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Abstract

Biomimetic calcium-phosphate (Ca-P) coatings were applied on Ti6Al4V by using simulated body fluids concentrated by a factor

5 (SBF�5). The production of SBF�5 solution was possible by decreasing the pH of the solution to approximately 6 using CO2 gas.

The subsequent release of this mildly acidic gas led to a pH rise and thus, increasing supersaturation. After immersion for 51
2
h a Ca-

P coating on Ti6Al4V plates and a precipitate simultaneously formed at pH=6.8. Sodium chloride (NaCl) and hydrogencarbonate

(HCO3
�) contents were studied in relation to CO2 release and coating formation by changing their individual concentration in

SBF�5 solution. On one hand, NaCl-free or low NaCl-content SBF�5 solution led to the earlier aspecific precipitation in the

solution than for SBF�5 solution. In contrast, Ca-P coating was formed later and was thinner than the coating obtained in regular

SBF�5 solution. High ionic strength delayed precipitation and favored Ca-P heterogeneous nucleation on Ti6Al4V. On the other

hand, HCO3
� content increased the pH of the solution due to its buffering capacity and influenced the release rate of dissolved CO2.

Thus, HCO3
� content strongly affected the supersaturation and Ca-P structure. Furthermore, HCO3

� favored the attachment of Ca-P

mineral on Ti6Al4V by decreasing Ca-P crystal size resulting in a better physical attachment of Ca-P coating on Ti6Al4V substrate.

r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Titanium (Ti) and its alloys are widely used in

orthopedic surgery because of their excellent mechanical

properties that are required for load bearing applica-

tions like hip prostheses or dental plugs. These Ti

implants are often coated with calcium-phosphate (Ca-

P) coatings in order to enhance bone-bonding [1–8].

Furthermore, studies have shown that Ca-P crystals

could nucleate easily on Ti and alloys in vitro [9–13] and

in vivo [14–15] being thereby integrated into bone. In

order to create Ca-P coatings onto Ti and alloys,

different techniques have been developed [16–20].

Currently, hydroxylapatite (HA) coatings are deposited

by plasma-spraying technique onto Ti substrate. Despite

excellent clinical results [1–8], plasma-sprayed HA

coatings have specific drawbacks related to the extre-

mely high processing temperatures and line of sight

application. The biomimetic route is nowadays very

promising for coating implants with Ca-P, overcoming

plasma-spraying drawbacks. The biomimetic process

consists at soaking implants under mild conditions of

pH and temperature into simulated body fluid (SBF)

solutions that have a similar inorganic content as human

blood plasma [20]. Because of these physiological

conditions, it is possible to coat heat-sensible materials

such as polymers, and to cover complex shaped

materials such as porous implants. Furthermore, this

technique allows the covering of implants with new Ca-

P phases [21–22] that could not be produced at high

temperatures. These new biomimetic coatings have

different structures and dissolution behavior depending

on their crystal size and phase composition [23]. These

specific characteristics could be highly beneficial for

bone formation as compared with HA-plasma sprayed

coating. However, the development of such biomimetic

Ca-P coatings was limited by long immersion periods of
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about 7–14 days with daily refreshments for achieving

uniform Ca-P layers on various substrates [20,24–26].

Several studies have shown that chemical treatment of

Ti surface could enhance the deposition of apatite-like

layers [27–29]. Another possibility for shortening the

coating process is by concentrating the SBF solution.

However, SBF solutions are supersaturated at physio-

logical pH and increasing the concentrations is limited

by the low solubility of Ca-P. The idea of our work was

thereby to increase the solubility of Ca-P phases by the

use of a mildly acidic gas-like carbon dioxide (CO2).

Bubbling CO2 allows the preparation of a stable five-

times concentrated SBF (so-called SBF�5 solution).

Once CO2 supply is stopped, the gas is released out of

the solution leading to an increase of pH and thus, to the

formation of Ca-P salt in the solution and onto the Ti

substrate [12]. In this work, we investigated the release

kinetics of CO2 in relation to SBF�5 composition and

Ca-P coating formation. Since ionic strength or ampho-

teric ions are thought to affect gas solubility, we studied

the influence of sodium chloride (NaCl) and hydro-

gencarbonate (HCO3
�) contents on CO2 release. There-

after, we changed individually the concentration of

either NaCl or HCO3
� in relation to Ca-P formation in

the soaking solution and onto Ti alloy (Ti6Al4V)

samples.

