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Growth mechanism of apatite nanocrystals 

assisted by citrate: relevance to bone 

biomineralization 

Michele Iafisco,*,a Gloria Belén Ramírez-Rodríguez,a,b Yuriy Sakhno,c Anna 
Tampieri,a Gianmario Martra,c Jaime Gómez-Morales,b and José Manuel 
Delgado-López*,b 

Here we report that citrate plays a key dual role in the apatite 

crystallization: driving a growth pathway via an amorphous 

precursor and controlling the size of nanocrystals by the non-

classical oriented aggregation mechanism. These results 

provide new insights in bone mineralization, where the role of 

citrate might be wider than has been thought to date. 

In Nature, composite materials show complex hierarchical 

organization with highly organized nanometric building blocks that 

improve their functionalities.
1
 The classical model of crystal growth in 

biomineralization considers mineral formation as a process in which 

atoms or molecules add to existing nuclei or templates and proteins 

and peptides can control nucleation, growth, and facet stability.
2
 This 

concept has been challenged in the last years by the non-classical 

crystallization theory of aggregation-based crystal growth.
3
 Banfield 

and Penn demonstrated in 90’s that inorganic nanocrystals could 

aggregate into ordered solid phases via oriented aggregation (OA) or 

grain growth and coalescence to control the reactivity of the nano-

phases.
3
 The arrangement can be obtained with the fusion of primary 

blocks since they share a common crystallographic orientation.
3
 

 Apatite (Ap) is the mineral phase of mammals bone and teeth.
1b

 

Despite its importance and the effort of scientific community, Ap 

crystallization in biological tissues is still far to be fully comprehended. 

Synthetic Ap can form long nanocrystals through OA when prepared 

by hydrothermal synthesis
4
 and well-organized assemblies of Ap 

nanocrystals when synthesised in biomimetic conditions in presence 

of organic molecules.
5
 In these latter cases, the formation of long 

enamel-like crystals with their nano-sized subunits attached along the 

c-axis involves the formation of amorphous calcium phosphate (ACP, 

Ca3(PO4)2) as precursor.
5a

 ACP phase can serve as mortar in a “bricks 

and mortar” model to cement the subunits once they have oriented 

into crystallographic register by control of biomolecules.
5a

 Such 

biomolecules are aminoacids like glycine, arginine and aspartic acid or 

proteins like amelogenin.
5
  

 Nowadays the connection between Ap and citrate is complex and 

is the subject of much interest.
6
 It was proposed that citrate 

populating the surface of bone Ap nanocrystals limits their further 

growth and renders the mineral surface more hydrophobic to interact 

with collagen.
6a,7

 It is unclear if the abundance of citrate in bone may 

reflect its necessary participation in the mineralization process, or its 

presence may be coincidental and reflects the high affinity of the 

citrate for calcium at physiological pH. Therefore, the aim of this 

paper is to elucidate the effect of citrate as control molecule for the 

Ap crystallization to highlight its possible role in biomineralization. 

 Ap nanoparticles were precipitated in presence of citrate by a 

batch heating method according to the procedure reported by 

Delgado-Lopez et al.
6c

 (See ESI† for details). The crystallization 

experiments were stopped at different maturation times ranging from 

30 s to 96 h and the resulting materials were dried and analysed by X-

ray powder diffraction (XRPD), transmission electron microscopy 

(TEM), including high resolution (HR-TEM), and atomic force 

microscopy (AFM). Experiments without citrate were also carried out 

for the sake of comparison.  

 XRPD patterns of the samples precipitated at different times (Fig. 

S1, ESI†) show that the crystallization pathway started with the 

formation of ACP that progressively transformed to Ap containing 

adsorbed citrate (cit-Ap). These samples exhibited higher crystallinity 

degree and ordered structure at increasing maturation time. In the 

absence of citrate the hydroxyapatite formation occurred through a 

different route (Fig. S2, ESI†). After 30 s the presence of dicalcium 

phosphate dihydrate or brushite (DCPD, CaHPO4·2H2O) and poorly 

crystalline Ap was pointed out by XRPD analysis. As a function of time 

the diffraction peaks of DCPD completely disappeared, while in turn 

peaks of octacalcium phosphate (OCP, Ca8H2(PO4)6·5H2O) emerged. 

