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1)1. Introduction

Calcium phosphate (CaP) is one of the most important biomaterials 

with outstanding biocompatibility[1] because their mineralized form 

known as hydroxyapatite (HAP) is one of the main inorganic con-

stituents of vertebrate and human bones and teeth[2-6]. Synthetic HAP 

has been developed for biomedical applications such as tissue en-

gineering and regenerative repair of bones and tooth[7]. Among vari-

ous forms of CaP including HAP, amorphous calcium phosphate 
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(ACP) is one of the particular phases that formed first from a super-

saturated aqueous solution of calcium (II) cations (Ca2+) and phosphate 

(III) (PO4
3-) anions with almost no long-range and atomic scale order-

ing that typical crystalline CaPs, such as HAP and tricalcium phos-

phate (TCP) have. Deciphering the role of ACP during the formation 

of bone minerals is critical to understand the process of bone for-

mation[6]. Moreover, ACP has a superior osteoconductivity and bio-

degradability than TCP and HAP and can promote cell proliferation 

and promotion via enhanced alkaline phosphatase enzyme activities[8], 

which makes ACP a promising candidate as one of the novel bio-

materials potentially employed in the area of regenerative medicine. 

The structural unit of ACP has been proposed to be a spherical clus-

ter known as “Posner’s cluster”. This neutral cluster composed of cal-

cium and phosphate ions has an empirical formula of Ca9(PO4)6 with 

an approximate diameter of 0.9~1.4 nm[6,9]. The resulting ACP has 
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    록

본 연구에서는 비정질 칼슘 포스페이트(ACP) 나노 입자의 합성과 특성 분석을 진행하였다. 염화칼슘(calcium chloride 
(CaCl2))과 아데노신 인산나트륨(disodium adenosine triphosphate (Na2ATP)) 그리고 피트산 나트륨(sodium phytate) 첨가
제를 열수 반응을 통해 상대적으로 단분산된 100 nm 크기 이하의 ACP 나노 입자를 성공적으로 합성하였고 나노 입자
의 화학적 조성과 구조를 재료 분석을 통해 확인하였다. 피트산 나트륨 첨가제의 사용을 통해 얻은 ACP 나노 입자는 
비정질성을 유지하고 결정성 하이드록시아파타이트(HAP)로의 전환을 방지하는 안정성이 향상되었음을 발견하였다. 
본 연구를 통해 발견된 향상된 안정성을 가지는 ACP 나노 입자는 재생 의학 분야에서의 생체 적합 물질로의 응용에 
중요한 잠재적 용도가 있을 것이라 사료된다. 

Abstract
The synthesis and characterization of amorphous calcium phosphate (ACP) nanoparticles were reported in this work. We show 
that relatively monodisperse ACP nanoparticles with a size of sub-100 nm can be prepared by a hydrothermal reaction of 
calcium chloride (CaCl2) and disodium adenosine triphosphate (Na2ATP) in the presence of sodium phytate as an additive. 
Their compositions and structures were confirmed using a series of material characterization techniques. Our results exhibit 
that ACP nanoparticles synthesized using sodium phytate enhanced the stability of maintaining their amorphous nature and 
prevented from a conversion to crystalline hydroxyapatite (HAP). ACP nanoparticles with the improved stability have potential 
uses in biomaterial applications in regenerative medicine.
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been considered to be made up of particles containing a number of 

Posner’s clusters with water molecules in the intervening spaces, and 

it has been proposed as first nuclei to be involved in the formation of 

polymorphic crystalline CaPs including HAP and dicalcium phosphate 

dihydrate[3,4,6,10-23]. Once formed in aqueous environments, this 

partly hydrated and unstructured ACP is relatively unstable and there-

fore can be rapidly transformed to crystalline HAP through a series of 

processes such as dissolution, nucleation, and crystal growth unless it 

is stabilized in some manner that the organisms likewise exploit to 

control the stability of ACP during biomineralization[15,21,22,24]. For 

examples, many trace amounts of chemical components discovered in 

the structure of bone and tooth minerals were confirmed to affect the 

stability and the transformation of ACP to HAP[25-27]. Moreover, it 

has been found that the stability and lifetime of metastable ACP in 

aqueous solutions depend on various factors such as the number ratio 

of calcium and phosphate ion (Ca/P ratio)[10], pH[12], ionic 

strength[13], and additives[4,14,15,19-23,25-27]. One of the ways to 

stabilize ACP is to incorporate Mg and adenosine triphosphate (ATP) 

with bulk ACP in aqueous solutions, and the presence of Mg and ATP 

inhibits the conversion of ACP to HAP[21]. Unfortunately, this method 

does not always guarantee nanostructured ACP with well-defined sizes 

and shapes. 

