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A B S T R A C T   

The development of new materials is a critical challenge in advancing bone repair technology. Nowadays, the use 
of high strength geopolymers is extended to various fields, including biomedical research. This study investigates 
the influence of hydroxyapatite (HAp) content on the in vitro properties and characteristics of the metakaolin/ 
HAp (MK/HAp) composites for potential application as bone substitutes. The MK/HAp composites with varying 
HAp contents were fabricated and subjected to cytotoxicity, bioactivity, physical and mechanical testing. Pres
toBlue assay results confirmed acceptable osteoblast cell compatibility for all composites, with cell viability 
increases with increasing HAp content. Simulated body fluid (SBF) immersion demonstrated enhanced bioac
tivity and bone-like apatite formation on the composite surfaces with increasing HAp content. The compressive 
strength of the composite decreased mainly due to the reduced amount of silica and alumina contents and the 
increased porosity with higher HAp. Based on the present results, the relationship between bioactivity and 
strength with variations in HAp content indicates a promising composite. The HAp content of the MK/HAp 
composites for a bone substitute material should be 50% or higher to match the apatite formation and strength of 
specific human bones.   

1. Introduction 

Bone tissue disease and damage that can occur in various parts of the 
human body, such as wrist, hip and spine fractures, affect 30–40 % of the 
population in developed countries (Kanis, 2007). Cancellous bone, pri
marily composed of trabecular bone tissue, is a type of autologous bone 
graft. Compared to cortical bone grafts, cancellous bone grafts exhibit 
relatively high osteogenic and osteoinductive properties (Herford et al., 
2014). Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) is widely used for bone 
substitution applications due to its excellent biocompatibility and 

bioactivity (osteoconduction and osteoinduction) (Kim et al., 2022). 
However, one of the biggest problems in its use as a bone substitute 
material is its poor mechanical strength. The compressive strengths of 
cancellous and trabecular human bones are not high in the range of 
2–15 MPa and those of HAp are 2–7.1 MPa (Sakka et al., 2013; Metzner 
et al., 2021; Misch et al., 1999; Jurgelane et al., 2021; Alvarado et al., 
2023). Although the fully dense HAp compressive strength is higher 
(Brown, 2001). The 2–7.1 MPa range we used in the literature reflects 
the compressive strength of HAp prepared by the sintering methods 
similar to the approach used in our study. This low strength of HAp bulk 
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materials restricts their utilization in load-bearing applications. Hy
droxyapatite composites are widely used to enhance the mechanical 
strength of implants for load-bearing applications (Shuai et al., 2022). 
However, for bone substitute materials, achieving a balance between 
mechanical properties and biological properties is crucial. Additionally, 
an appropriate porosity is essential for cell migration, adhesion, tissue 
formation, and nutrient diffusion within the scaffold (Shuai et al., 2021; 
Feng et al., 2023). 

Geopolymers are candidates for bone substitute materials owing to 
their high strength. They are fabricated by converting aluminosilicate 
raw materials, such as clay and fly ash, into a covalently linked 3D 
network comprised of [-Si-O-Al-O-]n bonds of geopolymers using an 
alkaline activator solution (Wang et al., 2019). Kaolin or China clay is a 
clay-like material that is rich in kaolinite. Kaolinite is the most common 
clay mineral used for geopolymer fabrication. Currently, geopolymers 
made from Kaolin have been applied in various fields, such as insulating 
construction materials (Matalkah et al., 2023), fire resistant materials 
(Lahoti et al., 2019), and adsorption materials (Du et al., 2022). 
Furthermore, the applicability of kaolinite in regenerative dentistry has 
been studied by Müller et al. (2020). The results indicate that kaolinite 
has no toxicity, but further modification for successful application in 
regenerative dentistry is required. However, the applications of geo
polymers as bone substitute materials are currently limited, despite their 
advantageous properties, including high strength, rapid solidification, 
and color. Obada et al. (2021) studied the utilization of kaolin to modify 
the properties of compacted hydroxyapatite scaffolds using a sol–gel 
technique for bone tissue engineering. Their results showed that kaolin 
reinforced hydroxyapatite with 15 % of kaolin content enhanced 
compressive strength to between 5.67 and 7.66 MPa with superior 
biocompatibility and bioactivity in scaffolds. 

Metakaolin can be produced by heating kaolinite clay to tempera
tures between 600 and 800 ◦C. Metakaolin powder produced by crush
ing calcined kaolin is used as a source material for fabricating a 
geopolymer and its composites (Maruoka et al., 2023; Moya et al., 
2024). The compressive strengths of metakaolin geopolymers have been 
reported to be in the range of 21.2 to 33.3 MPa (Maruoka et al., 2023) 
and their bioactivity has been confirmed by observing apatite formation 
on geopolymer surfaces after immersion in a simulated body fluid for 21 
days (Catauro et al., 2014). Although some works on the application of 
metakaolin in biomedical materials have been done, it is still desirable to 
improve the bioactivity of the metakaolin geopolymer. One of the 
possible ways to do this is HAp addition into the metakaolin geopolymer 
to form a metakaolin/HAp composite. de Andrade et al. (2023) con
ducted a study on the structure, mechanical properties, and biocom
patibility of metakaolin–based hydroxyapatite composites (HAp 15 wt% 
metakaolin geopolymer) on a polyurethane template. The composites 
demonstrated non-toxicity and their compressive strengths ranged from 
1.18 to 2.9 MPa. Our previous work (Sutthi et al., 2018) showed that the 
compressive strengths ranged from 36.5 to 37.5 MPa for a 25 wt% HAp 
metakaolin/hydroxyapatite composite. Although the compressive 
strength and bioactivity of metakaolin/HAp composites have been 
investigated in previous studies, details of mechanisms for variation of 
bioactivity and strength with HAp addition are not yet fully understood. 
Furthermore, the effects of the HAp content on compressive strength, 
grade of cytotoxicity and bioactivity for the metakaolin/HAp composites 
have not yet been clarified. Understanding the effects of HAp content is 
important for considering its proper content in metakaolin/HAp com
posites. This is because there is a competitive relationship between 
improvement in strength and bioactivity due to variations of HAp con
tent in metakaolin/HAp composites. 

