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Abstract This study investigated the hydroxyapatite

(HA) coating on metal implants in order to enhance their

bioactive properties. In this study, HA coatings were formed

on the surfaces of commercially pure titanium (c.p. Ti) and

Ti–7.5Mo which were acid-etched and subsequently alkali-

treated before samples were soaked in simulated body fluid

(SBF). Specimens of c.p. Ti and Ti–7.5Mo were etched in

either H3PO4 or HCl, and subsequently treated in NaOH.

The surfaces of acid-etched c.p. Ti showed a porous struc-

ture, whereas those of acid-etched Ti–7.5Mo showed some

grinding marks, but no porosity. After subsequent alkali

treatment in NaOH, the surfaces of both the c.p. Ti and

Ti–7.5Mo substrates exhibited microporous network struc-

tures. The specimens were then immersed in SBF at 37 �C

for 28 days. Apatite began to deposit on acid-etched and

NaOH-treated Ti–7.5Mo within 1 day after immersion in

the SBF. After 28 days of immersion in the SBF, a dense and

uniform layer was produced on the surfaces of all samples.

The HA formation rate was the highest for HCl and NaOH-

pretreated samples, and the results of EDS and XRD showed

that much more intensive peaks of HA appear on the

specimens of HCl and NaOH-treated Ti–7.5Mo than on any

other sample. Thus, this method of apatite coating Ti–7.5Mo

appears to be promising for artificial bone substitutes or

other hard tissue replacement materials with heavy load-

bearing applications due to their desirable combination of

bioactivity, low elastic modulus, and low processing costs.

Introduction

Titanium and titanium alloys are widely used for biomed-

ical and dental implants for their superior mechanical

properties. But while they are biocompatible, they cannot

bond directly to bone. After implantation into a living

body, bio-inert titanium-based materials are generally encap-

sulated by fibrous tissue that isolates them from the sur-

rounding bone [1, 2]. This type of capsule inhibits proper

biomechanical fixation and leads to clinical failure of the

implant. In contrast, it is well recognized that calcium

phosphate coatings have better long-term clinical success

rates than uncoated titanium implants [3, 4], and various

surface modifications have been applied to the metal to

enhance bone induction and conduction around the

implants. For example, plasma-spraying, sputter-deposition,

sol–gel coating, electro-deposition, or biomimetic precipi-

tation [5–12]. Of all the choices now available, plasma-

sprayed hydroxyapatite (HA) is the most successful and

widely applied coating [11]. However, plasma-spraying is a

line-of-sight technique and cannot uniformly coat internal

surfaces, such as the porous bead coatings on joint implants

[13]. In addition, the high-temperature plasma flame may

cause HA input powders to decompose into other phases

such as tricalcium phosphate and calcium oxide [14, 15].

Due to their biocompatibility, bioactivity, and osteo-

conduction, calcium phosphate materials have strong
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applications in the field of biomaterials, such as bone

substitution and repair. Most recently, new synthetic

methods of calcium phosphates as biomaterials have been

developed, such as lamellar mesostructured calcium

phosphate [16] and hydrothermal synthesis of HA whiskers

[17]. Also, there has been great interest in the use of cal-

cium phosphates as scaffolding materials for bone tissue

engineering. The development of tissue engineering scaf-

folds based on polymer-coated bioceramics and interpen-

etrating polymer/bioceramic microstructures has also been

presented by Yunos et al. [18]. Additionally, Costa et al.

[19] have developed a three-dimensional macroporous

alumina scaffold with a biocompatible PVA/calcium

phosphate coating. Furthermore, a recent report by

MacKenzie et al. [20] indicate that potassium aluminosil-

icate inorganic polymers containing 10 wt% Ca(OH)2,

nanostructured calcium silicate, and Ca3(PO4)2 appears to

be promising as a bioactive biomaterial.

Alternatively, it has been reported that a bioactive tita-

nium surface can be prepared by means of a simple

chemical treatment in NaOH [21, 22], and the chemical

modification of titanium surfaces has attracted much

attention due to its simplicity, effectiveness, and applica-

bility to implants with irregular shapes [23–29]. To date,

the structural changes in a titanium surface during chemical

treatment and the subsequent apatite formation in simu-

lated body fluid (SBF) have been described in a number of

studies [21–29]. In fact, some studies have achieved a

higher bone-to-implant contact for biomimetic calcium

phosphate coatings than for uncoated titanium implants

[5, 30].

