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Calcium phosphates are one of the most important biogenic minerals found in living organisms. Recent

studies have suggested a non-classical mineralization pathway, which emphasizes the amorphous

calcium phosphate (ACP) as a precursor phase during biomineral crystallization. However, its precise

mechanism in mineralization is still poorly understood. Here, we found the aggregation state of ACP

affected the nucleation of hydroxyapatite (HAP), which was controlled by collagen-I fibrils in simulated

body fluids (SBFs). Our experiment reveals that at low supersaturation, collagen-I fibrils can prevent the

self-aggregation of ACP precursor nanoparticles, thus promoting HAP heterogeneous nucleation by

increasing the effective surface area of ACP. However, at high supersaturation, the aggregation state of

ACP didn't change, and the nucleation rate of HAP kept almost the same. This finding suggests that the

aggregation of ACP plays an important role in controlling HAP nucleation kinetics, which follows a new

strategy to promote the biomineralization process.
1. Introduction

Biomineralization is a biological process to form hard tissues
such as teeth, bone, and shells in mammals.1 Study of bio-
mineralization not only facilitates the synthesis of biomimetic
materials more effectively, but also helps to understand
fundamental theories of biology. Nucleation is the rst step in
crystallization, thus it determines the size distribution, poly-
morphism and crystallization pathway of crystallites.2 In the
scenario of the classical nucleation theory (CNT), the nucleation
processes are understood as chain reactions of monomers in
solution.3 However, the actual nucleation pathways are more
complicated than CNT in some crystallization systems.4–6 Take
the crystallization of hydroxyapatite (HAP, Ca5(PO4)3OH),
a model crystal for bone and dentin mineral phases,7,8

increasing evidence supported that the mineralization of HAP is
via a transient amorphous calcium phosphate (ACP, Ca3(PO4)2)
phase both in vitro9,10 and in vivo.11,12 So the key issue to
understand the nucleation of HAP is to know how ACP trans-
forms into HAP and how to control HAP nucleation rate.
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However, the mechanism of how ACP transforms into HAP is
still challenged from several points of view,13 such as the
dissolution–reprecipitation mechanism, reorganization of Pos-
ner's clusters, and the surface-mediated transformation mech-
anism. Therefore, studying on the ACP mediated HAP
nucleation pathway and mechanism is very necessary and has
a profound signicance in biomineralization. In previous work,
primary nucleation of HAP on ACP-solution interface has been
conrmed both by TEM observations14,15 and nucleation
kinetics data.16,17 So, in principle, increasing the surface area of
ACP nanoparticles will promote HAP nucleation. However, this
hypothesis has never been proven directly. To corroborate this,
one needs to change the surface area of ACPs while keeping
other conditions almost the same (the solution pH and the
composition of solution, i.e. the soluble species), and compare
the nucleation rate with the surface area. Whereas, it's hard to
control the aggregation state of ACPs unless introducing strong
additives. Polyelectrolytes are known to be used to obtain well
dispersed ACPs,18,19 but water-soluble polyelectrolytes have
a strong effect on the precipitation and dissolution of calcium
phosphate.20,21 In previous work, we found that the soluble
polymers (non-collagenous) inhibit HAP nucleation by absor-
bed on ACP surface, thus decrease the surface area of ACP
reacting with Ca2+.17 However, in this work, we used assembled
collagen-I brils (insoluble in our system) to control the
aggregation of ACPs, thus increase the surface area of ACP
directly. Furthermore, the effect of soluble additives can be
avoided in this system. Whereas, it's well documented that
collagen-I brils play a dominant role in intra-brillar
RSC Adv., 2017, 7, 25497–25503 | 25497

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra02208e&domain=pdf&date_stamp=2017-05-11
http://orcid.org/0000-0002-2308-6383
http://orcid.org/0000-0003-0327-7622
http://orcid.org/0000-0003-2933-7582
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra02208e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007041


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

01
7.

 D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 1
0:

52
:4

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
mineralization of HAP in synergy with non-collagenous proteins
(NCPs) or NCP-mimetic polyelectrolytes.9 In our system collagen
brils have no effect on intra-brillar mineralization without
NCP. We found that HAP nucleation rate was promoted by
increasing the surface area of ACPs in simulated body uids
(SBFs),22,23 which corroborated the hypothesis of surface
nucleation model directly.