Therefore, in the present study, metakaolin and metakaolin/HAp 
composites with a wide range of HAp contents were fabricated to 
investigate the effects of HAp content on density, porosity, cytotoxicity, 
bioactivity and compressive strength. 

2. Materials and characterization procedures 

2.1. Material and sample preparation 

The metakaolin was prepared by calcinating kaolin clay powder in 
an electric furnace at 600 ◦C for 3 h. This clay was collected from Ranong 
province in southern Thailand. The HAp was prepared using a me
chanical process combined with a solid-state reaction of CaCO3 from 
golden apple snail shells and dibasic calcium phosphate dihydrate 
(CaHPO4⋅2H2O, DCPD) (≥98 %, Sigma-Aldrich, USA) (Laonapakul 
et al., 2021). Metakaolin (MK) and HAp were separately crushed into 
powders, then passed through a 100-mesh screen and stored in a 
desiccator. Chemical compositions of MK and HAp powders measured 
using X-ray fluorescence (WDXRF, AXios mAX) are shown in Tables 1 
and 2, respectively. 

Sodium hydroxide (NaOH, 10 M, AGC Chemicals, Thailand) and 
sodium silicate (Na2SiO3, 15.3 % Na2O, 32.8 % SiO2, and 51.8 % H2O, 
Eastern Silicate, Thailand) with a weight ratio of 1.0 were used as a 
liquid activated binder (alkali activator solution) for producing meta
kaolin bulk and metakaolin/HAp composites (Pangdaeng et al., 2018). 
The alkaline solution weight includes the mass of water. The paste 
samples were prepared by mixing pure metakaolin (MK1.0) and meta
kaolin/HAp (MK/HAp) powders with weight ratios of 3/1 (MK0.75H), 
1/1 (MK0.5H), and 1/3 (MK0.25H) in a planetary mixer for 15 min. The 
activator solution was then added and mixing was continued for another 
5 min. The weight ratio of mixed powder to activator solution for pre
paring paste samples was 1:1 (Sutthi et al., 2018; Pangdaeng et al., 
2018). 

For in vitro cytotoxicity and bioactivity determination, paste samples 
were poured into round acrylic tablet moulds (2 mm thick and 10 mm 
diameter). Paste samples were poured into 25 × 25 × 25 mm cubic 
moulds for preparing physical and mechanical test specimens. The 
moulded paste samples were vibrated for 15 s to eliminate entrapped air 
and wrapped with cling film to prevent moisture loss. After storing at 
room temperature for 1 h, the moulded samples were then cured in an 
electric oven at 80 ◦C for 14 days (Sutthi et al., 2018). After curing, the 
samples were demoulded (denoted as post-cured samples) and stored in 
a desiccator. 

2.2. Material characterization 

2.2.1. Density and porosity tests 
Bulk density, apparent density, percentage of apparent porosity and 

water absorption of the post-cured samples were determined using the 
cube samples in accordance with ASTM standard (ASTM C373-88, 
2006). The dried mass (D) was determined using the post-cured cube 
samples, which were dried in an oven at 110 ◦C for 24 h, and then left to 
cool in a desiccator. The mass of a boiled sample suspended in water (S) 
was measured using the dried samples, which were boiled in distilled 
water for 5 h and cooled in water for 24 h. Saturated mass (M) was 
measured using the boiled samples after their surfaces were wiped using 
a dry towel. Their bulk density, apparent density, percentage of 
apparent porosity and water absorption were estimated as: 

Bulk density
(
g
/
cm3) =

D
(M − S)

× ρW : ρW = 1 g
/

cm3 (1)  

Apparent density
(
g
/
cm3) =

D
(D − S)

× ρW : ρW = 1 g
/

cm3 (2)  

Percentage of apparent porosity (%) =

(

1 −
Bulkdensity

Apparentdensity

)

× 100

=
(M − D)
(M − S)

× 100 (3)  

N. Twinprai et al.                                                                                                                                                                                                                               



Arabian Journal of Chemistry 17 (2024) 105878

3

Percentage of water absorption (%) =
(M − D)

D
× 100 (4)  

In the present study, results are reported as the average values of five 
sample measurements. 

