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Abstract As a useful starting material in coating tech-

nology and preparation of HAP/polymers composites the

platelet Ag/Cu/HAP was prepared using the solid solution

of HAP reacting with the mix-solution of silver and

copper nitrate. Its composition, microstructure and prop-

erties were characterized by means of X-ray diffraction

(XRD), scanning electron microscopy (SEM), Fourier

transform infrared spectroscopy (FTIR) and anti-bacterial

or bacteriostatic tests. The results demonstrate that the

prepared Ag/Cu/HAP crystal is mainly comprised of HAP

phase with little whitelockite and silver phosphate, stable

up to 600�C and takes a platelet shape. At 750�C, it is

partially changed into whitelockite, calcium copper

phosphate, silver oxide and silver phosphate. The platelet

Ag/Cu/HAP crystal has a preferential orientation of a-axis

below 600�C, above which the growth in a-axis is greatly

inhibited. The Ag/Cu/HAP has good crystallinity at 600�C

and is the most effective powder in resisting bacteria

among the HAP powders investigated. The platelet

Ag/Cu/HAP crystal can be good starting materials to

make antibacterial polymers/HAP composites and HAP

coatings.

1 Introduction

Hydroxyapatite (HAP) is a calcium phosphate ceramic

material commonly used in bone repair, both as a scaffold

and as a surface coating on prosthetics. It has osteocon-

ductive properties and a longer degradation time than other

biomaterials [1]. Generally, the most popular biomaterials

used as matrices for orthopedic applications are HAP

composites, whereas not the pure HAP, the materials

integrated with HAP including collagen type I, hyaluronic

acid, the linear polymers polylactic acid (PLA) and poly-

glycolic acid (PGA) or copolymers of these (PLGA) [1, 2].

The problems are that these materials can hardly induce

bone formation and often create an acidic environment at

the implant site that leads to an inflammatory response.

Other problems may be caused by implantation sites, where

orthopedic patients are often susceptible to infection [3–7].

Decreased penetration of antibiotics in association with a

reduced blood supply is also a significant problem. These

problems can be solved by using the HAP doped with

antibacterial metal ions as the biomaterials.

The transition metallic silver ion (Ag?) and copper ion

(Cu2?) have stronger antibacterial properties than any other

metallic ions. The antimicrobial properties of Ag? have

been exploited for a long time in the biomedical field [8].

The significant feature of Ag? is its broad-spectrum anti-

microbial property, which is particularly significant for the

polymicrobial colonization associated with biomaterials

infection [9]. The antimicrobial properties of Cu2? are

inferior to Ag?, however, more effective against mold than

Ag?. The Ag?-containing HAP (Ag/HAP) and Cu2?-con-

taining HAP(Cu/HAP) have been made and confirmed to

have good antibacterial ability [10–14]. Sutter et al. [15]

investigated the properties of the Cu/HAP crystal and the

results show that it has a smaller dissolution rate than pure
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HAP. Kim et al. [16] also synthesized the Ag/HAP, Cu/

HAP powder and proved its effective antibacterial property.

Therefore, the nanosized Ag/Cu/HAP may be a good bio-

material in antibacterial property and biocompatibility as it

has two functional metal ions.

As mentioned above, the materials integrated with HAP

include collagen type I, hyaluronic acid, PLA, PGA or

PLGA in which the chemical functional group –COOH,

–NH2 are contained. If HAP is doped with transition

metallic ions, Ag? and Cu2?, these ions can chemically

connect to –COOH, –NH2 groups to form strong complex

bonds according to complex theories of electronic structure

[17]. Consequently, the adhesion and strength between

polymers and doped HAP are enhanced.

In addition, bone is a kind of natural bioceramic compos-

ites consisting of hydroxyapatite sheets and collagen matrix

[18, 19]. The hydroxyapatite sheets are of thin and long shape

and parallel distribution along the orientation of the maxi-

mum main stress of the bone, which improves the maximum

pullout force of the sheets and the fracture toughness of the

bone. Therefore, it is necessary to prepare the platelet HAP to

make the implantation of bone effectively. Many researches

have been conducted to prepare the platelet HAP with great

progress [20–24]. Their main focus on the preparation of the

HAP coating containing platelet crystal is based on titanium

substrate and the sheet HAP has no antibacterial property and

can not be used to prepare the polymers/HAP composites. In

this study, a platelet crystal growing mechanism is proposed

and the purpose of this study was to prepare and characterize

the platelet Ag/Cu/HAP with antibacterial property superior

to those of the Ag/HAP and Cu/HAP and can be used as a

good starting material in coating technology and to make the

polymers/HAP composites.

