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Abstract

Hydroxyapatite (HAP) hierarchical microspheres were synthesized by a facile hydrothermal method using calcium nitrate and ammonium

dihydrogen phosphate through controlling complexing agents. The influences of two kinds of complexing agents (potassium sodium tartrate

tetrahydrate and trisodium citrate) and reaction time on the morphology of HAP crystals have been investigated. These results indicate that

complexing agents have a great influence on the morphology of HAP. When potassium sodium tartrate tetrahydrate was used as complexing agent,

HAP flowers were composed of the network of nanosheet building blocks. Well-crystallized HAP dandelions with nanorods radiating from the

center can be obtained by the introduction of trisodium citrate. Broader XRD diffraction peaks imply a nanometer scale size. Based on XRD and

SEM results, the formation mechanism of HAP crystals has been discussed. The hierarchically structured HAP microspheres were explored as drug

carriers. The results indicate that HAP flowers and dandelions showed a favorable sustained release property for ibuprofen; thus, they are very

promising for application in drug delivery.

# 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Powders: chemical preparation; B. Microstructure; D. Apatite

www.elsevier.com/locate/ceramint

Available online at www.sciencedirect.com

Ceramics International 38 (2012) 495–502
1. Introduction

Hydroxyapatite (Ca10(PO4)6(OH)2), as one of the most

important inorganic biomaterials, has received long-term

attention due to its extensive applications, especially as bone

repair and tissue engineering [1–3]. In addition, HAP can be used

as chromatography [4], drug delivery agent [5–8] and protein

delivery agent [9]. These promising applications have promoted

the development for various methods to synthesize HAP crystals.

Examples are chemical precipitation approach [10], hydro-

thermal reaction [11,12], flux synthesis [13], biomimetic method

[14] and phase conversion method from different calcium

phosphates such as octacalcium phosphate [15], a-tricalcium

phosphate [16], brushite [17] or monetite [18]. For example, Tan

et al. [10] synthesized water-dispersible hydroxyapatite nanor-

ods by a chemical precipitation of aqueous solutions of calcium

nitrate and triammonium phosphate at 90 8C. Neira et al. [11]

employed a urea-assisted hydrothermal reaction between
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Ca(NO3)2 and (NH4)2HPO4 to prepare plate-like, hexagonal

prism-like, needle-like and fine-plate-like HAP. Mou and co-

workers [15] have synthesized uniform nanorods of hydro-

xyapatite and reported the transformation from octacalcium

phosphate to HAP and its impact on the crystal morphology in a

gelatin matrix.

In recent years, scientists have paid more attention to the

controlled organization of primary building block units into

curved structures across extended dimensions, since the

properties of materials are closely correlated to their

morphology [19,20]. Formation of highly ordered complex

architectures organized by nanostructured building blocks

based on spontaneous processes is of great interest for boosting

the performance of applications. It has been demonstrated that

using surfactants, polymers and complexing agents can be an

effective strategy to regulate the crystal growth process. Wang

et al. [21] synthesized flower-like porous hydroxyapatite

microspheres through poly(styrene sulfonate). Spherical

hydroxyapatite crystals were successfully prepared with b-

cyclodextrin as template by biomimetric method [22].

However, only limited literatures involved the preparation of

hierarchical HAP crystals using complexing agents and drug
d.
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release property, especially the relationship between morphol-

ogy and drug release property. Herein, we demonstrated a facile

hydrothermal method to prepare HAP microspheres con-

structed by different building blocks via the introduction of two

kinds of complexing agents. The hierarchically structured HAP

microspheres were explored as drug carriers. A typical anti-

inflammatory drug, ibuprofen (IBU), was used for drug loading,

and the release behaviors of ibuprofen in a simulated body fluid

(SBF) were studied.

