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Abstract Biomimetic calcium phosphate (Ca–P) coatings

improve the osteoconductivity of orthopedic implants and

show promise as slow delivery systems for growth factors.

This paper compares the structure and composition of

biomimetic coatings on flat titanium coupons and on Ti

wires/thin pins that are often used as model implants in

small animal in vivo models. Ca–P coatings were grown on

alkali-treated Ti substrates using a two-step deposition

procedure. The coatings on wires consisted of a surface

layer of octacalcium phosphate (OCP) and a layer of Ca-

deficient hydroxyapatite (CDHA) underneath. The coating

thickness and the proportion of CDHA decreased with

increasing wire diameter. The coatings on flat coupons

were the thinnest, and were comprised almost entirely of

OCP. A mechanism of successive formation of the CDHA

and OCP phases based on the interplay between nucleation,

growth and hydrolysis of OCP crystals as a function of

changing local supersaturation is proposed.

1 Introduction

Ca–P coatings are often applied onto the surface of

orthopedic implants made of titanium alloys in order to

enhance bone bonding and subsequent fixation of the

implant [1, 2]. A method widely used for the deposition of

Ca–P layers (mostly hydroxyapatite, HA) is plasma

spraying. Being a line-of-sight method, however, plasma

spraying is unsuitable for coating complex-shape and

porous implants. Moreover, the high temperatures of the

process prevent incorporation of drugs and bone-growth

stimulating factors into the Ca–P layers. These limitations

don’t exist in the biomimetic approach where Ca–P coat-

ings are deposited from simulated body fluids at the

physiologic temperature and pH. Biomimetic coatings

comprising different Ca–P phases (notably hydroxyapatite,

HA, and octacalcium phosphate, OCP) were obtained by

different groups depending on surface pretreatment and

composition of the soaking solutions [3–6]. Given the

varying solubilities of different Ca–P compounds, different

bone-bonding and bone-healing capabilities may be

expected from these coatings.

The group of de Groot has developed a two-step bio-

mimetic coating route where the substrate is immersed

successively in 5-times concentrated simulated body fluid

(SBF) under high-nucleation conditions, and in a super-

saturated solution of calcium phosphate [7–9]. They have

demonstrated that such biomimetic coatings grown on flat

Ti plates consist of a single-phase OCP layer [7, 8]. The

method was also used to coat porous sintered Ti and tra-

becular Ta bone scaffolds however the influence of sub-

strate geometry on the biomimetic deposition process has

not been studied. The 3D structure of a bone scaffold is

comprised of thin wires/struts, and the Ca–P coatings

formed on wires are not necessarily identical to those on

flat surfaces. Moreover, Ti wires/thin pins are used as

model implants in in vivo small animal studies. Thus, thin

Ti pins are often implanted into rat tibiae or maxillae to

evaluate the effect of coatings and other surface modifi-

cations on new bone formation and bone bonding around

titanium orthopedic and dental implants [10–14]. If a bio-

mimetic coating is to be studied in such rat model, it is

paramount to make sure that the Ca–P coating on the small

wire/pin rat implant closely replicates the one on the real
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large scale implant in terms of phase composition and

microstructure.

The purpose of the present paper is, therefore, to study

Ca–P coatings biomimetically deposited on Ti wires and to

show that they differ from the biomimetic coatings grown

on flat Ti surfaces. The deposition method developed by de

Groot et al. [7] provided a useful starting point for our

work, though differences in surface preparation procedure

used may alter the coating structure and phase composition.

Moreover, in an effort to get a deeper insight into the

process of coating formation, deposition from solutions

with different pH and Ca2? concentrations was carried out.

The Ca–P layers obtained were extensively characterized

and a detailed picture of the coating structure on wires and

flat surfaces has emerged.

2 Materials and methods

Ti wires (0.2 and 1 mm diameter) and Ti foil (0.2 mm

thickness) were purchased from Performance Materials and

Alloys Ltd. (NJ, USA). Salts for SBF preparation, HCl,

phosphate buffer (pH = 7) and Soybean Trypsin Inhibitor

were purchased from Sigma Chemical Co.