In the past few years, new Ti alloys have been intensively

investigated and developed for biomedical applications as

possible substitutes of the well-established Ti–6Al–4V alloy

[31–33]. Though Ti–6Al–4V presents excellent mechanical

and corrosion properties, it contains vanadium, which is

known to be cytotoxic [34]. Thus, avoiding metal ion release

and obtaining vanadium-free alloys with similar properties

has been the focus of recent investigations [35–37]. Another

important requirement for implants designed to replace or

interact with bone is a low elastic modulus matching, as

closely as possible, that of the surrounding bone tissue

[38–40].

Ti–7.5Mo has been reported to show much better corro-

sion resistance [41], mechanical properties [42], and cyto-

compatibility [43] than Ti–6Al–4V. Moreover, a00-phase

Ti–7.5Mo alloy exhibits a lower elastic modulus which can

reduce the stress-shielding effect [39, 40]. However, like

other biomedical titanium alloys, it remains a bio-inert

material. Thus, the apatite-forming ability of Ti–7.5Mo

treated with either HCl or H3PO4, before immersion in

NaOH aqueous solution and then SBF was investigated

in this study. The results were compared with those of

commercially pure titanium (c.p. Ti) chosen as a control.

Because the acid and alkali treatments do not involve high-

temperature processes, this method is especially suitable for

the metastable a00-phase Ti–7.5Mo alloy which is sensitive

to temperature. In fact, a high-temperature treatment process

after chemical treatment results in the crystallization of the

hydrogel layer, hence reducing the ionic activity and

decreasing the rate of apatite nucleation and formation [44].

In addition, since it is known that an essential requirement

for an artificial material to bond to living bone is the for-

mation of a bonelike apatite layer on its surface in the body

environment [45, 46], this process could make the Ti–7.5Mo

alloy an attractive biomaterial.

Experimental procedures

The materials used for this study were c.p. Ti and a Ti–

7.5Mo alloy. (Note: all compositions are expressed in

mass.) All the materials were prepared from raw titanium

(99.8% pure) and molybdenum (99.95% pure) by using a

commercial arc-melting vacuum–pressure-type casting

system (Castmatic, Iwatani Corp., Japan). The ingots of

approximately 30 g each were re-melted thrice, for about

55 s each, to improve their chemical homogeneity. Prior to

casting, the ingots were again re-melted. The difference in

pressure between the two chambers allowed the molten

alloys to instantly drop into a graphite mold at room tem-

perature. In this study, the cast alloys were sectioned using

a Buehler Isomet low-speed diamond saw to obtain spec-

imens. Flat sheets of c.p. Ti and of Ti–7.5Mo, 1 9 10 9

10 mm3 in size, were used as substrate materials. The

surfaces of the metals were abraded to the final level of a

2000-grit paper. The metal substrates were then ultrasoni-

cally cleaned in distilled water, acetone, and ethanol for

20 min each, after which the substrate plates were again

cleaned in distilled water for another 10 min.

Two different acid etching procedures were performed:

(i) samples were etched in 35% HCl for 2 h at room

temperature (about 20 �C), and (ii) samples were etched in

85% H3PO4 for 2 h at room temperature. After etching, all

specimens were immersed in 15 M NaOH aqueous solution

at 60 �C for 24 h. The temperature was maintained by

using a water bath. After the 24 h incubation period, the

substrates were gently washed with distilled water and

dried at 40 �C for 24 h. The surfaces of the specimens were

then examined by scanning electron microscopy (SEM;

JSM-6700F, JEOL, Japan) and X-ray diffractometry

(XRD; D8 SSS, Bruker, Germany).

Contact angle measurements were implemented to

evaluate the wettability of the c.p. Ti and Ti–7.5Mo

specimens before and after the various treatments. An

equal volume of distilled water was placed on each sample
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by means of a micropipette, either forming a drop or

spreading on the surface. A CCD camera was used to

photograph the shape of the drops and measure the contact

angle. Six specimens were used to evaluate the contact

angles for each material type and experimental conditions.

To test the capability of the material to spontaneously

form a bonelike apatite layer in vitro, the acid-etched and

subsequently NaOH-treated c.p. Ti and Ti–7.5Mo sub-

strates were soaked in a 20-mL SBF. The SBF was pre-

pared by dissolving reagent grade NaCl, NaHCO3, KCl,

K2HPO4�3H2O, MgCl2�6H2O, CaCl2, and Na2SO4 into

distilled water. The final ionic concentrations of the SBF

(versus human plasma) are listed in Table 1 [47]. The

temperature was maintained by using a water bath. The

SBF was refreshed every 2 days to preserve its ion con-

centration. After being soaked for selected time periods

(1, 7, 14, and 28 days), the specimens were removed from

the fluid, washed with distilled water, and air-dried.