2. Experimental details

2.1. Preparation

All chemicals were of analytical graded reagents and used

without further purification. In a typical procedure for the

preparation of hydroxyapatite flowers, 0.75 mmol ammonium

dihydrogen phosphate (NH4H2PO4) and 1.67 mmol urea were

dissolved in 15 mL deionized water to form a transparent

solution 1. 1.25 mmol calcium nitrate (Ca(NO3)2�4H2O) and

2.5 mmol potassium sodium tartrate tetrahydrate (PST) were

separately dissolved in 7.5 mL deionized water, and then PST

solution was quickly added to Ca(NO3)2 solution, white

precipitate occurred immediately. Solution 1 was introduced

into this suspension. After vigorously stirring for 2 min, the as-

obtained mixing solution was transferred to a Teflon-lined

stainless steel autoclave of 50 mL capacity, filled up to 60% of

the total volume, sealed, and maintained at 180 8C for 24 h. As

the autoclave cooled to room temperature naturally, the

precipitates were separated by centrifugation, washed with

deionized water and ethanol in sequence, and then dried in air

at 60 8C. This sample was denoted as PST-HAP. In another

experiment, 0.83 mmol trisodium citrate (TSC) was used to

substitute PST as complexing agent to synthesize hydro-

xyapatite dandelions, while keeping the other conditions the

same as the above sample. This sample was denoted as TSC-

HAP. PSC-HAP and TSC-HAP samples were calcined at

800 8C for 6 h to investigate high-temperature stability of

HAP, these two samples were designated as PSC-HAP-800 and

TSC-HAP-800.

2.2. In vitro drug release

The obtained HAP crystals can be used as drug carriers. In

present study, two samples including PST-HAP and TSC-HAP

with different structures were investigated for drug loading and

release. The typical drug loading and in vitro drug release

experiments were performed as follows: 3.5 g IBU was

dissolved in 50 mL hexane at a concentration of 70 mg/mL.

HAP (1.0 g) was added to this solution (50 mL) at room

temperature. Standard conical flasks (100 mL capacity) were

sealed with ground-in glass stopper to prevent the evaporation

of hexane, and then the mixture was shaken at 30 8C at a rate of

160 rpm for 24 h. The shaking device was a desk-type constant

temperature oscillator (SHA-CA, China). The sample was

centrifuged, washed once using hexane, dried at 60 8C in air

and compacted into disks (each disk 0.3 g) by a pressure of
4 MPa. Each disk was immersed into 200 mL of simulated

body fluid with pH 7.4 at 37 8C under shaking at a constant rate

of 160 rpm. The ibuprofen release medium solution (2 mL)

was taken out for UV–vis analysis at 264 nm at given time

intervals and replaced with the same volume of fresh SBF

which was preheated to 37 8C. The samples of PST-HAP and

TSC-HAP with released IBU are denoted as PST-HAP-IBU

and TSC-HAP-IBU.

2.3. Characterization

Phase characterization of the as-synthesized products was

conducted with X-ray powder diffraction analysis (XRD,

Rigaku D/max 2500 VPC) using high-intensity Cu Ka

radiation (l = 1.54178 Å) and a graphite monochromator in

the 2u range from 58 to 808. Morphology was investigated

using scanning electron microscopy (FEI-Sirion 200, Philips,

Holland and JSM-5610LV, JEOL, Japan). BET surface area

measurement was performed by a surface area analyzer

(ASAP 2020, Micro-meritics Corporation, USA). UV–vis

absorption spectra were taken on a Shimadzu UV 2550

spectrophotometer.

3. Results and discussion

3.1. Morphology of the obtained products

The phase of the as-prepared sample using PST as

complexing agent was examined by XRD. Fig. 1a shows

XRD pattern of sample PST-HAP prepared at 180 8C for 24 h.

All diffraction peaks in this pattern can be indexed as a single

phase of hexagonal hydroxyapatite, which is consistent with the

values in the literature (JCPDS No. 09-0432). No other phases

were observed. Typical SEM micrographs shown in Fig. 1b–d

reveal that the sample was mainly consisted of relatively

uniform flower-like structures. The flower-like structure was

composed of the network of nanosheet building blocks. The

sizes of these flowers were in the range of 5–15 mm, the

thicknesses of nanosheets were below 100 nm (Fig. 1d).

