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Abstract: The aim of this study was to improve the mechanical properties 

and to optimize antimicrobial activity of hydroxyapatite (HAP) by 

simultaneous doping with Mg and Cu ions in order to obtain material that 

would be able to assist in the bone/tooth healing process, prevent post-

implementation infections and provide satisfying values of hardness and 

fracture toughness for biomedical application. Ion doping was done during 

the hydrothermal synthesis of HAP powders, whereby the content of Mg ions 

in the starting solution was varied between 1-20 mol. % with regard to Ca 

ions, while the amount of Cu ions was kept constant at 0.4 mol. %. The 

green compacts were sintered for 2 h at temperatures ranging 750-1200 °C 

depending on the Mg content, chosen in agreement with dilatometry 

results. Presence of Mg ions was found to favour transition from HAP to 

In vitro investigation of antimicrobial activity against Escherichia 

coli, Staphylococcus aureus and Enterococcus faecalis showed satisfactory 

antimicrobial activity. MTT assay performed on MRC-5 and L929 cell lines 

showed excellent cytocompatibility and cell proliferation. Maximum 

hardness by Vickers and fracture toughness values, 4.96 GPa and 1.75 MPa 

m1/2 respectively, were obtained upon addition of 5 mol. % Mg, as a 

consequence of the lowest grain size and porosity, as well as the highest 

densification rate. This is, to the best of our knowledge, the highest 

-TCP ceramics reported thus far. 
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Abstract 

The aim of this study was to improve the mechanical properties and to optimize 

antimicrobial activity of hydroxyapatite (HAP) by simultaneous doping with Mg and Cu 

ions in order to obtain material that would be able to assist in the bone/tooth healing 

process, prevent post-implementation infections and provide satisfying values of 

hardness and fracture toughness for biomedical application. Ion doping was done during 
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the hydrothermal synthesis of HAP powders, whereby the content of Mg ions in the 

starting solution was varied between 1-20 mol. % with regard to Ca ions, while the 

amount of Cu ions was kept constant at 0.4 mol. %. The green compacts were sintered 

for 2 h at temperatures ranging 750-1200 °C depending on the Mg content, chosen in 

agreement with dilatometry results. Presence of Mg ions was found to favour transition 

from HAP to tricalcium phosphate phase (TCP, which enabled formation of 

biphasic HAP/TCP and pure TCP phase at 160 °C during hydrothermal synthesis. 

In vitro investigation of antimicrobial activity against Escherichia coli, Staphylococcus 

aureus and Enterococcus faecalis showed satisfactory antimicrobial activity. MTT 

assay performed on MRC-5 and L929 cell lines showed excellent cytocompatibility and 

cell proliferation. Maximum hardness by Vickers and fracture toughness values, 4.96 

GPa and 1.75 MPa m
1/2

 respectively, were obtained upon addition of 5 mol. % Mg, as a 

consequence of the lowest grain size and porosity, as well as the highest densification 

rate. This is, to the best of our knowledge, the highest fracture toughness for HAP or -

TCP ceramics reported thus far. 

Keywords: A. Sintering; C. Mechanical properties; E. Biomedical application; 

Hydroxyapatite; 

1. Introduction 

Calcium hydroxyapatite (HAP) is widely investigated biomaterial due to its 

chemical and structural similarity with the mineral constituent of human bone and teeth. 

In addition, HAP possesses desired properties such as bioactivity, biocompatibility, 

osteoconductivity, osteoinductivity as well as ability to stimulate osseointegration [1]. 

Owing to this, it has found wide applications: as an implant material and metallic 
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prostheses coating in maxillofacial, dental and orthopaedic surgery [2-6], in drug-, gene- 

or protein- carrier delivery systems [7-9], as a bone graft material and particulate filler 

for bone defects [10] and material for dental fillings and periodontal treatments [1]. 

However, compared to the human bone mineral, synthetic HAP has inferior mechanical 

properties.  

Biological HAP usually contains a large variety of trace elements such as: Mg, F, 

Si, Sr, Zn etc. By introducing these elements into the HAP structure during synthesis 

process, one may mimic the mineralization of biological HAP and thus regulate the 

phase composition and morphology, as well as produce biomaterial with improved 

biological and mechanical properties [11].  

Magnesium is one of the dominant substitutes for calcium in the bone mineral due 

to their chemical similarity. Magnesium ions are known to promote bone mineralization 

and osteoblast-like cell proliferation, thus enhancing bioactivity and biocompatibility of 

material [12]. Bone fillers based on HAP doped with Mg ions have been reported to 

improve the interaction between the implant material and human osteoblast and 

mesenchymal stem cells, as well as formation of the new bone tested in vitro and in vivo 

[13,14]. Substitution of the Ca ion with smaller ion, such as Mg, rises strain in the 

lattice which favours the HAP-TCP transition and may result in the formation of 

biphasic calcium phosphates (BCP) [15-17]. BCP, a mixture of stable HAP and highly 

resorbable βTCP, due to its specific dissolution characteristics has ability to intensely 

promote new bone formation at the implant site [2,18]. 