Changes in the c.p. Ti and Ti–7.5Mo surfaces after

chemical treatments and soaking in SBF were examined by

SEM (S-3000N, Hitachi, Japan). After 28 days, the struc-

tural changes occurring on the surfaces due to the afore-

mentioned procedures were investigated by means of XRD

(D8 SSS, Bruker, Germany). The surface chemical analysis

was implemented by energy-dispersive X-ray spectroscopy

(EDS) coupled with the SEM.

Results and discussion

Characterization of surface

Figure 1 shows the SEM micrographs of c.p. Ti and Ti–

7.5Mo substrates after surface treatment with acid etching

and NaOH activation. Surfaces of c.p. Ti after acid etching

in either H3PO4 or HCl showed a porous structure (Fig. 1a,

c), however, those of Ti–7.5Mo showed some grinding

marks and no porosity (Fig. 1b, d). After subsequent alkali

treatment in NaOH, the surfaces of both the c.p. Ti

and Ti–7.5Mo substrates exhibited microporous network

structures, as shown in Fig. 1e–h. These results have been

correlated with the high corrosion resistance of Ti–Mo

alloys in various test solutions. For example, Zardiackas

et al. [48] reported that the anodic polarization measure-

ments of Ti–Mo alloy exhibited better resistance in a test

corrosive environment than c.p. Ti, Ti–6Al–4V ELI and

Ti–6Al–7Nb alloys. Moreover, the corrosion resistance of

Ti–30Mo in 35% HCl was studied by electrochemical and

open-circuit analysis by Sakaguchi et al. [49], and the

results showed that this alloy is more resistant than c.p. Ti.

The SEM observations indicated no structural differences

on the surfaces of c.p. Ti and Ti–7.5Mo after acid etching

and alkali treatment. A sodium titanate (Na2Ti5O11) peak

appeared between 29� and 30� in 2h on all XRD patterns

(figure not shown) after NaOH treatment of the c.p. Ti and

Ti–7.5Mo surfaces, and the microporous network struc-

tures of metal surfaces after alkali treatment suggest the

probable formation of a sodium titanate, which is in

agreement with the results reported by Kim et al. [50].

Wettability

Surface wettability (generally referred to as hydrophobicity/

hydrophilicity) is one of the most important parameters

affecting the biological response to an implanted material.

Wettability affects protein adsorption, platelet adhesion/

activation, blood coagulation, and cell and bacterial adhe-

sion [51–54]. Thus, highly hydrophilic surfaces seem more

desirable than hydrophobic ones in view of their interac-

tions with biological fluids, cells, and tissues [55, 56]. In a

recent animal study, Buser et al. [55] found that a hydro-

philic sandblasted/acid-etched surface promoted better

enhanced bone apposition during the early stages of bone

regeneration. We note that contact-angle measurements

give values ranging from 0� (hydrophilic) to 140� (hydro-

phobic) for titanium implant surfaces [55, 57, 58].

Figure 2 shows the average water-contact angles of the

c.p. Ti and Ti–7.5Mo specimens untreated, after acid

etching in H3PO4 or HCl, and after subsequent alkali

treatment in NaOH. Distilled water contacted the untreated

samples of c.p. Ti and Ti–7.5Mo at about 23.2� and 22.6�,

respectively, but after acid etching in H3PO4 or HCl, the

water-contact angles of the surfaces slightly decreased. The

results of Duncan’s test showed that no significant differ-

ence was found in contact angles among the groups for

either untreated or acid-etched surfaces (p [ 0.05). After

subsequent alkali treatment in NaOH, the surfaces of both

the c.p. Ti and Ti–7.5Mo were much more easily wetted,

thus resulting in a very low contact angle, and Duncan’s

test results indicated significant differences (p \ 0.05) in

the water-contact angles before and after alkali treatment

for both the c.p. Ti and Ti–7.5Mo surfaces. It is worth

noting that the acid-etched and NaOH-treated Ti–7.5Mo

had significantly lower (p \ 0.05) contact angles than

pretreated c.p. Ti. Thus, the contact angles of alkali-treated

Ti–7.5Mo were decreased to 6.4� and 3.5� after treatment

with H3PO4 and HCl, respectively. Moreover, the water-

Table 1 Ionic concentrations (mM) of SBF compared to human

blood plasma [47]

Na? K? Mg2? Ca2? Cl- HPO4
2- SO4

2- HCO3
-

SBF 142.0 5.0 1.5 2.5 148.8 1.0 0.5 4.2

Blood

plasma

142.0 5.0 1.5 2.5 103.8 1.0 0.5 27.0
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contact angles of the surfaces of both metals were the

smallest after HCl etching and subsequent NaOH treat-

ment. Of all the test conditions, the Ti–7.5Mo surfaces

after HCl etching in combination with the NaOH treatment

had the lowest contact angles.