Brunauer–Emmett–Teller (BET) gas sorptometry measurement

revealed that the specific surface area of HAP flowers was

34 m2/g. The above results demonstrate that HAP with flower-

like morphology can be produced using the present synthetic

scheme.

When TSC was used as complexing agent, the phase and

morphology of the obtained sample were shown in Fig. 2.

Single phase of HAP was obtained (Fig. 2a). As one can see

from image at low magnification (Fig. 2b), the sample mainly

consisted of microspheres with diameters up to 5 mm. Their

surface exhibits a dandelion-like morphology as depicted in

Fig. 2c and d. HAP ‘‘dandelions’’ comprise numerous one-

dimensional nanorods radiating from the center. The diameter

of these nanorods is in the range of 30–50 nm. BET gas

sorptometry measurement revealed that the specific surface

area of HAP dandelions was 101 m2/g. This result shows that

HAP morphology can be influenced by complexing agents in

this reaction system.



Fig. 1. XRD pattern and SEM images of sample PST-HAP.

Fig. 2. XRD pattern and SEM images of sample TSC-HAP.
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Fig. 4. XRD patterns of sample PST-HAP prepared for different hydrothermal

time. (a) 0 h; (b) 1 h; (c) 3 h; (d) 6 h; (e) 12 h.

L.-X. Yang et al. / Ceramics International 38 (2012) 495–502498
3.2. Formation mechanism

The effect of PST concentration on the morphologies of

HAP microspheres was studied. Along with the increase of PST

concentration, crystal morphologies of HAP were different. As

for the samples in the absence of PST, the sample mainly

consisted of HAP nanoribbons. A few of nanoribbon aggregates

were observed (Fig. 3a and b). When 0.32 mmol PST was

introduced in this system, the product showed a loosely packed

flowers constructed by nanoribbons comparing to the sample

without PST, as illustrated in Fig. 3c and d. The obtained

microspheres had diameters about 30 mm. Interestingly, the

nanobuilding units of these microspheres gradually changed

from nanoribbons to nanoplates as PST concentration was

increased to 2.5 mmol (Fig. 1b–d). Consequently, dense

microspheres formed eventually. Hence, we can suggest that

PST can influence the formation of flower-like hydroxyapatite.

To examine the influence for HAP crystals after different

hydrothermal time, XRD patterns of the products synthesized at

180 8C were measured as shown in Fig. 4. As we stated in the

preparation section, white precipitate can be produced after

mixing Ca(NO3)2 and PST. After introducing urea and

NH4H2PO4 to this precipitate, white precipitate still existed

(Fig. 4a). Calcium tartrate seems to be the white product;

however, no JCPDS card can support this result. This precursor

can be sustained after 1 h of reaction at 180 8C (Fig. 4b). When the

hydrothermal time was prolonged to 3 h, hydroxyapatite coexists

with the precursor (indicated as *, Fig. 4c). The transformation

from precursor to hydroxyapatite cannot complete even after 6 h,

as shown in Fig. 4d. The phase of the product still remains as a

mixture ofprecursor and hydroxyapatite. The characteristic peaks

displayed in XRD pattern of Fig. 4e are consistent with those of

hydroxyapatite (JCPDS No. 09-0432). It took relatively longer

time to form a single phase of hydroxyapatite.
Fig. 3. SEM images of samples with different PST conc
The influences of reaction time on the morphology were

investigated with PST concentration fixed at 2.5 mmol. As

displayed in Fig. 5a, before hydrothermal treatment, the

precursor showed a sheet-like morphology. In the case of 1 h

(Fig. 5b), flowers assembled from nanosheets were observed

with dimensions below 10 mm and single nanoribbons

coexisted. When the reaction time was increased to 3 h,

sample still shows mixed morphologies of nanoribbons and

flowers (Fig. 5c). Further prolonging hydrothermal time to 6 h,

the morphology of the products remains a mixture of

nanoribbons and flowers (Fig. 5d). However, the proportion

of flowers seems to be enhanced and individual nanoribbons get

decreased. Petals in these flowers were denser than samples

prepared at the earlier stages.

