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Abstract 

 

Substitution of ionic either anion or cation in a controlled amount into carbonated 

hydroxyapatite (CHA) structure is one of the efficient and safest ways in enhancing the 

properties of the materials. However, most of the works studied only focused on the physical 

and mechanical properties of single ionic substitution. For the first time, the influence of 

simultaneous ternary substitutions of divalent cations into porous CHA scaffolds on the 

physicochemical, mechanical, degradation and in vitro biological properties are investigated in 

the present study. Three different compositions of porous scaffolds with binary and ternary 

divalent cations, namely, pure CHA (S11), CoSr CHA (S21) and MgCoSr CHA (S31) were 

fabricated using polyurethane (PU) foam replication technique. Despite a small amount of 

Mg2+, Co2+ and Sr2+ added, these divalent cations had successfully substituted into the Ca2+ site 

and remained as single phase B-type CHA. The produced scaffolds demonstrated open, 

interconnected and uniform pores. Interestingly, simultaneous ternary divalent cations 

substitution into CHA structure had successfully enhanced the compressive strength of the 

sintered scaffolds, also promoted better cell attachment and activities than the binary doped- 

and pure CHA scaffolds. It is important to note that the right choice of divalent cation can be 

the determining factor in tuning the physicochemical, mechanical and biological properties of 

CHA scaffolds.  
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Introduction 

Bone defects due to trauma or diseases resulted from sports/ road accidents and falls 

still pose a clinical challenge worldwide. As an alternative to autograft that has long been the 

gold standard in treating these defects, bone tissue engineering (BTE) using scaffold-based 

concept has been widely explored. An ideal bone scaffold should possess similar composition 

and architecture to human native bone. As such there are five essential characteristics to be 

fulfilled: (1) materials used and by-products should be non-toxic [1], (2) osteoconductive and 

osteoinductive by itself [2], [3], (3) resorbable/ degradable over time as new bone tissue forms 

[4], (4) interconnected pores with porosity (70-90%) and pore size (~200-500 μm) [5] and (5) 

sufficient mechanical strength to allow ease of handling [6].  

Among various bioceramic materials, carbonated hydroxyapatite (CHA) ceramic has 

received considerable attention as scaffold material owing to its composition, which is more 

akin to the inorganic mineralized phase of human bone as compared to pure hydroxyapatite 

(HA). The amount of carbonate (CO3
2-) found in bone mineral is about 2-8 wt% [3], [7]. It is 

well documented that CO3
2- plays an essential role in enhancing bone metabolic activity [8]. 

The incorporation of CO3
2-  into HA offers better osteogenic behavior as compared to pure HA, 

which was observed by positive influence of CO3
2- towards pre-osteoclastic and pre-

osteoblastic cells responses during in vitro test [9]. Besides carbonate ions, various trace 

elements such as Mg2+, Co2+, Sr2+, Zn2+, Cu2+, K+ and Na+ have attracted great interest to 

researchers due to the beneficial effects on bone repair and regeneration [10].  

Among the trace elements, magnesium ions (Mg2+) appear as one of the most abundant 

divalent ions present in human bone (0.6–0.7 wt%). Mg2+ plays an essential role in improving 

bone metabolism, particularly during the initial stage of osteogenesis as well as to stimulate 

rapid bone formation [11]. Moreover, in vitro study using human osteosarcoma cell lines (MG-

63 cells) revealed that higher concentration of Mg2+ in HA, resulted in better cell attachment, 
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proliferation and differentiation compared to pure HA [12], [13]. The presence of Mg2+ was 

also reported to stimulate the proliferation of human endothelial cells [14]. Strontium ions (Sr2+) 

has also attracted much attention in the synthesis of future bone materials. Despite the low 

concentration (0.01–0.02 wt%) detected in bone, Sr2+ is known to be the bone-seeking element. 

The incorporation of Sr2+ into HA structure has shown to accelerate the osteoblast and hinder 

osteoclast proliferations, resulting in rapid bone regeneration [15]. Cobalt (Co2+) is another 

essential trace element found in human bone as an integral part in promoting angiogenesis. 

However, the amount of Co2+ added should be carefully controlled. For instance, the addition 

of high concentration of Co2+ above the safe limit (> 0.45 mM) into HA structure caused toxic 

effects to the biological surrounding once implanted into the patient’s bodies [11]. While, the 

incorporation of small amount of Co2+ (5-12 wt%) into HA structure had encouraged 

angiogenesis demonstrated by the positive expression of vascular endothelial growth factor 

(VEGF) and erythropoietin (EPO) genes, which are the important indicators for 

neovascularization [16]. 