Herein, we report a hydrothermal method to synthesize ACP nano-

particles using hydrated calcium chloride (CaCl2⋅2H2O) as a source 

of calcium ions and disodium adenosine triphosphate (Na2ATP) as a 

source of phosphate ions in the presence of sodium phytate as an ef-

fective additive for ACP stabilization. We show that as-synthesized 

ACP nanoparticles from our hydrothermal method have reasonably uni-

form sizes that are strongly affected by the presence of sodium phytate 

in the reaction mixture. We demonstrate that as-synthesized ACP nano-

particles in the presence of sodium phytate are highly stabilized, i.e. 

do not undergo the transformation to crystalline HAP, for the extended 

period of time while pristine ACP nanoparticles made without sodium 

phytate do not preserve their amorphous state after a short induction 

period.

2. Materials and Methods 

Our ACP nanoparticles were synthesized via a hydrothermal reaction 

based on the scheme shown in Figure 1. An aqueous solution of 0.11 

g sodium salt of ATP (Na2ATP) dissolved in 10 mL triply distilled 

H2O was dropwise added (i.e., ~10 mL per 10 mins) to the aqueous 

solution of 0.15 g CaCl2⋅2H2O in 30 mL triply distilled H2O at room 

temperature while vigorously stirring at 150 rpm. Additives such as 

0.08 g MgCl2 or 0.05 g sodium phytate were added to the aqueous 

mixture, and the pH of the solution was adjusted to ~5.0. The result-

ing aqueous solution was transferred to a 100 mL Teflon-lined stain-

less steel autoclave and heated to ~120 ℃ for 2 h. Once the reaction 

was complete, the autoclave was cooled to room temperature. The 

white precipitates were then filtered through a mixed cellulose ester 

membrane with a pore diameter of 0.45 µm, washed with an excess 

of deionized H2O and dried in a vacuum oven at room temperature to 

give ~7 and ~67 mg of ACP nanoparticles in the presence of MgCl2 

and sodium phytate, respectively. The final product was stored in the 

desiccator at ~4 ℃. 

X-ray powder diffraction (XRD) data of the as-synthesized ACP 

nanoparticles and HAP nanorods were recorded by using a Philips 

X’Pert-MPD Diffractometer with a monochromatized source of Cu Kα1 

radiation (λ = 0.15405 nm) at 1.6 kW power (40 kV, 30 mA). Fourier 

transform infrared spectroscopy (FT-IR) was performed by using a 

Spectrum GX FT-IR spectrometer with both KBr pellet and attenuated 

total reflection (ATR) techniques. The morphologies of ACP nano-

particles and HAP nanorods were investigated by field emission scan-

ning electron microscopy (FESEM) (Zeiss Supra 40 FESEM) with an 

accelerating voltage ranged from 5 to 10 kV. Energy dispersive X-ray 

spectroscopy (EDS) was performed using Zeiss Supra 40 FESEM 

equipped with an Oxford X-ray energy dispersive spectrometer for ele-

mental analysis. Transmission electron microscopy (TEM) of ACP 

nanoparticles and HAP nanorods was performed on a Hitachi H-7600 

microscope operating at 80 kV. The stability of as-synthesized ACP 

nanoparticles was also investigated by XRD, FT-IR, and FESEM.

Figure 1. Schematic illustration of the preparation of amorphous calcium phosphate (ACP) nanoparticles via a hydrothermal method.
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3. Results and Discussion

Figure 2 shows FESEM micrographs of ACP nanoparticles and HAP 

nanorods. Based on FESEM measurements, as-synthesized ACP nano-

particles synthesized with or without the additives such as MgCl2 and 

sodium phytate via our hydrothermal reaction possessed a similar 

spherical shape and morphology. Figure 3 shows FESEM micrographs 

of ACP nanoparticles synthesized with and without MgCl2 additive, 

which also exhibited an analogous morphology. Their corresponding 

EDS measurements in Figure 3 indicated that they were primarily com-

posed of C, O, P, and, Ca. Regarding the samples formed in the pres-

ence of Mg2+ ions from MgCl2, they revealed the signature of Mg. 

Based on the FESEM measurements in Figure 2, the average size of 

as-synthesized ACP nanoparticles produced in the presence of Mg2+ 

ions was determined to be 480 ± 50 nm. However, the average size 

of as-synthesized ACP nanoparticles formed in the presence of sodium 

phytate was measured to be 91 ± 7 nm. Therefore, our results sug-

gested that the average size was significantly decreased and their par-

ticle size distribution was improved by the incorporation of sodium 

phytate in the aqueous reaction mixtures. 