Prior to biomimetic coating deposition, all wires and

foils were pretreated by soaking in 5 M NaOH at 60�C for

24 h [15, 16]. The surface of the alkali treated wire was

characterized by X-ray Photoelectron Spectroscopy, XPS

(Thermo VG Scientific Sigma Probe) and Secondary Ion

Mass Spectrometry, SIMS depth profile analysis (Cameca

ims4f).

Biomimetic calcium phosphate coatings were prepared

by first priming the samples in five times concentrated

simulated body fluid (SBF1) for 24 h, followed by soaking

in SBF2 (2 times concentrated in terms of Ca and P) [7].

The compositions of SBF1 and SBF2 are given in Table 1.

Two types of SBF2 soaking experiments were per-

formed. In Experiment 1, a 40 cm long 0.2-mm-diam. wire,

an 8 cm long 1-mm-diam. wire and a 15 9 8.5 mm2 foil

(all having the same surface area of *250 mm2), either

alkali-treated or alkali-treated ? SBF1-primed, were

soaked, each one separately, in 50 ml SBF2 at 37�C for

1–24 h. In Experiment 2, a 10 cm long 0.2-mm-diam. wire

and a 16 9 18 mm2 foil (both alkali-treated ? SBF1-

primed) were immersed together in 50 ml SBF2 at 37�C,

for up to 24 h. The latter experiment was also repeated

under conditions of continuous stirring at a speed of

50 rpm.

The coated foils and wires were characterized in a high

resolution SEM (HRSEM) LEO 982 and by X-ray dif-

fraction (XRD). For coating thickness measurement, foils/

wires were carefully cut with sharp scissors. Coating

thickness after each treatment was measured in HRSEM, in

five different locations on at least two samples. For XRD

analysis, an automatic powder Philips PW-1820 diffrac-

tometer with a long-focus CuKa tube operating at 40 kV

and 40 mA was used. Step scans were taken with a 0.02�
step and a 5 s exposure. Some coatings were mechanically

peeled off the wires and characterized by FTIR spectros-

copy (Bruker Equinox 55, transmittance mode) using the

conventional KBr pellet methodology. The samples were

weighed before and after biomimetic deposition, and the

coatings’ density was calculated based on their weight and

thickness (as measured in SEM).

3 Results

3.1 Alkali treatment of Ti substrates

Alkali treatment of Ti wires resulted in the formation of a

nano-porous network surface structure, Fig. 1. XPS anal-

ysis detected significant amounts of Na and O (in addition

to Ti) near the wire surface suggesting the formation of

Table 1 Ionic composition of SBF1 and SBF2 solutions

mM Na? Ca2? Mg2? Cl- HPO4
2- HCO3

- SO4
2- pH Buffer

SBF1 719.9 12.5 7.5 724.0 5.0 21.0 2.5 6.8

SBF2 140.0 4.0 0.0 144.0 2.0 0.0 0.0 7.2 Tris–HCl

Fig. 1 HRSEM micrograph of alkali treated Ti wire
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a sodium titanate hydrogel layer similar to the one reported

for alkali-treated flat Ti coupons [16]. According to SIMS

depth profiling, Fig. 2, the layer thickness was about

500 nm. Titania hydrogel was reported to be negatively

charged in SBF solution thus stimulating Ca–P crystal

nucleation by attracting Ca2? ions to the substrate [17].

Moreover, structural similarity has been observed between

titania hydrogel and Ca–P layers deposited from SBF1,

Fig. 3.

3.2 Priming alkali-treated Ti by soaking in SBF1

HRSEM micrograph in Fig. 3 shows the calcium phos-

phate layer produced on the surface of the alkali treated Ti

wire after 24 h soaking in SBF1. The layer is 3.5 ± 0.5 lm

thick, and its XRD pattern, Fig. 4a, features broad bands

typical of nano-crystalline hydroxyapatite [18]. Charac-

teristic splitting of the orthophosphate absorption bands at

600–560 cm-1 in the FTIR spectrum, Fig. 4b, confirms the

crystalline nature of the layer [19]. In addition, carbonate

bands can be detected in the spectrum suggesting the for-

mation of carbonated nanocrystalline HA (nano-CHA).