2 Experimental

2.1 The preparation of platelet Ag/Cu/HAP crystal

Analytical grade di-ammonium hydrogen phosphate ((NH4)2

HPO4), calcium nitrate (Ca(NO3)2), silver nitrate (AgNO3)

and copper nitrate (Cu(NO3)2) (made in Xi’an chemicals

plant) were used as starting materials to prepare the platelet

Ag/Cu/HAP crystal. (NH4)2HPO4, Ca(NO3)2 were first dis-

solved in the solution of nitric acid (HNO3), and AgNO3 and

Cu(NO3)2 were dissolved in ammonia(NH3 � H2O) (made in

Xi’an chemicals plant) solution. Then the solution of AgNO3

and Cu(NO3)2 was dropped into that of Ca2? and PO4
3? to

prepare platelet of antibacterial Ag/Cu/HAP crystal by stir-

ring. The atom ratio of Ca to P in the reaction solution was set

to 1.67. The slurry of Ag/Cu/HAP crystal can be formed

during reaction. The obtained slurry was heated to 100�C and

held for 4 h with rapid stirring, next aged for 24 h at 50�C,

vacuum-filtrated, washed with deionized water and dried for

24 h at 100�C. Then the dried platelet Ag/Cu/HAP crystal was

slowly cooled within the kiln to room temperature. Finally, the

as-precipitated platelet of Ag/Cu/HAP samples were calcined

at 300, 600, and 750�C, respectively, held for 2 h and then

slowly cooled back to room temperature in the furnace. The

calcining and cooling were performed in air atmosphere.

2.2 Analytical methods

The phase composition of as-precipitated Ag/Cu/HAP was

analyzed by means of X-Ray diffraction (XRD) (D/max-

2200PC). The operation conditions were 40 KV 9 40 mA,

DS-RS-SS = 1�-0.3 mm-1� by using Cu Ka. The goni-

ometry was set at a scan rate (2h) of 16� min-1 over a

range (2h) of 10� * 80� and at a step size of 0.02�.

The changes of the ion groups in the Ag/Cu/HAP powder

were characterized using Fourier transform infrared (FTIR)

(VECTOR-22) spectroscopy. The infrared spectrum with a

resolution of 4 cm-1 was adopted with the scan range 400–

4,000 cm-1. Surface morphology of the calcined Ag/Cu/

HAP powder was observed by means of scanning electron

microscope (SEM, JEOL 6700F). The sizes of the Ag/Cu/

HAP crystal were calculated using Scherrer’s equation

automatically by XRD computer system.

The antibacterial property of the Ag/Cu/HAP powder

dried at 100�C was tested with minimum inhibitory con-

centrations (MIC) method. Firstly, 0.1 g * 0.2 g Ag/Cu/

HAP powder was added into 100 ml liquid-casein-agar-

culture by stirring and secondly, the obtained culture was

diluted with the same liquid-casein-agar-culture to get var-

ious concentration cultures with the Ag/Cu/HAP powder.

Then, E. coli and S. mutans ATCC 25175 were inoculated in

the various obtained cultures, respectively. Next, the inoc-

ulated cultures were put into the culture box and cultured for

24 h and meantime the blank culture without any bacteria

was also put into the culture box as a comparison culture.

After that, the various cultures were observed and the least

concentration of Ag/Cu/HAP powder with it the culture

could not grow any bacteria, the same as the blank culture

did, is the MIC of the Ag/Cu/HAP powder.