2. Materials and methods

Several simulated body fluid solutions were prepared

by changing salt concentrations as summarized in Table

1. All these solutions were derived from the classical

SBF solution [20], in which ion concentrations were

multiplied by five (SBF�5). Overall the experiments, the
chemicals used for the study were reagents grade

(Merck) precisely weighted. Each solution was prepared

by dissolution of the salts into 1000ml of demineralized

water saturated with CO2 gas at approximately 0.2 bar.

The starting point of the experiments was set when CO2

bubbling was stopped (t ¼ 0 h). All the experiments

were performed in a 1.5 l-reactor thermostated at

37711C with a soaking time of 24 h. The solutions

were stirred with a magnetic bar at a speed of 200

rounds per minutes (rpm). The head plate of the reactor

had open ports for a natural exchange of CO2 with air.

2.1. Reference solutions

Prior to investigating the Ca-P coating formation into

highly concentrated SBF solutions, the CO2 release

mechanism was studied in simple media (REF1, REF2,

REF3 and REF4, see Table 1). The CO2 release from a

medium was expected to be influenced by HCO3
�

content and by ionic strength in the solution related to

NaCl content. REF1 solution was simply composed of

demineralized water. REF2 solution contained addi-

tionally NaHCO3 salt in the same concentration than in

SBF�5 solution. REF3 solution had a similar NaCl

content than SBF�5. Finally, REF4 combines similar

ionic strength and [HCO3
�] than SBF�5. The pH of the

REF solutions was recorded every 30min for 24 h with a

combined electrode (pH meter, Portamess). Prior to

measurements, the pH electrode was calibrated at room

temperature with two buffer solutions at pH=4.01 and

7.00 (IUPAC standards, Radiometer Copenhagen).

2.2. Influence of the ionic composition of SBF solution on
the Ca-P coating formation

Various highly concentrated SBF solutions (SBF�5)
were prepared with different NaCl and HCO3

� contents.

SBF�5(NaCl�0) and SBF�5(NaCl�3) were, respec-

tively, an NaCl-free solution and an NaCl-concentrated

by three solutions. On the other hand, SBF�
5(HCO3�0) was HCO3-free solution and SBF�5(HCO3

�3) was a SBF�5 solution, where HCO3
� content was

reduced by three times. Besides HCO3
� and NaCl

contents, leftover salts, i.e. Mg2+, Ca2+ and HPO4
2�

remained similar to SBF�5 (see Table 1). Twenty

Table 1

Inorganic composition (mM) of human blood plasma (HBP), regular simulated body fluid (SBF), reference (REF) solutions and experimental SBF

solutions

NaCl MgCl2 � 6H2O CaCl2 � 2H2O Na2HPO4 � 2H2O NaHCO3

HBP 146.7 1.5 2.5 1.0 27.0

SBF 146.7 1.5 2.5 1.0 4.2

SBF�5 733.5 7.5 12.5 5.0 21.0

REF1 0.0 0.0 0.0 0.0 0.0

REF2 0.0 0.0 0.0 0.0 21.0

REF3 733.5 0.0 0.0 0.0 0.0

REF4 733.5 0.0 0.0 0.0 21.0

SBF�5(HCO3�0) 733.5 7.5 12.5 5.0 0.0

SBF�5(HCO3�3) 733.5 7.5 12.5 5.0 12.6

SBF�5(NaCl�0) 0.0 7.5 12.5 5.0 21.0

SBF�5(NaCl�3) 440.1 7.5 12.5 5.0 21.0
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Ti6Al4V plates were soaked into each solution in order

to investigate the coating formation mechanism.

