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Abstract Nanoparticulate systems have been studied for

targeted and controlled release of therapeutic agents; and

size is one of the major determinants of their in vivo

clearance kinetics by the MPS macrophages. As such, it is

important to control the size of hydroxyapatite nanoparti-

cles during synthesis. The results show that the size of

hydroxyapatite nanoparticles, synthesized through chemi-

cal precipitation, increases with increasing synthesis time.

Particle sizes were also observed to increase in a linear

correlation with temperature. Crystallinity and carbonate-

substitution of the nanoparticles also increased with tem-

perature. Hydrothermal, performed as a post-synthesis

treatment, improves particle morphology, giving particles

with regular surface contours, well-defined sizes and lower

particle agglomeration. By controlling synthesis tempera-

ture and time, hydroxyapatite nanoparticles with well-

defined sizes and morphology can be obtained.

1 Introduction

Hydroxyapatite has been widely used for biomedical

applications owing to its similarity in mineral constituents

with human hard tissues (bones and teeth) [1]. The use of

hydroxyapatite, in particulate systems or as nanoparticles,

as a carrier for drug [2], protein [3], enzyme [4] and

plasmid DNA [5] has also been well documented. Partic-

ulate systems for the delivery and application of drugs and

other therapeutic agents are claimed to have enhanced

bioavailability, predictable therapeutic response, greater

efficacy and safety, and controlled and prolonged release

time [6]. As such, the employment of hydroxyapatite

nanoparticles for targeted and controlled release of thera-

peutic agents (targeted-delivery) in biomedical applications

is showing to be promising.

The main problem of particulate systems remains to be

the efficient uptake of these nanoparticles by the mono-

nuclear phagocyte system (MPS) macrophages in vivo; and

size is one of the major determinants of clearance kinetics

of these nanoparticles by the MPS macrophages [7, 8].

Therefore, it is imperative that the particle size of

hydroxyapatite nanoparticles be well controlled during

synthesis, especially for particulate systems in targeted-

delivery applications. Nano-sized particles of hydroxyap-

atite can be obtained by an appropriate synthesis technique

[9–16], but the ability to accurately control and achieve

various sizes of hydroxyapatite nanoparticles remains a

challenge.

Although many routes have been explored for the syn-

thesis of hydroxyapatite nanoparticles, the chemical

precipitation route has proven to be popular, because of its

versatile and economical advantages, and thus has been

extensively reported [9–16]. The effects of synthesis tem-

perature [10, 12–14[e1]], time [9, 10], calcium ion

concentration [13], surfactant [15], calcination [9, 10] and

the use of different reagents [16], on the morphological

properties of hydroxyapatite nanoparticles through this

synthesis route have been studied, but the results so far

have been varied. Conflicting results have been obtained

for the effect of synthesis temperature on particle size.

Pang and Bao [10] and Kumar et al. [12] both reported the

increase in particle size of hydroxyapatite with increasing

synthesis temperature; but on the contrary, Cao et al. and

S. C. J. Loo (&) � Y. E. Siew � S. Ho � F. Y. C. Boey � J. Ma

School of Materials Science and Engineering,

Nanyang Technological University, Nanyang Avenue,

Singapore 639798, Singapore

e-mail: joachimloo@ntu.edu.sg

123

J Mater Sci: Mater Med (2008) 19:1389–1397

DOI 10.1007/s10856-007-3261-9



Bouyer et al. [13, 14] reported a decrease in particle size

with increasing synthesis temperature. Interestingly, Cao

et al [13] also reported that the calculated crystallite size,

using Scherrer’s equation, of their synthesized hydroxy-

apatite nanoparticles was actually vastly different from the

transmission electron microscope (TEM) sizes; in which

the calculated crystallite size was much smaller than the

observed TEM size, though no explanation was given.

Nevertheless, it was commonly observed from these papers

that the particles synthesized through chemical precipita-

tion are often highly agglomerated, which according to

Rahaman’s classification [17], these agglomerates could be

clusters of ultra-fine primary particles [9].