3 Results and discussion

3.1 The composition and stability of the platelet

Ag/Cu/HAP crystal

In order to maintain the excellent bioactivity and bio-

compatibility of HAP crystal, the platelet Ag/Cu/HAP

crystal only contains 1.5 wt% of silver and 1.5 wt% of

copper, therefore, the crystal should be mainly composed

of HAP phase. Figure 1 shows the XRD patterns of the
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calcined Ag/Cu/HAP. Figure 2 shows XRD patterns of Ag/

Cu/HAP, Ag/HAP, Cu/HAP and HAP powders calcined at

750�C. Results show that the obtained Ag/Cu/HAP crystal

is mainly composed of HAP phase as mentioned above (see

Fig. 1) and with slight whitelockite (TCP) and silver

phosphate (Ag4P2O7) below 600�C(see Fig. 2).

The radii [25] of Cu2? and Ag? are 0.73 Å and 1.15 Å,

respectively, close to that of Ca2? (1.00 Å), and therefore,

can substitute for the Ca2? in the lattice of HAP leading to

the microstructure change of the HAP lattice, the increase of

the disorder-random or entropy(S) of the lattice and the

reduction of crystallinity of HAP theoretically. The obtained

Ag/Cu/HAP having the broadened peaks as the Fig. 1

described indicates that it is a weak crystal. The results show

that in the temperature range from 100 to 600�C, the HAP

phase in the Ag/Cu/HAP was stable. At 600�C, a very small

part of it reacts with copper and silver leading to form cal-

cium copper phosphate (Ca19Cu2(PO4)14), implying that

Cu2? substituted for Ca2? in HAP lattice and meantime

dehydroxylation reaction occurred, the OH- was lost and

Ag4P2O7 was changed into AgPO3. At 750�C, more Ag/Cu/

HAP was changed into whitelockite (Ca3(PO4)2), calcium

copper phosphate (Ca20Cu(PO4)14, Ca19Cu2(PO4)14 and

Ca10Cu(PO4)7), silver phosphate (AgPO3) and silver oxide

(Ag2O3), which indicate that at low temperature only some

of Ag? and Cu2? with high energy could substitute the Ca2?

in HAP lattice, and at high temperature more energy can be

provided to Ag? and Cu2?-containing HAP and make the

Ag? and Cu2? substitute Ca2? in HAP lattice to form

Ca19Cu2(PO4)14 obviously. Figures 1 and 2 show that

the obtained Ag/Cu/HAP crystal contains slight TCP and

Ag4P2O7 below 600�C which is because during the prepa-

ration of Ag/Cu/HAP crystal the ammonia solution of

AgNO3 and Cu(NO3)2 was dropped into the acidic solution

of Ca2? and PO4
3?, and the circumstances of synthesis is

changed from a acidic condition to a basic one. In this

process PO4
3- can exist in three forms, H2PO4

-, HPO4
2-,

PO4
3- in aqueous solution, therefore, the HAP crystal or

doped HAP crystal synthesized by the wet method in this

study probably contain little impurity [26]. At 600�C the

obtained Ag/Cu/HAP crystal is purified due to the impurity

decomposition (see Fig. 1). At 750�C more TCP and cal-

cium copper phosphates are formed and the relative

intensities of HAP diffraction peaks are suddenly reduced

which is similar to the observations reported by Pattanayak

et al. [27]. They pointed that the HAP prepared by wet

method was stable up to 600�C and the formation of major

amount of TCP and other calcium phosphate were mainly

caused by the dehydroxylation reaction of HAP occurred

above 600�C, and with an increase in calcination tempera-

ture HAP would have started losing hydroxyl groups

forming various phosphates. In a truly anhydrous system,

HAP should not appear due to the dehydroxylation reaction.

In this study, at 750�C an anhydrous system is basically

formed (see Fig. 4), so various phosphates are formed.

Pattanayak et al. [27] crystallographically studied the

XRD patterns of the end products of HAP over 600�C and

confirmed that the end products seem apatitic because the

diffraction maxima of the products produced in dehydr-

oxylation overlap those of HAP and the formed TCP seem

to exhibit an apatite lattice, rather than that of whitelockite,

which is believed possible due to the inclusion of lattice

Fig. 1 XRD patterns of as-produced Ag/Cu/HAP composite sintered

at a 100�C, b 300�C, c 600�C

Fig. 2 XRD patterns of the powders calcined at 750�C a HAP,

b Ag/HAP, c Cu/HAP, d Ag/Cu/HAP
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defects. In this study, the obtained XRD patterns at 750�C are

much similar to those got by Pattanayak therefore, the end

products in this study should be apatitic. Pattanayak also

pointed that the reduces of the relative intensity of HAP in the

XRD patterns with increase in calcinations temperature does

not really indicate the absence of HA-like phases.

