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In vitro crystallization of octacalcium phosphate
on type I collagen: in¯uence of serum albumin

C. COMBES, C. REY, M. FRECHE
INPT-ENSCT, Laboratoire des MateÂriaux, Equipe Physico-Chimie des Phosphates,
UPRESA 5071, 38 rue des 36 Ponts, 31400 Toulouse, France

The heterogeneous crystallization of octacalcium phosphate �OCP, Ca8H2�PO4�6 � 5H2O� on
demineralized Type I collagen has been studied from metastable supersaturated solutions, at
37 �C and pH� 6.50, using the constant composition crystal growth technique. The induction
period, before OCP crystal growth, varied markedly with the degree of supersaturation of the
solution. The data obtained allowed us to determine the apparent order for the precipitation
and the growth mechanism of OCP on Type I collagen. Infrared spectroscopy analyses
indicated the progressive mineralization of collagen and observations by scanning electron
microscopy con®rmed the development of OCP crystals on the collagen surface. The
in¯uence of bovine serum albumin on both the kinetics of OCP nucleation and growth has
also been investigated. Because this protein was adsorbed on calcium phosphate nuclei, it
exhibited two distinct effects as a function of its concentration in solution. We proposed a
mechanism explaining the interaction between albumin and calcium phosphate nuclei or
crystals and its incidence on the OCP crystallization kinetics. Observations by scanning
electron microscopy revealed a modi®cation of the size and the appearance of crystals grown
on collagen due to the adsorption of albumin on the crystal surface.
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1. Introduction
The calci®cation of implant materials has wide medical

implications in orthopaedic, dental and cardiovascular

surgery. In orthopaedic and dental surgery, it is generally

recognized that apatite formation on implant surfaces is

an essential requirement for osseointegration. In contrast,

failure of bioprosthetic heart valves is often also

associated with the formation of calci®ed deposits [1,

2]. In general, vascular deposits of calcium phosphate

salts are chemically and crystallographically similar to

bone mineral and their formation has been postulated to

result from the hydrolysis of octacalcium phosphate

�OCP, Ca8H2�PO4�6 � 5H2O� [3, 4].

There is no doubt that collagen plays a very important

role in biological mineralization but many non-collage-

nous proteins, such as phosphoproteins, albumin,

sialoproteins, etc., are also involved in this complex

phenomenon and can either contribute to the initiation or,

on the contrary, to the inhibition of calci®cation [5±8].

Because of its biological properties and availability, Type

I collagen is included in some biomaterial formulations.

Up to now, the real origin of normal or pathologic

calci®cation has remained unknown but the implantation

of collagen-based biomaterials requires the knowledge to

control their ability to mineralize [9]. In order to

understand the processes and the mechanisms involved

in the precipitation of biominerals further, in the ®rst part

of this work, we studied the crystallization of OCP on a

demineralized bovine Type I collagen at pH� 6.50 and

temperature, T, equal to 37 �C. We used the constant

composition crystal growth method with supersaturated

solutions at various relative supersaturation ratios in

order to elucidate the kinetics and the mechanism of OCP

crystallization on the organic matrix. We chose to work

at a slightly acidic pH to favour the precipitation of OCP

that has been reported to be a precursor of biological

apatite during bone and tooth mineralization [10±12],

even though this compound has never been identi®ed by

X-ray diffraction (XRD) in bone fractions [13].

In the second part of this work, we present results

concerning the in¯uence of bovine serum albumin (BSA)

at various concentrations on the kinetics of nucleation

and growth of OCP. Albumin is a major component of

blood ± in human blood typical concentrations are about

50 g Lÿ 1 [14] ± and one of the most important non-

collagenous proteins of bone. Several authors have

studied the adsorption of this protein on OCP and

hydroxyapatite [15±17] and pointed out the high af®nity

of serum albumin for calcium phosphate surfaces.

Furthermore, the inhibitory effect of adsorbed albumin

on calcium phosphate crystallization has been demon-

strated [18±20]. It may then be an essential factor in

controlling the development of many biomineralization

processes.

