
INTRODUCTION

Hydroxyapatite (HA) is the major inorganic constituent

of bone and teeth. Due to the chemical similarity between

hydroxyapatite and mineralized bone of human tissue, synthetic

hydroxyapatite exhibits strong affinity to host hard tissues.

Formation of chemical bond with the host tissue offers hydroxy-

apatite a greater advantage in clinical applications than most

other bone substitutes1. Hydroxyapatite has been extensively

used in various forms for bone repairs and as coatings for

metallic prostheses owing to its high bioactivity and particular

adsorbability for various ions and organic molecules. However,

the poor mechanical properties and biological properties of

hydroxyapatite hindered its application. In order to improve

the properties of hydroxyapatite, there have been numerous

attempts to produce synthetic hydroxyapatite. Ionic substi-

tutions have been an effective tool to improve the properties

of hydroxyapatite. Hydroxyapatite has a hexagonal crystal

structure and an array of PO4
3- tetrahedra held together by Ca2+

and hydroxyl ions in the structure of hydroxyapatite2. This

structure allows the Ca2+ site substituted by Ti4+, Sr2+, Mg2+

etc. and the PO4
3- site by CO3

2-, SiO4
4- etc., as well as the OH–

group by F–, CO3
2- etc. Ionic substitutions can affect the surface

charge, lattice parameters, crystallinity and morphology which

can result in changes in thermal stability, mechanical properties,

solubility and bioactivity of hydroxyapatite3-10. Hydroxyapatite
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substituted by F– exhibited increased thermal stability8,9.

Hydroxyapatite modified with Ti4+ ions showed better photo-

catalytic and antimicrobial activity5. Mg2+ ions in hydroxy-

apatite structure could affect its crystallization and thermal

stability promoting the formation of TCP10. Sr2+ in hydroxy-

apatite could increase the solubility of hydroxyapatite and

stimulate the bone formation6. As a naturally present trace

element in bone, zinc can stimulate bone growth and bone

mineralization11. Zinc has a direct effect on osteoblastic cells

in vitro and an inhibitory effect on osteoclastic bone resorption

in vivo12,13 in addition to its antimicrobial activity14. Zn2+ substi-

tuted hydroxyapatite nanocarriers exhibited higher protein

releases when compared to pure hydroxyapatite15. Incorpo-

ration of carbonate into hydroxyapatite has improved the

biological activity because the incorporation of carbonate into

hydroxyapatite caused a change in crystal morphology, a

decrease in crystallinity, an increase in solubility and increases

the local concentration of calcium and phosphate ions that are

necessary for new bone formation16,17.

Zinc, manganese and ferrus are three important trace

elements in human body, which have an important function to

human health. In the present work, pure hydroxyapatite and

zinc, manganese and ferrus substituted hydroxyapatite pow-

ders have been synthesized via sol-gel method using calcium

nitrate and phosphorus pentoxide as calcium and phosphorus

precursors. Comparative studies of their physicochemical
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properties were carried out with hydroxyapatite, zinc substi-

tuted hydroxyapatite, manganese substituted hydroxyapatite

and ferrus substituted hydroxyapatite.

EXPERIMENTAL

Synthesis: The raw materials used in the synthesis of the

hydroxyapatite powders were as follows: Ca(NO3)2·4H2O,

P2O5, Zn(NO3)2·6H2O, Mn(CH3COO)2·4H2O and Fe(NO3)2·9H2O.

All chemicals used in the experiments were of analytical purity,

purchased from SINOPHARM without further purification.

Deionized water was employed as the solvent.

Hydroxyapatite powders were synthesized by sol-gel

method. Firstly, for pure hydroxyapatite synthesis, calcium

nitrate tetrahydrate and phosphorus pentoxide were dissolved

in ethanol, respectively to prepare the solutions. According to

the Ca/P molar ratio of 1.67, the phosphorus pentoxide solution

was added dropwise into calcium nitrate solution. The solution

was rigorously stirred for 2 h, heated in water bath at 60 ºC for

4h and left for 12 h at room temperature. The gel obtained

after aging was dried at 100 ºC for 12 h in a vacuum dry oven.

