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Abstract: We report the synthesis of nanoapatite crystals via a hydrothermal reaction of 

hydroxyapatite precipitates. The impact of the reaction conditions on the properties of the 

crystals obtained were evaluated. The hydrothermal reaction that takes place markedly affected 

the crystallinity, morphology, and size of the nanoapatite crystals formed. High crystallinity and 

large crystal size were obtained at higher hydrothermal temperatures and longer hydrothermal 

reaction times. The nanoapatite crystals were needle-like when prepared under ambient pres-

sure conditions and rod-like when prepared under increased pressure. The crystals prepared 

at ambient pressure had a larger aspect ratio compared with those prepared under increased 

pressure. The aging time of the initial hydroxyapatite precipitate significantly affected growth 

of the nanoapatite crystals. With other hydrothermal reaction conditions being equal, the fresh 

hydroxyapatite precipitate produced notably larger crystals than the aged hydroxyapatite 

precipitate. The influence of apatite morphology on osteoblast viability was studied by MTT 

assay. The results indicate that the rod-like apatite showed a better biological response than 

needle-like apatite in promoting cell growth. Transmission electron microscopy showed that 

large quantities of needle apatite entered into cells and damaged their morphology.

Keywords: nanoapatite crystals, hydrothermal treatment, morphology, cell viability

Introduction
Natural bone consists mainly of organic collagen and inorganic minerals. Minerals 

account for 60% of the composition of bone and mainly exist in the form of nanoapatite 

crystals.1–3 The apatite crystals in human bone have different sizes and morphologies 

in different body parts and among people of different ages.4,5 Synthetic nanoscale 

apatite crystals have been prepared by mimicking the apatite crystals in natural bone.6 

Nevertheless, the synthetic nanoscale apatite crystals formed show variable size and 

morphology according to the synthetic methods, synthesis conditions, and reaction 

precursors used.7 It has been reported that diammonium phosphate and calcium nitrate 

can be reacted to form hydroxyapatite precipitates, which can then undergo hydro-

thermal reaction at 140°C and 0.3 MPa for 2 hours to form 20 nm × 90 nm nanorod 

crystals.8,9

This paper reports a novel and simple method by which to synthesize nanoscale 

calcium-deficient apatite precipitates. By using dimethylacetamide as the solvent 

and dispersant for nanoapatite synthesis, a dimethylacetamide solution of calcium 

nitrate was able to be reacted with an aqueous solution of sodium phosphate to give a 

hydroxyapatite precipitate.10 Subsequently, nanoscale calcium-deficient apatite crys-

tals were prepared using hydrothermal treatment.11 The aim of the present study was 
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to clarify how different hydrothermal conditions affect the 

crystallinity, size, and morphology of synthesized nanoscale 

calcium-deficient apatite crystals.

There are some reports on nanosize hydroxyapatite and 

its biological effects.11 One study reported that sphere-like 

hydroxyapatite 20 nm in diameter has better effects in terms 

of promoting cell growth and inhibiting apoptosis than ones 

with a diameter of 80 nm.12 Moreover, rod-like nanoapatite 

particles 20–30 nm in width and 50–80 nm in length sup-

port attachment and growth of human osteoblast-like cells.13 

However, there has been a lack of studies focusing on the 

biological properties of rod-like and needle-like apatite.

Therefore, in this study, a hydrothermal synthesis method 

was used to prepare two types of apatite with different mor-

phology, ie, rod-like and needle-like apatite. The response 

of bone-forming osteoblast cells to nanoapatite was also 

investigated in order to monitor the conditions in which 

the apatite was in contact or reacting with the surrounding 

biological environment. The biological properties of rod-like 

and needle-like nanoapatite were assessed in an osteoblast-

like MG-63 model.