Prior to the immersion, the Ti6Al4V plates were

ultrasonically and successively cleaned into acetone,

ethanol 70% and demineralized water for 15min. These

plates were then etched for 10min by Kroll’s reagent (a

mixture of 2ml HF (40%) and 4ml HNO3 (66%) in

1000ml of water) in order to create a fresh titanium

oxide (TiO2) layer. The average roughness (Ra) of the

substrate was not affected by etching and remained

around Ra ¼ 0:80 mm. The plates were individually and

vertically fixed to polyethylene sample holders. Finally,

Ti6Al4V plates were soaked into each solution at 371C

for 24 h, while pH was monitored.

A kinetic study was performed by measuring the pH

of the solution, by taking out two Ti6Al4V plates every

hour and by determining visually when the precipitation

occurred in the solution. The pH of the solutions was

recorded in the same conditions as the reference

solutions. The removed Ti6Al4V plates were ultrasoni-

cally cleaned for 10min in demineralized water in order

to eliminate loose particles and to avoid late Ca-P

formation. These samples were then dried overnight in

air at 501C. They were firstly observed macroscopically.

Secondly, after carbon sputtering, these plates were then

observed microscopically using Environmental Scanning

Electronic Microscope equipped with a Field Emission

Gun (ESEM, Philips, model XL-30, 15 keV). Energy

dispersive for X-ray analysis (EDX, Philips) was

performed to check the presence of any Ca-P coating

(data not shown). All the precipitates formed during the

experiments were filtrated through a Whatman paper

no. 5 and dried as previously described. Thereafter,

precipitates were characterized by Fourier transform

infra-red spectroscopy (FTIR, 8 scans, Perkin-Elmer,

Spectrum 1000) and by X-ray diffraction (XRD, Rigaku

Miniflex goniometer). X-rays were produced by a

monochromatic source (Cu Ka, l ¼ 1:54 (A, 30 kV,

15mA). All the XRD patterns were recorded in the

same conditions (scan range: 2y ¼ 3:00–60.001, scan

speed: 2.001/min, scan step: 0.021).

3. Results

3.1. Reference solutions

Fig. 1 exhibits the pH curves versus time for the

various reference solutions. In the case of REF1 and

REF3, the starting pH was rather similar, respectively,

pH=4.06 and 3.75,whereas in the case of REF2 and

REF4, the starting pH was higher, respectively,

pH=6.29 and 5.99. This pH difference was due to the

buffering capacity of HCO3
�. Increasing HCO3

� content

resulted in higher initial and final pH values. Further-

more, the initial pH was slightly lower when the solution

contained more NaCl. This indicated a slightly higher

solubility of CO2 gas for high ionic strength. For REF1

and REF2 solutions, the pH increased quickly with a

rate of, respectively, 0.23 and 0.27 pH-units/h during the

first 6 or 7 h. For REF3 and REF4 solutions, the pH

increased slowly with an initial rate of, respectively, 0.15

and 0.145 pH-units/h. NaCl considerably affected the

pH rise. After 7 h, the pH of REF1 solution reached a

plateau at pH=6.7 indicating that this solution reached

an equilibrium state. In the case of REF2 solution, this

plateau was also observed at approximately pH=8.95

after 20 h. The pH of REF3 evolved even less rapidly at

the end than at the beginning of the experiments. After

23 h, pH remained rather stable at pH=6.55. Similarly,

in the case of REF4 solution, pH increased less rapidly

at the end of the experiment but did not remain stable.

Depending on the HCO3
� and NaCl contents, the pH

evolution was different. This evolution was totally

related to CO2 gas release. Thereafter, it appeared that

NaCl content, i.e ionic strength of the solution

influenced the solubility of CO2 gas while HCO3
�-

content buffered the solutions.

3.2. Influence of the ionic composition of SBF solution on
the Ca-P coating formation

All the results concerning the kinetic study and the

Ca-P structures are summarized Table 2.

3.2.1. SBF�5: solution
As shown in Fig. 2a, the initial pH of SBF�5 solution

was 6.2. During the overall experiment, the pH

progressively increased to pH=8.0 after 24 h. During

the first 4 h, the pH increased with a slope of 0.11 pH-

unit/h. Later on, the pH curve increased more slowly

than at the beginning. Finally, after 24 h of soaking, the
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Fig. 1. pH profile versus time (h) for the various reference solutions:

REF1 (a), REF2 (b), REF3 (c) and REF4 (d).

