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1. Introduction
The reconstruction of large bone defects caused by 

biochemical disorders, tumour resection, or fractures presents 
a significant challenge for both orthopaedic and trauma surgery 
[1]. Traditional methods, such as autologous and allograft 
transplantation, face limitations, including high donor site 
morbidity and limited availability [2]. Consequently, there 
is growing interest in synthetic materials that may offer 
a reliable and effective alternative for bone regeneration. 
The need for advanced materials in bone regeneration has 
prompted extensive research into bioceramics, particularly 
those with improved porosity and mechanical properties. The 
porosity of biomaterials plays a crucial role in bone and tissue 
regeneration, as it provides space for cells to enter and grow 
while also allowing for the circulation of nutrients and oxygen, 
ensuring the survival and function of cells. This structure also 
facilitates the growth of new blood vessels, which is essential 
for bone regeneration [3, 4]. 

Regarding structural formation, porous bioceramics can be 
classified into two main types. The first type, characterised by a 
network of interconnected pores, voids, or spaces throughout the 
structure, is achieved using a range of methods such as foaming, 
cryogenic moulding, 3D printing, cavitation, partial sintering, and 
electrochemical methods [5, 6]. The second type is constructed 
from crystals with a high aspect ratio, where the elongated or 
needle-like crystals naturally create a porous structure. The high 
aspect ratio (where length is significantly greater than width) of 
these crystals prevents dense packing and enhances interlock, 
further contributing to the formation of a porous network and 
improving the mechanical properties of the materials. The main 
methods used to create porous materials in this second group 
involve chemical reactions to adjust crystal size and shape in 
the synthesis solution or phase transition processes to form 
amphiphilic structures with high-aspect-ratio crystalline phases 
[7-9]. Depending on the structural characteristics of the material 
and the specific application, the appropriate porous type is selected.
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Calcium sulphate hemihydrate (HH), a type of ceramic-
based biomaterial, has already been utilised extensively in 
clinical applications for implanting non-load-bearing bone 
defects due to its excellent biocompatibility, osteoconduction, 
and osteointegration [10]. HH is biocompatible and 
biodegradable within several weeks of implantation, leaving 
behind a calcium-rich environment that promotes the 
proliferation of osteoblasts and facilitates bone regeneration. 
Moreover, compared to calcium phosphate bioceramics, HH 
exhibits a rapid self-setting ability within only 2-4 minutes 
[11, 12]. During the setting process, HH absorbs water, and a 
rearrangement of the water molecules occurs with the sulphate 
and calcium ions, forming the more stable dihydrate (DH) 
species and providing excellent mechanical properties for 
the material [13]. HH is typically synthesised from calcium 
sulphate dihydrate (DH) via a calcination process, which 
involves increasing the temperature to a certain level to 
reduce part of the water of crystallisation [14]. Recently, much 
research on α-HH has focused on synthesising it with various 
crystal morphologies through different methods to optimise 
the properties of α-HH for specific medical applications. 
By manipulating crystal morphology, scientists can control 
the mechanical properties, degradation rate, and porosity of 
α-HH, thereby creating materials capable of supporting bone 
regeneration more effectively [15, 16]. However, there are 
very few studies reporting on the development of porous α-HH 
based on its crystalline structure.

One notable study involved the preparation of α-HH nano-
ellipsoids with a porous structure, as reported by G. Jiang, et al. 
(2015) [17]. The nano-ellipsoids of α-HH, measuring 600 nm 
in length and 300 nm in width, were prepared using a robust 
wet-chemistry method by mixing Ca2+ and SO4

2- precursors in 
the presence of a mediating and capping agent, Na₂EDTA. The 
resulting porous nano-ellipsoids, with an average pore size of 
38 nm, possessed a larger specific surface area (37.9 cm3/g) 
than non-porous ones (3.8 cm3/g). However, Na₂EDTA can 
form complexes with metal ions, particularly Ca²⁺, resulting 
in the formation of EDTA-Ca complexes, which can lower 
the quality of the final product. In a previous study, we 
successfully synthesised rod-shaped α-HH using a salt solution 
method [18]. DH precursor was dehydrated into α-HH in a 
5% CaCl2 solution with H₂SO₄ and oleic acid. The presence 
of sulfuric acid enhances the dissolution of calcium sulphate 
dihydrate, increasing the concentration of Ca2+ ions in the 
solution, which facilitates the formation of calcium sulphate 
hemihydrate crystals. Meanwhile, oleic acid acts as a surfactant 
for monodisperse crystal preparation. Although the obtained 
α-HH demonstrated comparable regenerative efficiency to 
commercial bone grafts in in vivo experiments, the difficulty 
in removing these additives may increase the product’s 
impurities, which could have undesirable effects in practical 
applications. Thus, more efficient methods are needed to create 
α-HH materials with controllable properties and higher purity.