Among the fabrication techniques, polyurethane (PU) foam replication is one of the 

most common techniques to produce porous ceramic scaffolds with uniform interconnected 

pores, mimicking the structure of human cancellous bone. This simple technique allows a wide 

range of pore size distribution with high porosity and various shapes/sizes of scaffold can be 

produced economically [17]. However, previous studies had only focused on the pure and single 

doped HA scaffolds (i.e. Zn-HA, F-HA and CHA) produced by this particular technique [18]–

[20]. To the best of our knowledge, the influence of ternary substitution of divalent cations into 

CHA porous sintered scaffolds is still lacking. Therefore, the aim of this study was to fabricate 

and characterize physically, chemically and mechanically the ternary divalent doped-CHA 

scaffolds prepared by PU foam replication technique followed by in vitro evaluation in 

determining the influence of these ions on the biocompatibility properties. 
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Experimental 

Preparation of slurry and scaffolds 

 

Pure, binary and ternary-doped CHA powders were prepared through nanoemulsion 

route at room temperature (27°C) following the procedure described in our previous work 

published elsewhere [21]. The compositions of the as-synthesized powders and molar 

concentration of reactants used are given in Table 1. The general empirical formulae for the as-

synthesized powders are as follows:  

                            Pure CHA: Ca10-w/2(PO4)6−w(CO3)w(OH)2                                           (Eq. 1) 

        Binary doped CoSr CHA: Ca10-w/2-x-y(PO4)6−w(CO3)w(OH)2(Co)x(Sr)y                    (Eq. 2) 

Ternary doped MgCoSr CHA: Ca10-w/2-x-y-z(PO4)6−w(CO3)w(OH)2(Co)x(Sr)y(Mg)z    (Eq. 3) 

where, w = carbonate, x = cobalt, y = strontium, and z = magnesium ions.   

Three-dimensional (3D) porous scaffolds were then fabricated by replication method 

using commercial polyurethane foams (PU, 60 ppi) impregnated in ceramic slurry. Initially, the 

as-synthesized powder (CHA, CoSrCHA or MgCoSrCHA) was mixed in deionized (DI) water 

with 5 wt% kaolin, a mixture of polyethylene glycol (PEG, Mw= 1500 g/mol, Fluka, Germany) 

and polyvinyl alcohol (PVA, Mw= 15 000 g/mol, Fluka, Germany) with a fixed ratio of 2:3, 5 

wt% potassium carbonate (K2CO3, SYSTERM, Malaysia) and dispersant (Dispex A40) in 

preparing the ceramic slurry, as previously described in our work[20]. Small cubes of PU foam 

with dimensions of 15 mm (length) × 15 mm (width) × 15 mm (thickness) were soaked into the 

prepared ceramic slurry for 5 minutes to allow sufficient time for the impregnation. The coated 

foams were then carefully squeezed and released using two glass slides for 10 times in order to 

remove the excess slurry and prevent clogging of macropores inside the structure of the foam. 

The coated foams were subsequently vacuumed for 5 minutes, followed by drying in an oven 

at 60°C for 24 hours.  
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The dried foams were then sintered in an air atmosphere at 800°C using a chamber 

furnace (AWF-Laboratory Chamber Furnaces 1300°C, Lenton). Two-steps sintering were 

performed in producing the 3D CHA scaffolds. In the first stage, samples were slowly heated 

with a heating rate of 1°C/min to 500°C for 1 hour, followed by the second stage with 

continuous heating to 800°C at a rate of 5°C/min and soaked for 2 hours. During cooling stage 

at 250°C, the sintered scaffolds were removed from the furnace and immediately placed in a 

desiccator. Wet carbon dioxide (CO2) gas was flowed into the desiccator with a rate of 0.5 

L/min to recompensate the carbonate loss due to decarbonation. The samples were eventually 

left to cool for 24 hours in the desiccator before further characterizations.  

Material characterizations  

 

Phase analysis, crystallinity, lattice parameters and crystallite size of the sintered 

scaffolds were studied using X-ray Diffraction (XRD, D8 ADVANCE, Bruker) with Cu K𝛼 

radiation (λ = 1.541 Å), operating at 40 kV and 110 mA. Each diffraction scan was recorded in 

2θ range of 20˚ to 70˚ with a step size of 0.02˚. The obtained patterns were then matched with 

International Center for Diffraction Data (ICDD) with a file number of #09-0432, which 

referred to the HA standard reference pattern. The presence of functional groups and modes of 

carbonate substitution in the apatite structure were determined by Fourier Transform Infrared 

(FTIR) spectroscopy using a Perkin Elmer Spectrum One. Samples were prepared by mixing 

of the ground powders with potassium bromide (KBr) and pelletized using hand press at 5 MPa. 