F. Barrere et al. / Biomaterials 23 (2002) 1921–1930 1923



pH reached 8.0. At t ¼ 51
2
h, the solution became

whitish: a precipitation occurred in the solution. The

XRD pattern of the precipitate exhibited two wide

bumps located at about 2y ¼ 301 and at 2y ¼ 451: These
bumps are characteristic of the broadening of apatitic

diffraction lines indicating a poorly crystallized structure

(Fig. 2b). The FTIR spectrum corroborates the previous

XRD observations. Intense and broad bands assigned to

O–H stretching and bending of H2O were observed at,

respectively, 3435 and 1646 cm�1. Additionally, three

bands were assigned to CO3
2� groups (n3 mode at 1497

and 1428 cm�1 and n2 mode at 868 cm�1). The broad

and one-component bands at 1043 and 560 cm�1

corresponded to the n3 and n4 P–O vibration modes of

phosphate groups (PO4
3�), while the band located at

868 cm�1 corresponded to P–(OH) stretching of HPO4
2�

groups. These featureless PO4
3� bands were character-

istic of a disordered environment. Therefore, the

precipitate formed in SBF�5 is characteristic of a

poorly crystallized or amorphous carbonated Ca-P

phase AmCO3–CaP. Simultaneous to the precipitation

phenomenon, at t ¼ 51
2
h and pH=6.8, a colorful layer

appeared on the Ti6Al4V plates corresponding to a Ca-

P layer. ESEM observations of the final coating after

24 h of immersion in SBF�5 indicated that the plate was
covered by a uniform and dense Ca-P film composed of

Fig. 2. SBF�5 experiment; (a) pH versus soaking time, (b) XRD, (c) FTIR, (d) ESEM photos at magnifications �1000 and �20000.

Table 2

Kinetics of precipitation and coating formations of the various experiments

Experiment Precipitation formation Coating formation Precipitate structure Slope (/h)

pH Time (h) pH Time (h)

SBF�5 6.7 41
2

6.8 51
2

AmCO3–CaP 0.11

SBF�5(HCO3�0) 6.2 18 6.2 18 DCPD 0.15

SBF�5(HCO3�3) 6.8 61
2

6.8 61
2

AmCO3–CaP 0.15

SBF�5(NaCl�0) 6.0 0 7.4 13 CO3–Ap 0.21

SBF�5(NaCl�3) 6.8 41
2

6.8 41
2

AmCO3–CaP 0.17
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globules of 1–5 mm in size (2d). At a high magnification

(�20000), the globules exhibited nanometric spherical

particles indicating that the film was composed of an

amorphous or nanocrystalline apatite.

3.2.2. Influence of sodium chloride
In the case of NaCl-free solution (SBF�5(NaCl�0)),

the starting pH value was 6.0. During approximately the

first 2 h, the pH increased rapidly with a slope of

0.21 pH-units/h. Subsequently, pH remained stable for

11
2
h at pH=6.25 and started to rise again. At the end of

the experiment, pH of SBF�5(NaCl�0) solution

reached 8.0 (Fig. 3a). A precipitation occurred immedi-

ately after adding the salts into SBF�5(NaCl�0)
solution, thus at pH=6.0. As shown in Fig. 3b, XRD

pattern of this precipitate gathered at t ¼ 24 h exhibits

broad diffraction lines. The peak at 2y ¼ 32:061Corre-
1Corresponded to the overlapping of (2 1 1), (1 1 2),

(3 0 0) and (2 0 2) diffraction plans of apatitic structure.

The FTIR spectrum of SBF�5(NaCl�0) precipitate

(Fig. 3c) showed intense and broad bands assigned to

O–H stretching and bending of H2O (3435 and

1646 cm�1), three bands corresponding to CO3
2� groups

(n3 mode at 1497 and 1428 cm�1 and n2 mode at

868 cm�1). PO4
3� groups were located at 1028 cm�1 (n3

mode), at 960 cm�1 (n1 mode) and at 602 and 563 cm�1

(n4 mode). Furthermore, HPO4
2� groups were detected

at 1108 cm�1 (n3 mode). This indicated a Ca-deficient

carbonated apatitic structure. Thereby, SBF�
5(NaCl�0) precipitate has a Ca-deficient carbonated

apatitic structure. After 13 h of soaking, at pH=7.4 a

Ca-P film was detected by EDX on Ti6Al4V substrate.