2. Experimental
Chemicals

All chemicals were analytical grade and were purchased from
Aladdin Reagent (Shanghai, China) unless specically
mentioned. Double distilled water was used and all solutions
were ltered through 0.22 mm Millipore lms prior to use.

HAP crystallization

Calcium (Ca) solutions contained CaCl2 and MgCl2, and phos-
phate (P) solutions contained Na2HPO4, Na2SO4, NaCl, KCl, N-2-
hydroxyethylpiperazine-N0-2-ethane sulfonic acid (HEPES,
GenomBioMed Technology Inc., Hangzhou, China). SBF solu-
tions that mimicking physiological uids was obtained by
rapidly mixing of equal volumes of designated Ca and P solu-
tions, and the concentrations of each species were listed in
Table S1 in ESI.† The solution pH curves were monitored by
a PHSJ-3F pH meter with E-201-C composite electrode (Leici
Instrument, Shanghai, China). The composite electrode was
calibrated by 25 mM NaH2PO4/Na2HPO4 standard buffer solu-
tion (pH ¼ 6.86, 25 �C) and 10 mM Na2B4O7$10H2O standard
buffer solution (pH ¼ 9.18, 25 �C) with an average error less
than 0.02 pH units before use. Each experiment was repeated at
least 4 times.

Aggregation control of ACPs

ACPs aggregation state can be controlled by collagen-I adding
protocols. There were two protocols for the introduction of
collagen-I (stock solution: 5 mg mL�1, Gibco, Invitrogen, US)
into themineralization reaction: (i) pre-mixing: 100 mL collagen-
I stock solution was added into 5 mL of P solution prior to
mixing with 5mL Ca solution. (ii) Post-mixing: 100 mL collagen-I
was added into the ACP suspension (aer the mixing of 5 mL P
and 5 mL Ca solutions). The nal concentration of collagen-I
bril in both protocols was 50 mg mL�1.

Characterization

At designated time, the reaction suspensions were removed and
centrifuged at 5400 rpm for 3 min (Sigma 1-6P, Germany).

The precipitations were washed with ethanol for twice, and
dried in vacuum for 24 h at 40 �C. They were characterized by
Fourier Transformed Infrared spectroscopy (FTIR, IRAffinity-1,
Shimadzu) and X-ray diffraction (XRD, Ultima IV with D/teX
Ultra, Cu Ka radiation l ¼ 1.54 Å, Rigaku). For Transmission
Electron Microscopy (TEM/SAED, HT-7700, Hitachi) examina-
tion, the specimens were obtained by paddling copper grid in
suspension, and washing with water and ethanol, and dried by
lamp-light.
25498 | RSC Adv., 2017, 7, 25497–25503
Concentrations of calcium and phosphate in solution were
measured by inductive coupled plasma atomic emission spec-
trometry (ICP-AES, iCAP 6300, Thermo Fisher). For this
purpose, aliquots were taken from the supernatant solutions at
designated reaction times, ltered with a syringe lter with
a pore size of 25 nm to remove any trace of ACP precipitates, and
then the ltrate was immediately diluted with 5 per cent
hydrochloric acid.
Solution chemistry calculation

The supersaturation of the solutions was calculated by VMIN-
TEQ 3.0 (available from: http://www.lwr.kth.se/-English/
OurSoware/vminteq), which was given by,

SHAP ¼
�
Ca2þ

�5�
PO4

3��3fOH�g
Ksp;HAP

(1)

SACP ¼
�
Ca2þ

�3�
PO4

3��2
Ksp;ACP

(2)

in which, {X} is the activity of species X and Ksp, is the solubility
product of HAP (pKsp ¼ 58.33, MINTEQ database: NIST 46.7)
and ACP (pKsp ¼ 25.5).24
3. Results and discussion
HAP crystallization stages and nucleation kinetics

The nucleation rate of HAP was hard to measure but the
induction time (ti) was easy to detect. Considering the nucle-
ation rate can be estimated by J¼ 1/(Vti),25 where V is the volume
of the solution. In our system, since HAP formation is accom-
panied by a continuous drop of solution pH (see eqn (3)), the
crystallization kinetics can be precisely monitored by a pH
meter,16,17,19,26 which provides a convenient and effective in situ
method to follow the crystallization process and give valuable
information on the changes in induction time (ti).