Samples were scanned in transmittance mode (%T) from 400.00 to 4000.00 cm-1 with four 

scans per sample. The carbonate content of the sintered scaffolds was determined using Carbon 

Hydrogen Nitrogen (CHN) elemental analyzer (2400 Series II; Perkin-Elmer), where 

combustion of the sample was done over 950°C and the resulted gases such as carbon dioxide, 

water vapor and nitrogen oxides were detected. The amount of carbon (in wt%) obtained was 

multiplied by a factor of five, giving the percentage of carbonate (% of CO3
2-) present. 
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The microstructure analysis of the pure, binary and ternary doped CHA scaffolds were 

observed under Tabletop Scanning Electron Microscope (SEM) (TM3000, Hitachi). Prior to 

imaging, all sintered scaffolds were coated with a thin layer of gold-palladium due to the poor 

electrical conductivity. The average pore sizes of the sintered scaffolds were then measured 

from the SEM micrograph using Image JTM software (v1.50i.), in which 20 readings were taken 

for each composition. Sintered scaffolds were tested under compression using INSTRON 3369 

universal tensile machine at a constant rate of 1.0 mm/min till fractured. The compression test 

was performed based on the procedure in ASTM C1424-04: Standard test method for advanced 

ceramics in terms of compressive strength at ambient temperature. Five scaffolds from each 

composition were subjected to load and mean compressive strength per scaffold was calculated. 

The results obtained were then plotted as mean ± standard deviation.  

Biological studies 

In vitro bioactivity and degradation behavior 

 Bioactivity and degradation tests of sintered scaffolds was carried out in vitro by 

immersing scaffolds in simulated body fluid (SBF) for different periods (7 and 14 days) with 

initial pH 7.4 at 37°C. The SBF was firstly, prepared according to Kukobo’s recipe [22]. The 

ability of apatite formation on the sintered scaffolds after immersion in SBF solution were 

examined under Field Emission Scanning Electron Microscope (FESEM, Zeiss Supra 55VP)  

Meanwhile, the degradation of sintered scaffolds after immersion was monitored through 

weight loss (%) measurement. The changes in pH values of the SBF solution was also recorded 

at 7 and 14 days of immersion.   
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Cell culture 

Human osteosarcoma cell lines (MG-63 cells) were used to assess the in vitro 

biocompatibility of the pure, binary and ternary doped CHA scaffolds (S11, S21 and S31). This 

test involved the study on cell viability, cell proliferation and early osteogenic differentiation 

of MG-63 cells in direct contact with the tested samples. Prior to cell seeding, the tested samples 

were sterilized in 1 ml of 70% industrial methylated spirit (IMS) for overnight followed by 

washed twice with phosphate-buffered saline (PBS). 

MG-63 cells were expanded and cultured in standard 4.5 g/L high glucose Dulbecco’s 

Modified Eagle Medium (DMEM), supplemented with 1% (v/v) L-glutamine (Lonza, United 

Kingdom), 1% (v/v) Penicilin-Streptomycin (Lonza, United Kingdom) and 10% (v/v) Fetal 

Bovine Serum (United Kingdom). 5 x 104 of MG-63 cells at passage 3 (P3) were seeded on the 

tested samples and incubated in a humidified atmosphere with 5% CO2 at 37°C. Tissue culture 

plastic (TCP) was used as a positive control. Standard DMEM was used throughout the culture. 

Samples for both assays were collected on day 1 and 14. After the media were collected for 

each time point, cells were rinsed with PBS, trypsinized and stored in dH2O at -80°C.  

Cell viability 

The biocompatibility of the tested samples was assessed firstly by observing the cell 

viability at day 1 and 3 using Live/Dead staining (Invitrogen, United Kingdom), which was 

prepared according to the manufacturer’s instructions. Calcein-AM ester was used to 

fluorescently stain viable cells in green, while Propidium Iodide was used to label the nucleus 

of the dead cells in red. At each time-point, cell culture media was removed from tested samples 

followed by rinsed with 0.5 ml PBS staining solution containing 10 μM Calcein-AM and 1 μM 

Propidium Iodide and incubated for a period of 20 minutes. The samples were then rinsed once 

using 1ml PBS prior to observation under fluorescent microscope.  
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Cell proliferation  

  Cell proliferation was assessed by determining the level of total DNA released on day 

1 and day 14. The level of DNA concentration of the tested samples were measured using 

PicoGreen® DNA quantification assay (Quant-iTTM PicoGreen® dsDNA assay kit, 

Invitrogen, United Kingdom). PicoGreen solution was prepared as 1: 200 dilutions in 1x Tris-

EDTA (TE) buffer. DNA standard curve was prepared using the following concentrations (0-1 

μg/ml). An equal volume of cell lysate or DNA standard to PicoGreen reagent was placed into 

each well of a 96 well plate. Samples were then incubated for 5 minutes in the dark, prior 

reading the fluorescence at 485/535 nm. 

