number of  

nano-topographical features per unit area as well as the amount of titania on the surface. The greatest 

amount of Ca and P was observed for samples exposed to 10M, 24 h alkali treatment which coincides 

with the greatest density of nano-topographical features and presumably the most prominent titania layer. 

Although no apatite was visually observed, the presence of Ca and P does indicate that AlAcH treatment 

does encourage the formation of both elements as AsM surfaces contained neither. Future studies should 

focus on optimizing additional parameters in the AlAcH treatment to achieve ideal surface conditions 

for apatite formation. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References  

1. Niinomi, M. Recent metallic materials for biomedical applications. Metall. Mater. Trans. A 2002, 33, 

477–486. 

2. Long, M.; Rack, H. Titanium alloys in total joint replacement—a materials science perspective. 

Biomaterials 1998, 19, 1621–1639. 

3. Geetha, M. Ti based biomaterials, the ultimate choice for orthopaedic implants—A review.  

Prog. Mater. Sci. 2009, 54, 397–425. 

4. Piao, C. Stress shielding effects of two prosthetic groups after total hip joint simulation replacement.  

J. Orthop. Surg. Res. 2014, 9, 71–78. 

5. Kwon, D.G.; Lee, T.J.; Kang, J.S.; Moon, K.H. Correlation between stress shielding and clinical 

outcomes after total hip arthroplasty with extensively porous coated stems. J. Arthroplast. 2013, 28, 

1728–1730. 

6. Yang, D.; Shao, H.; Guo, Z.; Lin, T.; Fan, L. Preparation and properties of biomedical porous 

titanium alloys by gelcasting. Biomed. Mater. 2011, 6, 1–8. 



Materials 2015, 8 1623 

 

 

7. Torres, Y.; Lascano, S.; Bris, J.; Pavón, J.; Rodriguez, J. Development of porous titanium for 

biomedical applications: A comparison between loose sintering and space-holder techniques. 

Mater. Sci. Eng.: C 2013, 37, 148–155. 

8. Zou, C.; Zhang, E.; Li, M.; Zeng, S. Preparation, microstructure and mechanical properties of 

porous titanium sintered by Ti fibres. J. Mater. Sci.: Mater. Med. 2008, 19, 401–405. 

9. Karageorgiou, V.; Kaplan, D. Porosity of 3D biomaterial scaffolds and osteogenesis. Biomaterials 

2005, 26, 5474–5491. 

10. Hing, K. Bioceramic bone graft substitutes: Influence of porosity and chemistry. Int. J. Appl.  

Ceram. Technol. 2005, 2, 184–199. 

11. Lyndon, J. Metallic implant drug/device combinations for controlled drug release in orthopaedic 

applications. J. Control. Release 2014, 179, 63–75. 

12. Xia, W.; Grandfield, K.; Hoess, A.; Ballo, A.; Cai, Y.; Engqvist, H. Mesoporous titanium dioxide 

coating for metallic implants. J. Biomed. Mater. Res. B: Appl. Biomater. 2012, 100B, 82–93. 

13. Wazen, R.M.; Lefebvre, L.P.; Baril, E.; Nanci, A. Initial evaluation of bone ingrowth into a novel 

porous titanium coating. J. Biomed. Mater. Res. B: Appl. Biomater. 2010, 94B, 64–71. 

14. Sun, J.; Han, Y.; Cui, K. Innovative fabrication of porous titanium coating on titanium by cold 

spraying and vacuum sintering. Mater. Lett. 2008, 62, 3623–3625. 

15. Qui, D.; Zhang, M.; Grondahl, L. A novel composite porous coating approach for bioactive 

titanium-based orthopedic implants. J. Biomed. Mater. Res. A 2013, 101A, 862–872. 

16. Van an der Stok, J.; Van der Jagt, O.P.; Yavari, S.A.; De Haas, M.F.; Waarsing, J.H.; Jahr, H.;  

Van Lieshout, E.M.; Patka, P.; Verhaar, J.N.; Zadpoor, A.A.; et al. Selective laser melting-produced 

porous titanium scaffolds regenerate bone in critical size cortical bone defects. J. Orthop. Res. 2013, 

31, 792–799. 

17. Barbas, A.; Bonnet, A.S.; Lipinski, P.; Pesci, R.; Dubois, G. Development and mechanical 

characterization of porous titanium bone substitutes. J. Mech. Behav. Biomed. Mater. 2012, 9, 34–44. 