3Ca3(PO4)2(s) + Ca2+ + 2H2O / 2Ca5(PO4)3(OH)(s) + 2H+ (3)

In a typical pH curve (Fig. 1a), the whole process could be
divided into three stages. At stage I, pH value kept relatively
stable and it had been generally agreed that ACP was precipi-
tated. Rather, this metastable stage was regarded as the
induction period for HAP nucleation. At stage II, the fast drop of
pH suggested the occurrence of HAP crystallization. At stage III,
it was the period for post-crystallization (HAP ripening). The
induction time was determined by the intersection of tangents
on the pH curve for stages I and II as shown in Fig. 1a. At
designated time (marked by black arrows in Fig. 1a), the
mineral phases were conrmed by ex situ characterizations
(Fig. 1b–h, S1 and S2†). From Fig. 1b, ACPs were formed at stage
I (t ¼ 10 min) and conrmed by electron diffraction patterns
(Fig. 1c). In addition, at phase transition period (t ¼ 45 min,
50 min; measure method sees Fig. 1a), the newly formed sheet-
like crystallites were mainly on ACP precursors surface (Fig. 1d
and e) and ACPs completely transformed into HAP nally (t ¼
100 min, Fig. 1g). This process was identied by SAED patterns
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Crystallization processes and mineral phase transformation. (a) In a typical pH curve, the crystallization processes could be divided into
three stages: I, induction period; II, crystallization stage; III, ripening stage. The induction time, ti, is determined by the intersection of tangents
drawn on the first (I) and the second (II) stages of pH curves. (b–h) TEM images and SAED patterns of mineral formed at different stages: (b) typical
morphology of ACP at stage I (t ¼ 10 min); (d–f) HAP nucleation at induction period (t ¼ 45 min, 50 min); (g) crystallized HAP at stage III (t ¼ 100
min).

Fig. 2 (a–c) The aggregation state of formed ACP at t ¼ 10 min, ln S¼
26.65; (a) in the absence of collagen-I; (b) 20 mgmL�1 collagen-I; (c) 50
mg mL�1 collagen-I. (d) Induction time (ti) of HAP nucleation in the
absence (0 mg mL�1) and presence (20 mg mL�1, 50 mg mL�1) of
collagen-I. Collagen-I fibrils were marked by black arrows.
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and the diffusive diffractions became bright diffraction rings
which is the (002) and (211) diffractions of HAP (Fig. 1c, f and h).
However, the transformation process has been proposed to
occur, either via an intermediate phase which mostly is octa-
calcium phosphate (Ca8(HPO4)2(PO4)4$5H2O, OCP), or directly
from ACP to HAP.27 Through chemistry calculation (Table S1†),
aer the precipitation of ACP, the solution is still supersatu-
rated with respect to OCP and HAP. So, in principle, ACP could
also be transformed into OCP. From FTIR analysis (Fig. S1†), the
lack of absorption band at 917 cm�1 which is assigned to P–
(OH) stretch and OH inplane bend of HPO4,28 meaning the
absence of OCP. In addition, XRD patterns showed that the
crystallites were HAP (Fig. S2†). Moreover, if the intermediate
phase OCP is existed, the concentration of calcium should be
increased and so do the solution pH (eqn (4)).29 However, the
concentration of calcium was decreased (Fig. S3†). Further-
more, the in situ pH curves showed that the solution pH did not
increase in the whole stages (Fig. 1a). Therefore, through TEM
observations, FTIR, XRD characterizations and concentration
change of calcium and pH curve, we can see that HAP is the
primary crystal phase in our systems. Meanwhile, this trans-
formation of HAP at ACP-solution interface was also frequently
observed and reported in previous work.15–18,27,30,31

3Ca3(PO4)2(s) + 7H2O /

Ca8(HPO4)2(PO4)4$5H2O(s) + Ca2+ + 2OH� (4)