As such, a more rigorous measurement of particle size is

required. Measurement of hydrodynamic sizes of well-

dispersed particles using dynamic light scattering (DLS)

would therefore be a good complimentary alternative for

particle sizing. The requirement for accurate particle sizing

using DLS is therefore, a well-dispersed and stable colloid

of hydroxyapatite nanoparticles. Various dispersants have

been studied for the dispersion of hydroxyapatite nano-

particles. Welzel et al. [11] has briefly reported the use of

cationic, anionic and non-ionic organic dispersants, namely

cetyltrimethylammonium bromide (CTAB), sodium dode-

cyl sulphate (SDS) and octylphenoxy polyethoxyethanol

(Triton X-100), though preliminary studies have shown

them to be less than effective. As such, we are proposing

the use of a more effective inorganic dispersant in sodium

hexametaphosphate (SHMP) to disperse these nanoparti-

cles before their hydrodynamic sizes are measured.

The objective of this paper is to report on how synthesis

temperature and time can affect the size of hydroxyapatite

nanoparticles, and how these synthesis parameters can be

manipulated to tailor various sizes of nanostructured

hydroxyapatite particles. Here, hydroxyapatite nanoparti-

cles would be synthesized through chemical precipitation,

and hydrothermal would be performed as a post-synthesis

treatment to achieve particles of well-defined size and

morphology. Also, synthesized particles will be dispersed

into its colloidal form, and their hydrodynamic sizes would

be measured and compared to their microscopy sizes.

These nanoparticles will then be further characterized for

their crystallinity, purity and other morphological

properties.

2 Materials and methods

2.1 Chemical precipitation synthesis of hydroxyapatite

nanoparticles

Chemical precipitation is performed by first preparing

aqueous solutions of calcium nitrate tetrahydrate

[Ca(NO3)2�4H2O] (Alfa Aesar, USA) (4.704 g in 50 mL

de-ionized water) and ammonium dihydrogen phosphate

[NH4H2PO4] (Sigma Aldrich, USA) (1.375 g in50 mL

de-ionized water). 21.7 mL of 25% v/v ammonium

hydroxide [NH4OH] (Merck, Germany) was pre-added to

calcium nitrate solution to raise the pH to 11 prior to the

precipitation of hydroxyapatite. Ammonium dihydrogen

phosphate solution was added drop wise to the alkaline

calcium nitrate solution, stirring in a round-bottom flask at

room temperature (25 �C). The precipitates formed were

then aged in mother liquor for different periods of time (1,

3, 6, 24 and 96 h) before washing five times with de-ion-

ized water to remove all by-products. The synthesized

particles were then characterized accordingly.

The above synthesis was repeated at various tempera-

tures (5, 40, 60 and 80 �C) for 24 h to study the effect of

synthesis temperature on particle size. Synthesis tempera-

tures, above room temperature, were controlled through the

use of a silicone oil bath heated using a heat-controllable

magnetic stirrer. For synthesis at 5 �C, a melting-ice bath

was used. All samples were stirred throughout the synthesis

and the temperatures were monitored using a mercury

thermometer to be within ±3 �C.

2.2 Hydrothermal of synthesized hydroxyapatite

nanoparticles

Hydrothermal was performed on the hydroxyapatite

nanoparticles synthesized at various temperatures. For

hydrothermal, 15 mL (5 mg/mL) of hydroxyapatite sus-

pension was introduced into the hydrothermal bombs (Parr

acid digestion bombs, model 4744), and these bombs were

kept in oven at 200 �C for 24 h. After which, the ther-

mally-treated hydroxyapatite suspensions were freeze dried

(Alpha 1–4 LSC, Christ, Germany) to obtain the

hydroxyapatite powders, which were kept for

characterization.

2.3 Characterization of hydroxyapatite nanoparticles

Freeze dried hydroxyapatite powders were observed for

their particle shape and size on the TEM (2010 TEM,

JOEL, Japan) at an accelerating voltage of 200 kV and

LaB6 cathode. Samples were prepared by mixing a small

quantity of the hydroxyapatite powder in ethanol followed

by 10 min of ultrasonic treatment. A carbon coated copper

grid was used to collect the samples from the solution and

the images were captured via an in-built camera. Particle

sizes were measured from TEM micrographs on 200 par-

ticles, using the SPOT Basic software.
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X-ray diffraction (XRD) was performed using the Shi-

madzu XRD-6000 Standard employing CuKa radiation

(k = 1.5406 Å) at 50 kV and 50 mA. Data were collected

over the 2h range from 10–90� with a step size of 0.05� and

scan rate of 5� min–1. The infrared spectra of the

hydroxyapatite nanoparticles were obtained using the Per-

kin–Elmer system 2000 FTIR. For FTIR analysis,

hydroxyapatite nanoparticles were ground together with

oven-dried KBr powder and compressed into a disc. The

FTIR spectra were obtained with 16 scans per disc over the

range of 4000–400 cm–1. The specific surface areas of the

synthesized powders were determined by the Brunauer–

Emmett–Teller (BET) method using the Micromeritics

Surface area analyzer (ASAP 2000, USA).