Finally, this phase transformed into hydroxyapatite (as suggested by 

the decrease in intensity of the characteristic double reflections at 

9.44 and 9.77º 2θ typical of the (02-20) and (11-20) planes of OCP).
8
 
 

 Fig. 1 shows TEM micrographs and selected area diffraction 

(SAED) patterns of the cit-Ap samples precipitated at increasing 

maturation times. At early precipitation time (30 s), aggregated 

particles of 50-100 nm in diameter were observed and the SAED 

pattern confirmed their amorphous nature (Fig. 1a). Previous AFM 
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observations revealed that they are rounded platelets exhibiting fairly 

unusual thickness much smaller than both their average length and 

width.
9
 At increasing maturation times, elongated particles with 

progressively better-defined border and with increased crystallinity, 

as evidenced by SAED patterns, appeared (Figs. 1b-d). On the 

contrary, TEM images of the precipitates after 30 s using the citrate-

free solutions showed well-defined plate-like DCPD crystals (Fig. S3a, 

ESI†) and Ap nanoparticles (Fig. S3b, ESI†). After 5 min, elongated 

platelets of OCP crystals originated from the hydrolysis of DCPD were 

clearly observed (Fig. S3c, ESI†). Increasing the maturation time up to 

96 h the major part of the sample was composed of long 

hydroxyapatite crystals most probably coming from the OCP 

hydrolysis (Fig. S3d, ESI†). 

 
Fig. 1. TEM micrographs of cit-Ap after 30 s (a), 5 min (b), 4 hours (c) and 96 

hours (d) of maturation. Insets: corresponding SAED patterns. Original 

magnification: 75k× 

 The pH variation during the reactions was monitored (Fig. S4, 

ESI†) evidencing that both experiments were accompanied by the 

initial fast drop in pH due to the formation of acidic species. After that 

the pH remained stable. During the cit-Ap crystallization the drop of 

pH was lower and faster (from 8.5 to 6.7 in 5 min) than in the 

experiments without citrate (from 8.5 to 4.9 in 25 min). In presence of 

citrate in the first 5 min two events took place: the instantaneous 

formation of ACP, that can be stabilized by citrate adsorption,
10

 and 

its subsequent transformation to Ap causing the release of H
+
 

(simplified reaction 1)  

3Ca3�PO4��+Ca��+2H�O→2Ca	�PO���OH�+2H
� (1) 

 Conversely, in the absence of citrate the initial formation of DCPD 

and its transformation to OCP was followed by the conversion of OCP 

to hydroxyapatite (simplified reactions 2 and 3). These reactions 

generate H2PO4
-
 and HPO4

2-
 species: 

10CaHPO�·2H�O→Ca�H��PO��� ∙ 5H�O+2Ca���4H�PO�
�+15H�O  (2) 

Ca�H��PO��� ∙ 5H�O→Ca	�PO���OH�+3Ca
�� � 3HPO�

��+4H�O (3) 

 It is worth mentioning that the two crystallization pathways were 

not driven by the different pH evolutions but most probably they were 

caused by the ability of citrate to stabilize the ACP phase. In fact, 

although after 30 s the pH values were the same, different phases 

were detected (ACP and DCPD/Ap in the presence and in the absence 

of citrate, respectively (Figs. 1A and S3A, ESI†). 

 Supersaturation index of the calcium phosphate (CaP) phases in 

presence and in absence of citrate (Table S1, ESI†) indicated that 

citrate caused a decrease of free calcium ions in solution with the 

resulting reduction of the supersaturation of all the CaP phases. 

However, in both cases the systems were supersaturated with respect 

to hydroxyapatite rather than the other CaP phases (including ACP). 

Therefore the reduction of calcium concentration by citrate 

complexation was unlikely to be the responsible for the ACP 

formation, as also previously reported.
10

 

 The ACP-mediated crystallization of Ap in presence of citrate was 

in agreement with the work of Delgado-Lopez et al.
9
 In this work, size 

and shape of the crystal domains were analysed by synchrotron X-Ray 

total scattering (XRTS) and compared to those of multi-domain Ap 

nanoparticles observed by AFM. They found that the initial 

precipitation of sodium citrate crystals acted as temporal templates, 

triggering heterogeneous nucleation of ACP with unusual platy shape. 