Figure 4 shows XRD patterns of as-synthesized ACP nanoparticles 

and HAP nanorods. The XRD pattern of HAP nanorods (green curve) 

showed a group of diffraction peaks that were successfully indexed to 

a single crystalline phase of HAP with a hexagonal symmetry (JCPDS 
No. 09-0432). The diffraction peaks located at 2θ = ~10.8, 22.9, 

25.9, 28.9, 31.8, 32.2, 32.9, 34.1, 35.5°, and 39.8° corresponded to the 

Figure 2. FESEM images of as-synthesized ACP nanoparticles. (A) ACP nanoparticles synthesized in the presence of MgCl2. Inset is a higher 
magnification FESEM image. (B) ACP nanoparticles synthesized in the presence of sodium phytate. (C) Crystalline hydroxyapatite (HAP) nanorods 
that were transformed from ACP nanoparticles synthesized with no additives after a short induction period. Inset is a higher magnification FESEM 
image. 

   

Figure 3. FESEM images and their corresponding EDS spectra of as-synthesized ACP nanoparticles. (A) ACP nanoparticles synthesized with no 
additives. (B) ACP nanoparticles synthesized in the presence of MgCl2. 

Figure 4. X-ray powder diffraction (XRD) patterns of ACP 
nanoparticles and HAP nanorods. Blue curve (ACP1) exhibits the 
XRD pattern of the ACP nanoparticles synthesized in the presence of 
MgCl2 (blue curve). Red curve (ACP2) shows the XRD pattern of the 
ACP particles synthesized in the presence of sodium phytate. Green 
curve (HAP) corresponding to the XRD pattern of HAP nanorods 
shows their characteristic peaks (denoted with asterisk marks) that are 
assigned based on JCPDS No. 09-0432 (For interpretation of the 
references to color in this figure legend, the reader is referred to the 
web version of this article).
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(100), (111), (002), (210), (211), (112), (300), (202), (301), and (310) 

planes of hexagonal HAP, respectively[28]. However, the XRD pat-

terns of the as-synthesized ACP nanoparticles formed in the presence 

of Mg2+ ions (red curve) and sodium phytate (blue curve) were consid-

erably broadened with a diffraction peak centered around 28~30°. Our 

results implied that the as-synthesized nanoparticles indeed had ACP 

phase confirmed by the existence of the broad peak at 2θ = ~30°[18] 

and the overall broad shape of the patterns were clearly distinguished 

from XRD patterns of HAP nanorods. 

A series of FT-IR spectra of the as-synthesized CaP nanoparticles 

are shown in Figure 5. The FT-IR spectrum of Na2ATP starting materi-

al (black curve) exhibited the following IR bands ~1,259, ~1,099, 

~1,030, ~960, and ~606 cm-1, among which exist in between 1,000 

and 1,300 cm-1 were due to the molecular vibrations of -OPO3
2- groups 

attached as a triphosphate to the sugar ribose of the Na2ATP[29,30]. 

Note that the characteristic IR bands at ~1,096, ~1,030, ~604, and 

~563 cm-1 in the green curve were assigned likely due to the presence 

of the phosphate (PO4
3-) groups of HAP nanorods (green curve). These 

values were consistent with the reported ones of ~1,093 and ~1,030 

cm-1 matched with PO4
3- bend ν3 vibrations and ~606 and ~561 cm-1 

with PO4
3- bend ν4 vibrations of crystalline HAP, respectively[28]. 

However, the FT-IR spectrum of ACP nanoparticles formed in the 

presence of Mg2+ ions (red curve) exhibited the following IR bands 

~1,105, ~933, and ~566 cm-1. As for the case of ACP nanoparticles 

formed in the presence of sodium phytate, their spectrum (blue curve) 

showed the following IR bands ~1,126, ~1,105, ~992, and ~540 

cm-1. It is worth to mention that their specific IR bands such as ~1,105 

and ~566 cm-1 (red curve) and ~1,105 and ~540 cm-1 (blue curve) 

were slightly shifted from ones within the ranges of 1,055~1,128 cm-1 

and 540~570 cm-1 which were previously assigned to PO4
3- bend ν3 

and ν4 vibrations observed from the amorphous state of bulk calcium 

phosphate, respectively[18,31]. Although not clearly visible due to their 

relatively weak intensity, there might be a few specific IR bands in the 

spectrum (blue curve) that were probably due to the existence of cal-

cium phytate complexes[32]. Overall, comparisons of the red, blue, 

green, and black curves in Figure 5 revealed that the IR characteristics 

of the as-synthesized nanoparticles were reasonably reminiscent of 

ACP as a major component rather than neither Na2ATP nor sodium 

phytate nor HAP nanorods. However, the discrepancies of character-

istic phosphate IR bands between as-synthesized ACP nanoparticles 

and bulk ACP were probably due to structurally distinct and chemi-

cally dissimilar surroundings of the phosphate groups bound within the 

nanoparticles. In addition, the striking resemblance between the red and 

blue curves in Figure 5 implied that the nanoparticles of significantly 

different sizes still might provide the phosphate groups of ACP nano-

particles with considerably similar chemical environments with no 

long-range order. 