Alkaline phosphatase activity 

Alkaline phosphatase (ALP) activity was used as a marker of early osteogenic 

differentiation. ALP activity was obtained from 4-Methylumbelliferyl phosphate, 4-MUP 

(Sigma-Aldrich, United Kingdom) reaction. Ranges of 4-Methylumbelliferone, 4-MU (Sigma-

Aldrich, Switzerland) dilutions (0-2 μg/ml) were used to construct a standard curve. 50 μL of 

the cell lysate from each sample or standard of 4-MU and 50 μL of 4-MUP was then added into 

the relevant well of 96 well plate followed by incubation at 37°C for 90 minutes. To terminate 

the reaction, 100 μL of 1 X TE was added and the reading of the fluorescence was taken at 

360/440 nm (excitation/emission).  

Statistical Analysis 

Statistical analyses were conducted to compare the levels of cell proliferation and 

osteogenic activity in response to different compositions of the tested samples. All data are 

reported as means ± standard deviation (SD). The statistical analyses were performed using 

GraphPad Prism software (version 7.0) by two-ways analysis of variance ANOVA conducted 

together with Tukey multiple comparison procedure. The significance level was set to p= 0.05. 
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A difference between the tested samples was considered to be significant at value of p ≤ 0.05 

(*), p ≤ 0.01 (**), p ≤ 0.001 (***), and p ≤ 0.0001 (****). These biochemical assays were 

performed on n = 3 in duplicate and n = 1 for live/dead staining.    

 

Results and Discussion 
 

Scaffold characterization 

 

The diffraction patterns of pure, binary and ternary doped CHA sintered scaffolds 

designated as S11, S21 and S31, respectively are shown in Fig. 1. The obtained diffraction 

peaks of all sintered scaffolds were indexed according to typical peaks of standard reference of 

HA (ICDD #09-0432) with a slight shift in peaks position to the lower diffraction angles. These 

peaks shift is due to the substitution of carbonate ions into the apatite structure, suggesting the 

phase form is single phase CHA even after being sintered at 800°C. In comparison with S11 

scaffold, the diffraction patterns of S21 and S31 scaffolds have been continuously shifted (by a 

small degree) to lower 2θ angles, particularly the crystal planes in the region of 26˚ ≤ (2𝜃) ≤ 

35˚. This could be possibly attributed to the substitution of Mg2+, Co2+ and Sr2+ into Ca2+ sites 

in the apatite structure as assumed earlier in empirical formulae. 

Nine characteristic peaks were traced within the range 20˚ ≤ (2𝜃) ≤ 70˚, with three 

broaden and overlapping peaks of (211), (112), (300) and (202) at 2θ = 32-34˚. Other peaks of 

(002), (130), (222), (213) and (004) located at 2θ = 26˚ and 40-54˚, respectively, were also 

detected for all sintered scaffolds correspond to crystallographic planes of HA [23]. The peak 

of (112) at about 2𝜃 = 32˚, which usually appear in pure HA was also detected for all the 

sintered scaffolds. This indicated that small degree of decomposition of CHA phase had taken 

place during sintering. Previously, it has been reported in literature that decomposition of CO3
2- 

from CHA structure begin at low temperature of 500-600°C when sintered in air. However, 
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there is no additional peaks correlated to the secondary phases such as CaCO3 (ICDD #01-1032)   

and/or CaO (ICDD #03-0865) detected.  

Interestingly, it is noticed that simultaneous substitution of Mg2+, Co2+ and Sr2+ in CHA 

crystal structure had slightly reduced the degree of crystallinity. This is evidenced from the 

peaks broadening for S21 and S31 scaffolds, particularly at the overlapped peaks of (211), 

(112), (202) and (300) relative to S11 scaffold. It is also found that ternary substitution of 

divalent cations produced S31 scaffold with the smallest crystallite size as compared to S21 and 

S11 scaffolds. This could be assigned due to the competition between doped elements with 

different ionic radii, in which Mg2+ (0.71 Å), Co2+ (0.75 Å) and Sr2+ (1.13 Å) simultaneously 

substituted the Ca2+ sites (1.00 Å) into the apatite structure, which directly raises the crystal 

imperfection by the imposition of the structural disorder [24]. 

It is widely accepted that the substitution of CO3
2- in the apatite crystal structure could 

alter the lattice parameters [25]. Most studies reported that the formation of B-type CHA could 

be described with the extension of a-axis and contraction of the c-axis, while the formation of 

A-type demonstrates the opposite effect [7], [26], [27]. However, in this work, all the sintered 

scaffolds showed increased in both a and c-axes simultaneously (Table 2). This can be 

explained due to the partial substitution of CO3
2-, which mostly substituted into PO4

3- sites (c-

axis) with a small portion in Ca2+ (a-axis) sites for charge balance as shown in the empirical 

formulae assumed earlier in this work. Similar findings were reported earlier by Ivanova et al. 