Scanning electron microscopy (SEM) allowed us to

observe the evolution of calcium phosphate crystal

morphology during the nucleation and growth stages in

the presence or in the absence of BSA. Infrared (I.R.)

spectroscopy analyses were performed to follow the

mineralization.
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2. Experimental procedure
2.1. Crystallization experiments
The constant composition crystal growth technique

allows the investigation of nucleation and growth

kinetics from metastable supersaturated solutions at a

sustained thermodynamic driving force. With this

method, developed by Tomson and Nancollas [21], we

worked at supersaturations known with a precision

impossible to achieve with the conventional free drift

technique. The constant composition crystal growth

technique included a 250 ml double-walled glass reactor

thermostated by circulating water, an impulsomat, a pH

meter, two electrically coupled burettes (Metrohm) and a

recorder. The pH changes were detected by a combined

glass electrode and the supersaturated solution was

magnetically stirred. When collagen particles were

added to the metastable supersaturated solution, they

initiated the formation of the ®rst nuclei of calcium

phosphate on their surfaces. When nuclei reached the

critical size, they grew, consuming ions of the solution

and lowering the pH triggering the simultaneous addition

of the two titrant solutions with concentrations such that

their addition exactly compensated for the calcium and

phosphate ions precipitated and maintained the concen-

trations in solution, the pH and the ionic strength

constant. The one burette of titrant solution contained

CaCl2 � 2H2O and KCl, and the other KH2PO4 and KOH.

The burettes were connected to a recorder and from the

plot of the volume of titrant added against time, the

induction time, t (min), and the initial growth rate, Rc

(mol minÿ 1 gÿ 1), were determined. The uncertainties

on the t and Rc determination were estimated to be 30

and 15%, respectively.

All the experiments reported herein were performed

with 100 ml of metastable supersaturated solution at

pH� 6.50+ 0.01 and T� 37+ 1 �C with an ionic

strength of 0.1 mol lÿ 1 and a weight of collagen seed

of 20 mg. The stock solution contained CaCl2 � 2H2O,

KH2PO4 and KCl. The pH was carefully adjusted by the

addition of standard potassium hydroxide solution

�0.1 mol lÿ 1�. The Ca/P ratio of the stock and the titrant

solutions was 1.33. Blank experiments (no seeding with

collagen) were performed to check the stability of the

supersaturated solution.

Type I collagen was extracted from bovine bone and

demineralized by treatment with ethylene-diaminetetra-

cetic acid (EDTA) in the laboratory of Professor

Glimcher in Boston [6]. The powder of demineralized

Type I collagen obtained was preserved at ÿ 20 �C
between experiments.

For the experiments in the presence of albumin, the

BSA (fraction V, 99%, Sigma) was dissolved in the

metastable supersaturated solution before the addition of

collagen.

It is important to note that all experiments were done

with the same batch of collagen and with the same batch

of BSA to ensure good experimental reproducibility.

2.2. Solids characterization
After each experiment, the formation of OCP was

con®rmed by I.R. spectroscopy (Perkin Elmer 1600

FTIR). The suspended collagen was withdrawn, ®ltered

and dried at different stages during the precipitation of

OCP in order to study the modi®cations occurring at the

collagen surface. The morphology of the growing phase

was observed by SEM (Jeol JSM 6400). The formation of

OCP was checked by XRD analyses.

Samples of collagen withdrawn during the nucleation

and the growth processes were, respectively, noted

``t� '' in minutes and ``mOCP=mcolf � '' in per cent (as

the weight of OCP precipitated compared to the initial

weight of collagen powder).

The OCP reference sample, analysed by I.R. spectro-

scopy, was prepared using the constant composition

crystal growth method with the introduction of well

characterized OCP seeds (with Ca/P� 1.33) at pH� 6.50

and T� 37 �C.

3. Results
3.1. Kinetics of heterogeneous

crystallization of OCP on Type I collagen
In the ®rst series of experiments we studied the in¯uence

of the relative supersaturation, s de®ned in Equation 1,

on the nucleation and growth kinetics of OCP on collagen

in order to determine the growth mechanism

s � �IP=Ko
s �1=v ÿ 1 �1�

where IP is the ionic product and Ko
s the solubility

product of OCP, respectively, at 37 �C; v is the total

number of ions in the chemical formula. For OCP, we

considered the reduced formula, Ca4H�PO4�3 � 2:5H2O,

so v � 8.

The experimental results are reported in Table I. In all

cases, an induction period preceded the onset of OCP

precipitation. According to the classical theory, this

period is inversely proportional to the nucleation rate and

corresponds to the time needed to form stable nuclei on

the collagen surface [22]. Fig. 1 illustrates the

dependence of the induction time on the relative

supersaturation ratio. When s increased, t decreased

strongly. Because the critical radius of the nuclei, rc, is

inversely proportional to the supersaturation ratio [22]

(Equation 2), upon increasing the relative supersatura-

tion, the critical nuclei size become smaller.

