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Less is more: Silicate on crystallization of hydroxyapatite in 

simulated body fluids  
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a
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In this work, dual roles of silicate on crystallization of HAP in 

simulated body fluids were revealed. At lower concentrations of 

silicate (0.05-0.5 mM), it promoted the nucleation of HAP, and the 

less the silicate, the faster the HAP nucleation. In contrast, at 

higher silicate concentrations (3-8 mM), it inhibited the nucleation 

of HAP. 

   The control of crystallization was one of the key steps in 

biomineralization. The smart regulation strategies of 

biomineralization on crystallization had attracted much 

attention because of its inspirations on fabrications of 

functional materials.
1
 In Biomineralization, increasing 

evidences supported that the transient amorphous phase 

played as the precursor phase for crystallization.
2
 The crystal 

nucleation via the rearrangement of the amorphous phase is 

distinct from the scenario of classical nucleation. For this non-

classical crystallization pathway, many distinct strategies have 

been found to regulate the crystallization in bio/mimetic 

mineralization systems.
3
 These strategies include, but are not 

limited to, the addition of soluble inorganic ions
3a,b

 and organic 

additives,
3c,d

 being covered by lipid or surfactant,
3e,f

 being 

confined in nano/micro-space,
3f,g

 being stored in air
3e

 or non-

aqueous condition, 
3h,i

 etc.   

Actually, the details of final products of biomineralization, 

biominerals, may shed lights on the strategy of crystallization 

controls. Recent experiments had found that many ions or 

molecules that were found in the final skeleton minerals, such 

as Mg
2+

, aspartic acid, citrate and silicate etc., were turned out 

to play active roles in biomimetic crystallization of 

hydroxyapatite (HAP).
4
 Among them, the enrichment of silicate 

in bone (100 ppm) had attracted our attention because bone 

had a much higher level of silicate than that in other organs, 

such as serum (1 ppm), liver, kidney, lung and muscle (2-10 

ppm).
5
 In biology, silicon is known as an essential element for 

normal bone growth and development.
5-6

 Micro-analysis of 

bones showed the silicate was enriched at active calcification 

sites in young bones, indicating the silicate participated in 

bone formation during early stages.
4d, 6

 However, silicon 

supplementation at high levels led to a reduction in bone 

strength, which might be caused by the decreasing plasma 

calcium level by the silicate.
7
 Till now, the possible chemical 

mechanism of silicate during biomineralization remained 

unknown. 

   Silicate was known to affect the formation of minerals, such 

as calcium carbonate,
8
 barium carbonate,

9
 and calcium 

phosphate. 
8c, 10

 For example, silicates stabilized amorphous 

calcium carbonate and prohibited its crystallization.
8a

 Silicate 

was alternatively co-precipitated with barium carbonate.
9b

 

Silicate induced the precipitation of HAP.
11

 However, its 

regulation mechanism on crystallization was not revealed, 

which was a fundamental question to biomineralization. To 

this end, we quantitatively evaluated the effect of silicate on 

kinetics of HAP nucleation in simulated body fluids (SBF) with 

varies amount of silicate, and discovered dual roles and dose 

dependent effects of silicate on HAP crystallization. 

 

 
Fig. 1 a) Representative pH curves of HAP crystallization under SBF in the 

presence of 0.05 mM silicate. The crystallization process could be divided 

into three stages, named stage I, II, III. b) Dual roles and dose dependent 

effects of silicate on HAP nucleation.  

 

The crystallization of HAP in SBF solutions were monitored 

by a pH meter because HAP formation was accompanied by a 

significant drop in solution pH (see eq. 1).
12

 

3Ca3(PO4)2(s) + Ca
2+

+2H2O → 2Ca5(PO4)3(OH)(s) + 2H
+
             (1) 
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By a pH curve, HAP crystallization processes could be divided 

into three stages (Fig. 1a). 
12c, 13

 Stage I: the pH reached at 

designated pH after the mixing of calcium solutions and 

phosphate solutions, and then kept relative stable. Stage II: 

the pH dropped faster as the occurrence of HAP crystallization. 