Similar nanocrystalline HA layers with grain size less than

20 nm were reported for electrochemically alkali-treated

Ti6Al4V samples immersed in simulated body fluid with

Ca2? and HPO4
2- concentrations enhanced by a factor of

five [20].

3.3 Soaking 0.2 mm diam. Ti wires in SBF2

Soaking SBF1-primed 0.2-mm-diam. wires in SBF2

(Experiment 1) for relatively short time periods (4 and 8 h)

resulted in the formation of a finely porous uniform Ca

phosphate layer on top of the preformed nano-CHA,

Fig. 5a, c. According to the XRD analysis, the layer is a

single-phase hydroxyapatite, HA, Fig. 6a. After longer

immersions in SBF2 (16 and 24 h), an additional layer

Fig. 2 SIMS depth profile of alkali treated Ti wire, indicating the

formation of *500 nm thick hydroxylated sodium titanate surface

layer

Fig. 3 HRSEM micrographs of Ca–P layer on Ti wire after soaking

in SBF1 for 24 h

Fig. 4 XRD pattern (a) and FTIR absorbance spectrum (b) of Ca–P

layer formed on Ti wire after soaking in SBF1 for 24 h
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started to grow on top of the HA, Fig. 5b, d. This layer has

a plate-like morphology, distinctly different from that of

HA both in the plan-view and cross-section. As estimated

by EDS, the Ca/P ratio of the surface (plate-like) layer was

somewhat lower than that of the HA layer underneath.

XRD pattern of the wires with the two-layer Ca–P coating,

Fig. 6b, contains, in addition to the HA peaks, several

characteristic peaks of octacalcium phosphate, OCP, sug-

gesting that the topmost layer with the plate-like mor-

phology is OCP. FTIR spectra in Fig. 7 confirm the XRD

results, as the 1030–1130 cm-1 orthophosphate (P–O)

band shows a more distinct separation of peaks after 24 h

deposition (Fig. 7b) than after 8 h deposition (Fig. 7a) due

to the presence of OCP in the former coating [19]. The

P–OH peaks corresponding to bivalent phosphate, HPO4
2-

(at 870 and 920 cm-1) are detected in the spectrum of the

single-phase HA coating (8 h deposition) suggesting that

the HA formed is a Ca-deficient compound, Ca10-x

(HPO4)x(PO4)6-x(OH)2-x (CDHA). Unlike its stoichiom-

etric counterpart, Ca10(PO4)6(OH)2, CDHA is soluble in

the body fluids, and its solubility increases dramatically

with decreasing Ca/P ratio [21]. CDHA is indistinguishable

from the stoichiometric HA by XRD analysis, however,

unlike the stoichiometric HA, it will decompose on heating

to 740�C into b-tricalcium phosphate, Ca3(PO4)2 (b-TCP)

and stoichiometric HA according to the reaction [22]:

Ca10�x HPO4ð Þx PO4ð Þ6�x OHð Þ2�x

! 1� xð ÞCa10 PO4ð Þ6 OHð Þ2þ 3xCa3 PO4ð Þ2þ xH2O

ð1Þ

The XRD pattern of HA-coated Ti wire (8 h in SBF2)

annealed at 740�C for 30 min is shown in Fig. 8. The only

phase detected is b-TCP implying that the HA

layer is Ca-deficient with x value close to unity:

Fig. 5 HRSEM micrographs of

Ca–P coatings obtained on

SBF1-primed Ti substrates after

soaking in SBF2 (Experiment

1): a,c—0.2-mm-diam. wire,

8 h; b,d—0.2-mm-diam. wire,

24 h; e—1-mm-diam. wire, 8 h;

f—flat coupon (foil), 8 h. a,b—

plan-view; c–f—cross-section.

Note the same magnification in

c, e and f
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Ca9(HPO4)(PO4)5(OH). The Ca/P ratio of such CDHA is

*1.5, and its solubility is comparable to that of b-TCP

[23].

As can be seen in Fig. 9, the CDHA layer on 0.2-mm-

diam. wires grows almost linearly, and its growth stops

when the OCP layer starts to form. The growth rate of OCP

decreases with time and practically no layer thickening is

observed after 24 h deposition. By the end of this period,

the pH of SBF2 drops from 7.2 to *6.9. Both the CDHA

and OCP layers were found to be very porous, with the

apparent density of 0.85 and 0.60 g/cm3, respectively,

which corresponds to *70% porosity for CDHA and

*80% porosity for OCP.