Materials and methods
Calcium nitrate (analytical grade, purchased from Sinopharm 

Chemical Reagent Co, Ltd, Shanghai, China) was added to 

dimethylacetamide (analytical grade, Sinopharm Chemical 

Reagent Co, Ltd) under stirring to prepare solution A. Sodium 

phosphate (analytical grade, Sinopharm Chemical Reagent 

Co, Ltd) was dissolved in deionized water (purchased from 

Shkys Water and Wastewater Treatment Co, Ltd, Shanghai, 

China) to prepare solution B. Solution B was heated to 70°C 

and solution A was added dropwise with stirring. After the 

addition was complete, the mixture was stirred for a further 

2 hours at 70°C, allowed to stand for 24 hours at room tem-

perature, and then centrifuged. The supernatant was removed 

and the residue was washed with deionized water three times 

to give a slurry of apatite precipitate. A portion of the slurry 

was collected and aged for 24 hours or 2 months, after which 

the apatite slurry was hydrothermally treated in a glass tube 

at 140°C in an autoclave, as outlined in Table 1.

The crude apatite precipitate slurry and the hydrothermally 

processed slurries were submitted to transmission electron 

microscopy (TEM, H-600; Hitachi, Tokyo, Japan) and X-ray 

diffraction analysis (DX-2500; Dandong Fangyuan Instru-

ment Co, Ltd, Liaoning, China) to determine the morphol-

ogy of the apatite crystals. The nanoapatite crystals formed 

by treatment D (100°C, ambient pressure, hydrothermal 

treatment for 4 hours) were submitted to Fourier transform  

infrared spectroscopy (Spectrum™ One, Perkin-Elmer, 

Boston, MA), and were analyzed by infrared spectroscopy 

again after sintering at 600°C and 800°C, respectively.

The viability of MG-63 was assessed using MTT (3-(4,5-

dimethylthiazol-2-yl)- 2,5-diphenyl tetrazolium bromide) 

assay. MG-63 cells were seeded at a density of 0.5 × 104 

per well in 96-well plates. Twenty-four hours after seeding, 

the cells were rinsed with phosphate-buffered saline, and 

200 µL of rod-like or needle-like apatite solution with an 

apatite content of 5 g/mL (or 200 µL of medium only as the 

control) was added to the cells. After incubating the cells in 

a humidified atmosphere with 5% CO
2
 at 37°C for one, 3, 

and 5 days, the sample solutions were removed, and MTT 

was then added at a concentration of 0.5 mg/mL in medium 

for 4 hours at 37°C. At the end of the assay, the blue for-

mazan reaction product was dissolved by adding 100 µL of 

10% sodium dodecyl sulfate/0.01 M HCl to each well. The 

absorbance value was measured at 570 nm using a microplate 

reader (Bio-Rad Model 680; Bio-Rad, Hercules, CA). Six 

specimens were tested for each incubation period, and each 

test was performed in triplicate. The results are reported as 

units of optical density.

TEM was used to observe the intracellular internalization 

and localization of nanoapatite further. MG-63 cells were 

plated into 60 mm2 polystyrene dishes at a density of 5 × 105 

cells/mL and allowed to attach for 24 hours. The cells were 

exposed to the different apatite slurries. After 3 days, the 

monolayers of cells were rinsed with phosphate-buffered 

saline and fixed in 2% paraformaldehyde with 2.5% glutar-

aldehyde at 4°C for 2 hours. The fixed cells were rinsed three 

times in sodium phosphate buffer, osmicated by incubation 

for one hour in 1% osmium tetroxide with 1.25% potas-

sium ferrocyanide with 0.15 M sodium phosphate buffer. 

The cells were rinsed four times in water, dehydrated using 

increasing concentrations of ethanol (30%, 50%, 75%, 100%, 

10 minutes each), and embedded in epoxy resin. Thin sections 

Table 1 Portion of apatite slurry hydrothermally treated under 
different conditions

n Aging Temperature Pressure Hydrothermal  
treatment

A 24 hours 70°C Ambient 2 hours
B 24 hours 70°C Ambient 4 hours
C 24 hours 100°C Ambient 2 hours
D 24 hours 100°C Ambient 4 hours
E 24 hours 140°C 0.3 MPa 2 hours
F 2 months 100°C Ambient 4 hours
G 2 months 140°C 0.3 MPa 2 hours
H 0 70°C Ambient 0
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(around 70 nm) were cut using a diamond knife, collected on 

200 mesh copper grids, and stained with 4% aqueous urany-

lacetate (Polysciences Inc, Warrington, PA) for 15 minutes, 

followed by Reynolds’ lead citrate for 7 minutes. Specimens 

were observed using TEM.