For hydrodynamic size measurements, colloids of

hydroxyapatite nanoparticles were first prepared by dis-

persing the nanoparticles in solutions of CTAB, SDS or

SHMP. CTAB and SDS solutions were prepared at con-

centrations above their critical micelle concentrations [11],

and SHMP solution was prepared at a concentration of

0.1 wt%. After which, 5 mg of HA was added to 10 mL of

the dispersant solution and kept in an ultrasonic water bath

for 10 min. Hydrodynamic sizes and zeta potentials of the

colloids were measured using the ZetaPlus/BI-MAS option

(Brookhaven, USA).

3 Results and discussion

3.1 Chemical precipitation synthesis: effect

of synthesis time

The effect of synthesis time on hydroxyapatite nanoparti-

cles was studied at room temperature (25 �C). Figure 1

plots the change in particle size with synthesis time. The

results show an increase in particle size with increasing

synthesis time, which is similar with the results reported by

Saeri et al. [9]. The precipitation of hydroxyapatite nano-

particles can be explained through a crystal nucleation and

growth mechanism. During the initial stages of nucleation,

a crystal nucleus usually has rough surfaces due to the

rapid production of insoluble materials from the supersat-

urated solution. Over time, this nucleus, with rough

surfaces, provides favorable conditions for crystal growth.

As a result, crystal growth gives rise to larger particles with

increasing synthesis time.

The sizes of these particles were further confirmed by

measuring their hydrodynamic sizes. These particles were

dispersed in CTAB, SDS and SHMP solutions into colloids

before hydrodynamic size measurements were taken. The

effectiveness of each of these dispersants was then deter-

mined by conducting a simple study of their resultant

hydrodynamic sizes, Zeta potentials and colloidal stability

under similar conditions, using hydroxyapatite samples

synthesized for 24 h. Figure 2 plots the hydrodynamic

sizes of the particles in different dispersants over time. The

results show that hydroxyapatite nanoparticles dispersed in

SHMP had a hydrodynamic size closest to the measured

TEM particle size, and also provided the best colloidal

stability (Zeta potential = –72 mV) over time. Unlike the

organic dispersants (CTAB, SDS) that form micelles,

SHMP are adsorbed directly onto the surfaces through an

ion exchange mechanism. During ion exchange, the surface

phosphate anions are replaced by the anionic phosphate

groups of SHMP. The adsorption of the smaller phosphate

anions, as compared to the larger micelles, therefore gives

rise to a more intimate bonding or adsorption onto the
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particle surface, and possibly resulting in a more stable

colloid and a stronger electrostatic repulsion among the

particles. As such, SHMP would be used for the dispersion

of hydroxyapatite nanoparticles in latter part of the studies,

to obtain colloidal hydroxyapatite nanoparticles.

Figure 3 shows the XRD patterns of hydroxyapatite

synthesized at different synthesis times. The crystallo-

graphic planes corresponding to each XRD peak have been

labeled accordingly. The predominant phase was confirmed

with JCPDS file no. 09-0432 to be hydroxyapatite. For

samples synthesized for 1 h, there were additional peaks

present, which corresponded to a small fraction of b-tri-

calcium phosphate (b-TCP) (file no. 09-0169), and these

peaks disappeared with longer synthesis time. This sug-

gests that increasing the synthesis time to 3 h and beyond

would increase the purity of the hydroxyapatite phase.

However, from Fig. 3, contrary to the observation made by

Pang and Bao [10], there was no significant evidence that

the crystallinity of hydroxyapatite increased with synthesis

time. Similar synthesis was also conducted at 80 �C for

different times, but there was no distinctive difference in

the XRD peaks and crystallinity of the hydroxyapatite

nanoparticles, as shown in Fig. 4. This would suggest that

firstly, hydroxyapatite synthesized at low temperatures

generally results in particles of lower crystallinity; and

secondly, increasing synthesis time would have insignifi-

cant effects on the crystallinity of particles, regardless of

the synthesis temperature.