2.2.2. Cytotoxicity assay 

2.2.2.1. Cell culture. A human normal osteoblast cell line, hFOB 1.19 
(ATCC, CRL11372), was purchased from the ATCC (Biomedia, a 
distributor of ATCC). The osteoblast cells were cultured in Dulbecco’s 
Modified Eagle’s Medium with no phenol red (DMEM, no phenol red, 
Gibco) supplemented with 10 % fetal bovine serum (FBS, Gibco) and 
300 µg/ml of a selective antibiotic (Geneticin (G418, Gibco)). The me
dium was changed every 3 days. Experiments were done at 37 ◦C in a 
humidified atmosphere of 5 % CO2 and 95 % air. When nearing con
fluency, cells were subcultured using trypsin/EDTA (0.25 %, Gibco) and 
inoculated into new flasks with a split ratio of 1:3. The cells were 
cultured until reaching 80 % confluency for cell viability testing. 

2.2.2.2. Cell viability assay. In vitro cytotoxicity of the samples was 
evaluated using a PrestoBlue assay. The cells were seeded at a density of 
50,000 cells/well in 12-well plates with 1.5 mL of the culture medium 
per well, and then incubated at 37 ◦C with 5 % CO2. After 24 h of in
cubation, 1.0 mL of culture medium was refreshed in each well. Trans
well inserts were loaded with different weights (30 and 90 g) of the post- 
cured samples (MK1.0, MK0.75H, MK0.5H and MK0.25H) and added to 
the cells. Culture medium with no sample was used as a positive control, 
and 10 % dimethyl sulfoxide (DMSO, Merck) in culture medium was 
used as a negative control. Each test was done in triplicate. Culture 
plates were assayed 24 h after sample addition. A PrestoBlue assay was 
used in this study to measure cell viability. After 24 h of treatment, the 
culture medium was removed and replaced with PrestoBlue reagent 
(diluted 10–fold in culture medium; 300 µL/well, Thermo Fisher Sci
entific), followed by further incubation for 45 min to assess cell viability. 
Finally, cell viability was analyzed by measuring the fluorescent 
absorbance signal using a Varioskan LUX Multimode Microplate Reader 
(Thermo Scientific) at wavelengths of 560 nm (excitation) and 590 nm 
(emission). The obtained fluorescence readings were used to calculate 
cell viability as follows: 

%Cell viability = AS/AC × 100 (5)  

where AS and AC represent the average absorbance values of a sample 
well and of the positive control well, respectively. 

2.2.3. In vitro bioactivity test and sample characterizations 
SBF, which has an ionic concentration comparable to that of human 

blood plasma, was prepared using the method of Kokubo and Takadama 
(2006). Post-cured tablet samples were immersed in SBF for 3, 7, 14 and 
28 days to investigate the influence of an in vitro environment on pre
cipitation of bone-like apatite. The temperature of the SBF was kept 

constant at 37 ± 0.2 ◦C (human body temperature) during immersion. 
For morphological observation, the samples were sputter-coated with 
gold at an appropriate voltage. The surface morphologies of the tablet 
samples were studied using scanning electron microscopy (SEM/EDS, 
Zeiss LEO Model 1450, with a secondary electron detector) before and 
after immersion in the SBF to verify calcium phosphate apatite precip
itation. An EDS with acceleration voltage of 20 keV was used to deter
mine the elemental composition of sample surfaces. The calcium/ 
phosphorus (Ca/P) molar ratio was calculated from the resultant 
elemental composition of the sample surface by averaging five mea
surements. The EDS findings were cross-referenced using X-ray diffrac
tion (XRD) analysis. The crystalline phases of the samples were 
identified using X–ray diffractometry (XRD, Bruker D8), with CuKα ra
diation at 40 kV and 40 mA with a scan rate of 2.4◦ 2θ/min in 0.02◦ 2θ 
increments. 

Compressive strength tests of cube samples were performed in 
accordance with ASTM C109/C109M-21 (ASTM C109/C109M, 2021) 
using hydraulic testing equipment with a maximum load of 400 kN. 
Compressive strength testing of the samples was conducted at a loading 
rate of 2 kN/s. The compressive strengths were measured for the post- 
cured and dried samples after immersion in SBF for 28 days. Compres
sive strength values are reported as the average value of five 
measurements. 

3. Results and discussion 

3.1. Density, porosity and crystalline structure of the samples 

The appearances of the post-cured samples (MK1.0, MK0.75H, 
MK0.5H and MK0.25H) are shown in Fig. 1. Specimens at all mixing 
weight ratios were successfully compacted into both cubic and tablet 
shapes. 

The relationships between bulk, apparent densities and percentage 
of HAp content are shown in Fig. 2(a). Conceptually, only impermeable 
pores of the sample comprise the sample volume for apparent density. 
However, the volume corresponding to bulk density also includes 
capillary and voids generated during packing in addition to the imper
meable pores. In Fig. 2(a), the bulk density of the samples decreased 
with increasing HAp content, from 1.89 to 1.14 g/cm3. In contrast, the 
apparent density of the samples increased with HAp content. These re
sults suggest that an increased HAp content enhances the total internal 
porosity of the sample. The reason for the greater porosity with 
increasing HAp content is as follows. Geopolymerization takes place 
primarily between the alkaline solution and the alumino-silicate source 
(metakaolin), while the HAp does not react with the alkaline solution. 
The unreacted HAp powder and its agglomerates would disrupt the 
packing of the metakaolin matrix. This can lead to the formation of 
capillaries, pores, and voids, decreasing the bulk density while 
increasing the apparent density of the composite. Additionally, the 
unreacted HAp may leave a residue of alkaline solution remaining from 
the reaction with MK. The release of residual alkaline solutions could 

Table 1 
Chemical composition of MK powder.  