Frequent post-implementation infections, usually associated with implant materials, 

led to new research approach in metal ion-doping for antimicrobial activity of 
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biomaterials. Metal ions such as Cu
2+

, Zn
2+

, Ag
+
 are well known antimicrobial agents, 

however, if present in high doses they are shown to be cytotoxic [19-22]. Copper is an 

essential trace element in human body. Besides its bactericidal effect, it has a role in the 

cross-linking of collagen and bone elastin [23,24]. Previously reported study [20] 

investigated effects of different concentrations of Cu ions in the HAP structure on its 

antimicrobial activity and cytotoxicity, and it was concluded that doping of HAP with 

0.4 mol. % of Cu ions provided high antimicrobial properties, but lowered the 

biocompatibility of the HAP-based material. In this study, the aim was to keep 

aforementioned concentration of Cu ions in order to provide high antimicrobial 

properties, while compensating for the decrease in biocompatibility with addition of Mg 

ions. 

The aim of this study was to improve mechanical and antimicrobial properties of 

synthetic HAP by simultaneous ion doping with Mg and Cu in order to obtain bioactive 

material that would be able to 1) assist in the bone/tooth healing process; 2) prevent 

post-implementation infections; 3) provide satisfying values of hardness and fracture 

toughness. To the best of our knowledge this was the first time that Cu and Mg ions 

were simultaneously used as dopants in HAP in bioceramic, with varying the Mg 

content. Mg,Cu-HAP could potentially be used both in the compact form and in the 

form of calcinated powder for diverse applications in orthopaedic, maxillofacial and 

dental surgery, regenerative medicine and tissue engineering. Mg,Cu-HAP could also 

find application as a restorative dental material (i.e. bioactive dental insert [25], 

bioactive composite filler [26]). The effects of doped ions on the mechanical properties, 

biocompatibility, antimicrobial activity and sintering behaviour were also investigated.  
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2. Materials and methods 

2.1. Mg,Cu- doped hydroxyapatite powder synthesis 

Eight different nanosized calcium-hydroxyapatite based powders were synthesized in 

this study by a previously described modified hydrothermal method [27-29]. Precursor 

solution of the control sample (pure HAP, c-HAP in Table 1) consisted of 

Ca(NO3)2∙4H2O, Na2H2EDTA∙2H2O, NaH2PO4∙2H2O and urea. Substitution of Ca ions 

with Mg and Cu in the Mg,Cu-doped HAP samples was performed during hydrothermal 

synthesis by introducing Mg and Cu ions in the precursor solution. As Mg and Cu ions 

sources, Mg(NO3)2∙6H2O and Cu(NO3)2∙3H2O were used. The content of Mg ions in the 

precursor solution varied between 1-20 mol. % with regard to Ca ions amount. The 

concentration of Cu ions was kept constant at 0.4 mol. % related to the concentration of 

Ca ions in all doped samples. The composition of starting solutions for each sample is 

shown in the Table 1. The Ca+Mg+Cu/P ratio value for all samples was 1.67. The 

precursor solutions were thermally treated in autoclave at 160 °C for 3 hours, under p = 

8 bar. The obtained precipitates were collected by vacuum filtration, flushed with 

deionized (DI) water and dried at 105 °C. 

Table 1. The composition of precursor solutions for hydrothermal synthesis of each 

sample 

 

2.2. Characterization of sample powders 

2.2.1. X-ray Diffraction Analysis 

Phase identification of the samples before and after sintering was determined by X-

ray diffraction (XRD), conducted on X-ray diffractometer (Ital Structure APD 2000) 

with CuKα radiation (1.54 Å) in the 2θ angle ranging from 10° to 65°  with a scan step 
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of 0.02° s
-1

. Crystallographic identification of the phases was accomplished by 

comparing the experimental XRD patterns with standards compiled by the Joint 

Committee on Powder Diffraction Standards cards, JCPDS 09-0169, JCPDS 09-0348 

and JCPDS 09-0432 for TCP, TCP and HAP respectively.  

2.2.2. Scanning electron microscopy and energy dispersive X-ray analysis 

A scanning electron microscope (Tescan FE-SEM Mira 3 XMU) operated at 20 keV 

was employed to characterize the morphology of the powders. All samples were coated 

with gold/palladium alloy using a sputter coater (Polaron SC503, Fisons Instruments) 

prior to SEM analysis. In order to confirm incorporation of Cu and Mg ions in all 

samples, energy dispersive X-ray (EDX) analysis was performed on Oxford Inca 3.2 

coupled with SEM Jeol JSM 5800, operated at 20 keV. The results of EDX analysis are 

presented as average arithmetical value of three measurements of different surface areas 

of the sample at the 1000 times magnification, expressed in atomic percentages. 

2.2.3. TGA/DTA analysis 

In order to determine thermal behaviour of the samples, a simultaneus 

thermogravimetric and differential thermal analysis (TG/DTA) was performed in 

alumina crucibles (Setsys Evolution, Setaram). TG/DTA measurements were performed 

in air, with heating/cooling rate of 20 °C/min, from room temperature to 1200 °C.  