Statistical analysis
Quantitative data are expressed as the mean ± the standard 

deviation. Differences between groups were determined by 

analysis of variance. The level of statistical significance was 

defined as P , 0.05.

Results
X-ray diffraction analysis
It can be seen from Figure 1A that the crude apatite pre-

cipitates had very low crystallinity and only a very weak 

crystalline peak in the (002) plane. In contrast, the hydro-

thermally treated nanoapatite crystals show improved 

crystallinity (Figure 1B and C) and characteristic peaks at 

2θ = 26°, 32°, 34°, 40°, 47° and 50°. This is due to growth 

of the apatite crystals during the hydrothermal reaction, 

and the crystallinity increased with longer hydrothermal 

reaction times.

Figure 2 shows the X-ray diffraction spectra for apatite 

slurry after hydrothermal treatment at 100°C. It can be seen 

that a longer hydrothermal reaction time [2 hours for (A) 

and 4 hours for (B)] induces higher crystallinity. Increasing 

the hydrothermal reaction temperature from 70°C (Figure 1) 

to 100°C (Figure 2) clearly increased the crystallinity, 

A

B

C

50403020
2θ/deg

****
*

Figure 1 X-ray diffraction spectra of (A) fresh nanoapatite precipitate, 
(B) nanoapatite prepared from hydrothermal reaction at 70°C and ambient pressure 
for 2 hours, and (C) nanoapatite prepared from hydrothermal reaction at 70°C and 
ambient pressure for 4 hours.
Notes: No aging in any cases. *Represents apatite peaks.

20 30 40 50
2θ/deg

A

B

*

*
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Figure 2 X-ray diffraction spectra of nanoapatite prepared from (A) hydrothermal 
reaction at 100°C and ambient pressure for 2 hours and (B) hydrothermal reaction 
at 100°C and ambient pressure for 4 hours.
Notes: No aging in any cases. *Represents apatite peaks.
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*
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Figure 3 X-ray diffraction spectrum of nanoapatite crystal prepared from hydro-
thermal reaction at 140°C and 0.3 MPa for 2 hours using fresh initial precipitate.
Note: *Represents apatite peaks.

indicating that higher temperature of the hydrothermal 

treatment promotes apatite crystallinity. The highest crystal-

linity is observed in Figure 3 where the slurry was treated 

at 140°C and 0.3 MPa for 2 hours. It can be concluded that 

apatite crystallinity increases with increasing temperature 

and reaction time of the hydrothermal reaction.

Infrared analysis
It can be seen from Figure 4 that the peaks at 3570 cm-1 and 

630 cm-1 are characteristic of hydroxyl (-OH) groups in 

nanoapatite crystals. The peaks at 1638 cm-1 and the broad 

peak from 3700 cm-1 to 3000 cm-1 are the water peaks. 

The peak at 871 cm-1 is attributable to HPO
4
2-, the peaks at 

1456 cm-1 and 1413 cm-1 are characteristic of CO
3
2-, and the 
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peaks at 1038 cm-1 and 564 cm–1 are due to the phosphate 

ion. The results indicate that species such as CO
3

2-, HPO
4

2-, 

H
2
O, OH-, and PO

4
3- exist in nanoapatite crystals. Note that 

the water peak is reduced after sintering the apatite crystal 

at 600°C for 2 hours (Figure 4B), and the water peak at 

1638 cm–1 basically disappeared after sintering the apatite 

crystal at 800°C for 2 hours (Figure 4C). In addition, the 

CO
3

2- and HPO
4

2- peaks remained after sintering at 600°C 

but disappeared after sintering at 800°C, suggesting that these 

species decompose at 600°C–800°C.