Then, ACP nanoparticles, stabilized by the adsorption of citrate ions, 

were progressively transformed into platy Ap nanoparticles.
9
 

Therefore citrate played the distinct role of inducing the platy 

morphology of the amorphous precursor and controlling the thickness 

of the Ap nanocrystals, breaking their hexagonal symmetry.
9
  

 It was proposed that the Ap crystallization pathway involving an 

ACP precursor could be one of the most important mechanism in 

biomineralization.
1,11

 However, the role of organic molecules and the 

growth pathway is still not completely clear. A comprehensive 

morphological characterization is necessary to elucidate these 

processes and it is recognized that one of the most suitable methods 

is the observation of the crystals by HR-TEM.
12

 

 
Fig. 2. HR-TEM images representative of the overall aspect of cit-Ap-1h. Original 

magnification: 150k×. 

 Representative HR-TEM images of cit-Ap obtained after 1 h of 

maturation (cit-Ap-1h) are reported in Fig. 2. This material appeared 

in most of the cases constituted of particles producing on the image 

plane platy projections of about 10-20 nm in length and 5-10 nm 

width. Only in few cases lattice fringes spaced of ca. 0.815 nm turned 

up. This lattice fringe value corresponds to the distance of (10-10) 

plane of hydroxyapatite (JCPDS file no. 9-432) indicating that the 

crystals are elongated towards the c-axis. Noticeably, in some cases, 

they seemed aligned along the c-axis forming uniaxially aggregated 

crystals of about 40-50 nm (white arrows in Figs. 2B,C).  

 HR-TEM images of cit-Ap maturated after 4 h (cit-Ap-4h) (Fig. 3) 

confirmed the formation of oriented aggregates. Indeed, most of the 
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particles were composed of smaller head-tail connected subunits 

whose primary size lied in the range of 5-15 nm (Fig. 3A,B). The 

lengths of primary units were in agreement with those of the crystal 

domains determined by XRTS (16.7 ± 7.9, data extract from reference 

9). In this sample the 0.815 nm fringes were more clearly and 

frequently observed than in the cit-Ap-1h confirming the increased 

crystallinity and the ordered structure of these nanoparticles (Fig. 3C). 

 
Fig. 3. HR-TEM images representative of the overall aspect of cit-Ap-4h. Original 

magnification: 150k×. 

 In agreement with XRPD and SAED, the particles maturated after 

96 h (cit-Ap-96h) exhibited more clear fringes running along the c-

axis, regularly spaced of ca. 0.815 nm, supporting the increase of 

crystallinity (Fig. 4). These particles appeared elongated along the c-

axis, with sizes ranging from 20 to 50 nm (Figs. 4A,B) and in some 

cases up to 80-100 nm (Fig. 4C). Inspections at higher magnifications 

revealed that lattice fringes due to (10-10) planes ran uninterrupted 

parallel to the c-axis (Fig. S5, ESI†). Moreover, some facets of the a(b)-

planes (e. g., (0-110) facet in Fig. S5A, ESI†) exhibited stepped surfaces 

indicating that they grew (mediated by the ACP-to-crystalline 

transformation) following a classical layer-by-layer mechanism.   

 
Fig. 4. HR-TEM images representative of the overall aspect of cit-Ap-96h. Original 

magnification: 150k×. 

 Figure 5 represents the histograms with the width and length of 

cit-Ap synthetized at different maturation times. Data were obtained 

by HR-TEM observations, analysing ca. 300 particles per sample. The 

length of particles with the highest frequency distribution slightly 

increased as a function of maturation time while the width remained 

nearly constant. Comparing the values of length and width evaluated 

by HR-TEM with those of the crystal domains measured by 

synchrotron XRTS (length: 16.6 ± 7.9 and 14.4 ± 9.6 nm, width 8.6 ± 1.3 

and 10.3 ± 2.3 nm for 4h and 96 h, respectively; data extracted from 

reference 9), it was clearly observed that most of cit-Ap-4h and 96h 

particles were longer than the crystalline domains, while they had 

similar values of width. Moreover, after 96 h the shortest particles (0-

20 nm) were still present, indicating that they did not dissolve during 

the maturation process. This fact and the discrepancy between data 

by HR-TEM and XRTS validated the formation of oriented aggregates 

along the c-axis composed of re-arranged crystalline domains. The 

thickness of the particles, measured by AFM (Fig. S6, ESI†), varied 

from 5.3 ± 1.1 to 13.5 ± 4.1 nm between 1 and 96 h of maturation, 

confirming the formation of platy-shaped nanoparticles.
9 

 
Fig. 5. Histograms of the distributions of (A) width and (B) length of cit-Ap-1h 

(yellow bars), cit-Ap-4h (red bars) and cit-Ap-96h (green bars). 