After 24 h of soaking, ESEM photos of the final coating

showed that this layer was uniform and contained few

globules smaller than 1 mm (Fig. 3d). Ti6Al4V texture

was still visible beneath, indicating a very thin film. At

high magnification (�20000), ESEM photos indicated

that the substrate was uniformly coated with a Ca-P

film. This film contained few cracks and it was

composed of nano-sized Ca-P nuclei.

In the case of SBF�5(NaCl�3) solution

([NaCl]=440mm), the starting pH was pH=6.1. During

approximately the first 6 h, the pH increased rapidly

with a slope of 0.17 pH-units/h (Fig. 3a). Subsequently,

pH increased gradually. A precipitation in SBF�
5(NaCl�3) solution occurred at t ¼ 41

2
h at pH=6.8.

XRD and FTIR spectra (respectively, Figs. 3b and c) of

the final precipitate gathered at the end of the

experiments indicated totally similar features than

SBF�5 precipitate. In other words, the precipitate

formed in SBF�5(NaCl�3) has an amorphous or

nano-crystalline carbonated Ca-P structure. At t ¼ 61
2
h

(pH=6.8), a colorful Ca-P layer appeared on Ti6Al4V

substrate. By ESEM, the final Ca-P layer was dense,

though showing cracks, and it covered homogeneously

the Ti6Al4V plate (Fig. 3d). The Ca-P coating was

composed of numerous Ca-P globules of 1–5 mm in

diameter. At high magnification (�20000), the dense

layer was composed of expanded globules containing

nano-sized particles. No crystals could be detected.

From these two experiments, we could see how NaCl

content can affect the coating structure. Indeed, when

ionic strength is high, it delays precipitation kinetics,

allowing coating formation whereas for low ionic

strength, precipitation occurs shortly leading to apatitic

salts in the solution in detriment to the coating

formation.

3.2.3. Influence of hydrogencarbonate
In the case of HCO3-free solution SBF�5(HCO3�0),

the starting pH was pH=5.3. During the first 10h, the

pH increased with a slope of 0.15 pH-units/h. Subse-

quently, the pH reached a plateau at t ¼ 10 h for

pH=6.7. Suddenly at t ¼ 18 h, the pH dropped until

pH=6.2 at the end of the experiment (t ¼ 24 h)

(Fig. 4a). A precipitation into SBF�5(HCO3�0) solu-
tion started to occur at t ¼ 18 h. XRD pattern of the

precipitate gathered at the end of the experiments

exhibited sharp peaks indicating a highly crystallized

structure. The diffraction lines at 2y ¼ 11:71 and at 2y ¼
29:31 are characteristic of a dicalcium phosphate

dihydrate structure (DCPD, CaHPO4 � 2H2O, Fig. 4b).

FTIR spectrum confirmed previous XRD investigations

that phosphate and hydrogenphosphate bands are

characteristic of DCPD structure (1220, 1134 1074,

1059, 1000 and 986 cm�1 for PaO n3 mode, 874 cm�1

for PaO(H) n1 mode and 525 cm�1 for PaO n4 mode)
(Fig. 4c). Tiny Ca-P crystals appeared on the

Ti6Al4V surface at t ¼ 18 h, simultaneously with the

precipitation. After 24 h of soaking in SBF�5(HCO3�0)
solution, a whitish film covered approximately 50%

of the Ti6Al4V surface. ESEM photos at magnification

�1000 showed that the Ti6Al4V plate was partially

covered with tiny Ca-P crystals of approximately

1–2 mm in size (Fig. 4d). At high magnification

(�20000), this layer seemed to be attached on

some parts to the Ti6Al4V substrate. On other parts,

the crystals seemed to lie on the surface without

anchorage. This could suggest that the crystals were

too large to remain attached on the Ti6Al4V substrate

contrary to the small crystals that remained on the

Ti6Al4V surface.