Figure 5 plots the FTIR spectra of hydroxyapatite

synthesized for 1, 24 and 96 h. The spectra contained

various peaks from the respective phosphate and

hydroxyl groups of hydroxyapatite, which were in

Fig. 3 XRD patterns of

hydroxyapatite synthesized at

25 �C for different synthesis

times

Fig. 4 XRD patterns of

hydroxyapatite synthesized at

80 �C for different synthesis

times
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agreement to other published data [12]. However,

increasing synthesis time resulted in the formation of a

peak at 1,423 cm–1. The formation of this peak is evi-

dence of a carbonate substitution in hydroxyapatite for

particles synthesized for longer time, i.e. 24 and 96 h,

though this peak in comparison was less apparent for

the 24 h sample. Carbonate substitution in hydroxyap-

atite probably resulted from the dissolved carbon

dioxide from the atmosphere [18], and a longer syn-

thesis time would allow for a greater probability for this

substitution to occur. Such a substitution would have

important implications of these nanoparticles for tar-

geted-delivery applications, as carbonate-substituted

hydroxyapatite would result in a faster dissolution rate

in vivo.

3.2 Chemical precipitation synthesis: effect

of synthesis temperature

The synthesis time of hydroxyapatite was therefore kept at

24 h, since this synthesis time gives particles of a reason-

ably pure hydroxyapatite phase that is free of other

impurities (b-TCP). The TEM micrographs of the

hydroxyapatite nanoparticles obtained at different synthesis

temperatures are shown in Fig. 6. The particles were

observed to be generally acicular in shape, where particles

synthesized at 5 and 25 �C were shorter and thinner (rod-

like), whereas particles synthesized at higher temperatures

were longer and thicker (plate-like). Particles were also

observed to have highly irregular contours, especially for

particles synthesized at higher temperatures. From Fig. 6, it

Fig. 5 FTIR spectra of

hydroxyapatite synthesized for

1, 24 and 96 h

Fig. 6 TEM micrographs of hydroxyapatite nanoparticles synthesized at (a) 5 �C, (b) 25 �C, (c) 40 �C, (d) 60 �C and (e) 80 �C
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can be observed that particle size increased with increasing

temperature, which is in agreement with the observations

made by Pang and Bao [10] and Kumar et al. [12]. Close

observation of particles synthesized at 5 �C also showed

that individual crystallites were around 20 nm in size,

which is in agreement with the crystallite size measured by

Cao et al. [13] for particles synthesized at this temperature.

The acicular particles observed by Cao et al. on the TEM

could therefore possibly be due to the directional aggre-

gation of ultra-fine particles (20 nm), as described by

Rahaman’s classification [17].

The plot of particle size with increasing synthesis tem-

perature is shown in Fig. 7. As before, particle sizes, on the

TEM, were measured from the main axis of the

nanoparticles with the longer dimension corresponding to

the c-axis of the crystal structure. The results show that

increasing synthesis temperature resulted in a linear

increase in particle size, both for the TEM and hydrody-

namic size measurements alike. In general, plate-like

morphology will be expected when growth rate is faster,

and the observed morphology (Fig. 6) at higher tempera-

tures indicates that growth rate of hydroxyapatite

nanoparticles indeed increased with temperature. There-

fore, the driving force for the growth of hydroxyapatite

increases with temperature [12], which explains for the

larger particle sizes at these temperatures. The linear

increase in particle size indicates the ability in controlling

particle size using temperature as the manipulating

parameter. This shows that the size of hydroxyapatite

nanoparticles can possibly be tailored and nanoparticles of

varying sizes can be obtained. Such control of hydroxy-

apatite particle size would have tremendous impact for the

use of these particles in targeted-delivery applications.

However, these particles are observed to have irregular

surface contours and as such, its surface morphology is still

not quite desirable.

Figure 8 shows the XRD patterns for hydroxyapatite

nanoparticles synthesized at different temperatures. It is

observed that there was no significant change in the crys-

tallinity of the particles for synthesis temperature lower

than 60 �C. However, an increase in crystallinity was

observed at 60 �C and above, which was similarly reported

by Pang and Bao [10]. The results show that particles

synthesized at temperatures below 60 �C results in parti-

cles with poor crystallinity, as mentioned earlier, but

crystallinity increases and crystallographic orientation

improves above this transition temperature. The results
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therefore show that synthesis temperature (Fig. 8) has a

greater effect on both crystallinity and crystallographic

orientation than synthesis time (Fig. 3). This is because

temperature is the greater driving force for crystal growth,

where higher temperatures would result in particles with

larger sizes, higher crystallinity and improved crystallo-

graphic orientation.