2.2.4. In vitro biocompatibility of Mg,Cu-HAP powders 

The biocompatibility of the Mg,Cu-HAP powder samples was tested by measuring 

cell viability using the MTT assay on two different fibroblast cell lines: L929 and 

MRC-5. The L929 line was of a mouse origin, whereas the MRC-5 was a human 
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fibroblast cell line. MTT assay was performed by following previously reported 

procedure [3], using 96-well culture plates (ICN, Costa Mesa, CA) (0.5 x 10
4
 

cells/well). The number of replicates was six. The optical density (OD) of the developed 

colour was read at 570/650 nm (Behring ELISA Processor II) after 24, 48, 72 and 96 h, 

and the results were presented as a relative cell viability compared to the OD of the 

control cells taken as 100 %. The viability of cells used in the experiment was greater 

than 90 %. The agar diffusion test (ADT) was performed according to international 

standards (ISO 10993-5, ISO7405) following previously reported procedure [3]. 

2.2.5. Antimicrobial activity of Mg,Cu-HAP powders 

Antimicrobial activity was determined by microbial inhibition test using three 

indicator cultures: Escherichia coli (ATCC 25922), Staphylococcus aureus (ATCC 

25922), and Enterococcus faecalis (ATCC 29212). The inoculums of all 

microorganisms were prepared from fresh overnight broth cultures (Tripton soy broth + 

0.6% yeast extract, Torlak, Belgrade) that were incubated at 37 °C.  Each powder 

sample of 0.1 g weight was placed in a test tube, followed by addition of 0.9 cm
3
 of 

sterile saline and 0.1 cm
3
 of diluted culture (cca 10

5
 cell per ml). After 2 hours of 

incubation at 37 °C, additional 9 cm
3
 of sterile saline was added to every tube. Aliquots 

of 0.1 cm
3
 were then taken from each tube placed in the sterile Petri dishes and covered 

with Tryptone Soya Agar (TSA). After solidification of TSA, the Petri dishes were 

incubated for 24 h at 37 °C. The formed bacterial colonies were counted and the degree 

of inhibition (R) was calculated following the equation:  

    R = [(C0-C)/C0 ] x 100 [%]         (1) 
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where C0 is the concentration of culture in the control; C is the concentration of culture 

in powder sample. All samples were treated in triplicate and the results are expressed as 

the mean value.  

2.3. Processing of Mg,Cu-doped hydroxyapatite green compacts 

The Mg,Cu-doped hydroxyapatite powders were uniaxially pressed into green 

compacts at 300 MPa (CIP-15, MTI Corporation) during 1 min, using a high-quality 

cylindrical steel mould with diameter of 8 mm.  

2.4. Dilatometric analysis 

Sintering behaviour of the samples was investigated by a vertical dilatometer 

(Setsys Evolution, Setaram). Samples c-HAP, HAP0, HAP1, HAP5 and HAP7.5 were 

heated up to 1200 °C, while HAP10, HAP15 and HAP20 were heated up to 1100 °C, 

with the same heating/cooling rate value of 20 °C/min.  All samples had initial diameter 

of 8 mm. 

2.5. Sintering of Mg,Cu-doped hydroxyapatite compacts 

Based on results of TGA/DTA and dilatometric analysis of Mg,Cu-doped HAP 

powders as well as SEM micrographs of the samples after dilatometric analysis, optimal 

sintering temperature for each sample was chosen: 1200 °C for samples with lower Mg 

content (up to 7.5 mol. %), 1000 °C for HAP10 and 750 °C for HAP15 and HAP20 

samples. The green compacts were sintered in high-temperature furnace for 2 h at the 

heating rate of 20 °C/min. Upon sintering, all samples were naturally cooled down to 

the room temperature.  
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2.6. Characterization of sintered samples 

2.6.1. Microstructure and mean grain size determination of Mg,Cu-HAP 

sintered compacts  

Microstructures of sintered materials were determined by using FE-SEM, applying 

the same scanning conditions as aforementioned. Average grain sizes (AGS) of the 

compacts were determined from the micrographs of the polished and thermally etched 

surface. The total number of 100 grains was used in order to calculate AGS. 

2.6.2. Density and relative linear shrinkage of Mg,Cu-HAP sintered compacts 

The density of obtained samples was determined by using Archimedes' principles, 

while relatively linear shrinkage (RLS) was determined by the equation:  

    RLS = (d0-d)/d0          (2) 

where d0 is an initial diameter and d is a diameter of the compact after sintering. 

2.6.3. Mechanical properties of Mg,Cu-HAP sintered compacts 

The Vickers hardness (HV) and fracture toughness (KIC) of polished sintered 

samples were measured by applying 1.0 kg load with a dwell time of 5 s on a Vickers 

Hardness Indentation Tester (Buehler Indentament 1100 series). HV was calculated by 

the equation (3) based on the diagonal dimension of prints on the obtained samples, 

while KIC of polished sintered samples was determined using the Evans and Charles 

equation (4): 

    HV = 1854.4 ∙X ∙(0.168∙ N)
-2

 [GPa]        (3) 

where X is load mass [g], N is dimension of the diagonal print [m] 
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    KIC = 0.0824 ∙ P ∙c 
-3/2

 [MPa/m
1/2

]         (4) 

where P is the identation load [N], c is length of the induced radial crack [m] 

Hardness by Vickers (HV) and fracture toughness (KIC) values were presented as an 

average arithmetical value for five measurements per sample. The mean value and 

standard deviation were calculated using Origin Pro software (OriginLab Corporation). 