Soaking bare alkali-treated 0.2-mm-diam. wires (not

primed in SBF1) in SBF2 for up to 24 h yielded Ca–P

coatings similar to those grown on the SBF1-primed wires.

The thickness and growth kinetics of Ca–P coatings on the

two types of wires were almost identical, Fig. 9.

Increasing the acidity of SBF2 (by adding HCl) resulted

in the formation of thinner coatings on wires with less HA

and more OCP: (12 lm HA ? 16 lm OCP) and (1 lm

HA ? 25 lm OCP) after 24 h deposition at pH 7.0 and

6.8, respectively. Decreasing the concentration of Ca2? in

SBF2 from 4 to 3.5 mM had a similar effect yielding

(24 lm HA ? 13 lm OCP) after 24 h immersion. No

continuous coating was formed at Ca2? concentration of

3 mM with separate islands of OCP observed on the wire

surface.

Fig. 6 XRD patterns of SBF1-primed Ti wires after 8 h (a) and 24 h

(b) soaking in SBF2 Note the absence of OCP peaks in a

Fig. 7 FTIR absorbance spectra of Ca–P coatings obtained after 8 h

(a) and 24 h (b) soaking in SBF2

Fig. 8 XRD pattern of SBF1-primed Ti wires soaked in SBF2 for 8 h

and annealed at 740�C, 30 min. Decomposition to b-TCP upon

annealing indicates that the initial HA layer is Ca-deficient

Fig. 9 Thickness of the CDHA layer and of the entire

CDHA ? OCP coating on SBF1-primed 0.2-mm-diam. (solid lines)

and 1-mm-diam. (dashed lines) Ti wires, on SBF1-primed Ti foils

(dotted lines) and on 0.2-mm-diam. Ti wires non-primed in SBF1

(dash-dot lines) versus immersion time in SBF2
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3.4 0.2 mm versus 1 mm diam. wires versus flat

coupons

The growth of CaP coating on a 1-mm-diam. wire or a flat

coupon (foil) immersed separately in SBF2 (experiment 1)

followed the same pattern as for the 0.2-mm-diam. wire

albeit at a measurably slower pace, Fig. 9. It can be seen

that at any time point, coating thicknesses, b, are related as

b0.2 [ b1 [ bflat. The smaller the curvature, the sooner the

OCP layer starts to form: after 8 h soaking, no OCP layer is

detected on a 0.2-mm-diam. wire whereas such a layer is

clearly seen on a 1-mm-diam. wire, Fig. 5e. On a flat

surface, the OCP layer starts to appear even earlier and

constitutes, after 8 h soaking, the major component of the

coating, Fig. 5f.

The effect of surface curvature was also clearly

observed when a 0.2-mm-wire and a flat coupon were

immersed together in SBF2 (Experiment 2). It can be seen

in Fig. 10 that despite being immersed in the same

solution, the coatings on the wire and flat surface differ

both in thickness and interrelation of the HA and OCP

phases: the coatings on flat are thinner and have a signifi-

cantly lower proportion of the HA phase.

When Experiment 2 was conducted in the agitated SBF2

solution, single-phase HA coatings of comparable thick-

ness were obtained on both foil and wire. No OCP layer

was detected even after 4 days immersion.

4 Discussion

Biomimetic coatings of different thickness and composi-

tion were grown on Ti substrates, depending on surface

geometry and deposition conditions (pH and [Ca2?] of

SBF2 and stirring). After 24 h soaking in non-agitated

SBF2 (pH 7.2), the coatings consisted of two distinct

layers: the surface layer of large plate-like OCP and the

fine-grained layer of Ca-deficient hydroxyapatite (HA)