Given the importance of porous structures and product 
purity, in this study, rod-shaped α-HH crystals with a high 
aspect ratio were prepared via a salt solution method from DH 
using only CaCl2 at different concentrations as the salt medium. 
During the dehydration of DH in a Ca2+-rich environment, 
crystal growth kinetics were induced on the surface of the 
(001) edge rather than the (100) edge, resulting in a stretching 
process that formed rod-shaped crystals [19]. Furthermore, the 
sole use of CaCl2 salt solution as a crystal growth medium helps 
enhance the quality of the final product. The physicochemical 
properties of the synthesised α-HH, including structural quality 
and phase composition, were monitored through FTIR, XRD, 
and TGA/DSC. The size and rod-shaped crystal structure were 
evaluated via FE-SEM. Moreover, in vitro experiments were 
conducted to confirm the potential of these materials for further 
clinical applications.

2. Materials and methods
2.1. Materials 

Calcium sulphate dihydrate (DH, 98%) and anhydrous 
calcium chloride (CaCl₂, 97%) were used for the synthesis 
of porous calcium sulphate hemihydrate. Chemical reagents 
including sodium chloride (NaCl, 99.5%), sodium hydrogen 
carbonate (NaHCO₃, 99.5%), potassium chloride (KCl, 99.5%), 
dipotassium hydrogen phosphate trihydrate (K2HPO4·3H2O, 
99%), magnesium chloride hexahydrate (MgCl2·6H2O, 
98%), sodium sulphate (Na2SO4, 99%), tris-hydroxymethyl 
aminomethane (TRIS, 99%), and hydrochloric acid (HCl) were 
used for in vitro testing. All reagents were analytical grade and 
supplied by Sigma Aldrich (St Louis, MO, USA). 

Materials for in vitro cell studies included Dulbecco’s 
Modified Eagle Medium (DMEM), foetal bovine serum (FBS), 
penicillin-streptomycin, and Dulbecco’s phosphate-buffered 
saline (DPBS), all purchased from Gibco BRL (Grand Island, 
NY, USA). The fibroblast cell line (L929) was supplied by 
ATCC® (USA), and the 3-[4,5-dimethylthiazol-2-yl]-2,5- 
diphenyl tetrazolium bromide (MTT) kit was obtained from 
Sigma-Aldrich (St Louis, MO, USA). 

2.2. Methods

2.2.1. Preparation of porous-structured alpha-calcium 
sulphate hemihydrate (α-HH)

Porous α-HH was prepared using a salt solution method. 
Briefly, CaCl2 solutions with various concentrations (5, 10, 20, 
and 40% w/v) were prepared by dissolving CaCl₂ in deionised 
water and heating the solution to 110ºC using a magnetic stirrer. 
Subsequently, the DH precursor (6.5% w/v) was added to the 
CaCl2 solution at a stirring speed of 250 rpm at 110ºC. The 
dehydration process of DH to α-HH continued for 90 minutes. The 
final suspension was then filtered and rinsed several times with 
boiled distilled water and acetone before being dried at 60ºC for 24 
hours. The α-HH samples, derived from different concentrations of 
CaCl2, were labelled HH5, HH10, HH20, and HH40, respectively.
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2.2.2. Characterisation of porous α-HH