18. Lopez-Heredia, M.; Goyenvalle, E.; Aguado, E.; Pilet, P.; Leroux, C.; Dorget, M.; Weiss, P.; 

Layrolle, P. Bone growth in rapid prototyped porous titanium implants. J. Biomed. Mater. Res. A 

2008, 85A, 664–673.  

19. Li, J.; Habibovic, P.; van den Doel, M.; Wilson, C.E.; de Wijn, J.R.; van Blitterswijk, C.;  

de Groot, K. Bone ingrowth in porous titanium implants produced by 3D fiber deposition. 

Biomaterials 2007, 28, 2810–2820. 

20. Kim, T.B.; Yue, S.; Zhang, Z.; Jones, E.; Jones, J.R.; Lee, P.D. Additive manufactured porous 

titanium structures: Through-process quantification of pore and strut networks. J. Mater.  

Process. Technol. 2014, 214, 2706–2715. 

21. Chan, K.S.; Koike, M.; Mason, R.L.; Okabe, T. Fatigue Life of Titanium Alloys Fabricated by 

Additive Layer Manufacturing Techniques for Dental Implants. Metall. Mater. Trans. A 2013, 44, 

1010–1022. 

22. Zhang, Z.; Jones, D.; Yue, S.; Lee, P.D.; Jones, J.R.; Sutcliffe, C.J.; Jones, E. Hierarchical tailoring 

of strut architecture to control permeability of additive manufactured titanium implants. Mater. Sci. 

Eng.: C 2013, 33, 4055–4062. 

23. Wieding, J.; Jonitz, R.; Bader, R. The effect of structural design on mechanical properties and 

cellular response of additive manufactured titanium scaffolds. Materials 2012, 5, 1336–1347. 



Materials 2015, 8 1624 

 

 

24. El-Hajje, A.; Kolos, E.C.; Wang, J.K.; Maleksaeedi, S.; He, Z.; Wiria, F.E.; Choong, C.; Ruys, A.J. 

Physical and mechanical characterisation of 3D-printed porous titanium for biomedical applications. 

J. Mater. Sci.: Mater. Med. 2014, 25, 2471–2480. 

25. Yavari, S.A.; Wauthle, R.; van der Stok, J.; Riemslag, A.C.; Janssen, M.; Mulier, M.; Kruth, J.P.; 

Schrooten, J.; Weinans, H.; Zadpoor, A.A. Fatigue behavior of porous biomaterials manufactured 

using selective laser melting. Mater. Sci. Eng.: C 2013, 33, 4849–4858. 

26. Daudt, N.F.; Bram, M.; Cysne Barbosa, A.P.; Alves, C. Surface modification of highly porous 

titanium by plasma treatment. Mater. Lett. 2015, 141, 194–197. 

27. Vanderleyden, E.; Van Bael, S.; Chai, Y.C.; Kruth, J.-P.; Schrooten, J.; Dubruel, P. Gelatin 

functionalised porous titanium alloy implants for orthopaedic applications. Mater. Sci. Eng.: C 

2014, 42, 396–404. 

28. Yavari, S.A.; van der Stok, J.; Chai, Y.C.; Wauthle, R.; Tahmasebi Birgani, Z.; Habibovic, P.; 

Mulier, M.; Schrooten, J.; Weinans, H.; Zadpoor, A.A. Bone regeneration performance of  

surface-treated porous titanium. Biomaterials 2014, 35, 6172–6181. 

29. Nishiguchi, S.; Kato, H.; Neo, M.; Oka, M.; Kim, H-M.; Kokubo, T.; Nakamura, T. Alkali- and 

heat-treated porous titanium for orthopedic implants. J. Biomed. Mater. Res. 2001, 54, 198–208. 

30. Takemoto, M.; Fujibayashi, S.; Neo, M.; Suzuki, J.; Kokubo, T.; Nakamura, T. Mechanical 

properties and osteoconductivity of porous bioactive titanium. Biomat 2005, 26, 6014–6123. 

31. Takemoto, M.; Fujibayashi, S.; Neo, M.; Suzuki, J.; Matsushita, T.; Kokubo, T.; Nakamura, T. 

Osteoinductive porous titanium implants: effect of sodium removal by dilute HCl treatment. 

Biomaterials 2006, 27, 2682–2691. 

32. Yavari, S.A.; Ahmadi, S.M.; van der Stok, J.; Wauthle, R.; Riemslag, A.C.; Janssen, M.; Schrooten, J.; 

Weinans, H.; Zadpoor, A.A. Effects of bio-functionalizing surface treatments on the mechanical 

behavior of open porous titanium biomaterials. J. Mech. Behav. Biomed. Mater. 2014, 36, 109–119. 