Stage III: the pH gradually levelled off as HAP ripening. Before 

the onset of HAP nucleation, there was a lag time, which could 

be quantitatively determined by the interception of stage I and 

II. The lag time is an indication for the stability of ACP. The 

more stable the ACP, the longer the lag time. And in this work, 

the nucleation rate, JN, was expressed as follows: 

JN=1/(tV)                      (2) 

in which t was the lag time and V was the volume of the 

system, which was 10 mL in this work. 

Two opposite effects of silicate on nucleation kinetics of 

HAP were observed (representative pH curves were showed in 

Fig. 1b). Promotion effect: lower concentration of silicate 

(0.05-0.5mM) shorten the lag time and accelerated HAP 

nucleation. Unexpectedly, the lower the concentration of 

silicate, the shorter the lifetime of ACP (the faster the HAP 

nucleation). Inhibition effect: higher concentration of silicate 

(3-8 mM) prolonged the lag time and thus inhibited the 

nucleation of HAP. The inhibition effect increased with 

increasing silicate concentration. 

    

 
Fig. 2 TEM images of ACP particles and the electron diffractions (inset) at 5 

min. (a) control group (0 mM silicate), the diameter of ACP particles were 

about 100 nm; (b) 0.05 mM silicate, the diameter was about 50 nm; (c) 8 

mM silicate, the diameter was about 200 nm. (d) The HAP nucleation rate 

was correlated with the specific surface area of ACP. 

 

In the classical understanding of nucleation, the nucleation 

kinetics is primarily affected by the supersaturation and the 

interfacial energy of nuclei.
14

 In principle, higher 

supersaturation and lower interfacial energy give shorter 

induction time. In this work, the chelation of dilute silicate 

(0.05 mM) with calcium can be neglected. So, the introduction 

of silicate had less effect on the supersaturation of HAP. Even 

if we take the slight decreasing of supersaturation (because of 

the chelation of dilute silicate) into account, in principle, this 

will slightly inhibit HAP nucleation. But this prediction 

contradicts the fact that dilute silicate actually promotes HAP 

nucleation (Fig. 1b). In this regard, the change of nucleation 

kinetics cannot be explained by the alternation of 

supersaturation. Therefore, we turned to the factor of 

interfacial tension of HAP nuclei, which might be reduced in 

the presence of silicate. In principle, the more the additive, the 

lower the interfacial energy. However in this work, less silicate 

promoted HAP nucleation more (indicating lower interfacial 

energy). These contradictions cannot be well explained by the 

classical nucleation theory. 

Based upon our previous understandings on the kinetics of 

ACP-mediated HAP nucleation in simulated body fluids, 
12c, 13

 

HAP nucleation rate was correlated with the state of ACP (eg. 

the size, surface area, and additive adsorption). We postulated 

that silicate might affect the state of ACP, which was later 

corroborated by our experiments as given below. 

Firstly, we confirmed that in our system, the crystallization 

of HAP was intermediated by ACP precursor. At designated 

time intervals (marked in Fig. 1a by numbers 1 - 4), the phase 

of slurry samples were determined by TEM, FTIR and XRD. In 

the presence of 0.05 mM silicate, ACPs formed at stage I (at 5 

min) (see TEM images in Fig. S1a). At the phase transition time 

point (at 15 min, Fig. S1b), HAP platelets fingering out of ACP 

surface were frequently observed, which was also reported 

previously.
4b, 12c, 15

 With the evolving (stage II, 20 min, Fig. S1c), 

more HAP crystallites were grown by the consumption of 

ACPs, and finally (at stage III, 60 min, Fig. S1d), ACPs were 

completely transformed to HAP. SAED patterns (Fig. S1e-h) 

showed that bright diffraction rings appeared out of diffusive 

diffractions, supporting the nucleation of HAP from ACP. FTIR 

spectra (Fig. S2) showed the gradual splitting of absorption 

bands at about 1055 cm
−1

 (phosphate ν3 vibrations) and 570 

cm
−1

 (phosphate ν4 bending), supporting the transformation of 

ACP to HAP.
16

 And XRD patterns (Fig. S3) also confirmed the 

phase evolving from ACP to HAP. Similar crystallization 

pathway had been found for higher concentration of silicate (8 

mM) (Fig. S4) and the other systems (not given here). 