T A B L E I Induction time, t, and growth rate, Rc, versus the relative

supersaturation ratio of the solution, s

Kinetic parameters

Relative supersaturation ratio t
(min)

Rc106

(mol minÿ 1 gÿ 1

[Ca]a� 2.80, [P]a� 2.10

s� 1.15 350 6.1

[Ca]� 3.00, [P]� 2.25

s� 1.27 153 6.2

[Ca]� 3.20, [P]� 2.40

s� 1.40 120 9.9

[Ca]� 3.60, [P]� 2.70

s� 1.63 62 12.3

[Ca]� 4.00, [P]� 3.00

s� 1.87 26 35.6

aConcentrations [Ca] and [P], are measured in millimoles.
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Consequently the nucleation is favoured and the

induction time is shorter

rc � 2vmg=Dm � 2vmg=�kT lnO� �2�
with O � IP=Ko

s ; where vm is the growth unit volume: g,

the interfacial energy; Dm, the change in chemical

potential for the transition process from supersaturated

solution to equilibrium; k, the Boltzmann's constant

�1.38 10ÿ 23 J Kÿ 1�; T, the absolute temperature, and O,

the supersaturation ratio.

Mineralization reactions controlled by surface pro-

cesses, usually enable the growth rates to be expressed by

the following simpli®ed equation [22]

Rc � C6s6sn �3�
where C is the kinetic constant for a given temperature, s
is related to the number of active growth sites, and n the

apparent order for the precipitation process.

The plots of ln Rc versus lns, presented in Fig. 2, show

a straight line with a slope that gives the global order to

the reaction: n. The average value for n was 3.50 and the

expression of the growth rate, Rc (in mol minÿ 1 gÿ 1) is

Rc � 3:0610ÿ6s3:50 �4�
Several authors who studied the crystallization of various

compounds showed that when n > 2, the growth

mechanism was polynuclear [23]. Moreover,

Heughebaert and Nancollas [24] showed that the

growth of OCP on OCP seed occurs by a polynuclear

mechanism with n � 4.

The suggestion that crystallization of OCP on Type I

collagen proceeds by a polynuclear mechanism is

satisfactory and in agreement with the SEM, observa-

tions (see Fig. 3). Indeed, we observed, at the beginning

of the nucleation stage, many poorly crystallized nuclei

of calcium phosphate on the collagen surface (see Fig.

3b). At the end of the induction period, these nuclei

became more crystallized and the platelets jumbled

together (see Fig. 3c). At the beginning of the growth

process, the platelets were organized in the form of little

``sand roses'', which is the characteristic morphology of

OCP (see Fig. 3d). At later stages, they spread over the

collagen surface until they were joined together to cover

the organic substrate entirely (see Fig. 3e).

We estimated the interfacial energy of the OCP grown

heterogeneously on titanium, from Equation 5, proposed

by Mullin [22], and derived from the expression of the

nucleation rate, which is inversely proportional to the

induction period according to the classical nucleation

theory

1=t � A6 expfÿ�b6g36v2
m�=�k36T36�lnO�2�g

�5�
where A is a constant and b a shape factor (assuming

cubic shaped nuclei b� 32). Considering the reduced

chemical formula of OCP �Ca4H�PO4�3 � 2:5H2O :
vm � 3:0310ÿ28 m3�, we determined the interfacial

energy from the slope of the straight line representing

ln t versus �ln O�2. The calculated value was

ghet � 17:2 mJ mÿ2 and is in excellent agreement with

the interfacial energy g� 17 mJ mÿ 2, calculated by

Heughebaert et al. [25] from kinetic data of the

heterogeneous nucleation of OCP on beta tricalcium

phosphate.

Besides, as the presence of a foreign body or surface

can induce nucleation at degrees of supersaturation lower

than those required for homogeneous nucleation, the

overall free energy change associated with the formation

of a critical nucleus under heterogeneous conditions,

DGhet, must be less than the corresponding free energy

change associated with homogeneous nucleation, DGhom,

according to Equation 6

DGhet � fDGhom �6�
with

DG � b6g36v2
m=�kT lnO�2

where the factor f is less than unity and is related to the

contact angle, y, between the nucleus and the foreign

substrate [22]

f � �2� cos y��1ÿ cos y�2=4 �7�
y is determined by the different interfacial tensions

between the crystal nucleus, the substrate and the

Figure 1 Induction time, t, versus the relative supersaturation ratio, s.