[28] and Ezekiel et al. [29]. The rise in lattice parameters, particularly for a-axis also could be 

attributed to the partial substitutions of divalent cations simultaneously (Mg2+, Co2+ and Sr2+) 

into Ca2+ site in the apatite structure. Thus, the assumptions that the divalent cation dopants 

substitute into Ca2+ sites based on the empirical formulae (Eq. 2-3) are accepted.  

The FTIR analysis of sintered scaffolds (Fig.2) is in good agreement with the previous 

XRD analysis. The FTIR spectra showed consistent trends of functional groups detection such 
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as CO3
2-, PO4

3- and OH- groups which correspond to the characteristic bands of CHA. These 

confirmed that all the sintered scaffolds are B-type CHA, representing by the three main bands 

detected at 870-875 cm-1, 1410-1430 and 1450-1470 cm-1 [30]. There are no bands of A-type 

CHA, which usually appears at about 880, 1500 and 1540-1545 cm-1 found [27], [31]. However, 

there is a minor change observed in the spectra of S21 and S31 scaffolds as compared to S11. 

The intensities of CO3
2- band for S21 and S31 scaffolds were slightly decreased particularly at 

870-875 cm-1 which explained the small degree of decomposition observed in the diffraction 

patterns. This gives us the indication that the carbonate content remained in S21 and S31 

scaffolds are relatively lower than S11 scaffold, which will be later confirmed by CHN analysis. 

Additionally, the FTIR spectra (Fig. 2) illustrated that all sintered scaffolds exhibited 

the characteristic bands located at about 465-475 cm-1 (v2), 550-570 and 600-609 cm-1 (v4), 960-

966 cm-1 (v1), and 1020-1120 cm-1 (v3) are attributed to phosphate (PO4
3-) groups in the apatite 

structure [30], [32]. The typical bands of the stretching modes for hydroxyl (OH-) groups were 

detected at around 3400-3600 cm-1  (absorbed water) and 1600-1700 cm-1 (occluded water) [33], 

[34]. The results obtained thus far showed that there is no evidence of FTIR spectra disrupted 

with the addition of the controllable amount of divalent cation dopants (Mg2+, Co2+ and Sr2+) 

either in the binary or ternary CHA. This indicates that simultaneous substitution of a small 

amount of divalent cations into the apatite structure have no obvious effect on the total structure 

of CHA.  

Among the sintered scaffolds, S11 scaffold has relatively higher carbonate content with 

2.44 wt%, whereas, only 2.07 and 2.04 wt% of carbonate retained in S21 and S31 scaffolds, 

respectively. The trend is tally with the observation found in FTIR analysis (Fig. 2). Despite 

the loss of carbonate during sintering, the amount remained in all sintered scaffolds still fall in 

the range of carbonate presents in native human bone (2-8 wt%) [29], [35].  
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The sintering of pure, binary and ternary doped CHA scaffolds at 800°C resulted in 

highly porous structure with interconnected struts and open pores formation (Fig. 3). Despite 

the compositions, all sintered scaffolds exhibited basic structural features of uniform open pores 

of PU foam, with a 3D interpenetrating network of struts and pores. This could be attributed to 

the addition of binders (PEG:PVA) and kaolin which give a notable effect on the internal 

architecture of the sintered scaffolds. It is known that PEG act as a plasticizer to PVA and its 

role is to reduce the glass transition temperature (Tg) of the PVA. Subsequently, it enhances and 

maintains the flexibility of the scaffolds [36]. Meanwhile, kaolin is known to act as reinforcing 

agent in ceramic processing that could aids in forming a good bridging between the struts. This 

help to retain shape of the structure, indirectly strengthen the sintered scaffolds [37].  