Chemical composition SiO2 Al2O3 TiO2 Fe2O3 K2O P2O5 CaO MgO SO3 LOI* 

wt %  59.58  35.71  1.03  1.06  0.89  0.83  0.15  0.17  0.03  0.55  

* LOI = loss on ignition 

Table 2 
Chemical composition of HAp powder.  

Chemical composition CaO P2O5 MgO Na2O Al2O3 SiO2 Cl SO3 MnO LOI* 

wt %  53.19  42.72  1.22  0.96  0.58  0.20  0.14  0.07  0.04  0.88  

* LOI = loss on ignition 
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further contribute to porosity development during the curing process. 
Similar results were found by Rahmawati et al. (2022), Singh et al. 
(2021), Astariani et al. (2021), Kwek et al. (2021) and Chkala et al. 
(2024). Kwek et al. (2021) observed a decrease in geopolymer density 
with increasing alkaline activator-to-powder ratio. This density change 
is attributed to the influence of geopolymerization and curing 

conditions. Their findings suggest that a high liquid content leads to a 
higher void volume within the samples. For bone mineral density, 
Meema and Meema (1978) reported that the normal range of bone 
density for women was between 0.96 g/cm3 and 1.39 g/cm3, while that 
for men was between 0.92 g/cm3 and 1.35 g/cm3, which overlap with 
the present range for metakaolin/HAp composites in Fig. 2(a). 

Fig. 1. Post-cured samples (MK1.0, MK0.75H, MK0.5H and MK0.25H).  

Fig. 2. (a) Relationships between bulk density/apparent density and HAp content, and (b) relationships between apparent porosity/water absorption and 
HAp content. 

Fig. 3. XRD patterns for (a) MK and HAp powders and (b) MK1.0, MK0.75H, MK0.5H and MK0.25H samples.  
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The relationships between apparent porosity, water absorption and 
HAp content are shown in Fig. 2(b). From this figure, both the water 
absorption and apparent porosity increased with the HAp content, 
which may be induced by the increased difference between the bulk and 
apparent densities with higher HAp contents. The greater quantity of 
open pores with higher HAp contents may contribute to the increased 
water absorption and apparent porosity. Therefore, it is speculated that 
addition of HAp into the metakaolin/HAp composite can also lead to 
formation of more open pores. Generally, the open pores included in a 
material provide more open spaces for enhancing bone ingrowth. It has 
been reported that increased porosity is correlated with the degree and 
rate of bone ingrowth (Gaweł et al., 2023). 

Fig. 3(a) and (b) depict the XRD patterns for the MK and HAp 
powders and for MK1.0, MK0.75H, MK0.5H and MK0.25H samples, 
respectively. From Fig. 3(a), characteristic peaks of kaolinite (ICDD 
00–001-0527) and quartz (ICDD 01–070-7345) were observed for MK 
powder. High intensity hydroxyapatite peaks (ICDD 09–0432) were 
observed coexisting with β-TCP (ICDD 09–0169) peaks for the HAp 
powder. From Fig. 3(b), characteristic peaks for MK and HAp are clearly 
observed in the post-cured samples. The peak intensity of HAp increased 
with its content. Geopolymerization did not affect the crystalline phases 
of MK and HAp. 

SEM micrographs of sample surfaces are shown in Fig. 4. The surface 
morphology of MK1.0 and MK0.75H in Fig. 4(a) and (b) was nearly flat 
and dense. It becomes rough and the surface density decreased with 
greater HAp content (Fig. 4(c) and (d)). These density and surface 
appearance changes of the samples could be induced due to the presence 
of different content of HAp in the samples. 

3.2. Cytotoxicity assay of the samples 

A primary purpose of this experiment is to assess cellular cytotoxicity 
of MK/HAp composites towards osteoblast cells. Cell viability was 
assessed using a PrestoBlue assay after 24 h. The osteoblasts incubated 
on 30 and 90 mg of MK1.0, MK0.75H, MK0.5H and MK0.25H for 24 h 
were observed using optical microscopy. In Fig. 5, the osteoblasts 
maintain their normal shapes in all samples compared to the positive 
control, indicating no evidence of cytotoxicity. 

Fig. 6 shows the average cell viability of the samples after incubation 
for 24 h. Cell viabilities of all samples were greater than 80 %. 
Furthermore, the average percentage of cell viability increased with 
HAp content. This increased cell viability demonstrates that HAp has 
potential to enhance the biocompatibility of MK/HAp composites to
wards osteoblast cells. Additionally, the sample quantity did not have a 
significant impact on biocompatibility of the MK/HAp composites. Cell 
viability remained unaffected by varying sample weights (30 mg and 90 
mg) across all MK/HAp weight ratios. Catauro et al. (2020) conducted 
investigations on the cytotoxicity of a commercial MK geopolymer to
wards the NIH-3T3 mouse fibroblast cell line. Their study revealed that 
no toxic effects were observed on MK after 24 h of exposure. Interest
ingly, they reported that cell survival increased after 48 h of exposure, 
indicating a potential beneficial effect on cell viability over time. 