TEM analysis
It can be seen from Figure 5 that the crude apatite had 

low crystallinity. The nanoapatite has a very small size of 

about 5 nm × 35 nm and exhibits a needle shape, accord-

ing to the statistical analysis. It can be seen from Figure 6 

that after hydrothermal reaction at 70°C for 2 hours and 

4 hours, the crystallinity of the nanoapatite increased and 

the size also increased to 10–20 nm × 70–80 nm. The size 

of the crystal prepared by 4 hours of reaction was larger 

than that after 2 hours of reaction, indicating that prolong-

ing the hydrothermal reaction time is beneficial to apatite 

crystal growth.

It can be seen from Figure 7 that after hydrothermal reac-

tion at ambient pressure at 100°C for 2 hours and 4 hours, 

the size of the apatite formed was about 20 nm × 80 nm. 

Combining this with the results shown in Figure 6, it can be 

seen that both increasing the reaction temperature to 100°C 

and extending the reaction time to 4 hours promotes apatite 

crystal growth. The apatite crystals prepared at 70°C and 

100°C were all needle-like.

It can be seen from Figure 8 that the apatite crystal pre-

pared without aging is of larger size than that prepared after 

the precipitate slurry had been aged for 2 months. Therefore, 

the aging time of the hydroxyapatite precipitate impacts 

nanoapatite crystal growth in the hydrothermal reaction, 

and the newly prepared precipitate should be immediately 

subjected to hydrothermal reaction so that the apatite crystals 

can grow larger.

Figure 9A shows nanoapatite crystals prepared by 

hydrothermal reaction of fresh apatite precipitate at 140°C 

and 0.3 MPa. Figure 9B shows the nanoapatite crystals 

prepared by hydrothermal reaction at 140°C and 0.3 MPa 

from apatite precipitate that had been aged for 2 months. 

It can be seen that the apatite crystals prepared under 

increased pressure all have a rod-like shape. The crystal 

size in Figure 9A is larger than that in Figure 9B, indi-

cating that larger crystals can be prepared from the fresh 

hydroxyapatite precipitate by hydrothermal reaction than 

from the aged precipitate.

On comparison, it can be noted that the apatite crystals 

prepared under ambient pressure are needle-like (Figure 8) 

and those prepared at 0.3 MPa are rod-like (Figure 9). 

Further, the apatite crystals prepared under ambient pressure 

appear to have a larger aspect ratio.

Cell viability
Figure 10 shows that the optical density value increased with 

time when MG-63 cells were cocultured with needle-like and 

rod-like apatite, indicating that needle apatite affected cell 

proliferation. Clearly, both needle-like and rod-like apatite 

had the ability to improve the viability of osteoblasts. After 

5 days, the optical density value of rod-like apatite was 

significantly higher than that of needle-like apatite and con-

trols (P , 0.05). This suggested that rod-like apatite could 

promote the viability of MG-63 cells.

40010001500200030004000
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Figure 4 Infrared spectra of apatite crystals (A) hydrothermally treated at 100°C, 
(B) sintered at 600°C, and (C) sintered at 800°C.

Figure 5 Transmission electron micrographs of nanoapatite without hydrothermal 
treatment.
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Figure 6 Transmission electron micrographs of nanoapatite prepared from hydrothermal reaction at 70°C under ambient pressure (A) for 2 hours and (B) for 4 hours.

Figure 7 Transmission electron micrographs of nanoapatite prepared from hydrothermal reaction at 100°C under ambient pressure (A) for 2 hours and (B) for 4 hours.

Figure 8 Transmission electron micrographs of nanoapatite prepared from hydrothermal reaction at 100°C under ambient pressure (A) using fresh precipitate and 
(B) using aged precipitate.