The one-way analysis of variance (ANOVA) and Tukey post-hoc test were used to 

evaluate the significant difference among samples with the level of significance set at 

0.05. 

3. Results and discussion 

3.1. Characterization of the sample powders 

3.1.1. XRD and EDX analysis  

The XRD diffractograms of the Mg,Cu-HAP powder samples are shown in the Fig. 

1. The XRD patterns of  HAP1 and HAP5 show only peaks characteristic of apatite 

phase, as seen in the case of c-HAP and HAP0 (0 mol.% Mg, 0.4 mol. % Cu) samples 

reported in the previous study [20]. In the case of HAP7.5 and HAP10, apatite phase 

partly transformed into TCP and its relative intensity increased with increasing the 

Mg ion content. Presence of Mg ions in the starting solution inhibits apatite 

crystallization and favours its thermal conversion into TCP phase. This finding is in 

good agreement with the literature data [16,17,30]. The powders HAP7.5 and HAP10 

were biphasic BCP powders with dominant TCP phase. However, when more than 15 

mol. % of Ca ions was substituted with Mg ions in the precursor solution, apatite phase 

was completely absent and monophasic TCP powders were formed.  
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Fig. 1. XRD patterns of the as-prepared powder samples 

Similar results were reported in studies by Fadeev et al. and Ren et al. where 

addition of Mg ions above 10 at. % [17] and at 20 mol. % [31] led to pure Mg 

substituted TCP powder. According to Fadeev et al., the destabilizing effect of 

magnesium on HAP lattice is attributed to the smaller ionic radius of Mg
2+

 (0.65 Å) in 

comparison with that of Ca
2+

 (0.99 Å). Substitution of the smaller ion in the HAP lattice 

rises strain in the lattice, which favours the HAP-TCPtransition [17].  

The results of the EDX analysis of the Mg,Cu-HAP powders are shown in the Table 

2. The presence of Mg ions as dopant in all the samples was confirmed, while 

concentrations of Cu ions were within the determination limit. The Ca/P and 

(Ca+Mg+Cu)/P ratios in all doped samples were less than the stoichiometric ratio of the 

hydroxyapatite (1.67).  

Table 2. Elemental composition of the obtained powders 

In general, the Mg content in the products increased upon increasing the amount of 

Mg source in the precursor solution. The maximum content of Mg ions incorporated in 

the HAP structure was 1.35 at. % in the sample HAP20, which is approximately 10.6 

mol. % in relation to calcium. 

3.1.2. SEM analysis 

The SEM micrographs of the Mg,Cu-HAP as-synthesised powders (Fig. 2) show 

that all powders were composed of relatively uniform spherical agglomerates, ranging 

in size from few hundred nm to several microns. The size of the agglomerates did not 

significantly vary regardless of the amount of Mg ions present in the structure. In the 

case of HAP1 the spherical particles were composed of nano-rods (Fig. 2.a), while in 
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the case of HAP5 the nano-rods were noticeably rounder and more densely packed (Fig. 

2.b). Upon increasing the Mg content in the starting solution, the roundness of the sub-

particles and their packing density in the obtained powders tended to increase as well, 

resulting in cauliflower-like agglomerates (Fig. 2.d-f). 

Fig. 2. SEM micrographs of the obtained powders: a)HAP1; b)HAP5; c)HAP7.5; 

d)HAP10; e)HAP15; f)HAP20 

 

 

3.1.3. Antimicrobial activity 

The results of antimicrobial activity of the as-prepared powder samples against 

three cultures: E. coli, S. aureus, and E. faecalis are shown in the Table 3. In literature 

[32,33] it was found that pure HAP showed some cell reduction compared to the blank 

during antimicrobial tests, thus in this work the degree of reduction (R (%)) was 

calculated in relation to the pure HAP, in order to show only the effect of the doped 

ions. Most samples were more effective against E.coli and S.aureus, compared to 

E.faecalis. In the case of S.aureus there was a clear rise in the inhibition rate upon 

adding more than 10 mol. % of Mg ions. In contrast, in the case of E.faecalis higher 

degree of inhibition was observed when content of Ca ions substituted by Mg was kept 

below 10 mol. %. 

The antibacterial activity of the hydroxyapatites doped with metal ions is well 

documented [34-36]. There are few proposed bactericidal mechanisms of metal ions that 

cause different types of injuries to microbial cells as a result of oxidative stress, protein 

dysfunction or membrane damage [37]. Cu ions have an ability to generate reactive 

oxygen species (ROSs) that induce oxidative stress within the cell [34]. Gram negative 

E. coli and gram positive E. faecalis are considered as susceptible to Cu ions [38,39]. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

13 

 

However, some bacteria, such as S. aureus expresses the mechanisms protecting them 

from the toxic effect of the copper induced ROSs activity [40].  