XRD patterns and SEM photographs of the products

prepared using TSC as complexing agent at 180 8C for

different hydrothermal time are shown in Fig. 6. It is clear that
entrations. (a and b) 0 mmol; (c and d) 0.32 mmol.



Fig. 5. SEM images of sample PST-HAP prepared for different hydrothermal time. (a) 0 h; (b) 1 h; (c) 3 h; (d) 6 h.
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the diffraction peaks of the product had only broad diffraction

peaks, which was an indication that the as-formed HAP was

poorly crystallized (Fig. 6a). Microspheres formed with

diameters in the range of 1–3 mm. The surface of the

microspheres was rough (Fig. 6b). As the hydrothermal time

prolonged to 3 h, the crystallinity degree of the product was

enhanced. Major peaks were identified in comparison with the

standard power diffraction data for HAP (JCPDS No. 09-0432).
Fig. 6. (a) XRD patterns of sample TSC-HAP prepared for different hydro-

thermal time; (b) SEM image of sample TSC-HAP prepared for 1 h; (c) SEM

image of sample TSC-HAP prepared for 3 h.
However, three most intensive peaks of (2 1 1), (1 1 2) and

(3 0 0) between 308 and 358 (2u) in standard diffraction curve

were obscure, which was possibly caused by low crystallinity or

nanometer scale size distribution. The microsphere grew slowly

with the increase of the reaction time (Fig. 6c). A hydrothermal

time of 24 h provided a sufficient driving force to increase

crystallinity as shown in Fig. 2a.

On the basis of above structural and morphological analysis,

it can be deduced that complexing agent has a great impact on

morphology of the final products. In the case of PST

complexing agent, the formation of precursor occurred before

and after hydrothermal reaction for 1 h. In this period, the

sample mainly presents morphology of nanoribbons, only a few

flowers can be observed. Further increasing the hydrothermal

time to 3 h or even 6 h, respectively, mixed morphology was

sustained. However, the proportion of flowers can be greatly

enhanced as shown in Fig. 5d. The efforts of PST in our system
Fig. 7. XRD patterns of different samples after calcination. (a) PST-HAP-800;

(b) TSC-HAP-800.



Fig. 8. SEM images of different samples. (a and b) PST-HAP-800; (c and d) TSC-HAP-800.
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could be attributed to two aspects: firstly, the formation of

precursor precipitation led to less free Ca2+ concentration, which

avoided the direct chemical precipitation to HAP. Secondly, the

transformation from precursor to HAP underwent a period of

Ca2+ release from precursor nanoribbons to the solution, which

can provided enough free Ca2+ concentration to precipitate as

HAP. In this process, HAP flowers can be obtained from the

solution at the expense of the dissolution of precursor. It is worth

noting that the dissolution of precursor nanoribbons differed

from the decomposition of Ca2+–citrate complex, which were

well dispersed in the solution without precipitation. The

existence of precursor makes the crystal growth process took

place on the interface of solid and liquid. Hence, HAP crystals

can exhibit a different morphology to samples using TSC. As for

TSC as complexing agent, the existence of Ca2+ in solution is in

the form of Ca2+–citrate complex and PO4
3� presents as free

anion. When the reaction system was hydrothermally treated,

Ca2+–citrate complex gradually decomposes, releasing Ca2+ into

the solution. The crystal nuclei formed at this stage. The

formation of dandelions was earlier when hydrothermal for 1 h,

which indicated a weak interaction force between Ca2+ and

citrate. The nanorod units of dandelion crystals can be well

grown after further hydrothermal treatment.