Physicochemical characterisation: To examine the 
physicochemical properties of α-HH, FE-SEM, FTIR, XRD, 
and TGA/DSC were employed. Crystal morphology and size 
were imaged using FE-SEM (S4800, Hitachi, Japan) with an 
acceleration voltage of 10 kV. FTIR spectra were recorded via a 
spectrometer (Frontier FTIR/NIR, Perkin Elmer Inc., Waltham, 
MA, USA) within the wavelength range of 4000-400 cm-¹ to 
assess structural quality. To investigate phase composition 
and crystallinity, XRD patterns were obtained using an X-ray 
diffractometer (D8 Advance Eco, Bruker AXS, Germany) with 
Cu/Kα radiation (λ = 1.54060 Å) at a scanning rate of 5º/min 
from 10 to 60º. TGA was conducted in conjunction with DSC 
to quantify and qualify phase composition in samples within 
the temperature range of 60-300ºC at a heating rate of 10ºC/
min. The percentage of phase consistency was calculated using 
the following equations (1) and (2) [18]. The three-dimensional 
structural evaluation was performed by the Archimedes method 
using water immersion [20, 21]. 

6.2% × X + 0% × (1 – X) = Y, when tested 
sample is comprised of HH and AH                     (1)

6.2% × X + 20.9% × (1 – X) = Y, when tested 
sample is comprised of HH and DH                (2)

where X is the percentage of HH in the tested sample (%) and 
Y is the weight loss percentage (%).

Uniaxial compressive strength characterisation: Uniaxial 
compressive strength testing was conducted in accordance 
with ASTM C-472-99 using a universal testing machine. 
Cylindrical specimens (6 mm in diameter×12 mm in height) 
were prepared by placing the paste in a mould of appropriate 
size at 100% relative humidity and 37ºC for setting. Once 
set, the specimens were removed from the mould and tested 
using a universal testing machine at a speed of 1 mm/min until 
failure. Mechanical testing was performed in triplicate (n=3). 
The uniaxial compressive strength, defined as the maximum 
compressive stress a material can withstand, was calculated 
using the equation below:

C = 
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where P is the maximum loading force (N), D is the diameter of surface area of sample (cm), and 
C is the uniaxial compressive strength (MPa). 

In vitro degradable and mineralized assessment: The in vitro degradation of porous α-HH 
bioceramic scaffolds was evaluated by immersing the samples in a simulated body fluid (SBF) 
solution at 37ºC at specific time intervals (0, 1, 3, 5, 7, 14, 21, and 28 days). The SBF solution was 
formulated to contain ion concentrations closely matching those of human blood plasma, 
following the protocol in ISO 23317. After each immersion period, the scaffolds were removed 
from the SBF, washed with deionised water, and dried in a 60ºC oven for weight and pH 
measurements, as well as morphological characterisation using SEM. 

 x 10-2 	  (3)

where P is the maximum loading force (N), D is the diameter of 
surface area of sample (cm), and C is the uniaxial compressive 
strength (MPa).

In vitro degradable and mineralised assessment: The 
in vitro degradation of porous α-HH bioceramic scaffolds was 
evaluated by immersing the samples in a simulated body fluid 
(SBF) solution at 37ºC at specific time intervals (0, 1, 3, 5, 
7, 14, 21, and 28 days). The SBF solution was formulated to 
contain ion concentrations closely matching those of human 
blood plasma, following the protocol in ISO 23317:2014. After 
each immersion period, the scaffolds were removed from the 
SBF, washed with deionised water, and dried in a 60ºC oven 

for weight and pH measurements, as well as morphological 
characterisation using SEM.

Cytotoxicity by MTT assay: The in vitro cytotoxicity 
of porous α-HH was quantitatively examined using the 
cytotoxicity test by MTT assay [18]. In short, the test was 
performed on the extract of the test samples, which was 
prepared by immersing the test sample in culture media 
(DMEM) at 37ºC for 72 h. Then, sample extract was filtered 
through a membrane filter with a pore size of 0.22 µm.  After 
that, the seeded L929 cells at a density of 1×104 cells/well 
were incubated with sample extract, prior to the addition of 
MTT solution. Then, the solution from the culture plate was 
discarded before adding 100 µl DMSO to completely dissolve 
the sediment. Cells incubated with fresh medium (DMEM) or 
0.1% SDS were used as a negative control (CN) or positive 
control (CP), respectively. The absorbance of each well was 
measured at 570 nm using a microplate reader (HumanReader 
HS, Human, Germany). The percentage of living cells was 
calculated according to the following formula:

Cell viability (%) = 
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definitive conclusion. 
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Cell attachment and migration assay: The attachment and 
migration of cells on the material were assessed using the 
Crystal Violet assay [22]. The sample, in powder form, was 
first placed in a 24-well plate. L929 cells were seeded onto 
the materials at concentrations of 1500 cells/mg, 3000 cells/
mg, and 6000 cells/mg in a culture medium. The culture 
medium was replaced three times per week until the end of the 
experiment. Cell adhesion and migration on the material were 
observed at 4 hours, 3 days, 7 days, and 14 days of incubation. 
After incubation, samples were fixed with methanol and stained 
with 0.1% Crystal Violet, then washed twice with DPBS and 
observed under an inverted microscope (Leica DMi8, Leica 
Microsystems, Wetzlar, Germany). 

3. Results and discussion
3.1. Physicochemical properties of α-HH 

The FTIR spectra provided information about the chemical 
groups in the characterised powder. As shown in Fig. 1A, 
absorbance peaks at 3610 cm-1 and 3550 cm-1, attributed to 
the vibration of the O-H valence (stretching), were present 
in the spectra of DH and samples synthesised using various 
concentrations of CaCl2 solution [23]. These spectra shared 
the same signature peaks at 1140-1091 cm-1 (stretching), 1008 
cm-1 (stretching), 658 cm-1 (bending), and 601 cm-1 (bending), 
which correspond to the vibrations of SO4

2-. In addition, the 
DH spectra exhibited two strain vibrations at 1684 cm-1 and 
1620 cm-1, confirming the presence of two types of water 
molecules in DH [24]. In the spectra of HH5 and HH10, these 
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two peaks were still detected, indicating the presence of DH 
in the synthesised powder. Meanwhile, only one bending 
vibration at 1620 cm-1 was displayed in the HH20 and HH40 
spectra, demonstrating the successful dehydration of DH into 
HH. However, it is difficult to conclusively determine whether 
the obtained HH belonged to the α-form or β-form based solely 
on the FTIR analysis. Therefore, XRD was suggested for a 
more definitive conclusion.

Fig. 1. Structural characterisation of α-HH synthesised 
over a range of concentrations of CaCl2 solution (w/v) by 
(A) Fourier transform infrared spectroscopy and (B) X-ray 
diffraction.

The qualitative XRD analysis of the powders was performed 
in the range of 2θ=10º to 60º, and the obtained patterns are 
illustrated in Fig. 1B. As shown in Fig. 1B, the XRD pattern 
of DH exhibited peaks at 2θ=12.14º, 23.82º, and 29.26º, which 
are typical peaks of DH as reported in previous studies [18, 25]. 
The XRD patterns of HH5 and HH10 displayed similar signals 
to those of DH, while HH20 and HH40 exhibited the dominant 
sharp peaks of HH, located at 2θ=14.72º, 25.6º, 29.7º, and 32.21º, 
corresponding to the (200), (020), (400), and (204) lattice planes, 
respectively [18]. Based on the XRD data, it can be confirmed 
that CaCl2 concentrations of 20 w/v (HH20) and 40% w/v 
(HH40) were favourable for the complete conversion of DH into 
HH, providing evidence that strengthens the earlier conclusions 
drawn from the FTIR spectra. Furthermore, previous research 
has indicated that the position of the dominant diffraction peak 
plays a significant role in determining the crystalline structure 
of α-HH [26]. In this case, the detected dominant peak of the 
prepared samples was displayed at 29.7º, which corresponds to 
the typical peak of α-form, represented by a hexagonal crystal 
system [26]. 

The phase analysis of the obtained products was further 
confirmed by TGA/DSC, which is widely recognised as the most 