underneath. Such double-layer HA/OCP coatings were

formed on SBF1-primed plates and wires (on top of the

preformed nano-CHA film), as well as on bare alkali-

treated wires. The HA layer is the first to be formed since

it is the only one observed after short soaking times (up to

8 h for wires and up to 1 h for plates). At the later stages,

the growth of HA is halted and the OCP layer starts to

grow, apparently due to some change in the precipitation

conditions. The early formation of the thermodynamically

stable apatite phase seemingly contradicts the well known

fact that in solutions supersaturated with respect to both

HA and OCP, the precipitation of OCP is kinetically

favored [24]. It has been reported by many authors that

HA wouldn’t form directly from solution but only via a

precursor, with OCP often suggested as a transitional state

during the formation of HA, both in biological minerali-

zation and in vitro [24, 25]. It is, therefore, believed that

in our case, too, the apatite phase is not precipitated

directly from the solution but through the OCP interme-

diate. To explain the early formation of the HA layer, the

following mechanism of biomimetic deposition is pro-

posed. The process starts with the formation of OCP

according to [7]:

8Ca2þ þ 6HPO2�
4 þ 5H2O ! Ca8H2 PO4ð Þ6�5H2O

þ 4Hþ

ð2Þ

We hypothesize that initially the SBF2 solution is highly

supersaturated with respect to OCP: the nucleation rate is

higher than the crystal growth rate and OCP precipitation is

dominated by nucleation. As a result, a large amount of

very fine OCP crystals are formed that are transformed into

HA by a hydrolysis reaction [26]:

Fig. 10 Cross-section HRSEM micrographs of Ca–P coatings on

SBF1-primed 0.2-mm-diam. wire (a) and flat coupon (b) soaked

together in SBF2 for 24 (Experiment 2). Note the smaller coating

thickness and the lower fraction of CDHA on the coupon
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Ca8H2 PO4ð Þ6�5H2O þ 2Ca2þ

! Ca10 PO4ð Þ6 OHð Þ2þ 3H2O þ 4Hþ ð3Þ

Due to their nanometer size and plate-like shape, the

hydrolytic conversion of OCP crystals into HA is very

rapid and complete, so that no traces of OCP are detected

in the corresponding XRD patterns (e.g. Fig. 6a). Similarly

to many previous reports [27–29], the product of OCP

hydrolysis in our case has a Ca/P ratio lower than that of

the stoichiometric HA. Both the precipitation of OCP

intermediate and its hydrolysis into HA according to the

above reactions acidify the solution (produce H?) which is

consistent with the pH decrease measured in our experi-

ments. The gradual thickening of the HA layer leads to

depletion of Ca2? ions from the solution which, together

with the lower pH, makes the solution less supersaturated

with respect to OCP. Both the nucleation and crystal

growth rates decrease with decreasing supersaturation, the

effect being much stronger for the nucleation rate [30].

Eventually, a certain critical supersaturation, Scr, is reached

where the nucleation of OCP becomes impossible and

crystal growth becomes the dominant mechanism of OCP

formation. The growing OCP crystals with typical plate-

like morphology [31] constitute the second layer of the

biomimetic coating. The hydrolytic transformation of large

OCP plates into HA becomes difficult because of the slow

kinetics of reaction (3) consisting of calcium diffusion into

the hydrolyzing crystal and the removal of water molecules

[25], as well as the depletion of Ca2? ions required for the

reaction. Nevertheless, it is reasonable to believe that some

hydrolysis takes place and that the large plate-like crystals

consist of OCP in the central part and a thin layer of HA on

the surface. This assumption is supported by the low

intensity of the OCP peaks in XRD patterns of coatings

with thick ‘OCP’ layers (e.g. Fig. 6b). To summarize, the

growth of fine-grained Ca-deficient HA layer continues as

long as the supersaturation of SBF2 is sufficiently high for

OCP precipitation, and it gives way to the growth of plate-

like OCP when the supersaturation drops below a certain

critical value.

The proposed mechanism of the two-layer HA-OCP

coating formation is confirmed by the results of immer-

sions in SBF2 solutions with lower initial pH or lower

[Ca2?]. Given the fact that the solubility of Ca–P com-

pounds depends on acidity, the supersaturation of precipi-

tating solution with respect to OCP can be controlled not

only by the Ca2? content but also by pH [32, 33]. SBF

solutions with lower [Ca2?] or lower pH are less super-

saturated and thus should favor OCP crystal growth over

nucleation. Indeed, thinner HA layers (growing by nucle-

ation and subsequent hydrolysis of OCP) and correspond-

ingly thicker plate-like OCP layers were observed when

biomimetic deposition was conducted at [Ca2?] \ 4 mM

(3.5 and 3 mM) or pH \ 7.2 (7 and 6.8). Stirring the

supersaturated SBF2 solution enhances nucleation rate and

disrupts crystal growth [34] thus leading to the formation

of a single fine-grained HA layer.

