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Abstract The purpose of this study is to prepare tricalcium

phosphate (TCP) ceramic by dual dopants of magnesium

(Mg) and zinc (Zn), and investigate the influence of dopants

on the physical, mechanical and biological properties of

TCP. TCP were synthesized with 1 wt% Mg, 0.3 wt% Zn

and dual dopants using the precipitation process. Phase

composition and microstructures were characterized.

Mechanical properties and dissolution behavior in vitro

were investigated. Human osteoblast cell culture was used to

determine the influence of dopants on cell-materials inter-

actions. XRD analysis indicated that Mg delayed phase

transformation from b to a-TCP and pure b-TCP phase was

obtained for Mg-doped TCP after sintered at 1250�C.

Addition of Mg improved densification behavior of TCP.

Compression strength also increased from 24.0 MPa to

77.2 MPa after doping with Mg and Zn. Furthermore, Mg

additive reduced the solubility of TCP in vitro. Osteoblast

culture studies indicated that the presence of Mg stabilized

the cell-material interface and thus improved cell attachment

and growth. Zn-doped TCP exhibited good bioactivity,

which enhanced cell differentiation and alkaline phospha-

tase (ALP) expression. The highest cell proliferation and

ALP expression were found on dual Mg and Zn doped TCP.

The results indicate that Mg and Zn dopants play a significant

role towards improving mechanical properties and cell-

materials interactions of TCP. This work also demonstrates

the potential for dual Mg and Zn doped TCP to be used in

orthopedics and dentistry, which displays high mechanical

strength, low resorption and improved cell-material

interaction.

1 Introduction

Zinc (Zn) is an essential trace element with stimulatory

effects on bone formation. In vitro studies showed that Zn has

direct specific proliferative effect on osteoblastic cell [1] and

a potent and selective inhibitory effect on osteoclastic bone

resorption [2, 3]. In vivo study on Zn doped calcium phos-

phates on rabbit femora showed over 50% more newly

formed bone over Zn-free calcium phosphate composition

[4]. Recent study also showed relationship between osteo-

porosis and Zn deficiency in elderly subjects [5].

Recently, Zn-doped calcium phosphate ceramics have also

been developed as Zn carrier because of their good biocom-

patibility. It has been reported that Zn can be incorporated into

hydroxyapatite (HA) by substitution of Ca [6–8]. However,

the release of Zn from Zn-doped HA is very slow due to low

solubility of HA. Zn-doped tricalcium phosphate (TCP) has

also been studied in past several years [9–13]. Zn-doped TCP

exhibits stimulatory effects on osteoblast bioactivity and bone

formation, but also have some drawbacks. As a resorbable

ceramic, TCP shows high solubility in vitro or in vivo. Rapid

dissolution of TCP results in Zn ion release at high level,

which may cause severe toxicity reactions [4, 14]. In addition,

TCP ceramic is difficult to be sintered well due to phase

transformation from b to a-TCP when sintering at high tem-

perature, which degrades its mechanical properties.

Mg is also one of the most important bivalent ions,

which is an important factor in the qualitative changes in

the bone matrix that determines bone fragility. Mg
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depletion adversely affects all stages of skeletal metabo-

lism, causing low bone growth, decreases osteoblastic and

osteoclastic activities [15]. It has been reported that Mg can

be incorporated into TCP structure by substitution of Ca

[16–19]. Mg improves thermal stability of TCP which

prevents phase transformation at high temperature. Fur-

thermore, addition of Mg reduces the resorption of TCP. It

has been reported that the solubility of Mg containing TCP

decrease with increasing Mg content [20, 21].

In this study, a new approach has been developed to

prepare TCP ceramic using dual dopants of Mg and Zn,

which combines both benefits of Mg and Zn additives. The

presence of Mg enables TCP to be sintered at higher

temperature without phase transformation, and thus obtains

better mechanical properties and low solubility, while Zn

additive also endows TCP with good cell-material inter-

actions. Dual Mg and Zn doped TCP ceramic was

synthesized via wet precipitation process. Phase composi-

tion and microstructures of ceramics were characterized,

and mechanical properties and dissolution behavior were

investigated in vitro. Biocompatibility was also evaluated

in vitro using human osteoblast cells.