Ca–P precipitation on the chemically treated surfaces

To assess the bioactivity of the chemically treated c.p. Ti and

Ti–7.5Mo surfaces, in vitro testing was performed in SBF.

Figure 3 shows SEM photographs of the surfaces of the

Fig. 1 SEM micrographs of

surface morphology of

chemically treated c.p. Ti (left)
and Ti–7.5Mo (right)
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acid-treated c.p. Ti and Ti–7.5Mo samples that were

immersed in the SBF. No precipitation appeared on the

surfaces of c.p. Ti and Ti–7.5Mo that were not alkali-treated,

and the surface of Ti–7.5Mo without alkali treatment

showed no obvious changes, even after 28 days of immer-

sion in the SBF. For the surface of c.p. Ti under the same

conditions, the porous structures formed by acid etching

were slightly more denser after immersion in SBF for

28 days when compared with those before the immersion.

Figures 4 and 5 show the SEM micrographs of the

surface morphology of acid-etched and NaOH-treated c.p.

Ti and Ti–7.5Mo substrates after soaking for different

intervals in SBF. As shown in the micrographs, apatite

began to deposit on acid-etched and NaOH-treated Ti–

7.5Mo within 1 day after immersion in SBF, which was

much faster than in the case of c.p. Ti, as there were no

precipitations on the surfaces of the c.p. Ti substrates

after the same period of time. Moreover, the apatite began

to deposit within 3 days after immersion of the only

NaOH-treated samples [59]. After 7 days in the SBF, a

few tiny Ca–P particles with a diameter of less than 1 lm

were sparsely deposited on the surface of the c.p. Ti,

whereas, after the same period of time, a greater number

of spheroid particles about the same size were observed

on the surfaces of the Ti–7.5Mo. After immersion for

14 days, the surfaces of all the samples were mostly

covered by a newly foamed layer of Ca–P composed of

island-like spherulites. Significantly, there were more

aggregate spherulites deposited on the surfaces of HCl-

etched metals than on those treated with H3PO4. How-

ever, all the pretreated surfaces induced some island-like

particles to grow on them, and the area covered by such

particles gradually increased with an increase in immer-

sion time. The final coatings after 28 days of immersion

in the SBF (Figs. 4g, h and 5g, h) indicated that a dense

Fig. 2 Average water-contact angles of untreated and different

chemically treated c.p. Ti and Ti–7.5Mo specimens

Fig. 3 SEM micrographs of surface morphology of acid-etched c.p. Ti (left) and Ti–7.5Mo (right) after soaking in SBF for 28 days
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and newly formed uniform layer was produced on the

surfaces of all the acid-etched and alkali-treated c.p. Ti

and Ti–7.5Mo. It is noteworthy that the formation of

Ca–P layers with a similar morphology has been reported

for Ti and several of its alloys [50, 60, 61]. Finally, the

cracks in the Ca–P layer on the c.p. Ti and Ti–7.5Mo

appear to have formed as a result of contraction of the

porous-hydrated layer when the specimens were dried

after being soaked in SBF.

According to the literatures [62, 63], Ti and its alloys

form sodium titanate hydrogel layers on their surfaces

after NaOH treatment. Immediately after being soaked

in SBF, Na? ions from the sodium titanate layer are

exchanged by H3O? ions from the surrounding fluid,

thereby resulting in the formation of a Ti–OH layer. The

released Na? ions increase the degree of supersatura-

tion of the soaking solution, and Ti–OH groups induce

apatite nucleation on the Ti surface. Therefore, the low

Fig. 4 SEM micrographs of

surface morphology of H3PO4-

etched (left) or HCl-etched

(right) and subsequently NaOH-

treated c.p. Ti after various

soaking periods in SBF
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apatite-forming ability of the acid-etched and alkali-

treated c.p. Ti may be attributed to the smaller amount

of Na? ions in the surface gel layer on the c.p. Ti,

which is in agreement with the results of the XRD

(figure not shown).

The results of the EDS (Fig. 6a) show that Ca and P can

be detected when specimens of acid-etched and NaOH-

treated c.p. Ti and Ti–7.5Mo are soaked in SBF for

28 days. HCl-etched and NaOH-treated c.p. Ti and Ti–

7.5Mo specimens both exhibited very intensive peaks of Ca

and P. Moreover, the intensity of the substrate Ti dramat-

ically decreased due to interference from the Ca–P deposits

after being soaked in SBF. In a recent study by Müller et al.