effective method for analysing material processes by assessing 
mass change through TGA and enthalpy change via DSC. The 
results are illustrated in Fig. 2, where the black line indicates the 
TG curve and the red line represents the DSC curve. The TG 
curve of DH showed a total weight loss of 21.61%, consistent 
with the theoretical crystal water content in DH (Fig. 2A). 
The TGA curve of the powder synthesised using 5% CaCl2 
(w/v) solution as a crystal growth medium (HH5) showed two 
transition stages with a total weight loss of 24.54% (Fig. 2B). 
The first stage, occurring between 100-150ºC, represents the 
removal of 1.5 water molecules from DH [18]. The TG curve 
then exhibited a gradual decline in sample weight across a 
continuous temperature range, corresponding to the removal 
of 0.5 water molecules [18]. These observations align with two 
endothermic peaks at 145.83 and 172.36ºC, as indicated in the 
DSC curve. Meanwhile, a single endothermic peak at 164.64ºC 
appeared in the DSC curves of HH20 and HH40, demonstrating 
the successful transformation of the DH crystal phase to the α-HH 
crystal phase. The theoretical water contents of HH and DH are 
6.2 and 20.9%, respectively. HH20 experienced a weight loss of 
6.505%, which falls within the range of 6.2-20.9%, indicating 
97.93% HH (calculated using Eq. (2)). Similarly, HH40 showed 

Fig. 2. Phase composition characteristics of α-HH 
synthesised over a range of concentrations of CaCl2 
solution (w/v) thermogravimetric analysis/differential 
scanning calorimetry: (A) DH, (B) HH5, (C) HH10, (D) HH20, 
and (E) HH40.
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a weight loss of 6.034%, indicating 97.32% HH (calculated 
using Eq. (1)). These results confirm that α-HH obtained in this 
study has relatively high purity. 

As shown in Fig. 3, the morphology of the synthesised 
powder was significantly influenced by the CaCl2 
concentrations, which ranged from 5-40% (w/v). From Fig. 
3, it can be seen that a relatively low concentration of CaCl2 
resulted in the incomplete dehydration of DH into HH. In 
contrast, a supersaturated salt solution was unfavourable for 
the formation of hexagonal rod-shaped HH crystals with a 
high aspect ratio. Specifically, as the concentration of CaCl2 
solution increased from 5 to 20%, the morphology of the DH 
precursor gradually transitioned from thick, plate-shaped 
crystals to hexagonal, rod-shaped crystals in the HH5, HH10, 
and HH20 samples. This phenomenon can be explained by 
the accumulation of Ca2+ on the end face (001), which led 
to the elongation of DH wedge crystals, eventually forming 
hexagonal, rod-shaped crystals [19, 27]. However, when the 
CaCl2 concentration was increased to 40%, short hexagonal 
columnar crystals of α-HH, 20-50 μm in length and 5-20 μm in 
diameter, were observed. This can be attributed to the effect of 
the solvent on crystalline formation and morphology, which is 
linked to local supersaturation [14, 28]. In the nucleation stage, 
higher supersaturation levels generate a greater driving force 
for nucleus formation, leading to increased nucleation bulk and 
rates, ultimately resulting in smaller crystal sizes, and in vitro 
testing. 

Fig. 3. Scanning electron microscopy images of 
hemihydrate powders synthesised using various CaCl2 
concentrations (w/v). Scale bar: 50 µm.

In summary, the HH20 sample exhibited a rod-shaped 
crystal structure with a length of 100-250 μm and a diameter 
of 1-10 μm. The high aspect ratio prevented efficient packing, 
resulting in voids or spatial interference within the material 
structure, creating a porous material. The porosity of porous 
HH20, as measured by Archimedes’ principle, was recorded 
at 61.32%±3.2. The optimal porosity for biological scaffolds 
used in bone regeneration varies depending on the specific 
study. While high porosity is beneficial for cell migration 
and angiogenesis, it can reduce mechanical strength, such as 
compressive strength, and accelerate scaffold degradation due 
to the large void volume [29]. Several studies have demonstrated 

that a porosity range of 60-80% maintains mechanical stability 
to support physiological loading during the healing process, 
promoting effective bone regeneration [30, 31]. Therefore, the 
porosity of the α-HH material in this study is considered to 
have the potential for effective bone regeneration. Moreover, 
the α-HH sample exhibited a porous structure with a uniaxial 
compressive strength of 5.04±0.11 MPa. This value is within 
the compressive strength range of trabecular bone, making 
it suitable for non-load-bearing applications. As a result, the 
HH20 sample was selected for further evaluation of porosity, 
compressive strength. 