3.3. In vitro bioactivity evaluation in simulated body fluid 

3.3.1. Monolithic metakaolin MK1.0 
Fig. 7(a) shows the surface morphology of a monolithic metakaolin 

(MK1.0) sample after immersion in SBF for 28 days. The surface 
morphology of the MK1.0 sample was flat and did not change appre
ciably after immersion in SBF for 28 days compared to that before im
mersion (Fig. 4(a)). The elemental composition obtained by EDS 
analysis on the surface of the MK1.0 sample immersed in SBF for 28 days 
is shown in Fig. 7(b). From the figure, the coexistence of silicon (Si), 
aluminum (Al), sodium (Na) was observed. Additionally, small peaks 
attributed to calcium (Ca) and phosphorus (P) were also observed in the 
EDS spectrum. The XRD pattern of the MK1.0 sample immersed for 28 
days in SBF is shown in Fig. 7(c). The characteristic peaks of the MK1.0 
sample immersed for 28 days were similar to those of the post-cured 
MK1.0 sample before immersion (Fig. 3(b)). No additional character
istic peaks were observed. Calcium and phosphorus detected on the 
surface of MK1.0 sample after immersion in SBF were possibly from 
residual SBF solution. The MK1.0 sample exhibited poor bioactivity due 
to a lack of calcium and phosphate ions, and it may have limited 
interaction with SBF due to the absence of pores (a very flat surface), 
both of which are essential for the formation of calcium phosphate 
apatite. Addition of hydroxyapatite into metakaolin is beneficial for 

Fig. 4. Surface morphology of samples, (a) MK1.0, (b) MK0.75H, (c) MK0.5H and (d) MK0.25H.  
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promoting nucleation sites for calcium phosphate apatite precipitation. 

3.3.2. MK/HAp composites 
MK0.75H, MK0.5H and MK0.25H composites were immersed in SBF 

for 3, 7, 14 and 28 days to investigate phase changes. Fig. 8 shows the 
surface morphology of the samples after immersion in SBF for 3 to 28 
days. After 28 days, the surface of the MK0.25H sample (Fig. 8(l)) dis
played comparatively dense spherical structures compared to the 
MK0.5H and MK0.75H samples (Fig. 8(k and j)). The MK0.25H sample 
changed its surface appearance faster than the MK0.5H and MK0.75H 
samples. Tiny spherical structures, approximately 1–2 µm in diameter, 
were observed on the MK0.25H surface after immersion in SBF for 3 
days. A similar structure was clearly observed on the MK0.5H and 

MK0.75H surfaces after 7 and 28 days of immersion, respectively. 
However, this spherical structure was not observed on the surface of MK 
geopolymer after immersion in SBF, as shown in Fig. 7(a). Similar 
bone–like apatite formation after immersion in SBF was reported by 
Gao et al. (2015), Taptimdee et al. (2020), Taptimdee et al. (2022) and 
Parau et al. (2023) where spherical structures of bone-like apatite were 
observed on the surfaces of their bone substitute after immersion in SBF 
for one to four weeks. 

EDS spectra of the MK0.75H, MK0.5H and MK0.25H composites 
after immersion in SBF for 28 days are shown in Fig. 8(m-o). As seen 
from the figure, the same elements detected on the MK1.0 sample after 
immersion in SBF for 28 days (see Fig. 7(b)) were observed in the EDS 
spectra of MK0.75H, MK0.5H and MK0.25H composites with an addi
tional magnesium (Mg) element. It was also found that the intensities of 
the Ca and P elements increased after immersion in SBF for the 
MK0.75H, MK0.5H and MK0.25H composites. 

Variations of the Ca/P molar ratio after immersion in SBF for various 
periods are presented in Fig. 9. From this figure, the Ca/P molar ratio 
increased with the HAp content for the same immersion period. After 14 
and 28 days of immersion, the Ca/P molar ratios for MK0.25H attained 
values of 1.60 and 1.66, respectively, which are close to that of stoi
chiometric HAp (1.67). It has been reported that the Ca/P molar ratio of 
biological (bone-like) apatite is either lower than or close to that of 
stoichiometric HAp (Eliaz and Metoki, 2017; Kuhn et al., 2008). The Ca/ 
P ratios for cancellous and cortical bone have been reported as 1.47 and 
1.64 for younger bone, respectively, and 1.52 and 1.66 for older bone, 
respectively (Kuhn et al., 2008). It was also found that a Ca/P molar 
ratio of 1.5 for MK0.5H after immersion in SBF for 28 days reached the 
range for cancellous and cortical bones. However, the Ca/P ratio for 
MK0.75H did not achieve those for human bone even after immersion in 
SBF for 28 days, which would result from calcium-deficiency in the 
calcium phosphate apatite layer. For biological apatite in bone tissue, 
similar structural formation, elemental composition and Ca/P molar 
ratio of calcium-phosphate apatite have been reported (Kim et al., 2004; 
Kim et al., 2005; Hadjipanteli et al., 2014). 

From these results, addition of HAp in the MK/HAp composites could 

Fig. 5. Optical microscopy observations of osteoblasts incubated on 30 and 90 mg of MK1.0, MK0.75H, MK0.5H and MK0.25H composites.  