Figure 2 Determination of the apparent order of the reaction; plots of ln

Rc versus ln s.
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solution and depends on the af®nity between the

precipitating phase and the foreign substrate. y varied

between 0 and 180� and the better the contact, the lower

the values of y and f and the greater the nucleation rate.

We estimated y from the calculated interfacial energy for

the heterogeneous nucleation of OCP on demineralized

Type I collagen �ghet � 17:2 mJ mÿ2� and from the

interfacial energy determined from the OCP homoge-

neous crystallization data of Boistelle and Lopez-Valero

[26] �ghom � 60 mJ mÿ2�; y� 35�. This relatively low

value of y indicates that collagen is a good substrate for

the nucleation of OCP.

It should be noted that the estimated interfacial energy

and contact angle are useful parameters to compare

different systems with each other but we cannot consider

them as intrinsic characteristics of a system.

Fig. 4 gathers the i.r. absorbance spectra, in the range

4000±400 cmÿ 1, of collagen samples withdrawn at

different stages during mineralization. We can note a

decrease of C±H and amide vibration bands as

mineralization progresses and, for a growth of 93%,

they represented a very weak absorbance. Besides, when

the percentage of growth reached 93%, the spectrum

presented all the bands characteristic of the phosphate

groups in OCP. We can particularly see the band speci®c

of OCP, at 917 cmÿ 1, corresponding to the stretching of

P±OH in HPO4 groups of OCP. Between 1250 and

400 cmÿ 1, the spectrum of the OCP grown on collagen

(Fig. 4d) and the OCP reference spectrum (Fig. 4e) were

quite superimposable. Nevertheless, we noticed that the

bands for the OCP precipitated on collagen were broader

indicating a less crystallized product.

3.2. In¯uence of albumin
The results concerning the experiments, for a given

relative supersaturation ratio �s� 1.63�, in the presence

of BSA at various concentrations, are reported in Table

II. Fig. 5 shows the effect of albumin concentration on

the induction time. We see that the induction period

increases with the concentration of albumin. For the

typical human serum albumin concentration �50 glÿ 1�
[14], t was ten times higher than in the absence of

albumin.

The effect of the concentration of BSA on the growth

stage is represented in Fig. 6. Rc and Rco
are the growth

rates measured in the presence and in the absence of BSA

in the crystallizing system, respectively. Even though the

shape of the curve is complex, it can be decomposed in

two parts.

Figure 3 Scanning electron micrographs of samples of collagen

withdrawn at different stages during the crystallization of OCP. (a)

osseous demineralized collagen, (b) at the beginning of the nucleation

stage, (c) at the end of the nucleation stage, (d) at the beginning of the

growth stage, and (e) at the end of the growth stage.
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For low BSA concentrations ��BSA�5 10 glÿ 1�, the

BSA favoured the growth of OCP. In this range of

concentrations, the growth rate was strongly dependent

on the BSA concentration. Rc in the presence of about

1 glÿ 1 of BSA was twice as high as Rco
.

For high BSA concentrations ��BSA� � 10 glÿ 1�, the

BSA inhibited the growth of OCP. For the typical human

serum albumin concentration �50 glÿ 1�, we observed a

reduction of Rc of about 65%. The growth rate slightly

decreased as the BSA concentration increased.

It can be noticed that the presence of albumin in the

crystallizing system did not seem to modify the growth

mechanism of the OCP crystals; it was still a

polynucleation mechanism. However, characterization

by i.r. spectroscopy and observations by SEM revealed

some differences between samples of collagen miner-

alized in the absence or in the presence of BSA. Fig. 7

gathered the i.r. absorbance spectra of samples of

collagen mineralized in the absence and in the presence

�40 glÿ 1� of BSA. The phosphate vibration bands, in the

ranges 650±500 and 1250±900 cmÿ 1, were quite super-

imposable. But, the amide bands were more intense,

between 1800 and 1300 cmÿ 1, for collagen samples

mineralized in the presence of BSA compared with those

mineralized in the absence of BSA, showing that the

protein is associated with the growing OCP crystals.

Moreover, the presence of albumin in the crystallizing

system induced a change of the crystals appearance as

observed by SEM (Fig. 8). Fig. 8a,c show the attachment

of the calcium phosphate nuclei to the collagen surface.

In the presence of BSA, the OCP crystallites seemed to

Figure 5 Effect of the concentration of BSA on the induction time, t.

Figure 6 Effect of the concentration of BSA on the growth rate, Rc=Rco
.