Finally, the powders from dried gel were calcined in air at 700 ºC

for 12 h to obtain the hydroxyapatite powders using an electrical

furnace and employing a heating rate of 10 ºC/min. For Zn-

hydroxyapatite, Mn-hydroxyapatite and Fe-hydroxyapatite

synthesis, zinc nitrate solution, manganese acetate solution

and ferric nitrate solution were used, respectively. Other steps

were the same as pure hydroxyapatite synthesis.

Characterization: The X-ray diffraction (XRD) patterns

of the as-synthesized samples were obtained using Rigaku D/

max-2500/PC diffractometer in the 2θ range of 20-60º with

Cu Kα radiation (0.154 nm). Crystallographic identification

of the phases of the samples was accomplished by comparing

the experimental XRD pattern with standard data compiled

by the International Center for Diffraction Data (ICDD). The

morphology of as synthesized samples were observed using

KYKY2800 scanning electron microscope (SEM), operated

at an accelerating voltage of 20 kV. The ultraviolet absorption

spectrum (UV) was done with Shimadzu UV2401 ultravoilet

spectrometer.

Biological activity studies: Firstly, 10 mg L-1 of amino

acid solution was prepared by addition of amino acid into

distilled water. The appropriate amount hydroxyapatite

samples were added into 10 mg L-1 of amino acid solution and

stirred for 2 h to reach adsorption balance. After centrifugal

separation, upper clear liquid was detected in wavelength range

of 400-190 nm by ultraviolet spectrograph, using distilled

water as reagent blank. Through contrast analysis of maximum

absorption peaks in ultraviolet absorption spectrum, the biolo-

gical activity of hydroxyapatite powders was evaluated.

RESULTS AND DISCUSSION

XRD phase analysis: Fig. 1 shows the XRD patterns of

the as-synthesized samples under different concentration of

Ca(NO3)2 solution. The peak positions were compared with

JCPDS data for hydroxyapatite (JCPDS file No. 09-0432). It

could be observed that the obtained XRD patterns were in

good agreement with standard data for hydroxyapatite. When

the concentration of Ca(NO3)2 solution was 0.5 mol/L, XRD

patterns showed mainly broad peaks of hydroxyapatite and

no characteristic peaks of impurities were observed. This

suggested that the powders constitutes hydroxyapatite as a

unique crystalline phase. The crystallinity of as-synthesized

hydroxyapatite decreased together with minor CaO peaks with

the increase of concentration of Ca(NO3)2 solution.
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Fig. 1. XRD patterns of hydroxyapatite powders prepared under different

concentration of Ca(NO3)2

The XRD patterns of the as-synthesized hydroxyapatite

samples substituted by different trace metal elements are shown

in Fig. 2. It could be observed that the XRD patterns of hydroxy-

apatite substituted by zinc, manganese and ferrus were in good

agreement with standard data for hydroxyapatite (JCPDS file

No. 09-0432). X-ray diffractometer results indicated that the

substituted hydroxyapatite powders had the same crystal structure

as hydroxyapatite. Furthermore, the diffraction peak strength

of hydroxyapatite was different with different elements substi-

tution. The crystallinity of as-synthesized hydroxyapatite

decreased due to substituted elements.
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Fig. 2. XRD patterns of hydroxyapatite (HA) powders substituted with

different element

Fig. 3 shows the XRD patterns of the as-synthesized

samples with different amount of Zn substitution. It was obvious

that the obtained XRD patterns were in good agreement with

standard data for hydroxyapatite (JCPDS file No. 09-0432) in

Fig. 3. The diffraction peak strength of hydroxyapatite decreased

together with minor CaO and CaZn2(PO4)2·H2O peaks with
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the increase of Zn substitution amount and the intensity of the

two types of diffraction peaks increased. It could be seen from

Fig. 3 that the diffraction peak in the 2θ of 36.7º attributed to

CaO phase, which may be because that the zinc ion occupied the

calcium hole, leading some calcium oxide in the framework.
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Fig. 3. XRD patterns of hydroxyapatite (HA) powders under different Zn

substitution amount

The resolution of characteristic XRD peaks of hydroxy-

apatite corresponding to the reflections of (211), (112) and

(300) fell, which indicated that the crystallinity of hydroxy-

apatite decreased with the increase of Zn substitution amount.