   Secondary, we checked the state of ACP. TEM images 

showed that the size of ACP was distinct in the presence of 

silicate (Fig. 2/S5). In the absence of silicate (control group), 

ACP particles had a mean diameter of 100±12 nm, and in the 

presence of small amount of silicate, the diameter of ACP 

particles became smaller (they were 56±6, 70±8 and 90±5 nm 

for 0.05, 0.1 and 0.5 mM silicate, respectively) (see image 

analysis in ESI, Fig. S9-S11). But they became larger under high 

concentration of silicate (130±12, 160±9 and 210±15 nm for 6, 

7 and 8 mM silicate, respectively) (Fig. S13-S15). By the 

quantitative analysis of TEM images, the specific surface area 

of ACPs (Sa=AACP/VACP, where AACP was the total surface area of 

ACP, VACP was the total volume of ACPs) was estimated (see 

ESI). We found that the nucleation rate was correlated with 

the surface area of ACPs (Fig. 2d), which fit the surface 

nucleation model.
12c,13

 We concluded that the dual roles of 

silicate on HAP nucleation were correlated with the state of 

ACP (different size/surface area).  

   To answer how silicate affected the size of ACPs and why 

their effects were dose-dependent, we need to know the 

participation of silicate during ACP formation. First of all, we 

found that silicate was co-precipitated with ACP by EDX 

analysis (at 5-10 min, Fig. 3c/S6). FTIR spectra (Fig. S2/S4e) also 
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showed the presence of bending absorption of Si-O-Si (471cm
-

1
) 

10b
 in ACPs. The quantitative EDX (by SEM) analysis of ACP 

precipitates indicated that the Si/Ca atomic ratio was about 

2.4% (Fig. S6). For higher concentration of silicate (8 mM), the 

Si/Ca ratio increased to 21%. The surface analysis of initial 

ACPs (at 10 min, 8 mM silicate) by XPS spectra (it could only 

detect outermost 10 nm surface material) showed a strong 

signal of polysilicate (Fig. S7), supporting the presence of 

silicate on the surface of ACP. After the decalcification of ACP 

by excessive amount of EDTA (2 mL 500 mM), the thin shell of 

polysilicate can be observed (Fig. 3b). The EDX analysis showed 

that the major element was Si (Fig. 3d). 

 

 
 

Fig. 3 TEM images (a, b) and EDX analysis (c, d) of ACP precipitations (10 

min, in the presence of 8 mM silicate) (a, c) and decalcified precipitates (b, 

d). a) ACP particles; b) after decalcification, a silicate shell was revealed; c) 

ACP contains Ca, P and Si; d) after decalcification, the major element is Si. 

 

   The thickness of polysilicate shell became thicker at later 

stage of ACPs. At about 40 min, the polysilicate shell could be 

directly observed by HRTEM (Fig. 4). The silica shell had a 

lower electron density than that of amorphous calcium 

mineral.
8a

 In our observations, the polysilicate shell was 

porous (Fig. 4). The thickness of polysilicate shell reached at 

about 10±4 nm for longer incubation time (70 min) (Fig. 4b, e).  

 

 
Fig. 4 HRTEM images of polysilicate/ACP core-shell structure at higher 

silicate concentrations (8 mM) at 40 min (a/c/d) and 70 min (b/e). 

 

   It had been reported that silicate could be polymerized and 

be precipitated on the surface of amorphous calcium 

carbonate.
8a

 The similar mechanism could be applied here to 

explain the formation of core-shell structure (6-8 mM silicate 

was equivalent to 360-480 ppm SiO2, which was close to 

previous work of calcium carbonate).
8a

 Accompanied with ACP 

precipitation as the mixing of calcium and phosphate solutions, 

proton was released (cf. eq. 1). So, as the increasing of the 

local pH near ACP surface, the local supersaturation of silicate 

was increased, which triggered the polymerization of silicate.
17

 