On the other hand, Mg ions exhibit also non-oxidative mechanisms of bactericidal 

activity such as pH increasing in water around the ion surface [41,42]. This 

phenomenon can explain the slight bactericidal effect of the sample HAP0 tested on S. 

aureus strain (Table 3), with Cu and without Mg ions. However, with increasing of the 

Mg content, the cell death rate of S. aureus also increased, and it reached 97.67 % in 

HAP20. On the contrary, the increase of the Mg content, decreases the inhibition 

capacity of the HAP samples for E. faecalis strain, since the Cu content decreases. The 

lowest inhibition of E. faecalis is achieved with the HAP20, where the Cu content 

decreased (Tables 2 and 3) probably due to low susceptibility to Mg ions and evident 

alkaline resistance [43]. A slight decrease of HAPs inhibitory activity on E. coli with 

the Mg content increase can also be noted, but it is not sufficient for explanation of the 

possible dominant mechanism(s) of action.   

The overall results of our research demonstrated that all the samples have higher 

ability than pure HAP to reduce number of colonies of E. coli, E. faecalis and S.aureus 

and thus may prevent infections at the implementation site. 

Table 3. Results of antibacterial activity of the samples 

3.1.4. In vitro biocompatibility of Mg,Cu-HAP powders 

In order to test biocompatibility of the as-prepared powders, in vitro agar diffusion 

and MTT assays were commenced. The results of the agar diffusion assay showed that 

the lysis index in all the cases was zero, i.e. the Mg,Cu-HAP samples were not cytotoxic 

towards MRC-5 and L929 cell lines, as no detectable discoloration or any difference in 
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staining intensity around or under the Mg,Cu-HAP samples was observed. The MTT 

assay results of MRC-5 and L929 cell lines are shown in the Fig. 3. The number of cells 

increased over time in the evaluated period in all cases. As expected, addition of Cu 

ions lowered the mean cell viability of both cultures compared to the pure HAP. In 

contrast, it has been proved in this study that the presence of Mg ions stimulates cell 

proliferation and improves biocompatibility. This may be explained by different phase 

composition of the samples, different shape of particles, as well as different solubility 

between HAP and TCP phases, which impacts the level of dopant ion released etc. 

[44]. According to the literature data, doping HAP, TCP and BCP with Mg ions 

increases cell viability and promotes osseointegration [13,14,30,45,46]. Liangzhi et al. 

reported that incorporation of Mg ions in the HAP lattice increases cell proliferation 

compared to the pure HAP, with an increasing trend up to 10 mol. % of Mg ions [47].  

In the present study, in the case of MRC-5 cell line, the cells in contact with HAP15 

sample exhibited the best results, while in case of L929 cell line, the best promotion 

effect was found in HAP7.5 and HAP10 samples. By comparing the mean values of the 

cell viability, it may be concluded that the cell proliferation of Mg,Cu-HAP samples 

was higher on MRC-5 culture, a human fibroblast cell line, compared to L929 which is 

of a mouse origin. Finally, it can be concluded that the prepared samples have a great 

cytocompatibility and an excellent ability to promote cell adhesion and spreading, 

which make them suitable for use in biomedical application. 

Fig. 3. Results of the MTT assay performed on: a) MRC-5; b) L929 cell line 

 

3.1.5. TGA/DTA and dilatometric analysis 
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According to the TGA curves (Fig. 4.a), the mass loss of all the powders was 

relatively small during heating up to 1200 °C and amounted to approximately 6-7 wt. 

%. The weight loss up to 200 °C was most likely caused by the elimination of 

physically adsorbed water and CO2, which can be seen as an endothermic peak on the 

DTA curves [31,48]. In the case of the c-HAP, HAP0, HAP1 and HAP5 samples, the 

abrupt weight loss around 800-900 °C region could be observed, which is probably due 

to the loss of H2O during phase transition from HAP to βTCP phase [31]. This is in 

good agreement with the exothermic peak around 800 °C on the DTA curves of the 

samples with Mg content up to 7.5 mol. %. The powders with Mg content of 10 mol. % 

and higher had a low amount (HAP10) or complete absence (HAP15, HAP20) of HAP 

phase in the structure. Therefore, HAP-βTCP phase transition did not take place, 

which was manifested as a lack of mass loss and characteristic exothermic peak in 800-

900 °C region on the TGA and DTA curves.  

Fig. 4. a) TGA and b) DTA curves of the samples  

The dilatometric curves of all the samples are compared in the Fig. 5. The 

shrinkage progressed continuously with the exception of the sample HAP20, which 

begun to intensely shrink below 800 °C. The samples containing high Mg content (10 

mol. % and above) manifested a sudden expansion at the temperatures above 1100 °C 

on the dilatometric curve, which is associated with swelling and melting start point. In 

order to avoid region of the thermal expansion, the following sintering temperatures 

were chosen: 1200 °C for c-HAP, HAP0, HAP1, HAP5 and HAP7.5, 1000 °C for 

HAP10 and 750 °C for HAP15 and HAP20 samples. 