When adding collagen-I into SBF (solution composition see
Table S1 in ESI†), TEM observations showed the different
This journal is © The Royal Society of Chemistry 2017
aggregation states of the precursor phase in the presence and
absence of collagen-I brils. In control group without collagen-
I, the initially formed ACP nanoparticles were in aggregated
state (Fig. 2a). However, the involvement of collagen-I brils
could prevent the aggregation of ACP particles and the formed
RSC Adv., 2017, 7, 25497–25503 | 25499
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Fig. 3 FTIR spectras (a and c) and XRD patterns (b and d) of formed
mineral in the absence (control) and presence of collagen-I (20 mg
mL�1 and 50 mg mL�1). (a) and (b) The formed mineral is amorphous
calcium phosphate (ACP) precursor at t ¼ 10 min. (c) and (d) The final
formed mineral is hydroxyapatite (HAP). Splitting of 570 cm�1 FTIR
absorption peaks indicated the crystallization of ACP to HAP and the
XRD patterns match that of HAP.
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particles were adsorbed and dispersed individually on the brils
(Fig. 2b and c). Moreover, from Fig. S4 and S5,† we can see the
kinetic growth of ACP particles during induction time, and they
were still in separated state. Thus the aggregation state of ACP
particles could be altered by collagen-I brils. For ACP-
mediated HAP nucleation, the effective supersaturation will
be dropped to the level of ACP-saturated solution due to ACP is
formed before HAP nucleation. In our calculation, the effective
supersaturations (Seff) are actually close to each other no matter
how much calcium and phosphate are introduced into solu-
tions (see Table S1 in ESI†). So the effective supersaturation can
be treated as a constant, and so do the heterogeneous nucle-
ation barrier (eqn (5)). As corroborated in our previous work,16,17

the nucleation rate (J) of ACP mediated HAP nucleation can be
expressed as:

J ¼ K1 exp

��DG*
react

kBT

�
exp

��DG*
hetero

kBT

�
Aparticle

�
Ca2þ

�2
(5)

where, K1 is the pre-exponential factor; DG*
react is the chemical

reaction barrier for HAP nucleation; DG*
hetero is the heteroge-

neous nucleation barrier; Aparticle is the total surface area of ACP
particles; {Ca2+} is the activity of residue Ca2+ aer the precipi-
tation of ACP.

Here we can see that the nucleation rate is correlated with
the nucleation barriers, the surface area of ACP, and the free
calcium in solution. As the chelation capacity of collagen-I
molecule with calcium is quite small (about 0.1 mol Ca kg�1

of collagen-I,32 the chelated calcium is just 5 mM for 50 mg mL�1

collagen-I solutions, which can be neglected for nearly 900 mM
of free calcium aer the precipitation of ACP (see Table S1 in
ESI†). To conrm this theoretical analysis, we used ICP-AES to
measure the calcium concentration with or without collagen-I.
The results showed that the chelated calcium is 10 mM for 50
mg mL�1 collagen-I in our system. So, the concentration of free
calcium ions in solution is almost the same for systems with
and without collagen-I. Then the prevention of ACPs from self-
aggregation certainly increases the effective surface area of ACP
particles, which can promote HAP nucleation kinetics accord-
ing to ACP-mediated nucleation theory. Therefore, in the pres-
ence of collagen-I brils, the induction time (ti) was decreased,
whichmeans the nucleation rate of HAP was promoted (Fig. 2d).
However, this promotion effect might also be caused by the
difference of formed ACP or collagen-I brils act as templates
for HAP heterogeneous nucleation. This will be discussed as
follows.

To conrm the crystallization is still the ACP-mediated HAP
nucleation pathway in the presence of collagen-I brils, the
phases of early formed minerals and the nal minerals were
examined by ex situ characterizations. At early period (t ¼ 10
min), FTIR showed the broad absorption bands at about 1055
cm�1 (phosphate n3 vibrations) and 570 cm�1 (phosphate n4

bending), which could be assigned to the ACP signals33 (Fig. 3a).
Moreover, the broad and diffusive patterns of XRD at about 30�

(Fig. 3b) supported the presence of ACP precursors in the
solids.13 From results of TEM, sphere-like particles were
observed and the selected area electron diffraction (Fig. 2b and
25500 | RSC Adv., 2017, 7, 25497–25503
c) also indicated the mineral phase was amorphous. The phase
of nal mineral (at 24 h) was also examined. FTIR spectra
(Fig. 3c) showed the splitting of the absorption peaks for
phosphate n4 bending (600 cm�1, 565 cm�1), indicating the
transformation of ACP to HAP.33 In XRD patterns (Fig. 3d), the
diffractions from (002) and (211) faces (2q ¼ 25�, 32� respec-
tively) of HAP was observed, which further conrming the solid
phase transition.34 These results indicated the ACP-mediated
HAP crystallization pathway in the absence and presence of
collagen-I brils. Moreover, the Ca/P ratios of ACP particles
(formed at induction time, ln S¼ 26.65) were 1.50� 0.04 (mean
� s.d., without collagen-I) and 1.52 � 0.06 (with 50 mg mL�1