In the case of SBF�5(HCO3�3) solution ([HCO3]=

12.6mm), the starting pH was pH=5.9. During

approximately the first 6 h, the pH increased rapidly

with a slope of 0.15 pH-units/h. Subsequently, the pH

increased more slowly than at the beginning. At

t ¼ 24 h, pH reached 7.6 (Fig. 4a). A precipitate formed

into the solution at t ¼ 61
2
h (pH=6.8). XRD and FTIR

spectra (respectively, Figs. 4b and c) of the final

precipitate gathered at the end of the experiments

indicated totally similar features than SBF�5 and
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SBF�5(NaCl�3) precipitates. In other words, the

precipitate formed in SBF�5(HCO3�3) has an amor-

phous or nano-crystalline carbonated Ca-P structure. At

t ¼ 61
2
h (pH=6.8), a colorful layer appeared on the

substrate corresponding to the Ca-P coating as indicated

by EDX. The ESEM observations of the final coating

indicated that the coating was dense, though cracks, and

uniformly composed of globules of 0.5–1 mm in diameter

Fig. 3. SBF�5(NaCl�0) and SBF�5(NaCl�3) experiments; (a) pH versus soaking time, (b) XRD, (c) FTIR, (d) ESEM photos at magnifications

�1000 and �20000.
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Fig. 4. Experiments SBF�5(HCO3�0) and SBF�5(HCO3�3), (a) pH versus soaking time, (b) XRD, (c) FTIR, (d) ESEM photos at magnifications

�1000 and �20000.
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(Fig. 4d). At high magnification (�20000), the dense

layer was composed of dense globules connected

together. These globules were composed of nano-sized

particles. No crystals were visible. From these two

experiments, it is suggested that the size of the crystals,

which formed on Ti6Al4V is critical for the homogeneity

of the coating.

4. Discussion

The above experiments have demonstrated the

possibility of producing Ca-P coatings on Ti6Al4V

substrate within less than 24 h from highly concentrated

SBF solutions. Visual observations reveal that the initial

Ca-P film is colorful. This phenomenon is due to visible

light diffraction by the coating thickness. Indeed, the

coating is o1 mm thick, i.e. nearly equal to visible light

wavelength.

4.1. Effect of carbon dioxide supply into solutions

The stability of this highly concentrated solution

(SBF�5) is due to the introduction of an acidic gas. It is
very well known that the solubility of Ca-P salts

increases with a decrease of pH [30]. Dissolution of

CO2 gas (solubility of 33.6mmol/l at 251C) leads to the

formation of carbonic acid H2CO3 (reaction (1)).

Immediately, this acid can be considered totally

dissociated into HCO3
� and CO3

2� species (reactions (2)

and (3)).

CO2 þH2O2H2CO3 ð1Þ

H2CO3 þH2O2HCO�
3 þH3O

þ pK2 ¼ 6:3 ð2Þ

HCO�
3 þH2O2CO2�

3 þH3O
þ pK3 ¼ 10:3: ð3Þ

Under these acidic conditions, it is possible to obtain

stable highly concentrated solution like the SBF�5
solution. Once the CO2 supply is stopped, the system

returns to equilibrium by releasing dissolved CO2 gas to

air. The system, being open, tends to lower the pressure

by releasing into the atmosphere. Thus, the gas release

out of the solution leads to a slow and homogeneous pH

increase following the left trend of relations (1), (2) and

(3) as experimentally observed in the reference solutions

REF1 to REF4. In the case of HCO3-free reference

solutions (REF1 and REF3), the final pH in the solution

remains constant at about 6.7, indicating that all the

CO2 gas has been released. This final pH of the solution

approaches that of pure water. In the case of HCO3-

containing reference solutions, the initial pH was higher

than the HCO3-free solutions due to the buffering effect

of HCO3
�/CO3

2�. In the same way than for HCO3-free

reference solutions, the system returns to equilibrium by

releasing CO2 gas out of the solution. The equilibrium

pH for this system is set according to the equation

applicable for conjugated weak acido-basic couples (4):

pH ¼ 1=2ðpK2 þ pK3Þ: ð4Þ

In the case of H2CO3/HCO3
� and HCO3

�/CO3
2�

couples, the equilibrium pH is theoretically 8.3. The

final pH values of the two carbonated reference

solutions were slightly higher than this theoretical pH

value. This might be due to an additional buffering effect

of the amphoteric ion HPO4
2�. In the case of the various

SBF�5 solutions, the gas release induces a rise in pH.