Fig. 6. Average percentage of cell viability of the MK/HAp samples (30 and 90 
mg) after incubation tests for 24 h. 
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enhance bone-like apatite formation with spherical structures on sur
faces during immersion in SBF. The density of the bone-like apatite 
structure increased with HAp content. The bone-like apatite structure 
grew and the Ca/P molar ratio of the bone-apatite layer increased after 
longer immersion periods. The Ca/P ratio was close to that of bone-like 
apatite for the MK/HAp composites with HAp contents greater than 50 
% and after 28 days of immersion in SBF. In vitro bioactivity was studied 
on lignin/polycaprolactone nanofibers, fluorine-hydroxyapatite coat
ings and hydroxyapatite/tantalum composites (Wang et al., 2019; Cao 
et al., 2020; Cai et al., 2021). These studies support the present results 
that a dense spherical structure of bone-like apatite with a Ca/P molar 
ratio close to that of stoichiometric HAp is formed after immersion in 
SBF. 

To confirm the phase transformation during SBF immersion, the 
phase composition of the MK/HAp composites before and after immer
sion for 14 and 28 days were investigated. Fig. 10 shows XRD patterns 
obtained on the surfaces of the MK0.75H, MK0.5H and MK0.25H com
posites before and after immersion in SBF. From this figure, the in
tensities of kaolinite, quartz and β-TCP peaks were reduced with 
increasing immersion periods, while the bases of hydroxyapatite peaks 
became broader for all the composites. These results indicate the pro
gressive evolution of a bone-like apatite layer on the sample surfaces. 
This behavior was similar in all cases examined, however, there were 
variances in peak intensity for the same immersion period among the 
samples. The peak intensity of quartz vanished after 14 and 28 days of 
immersion for the MK0.5H and MK0.25H samples, respectively. 

The results obtained from SEM observations, Ca/P molar ratio and 
XRD analysis indicated in the same direction that the addition of HAp to 
MK can enhance bone-like apatite formation and consequently improve 
bioactivity. Therefore, it can be concluded that bone-like apatite for
mation and surface morphology varied during in vitro bioactivity testing 
of MK/HAp composites depending on the period of immersion and HAp 
content. These results are consistent with those reported in the litera
ture, where HAp was used to enhance the bioactivity in various bioac
tive materials such as materials such as titanium/hydroxyapatite 
(Bovand et al., 2019), Mg-hydroxyapatite (Mehdizade et al., 2023) and 
gelatin/hydroxyapatite (Zhang et al., 2020) composite materials. A 
bone-like apatite formation process can be proposed as the following. A 
HAp mixture provides nucleation sites for bone-like apatite precipita
tion. Then, hydroxyl (OH–) and phosphate (PO4

3-) groups on the surfaces 
of HAp carry negative charges, while calcium ions (Ca2+) carry positive 
charges. HAp has a net negative charge that can attract positively 
charged calcium ions and other mineral ions, such as sodium (Na+) or 
magnesium (Mg+) from the surrounding SBF solution. These mineral 
ions then nucleate and grow on the composite surfaces, forming 
bone–like apatite structures. The mechanism of bone-like apatite for
mation on synthetic hydroxyapatite using an in vitro assessment has been 
clearly explained by Kim et al. (2004) and (2005). 

3.4. Effect of HAp content on compressive strength of the MK/HAp 
composites 

The compressive strengths of the MK/HAp composites before and 
after immersion in SBF for 28 days are presented in Fig. 11. From this 
figure, the compressive strength of the MK/HAp composites signifi
cantly decreased with increasing HAp content regardless of immersion 
time in SBF, while immersion in SBF reduced the compressive strength. 
The results showed the compressive strengths before immersion in SBF 
were 58.2 and 14.3 MPa for the monolithic MK (MK1.0) and the 
MK0.25H composite with a 75 % HAp content, respectively. The reason 
for the reduction in strength with an increased HAp content involves the 
relationship between porosity and HAp content of the MK/HAp com
posites, as depicted in Fig. 11. As can be seen from this figure, the 
porosity formed in the MK/HAp composites increased with HAp content, 
which contributes to a reduced strength of the MK/HAp composite at 
greater HAp contents. However, from the viewpoint of strength of the 
monolithic HAp material, addition of MK into the HAp matrix would 
improve the strength of the MK/HAp composites. 

From the results, it may be inferred that geopolymerization of met
akaolin with an alkaline solution greatly impacts the formability and 
strength of the samples. Due to the reaction of silica and alumina species 
in metakaolin with the alkali activator solution, which promotes poly
condensation events and development of a geopolymeric binder, an 
amorphous phase and a three-dimensional aluminosilicate network 
structure are formed (Albidah et al., 2021; Castillo et al., 2022). The 
compressive strength of the MK/HAp composites decreased due to an 
increase in porosity. Similar decrease in strength of MK/HAp composites 
with increasing HAp content has been reported by Tchakouté et al. 
(2018). They investigated the compressive strength of metakaolin-based 
geopolymers containing calcium phosphate compounds, such as hy
droxyapatite, and found that it declines at metakaolin replacement 
levels above 2 % by weight. They reported that decreased compressive 
strength might be attributed to an excess PO4 in the system, which 
weakens the specimen structure due to the presence of imbalanced 
(PO4)3- charges and thus negatively affects strength. 