collagen-I) which were all closed to 1.5.34 In addition, the Ca/P
ratios of nal crystals (t ¼ 24 h) were 1.69 � 0.02 (without
collagen-I) and 1.69 � 0.01 (with 50 mg mL�1 collagen-I),
respectively (Table S2 in ESI†). These results further
conrmed the nal crystals were HAP (Ca/P¼ 1.67).34 Therefore,
with or without collagen-I brils the Ca/P ratios of formed ACPs
and HAPs are almost the same. Moreover, the particles size and
the zeta potentials of these ACPs with or without collagen-I were
also characterized (Fig. S6†). Due to ACP particles are in
aggregated state, the measured hydrodynamic size is much
larger than TEM observations. Considering Mg2+ plays an
important role in controlling ACP mediated HAP trans-
formation, the concentration of Mg2+ in formed ACP and HAP
were measured. In Table S2,† we can see that the amount of
incorporated Mg2+ into ACP is few at induction time (about
0.15 mM at ln S ¼ 26.65). Besides, with or without collagen-I,
the amount of incorporated Mg2+ into ACP is almost the same
at given system. Thus, the decrease of induction time (ti) in the
presence of collagen-I at ln S¼ 26.65 (Fig. 2d) can't be caused by
the different amount of Mg2+ into ACP.
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 pH curves in the absence (a) and presence (b) of 50 mg mL�1

collagen-I at different supersaturations. ln S: (1) 26.30; (2) 26.65; (3)
27.60; (4) 29.43; (5) 31.39; (6) 35.44. (c) Plot of ln(Jhetero/Jhomo) vs.
ln�2 S, Jhetero and Jhomo is the nucleation rate of HAP in the presence
and absence of 50 mg mL�1 collagen-I, respectively.
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Effect of collagen-I brils on HAP nucleation

Distincting from other soluble additives, collagen-I molecules
can be self-assembled into triple helical polypeptides and
further be assembled into brils with 67 nm D-period bands
along the long axis35 in physiological uids (with neutral pH). In
such a case, collagen-I is more like a substrate rather than a free
molecule. A heterogeneous nucleation should be taken into
account in such a situation. For heterogeneous nucleation, the
nucleation barrier will be reduced to,25

DG*
hetero ¼ fDG*

homo ð0\f\1Þ (6)

where, DG*
homo, the homogeneous nucleation barrier; f is the

interfacial correlation factor. The homogeneous nucleation rate
(Jhomo) and heterogeneous nucleation rate (Jhetero) is respectively
expressed as:25

Jhomo ¼ K1 exp

��DG*
homo

kBT

�
¼ K1 exp

 
�16pU2g3

3ðkBTÞ3ðln SÞ2
!

¼ K1 exp

 
K2g

3

ðln SÞ2
!

(7)

Jhetero ¼ K1f1
ffiffiffi
f

p
exp

��DG*
hetero

kBT

�
¼ K1f1

ffiffiffi
f

p
exp

 
fK2g

3

ðln SÞ2
!

(8)

in which, K1 is the pre-exponential factor; g, the interfacial
energy between the crystals and the mother phase; kB, the
Boltzmann constant; T, the absolute temperature; U, the
volume of the growth units; S, the supersaturation (given in eqn
(1) and (2)); f1 is the geometry factor that corrects the changing
from a sphere nucleus in homogenous nucleation to a sphere-
cap in heterogeneous nucleation. As f < 1, the changing from
homogenous nucleation to heterogeneous nucleation will lead
to a decrease in absolute slope of J–S relationship, which has
been widely corroborated in experiments.36,37

Combining eqn (7) and (8), we can get:

ln

�
Jhetero

Jhomo

�
¼ ln

� ffiffiffi
f

p
f1

�
þ ðf � 1ÞK2g

3

ðln SÞ2 (9)

a linear relationship between ln(Jhetero/Jhomo) and ln�2 S can be
expected and obtain an eye guide line.