[64], sintered Ti–13Nb–13Zr samples were etched in HCl,

H3PO4, or in a mixture of HF ? HNO3, respectively, and

subsequently treated in NaOH. Notably, the results also

Fig. 5 SEM micrographs of

surface morphology of H3PO4-

etched (left) or HCl-etched

(right) and subsequently NaOH-

treated Ti–7.5Mo after various

soaking periods in SBF
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showed that the HA formation rate was the highest for

HCl-pretreated samples.

Figure 7 shows the thin film XRD patterns of acid-

etched and NaOH-treated c.p. Ti and Ti–7.5Mo surfaces

after soaking in SBF for 28 days. Peaks of HA appear on

all the patterns, but the intensities of the peaks are greater

for the Ti–7.5Mo specimens. Additionally, after being

soaked in SBF for 28 days, the intensities of the c.p. Ti and

Ti–7.5Mo substrates dramatically decreased due to inter-

ference from Ca–P deposits.

In comparable studies [65, 66] in which the method of

etching with a mixture of HCl and H2SO4 followed by

immersion in boiling dilute NaOH solution was evaluated,

it was found that the microporous titanium oxide surface

layer formed by the treatment allowed fast precipitation of

apatite. Moreover, Jonášová et al. [67] found that acid

etching of Ti in HCl leads to the formation of a uniform

micro-roughened surface that provides improved condi-

tions for in situ Ca–P formation. However, in this study, the

surface of Ti–7.5Mo did not show a porous structure after

acid etching of H3PO4 or HCl. However, it is noteworthy

that the apatite deposition was much quicker for Ti–7.5Mo

than for c.p. Ti. In our previous study [59], the apatite did

not start to deposit on the NaOH-treated samples until the

third day after their immersion. However, in this present

experiment when a combination of both acid etching and

alkaline treatment was used for Ti–7.5Mo, the apatite

began to deposit within 1 day after immersion in the SBF.

Consequently, c.p. Ti and Ti–7.5Mo subjected to both acid

etching and alkaline treatment show a greater level of high

apatite-forming ability than that of c.p. Ti and Ti–7.5Mo

subjected to only NaOH treatments. This is important

because the speed and quality of newly formed bonelike

apatite are critical in determining the early implant–bone

integration. Fast fixation can reduce hospitalization time

and costs and improve quality of life for patients. From this

point of view, selecting a suitable surface treatment to

obtain the fast apatite deposition from SBF is meaningful

and could be a guide for future consideration during bone

replacement surgery.

Conclusions

(1) The surfaces of acid-etched c.p. Ti showed a porous

structure; however, those of acid-etched Ti–7.5Mo

showed flat surfaces with some grinding marks. After

subsequent alkali treatment in NaOH, the surfaces of

both the c.p. Ti and Ti–7.5Mo substrates exhibited

microporous network structures.

(2) After acid etching in H3PO4 or HCl, the water-contact

angles of the surfaces slightly decreased. The water-

contact angles of the surfaces of the c.p. Ti and

Ti–7.5Mo became even smaller after acid etching

and subsequent NaOH treatment. Additionally, the

Ti–7.5Mo surfaces have the lowest contact angles

after HCl etching in combination with the NaOH

treatment.

(3) Apatite began to deposit on acid-etched and NaOH-

treated Ti–7.5Mo within 1 day after immersion of in

Fig. 6 EDS analysis of acid-etched and NaOH-treated c.p. Ti (left)
and Ti–7.5Mo (right) after soaking in SBF for 28 days

Fig. 7 XRD patterns of acid-etched and NaOH-treated c.p. Ti and

Ti–7.5Mo after soaking in SBF for 28 days
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SBF—much faster than in the cases involving c.p. Ti.

After immersion for 7 days, more spheroid particles

with diameters less than 1 lm were observed on

the surfaces of the acid-etched and NaOH-treated

Ti–7.5Mo. After immersion for 14 days, there were

more aggregate spherulites deposited on the surfaces

of HCl-etched metals than on those treated with

H3PO4. After 28 days of immersion in the SBF a

dense and uniform layer was produced on the surface

of all the acid-etched and alkali-treated c.p. Ti and

Ti–7.5Mo samples.

(4) A combination of acid etching and subsequent NaOH

treatment was successfully used to initiate in vitro

apatite formation on the surface of Ti–7.5Mo alloys.

The rate of HA formation was the highest for those

samples etched in HCl.
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