33. Brammer, K.; Frandsen, C.J.; Jin, S. TiO2 nanotubes for bone regeneration. Trends Biotechnol. 

2012, 30, 315–322. 

34. Li, X.; Wang, L.; Fan, Y.; Feng, Q.; Cui, F.-Z.; Watari, F. Nanostructured scaffolds for bone tissue 

engineering. J. Biomed. Mater. Res. Part A 2013, 101, 2424–2435. 

35. Sjostrom, B.T.; Brydone, A.S.; Dominic Meek, R.M.; Dalby, M. Titanium nanofeaturing for 

enhanced bioactivity of implanted orthopedic and dental devices. Nanomedicine 2013, 8, 89–102. 

36. Christenson, E. Nanobiomaterial applications in orthopedics. J. Orthop. Res. 2007, 25, 11–22. 

37. McNamara, L.; McMurray, R.J.; Biggs, M.; Kantawong, F.; Oreffo, R.; Dalby, M.J. Nanotopographical 

control of stem cell differentiation. J. Tissue Eng. 2010, 1, doi:10.4061/2010/120623. 

38. Li, W.; Laurencin, C.T.; Caterson, E.J.; Tuan, R.S.; Ko, F.K. Electrospun nanofibrous structure:  

A novel scaffold for tissue engineering. J. Biomed. Mater. Res. 2002, 60, 613–621. 

39. Wei, D.; Zhou, Y.; Wang, Y.; Meng, Q.; Jia, D. Structure and apatite formation of microarc oxidized 

TiO2-based films before and after alkali-treatment by various alkali concentrations.  

Surf. Coat. Technol. 2008, 202, 5012–5019. 

40. Liang, F.; Zhou, L.; Wang, K. Apatite formation on porous titanium by alkali and heat-treatment. 

Surf. Coat. Technol. 2003, 165, 133–139. 

41. Omelon, S.; Ariganello, M.; Bonucci, E.; Grynpas, M.; Nanci, A. A review of phosphate mineral 

nucleation in biology and geobiology. Calcif. Tissue Int. 2013, 93, 382–396. 



Materials 2015, 8 1625 

 

 

42. Pan, H.; Zhao, X.; Darvell, B.W.; Lu, W.W. Apatite-formation ability—Predictor of “bioactivity”? 

Acta Biomaterialia 2010, 6, 4181–4188. 

43. Oyane, A.; Kim, H.; Furuya, T.; Kokubo, T.; Miyazaki, T.; Nakamura, T. Preparation and 

assessment of revised simulated body fluids. J. Biomed. Mater. Res. Part A 2003, 65A, 188–195. 

44. Drouet, C. Apatite formation: Why it may not work as planned, and how to conclusively identify 

apatite compounds. BioMed Res. Int. 2013, 2013, 1–12. 

45. Uchida, M.; Kim, H-M.; Kokubo, T.; Fujibayashi, S.; Nakamura, T. Effect of water treatment on the 

apatite-forming ability of NaOH-treated titanium metal. J. Biomed. Mater. Res. 2002, 63, 522–530. 

46. Ki, H.; Aji, F.; Bo, T. Effect of heat treatment on apatite-forming ability of Ti metal induced by 

alkali treatment. J. Mater. Sci: Mater. Med. 1997, 8, 341–347. 

47. Zadpoor, A. Relationship between in vitro apatite-forming ability measured using simulated body 

fluid and in vivo bioactivity of biomaterials. Mater. Sci. Eng.: C 2014, 35, 134–143. 

48. Izquierdo-Barba, I.; Conde, F.; Olmo, N.; Lizarbe, M.A.; García, M.A.; Vallet-Regí, M. Vitreous 

SiO2–CaO coatings on Ti6Al4V alloys: Reactivity in simulated body fluid versus osteoblast cell 

culture. Acta Biomater. 2006, 2, 445–455. 

49. International Organization for Standardization (ISO). Implants for Surgery–Metallic  

Materials–Part 3: Wrought Titanium 6-Aluminium 4-Vanadium Alloy; ISO 5832–3; ISO: Geneva, 

Switzerland, 27 June 1996. 

50. Kokubo, T.; Takadama, H. Implants for Surgery–In vitro Evaluation for Apatite-Forming Ability 

of Implant Materials; ISO 23317; International Organization for Standardization (ISO): Geneva, 

Switzerland, 31 October 2012. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