2 Materials and methods

2.1 Sample preparation and characterization

Based on preliminary data of our study using commercial

TCP [22], four compositions were synthesized in this study:

TCP, TCP doped with 1 wt% MgO (TCP–Mg), TCP doped

with 0.3 wt% ZnO (TCP–Zn) and TCP doped with the

combination of 1 wt% MgO and 0.3 wt% ZnO (TCP–Mg–

Zn). For Mg and Zn doped TCP samples, (Ca+Mg)/P,

(Ca+Zn)/P and (Ca+Mg+Zn)/P molar ratio are kept at 1.5.

TCP powder was synthesized by a wet coprecipitation

method. 1 M Ca2+ aqueous solution was made by dissolving

0.1 moles of calcium nitrate (Ca(NO3)2 � 4H2O, J. T. Baker,

NJ) in 100 ml distilled water. 0.0667 moles of phosphoric

acid (H3PO4, Fisher Scientific, NJ) was added to that aqueous

solution to maintain Ca2+ to PO4
3- ratio 1.5 to 1, similar to

TCP. The pH of the precursor solution was between 2 and 3.

Dropwise addition of ammonium hydroxide (NH4OH, J. T.

Baker, NJ) gradually increased pH of the solution, when

precipitation appeared. Final pH of the solution was main-

tained at 7. Resulting precipitate was filtered and dried at

120�C for 12 h. After drying, precipitate was grinded into a

powder and placed in the furnace for calcinations at 650�C

for 2 h. TCP–Mg, TCP–Zn and TCP–Mg–Zn powders were

also prepared by adding required amount of magnesium

nitrate (Mg(NO3)2 � 6H2O, J. T. Baker, NJ) and zinc nitrate

(Zn(NO3)2 � 6H2O, J. T. Baker, NJ) in the solution, and the

same precipitation process was followed.

The powders obtained were pressed by uniaxial pressing

with a pressure of 10 MPa, and sintered at 1,100 and 1,250�C

for 2 h, respectively. The surface morphologies and micro-

structures of sintered samples were observed using a

scanning electron microscope (SEM, Hitachi s-570, Japan).

Phase analyses were performed by an X-ray diffractometer

(Philips PW 3040/00 X’pert MPD). The relative density was

determined by the Archimedian’s method. The compressive

strength was measured using a mechanical test machine

(Instron) with a loading rate of 0.5 mm/min.

2.2 Dissolution in vitro

All samples were immersed in Tris–HCl buffer solution to

observe their dissolution behavior. The Tris–HCl buffer

solution was prepared by dissolving 50 mM Tris–

hydroxymethyl-aminomethane ((CH2OH)3CNH2) in dis-

tilled water. It was then buffered at pH 7.40 and pH 5.0

with hydrochloric acid (HCl) at 37�C. The masses of the

samples were measured after immersion for 7, 14, 21 and

28 days, respectively. The surface morphologies of sam-

ples after immersion were observed under SEM.

2.3 Cell culture

All samples were sterilized by autoclaving at 121�C for

20 min. In this study the cells used were an immortalized,

cloned osteoblastic precursor cell line 1 (OPC1), which

was derived from human fetal bone tissue [23]. OPC1 cells

were seeded onto the samples placed in 24-well plates.

Initial cell density was 2.0 9 104 cells/well. 1 ml of

McCoy’s 5A medium (enriched with 5% fetal bovine

serum, 5% bovine calf serum and supplemented with 4 lg/

ml of fungizone) was added to each well. Cultures were

maintained at 37�C under an atmosphere of 5% CO2.

Medium was changed every 2–3 days for the duration of

the experiment. Samples for testing were removed from

culture at 4, 10 and 28 days of incubation.

2.4 MTT assay

The MTT assay (Sigma, St. Louis, MO) was performed to

assess cell proliferation. The MTT solution of 5 mg/ml was

prepared by dissolving MTT in PBS, and filter sterilized. The

MTT was diluted (50 ll into 450 ll) in serum free, phenol

red-free Dulbeco’s minimum essential medium (DME).

500 ll diluted MTT solution was then added to each sample

in 24-well plates. After 2 h incubation, 500 ll of solubili-

zation solution made up of 10% Triton X-100, 0.1 N HCl and

isopropanol were added to dissolve the formazan crystals.
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100 ll of the resulting supernatant was transferred into a 96-

well plate, and read by a plate reader at 570 nm.

2.5 Morphology of OPC1 cells on samples

All samples for SEM observation were fixed with 2%

paraformaldehyde/2% glutaraldehyde in 0.1 M cacodylate

buffer overnight at 4�C. Post-fixation was performed with

2% osmium tetroxide (OsO4) for 2 h at room temperature.