As mentioned above, thick biomimetic Ca–P coatings

can be grown on alkali-treated Ti wires even without

priming in SBF1. The main difference in the kinetics of

Ca–P growth on SBF1-primed and on bare alkali-treated Ti

wires is the presence of a short incubation period in the

latter case, Fig. 9.

The markedly different results obtained for wires of

different diameter and flat coupons having the same total

surface area, and for wires and flat coupons immersed

together in SBF2 suggest that the growth of Ca–P layer is

controlled not only by the general supersaturation of the

immersion solution but by the local supersaturation at the

substrate surface as well. Since the surface area per unit

length of the 1-mm-diam. wire is larger than that of the 0.2-

mm-diam. wire, more Ca2? and phosphate ions are

required to build a Ca–P layer of a fixed thickness on the

1-mm-diam. wire. As a result, the solution around the

1-mm-diam. wire is depleted of these ions faster and Ca2?

concentration drops to the critical supersaturation degree,

Scr, sooner than around the 0.2-mm-diam. wire. This

explains why the OCP layer on the 1-mm-diam. wire is

observed after shorter immersions than for the 0.2-mm-

wire. A flat coupon may be considered as a wire with infi-

nite diameter, therefore Scr is reached even faster and there

is hardly time for a layer of HA (hydrolyzed nanoscale

OCP) to be formed before the layer of plate-like OCP starts

to grow. It must be for this reason coupled with the lower

pH (7.05) that no HA layer was observed by Barrère et al.

[7] on Ti6Al4V plates following immersion in SBF2. Agi-

tating the SBF2 solution eliminates concentration gradients,

enhances nucleation rate and disrupts crystal growth, which

leads to the formation of similar single-phase HA layers on

both Ti wires and flat samples. It is worth noting that dif-

ferent crystallization conditions (and, possibly, other coat-

ing morphologies) could be expected for porous scaffolds

that are built of a large number of wire-like struts and have

much more surface area than a single wire.

5 Conclusions

The main thrust of the present work was to compare the

structure of biomimetic calcium phosphate coatings on Ti

wires of different diameter and on flat Ti coupons. The

results show that different calcium phosphate phases hav-

ing different solubilities in the body fluids, different surface

morphology and correspondingly different bone-building

potentials can be obtained depending on the substrate
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geometry and deposition time. The main conclusions are as

follows:

1. The phase composition of biomimetic Ca–P coatings

deposited on alkali treated thin wires is different from

those deposited on similarly pretreated flat coupons.

While the coatings on flat surfaces are comprised

almost entirely of plate-like octacalcium phosphate

(OCP), the coatings on wires consist of a fine-grained

hydroxyapatite (HA) layer after short deposition times,

and of a layer of plate-like OCP on top of the HA layer

after longer immersions.

2. Biomimetic Ca–P coatings on thin wires grow faster

and are thicker than the corresponding coatings on flat

coupons.

3. The hydroxyapatite layer on wires and on flat coupons

is Ca-deficient with the composition close to tricalcium

phosphate (TCP).

4. According to the proposed mechanism, biomimetic

deposition of Ca–P proceeds in three stages: (1)

precipitation of the kinetically favored OCP phase

under rapid nucleation conditions (high initial super-

saturation); (2) instantaneous hydrolysis of very fine

OCP crystallites into a more stable Ca-deficient HA

phase; (3) OCP crystal growth under slow nucleation

conditions. Stage (3) starts when supersaturation drops

below a certain value due to depletion of Ca2? from

the solution and a drop in pH value leading to the

formation of large OCP plates stable towards further

hydrolysis to HA. The difference in thickness and in

OCP/HA proportion for biomimetic Ca–P coatings on

wires with different diameters and flat coupons is

explained by different local supersaturation conditions

at the solution/Ca–P layer interface.
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