Fig. 5. Dilatometric curves 
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3.2. Characterization of the sintered samples 

3.2.1. XRD analysis 

The XRD patterns of the Mg,Cu-HAP sintered samples and the control sample (c-

HAP, 0 % Cu, 0 % Mg) sintered at 1200 °C are shown in the Fig. 6. The sintering 

temperature was 1200 °C for samples with Mg content up to 7.5 mol. %, 1000 °C for 

HAP10 and 750 °C for HAP15 and HAP20 samples. Calcium-hydroxyapatite undergoes 

phase transition into TCP when heated above 800 °C, and if heated further, it 

transforms into TCP phase at 1125 °C [1,49,50]. The XRD pattern of c-HAP sintered 

at 1200 °C shows that apatite phase was dominant in the structure. As expected, a high 

amount of HAP underwent phase transition into TCP, and only traces of TCP 

phase could be found. The transition is not desirable due to its effect on lowering 

mechanical properties of HAP based material and can be avoided by stabilizing TCP 

phase [51]. It was previously reported that the presence of Mg ions in HAP structure has 

ability to stabilize TCP phase by increasing the transformation temperature 

[16,30,49], that was also confirmed in this study. Upon substitution of 1 mol. % of Ca 

ions with Mg ions, the amount of TCP present in the structure was significantly 

lowered in favour of TCP phase. The XRD patterns of HAP5 suggest that 

substitution of 5 mol. % of Ca ions with Mg ions led to complete absence of 

transition up to 1200 °C, resulting in the biphasic structure (BCP) with equally 

dominant HAP and TCP phases. This structure may be desired feature for a 

biomedical application as BCPs have a good bioactivity owing to the high solubility of 

TCP phase, but unlike TCP ceramics, they are stable during the bone ingrowth 

process due to the presence of HAP [52]. As TCP is more resorbable than HAP, the 
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BCP-based implants also have rough surface, which provides high interfacial strength 

between the bone and the implant [30]. The XRD diffractograms of the samples 

HAP7.5-HAP20 indicate that substitution of more than 7.5 mol. % of Ca ions with Mg 

ions led to the complete phase transition of apatite phase into TCP after sintering. 

Fig. 6. XRD patterns of the sintered samples: c-HAP-HAP7.5 (1200 °C); HAP10 (1000 

°C); HAP15, HAP20 (750 °C) 

3.2.2. SEM analysis 

Effects of the dopants on the samples' microstructure were monitored engaging FE-

SEM upon sintering (Fig. 7), and glaring discrepancy in the microstructures may be 

observed. The amount and the size of pores noticed in the sintered compacts are 

affected by many reasons: (i) the morphology of the HAP powder sub-particles and 

spherical agglomerates, (ii) the presence of harder or softer agglomerates and (iii) more 

or less intensive phase transformation of HAP to TCP. All of the aforementioned 

causes are strongly affected by the presence of the Mg ions, and vary according to its 

content. The amount of the pores was reported to increase with the Mg content ranging 

between 0.6 to 2.4 wt. % in the case of HAP produced by the precipitation method [16]. 

In this study, addition of Mg up to 5 mol. % led to decrease in overall porosity. 

However, when more than 7.5 mol. % of Mg was added, densification process was 

inhibited and porosity steadily increased resulting in highly porous structure of HAP10, 

HAP15 and HAP20 samples, most likely caused by the incomplete densification 

process.  

Table 4. Density and relative linear shrinkage of the sintered samples  
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The relative linear shrinkage (RLS) can be associated to the densification process. In 

the literature data it is evidenced that incorporation of Mg ions into the HAP structure 

gains density of the HAP based ceramics [36,53]. In this study, the incorporation of Mg 

ions led to a higher densification of the HAP (HAP1) and BCP based (HAP5) ceramics, 

i.e. higher RLS values and higher fire densities (Table 4). The addition of 5 mol. % of 

Mg ions led to the highest densification upon sintering at 1200 °C (RLS=17.50 %, 

ρ=3.01 g/cm
3
). Due to the high porosity of the samples with the Mg content more than 

10 mol. %, relative linear shrinkage (RLS) and density values of those samples were not 

calculated. 

The FE-SEM micrographs of the polished and thermally etched samples HAP0, 

HAP1 and HAP5 used for calculating average grain size are shown in the Fig. 8. The 

samples c-HAP and HAP0 did not significantly differ with the average pore size of 

approximately 1 m, which is in good agreement with the literature [54]. On the other 

hand, variation of the Mg content had a great impact on the porosity. The addition of 1 

mol. % Mg led to overall decrease in porosity and to more spherically shaped pores, 

with no influence on average grain size (Fig. 8.b). In the case of HAP5 sample, a 

material with lowest porosity and small average grain size (0.50 μm) was obtained (Fig. 

8.c). A decrease in the grain size could potentially lead to increase in the fracture 

toughness and hardness values, as it did in the case of recent investigation [3,54].  

Fig. 7. Microstructure of the Mg,Cu-HAP sintered samples: a)HAP0 (1200 °C); 

b)HAP1 (1200 °C); c)HAP5 (1200 °C ); d)HAP7.5 (1200 °C); e)HAP10 (1000 °C); 

f)HAP15 (750 °C); g)HAP20 (750 °C) 

Fig. 8. SEM micrographs of etched samples sintered at 1200 °C: a) HAP0; b) HAP1; c) 

HAP5 

 

3.2.3. Mechanical properties  
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The hardness by Vickers (HV) and the fracture toughness (KIC) values shown in Fig. 

9 and Fig. 10 respectively present average arithmetical values for five measurements per 

sample. The mechanical properties of HAP or BCP based materials reported so far 

ranged from 2.7 to 6.1 GPa (HV) and from 0.9 to 1.58 MPa∙m 
1/2

 (KIC) [15,54-60]. 