3.2. In vitro degradable and biomineralised assessment

Bone remodelling or renewal consists of the resorption of 
old bone minerals coupled with the formation of new bone 
simultaneously. In the field of bone regeneration, degradation 
and biomineralisation are considered fundamental to the 
success of biodegradable materials. As the scaffold degrades, 
it should release bioactive ions that promote biomineralisation, 
aiding the deposition of calcium phosphate apatite on the 
surface of materials. In both physiological and artificial 
aqueous environments, bioceramics can degrade via multiple 
mechanisms: physico-chemical degradation accompanied by 
a dissolution-reprecipitation phase transformation process, 
cellular degradation mediated by multinucleated cells (MNCs), 
and mechanical fragmentation due to a loss of structural 
integrity resulting from physico-chemical dissolution and 
cellular degradation [32]. Simulated body fluids (SBF), which 
mimic human blood plasma, are commonly used as in vitro 
indicators of apatite-forming ability on the surface of materials, 
predicting the bone-bonding capability of biomaterials. Upon 
immersion in SBF, interactions occur between the ions released 
from the samples and those in the SBF. The rapid release of 
Ca2+ ions facilitates an increase in the supersaturation of Ca2+ in 
SBF. These ions tend to combine with phosphate ions (HPO4

2-, 
PO4

3-) from the SBF to form calcium phosphate apatite. These 
apatite crystals may also incorporate other ions such as Mg²⁺, 
CO₃²-, or organic molecules from SBF, leading to fluctuations 
in the sample’s weight [33]. This process can be summarised 
by the following equations [34]: 

9 CaSO4.2H2O + 6 HPO4
2- → Ca9(PO4)5(HPO4)OH 

+ 6 H+ + 9 SO4
2- + 17 H2O    	         (5)

or

10 CaSO4.2H2O + 6 HPO4
2- → Ca10(PO4)6(OH)2 

+ 8 H+ + 10 SO4
2- + 18 H2O		          (6)

Figure 4A illustrates the time-dependent biodegradability 
of porous α-HH in SBF at pH 7.4 and 37ºC over 28 days. 
A rapid increase in weight loss of over 30% was observed 
within the first 7 days of immersion. After that, the sample’s 
mass slightly increased by 6% during the following 14 days, 
followed by a significant rise of 11% at the end of the test. 
This behaviour can be explained by the gradual dissolution of 
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α-HH, followed and accompanied by the formation of apatite 
through the precipitation process. The SEM micrographs of 
the samples at specific time intervals, as depicted in Fig. 4B, 
strongly confirm this. The images show a porous structure 
consisting of interlocking crystals in large, irregular particles. 
The immersion of the samples in SBF resulted in the dissolution 
of HH, leading to a gradual change in the shape of the crystals 
from rod-shaped to rough plates over the immersion period. 
Additionally, the dissolution of α-HH caused a local decrease 
in pH, which continuously declined from 7.40 to 7.17 during the 
testing period. This pH reduction promotes demineralisation of 
the bone surface, exposing growth factors such as BMP and 
TGF-β, which play key roles in stimulating the formation of 
new blood vessels and bone regeneration [35]. These findings 
demonstrate the high potential of this biocompatible bioceramic 
in bone regeneration applications. 

Fig. 4. In vitro degradable and biomineralised: (A) 
degradability of HH20 in simulated body fluid; (B) scanning 
electron microscopy images of HH20 after being soaked in 
SBF for 0, 1, 3, 5, 7, 14, 21 and 28 days (n=3).

3.3. Cytotoxicity by 3-[4,5-dimethylthiazol-2-yl]-2,5- 
diphenyl tetrazolium bromide assay

All biomaterials implanted into the human body must have 
excellent biocompatibility to prevent immune responses and 
rejection. Therefore, biocompatibility is a crucial criterion 
that must be evaluated before practical application. In this 
study, L929 fibroblasts were chosen as the cell model line to 
evaluate the in vitro cytocompatibility of HH20, as these cells 
play essential roles in bone regeneration, including producing 
and organising the extracellular matrix (ECM) of bone tissue, 
which provides structural support, promotes new bone growth, 
and stimulates the proliferation and differentiation of bone-
forming cells [36]. 