There are many factors affecting the thermal stability of

HAP crystal. Many literatures indicated that HAP crystal

should be stable up to 1,200�C or at higher temperature.

For examples, Saeri [28] synthesized HAP powders with

wet method using pure raw materials and degassed distilled

water to prepare all the solutions and filtered inert Ar as the

protective gas of the reaction system, the filter containing a

sufficient amount of carbon dioxide absorber (KOH), the

obtained powders could exist stably up to 1,200�C. Ra-

pacz-Kmita [29] synthesized HAP powder using CaO and

H3PO4 as starting materials with wet method and the

obtained HAP powder was stable in a hot pressing process

over 1,000�C. Kothapalli [30] prepared HAP powders

using wet method with 7 days aging. The obtained HAP

powders could keep stable when the powders were pressed

into half-inch diameter disks at a pressure of 150 MPa for

1 min and sintered in air at 1,200�C for 1 h with a heating

rate of 5�C/min. Meejoo [31] synthesized HAP powder

using Ca(OH)2 and (NH4)2HPO4 as starting materials with

a microwave radiation wet method and the synthesized

powders were stable up to 900�C. It is reported that using

Ca(NO3)2 � 4H2O, phosphoric acid (H3PO4), NH3 � H2O

and b-glucose as starting materials, Yang [32] synthesized

various HAP powders having different thermal stability

with microwave irradiation method and coprecipitation

method, respectively. At calcination of 1,000�C, the HAP

powders obtained with different aging and irradiating time

had different predominant phase, aged for 4 and 8 h are b-

Ca3(PO4)2 and CaO. HAP and a little b-Ca3(PO4)2 were

observed by aging for 12 h, and the polycrystals of HAP

can exist stably by aging for 24 h. At calcination of

1,200�C, the sample completely transform to b-Ca3(PO4)2

and CaO by aging for 12 h, and the samples aged for 24 h

are still HAP. The sample irradiated for 30 min completely

transforms to b-Ca3(PO4)2 and CaO, and sample irradiated

for 1 h is still HAP at 1,200�C. The power of microwave

also influenced the thermal stability of the obtained HAP

powders in Yang’s research. Moreover, the HAP being

stable above 1,000�C was also synthesized by our group

with Triton-X-100/hexanol/cyclohexane inverse micro-

emulsion system. In short, the thermal stability of HAP

powders is a function of the type of starting materials, the

synthesis method used, preparation condition including

post-treatment after precipitation and so on. In this study,

the obtained platelet Ag/Cu/HAP powders can stable up to

600�C, this is associated to the starting materials, the

conditions used in wet method, the acidity changes in

preparation and the dehydroxylation during the calcina-

tions over 600�C.

3.2 Crystal size of the platelet Ag/Cu/HAP crystal

The crystal size of the Ag/Cu/HAP is an important parameter

to characterize and the size change in the transformation

from HAP to Ag/Cu/HAP can give some important infor-

mation about the reaction during the formation of Ag/Cu/

HAP. It was reported [33] that Mg2?(aq) with the radius of

0.72 Å can replace Ca2? with the radius of 1.00 Å in the

HAP crystal and inhibit the growth of crystal, thus forming

HAP crystals of small size. Cu2?(0.73 Å), almost the same

as Mg2? in charge and size, can replace Ca2? and form HAP

of small size. When Ag?(1.15 Å) substitutes for Ca2?, HAP

crystals of larger size are formed since Ag? is larger in size

and lower in charge than Ca2?. Table 1 shows the crystal

sizes of the Ag/Cu/HAP calcined at different temperatures,

indicating that based on peaks (002), (300) and (211) Ag/Cu/

HAP change slightly in sizes at temperatures from 100 to

750�C, except that based on peak 300 at 750�C. Based on

peaks (002), (300) at the temperatures from 100 to 750�C,

Ag/Cu/HAP is larger in size than Cu/HAP and smaller than

HAP while it is close to Ag/HAP. Based on peak (300) the

Ag/Cu/HAP has the largest sizes at 100 and 300�C and

almost the smallest size at 600�C of the four kinds of HAP

crystals in Table 1. This indicates that, the Ag/Cu/HAP

crystal preferentially grows in the direction of a-axis below

600�C.