So, to evaluate the effect of collagen-I brils on HAP nucle-
ation kinetics by CNT, we performed a series of experiments at
different supersaturations in the absence (as control) (Fig. 4a)
and presence (Fig. 4b) of collagen-I (50 mg mL�1). Clearly, in the
presence of collagen-I, HAP nucleation was promoted at rela-
tively lower supersaturation (Fig. S7†). The promotion effect
might be caused by the reduction of nucleation barrier by
heterogeneous nucleation that taking collagen-I bril as
a substrate in the view of CNT (eqn (6)). But the systematic
nucleation kinetics data cannot be well explained by CNT. In
CNT, the plot of ln(Jhetero/Jhomo) vs. ln

�2 S should give a linear
relationship (eqn (9)). In contrast, here we found it was a non-
linear plot (Fig. 4c). In eqn (9), the signs of slopes of the curve
determine the sign of f � 1 (note K2 < 0). At lower supersatu-
ration (ln S: 26.30 to 26.65, i.e. ln�2 S: 1.45 to 1.41 � 10�3), f was
larger than 1 (i.e. f � 1 > 0); but for moderate supersaturation
This journal is © The Royal Society of Chemistry 2017
(ln S ¼ 26.65 to 27.60), f became less than 1; at higher super-
saturation (ln S ¼ 27.60 to 35.44), f was approximate to 1, i.e.
close to that of homogeneous nucleation. So, this complicated
change of interfacial correlation factor (f, cf. eqn (6)) with
respect to supersaturation could not be answered by CNT
satisfactorily, that meaning collagen-I brils played as a passive
nucleation template for ACP-mediated HAP nucleation kinetics,
which has been mentioned by previous works and these
researches indicated that crystal nucleation is directed by non-
collagenous proteins (NCPs).38,39

However, Wang et al.40 indicated that collagen can initiate
and orientate the apatite nucleation without any other NCPs.
But this results were achieved at high collagen concentration
(250 mg L�1), so the collagen solutions are no longer uids.
Therefore, in our system, collagen-I brils have no effect on HAP
heterogeneous nucleation without NCPs. Furthermore, to
conrm this conclusion, we quantitatively analyze the amount
of initial formed ACP nanoparticles in the absence or presence
of collagen-I brils (ln S ¼ 26.65). The concentration of calcium
and phosphate in solution were measured by ICP-AES. The
results showed that the consumed calcium and phosphate
concentration are 0.4235 � 0.017 mM (mean � s.d.) and 0.2884
� 0.1087 mM in control group, respectively. In collagen group
(50 mg mL�1), the consumed calcium and phosphate concen-
tration are 0.4017 � 0.067 mM and 0.2725 � 0.092 mM. So the
amount of initial formed ACPs have no difference in control and
collagen group. In addition, we used FTIR to determine the
percentage of crystallinity in apatite calcium phosphate and the
splitting function (SF) was obtained to evaluate the crystal-
linity.33 FTIR spectrums were obtained in each period (Fig. S8a
and b†) and through splitting function (SF) we can see that
there is no signicant crystallinity difference between control
and collagen group (Fig. S8d†), which means the amount
change of ACP and HAP was almost the same at each period.
RSC Adv., 2017, 7, 25497–25503 | 25501
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Fig. 6 (a) Representative TEM image of ACPs by post-mixing protocol
(50 mg mL�1 collagen-I at ln S ¼ 26.65). (b) Nucleation rate of HAP (J)
for different systems. (c) Specific nucleation rate of HAP (Js) for
different systems.
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More importantly, the initially formed ACP is about 80–100 nm
and can't inltrate into collagen bril (Fig. S9a and b†). So the
nal apatite crystal randomly formed in solution (Fig. S9c†)
instead of intra-brillar mineralization. In brief, our above
analysis supported the notion that the promotion effect of HAP
nucleation (Fig. 2d, S7†) can not be caused by HAP nucleate on
collagen-I brils.

Besides, at high supersaturation (ln S ¼ 35.44), compared to
control (Fig. 5a) the precipitated ACP particles were still inten-
sively aggregated (Fig. 5b and c). It might be that a large amount
of ACPs (with higher number density) formed instantly at high
supersaturation, so that they got rapidly aggregated before
being separated by collagen-I brils. This aggregation behavior
was not inuenced even by increasing collagen-I concentrations
(80 and 160 mg mL�1, cf. Fig. S10 in ESI†). As a result, the
induction time (ti) was not affected by the involvement of the
collagen-I brils (Fig. 5d, S10e†) at high supersaturation. That is
to say, if the aggregation state of ACPs is not changed, HAP
nucleation rate will not be promoted. In addition, above anal-
ysis indicating that the collagen-I brils, as substrates, have no
obvious effect on reducing HAP nucleation barriers was further
conrmed.
ACPs aggregation state affect HAP nucleation