However, the aforementioned results were obtained under different measuring and 

processing conditions (lower loads applied during mechanical test or higher pressure 

applied during material processing), thus cannot be easily compared. For instance, 

sintered compacts of the undoped HAP and HAP doped with 0.4 mol. % of Cu 

previously reported [54] manifested higher HV and lower KIC values (HV= 3.71 and 

3.85 GPa; KIC= 1.19 and 1.46 MPa∙ m
1/2

 of pure HAP and Cu-HAP respectively) 

compared to c-HAP and HAP0 samples obtained in the present study, even though the 

synthesis method, Cu content and sintering conditions were identical. Lower hardness 

values can easily be explained by the lower pressure applied during isostatic pressing in 

this study (300 MPa instead of 400 MPa), which led to more spherically shaped pores 

and slightly higher overall porosity. As previously described [61], spherical pores 

induce an increase in the fracture toughness of the sintered HAP biomaterials, which 

explains higher KIC values obtained in this study compared to the previously reported 

values [54].  

Fig. 9. Hardness by Vickers of the sintered Mg,Cu-HAP samples 

Fig. 10. Fracture toughness of the sintered Mg,Cu-HAP samples 

That being said, remarkably high HV values, 4.12 and 4.96 GPa, have been obtained 

in the case of HAP1 and HAP5 samples respectively. Substitution of 1 and 5 mol. % of 

Ca ions with Mg ions significantly (p < 0.05) increased HV values by 54.3 % and 85.8 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

20 

 

% respectively, in comparison to the undoped HAP sample. The addition of 5 mol. % of 

Mg ions extremely improved fracture toughness of HAP, with an average value of 1.75 

MPa∙m
1/2 

, which is, to the best of our knowledge, the highest KIC value for the HAP or 

BCP material reported so far. The increase in the mean HV and KIC values of the HAP5 

sample may be attributed to the dense structure with low porosity and small grain size, 

as grain boundaries make major contribution to cracking resistance [1]. Similar trend 

was reported by Ryu et al. [30]. The extraordinary hardness and fracture toughness of 

HAP5 material make it promising for biomedical application. In the case of human 

dentin, the fracture toughness was found to be in the range of 1.13-2.02 MPa∙ m
1/2

, 

which indicates that HAP5 could be also used as a dentin substitute. The mean HV and 

KIC values had tendency to decrease with ≥ 7.5 mol. % Mg content in the structure, 

which is in accordance with their highly porous microstructure.  

4. Conclusion 

 

The present study investigated effects of the simultaneous Cu, Mg ion doping of 

HAP obtained by hydrothermal synthesis on its biological and mechanical properties. 

The Mg content was varied between 1-20 mol. %, while the Cu content was kept 

constant at 0.4 mol. % with regard to Ca ions amount.  

 With the addition of Mg, the rod-like HAP sub-particles obtained more spherical 

shape, resulting in cauliflower-like agglomerates.  

 Presence of Mg ions was found to favour HAP-TCP transition which enabled 

formation of BCP (7.5-10 mol.% Mg) and pure TCP phase at 160 °C (≥ 15 

mol. % Mg).  
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 It was confirmed that Mg stabilizes TCP by suppressing to TCP phase 

transition. The addition of 0.4 mol. % Cu led to the overall good antimicrobial 

activity. 

 The samples with content of Mg below 7.5 mol. % were more effective against 

E.faecalis, whilst the samples with Mg content above 7.5 mol. % manifested 

better antimicrobial properties against S.aureus. The results of antimicrobial 

tests in this research demonstrated that all samples reduced number of colonies 

of E. coli, E. faecalis and S.aureus and thus may prevent infections at the 

implementation site. 

 All the Mg-containing samples showed excellent cytocompatibility and cell 

proliferation.  

 The addition of Mg ions up to 5 mol. % led to a higher densification of the HAP 

and BCP based ceramics (HAP1 and HAP5), while addition of Mg ions above 

7.5 mol. % resulted in highly porous structures with poor mechanical properties. 

 The maximum hardness (4.96 GPa) and fracture toughness (1.75 MPa m
1/2

) was 

obtained for HAP5 sample, which is, to the best of our knowledge, the highest 

fracture toughness for the HAP/BCP ceramics reported so far. 

 Mg,Cu-HAP ceramics with the Mg content above 7.5 mol. % have monophasic 

TCP structure which is bioactive and soluble, cytocompatible and have good 

antimicrobial activity, which makes them appropriate for non-load-bearing 

biomedical application as osteoinductive, bioresorbable material with ability to 

prevent infections. Moreover, Mg,Cu-HAP powders with the Mg content above 

15 mol. % synthesized in this study had a monophasic TCP structure, thus 
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may be used with no further heat treatment, which makes their use more energy- 

and cost-effective. 