After immersion in SBF for 28 days, the compressive strengths were 
reduced regardless of HAp content, as shown in Fig. 11. The reduced 
compressive strengths after immersion in SBF were 39.8 MPa and 3.7 
MPa for the monolithic MK (MK1.0) and the MK0.25H composite with 
75 % HAp content, respectively. This decreased strength might be 
attributed to formation of micro-cracks inside the surface layer of 
samples during immersion in SBF. Such behavior would be due to water 
absorption combined with incomplete geopolymerization of the sam
ples. Palomo et al. (1999) reported that dissolution of the soluble part of 
the material may occur during geopolymerization of metakaolin with an 
alkali activator solution. Most alkalis are fixed into the structure of the 
geopolymer, but some can remain soluble. These soluble alkalis can 
possibly dissolve, increasing the porosity of the specimen and, as a 
result, decrease its mechanical strength. The water resistance of 

Fig. 7. (a) Surface morphology, (b) EDS spectrum and (c) XRD pattern of an MK1.0 sample after immersion in SBF for 28 days.  
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geopolymer mortars made from granite waste as an aluminosilicate was 
investigated by Tchadjié et al. (2016). They reported that formation of 
micro-cracks was observed in some types of geopolymer mortars within 
48 h of immersion in water. Nikolić et al. (2013) also studied the 
durability of geopolymers in various aquatic environments. They re
ported that deterioration of the geopolymer structure in aquatic envi
ronments and leaching of the geopolymer structure reflect their 
stability. This phenomenon causes strength loss of geopolymers after 
immersion in distilled water, acid rain and sea water. 

3.5. Suitable ratio of HAp content in MK/HAp composites 

As discussed in the Introduction, improvement of strength and 
bioactivity due to variation of HAp content in MK/HAp composites has a 
competitive relationship. Therefore, for practical applications as a 
biomaterial, a suitable HAp content is important to clarify. 

Based on the results presented in Fig. 9, the Ca/P molar ratios for the 
MK0.25H composite with a 75 % HAp content were 1.60 and 1.66 after 
immersion in SBF for 14 and 28 days, respectively. The Ca/P molar ratio 

Fig. 8. Surface morphology of MK/HAp composites after immersion in SBF for 3, 7, 14 and 28 days (a-l) and EDS spectra of MK/HAp composites after immersion in 
SBF for 28 days (m-o). 
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for the MK0.5H composite with a 50 % HAp content after immersion in 
SBF for 28 days attained a value of 1.5. These Ca/P molar ratios are 
equivalent to those for human bone. Therefore, HAp contents greater 
than 50 % are desirable for bioactivity. 

Based on the results shown in Fig. 11, the porosity increased with 
HAp content. Porosity was higher than 35.6 % when the HAp content 
was greater than 25 %. Such a level of porosity would provide an 
acceptable environment to support bone regeneration. This range of 
porosity is consistent with the findings of other researchers who have 
developed biomaterials with various structures for bone tissue regen
eration (Akbari and Khazaeinejad, 2023; Chen et al., 2017; Will et al., 
2008). They reported scaffold porosity in the range between 30 and 60 
%, which is close to that of natural (trabecular and cancellous) bone (40 
to 90 %). This is sufficient for biomedical applications. 

Based on the results shown in Fig. 11, the compressive strength de
creases with increasing HAp content. Compressive strengths of human 
(trabecular and cancellous) bones are in the range of 2 to 15 MPa. A 
maximum strength of 15 MPa can be attained when the HAp content is 
between 25 and 50 %. However, human bone properties exhibit sig
nificant variations based on age, anatomic location and metabolic 
location (Oftadeh et al., 2015; Hussein et al., 2023). Therefore, a HAp 
content 50 % or higher can be selected to match specific human bones. 

Since the bioactivity and bone regeneration behavior is sufficient for 
use as biomaterials when the HAp content is 50 % or higher, a suitable 
HAp content can be selected for bone substitute materials to match the 
strength of specific human bones. However, extensive studies on the 

alkaline phosphatase (ALP) activity and the in vitro and in vivo biode
gradability of this composite are required. These studies would provide 
valuable insights into their ability to support early bone formation and 
their long-term performance as bone substitutes. 

4. Conclusions 

Metakaolin/hydroxyapatite (MK/HAp) composites with various HAp 
contents for use as synthetic bone substitute materials were fabricated to 
investigate the effects of HAp content on in vitro properties including 
cytotoxicity and bioactivity as well as physical and mechanical charac
teristics. The primary conclusions obtained from the present study are as 
follows.  

1. With increasing HAp content in the MK/HAp composites, their bulk 
density decreased, and porosity and percentage of water absorption 
increased.  

2. The cytotoxicity of the MK/HAp composites was investigated using a 
PrestoBlue assay, which confirmed that the MK/HAp composites had 
acceptable osteoblast cell compatibility. The cell viability was 
approximately 80 % for the metakaolin geopolymer and increased 
with the HAp content in the MK/HAp composites.  

3. In vitro bioactivity of the MK/HAp composites was investigated by 
immersing the samples in a simulated body fluid (SBF). Bone-like 
apatite formation on the surface of MK/HAp composites occurred 
more rapidly with increased HAp content, showing that HAp 

Fig. 9. Ca/P molar ratio of MK/HAp composites after immersion in SBF for 7, 
14 and 28 days. 

Fig. 10. XRD patterns of (a) MK0.75H, (b) MK0.5H and (c) MK0.25H composites before and after immersion in SBF for 14 and 28 days.  

Fig. 11. Relationships between compressive strength and percentage of HAp 
content for MK/HAp composites before and after immersion in SBF for 28 days 
and between porosity and HAp content. 
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addition enhances bioactivity of the composites. This did not happen 
on the surfaces of MK geopolymers.  