Table 1 The particle size of different HAP powders calcined at

temperature varying from 100�C to 750�C

Sample Temperature/�C Particle size/nm

(002) (300) (211)

Ag/Cu/HAP 100 24.1 34.2 9.0

300 26.0 34.7 8.7

600 25.8 18.4 10.7

750 /a /a /a

HAP 100 28.9 19.4 12.6

300 26.1 17.1 12.5

600 28.7 20.2 13.5

750 30.6 44.1 50.7

Ag/HAP 100 26.0 17.2 11.4

300 27.9 19.0 11.5

600 26.9 19.8 14.5

750 28.3 46.8 56.1

Cu/HAP 100 23.0 19.7 13.3

300 22.0 12.7 13.9

600 21.7 18.2 13.6

750 35.5 35.7 21.7

a Without related size value as the Ag/Cu/HAP crystal was com-

pletely decomposed into a-TCP and other phosphate at 750�C
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At and above 600�C, the growth in the direction of a-

axis is inhibited strongly because of the polarization and

extrapolarization in Ag/Cu/HAP lattice. According to the

theory of ion polarization, Ag? and Cu2? are transition

metallic ions and capable of influencing the shapes of OH-

and PO4
3-. Furthermore, at and above 600�C, Ag?, Cu2?

and OH-, PO4
3- in HAP lattice influence each other to

intensify the chemical connection between them, resulting

in an extra-polarization and, consequently, the lattice space

becomes smaller and smaller until it reaches a thermody-

namic equilibrium state. In this case the Ag/Cu/HAP has a

high lattice energy or high surface free energy. As a result,

the Ag/Cu/HAP tends to grow evenly in axes a, b and c.

The surface area of lattice is reduced, the Ag/Cu/HAP

remains stable and meantime the platelet Ag/Cu/HAP

crystal has the smallest size.

3.3 The chemical action in the platelet Ag/Cu/HAP

crystal

Figure 3 shows the FTIR spectra of the calcined Ag/Cu/

HAP powders at various temperatures. The spectra have

characteristic features of crystalline HAP with some car-

bonate substitution. Two bands at 603 and 570 cm-1

represent m4O–P–O bending vibrations of PO4
3- groups in

phosphate. The peak at 962 cm-1 reflects the m1P–O

symmetric stretch. The bands located at 1,044 and

1,091 cm-1 result from m3P–O antisymmetric stretching

vibration. The band at 473 cm-1 belongs to m2P–O

stretching vibration (see Fig. 3). The bands at 1,411 and

1,456 cm-1 result from the carbonate groups incorporated

in the Ag/Cu/HAP structure and the background carbon

dioxide (CO2) in the atmosphere. The bands at 3,443 and

1,630 cm-1 indicate water absorbed in the Ag/Cu/HAP

powder (see Fig. 3). Two bands for structural OH- groups

at 633 and 3,570 cm-1 are detected and progressively

enhanced as the temperature increases from 100 to 600�C.

In fact, at 600�C the bands are significantly exposed in

spectra, which indicate the Ag/Cu/HAP has good crystal-

linity at 600�C. At 750�C, the band located at 633 cm-1 for

the structural OH- group disappears due to the dehydr-

oxylation of HAP, whereas the band labeled at 3,570 cm-1

remains a weak peak (see Fig. 4).

At low temperature the peak of OH- group was blurring

and at 600�C it turned obvious (see Fig. 3), fitting well to

XRD analysis in 3.1, which indicates Ag? and Cu2? in the

Ag/Cu/HAP mainly bond with OH- group with none or

very little, combined with the PO4
3- group below 600�C.