 Generally, HAP ceramics doped with Cu and Mg present osteoinductive 

biomaterials with satisfying values of hardness and fracture toughness, that are 

able to both assist in the bone healing process and prevent post-implementation 

infections, and could potentially be used both in the compact form and in the 

form of calcinated powder for diverse applications in orthopaedic, maxillofacial 

and dental surgery, regenerative medicine and tissue engineering.  
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Fig. 1. XRD patterns of the as-prepared powder samples 

Fig. 2. SEM micrographs of the obtained powders: a)HAP1; b)HAP5; c)HAP7.5; 

d)HAP10; e)HAP15; f)HAP20 

Fig. 3. Results of the MTT assay performed on: a) MRC-5; b) L929 cell line 

Fig. 4. a) TGA and b) DTA curves of the samples 

Fig. 5. Dilatometric curves 

Fig. 6. XRD patterns of the sintered samples: c-HAP-HAP7.5 (1200 °C); HAP10 (1000 

°C); HAP15, HAP20 (750 °C) 

Fig. 7. Microstructure of the Mg,Cu-HAP sintered samples: a)HAP0 (1200 °C); 

b)HAP1 (1200 °C); c)HAP5 (1200 °C ); d)HAP7.5 (1200 °C); e)HAP10 (1000 °C); 

f)HAP15 (750 °C); g)HAP20 (750 °C) 

Fig. 8. SEM micrographs of etched samples sintered at 1200 °C: a) HAP0; b) HAP1; c) 

HAP5 

Fig. 9. Hardness by Vickers of the sintered Mg,Cu-HAP samples 

Fig. 10. Fracture toughness of the sintered Mg,Cu-HAP samples 
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Table 2. The composition of precursor solutions for hydrothermal synthesis of each 

sample 

Sample 

(composition) 

Ca(NO3)2·4H2O 

(g) 

Na2H2EDTA∙2H2O 

(g) 

NaH2PO4 ∙2H2O 

(g) 

Urea 

(g) 

Mg(NO3)2·6H2O 

(g) 

Cu(NO3)2·3H2O 

(g) 

c-HAP 

(0 mol.% Cu, 

0 mol.% Mg) 

11.80 
(0.05 mol) 

11.18 
4.68 

(0.03 mol) 
12.00 

0 
(0.00 mol) 

0 
(0.00 mol) 

HAP0 

(0.4 mol.% Cu, 

0 mol.% Mg) 

11.76 

(0.0498 mol) 
11.18 

4.68 

(0.03 mol) 
12.00 

0 

(0.00 mol) 

0.0483 

(0.0002 mol) 

HAP1 

(0.4 mol.% Cu, 

1 mol.% Mg) 

11.64 
(0.0493 mol) 

11.18 
4.68 

(0.03 mol) 
12.00 

0.128 
(0.0005 mol) 

0.0483 
(0.0002 mol) 

HAP5 

(0.4 mol.% Cu, 

5 mol.% Mg) 

11.17 

(0.0473 mol) 
11.18 

4.68 

(0.03 mol) 
12.00 

0.641 

(0.0025 mol) 

0.0483 

(0.0002 mol) 

HAP7.5 

(0.4 mol.% Cu, 

7.5 mol.% Mg) 

10.87 
(0.04605 mol) 

11.18 
4.68 

(0.03 mol) 
12.00 

0.962 
(0.00375 mol) 

0.0483 
(0.0002 mol) 

HAP10 

(0.4 mol.% Cu, 

10 mol.% Mg) 

10.58 

(0.0448 mol) 
11.18 

4.68 

(0.03 mol) 
12.00 

1.282 

(0.005 mol) 

0.0483 

(0.0002 mol) 

HAP15 

(0.4 mol.% Cu, 

15 mol.% Mg) 

9.98 
(0.0423 mol) 

11.18 
4.68 

(0.03 mol) 
12.00 

1.923 
(0.0075 mol) 

0.0483 
(0.0002 mol) 

HAP20 

(0.4 mol.% Cu, 

20 mol.% Mg) 

9.40 

(0.0398 mol) 
11.18 

4.68 

(0.03 mol) 
12.00 

2.564 

(0.01 mol) 

0.0483 

(0.0002 mol) 
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Table 2. Elemental composition of the obtained powders 

Ions Ca  

[at. %] 

P 

[at. %] 

Mg 

[at. %] 

Cu 

[at. %] 

Ca / P 

ratio 

(Ca+Mg+Cu)/P 

ratio Sample 

HAP1 13.13 8.58 0.04 0.04 1.53 1.54 

HAP5 11.58 7.97 0.25 0.03 1.45 1.49 

HAP7.5 13.06 9.67 0.68 0.03 1.35 1.42 

HAP10 11.67 9.02 0.85 0.02 1.29 1.39 

HAP15 10.55 8.70 1.20 0.03 1.22 1.35 

HAP20 11.35 9.26 1.35 0.00 1.21 1.37 
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Table 3. Results of antibacterial activity of the samples 

Sample 
E. coli E. faecalis S.aureus 

degree of inhibition, R [%] 

c-HAP / / / 

HAP0 65.57 51.72 61.54 

HAP1 65.29 57.93 66.74 

HAP5 65.87 51.72 71.19 

HAP10 57.31 34.48 76.03 

HAP15 50.59 26.21 92.49 

HAP20 50.18 21.38 97.67 
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Table 4. Density and relative linear shrinkage of the sintered samples  

Sample 
ρ 

[g/cm
3
] 

RLS 

[%] 

c-HAP 2.54 15.00 

HAP0 2.56 15.00 

HAP1 2.82 16.88 

HAP5 3.01 17.50 

HAP10 2.07 9.38 
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