The fixed samples were then dehydrated in an ethanol

series (30%, 50%, 70%, 95% and 100% three times), fol-

lowed by a hexamethyldisilane (HMDS) drying procedure.

After gold coating, the samples were observed under SEM.

2.6 Immunocytochemistry and confocal microscopy

Samples bearing cells were fixed in 4% paraformaldehyde

in 0.1 M phosphate buffer. Those samples were stored at

4�C, for future use. After rinsing in Triton X-100 for

10 min, samples were blocked with TBST/BSA (tris-buf-

fered saline with 1% bovine serum albumin, 250 mM NaCl,

pH 8.3) for 1 h. Primary antibody against alkaline phos-

phatase (ALP) was added at a 1:100 dilution and incubated

at room temperature for 2 h. The secondary antibody, goat

anti-mouse (GAM) Oregon green (Molecular Probes,

Eugene, OR), was added at a 1:100 dilution and incubated

for 1 h. Samples were then mounted on coverslips with

Vectashield� Mounting Medium (Vector Labs, Burlin-

game, CA) with propidium iodide (PI) and observed using a

confocal scanning laser microscopy (BioRad 1024 RMC).

2.7 Statistical method

Data for relative density, compressive strength and MTT

test are presented as mean±standard deviation. Statistical

analysis was performed using Student’s t-test, and

P \ 0.05 was considered statistically significant.

3 Results

3.1 Samples characterization

Figure 1 shows the influence of Mg and Zn additions on

densification of TCP ceramics. After sintering at 1,100�C,

pure TCP showed low relative density, 74.7% of theoretical

density (TD). Addition of Mg did not change the densifi-

cation of TCP ceramics. However, addition of Zn increased

density up to 83.9% of TD for TCP–Zn and 81.5% of TD

for TCP–Mg–Zn. After sintering at 1,250�C, the relative

density of pure TCP had a small increase compared to

1,100�C sintered samples. TCP–Mg showed a significant

increase of density up to 92.9% of TD. A maximum of

99.3% of TD was achieved for TCP–Mg–Zn at 1,250�C.

XRD analyses of all samples are shown in Fig. 2. After

sintering at 1,100�C, pure b-TCP phase was obtained for

all four samples. When sintering temperature increased up

to 1,250�C, a-TCP peaks were observed in TCP and TCP–

Zn, indicating phase transformation occurred from b to a-

TCP. However, all peaks in the patterns of TCP–Mg and

TCP–Mg–Zn were from b-TCP, in which no a-TCP peak

could be detected. In addition, small shift in peak positions

was observed in TCP–Mg and TCP–Mg–Zn.

Figure 3 shows SEM morphologies of the surface of the

samples sintered at 1,250�C. On pure TCP, large amount of

porosity in the microstructure were observed. Addition of

Zn increased densification due to glassy phase formation as

observed in Fig. 3c. This glassy phase covered the surface

of the grains and therefore no clear grain boundary was

observed in the sintered structure. Addition of Mg

increased the density of sintered TCP sample as shown in

Fig. 3b. TCP–Mg–Zn was sintered well and an almost fully

dense microstructure was obtained (Fig. 3d).

Compressive strengths of all samples sintered at 1,250�C

are presented in Fig. 4. Pure TCP showed low strength of

24.0 MPa. Addition of Zn and Mg improved compressive

strength to 37.8 and 40.4 MPa, respectively. Highest com-

pressive strength of 77.2 MPa was obtained for TCP–Mg–Zn.

3.2 Dissolution behaviour

The dissolution behaviour of all samples was evaluated in

Tris-buffer solution, and the results were shown in Fig. 5.

Pure TCP showed high dissolution rate. With the addition

TCP
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Fig. 1 Relative density of pure and doped TCP samples sintered at

1,100 and 1,250�C (*P \ 0.05, n = 5)
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of Mg, the solubility of TCP–Mg and TCP–Mg–Zn

decreased significantly. TCP–Zn showed a small decrease

of solubility compared with pure TCP, but it still at higher

level when compared to Mg-doped samples.

3.3 Cell culture

The MTT assay was used to determine OPC1 cell prolif-

eration on the samples. Figure 6 shows a comparison of

cell densities on all samples over the course of experiment.

Pure TCP showed low cell density at all time points. The

numbers of the cells on TCP–Mg and TCP–Zn were

significantly higher than those on pure TCP. A maximum

cell density was obtained with TCP–Mg–Zn.