In order to conrm the nucleation rate of HAP is affected by the
aggregation state of ACP particles, we used a “post-mixing”
protocol in which collagen-I was introduced into the system
aer the formation and aggregation of ACPs (for details see
Experimental section). Under TEM observation, it revealed that
ACP particles were in aggregated state by using the post-mixing
protocol (Fig. 6a). In this way, we had three systems with the
same amount of calcium and phosphate in solutions, i.e. the
Fig. 5 (a–c) The aggregation state of formed ACP at t ¼ 10 min, ln S¼
35.44; (a) in the absence of collagen-I; (b) 20 mgmL�1 collagen-I; (c) 50
mg mL�1 collagen-I. (d) Induction time (ti) of HAP nucleation in the
absence (0 mg mL�1) and presence (20 mg mL�1, 50 mg mL�1) of
collagen-I.

25502 | RSC Adv., 2017, 7, 25497–25503
control group (without collagen-I), pre-mixing group and post-
mixing group (both with collagen-I). For these systems, the
free Ca2+ and the amount of ACP (VACP, ACP volume; or mACP,
ACPmass) were of the same. In prediction of eqn (5), the change
of the aggregation state and the size of ACP spherules would
alter the specic surface area (SACP ¼ AACP/VACP) of ACP. Due to
the amount of formed mineral was few at low supersaturation
(ln S ¼ 26.65) and considering in samples preparation, the
centrifugation and drying process might also affect the aggre-
gation state of ACPs. However, these disadvantages can be
avoided by direct TEM observations.31 Herein, we used TEM (see
ESI for details†) to determine the specic surface area of ACP.
As a results (Fig. S14–S16 and Table S3 in ESI†), when pre-
venting ACP from aggregation, the specic surface area of ACP
was increased from 0.024� 0.004 nm�1 (control group) to 0.053
� 0.013 nm�1 (pre-mixing group). In comparison, the post-
mixing protocol had less effect on ACP surface area (SACP ¼
0.032� 0.004 nm�1). Thereby, Fig. 6b shows that increasing the
total surface area of ACP (pre-mixing > post-mixing > control)
will promotes HAP nucleation. If the nucleation rate was
furthermore normalized by ACP surface area by using specic
surface area, i.e., Js ¼ 1/(tiSa), we found that the values of Js for
the three different cases were actually similar (Fig. 6c). This
analysis followed that the HAP nucleation from ACP was
primarily determined by the interface area and thereby, the
aggregation state of ACP (i.e. the specic surface area) was the
most important inuence factor in phase-transformation based
mineralization. On the other hand, collagen-I brils themselves
have no impact on ACP mediated HAP nucleation was further
conrmed.
4. Conclusions

This study reveals the aggregation state of ACP can affect HAP
nucleation kinetics. Our results directly conrmed that
This journal is © The Royal Society of Chemistry 2017
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preventing ACP precursor from self-aggregation in solution, will
increase the specic surface area of ACP, and then promote HAP
nucleation. In biomineralization, well dispersed ACP particles
have been observed in the growth zones of forming n bones,11

which is distinct from the aggregated ACP in biomimetic
mineralization systems.41–43 In this regard, controlling the
aggregation state of ACP plays a critical role in controlling the
nucleation of HAP. This nding would enrich our under-
standing on the regulation of HAP crystallization in
biomineralization.
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A. Lederer and A. Taubert, RSC Adv., 2015, 5, 103494–103505.

22 A. Oyane, H. M. Kim, T. Furuya, T. Kokubo, T. Miyazaki and
T. J. Nakamura, J. Biomed. Mater. Res., Part A, 2003, 65, 188–
195.

23 T. Kokubo and H. Takadama, Biomaterials, 2006, 27, 2907–
2915.

24 J. Christoffersen, M. R. Christoffersen, W. Kibalczyc and
F. A. Andersen, J. Cryst. Growth, 1989, 94, 767–777.

25 X. Y. Liu, in Advances in Crystal Growth Research, Elsevier,
Amsterdam, 2001.

26 X. Yang, B. Xie, L. Wang, Y. Qin, Z. J. Henneman and
G. H. Nancollas, CrystEngComm, 2011, 13, 1153–1158.

27 K. Chatzipanagis, M. Iasco, T. R. Herrero, M. Bilton,
A. Tampieri, R. Kröger and J. M. Delgado-López,
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