It has been reported that the metastable ACP can be stabilized in 

aqueous solution by the use of Mg2+ ions to prevent the transformation 

from ACP to HAP[20,21]. Preliminary control experiments were con-

ducted to verify the stability of as-synthesized ACP nanoparticles 

formed in the presence of sodium phytate and MgCl2 versus bulk ACP. 

Three samples of bulk ACP formed by CaCl2 and NaH2PO4 in the 

presence of no additive, as-synthesized ACP nanoparticles formed in 

the presence of Mg2+ ions from MgCl2, and as-synthesized ACP nano-

particles formed in the presence of sodium phytate were stored in an 

aqueous PBS buffer (pH = 7.4) at room temperature. After a period 

of a week or so, they were taken out of the solution, filtered, washed 

with an excess of triply distilled H2O, and dried in a vacuum oven at 

room temperature. Only the sample of bulk ACP was indeed trans-

formed to crystalline HAP, and the remaining samples maintained their 

amorphous nature, which was confirmed by FT-IR and XRD 

measurements. Therefore, our results suggested that the stability of 

ACP nanoparticles was indeed enhanced by the addition of sodium 

phytate analogous to the case of Mg2+ ions. 

Why the usage of sodium phytate as an additive during the hydro-

thermal synthesis of ACP nanoparticles improved their stability is un-

certain, but the potential explanation is that sodium phytate may partic-

ipate in the reaction via its dissociation and release of phytate ions as 

organic phosphates and the presence of phytate ions may play a sig-

nificant role as surfactants or ligands in stabilizing the surface of ACP 

nanoparticles by lowering their surface energy, therefore inhibiting the 

transformation of ACP to HAP. In-depth surface analysis of ACP 

nanoparticles would be required to shed light on the fundamental as-

pect of the stabilization mechanism.

4. Conclusions

We successfully prepared amorphous calcium phosphate (ACP) 

nanoparticles using CaCl2 and Na2ATP via the described hydrothermal 

method. By incorporating the additives such as MgCl2 and sodium 

phytate in the aqueous mixture during the hydrothermal reaction, we 

Figure 5. FT-IR spectra of as-synthesized ACP nanoparticles and HAP 
nanorods. Black curve corresponds to FT-IR of Na2ATP.  Red (ACP1) 
and blue (ACP2) curves correspond to the spectra from the 
as-synthesized ACP nanoparticles in the presence of MgCl2 and 
sodium phytate, respectively. Green (HAP) curve corresponds to HAP 
nanorods that were transformed from ACP nanoparticles synthesized 
with no additive. The positions of characteristic ν3 and ν4 vibrations 
of PO4

3- groups were embodied with the arrows in each spectrum (For 
interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article). 
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were able to produce large ACP nanoparticles with ~500 nm diameter 

in the presence of Mg2+ ions from MgCl2 and small with ~100 nm in 

the presence of sodium phytate with fairly narrow size distributions. 

The structure, morphology, and composition of the ACP nanoparticles 

were thoroughly characterized using FESEM and EDS measurements. 

Their amorphous structure was confirmed by FT-IR and XRD 

measurements. When no additive was added during the hydrothermal 

synthesis, as-synthesized ACP nanoparticles were not stable and even-

tually transformed to crystalline HAP nanostructures within a day or 

so. However, the presence of MgCl2 or sodium phytate resulted in en-

hancing the stability of ACP nanoparticles by maintaining their amor-

phous nature for a relatively extended period of a week or longer. The 

differences in the stability of the ACP nanoparticles synthesized with 

or without the additives such as MgCl2 and sodium phytate were likely 

in qualitative agreement with expectations based on their potential role 

of lowering of surface energy via passivation of the surface of ACP 

nanoparticles. Additional studies of characterizing the surfaces of stabi-

lized ACP nanoparticles would be required to uncover the mechanistic 

role of sodium phytate as a stabilizing ligand in the near future. In 

summary, our results provide a facile means of producing ACP nano-

particles of relatively narrow size distributions via a hydrothermal 

method and improving their stability of preserving the amorphous 

phase by using sodium phytate.
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