At the microscopic level, it can also be seen that the sintered scaffolds were able to 

achieve sufficient densification, particularly on the wall of struts. Particular attention should be 

paid to the addition of K2CO3 as sintering aid in the system that had improved the sinterability 

of CHA-based materials by accelerating the performance of densifying mechanism. Even with 

a small amount (5 wt%) of K2CO3 added, it appears favourable to provide sufficient 

densification of sintered scaffolds even though at low sintering temperature. This phenomenon 

is well correlated with the formation of liquid phase (melting of K2CO3) which fills in the gaps 

among the particles and creates a good bonding, thereby leading to fast diffusion rate during 

sintering [38]. However, plenty of cracks were found on the struts of the scaffold, particularly 

for S11 and S21 scaffolds in comparison to S31 scaffold. The existence of cracks on the struts 

is detrimental for porous scaffold as these flaws will be the point of failure that would contribute 

to further lower the strength of the scaffold. This observation suggested that the ternary 

substitution of divalent cations (Mg2+, Co2+ and Sr2+) could have played a role in encouraging 

better densification on the struts of the sintered scaffold with a minimal defect.  
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  The pore size, porosity and compressive strength of pure, binary and ternary doped CHA 

scaffolds are presented in Table 3. Overall, the average pore sizes of different sintered scaffolds 

are in the range of 327-428 μm, which is appropriate for cells penetration, diffusion of nutrients 

and oxygen as well as removal of waste and carbon dioxide through the blood vessel (200-500 

μm) [39]. The ideal pore size is one of a crucial characteristics in order to ensure the cells 

survival, particularly in the core of the scaffolds upon culture.  

It is also noticed that there is a significant trend observed in the compressive strength of 

the sintered scaffolds, which associated with the influence of divalent cations incorporated into 

CHA crystal structure. It is expected that the simultaneous substitution of divalent cations, with 

addition of Mg2+, Sr2+ and Co2+ could potentially enhance the mechanical properties of CHA-

based materials. The trend obtained is also consistent with the SEM observation, where the 

features of internal architecture and physical appearance influenced towards enhancing the 

mechanical properties of the sintered scaffolds.  

By comparing these sintered scaffolds, the maximum compressive strength of 0.53 ± 

0.12 MPa was recorded for S31 scaffold, while S21 and S11 scaffolds showed the strength of 

0.38 ± 0.04 MPa and 0.50 ± 0.05 MPa, respectively. It can be seen that S31 scaffold showed 

better mechanical strength, although it has a slight increase in total porosity (91.63%) as 

compared to S11 (89.61%) and S21 scaffolds (88.90%). This can be relates to the presence of 

Mg2+ in S31 scaffold. It is also believed that particle shape and size of the starting powder play 

important roles in improving the condition of the scaffolds structure. According to our previous 

work reported elsewhere [21], the incorporation of Mg2+ into the crystal structure promotes the 

formation of needle-like structures (MgCoSr CHA) as compared to the elongated and near 

spherical-like structures of CoSr CHA and CHA powders, correspondingly. This needle-like 

nanoparticles is thought to enhance the mechanical strength and toughness of MgCoSr CHA 

scaffolds. A similar observation has been reported by Kanchana and Sekar [40] where the 
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incorporation of  Mg2+ into HA/β-TCP  structure had exhibited high density and showed 

improvement in compressive strength, that is three times greater than the undoped HA/β-TCP 

composite. Overall, although the values are on the lower side, this compressive values for all 

sintered scaffolds are in the range of compressive strength of cancellous bone which is about 

0.10-16.00 MPa [41]. Thus, the final products can be said to have potential as bone substitute 

material for non-loading applications. 

In vitro bioactivity and degradation behavior 

FESEM micrographs showed the formation of bone-like apatite on the surface of the 

pure, binary and ternary doped CHA scaffolds after 7 and 14 days of immersion in SBF solution 

(Fig.4.), indicating the in vitro bioactivity of scaffolds. At an early stage of immersion, it can 

be observed thin layer of apatite nucleation precipitates on the sintered scaffolds surface. 

Interestingly, the precipitates of the apatite crystals formed on the surface of the scaffolds 

showed different morphologies, which is thought to be due to the chemical compositions. With 

the prolonged of immersion time (14 days), the thin layer of apatite deposited on the surface 

had gradually grown into a larger amount and covered almost the entire surface. Among 

different compositions of scaffolds, the surface of S21 and S31 scaffolds showed rapid apatite 

formation, presented by deposition of the thick layer of the flower-like and granular-like 

morphologies, respectively. It is believed that the incorporation of ternary divalent cations 

(Mg2+, Co2+ and Sr2+) into the structure have a significant role towards improving biological 

properties.  

 The in vitro biodegradation of pure, binary and ternary doped CHA scaffolds after 

immersion in SBF solution for 14 days is shown in Fig. 5. The trend illustrates the increased in 

weight loss of all sintered CHA scaffolds with prolonged in immersion time. S21 scaffolds 

showed relatively higher weight loss (2.41%) after 14 days of immersion as compared to S11 
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scaffold. This suggests that the simultaneous substitution of divalent cations into the apatite 

structure, resulting in higher solubility than CHA alone (S11 scaffold). However, between the 

divalent doped CHA scaffolds, it can be seen that S31 scaffold has slightly lower weight loss 

at both time-points. This indicated that the presence of Mg2+ into S31 structure was found to be 

able to control the degradation of the divalent doped CHA scaffold. A similar observation had 

been reported earlier where the substitution of Mg2+ in Ca-silicates could potentially reduce 

their degradation rate as well as enhance the mechanical properties [42] 

 The pH value of the SBF solution (physiological environment) has direct correlation 

with the degradation and apatite deposition on the surface that occur during immersion time. 