The deconvolution of the FTIR spectra of the ACP/silica 

minerals (8 mM silicate) showed representative absorbance 

peaks of silica (marked in Fig. S16). It turned out that the silica 

contained both cyclic (1198 cm
-1

), linear and less cross-linked 

structure (1157 cm
-1

).
18

 The Si-O-Si stretching vibration band at 

1080 and 1055 cm
-1

 were shifted to lower wavenumber of 

1072 and 1023 cm
-1

, respectively, indicating that the silica was 

porous,
18

 which can be observed in TEM images (Fig. 3b, 4) 

and . With the aging of mineral, the absorbance band at 950 

cm
-1

 (Si-O
-
) increased its intensity and the band at 980 cm

-1
 (Si-

OH) decreased its intensity (Fig. S16), which was similar to the 

effect of decreasing pH on a silica gel.
18

 This is coincided with 

the fact that pH is decreasing as the mineralization (Fig. 1). The 

initially formed polysilicates might be loose and flexible, and as 

the condensation of polysilicate, they would shrink to reduce 

the total surface area and enhance the cross-linking. This 

shrinking process dragged nearby loose-aggregated ACPs and 

led to the merging of these ACPs (Fig. 4). As a result, the size of 

primary particles was increased in the presence of high 

concentration of silicate (cf. Fig. 2). As the merging, the outer 

polysilicate shell became thicker (Fig. 4) and the total surface 

area of ACP was reduced (Fig. 2). 

   In contrast, for diluted silicate solutions (0.05-0.5 mM, 

equivalent to 3-30 ppm SiO2), the size of ACPs became even 

smaller than that of control experiments (without silicate) 

(cf.Fig.2). In addition, the ACPs size became smaller as the 

decreasing of silicate concentration. In solution chemistry of 

silicate, 3-30 ppm silicate was still undersaturated for 

amorphous silica.
17

 So, the spontaneous precipitation or 

polymerization of silicate would not happen for these 

solutions. The primary species of silicate in solutions were 

silicate monomers or oligomers as confirmed by dynamic light 

scattering (DLS) experiments (Fig. 5a). The monomers or 

oligomers were charged species in solution as the 

deprotonation of silicate (eq. 3-4)
19

, which was confirmed by 

the zeta potential measurements (Fig. 5b). 

Si(OH)4 + OH
- 
→ SiO(OH)

3-
  +H2O             (3) 

SiO(OH)
3-

+ OH
- → SiO2(OH)2

2-
 +H2O          (4) 

These charged silicate species could attract calcium ions in 

solution and played as the heterogeneous nucleation centre 

for ACPs. With the precipitation of ACPs, silicate was included 

as well (Fig. S2, S6). In this way, silicate would be enriched in 

mineral during the precipitation of ACP, which can explain the 

high level of silicate at mineralization front of growing bone.
6
 

DLS measurement confirmed that the higher the concentration 

of silicate, the larger the silicate oligomer, but the less 

negative the zeta potential (Fig. 5). Clearly, the nucleation of 

ACP was more readily for silicate oligomers with more negative 

zeta potential (higher charge density), which was abundant for 

silicate solutions at lower concentrations. So, more ACPs nuclei 

would be induced by dilute silicate solutions, and the final size 

of ACP particles would be smaller because the same amount of 

calcium phosphate nutrients were shared by more nuclei. This 

can explain why smaller ACPs were formed in dilute silicate 
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solutions (cf. Fig. 2, Fig. S5). Note that in physiological fluid, the 

level of silicate is at the level of ppm, which is a dilute silicate 

solution. According to this work, this silicate will promote HAP 

mineralization. These findings will help us on the 

understanding of the essential role of silicate in 

biomineralization. 

 

 
Fig. 5 a) DLS analysis of silicate particle size (hydrodynamic radius) under 

various concentrations. b) Zeta potential of silicate particles. 

 

   In summary, dual roles of silicate on ACP-mediated HAP 

nucleation were revealed, which was dependent upon the 

state of silicate. Undersaturated silicate solutions (0.05-0.5 

mM) contained charged silicate monomer and oligomers, 

which played as heterogeneous nucleation centre for ACPs. As 

a result, smaller ACP particles with larger surface area were 

formed, which nucleated HAP faster. In contrast, for high 

concentration of silicate (3-8 mM), silicates were polymerized 

and precipitated on ACP surface, which led to the merging of 

nearby ACPs and produced larger ACPs (with smaller surface 

area) with a shell of polysilicate. In this condition, nucleation of 

HAP was retarded. This dose dependent effect of silicate on 

HAP nucleation enriched our understanding on chemical 

functions of silicate during bone formation. 
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Dilute silicate (0.05-0.5mM) promoted the nucleation of hydroxyapatite (HAP) in simulate body fluids, while higher level of silicate (3-

8mM) inhibited it.  
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