Figure 9 Transmission electron micrographs of nanoapatite crystals prepared from 2 hours of hydrothermal reaction at 140°C and 0.3 MPa using (A) fresh precipitate and 
(B) aged precipitate.
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Interaction of nanoapatite  
with MG-63 cells
On TEM images, MG-63 cells in rod-like apatite showed a 

typical ultrastructure characterized by a well preserved plasma 

membrane, a nucleus with uniformly dispersed chromatin, 

and a clear nucleolus, and a cytoplasm containing randomly 

distributed organelles and electron-dense crystals, as shown 

in Figure 11A. However, for cells in needle-like apatite, mor-

phology changes such as swollen mitochondria, a deformed 

nucleus, and condensed chromatin were observed, as shown 

in Figure 11B.

The TEM images showed that apatite dissolved as a func-

tion of time within MG-63 cells. The dissolution of need-like 

apatite occurred progressively within lysosomes, as shown in 

Figure 12. After initial uptake into the phagolysosome, rod-

like apatite became more densely packed and a proportion of 

the crystals started to dissolve, as shown in Figure 12A, while 

needle-like apatite became dispersed (Figure 12C).

Discussion
Apatite crystals synthesized at room temperature are small 

nanoparticles with low crystallinity, which makes liquid-solid 

separation very difficult when rinsing with deionized water, 

and the crystal morphology is obscured under TEM. As a 

result, nanoapatite precipitates are usually prepared at 70°C. 

Nanoapatite precipitates prepared at 70°C already have a cer-

tain degree of crystallinity that is readily visible under TEM. 

Subsequently, hydrothermal reaction enables the nanoapatite 

crystal to grow into a certain shape.

The duration of the hydrothermal reaction affects the size 

and morphology of nanoapatite crystals, because the crystals 

grow larger with prolonged reaction times. Prolonging the 

hydrothermal treatment time promotes solvent evaporation 

and maintains the solution in a supersaturation state, thereby 

assisting crystal growth.

The duration and temperature of the hydrothermal 

reaction has a significant impact on the crystallinity of the 

nanoapatite formed. The nanoapatite crystallinity becomes 

greater at higher hydrothermal reaction temperatures and 

longer reaction times. Freshly prepared apatite has low 

crystallinity and is abundant in amorphous form, but already 

exhibits preferential growth along the C axis.6 During the 

hydrothermal reaction, the apatite crystallizes rapidly along 

the C axis and crystallinity increases as a result.14

A high hydrothermal treatment temperature can assist 

apatite crystal growth because a high temperature can pro-

vide a highly active surface for the small apatite precipitate 

particles to bind to each other on the C axis and grow into 

larger needles.7,15 Before hydrothermal treatment, the pre-

cipitates already show preferential growth along the C axis, 

so the particle growth along the C axis is much faster than 

in the horizontal direction.6,16

TEM analysis shows that the nanoapatite crystals 

synthesized at ambient pressure were needle-like whereas 

those prepared under increased pressure were rod-like. The 

biological apatite crystals in human bone are needle-like, 

indicating that the nanoapatite crystals synthesized at ambi-

ent pressure more closely resemble the biological apatite 

crystals in human bone.17 Under high pressure, the formation 

Rod apatite

Needle
apatite
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Figure 10 Viability of osteoblast cells responding to different apatite crystals at 
various time points by MTT analysis.
Note: *P , 0.05 compared with control.

Figure 11 Transmission electron micrographs of MG-63 cells exposed to rod-like apatite and needle-like apatite for 3 days. (A) Rod apatite is close to the nuclear envelope, 
but does not enter into the cell nucleus. (B) Needle-like apatite leads to changes in the nucleus morphology.
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and growth of rod-like crystals are constrained by the highly 

active apatite particle surface in the initial precipitate.8 

Specifically, driven by hydrothermal pressure, multiple apa-

tite particles are bonded together along the C axis and convert 

into rod-like crystals.7,18 The temperature of the hydrothermal 

treatment provides further activation of the particle surface 

to enable ion exchange and crystal rearrangement among 

the particles.