The possible reasons for changes in crystal structure of Zn-

hydroxyapatite are as follows.

The Zn2+ ion radius of 0.074 nm is less than Ca2+ ion of

0.099 nm. When Ca2+ ions are substituted by Zn2+ ions in the

hydroxyapatite framework, the structure distortion happens

and the diffraction peak of hydroxyapatite weakens and gradu-

ally broadens, which cause the crystallinity of hydroxyapatite

decrease. The percentage of amorphous phase increases as

Ca2+ ions are substituted by Zn2+ ions in the hydroxyapatite

framework. Zn in hydroxyapatite induces a reduction in the

crystallite size.

SEM images analyses: SEM images of the as-synthesized

samples with different elements substitution are given in Fig. 4.

With respect to the SEM images analyses, it was observed

that hydroxyapatite, Zn-hydroxyapatite, Mn-hydroxyapatite

and Fe-hydroxyapatite consisted of loosely aggregated small

particles and their surfaces were loose, coarse and porous. This

revealed that the composite powders possesed a porous struc-

ture and high surface areas. The contrast analysis showed that

substituted hydroxyapatite powders was of more obvious

porous surface structure and larger specific surface area than

hydroxyapatite. Among them, the zinc substituted hydroxy-

apatite exhibited smallest particles size and largest specific

surface area, which further indicated zinc substituted hydroxy-

apatite had better biological adsorption properties.
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Fig. 4. SEM images of substituted hydroxyapatite powders

Biological activity analysis: The UV spectra of as-

synthesized samples are shown in Fig. 5. It could be seen that

the intensity of maximum ultraviolet absorption peaks for

amino acid solution increased apparently after adsorption by

hydroxyapatite, which may be because that the formation of

soluble molecules due to amino acid molecules combined with

hydroxyapatite lead to the change of the ultraviolet absorption.

This indicated that hydroxyapatite had obvious adsorption for

amino acids. Furthermore, the hydroxyapatite powders synthe-

sized with 0.5 mol/L of Ca(NO3)2 had the strongest ultraviolet

absorption peaks for amino acid solution, implying that it was

of the stronger absorption ability for amino acid and the better

biological activity.
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Fig. 5. UV spectra of amino acid before and after adsorption by hydroxyapatite

Fig. 6 shows the UV spectra of amino acid adsorbed by

hydroxyapatite for different time. It can be seen that the
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adsorption rate of hydroxyapatite powders for amino acid was

rapid and the adsorption reaction soon reached balance. This

suggested that the adsorption of hydroxyapatite for bioactive

substances could be completed on the moment. Therefore,

when hydroxyapatite was transplanted into human body, the

adsorption could quickly reach equilibrium in vivo environments.
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Fig. 6. UV spectra of amino acid adsorbed by hydroxyapatite for different time

Fig. 7 shows the UV spectra of amino acid adsorbed by

hydroxyapatite in different pH. The adsorption performances

of hydroxyapatite for amino acid in different pH value were

basic consistent and the pH value had less effect on the

adsorption performances of hydroxyapatite for amino acid.

Therefore, the biological activity of hydroxyapatite in various

parts of human body was basically the same. The pH values

of various parts of human body fluid are shown in Table-1.

So, the hydroxyapatite powders could be widely used in

various forms for bone repairs.
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Fig. 7. UV spectra of amino acid adsorbed by hydroxyapatite in different pH

TABLE-1 
pH VALUES OF VARIOUS PARTS OF HUMAN BODY FLUID 

Parts of human body Blood Bone Saliva 

pH value 7.35-7.45 7.30-7.50 6.50-7.50 

 

As shown in Fig. 8, hydroxyapatite powders with different

concentration had obviously adsorption ability for amino acid.