Figure 4 I.r. absorbance spectra, in the range 4000±400 cmÿ 1, of

samples of collagen withdrawn at different stages during the crystal-

lization of OCP. (a) demineralized Type I collagen, (b) t� 90 min, (c)

mOCP=mcoll � 16%, (d) mOCP=mcoll � 93%, and (e) OCP reference

sample.

T A B L E I I Induction time, t, and growth rate of OCP, Rc, and

Rrmc=Rco
ratio, versus the concentration of BSA for s� 1.63

([Ca]� 3.6 m mol lÿ 1 and [P]� 2.7 m mol lÿ 1)

[BSA]

glÿ 1

t (min) Rc105

�mol minÿ 1 gÿ 1�
Rc=Rco

(%)

0 42 1.14a 100

1 66 2.30 202

5 106 2.15 189

10 145 0.91 80

20 215 0.51 45

40 333 0.65 57

60 463 0.22 19

aThis value is for Rco
.

Figure 7 I.r. absorbance spectra, in the range 2000±500 cmÿ 1, of

samples of collagen mineralized (a) in the absence of BSA, and (b) in

the presence of BSA ��BSA� � 40 glÿ 1�.
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be less well crystallized and smaller (Fig. 8c). The

micrographs of collagen samples withdrawn during the

growth process were taken at the same magni®cation and

are presented in Fig. 8b,d. In the presence of BSA, the

OCP crystals appeared plate-like, as in the absence of

protein, but they were smaller and showed smooth edges

unlike the crystals obtained without albumin. Besides,

the association of OCP crystals, grown in the presence of

BSA, seems denser. These observations point out the

ability of albumin to interact with OCP crystals.

4. Discussion
Our kinetic data are in good agreement with the work of

Koutsoukos and Nancollas [9] on the crystallization of

OCP on bovine achilles tendon collagen at pH� 7.40 and

37 �C. Their experiments, at high supersaturation,

pointed out the formation of OCP, following well de®ned

induction periods. OCP subsequently hydrolysed to

hydroxyapatite, which is the most stable phase in these

experimental conditions.

With regards to the results presented in this paper, it is

interesting to note that BSA has two opposite effects on

the kinetics of growth of OCP on Type I collagen,

depending on its concentration. Because albumin is

associated with numerous biomineralization processes,

the kinetic study might give a clue to the role played by

this protein in the control of normal and pathological

calci®cation.

We noticed an inhibiting effect of albumin both on the

nucleation and the growth stages. This could be

attributed to the capacity of albumin, ®rstly to complex

calcium ions by its carboxylate groups �COOÿ� and,

secondly to interact and to be adsorbed on organic and

inorganic compounds and especially calcium phos-

phates.

The ability of albumin to bind calcium was tested by

immersing a dialysis bag, containing albumin, in the

supersaturated calcium phosphate solution at 37 �C for

one day. Considering that the pKa of the amino acids is

about 3.6 [27], we calculated the ratio �COOÿ �/�COOH�
at pH� 6.50. Even though COOÿ groups were largely

predominant ��COOÿ�/�COOH� � 794�, in our experi-

mental conditions, we did not detect any appreciable

calcium uptake by albumin during the dialysis experi-

ments. Thus, the complexation of calcium did not seem

to be a determining phenomenon.

The isoelectric points of albumin, collagen and OCP

are 4.5,9 and 7.5, respectively [28±30]. Consequently, at

pH� 6.50, collagen and OCP were positively charged

and albumin was negatively charged, so we can assume

electrostatic interactions between OCP-albumin and

albumin-collagen.

The experimental results emphasized the strong

dependence of the induction time on the albumin

concentration. This phenomenon can be explained

either by considering the effect of albumin on the

collagen substrate or on the OCP nuclei.

The adsorption of albumin at the nucleation sites on

the collagen surface, could reduce the nucleation

capabilities of the substrate and delay the appearance

of the ®rst nuclei. It should be noticed, however, that

albumin is very easily extracted from bone after

demineralization and, therefore, does not bind strongly

to collagen. On the contrary, the adsorption of albumin

on calcium phosphate surfaces is well documented.

Figure 8 Scanning electron micrographs of samples of collagen withdrawn during the nucleation stage (a,c) and (b,d) during the growth stage. (a,b) in

the absence of BSA, and (c,d) in the presence of BSA.
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Indeed, Addadi et al. [31] showed that acidic proteins

like albumin preferentially adsorbed on the (100) face of

OCP crystals. Besides, the adsorption of BSA onto OCP

and its hydrolysates affects the precipitation process of

OCP and its hydrolysis into hydroxyapatite [32]. Taking

all these considerations into account, the modi®cations of

the OCP heterogeneous crystallization kinetics seem

mostly due to the adsorption of BSA on OCP nuclei.