Progressively, the calcifying solutions reach their super-

saturation point leading to Ca-P precipitation into the

solution. Usually, Ca-P precipitation leads to a decrease

of pH due to H+ release according to the general

reaction (5):

ð10� xÞCa2þ þ 6HPO2�
4 þ 2H2O

2Ca10�xðHPO4ÞxðPO4Þ6�xðOHÞ2�x þ ð6� xÞHþ: ð5Þ

In our experiments, there is a combination of increase

and decrease of pH due, respectively, to CO2 release and

Ca-P formation. The pH drop due to Ca-P precipitation

was not always observed. This decrease in pH might be

compensated by CO2 release. However, a pH drop was

observed for HCO3-free SBF solution (SBF�5
(HCO3�0). Two reasons can explain this phenomenon

in this particular case. The absence of HCO3
� reduces

markedly a buffering capacity of SBF�5 solution, thus

enhancing pH variations especially during Ca-P pre-

cipitation. Furthermore, HCO3
� is known to reduce

apatitic growth rate [31–33]. So in a HCO3-free SBF�5
solution, apatite can precipitate more quickly leading to

a sudden decrease in pH.

4.2. Study of Ca-P precipitation process

The precipitation indicates the stage when SBF�5
solutions reach saturation. From visual observations of

precipitation in the various SBF�5 solutions, we can

define three different groups. Firstly, in the case of

NaCl-free solution, precipitation occurs immediately at

the end of CO2 supply at pH=6.0. Secondly, precipita-

tion occurs at pH=6.8 in the case of low NaCl and

HCO3
� content solutions (SBF�5(NaCl�3) and

SBF�5(HCO3
��3)) and in the case of the regular

SBF�5 solution. Thirdly, in the case of HCO3-free

solution, precipitation occurs at pH=6.2. So, NaCl and

HCO3
� contents affect precipitation kinetics and pre-

cipitate structure. Concerning NaCl influence, i.e. ionic

strength, the reference solutions showed that CO2

content is quite similar for high or low ionic strength.

CO2 is released at a faster rate at a low ionic strength.

Thereby, at the starting point of the experiments,

SBF�5(NaCl�0) solution fizzes to a larger extent than

for all other calcifying solutions. In other words, with

the lower ionic strength, more nucleation sites are
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present in the solution. The increase in nucleation sites

obviously enhances Ca-P precipitation in the solution.

In addition, ionic diffusion is enhanced by low ionic

strength favoring spontaneous precipitation even at a

low pH value of 6.0. Interestingly, by comparing SBF�5
and SBF�5(NaCl�0), despite their similar Mg2+ and

HCO3
� contents (well known as crystal growth inhibitors

[31–35]), the precipitate appears more crystalline than

the precipitate formed with a lower ionic strength than

SBF�5. Indeed, as we saw above, the ionic diffusion is

enhanced by low ionic strength, so crystal growth is

accelerated. It overcomes to a certain extent the

inhibitory effect of HCO3
� and Mg2+. Concerning

HCO3
� content influence, a lack in HCO3

� contents in

the reference solutions leads to a lack of buffer capacity

in the system. So the pH values in HCO3-free solution

are lower than the HCO3-containing solutions. Under

these mildly acidic conditions, this solution is super-

saturated towards DCPD [36–37], which precipitates

following reaction (5).