The FTIR spectra of hydroxyapatite synthesized at 25

and 80 �C is plotted in Fig. 9. The results obtained show

that increasing synthesis time increases carbonate substi-

tution of hydroxyapatite as observed from the peaks at

1,423 cm–1. This was contrary to the results reported by

Kumar et al. [12], who suggested that dissolved carbon

dioxide was reduced at higher temperatures. However, we

propose that increased carbonate substitution at higher

temperatures could be due to the formation of calcium

carbonate during the heating of alkaline calcium nitrate

solution prior to synthesis, which could have very likely

resulted in the formation of carbonate-substituted

hydroxyapatite, as observed.

3.3 Hydrothermal of hydroxyapatite nanoparticles

Hydrothermal refers to the chemical reaction of substances

in a sealed heated solution above ambient temperature and

pressure [19], and it allows for the synthesis of fine-grained

and highly pure single crystals, with controlled

Fig. 9 FTIR spectra of

hydroxyapatite synthesized at

25 and 80 �C

Fig. 10 TEM micrographs of hydroxyapatite nanoparticles synthesized at (a) 0 �C, (b) 25 �C, (c) 40 �C, (d) 60 �C and (e) 80 �C, after

hydrothermal
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morphology and narrow size distribution [20]. Though the

size of hydroxyapatite nanoparticles could be controlled by

altering the synthesis temperature and time during chemi-

cal precipitation, the particles obtained were often irregular

in shape and have poor surface morphology (Fig. 6). The

employment of hydrothermal would therefore overcome

these problems, giving nanoparticles of well-defined sizes

and morphology.

Figure 10 shows the TEM micrographs of hydroxyapa-

tite nanoparticles synthesized at different temperatures

after hydrothermal. The particles were observed to have

more regular shapes and surface contours, and each indi-

vidual crystal is easily identifiable. The specific surface

areas of the hydroxyapatite nanoparticles, before and after

hydrothermal, are summarized in Table 1. The results

show that the specific surface area decrease after hydro-

thermal due to the increased regularity of particle

morphology, which is consistent with the observation made

from the TEM micrographs. The decrease in specific sur-

face area would also imply that hydrothermal-treated

particles would have fewer problems with particle

agglomeration.

A plot of their particle sizes is shown in Fig. 11. The

results, in comparison to Fig. 7, do not show any signifi-

cant change in the particle sizes after hydrothermal. The

plot, on the other hand, does show a strong linear

correlation that exists between particle size and synthesis

temperature. Hydroxyapatite nanoparticles with well-

defined sizes can therefore be tailored using synthesis

temperature as the controlling parameter.

The XRD patterns of hydrothermal treated hydroxyap-

atite nanoparticles are shown in Fig. 12. Hydrothermal

treatment was observed to drastically increase the crystal-

linity of the particles, as shown from the formation of a

peak corresponding to the (300) Miller’s plane, for the

25 �C sample. However, there was no distinctive differ-

ence for the 80 �C sample. No significant difference was,

however, observed for the FTIR spectra of the hydrother-

mal-treated hydroxyapatite nanoparticles.

Table 1 Specific surface area of hydroxyapatite nanoparticles after

hydrothermal

Synthesis temperature 25 �C 80 �C

Without hydrothermal 79.3 m2/g 53.0 m2/g

With hydrothermal 49.5 m2/g 27.5 m2/g
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Fig. 11 Particle size of hydroxyapatite nanoparticles synthesized at

different temperatures after hydrothermal

Fig. 12 XRD patterns of

hydroxyapatite nanoparticles

after hydrothermal
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4 Conclusions

The size of hydroxyapatite nanoparticles was shown to

increase with increasing synthesis temperature and time.

Particle sizes were measured using TEM and DLS mea-

surements, and size was observed to increase linearly with

synthesis temperature. Increasing temperature also increa-

ses the crystallinity and carbonate-substitution of the

synthesized nanoparticles. Hydrothermal of these particles

improves particle morphology, giving particles with regu-

lar surface contours, well-defined sizes, and possibly, lower

particle agglomeration. By controlling synthesis tempera-

ture and time, hydroxyapatite nanoparticles with well-

defined sizes and morphology can be obtained through

chemical precipitation and a post-synthesis hydrothermal

treatment.
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