The general trend of pH values of SBF solution for S21 and S31 scaffolds increased during the 

initial time of immersion and gradually decreased after 14 days as demonstrated in Fig. 5. In 

comparison to S11 scaffold, the pH values of S21 and S31 scaffolds were found to be in the 

range of 7.42-7.93, which is slightly higher than the normal pH of SBF of about 7.4. This 

phenomenon can be explained by cationic exchanges that involved doping elements (Mg2+, 

Co2+ and Sr2+) as well as Ca2+ that occurred between the surface of the scaffolds and the SBF 

solution, resulting in the formation of apatite layer. The variation of pH results is tally with the 

weight loss as described.  

Assessment of biocompatibility 

 The morphology, attachment and viability of MG-63 cells seeded on the tested samples 

were observed under fluorescent microscope at different time points (Fig. 6). Overall, MG-63 

cells were able to attach and proliferate throughout the entire surface over time, indicating good 

biocompatibility of the tested samples. Initial cell attachment  is an essential indicator of 

biocompatibility and determinant of the potential of the material in supporting further cell 

activities including proliferation and differentiation [43], [44]. In addition, cells in direct contact 
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with pure, binary and ternary-doped CHA scaffolds demonstrated elongated fibroblasts-like 

morphology, which is consistent with the control sample at both time-points.  

Among the tested compositions, S21 showed the least population of viable cells relative 

to the control. Although the morphology of the cells is nearly the same, higher population of 

dead cells were observed when the cells were in direct contact with S21 even at day 1 of culture.  

This may be due to high ion released from S21 into the culture media, which had changed the 

pH (slightly above pH 8) and color of the media to orangey red (data not shown for brevity). It 

is believed that this rapid released of Co2+ and Sr2+ from S21 in high proportions at the early 

stage of culture had adversely affected the cell viability, which resulted in significant number 

of cells death. As a consequence, only a small number of cells survived and proliferated on S21 

over time. While, cells cultured on S11 and S31 exhibited higher population of viable cells and 

found to be well spread in comparison to S21. The addition of Mg2+ together with Co2+ and Sr2+ 

forming the ternary CHA compositions had helped in controlling the ions released into the 

culture media as compared to S21. Cells cultured on both S11 and S31 also showed the normal 

color of culture media and pH (between pH 7-7.4). 

The proliferation of MG-63 cells on pure, binary and ternary doped CHA tested samples 

was estimated by their level of DNA released after 1 and 14 days (Fig. 7). The proliferation of 

MG-63 cells cultured on all tested samples increased gradually from day 1 to day 14. This is 

consistent with the observation on the cell viability, which corresponds to the number of viable 

cells. At early time-point, cell cultured on all tested samples demonstrated a relatively lower 

level of DNA concentration in comparison to TCP control (p ≤ 0.0001). Among all the tested 

samples, the highest DNA concentration was recorded for S11, followed by S31 and S21 

powders at day 1 (p ≤ 0.005 and p ≤ 0.0001, respectively). By prolonging the culture period to 

14 days, S31 over performed represented by significant increase in the DNA concentration as 

compared to S21 (p = 0.003) and S11 (p ≤ 0.0001). This highlighted that the ternary 
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substitutions of the divalent cations (Mg2+, Co2+ and Sr2+) into the apatite structure had 

enhanced the cell proliferation as compared to S11. Hence, the presence of controlled amount 

of dopants in the CHA lattice could be beneficial for cell attachment, viability and proliferation 

without causing any toxicity effects to the cells.  

The early osteogenic differentiation of MG-63 cells was quantified based on the alkaline 

phosphatase (ALP) activity on pure, binary and ternary doped CHA tested samples. The level 

of ALP/DNA obtained for all tested samples represented a time-dependent pattern, where the 

pattern was gradually increased over time (Fig. 8). Despite of the compositions, S11, S21 and 

S31 samples showed higher level of mean ALP/DNA at the early period of culture as compared 

to TCP control (p = 0.3041, p = 0.1869 and p = 0.0361, respectively), but no significant 

differences were observed between them. At day 14, cells in direct contact with S21 showed 

the lowest level of mean ALP/DNA. While, cell cultured on S31 revealed significantly higher 

level of mean ALP/DNA relative to S21 (p = 0.0063) and S11 (p = 0.0140). It is believed that 

the substitution of Mg2+ into CHA structure together with Co2+ and Sr2+ was found to be more 

favorable in enhancing osteogenic differentiation of MG63-cells, compared to Mg-free 

counterparts. A similar observation was reported by Fiocco et.al. who showed that the 

incorporation of Mg in Ca-silicates system play a significant role in enhancing the osteogenic 

differentiation and matrix production of MC3T3-E1 cells cultured on highly porous Ca-Mg 

silicate ceramic scaffolds [42].  