 According to our and previous results
9
 crystallization of cit-Ap 

starts with the formation of platy ACP stabilized by adsorbed citrate 

(Fig. 6A). Increasing the maturation time ACP transforms into 

crystalline domains from the inner to the outer of the platy particles 

(Fig. 6B). Recent works showed that Ap crystallization from ACP may 

start at the inter-particles boundary, at the ACP-solution interface or 

inside the ACP, depending from the experimental conditions.
13

 Once 

the Ap is formed, citrate is attached only to specific faces. It was 

recently demonstrated that citrate can strongly bind only the calcium 

of the faces of the a(b)-planes (faces parallel to the c-axis), stopping 

further growths in these directions and controlling thickness and 

width of the platy nanocrystals.
6a,9

 This interaction occurs because the 

distance between two calcium ions in the hexagonal faces matches 

the distance between the carboxylate groups of citrate.
6a

 At this 

point, the uniaxial alignment of crystalline subunits along the c-axis 

takes place (Fig. 6C). OA has been proposed to occur in three main 

stages: (i) aggregation, (ii) crystallographic alignment, and (iii) 

coalescence.
12,14

 In our system Ap subunits can interact each other by 

Van der Walls or hydrogen bonding interactions
15

 through the (0001) 

faces (head-tail attachment) since they are non-covered by citrate and 

thus the primary subunits can be in the crystallographic register with 

respect to the neighbouring crystals (Fig. 6D). The driving force of this 

process is the reduction of the overall crystal surface energy to lower 

the contribution of unsatisfied surface bond.
15

 Citrate adsorbed on the 

faces of the a(b)-plane eliminates high-energy facets forcing the 

interaction between the (0001) faces. At the highest maturation time  
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Fig. 6. Proposed model for the amorphous-to-crystalline transformation mechanism and for the OA of primary subunits to form elongated crystals. 

solid-state re-arrangement of the subunits takes place through the 

growth of two (0001) adjacent faces, acting as glue, leading to the 

formation of elongated crystals (Fig. 6E), as previously proposed.
16

 At 

this stage water and organic molecules entrapped between the 

primary particles can be removed allowing their fusion.
14

 Indeed, the 

amount of structural water  decreased between 4 and 96 h, whereas 

the amount of citrate remained constant (Table S2, ESI†). This finding 

confirms that the subunits faces involved in the fusion are citrate free. 

 In conclusion citrate plays a key dual role of: i) driving a growth 

pathway via an amorphous precursor stabilizing ACP at the early 

stage; ii) controlling nanocrystals size by adsorption on the a(b)-plane 

faces. HR-TEM observations combined with the analysis of crystalline 

domain sizes (measured by XRTS
9
) suggested a solid-state re-

organization of the primary nanocrystals forming elongated multi-

domain nanoparticles. This morphological and structural evolution 

cannot be related to an Ostwald ripening (OR) process involving a 

dissolution–recrystallization process since hydroxyapatite is insoluble 

in aqueous solution at pH higher than 6 even at 80 °C (Table S1, ESI†). 

Moreover, in agreement with our system where citrate is strongly 

attached to Ap, the stable adsorption of organic molecules induces 

the OA crystal growth mechanism at expenses of the OR process, 

because they slow down the particles dissolution in solution, so that 

the OR is thermodynamically prohibited.
12b

 A similar solid-state OA 

growth mechanism has been already observed for TiO2 and MnO2.
3a,17

 
 

An analogous mechanism could also occur in bone mineralization 

where citrate, alone or in synergy with macromolecules, might play 

the key role of controlling size and morphology of Ap. This work 

opens also new perspectives in the use of organic molecules to 

mediate the Ap crystallization for a rational design of advanced 

biomaterials with controlled size and optimised performances. 
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Citrate plays a dual role in the apatite crystallization: driving a growth pathway via an amorphous precursor 

and controlling the nanocrystals size by the non-classical oriented aggregation. 
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