The in vitro cytotoxicity of porous α-HH was evaluated 
using MTT, and the results are shown in Fig. 5. L929 fibroblasts 
were incubated under different conditions, including fresh 
medium (CN), 1% SDS (CP), HH from a previous study (HH 
control) [18] and HH20, for comparison. According to the 
quantitative assays, both HH and HH20 exhibited a relatively 
high cell survival rate (greater than 90%). This is consistent 
with previous studies, which report that calcium sulphate-
based materials are non-toxic [37, 38]. Furthermore, the 
cytocompatibility of α-HH was confirmed by morphological 
observation under an inverted microscope, as shown in 
Fig. 5B. No significant cell death was observed after treatment 
with fresh medium, HH, and HH20 at a concentration of 
100 mg/ml. Meanwhile, no viable cells were recorded in the 
CP sample, where most cell morphologies changed from an 
irregular triangular or spindle shape to a round shape. Based 
on these observations, it can be concluded that porous α-HH 
induces no cytotoxic response in L929 fibroblasts and is suitable 
for medical applications according to ISO 10993-5 (grade 0). 

Fig. 5.  In vitro cytotoxicity analysis of (A) cell viability 
by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium 
bromide and (B) cell morphology under an inverted 
microscope. n=4. Scale bar: 100 µm.

3.4. Cell attachment and migration assay 

The ability of cells to adhere to and migrate on the surface of 
implanted materials is a crucial characteristic for ensuring the 
material’s success. In bone regeneration, cell adhesion to the 
surface of biomaterials is a significant biological phenomenon 
that influences various aspects of cell behaviour, including 
morphology, migration, growth, and differentiation [39]. In 
this study, cell attachment and migration on porous α-HH were 
assayed using the L929 cell line at three different densities for 
4 hours, 3 days, 7 days, and 14 days, using the Crystal Violet 
staining method, followed by observation under an inverted 
microscope (Fig. 6).
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Fig. 6. Cell adhesion ability of HH20 materials by crystal 
violet staining. Scale bar: 100 µm.

The Crystal Violet qualitative assessment of fibroblasts 
showed that after 4 hours of seeding, the cell shape appeared 
similar across all cell densities and resembled the typical 
morphology of L929 fibroblasts. Over time, the number of 
cells increased, with some already spreading across the surface 
of the materials by the third day of culture. Notably, the 
characteristic shape of the L929 fibroblasts was not observed 
as the cultivation period was prolonged. At 7 and 14 days post-
seeding, higher cellular viability was observed on the material 
surface, with cells adopting a flattened shape. These cells 
tended to cluster, forming tissue-like aggregates, illustrated 
by the large, dark purple areas. The extent and intensity of 
these purple regions were more pronounced at 14 days than 
at 7 days post-seeding, demonstrating the material’s long-
term effectiveness in promoting cell adhesion, migration, and 
proliferation. This may be attributed to the partial degradation 
of the porous α-HH, creating additional voids and increasing 
the proportion of free space for cell penetration. The results of 
this study indicate that the porous α-HH manufactured using 
the proposed process enhances cell adhesion, migration, and 
growth, which are essential for promoting bone regeneration.

4. Conclusions
In this study, to enhance the porosity and quality of bone 

regeneration materials, the salt solution method using only 
high concentrations of CaCl2 was applied to synthesise high-
aspect-ratio α-HH crystals. CaCl2 solutions were investigated 
at various concentrations, including 5, 10, 20, and 40%. The 
results of FTIR, XRD, TGA/DSC, and SEM analyses showed 
that at a 20% concentration, the α-HH material (HH20) exhibited 
the compositional characteristics of α-HH and achieved a high-
aspect-ratio hexagonal rod-like crystal structure, resulting in 
structural porosity with a value of 61.32%±3.2 and a uniaxial 
compressive strength of 5.04±0.11 MPa. Moreover, the 
porous-structured α-HH was proven to be medical grade and 

demonstrated rapid degradation along with a favourable pH 
alteration profile, stimulating both biological and chemical 
transformations of cells during the bone formation process. 
Furthermore, in vitro cell studies using L929 fibroblastic cell 
lines demonstrated migration, with cells adhering to the porous 
α-HH bioceramic. This indicates that the distribution and 
morphology of α-HH crystals can be controlled to enhance the 
porous structure of α-HH ceramics, improving cell adhesion 
and migration for bone regeneration applications. These 
findings suggest that the salt solution method using a high 
concentration of CaCl₂ is a suitable approach for synthesising 
α-HH materials with optimal porous properties, offering great 
potential for use in bone regeneration applications.
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