Figure 7 shows SEM morphologies of OPC1 cells on

samples after 4 days of culture. Fewer cells distributed on

pure TCP. Cells exhibited elongated, flattened morphology

with few filopodia extensions, which indicate that cells fail

to attach and spread well on TCP surface. Cells on TCP–

Mg and TCP–Zn appeared cuboidal and three-dimensional

morphology, with some filopodia extensions. More cells

distribution was found on the surface of TCP–Mg–Zn.

Cells appeared with numerous lamellipodia and filopodia

extensions, indicating excellent cell attachment and

spreading.

After 28 days of culture, cells on all samples became

elongated and confluent together (Fig. 8). More cells were

observed on TCP–Mg–Zn, which form a dense and con-

fluent cellular multilayer. The cells synthesized an

abundant amount of extracellular matrix (ECM), forming a

three-dimensional fibril network (Fig. 8b). Numerous

apatite-like granules were precipitated on the surface of

cells, revealing the start of mineralization of ECM.

Figure 9 shows confocal micrographs of ALP expres-

sion in OPC1 cells cultured on different samples. After

10 days of culture, no ALP product could be observed on

pure TCP. The cells on TCP–Mg also showed low ALP

expression where only a small signal could be detected.

However, cells on TCP–Zn and TCP–Mg–Zn exhibited

strong ALP expression. After 28 days of culture, high ALP

expressions were obtained on all samples.

4 Discussion

XRD analysis shows no new phase in TCP after doped with

Mg and Zn. This result indicates that Mg and Zn are

incorporated into the crystal structure of TCP in place of

Ca. Because of smaller ionic radius, Mg and Zn reside

closer to the axis of cluster than Ca atom [24]. The changes

in crystal structure due to the substitution of Mg and Zn

also can be demonstrated by XRD analysis in Fig. 2b,

showing slight shift in peak position for TCP–Mg and

TCP–Mg–Zn. This result is consistent with previous

reports [18, 25]. When Mg and Zn are substituted into the

TCP structure, Mg–O and Zn–O bonds are stronger than

Ca–O bonds due to their short bond length compared to the

Ca–O interaction [24]. Therefore, Mg and Zn dopants help

to stabilize the structure of TCP and thus improve their

mechanical properties.

According to phase diagram [26], b-TCP is stable up to

1,125�C, and between 1,125�C and 1,430�C, a-TCP

becomes the stable phase. Presence of a-TCP phase in b-

TCP is unwanted due to higher dissolution rate of the

former which degrades the strength of TCP ceramics [27,
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TCP and TCP–Zn
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Fig. 3 SEM surface

morphologies of the samples

sintered at 1,250�C: (a) Pure

TCP; (b) TCP–Mg; (c) TCP–

Zn; and (d) TCP–Mg–Zn
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28]. Pure b-TCP ceramic has low sinter density and poor

mechanical properties, because of lower sintering temper-

ature to avoid the b to a-TCP phase transformation. In this

study, pure TCP shows low relative density after sintering

at 1,100�C. Sintering at higher temperature (1,250�C)

improves the densification, but phase transformation from

b to a-TCP took place as shown in Fig. 2. Phase trans-

formation not only leads to the formation of more soluble

a-TCP phase, but also prevents further densification due

to the volume expansion during phase transformation

[29, 30].

Zn dopant has been demonstrated to restrain phase

transformation [31], but it works only when higher content

of Zn was used. However, some concerns are raised

regarding cytotoxicity of Zn doped compositions higher

than 0.316 wt% [4]. Therefore, in this study, 0.3 wt% Zn

have been considered. The results indicate that it does not

prevent the phase transformation from b to a-TCP. a-TCP

also can be found in TCP–Zn composition after sintering at

1,250�C. As a sintering additive, Mg is found to stabilize

the b-TCP phase at higher temperature, and increase the

phase transformation temperature. Addition of 1 wt% Mg

in TCP prevents b to a-TCP phase transformation. Pure

b-TCP phase is obtained in TCP–Mg and TCP–Mg–Zn

compositions sintered at 1,250�C. The improvement in

thermal stability of Mg-doped TCP enables it to be sintered

at higher temperature without phase transformation. TCP–

Mg–Zn shows the highest sinter density, and thus better

mechanical properties.