4. The compressive strength of MK/HAp composites decreased with 
increasing HAp content mainly due to the reduced amount of silica 
and alumina in the system and increased porosity. After immersion 
in SBF, the compressive strengths of all samples decreased due to 
dissolved solutes which increased sample porosity. 

5. Selection of a suitable ratio of HAp content for balancing compres
sive strength and bioactivity is important. The bioactivity and bone 
regeneration behaviour can be sufficient for its application as a 
biomaterial when the HAp content is higher than 50 %. Therefore, a 
suitable HAp content, greater than 50 %, is necessary when formu
lating a bone substitute material to match the strengths of specific 
human bones. 
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R., 2013. Influence of alkali cation on the mechanical properties and durability of fly 
ash based geopolymers. Acta Chim. Slov. 60 (636), 43. https://acsijournal.eu/index. 
php/ACSi/article/view/100. 

Obada, D.O., Osseni, S.A., Sina, H., Salami, K.A., Oyedeji, A.N., Dodoo-Arhin, D., 
Bansod, N.D., Csaki, S., Atta, A.Y., Fasanya, O.O., Sowunmi, A.R., 2021. Fabrication 
of novel kaolin-reinforced hydroxyapatite scaffolds with robust compressive 
strengths for bone regeneration. Appl. Clay Sci. 215, 106298 https://doi.org/ 
10.1016/j.clay.2021.106298. 

Oftadeh, R., Perez-Viloria, M., Villa-Camacho, J.C., Vaziri, A., Nazarian, A., 2015. 
Biomechanics and mechanobiology of trabecular bone: a review. J. Biomech. Eng. 
137, 010802 https://doi.org/10.1115/1.4029176. 

Palomo, A., Blanco-Varela, M.T., Granizo, M.L., Puertas, F., Vazquez, T., Grutzeck, M.W., 
1999. Chemical stability of cementitious materials based on metakaolin. Cem. Concr. 
Res. 29, 997–1004. https://doi.org/10.1016/s0008-8846(99)00074-5. 

Pangdaeng, S., Sata, V., Chindaprasirt, P., 2018. Effect of sodium hydroxide 
concentration and sodium silicate to sodium hydroxide ratio on properties of 
calcined kaolin-white portland cement geopolymer. Int. J. GEOMATE. 14, 121–128. 
https://doi.org/10.21660/2018.46.mat40. 

Parau, A.C., Dinu, M., Vitelaru, C., Cotrut, C.M., Vranceanu, D.M., Vladescu, A., 2023. 
Quaternary ZrCuCa-based thin films metallic glasses deposited by cathodic arc 
deposition. Arab. J. Chem. 16, 105312 https://doi.org/10.1016/j. 
arabjc.2023.105312. 

Rahmawati, C., Aprilia, S., Saidi, T., Aulia, T.B., Amin, A., Ahmad, J., Isleem, H.F., 2022. 
Mechanical properties and fracture parameters of geopolymers based on cellulose 
nanocrystals from Typha sp. fibers. Case. Stud. Constr. Mater. 17, e01498. 

Sakka, S., Bouaziz, J., Ayed, F.B., 2013. Mechanical properties of biomaterials based on 
calcium phosphates and bioinert oxides for applications in biomedicine. INTECH 
23–50. https://doi.org/10.5772/53088. 

Shuai, C., Yang, W., Feng, P., Peng, S., Pan, H., 2021. Accelerated degradation of HAP/ 
PLLA bone scaffold by PGA blending facilitates bioactivity and osteoconductivity. 
Bioact. Mater. 6, 490–502. https://doi.org/10.1016/j.bioactmat.2020.09.001. 

Shuai, C., Peng, B., Feng, P., Yu, L., Lai, R., Min, A., 2022. In situ synthesis of 
hydroxyapatite nanorods on graphene oxide nanosheets and their reinforcement in 
biopolymer scaffold. J. Adv. Res. 35, 13–24. https://doi.org/10.1016/j. 
jare.2021.03.009. 

Singh, N.S., Thokchom, S., Debbarma, R., 2021. Properties of fly ash and rice husk ash 
blended geopolymer with sodium aluminate as activator solution. Eng. Appl. Sci. 
Res. 48, 92–101. https://ph01.tci-thaijo.org/index.php/easr/article/view/240316. 

Sutthi, R., Kaewwinud, N., Chindaprasirt, P., Mutoh, Y., Laonapakul, T., 2018. Effect of 
curing temperature and time on the mechanical properties of hydroxyapatite/ 
calcined kaolin. Sci. Asia. 44, 397. https://doi.org/10.2306/scienceasia1513- 
1874.2018.44.397. 

Taptimdee, W., Chindaprasirt, P., Otsuka, Y., Mutoh, Y., Laonapakul, T., 2020. Strength 
and bioactivity of hydroxyapatite/white portland cement (HAp/WPC) under 
Simulated Body Fluid (SBF) solution. Mater. Sci. Forum 975, 88–93. https://doi.org/ 
10.4028/www.scientific.net/MSF.975.88. 

Taptimdee, W., Jantasang, A., Chindaprasirt, P., Otsuka, Y., Mutoh, Y., Laonapakul, T., 
2022. Effect of an in vitro environment on compressive strength and apatite 
formation of white Portland cement. Engineering & Applied Science Research 49, 
181–188. https://doi.org/10.14456/easr.2022.20. 
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