However, at high temperature they enter to the lattice of

HAP and mainly bond with the PO4
3- group. As a result,

the Ag/Cu/HAP further is crystallized.

Figure 4 indicates the four types of HAP dehydroxyla-

tion at 750�C and the bands located at 633 cm-1 and

3,570 cm-1 for structural OH- group almost disappear,

well corresponding to that the Ag/Cu/HAP easily changes

into Ca20Cu(PO4)14, Ca19Cu2(PO4)14 and Ca10Cu(PO4)7

during dehydroxylation and meantime the substitution of

Ag?, Cu2? for Ca2? in the HAP lattice occurs.

3.4 The growing mechanism of the platelet

Ag/Cu/HAP crystal

According to the model of the surface structure of HAP

provided by Kawaski [34], on surface c there is a strong

absorption center known as site c and a weak absorption

center of cations known as site P, and on surface a or b

there are absorption centers for the anions. In this study, the

start pH of the reaction solution is \4. Though the pH

increases as the reaction continues, it is still \7 when the

HAP is formed. In this case, a great amount of H3O? and

NH4
? exist in the solution of reaction and they can be

Fig. 3 FTIR spectra of the Ag/Cu/HAP powders calcined at a 100�C,

b 300�C, c 600�C and d 750�C

Fig. 4 FTIR spectra of a HAP, b Ag/HAP, c Cu/HAP, d Ag/Cu/HAP

powders calcined at 750�C for 2 h
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absorbed by the group of PO4
3- on surface c. The group of

PO4
3- is protonated to form HPO4

2- or H2PO4
-. As a

result, the electric potential and the ability to absorb Ca2?

are reduced or inhibited on surface c. Further more, in the

acidic environment, the OH- located on surfaces a and b

are easily missing, which causes a great amount of HPO4
2-

or H2PO4
- to move to surfaces a and b and to be absorbed.

Consequently, Ca2? ions are absorbed and form a layer of

Ca2? outside that of HPO4
2- or H2PO4

-, which forms a

highly concentrated area of Ca2?, HPO4
2- or H2PO4

-.

Therefore, as the reaction continues, the HAP crystal will

rapidly precipitate and preferentially grow in the directions

of a-axis and b-axis and forms the Ag/Cu/HAP platelets. In

addition, the HPO4
2- or H2PO4

-, different from OH- in

size, charges and microstructure, substitutes for the OH-

on the surfaces a and b and will change the growth ten-

dency of the HAP crystal [35], which enhances the

formation of the platelet Ag/Cu/HAP crystal.

Figure 5 shows the SEM micrographs of four kinds of

HAP nanosized particles at 100�C which indicate that the

morphologies of the former three nanosized HAP powders

are basically needle shape with a diameter of 30 * 80 nm

and a length of 300 * 500 nm. The Ag/Cu/HAP powder

takes the platelet shape as mentioned above.

Figure 6 depicts the SEM micrographs of the platelet

Ag/Cu/HAP calcined at 100, 300, 600, and 750�C and the

results show that below 600�C the crystal is basically

sheet-like in shape whereas at 750�C, a great change in

shape occurs. In fact, it changes into a spherical shape. This

corresponds well to the XRD patterns and FTIR spectra of

the Ag/Cu/HAP at various temperatures (see Figs. 1–3).

3.5 Anti-bacterial test

Ag? and Cu2? are transition metallic ions and have the

ability to complex with anions such as –NH2, –S–S– and

–CONH– of protein or enzyme in the bacterial cells. They,

therefore, can damage the DNA and RNA of bacteria or

inhibit its propagation when they are released from the Ag/

Cu/HAP crystal in the solution. In addition, the Ag/Cu/

HAP crystal has a large surface area as it is a nanosized

particle, which makes bacteria adhere to the surface of the

Ag/Cu/HAP crystal. Table 2 presents the antibacterial test

results of the four kinds of HAPs. The results prove that,

the doped HAP powders investigated have strong anti-

bacterial or bacteriostatic properties and the Ag/Cu/HAP

powder is the strongest antibacterial agent due to the

cooperation between Cu2? and Ag? ions against bacteria

whereas the pure HAP powder does not have any anti-

bacterial property.