To understand the influence of dopants on the dissolu-

tion rate of TCP, compacts are immersed in Tris–HCl

buffer solution. The results indicate that pure TCP has high

dissolution rate, which can be attributed towards the

presence of a-TCP that is more soluble than b-TCP. In

addition, high porosity and low mechanical strength are

also important reasons for fast dissolution of pure TCP.

The addition of Zn has demonstrated to decrease the sol-

ubility of TCP. It is reported that the solubility of Zn doped

TCP decreases with increasing zinc content [12]. In this

study, the dissolution rate of TCP–Zn shows a small

decrease compared to pure TCP, but it is still at a higher

level when compared to TCP–Mg and TCP–Mg–Zn. Low

content of Zn (0.3 wt%) used and the presence of a-TCP
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0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

∗∗ ∗
∗

ytisne
D lacitp

O

 TCP
 TCP-Mg
 TCP-Zn
 TCP-Mg-Zn

∗

∗∗
∗

∗

∗ ∗
∗

∗

Day 10 Day 28
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Fig. 7 SEM morphologies of OPC1 cells on samples after 4 days of culture: (a, b) TCP, (c, d) TCP–Mg, (e, f) TCP–Zn and (g, h) TCP–Mg–Zn
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are the reasons for high solubility of TCP–Zn. However,

Mg is found to reduce the resorption of TCP significantly.

Both TCP–Mg and TCP–Mg–Zn display lower dissolution

rate in vitro compared to undoped TCP. The decrease in

resorption of Mg-doped TCP helps to control the release of

Zn and provide a stable cell-material interface.

A stable cell-material interface is crucial to support cell

adhesion and subsequent proliferation and differentiation.

The establishment of cell-material interface mainly

depends on material surface properties, including surface

chemistry and topography. With respect to bioresorbable

TCP ceramics, the dissolution behavior plays a critical role

in the cell response. In this study, undoped TCP shows high

solubility, which damages the stability of cell-material

interface. Therefore, cells fail to attach well and spread on

material surface. The dissolution of TCP at cell-material

interface affects cell proliferation and differentiation,

which explains why low cell density and ALP expression

are seen with this material.

It has been demonstrated that Zn promotes the activity

of osteoblast and stimulated bone formation [1]. In our

study, high ALP expression on TCP–Zn indicates this

material enhances cell differentiation. However, high sol-

ubility of TCP–Zn influences cell proliferation, which

results in lower cell density compared with TCP–Mg–Zn.

The addition of Mg reduces the solubility of TCP–Mg,

Fig. 8 SEM morphologies of

OPC1 cells on samples after

28 days of culture: (a) TCP; (b)

TCP–Mg; (c) TCP–Zn; and (d,

e) TCP–Mg–Zn
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Fig. 9 Confocal micrographs

of ALP expression in OPC1

cells cultured on (a) TCP at day

10, (b) TCP at day 28, (c) TCP–

Mg at day 10, (d) TCP–Mg at

day 28, (e) TCP–Zn at day 10,

(f) TCP–Zn at day 28, (g) TCP–

Mg–Zn at day 10 and (h) TCP–

Mg–Zn at day 28. Green

fluorescence indicates antibody

bound to ALP, red fluorescence

indicates nucleus
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which is helpful to establish stable cell-material interface,

thus enhances cell attachment and proliferation. Thus,

higher cell attachment and growth are obtained on TCP–

Mg and TCP–Mg–Zn sample surfaces, when compared

with undoped TCP. With dual dopants of Mg and Zn,

TCP–Mg–Zn shows highest cell proliferation, which can

be attributed to Mg additive. Furthermore, the presence of

Zn also helps to stimulate cell differentiation, showing the

highest ALP expression on this material.

5 Conclusions

TCP ceramics with dual dopants of Mg and Zn were syn-

thesized by precipitation process. The addition of Mg

improved thermal stability and prevented phase transfor-

mation from b to a-TCP, which increased compression

strength of dense materials from 24.0 MPa to 77.2 MPa

after doping with Mg and Zn. The presence of Mg also

reduced solubility, which stabilized cell-material interface

and thus improved cell attachment and growth. Zn-doped

TCP exhibited good bioactivity with stimulating cell dif-

ferentiation and ALP expression, but had high solubility.

TCP with dual dopants combined the benefits of Mg and

Zn additives. The presence of Mg enabled TCP–Mg–Zn to

obtain high mechanical property, low solubility and good

cell-material interaction while Zn additive stimulated

osteoblast response. The results obtained indicate that TCP

with dual dopants of Mg and Zn has the potential to be used

in orthopedics and dentistry.
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