3.3. Thermal stability

High-temperature stability was one of the key factors in

determining the application of HAP. Therefore, XRD was

conducted to test the phase purity of two samples PSC-HAP and

TSC-HAP, which were calcined at 800 8C for 6 h. The diffraction

peaks of two samples PSC-HAP-800 and TSC-HAP-800 can be

indexed as a pure phase of hydroxyapatite (Fig. 7), which

coincides well with the standard data for hydroxyapatitie (JCPDS

No. 09-0432). No peaks from other calcium phosphates were
observed in this XRD pattern, indicating a good stability of the

obtained samples at high temperature. It is worth pointing out

that there is a large difference from sample TSC-HAP, the

broader diffraction peaks based on (1 1 2), (2 1 1) and (3 0 0)

became sharper and distinguishable peaks. After thermal

calcination, these two kinds of morphologies of HAP can

almost be sustained. HAP flowers can be intactly kept upon

calcination (Fig. 8a). However, from a high-magnification image

(Fig. 8b), one can see the presence of nanopores in the building

units of nanosheets. TSC-HAP-800 still possesses morphology

of dandelions (Fig. 8c and d). The nanorods on dandelion surface

seem to be rough and have a tendency to be melted.

3.4. Drug release property

We investigated the drug loading and release behavior of

hierarchical HAP crystals. A typical anti-inflammatory drug,

ibuprofen, was used for drug loading. The ibuprofen storage in

PST-HAP flowers and TSC-HAP dandelions reached 227.5 and

193 mg/g, respectively.

We also investigated the release behavior of HAP crystals.

The released ibuprofen concentration in simulated body fluid

was calculated using:

y ¼ 0:00173 þ 1:7237x (1)

where y represents the absorbance value and x represents the

ibuprofen concentration in SBF. The total amount of ibuprofen

released was calculated using:

mt ¼ Ct � V þ v �
Xt�1

0

Ct (2)

where mt represents total mass of released ibuprofen after

taking out release medium solution (v mL) t times; ct represents



Fig. 9. In vitro IBU release curves of IBU, PST-HAP-IBU and TSC-HAP-IBU

in SBF (pH 7.4).
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the ibuprofen concentration in SBF at time t; V represents the

total volume of SBF and v represents the volume of release

medium solution taken out for analysis each time.

Fig. 9 shows the release behavior of pure ibuprofen disk and

two kinds of ibuprofen-loaded HAP disk in SBF over a time

period of 48 h and 120 h. One can see that the pure ibuprofen

disk released much faster and the release finished within 10 h.

In contrast, two kinds of ibuprofen loaded HAP disks showed a

slow and sustained release of ibuprofen, which can avoid the

explosive release of ibuprofen and prolong the drug effect. The

drug release rates from two systems are similar in the medium

of SBF with pH 7.4. For ibuprofen-loaded PST-HAP flowers,

about 29% of the loaded drug was released for the first 24 h and

35% for 48 h, and then the drug release rate reached a value

38% for 120 h. Similarly, for ibuprofen-loaded TSC-HAP

dandelions, about 29% of the loaded drug was released for the

first 24 h and reached 48% for 120 h. The ibuprofen release was

governed by a diffusion process in the initial stage. The

ibuprofen was not released completely. This may be explained

by the formation of hydrogen bonds between –COOH groups of

ibuprofen and –OH groups of HAP crystals, which slow or hold

back the release of loaded ibuprofen. The hierarchical HAP

crystals as drug carriers can exhibits more effectiveness in

assuaging the initial burst release and achieving the sustained

release in comparison with pure ibuprofen disk.

4. Conclusion

We have successfully developed a complexing-agent

regulated hydrothermal method to prepare hierarchically

HAP microspheres assembled by nanosheets and nanorods,

respectively. Hierarchical microspheres assembled by the

nanosheets have been successfully prepared by a hydrothermal

method using PST as complexing agent at 180 8C for 24 h.

Well-crystallized HAP dandelions with nanorods radiating

from the center can be obtained by the introduction of TSC.

Due to complexing effect, less free Ca2+ concentration can

avoid direct chemical precipitation and hence greatly influence

crystal growth process. A typical anti-inflammatory drug,

ibuprofen, was used for drug loading, and the release behaviors

of ibuprofen in a simulated body fluid were studied. Ibuprofen

could be stored in these hierarchically HAP crystals with an
uptake amount of 227.5 and 193 mg/g for HAP flowers and

dandelions, respectively. HAP flowers and dandelions showed a

favorable sustained release property for ibuprofen; thus, they

are very promising for application in drug delivery.
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