Ca2þ þH2PO
2�
4 þ 3H2O-CaHPO4 � 2H2OþH3O

þ

ð5aÞ

Additionally HCO3
� species also have an inhibitory

effect on Ca-P formation. It is difficult to compare the

Ca-P precipitation kinetics versus [HCO3
�], because this

concentration strongly affects the pH in the solution and

thus the supersaturation. However, HCO3
� inhibits

apatite crystal growth in favor of poorly carbonated

apatite. According to the position of CO3
2� bands, CO3

2�

groups substitute PO4
3� groups [38–39]. This carbonated

apatite is the so-called type B substitution. This

substitution leads to a distortion of the crystallographic

lattice: a-axis contraction and c-axis extension. These

distortions lead to a low crystallinity of apatite [31–33].

4.3. Study of Ca-P coating process

From the overall experiments, it can be conducted

that Ca-P formed on Ti6Al4V substrate. These various

Ca-P films are formed between 41
2
h and 18 h of

immersion time. Thereby, this process is significantly

accelerated as compared to regular supersaturated SBF

solution buffered at pH=7.4 [20, 24–26]. This fast

deposition indicates that highly supersaturated calcify-

ing solutions accelerate significantly the Ca-P coating

formation on Ti6Al4V substrate. Like the precipitates,

the coating deposition depends on the composition of

the soaking solution. In the case of SBF�5, SBF�5
(HCO3�0), SBF�5(HCO3�3) and SBF�5(NaCl�3),
Ca-P coating forms simultaneously with the precipita-

tion. So, the coating forms when the supersaturation in

the solution is reached. In the case of SBF�5(NaCl�0)
experiment, due to a low ionic strength, Ca-P coating

forms on Ti6Al4V substrate later than precipitation in

the solution. This early and sudden precipitation lowers

markedly the supersaturation of the solution. Thereby,

less ionic species are available in the solution for the Ca-

P nucleation on Ti6Al4V. Furthermore, there is a

competition between the early formed Ca-P salt acting

as seed and, heterogeneous nucleation on Ti6Al4V

surface. When Ca-P forms very fast in the solution,

the competition is detrimental to the coating formation.

This explains the thin Ca-P coating obtained after 24 h

of soaking in NaCl-free solution. Therefore, Ca-P

coating formation on Ti6Al4V depends on the pre-

cipitation kinetics throughout the soaking in SBF�5
solution. If the precipitate appears early in the solution,

then it delays the coating formation process due to a low

remaining supersaturation. Additionally, the amount of

HCO3
� into SBF�5 solution influences Ca-P coating

structure. The heterogeneity and the crystal size of the

coating formed from SBF�5(HCO3�0) suggest that Ca-
P crystal size is also critical for coating stability. When

Ca-P crystals are small, they remain well adhered onto

the substrate, whereas when the layer is composed of

large crystals, the Ca-P layer detaches from the

Ti6Al4V substrate. Indeed, loading forces are greater

for large and vertical crystals than for tiny Ca-P

globules fixed into substrate cavities. It appears that

HCO3
� contributes efficiently to control the Ca-P crystal

size due to apatite crystal distortion and, therefore

physical attachment of Ca-P coating onto Ti6Al4V

substrate.

5. Conclusion

The use of a mildly acidic gas CO2 in a highly

concentrated simulated body fluid solution allowed the

formation of a Ca-P coating on Ti6Al4V within less

than 24 h. This biomimetic method avoids particular

surface treatment for Ti and refreshing of metastable

SBF solutions. The coating deposition kinetics is

influenced by the ionic strength of the solution and

HCO3
� content. NaCl controls the ionic strength of the

solution and thereby, it controls CO2 release, i.e. pH

profile. Furthermore, ionic strength delays Ca-P pre-

cipitation in SBF�5 solution allowing Ca-P to nucleate

on Ti6Al4V. HCO3
� acts as a buffer with the dissolved

CO2 gas. Furthermore, HCO3
� reduces apatite crystal

size of the coating allowing a better physical attachment

on Ti6Al4V substrate. From these experiments, two

important parameters can be highlighted on the

biomimetic Ca-P formation process from SBF�5 solu-

tions. Firstly, precipitation in the solution must be

delayed in order to favor heterogeneous nucleation on

Ti6Al4V. Secondly, Ca-P particles deposited on the

substrate must be nano-sized to remain physically

attached on Ti6Al4V.
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