Thus, the attachment of albumin molecules to the

forming mineral surface would slow down the nucleation

process as developing nuclei surfaces could be at least

partly inactivated by the protein coating. For a given

relative supersaturation ratio, this phenomenon might be

limited in solutions with low albumin concentrations, by

depletion of free albumin molecules in solution as more

and more nuclei are covered by the protein with time.

The in¯uence of albumin on the growth rate is more

dif®cult to interpret as two opposing effects have been

brought to light: an increase of the growth rate for low

albumin concentrations and a decrease of the growth rate

for high albumin concentrations. This dual effect of the

additive appears intriguing and indicative of the complex

role a protein may have on crystal growth. This

observation is not isolated and Ebrahimpour et al. [33]

reported the same phenomenon in the case of nucleation

and growth of calcium oxalate at hydroxyapatite surfaces

in the presence of human serum albumin.

At high albumin concentrations, the slowing down of

the crystal growth rate can be attributed to its adsorption

on stable nuclei or on growing crystals as demonstrated

by others [18, 19, 29]. Indeed, in the presence of a large

amount of BSA, albumin molecules are available, in

large quantities, to block the active growth sites on the

growing OCP crystal surface. However, even at very

high concentrations crystal growth never stops, and the

platelet crystal morphology is not fundamentally

altered, indicating that the adsorbed albumin does not

constitute a strong barrier and that ionic species may

still have access to the mineral surface. This behaviour

could be related to dynamic processes at the liquid-solid

interface [16].

The increase of the crystal growth rate at low albumin

concentrations means that the number of stable nuclei on

the collagen surface in a solution containing large

amounts of BSA is higher than in an albumin-free

solution. Several explanations can be proposed: albumin

attached to the collagen surface may act as a nucleating

agent for OCP, increasing the number of nucleation sites.

This type of interaction has been reported for different

proteins in various systems [34, 35]. Nevertheless,

albumin does not seem to interact strongly with collagen,

and despite many studies in vitro and in vivo, adsorbed

albumin has never been suggested as a potential

nucleator of OCP or apatite at the moderate super-

saturations we used in these experiments. Another

explanation could be that the adsorption of albumin

decreases the interfacial energy of the calcium phosphate

nuclei and therefore stabilizes nuclei with smaller radii

than in albumin free solution. The formation of such

small nuclei is easier and their number can thus increase

rapidly. Because they are covered by albumin, however,

they cannot be very active for crystal growth, but they

may grow very slowly during the induction period. At

low albumin concentrations, the adsorption process is not

fast and not ef®cient enough to inhibit all potential sites.

The new mineral surfaces generated by both slow

nucleus development and nucleus multiplication pro-

cesses increases rapidly. Consequently, as the number of

stable nuclei is larger, the crystal growth rate is higher

than in the absence of albumin. With larger amounts of

albumin the protein concentration is so high that its

adsorption is favoured over mineral ion uptake.

This mechanism is supported by the observation of

smaller but more numerous crystals on the collagen

®bers mineralized in the presence of BSA.

The ®ndings illustrate the complex role of proteins in

crystal growth, and adsorbing protein may have positive

effect on crystal development by stabilizing nuclei as

they form and favouring their multiplication and thus, the

emergence of smaller but more numerous crystals. This

phenomenon should be general and not limited only to

albumin. Concerning albumin, it should be remembered

that this protein, at human serum concentrations, is a

strong inhibitor of crystal growth. Although most

nucleation experiments to test the ability of biomaterials

to induce apatite formation in body ¯uids use simulated

body ¯uids (SBF), the data reported here show clearly

that proteins, especially albumin, which is the major

protein of blood, may strongly affect nucleation ability

and crystal growth. Thus, we wonder if, in addition to its

mineral composition, SBF should not also contain

albumin to mimic biomineralization processes more

closely [36].

As the crystallization of OCP occurred rapidly on the

collagen surface, we can assume that the mineralization

did not take place within the collagen ®brils. In order to

con®rm this assumption, we will have to complete this

work by transmission electron microscopy observations.

In order to gain further understanding of biomineraliza-

tion, it would also be interesting to work close to

physiological conditions.
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