The cytotoxicity of the metallic ions doped HAP crystal,

which is related to its antibacterial property, have attracted

many peoples’ attention and many researches related to this

issue have been done. Oh [36] studied the cytotoxicity of

Ag doped HAP through various routes and the results

showed that the optimal antimicrobial property with none

Fig. 5 The SEM micrographs

calcined at 100�C of a HAP,

b AgHAP, c CuHAP and

d AgCuHAP
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or mild cytotoxicity may be produced by modulating not

only the doped silver amount but also their shape and

synthesis route. Chen [37] conducted a comparison study

on the cytotoxicity between the co-sputtered silver (Ag)-

containing HAP coating and pure HAP coating. The results

indicated that no significant difference in the in vitro

cytotoxicity was observed between HA and Ag-HA sur-

faces. Verne [38] characterized the Ag doped bioactive

glass by means of SEM observation, EDS analysis, bio-

activity test (soaking in a simulated body fluid), leaching

test (GFAAS analyses) and cytotoxicity test. It is demon-

strated that these surface silver-doped glasses maintain, or

even improve, the bioactivity of the starting glass. The

measured quantity of released Ag into simulated body fluid

compares those reported in literatures for the antibacterial

activity and the non-cytotoxic effect of Ag. Catauro [39]

also investigated the bioactivity of Ag doped bioactive

glass and reported that the FTIR measurements and SEM

micrographs had ascertained the formation of a hydroxy-

apatite layer on the surface of samples soaked in a

simulated body fluid for different times. Cu2?, as men-

tioned above, is inferior to Ag? in terms of antibacterial

property. Sutter’s [15] research results showed that the

Cu2? doped HAP has a smaller dissolution rate than pure

HAP. Therefore, it can be estimated that Cu2? can have

none or mild cytotoxic effect to human being through

modulating the doped copper amount and synthesis route.

Further more, a main application of the Ag/Cu/HAP crystal

is to prepare enhanced implants materials, polymers/HAP

composites, in these biomaterials the cytotoxicity of Ag?

and Cu2? will be reduced to a great extent due to the

dilution of polymers and the chemical connection between

them and the –COOH, –NH2 groups contained in polymers.

And also the thermal stability of the platelet Ag/Cu/HAP

crystal up to 600�C is satisfactory because the synthesis of

polymers/HAP composites will be carried out under low

temperatures due to polymers’ poor thermostability.

4 Conclusion

The investigated Ag/Cu/HAP crystal includes mainly HAP

phase with a little whitelockite (Ca3(PO4)2) and silver

Fig. 6 The SEM micrographs

of the AgCuHAP platelet

calcined at a 100, b 300�C,

c 600�C and d 750�C

Table 2 The minimum inhibitory concentrations (MIC) of the four

HAP against E. coli and S. Aureus

Samplea MICb/ppm

Against E. coli Against S. mutans

HAP / /

Ag/HAP 5 5

Cu/HAP 10 10

Ag/Cu/HAP 3.4 3.4

a Sample sintered or dried at 100�C for 20 h
b Minimum inhibitory concentrations

/: Without antibacterial property

J Mater Sci: Mater Med (2009) 20:785–792 791

123



phosphate (Ag4P2O7) below 600�C. It is platelet and is

a weak crystal that is stable at and below 600�C. At

750�C, Ca3(PO4)2, Ca20Cu(PO4)14, Ca19Cu2(PO4)14, Ca10

Cu(PO4)7, Ag2O3 and Ag4P2O7 are formed due to the

dehydroxylation reaction of HAP crystal. The platelet

Ag/Cu/HAP crystal has preferential orientation of a-axis

below 600�C, above which the growth in the direction of a-

axis is inhibited greatly. The FTIR spectra show that Ag?

and Cu2? in the platelet Ag/Cu/HAP combine with OH-

group below 600�C, above which they are bound with

PO4
3- group. The platelet Ag/Cu/HAP has a good crys-

tallinity at 600�C and is the strongest antibacterial agent

among the investigated HAP powders. The platelet Ag/Cu/

HAP crystal with these properties can be used as good

starting materials to make the polymers/HAP composites

and HAP coating.
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