There are three key factors in hydrothermal treatment, 

ie, temperature, pressure, and the aging time of the initial 

precipitate. Regardless of the hydrothermal treatment 

conditions, aging time can have a significant impact.19 For 

hydrothermal treatment of apatite precipitate at 70°C after 

aging for 2 months, only very small crystals were formed. 

This is because the apatite precipitates have already started to 

grow along the C axis even before hydrothermal treatment.7 

However, the aging process reduced the surface energy of the 

particles and thus reduces the area of high energy surface.20 

The freshly prepared apatite precipitate has high surface 

reaction activity which is significantly decreased after aging, 

indicating that aging time can markedly affect the growth of 

nanoapatite crystal. Under the same hydrothermal treatment 

conditions, fresh apatite precipitate gives notably larger 

crystals than the aged apatite precipitate.

In this study, the synthesized nanoapatite crystals were 

needle-like or rod-like and showed a similar degree of crystal-

linity compared with bone apatite crystals. The nanoapatite 

crystals consisted of hydroxyapatite and contain ions such 

as OH-, CO
3
2-, and HPO

4
2-. Hydrothermally treated nano-

calcium phosphate needles are similar to the natural apatite 

microcrystals with regard to morphology, crystal structure, 

crystallinity, and composition, which could be potentially 

helpful for making bone substitutes in the future.21,22

We used nanoapatite crystals with different morphology 

and properties to investigate the effects of apatite on cell 

responses. Synthetic nanoapatite is usually used as an implant 

biomaterial for the surgical treatment of bone defects, so the 

osteoblast-like MG-63 cell was selected as the model to study 

the biological properties of nanoapatite.

Results of an MTT assay showed that both rod-like and 

needle-like apatite crystals could promote the viability of 

MG-63 cells with time, indicating that apatite had good 

cytocompatibility. After 3 days of culture, no obvious differ-

ence in optical density was found for MG-63 cells between 

rod-like and needle-like apatite crystals. However, after 

5 days, it was observed that the optical density for rod-like 

apatite was obviously higher than for needle-like apatite 

crystals, indicating that rod-like apatite promoted more cell 

proliferation than needle-like apatite.

TEM observation was used to investigate whether the 

rod-like and needle-like apatite crystals could enter into cells. 

The results showed that both the rod-like and needle-like apa-

tite crystals had entered into cells, were close to the nuclear 

envelope, and did not enter into the nucleus. Our study 

Figure 12 Dissolution of rod apatite (A) and needle apatite (C) in MG-63 cell lysosomes. After phagocytosis, the crystals are scattered and retain their original size and shape 
within phagosomes. Rod apatite is compacted tightly and a proportion of the crystals begin to dissolve. Images (B) and (D) are close-up observations.
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demonstrates that apatite crystals with different properties, 

when interacting with osteoblast-like MG-63 cells, can trig-

ger different biological effects, especially in osteoblastic 

proliferation and osteoblastic microstructure.

Conclusion
The conditions of hydrothermal treatment markedly affected 

the crystallinity, morphology, and size of the nanoapa-

tite crystals prepared in this study. High crystallinity and 

large crystal size were obtained at higher hydrothermal 

temperatures and longer hydrothermal treatment times. 

The nanoapatite crystals were needle-like in shape when 

prepared at ambient pressure and were rod-like when pre-

pared under increased pressure. The aging time of the initial 

hydroxyapatite precipitate significantly affected growth 

of the nanoapatite crystals. Under the same hydrothermal 

treatment conditions, fresh hydroxyapatite precipitate gave 

notably larger crystals than aged hydroxyapatite precipitate. 

Our results demonstrate that rod-like apatite crystals can 

promote cell proliferation. Furthermore, it was found that a 

good deal of needle-like apatite entered into cells and had 

obvious effects on cell morphology, as reflected in changes 

in the cell cytoskeleton. In conclusion, rod-like apatite was 

more conducive to proliferation of osteoblast MG-63 cells 

than needle-like apatite crystals.
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