Among them, the adsorption ability of hydroxyapatite powders

with the amount of 400 mg for 100 mL of amino acid was the

strongest. This indicated that the influence of hydroxyapatite

concentration on its adsorption for amino acid was complex.

Each hydroxyapatite molecular adsorbed a large amount of

amino acid in the surfaces with small amount of hydroxyapatite

in amino acid solution, which was enough to make it suspend

to upper solution and form soluble molecules. While the

amount of hydroxyapatite in amino acid solution increases,

the amount of amino acid adsorbed in the surfaces of hydroxyapatite

molecular reduced and the hydroxyapatite molecular could

not suspend to upper solution to form soluble molecules. Even-

tually the hydroxyapatite molecular sank into the hydroxyapatite

powders which did not be adsorbed.
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Fig. 8. UV spectra of amino acid adsorbed by different amount of hydroxyapatite

Fig. 9 shows UV spectra of amino acid with different

concentration adsorbed by hydroxyapatite powders. The

analysis results showed that the adsorption activity of hydroxy-

apatite powders gradually reduced with the increase of concen-

tration of amino acid solution. When the concentration of the

amino acid solution was more than 50 mg/L, the adsorption

activity of hydroxyapatite gradually reduced.
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Fig. 9. UV spectra of different concentration amino acid adsorbed by

hydroxyapatite powders
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As shown in Fig. 10, the adsorption activities of hydroxy-

apatite powders obviously increased after substituted by trace

elements. And hydroxyapatite powders substituted by different

ion had different adsorption ability for amino acid. Among

them, adsorption activity of Zn-hydroxyapatite was best, Fe-

hydroxyapatite was the second and Mn-hydroxyapatite was

the worst. This revealed that the biocompatibilities of hydroxy-

apatite powders substituted by trace elements in the human

body increased. The structure distortion degree and the crysta-

llization degree of hydroxyapatite substituted by different

elements were different, so the adsorption activities and biolo-

gical activity of hydroxyapatite were different. The crystal

structure of hydroxyapatite distorted after substituted by trace

elements. It is in good agreement with the results obtained

from XRD data.
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Fig. 10. UV spectra of amino acid adsorbed by substituted hydroxyapatite

(HA) powders

The UV spectra of amino acid adsorbed by Zn-hydroxy-

apatite powders are shown in Fig. 11. It could be seen that the

adsorption activities of Zn-hydroxyapatite powders were signi-

ficantly higher than the hydroxyapatite powders. And with the

increase of the amount of zinc, the adsorption activity increased

apparently. At the same time, the increased zinc amount caused

the maximum absorption wavelength for amino acid red shift.

This might be because the substitution Zn for Ca reduced the

crystallinity of hydroxyapatite and the ultraviolet absorption

mechanism changed.
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Fig. 11. UV spectra of amino acid adsorbed by Zn-hydroxyapatite (HA) powders

Conclusion

In this study, zinc, manganese and ferrus substituted

hydroxyapatite independently have been prepared by via sol-

gel method and characterized by XRD, SEM and UV for its

crystal structure, morphology and biological activity. The XRD

analyses revealed that the samples consisted of hydroxyapatite

with good crystalline phase. The crystallinity of hydroxyapatite

varied with the concentration of Ca(NO3)2 for preparation and

0.5 mol/L was the best synthetic concentration. Zinc, manga-

nese and ferrus substitution caused lattice disorder in the

hydroxyapatite structure and both displayed an inhibiting

effect on the crystallization of hydroxyapatite which reduced

the crystallite size and crystallinity. SEM results showed zinc,

manganese and ferrus substitution in hydroxyapatite reduced

the particles size and increase the specific surface area of

hydroxyapatite. Biological activity studies evidenced hydroxy-

apatite had obvious adsorption for amino acid and the presence

of zinc, manganese and ferrus in hydroxyapatite improved the

biological activity of hydroxyapatite. Moreover, the adsorption

time of hydroxyapatite was short and the effect of pH on the

adsorption was not apparent. By adjusting the concentration

of substitution elements it may be possible to achieve desired

properties for different biomedical applications.
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