 

Conclusion 
 

 Pure, binary and ternary-doped CHA ceramics were successfully synthesized as highly 

porous scaffolds by PU foam replication technique at low sintering temperature. 

 After ceramisation, the fabricated scaffolds possess single phase B- 

type CHA with sufficient amount of carbonate in the apatite structure and exhibited 
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interconnected open pore structure with about 90% porosity, pores size of 327- 428 μm 

and compressive strength of 0.38-0.53 MPa depending on their compositions. 

 The addition of Mg2+ conjugated with Co2+ and Sr2+ forming the ternary-doped CHA 

scaffolds had benefited both the architecture and mechanical properties by the formation 

of densified and more uniform struts. 

 None of the tested compositions are considered toxic to MG-63 cells. However, binary-

doped CHA composition was found to be the least favorable for cell attachment and 

activity due to abrupt ion released during early stage of culture indicated by changes in 

pH and color of culture media. Interestingly, the presence of Mg2+ in ternary-doped 

CHA had enhanced the biocompatibility properties.  

 This work highlights that the right choice of divalent cations doped simultaneously into 

CHA structure would greatly influenced the final properties of the scaffolds. 

 Future studies on the influence of ion releases on bone cells and its surrounding cells 

particularly endothelial and immune cells would provide a better understanding in 

designing a novel osteoimmunomodulated scaffolds.  
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Fig. 3 Micropores structure of the pure, binary and ternary doped CHA scaffolds at 800°C, (a) 

S11, (b) S21 and (c) S31 sintered scaffolds (red arrow marks the crack on struts). Scale bar = 

1 mm, magnification of 60 X 

Fig. 4 FESEM micrographs of the surface of the immersed pure, binary and ternary doped 

CHA scaffolds after 7 and 14 days in simulated body fluid. Scale bar = 1 μm, magnification 

of 10 K X 
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Fig. 5 pH value and weight loss of pure, binary and ternary doped CHA scaffolds after 

immersion in SBF solution for 14 day 
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Fig. 6 Cell viability of MG-63 cells seeded on the TCP control, S11, S21 and S31 after 1 and 

3 days in culture. Green fluorescent signal represents the viable cells and red fluorescent stain 

shows the nucleus of dead cells. Scale bar = 100 μm 
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Fig. 7 Cell proliferation of MG-63 cells on pure, binary and ternary doped CHA tested samples 

were assessed by DNA concentration after 1 and 14 days in comparison with control. Value 

represent the mean ± SD of three samples duplicate (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and 

**** p ≤ 0.0001). Cells in direct contact with S31 show highest level of DNA after 

                                                             14 days of culture 

 

 

          

Fig. 8 The level of mean ALP/DNA by MG-63 cells cultured on control, pure, binary and 

ternary doped CHA tested samples for 1 and 14 days. Value represent the mean ± SD of three 

samples duplicate (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and **** p ≤ 0.0001). Cells in direct  

           contact with S31 show highest level of mean ALP/DNA after 14 days of culture 
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Table 1 Compositions of the as-synthesized CHA and multi-doped CHA powders 

Sample 

code 
Composition 

Molar concentration of reactants (M) 

Ca2+ PO4
3 CO3

2- Co2+ 

(×10-11) 
Sr2+ 

(×10-7) 
Mg2+ 

(×10-5) 

S11 CHA 

0.10 0.06 0.06 

- - - 

S21 CoSr CHA 

2.55 5.67 

- 

S31 MgCoSr CHA 2.88 

 

Table 2 Crystallographic features of pure, binary and ternary doped CHA sintered scaffolds 

Samples a=b (Ǻ) c (Ǻ) 
Crystallite Size 

(nm) 

HA (#09-0432) 9.418 6.884 - 

S11 9.423 6.886 62.670 

S21 9.427 6.891 59.370 

S31 9.430 6.890 58.930 

 

Table 3 Pore size, porosity and compressive strength of pure, binary and ternary doped CHA 

scaffolds 

Samples Pore size (mm) 
Total porosity 

(%) 

Compressive 

strength (MPa) 

S11 385.60 ± 63.35 89.61 0.50 ± 0.05  

S21 327.90 ± 62.97 88.90 0.38 ± 0.04 

S31 427.50 ± 54.75 91.93 0.53 ± 0.12 

 

 


