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AbstractIn this study, 3D porous multicomponent bioceramic scaffolds were fabricated. Hydroxyapatite (HA) and carbonate-substitutedhydroxyapatite (CHA) synthesized from Asian moon scallop shell (Amusium pleuronectes) served as the bioceramics, whereas alginateand chitosan served as the polymeric components. The study was focused on determining whether the presence of polyvinylalcohol (PVA) in the scaffold exerted an impact. When PVA was not included, the morphological examination revealed that thesamples exhibited porous structures characterized by effective pore interconnectivity and a substantial pore size. X-ray diffractionand scanning electron microscopic analyses indicated that the inclusion of PVA led to a decrease in the crystallinity, pore size, andporosity of the scaffolds. Those containing PVA exhibited porosity levels in the range of 56%–60%, and pore sizes ranged from 42to 90 µm. These properties may provide advantages for the scaffold with respect to the ability for cell migration and cell attachment,thus enhancing new bone formation. Moreover, the compositions of HA and chemically modified HA (CHA) within the scaffoldinfluenced the crystallinity and uniformity of the scaffold morphology. This finding suggests the potential for crafting a customizedporous bioceramic scaffold based on specific compositions.
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1. INTRODUCTION

The primary methods employed in bone reconstruction and re-
pair are bone grafts and artificial scaffolds (Sallent et al., 2020) .
Utilizing other part of a patient’s body is commonly opted for
the bone graft technique. Although autografts demonstrate
osteoinduction, osteoconduction, and osteogenic capabilities,
they may lead to donor tissue morbidity. An alternative is allo-
grafts, which use bones from other individuals, posing a risk
of rejection by the recipient’s body. Xenografts involve the
use of bones from other species and are also associated with
the risk of rejection. These limitations of autografts, allografts,
and xenografts highlight the need for synthetic materials as
alternatives in bone grafting procedures. A commonly used
artificial material for bone grafts belongs to calcium phosphate,
which is a ceramic. Hydroxyapatite (HA) is the ceramic com-
monly observed in the bone tissue. Stoichiometrically, HA has
chemical formula of Ca10(PO4) 6(OH) 2. The natural process

of bone mineralization is a complex phenomenon that involves
intricate interactions of ions, stereochemistry, and structure,
which occur at the interface between biomacromolecules and
minerals (Murphy and Mooney, 2002) . Ionic interaction in
bone mineralization encompasses the process of ionic substi-
tution within HA, which leads to the formation of a nonsto-
ichiometric HA. One prominent phenomenon during bone
mineralization is carbonate substitution, which gives rise to
carbonate-substituted hydroxyapatite (CHA) (Ishikawa and
Hayashi, 2021; Weiner and Traub, 1992). In biological sys-
tems, bone minerals encompass carbonate ions in the range of
2%–8% (Gibson and Bonfield, 2002) . Diverse techniques, such
as ultrasound-assisted sol-gel (Phatai et al., 2018) , electroly-
sis (Supriyono et al., 2023) , microwave-assisted hydrothermal
technique (Yu et al., 2018) , and microwave-assisted precipita-
tion methods (Sari et al., 2021c) , have been devised to enable
the swift and effective production of synthetic HA. To repli-
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cate the natural occurance of bone mineral, carbonate ions
have been intentionally integrated into the synthesis process
of chemically modified HA (CHA) (Sari et al., 2021a; Sari
et al., 2021b; Siddiqi and Azhar, 2020; Pebriani and Sari,
2019; Asra et al., 2018). HA and CHA are widely applied
in the medical device field as bone grafts and coating bioma-
terials (Ningrum et al., 2023; Dewi et al., 2020). The bone
scaffold is as crucial as synthetic bone minerals with respect to
bone reconstruction and repair. A bone scaffold functions as
a three-dimensional (3D) matrix that facilitates and enhances
the attachment and proliferation of osteoinductive cells on its
surfaces (Sallent et al., 2020). In the living body, this scaffold
is formed by collagen, with calcium phosphate being the bone
mineral distributed throughout the collagen (Mondal and Pal,
2019) . Biomimetic bone formation is mediated by the presence
of pores in the collagen. Therefore, the inclusion of porosity
in artificial bone scaffolds is essential to promote the coloniza-
tion of bone cells. Natural polymers, such as gelatin, fibrin,
starch, and chitosan, hold potential as artificial bone scaffolds.
The inherent characteristics of these polymers provide benefits
such as high biocompatibility and osteoconductivity (Rahman
et al., 2018) . Additionally, reports have been published on
the utilization of combined natural and synthetic polymers as
scaffold materials to enhance the biocompatibility as well as
the capacity to load cells (Zhang et al., 2019; Tripathy et al.,
2019). Various synthetic biodegradable polymers, including
polylactic-co-glycolic acid, polyethylene glycol, poly-l-lactic
acid, polycaprolactone, and poly vinyl alcohol (PVA), have been
examined for their suitability in bone tissue engineering. The
advantage of using natural or synthetic biodegradable poly-
mers in bone scaffolds lies in their ability to act as a template
for the attachment of bone-forming cells, thus permitting cell
differentiation into bone. Following biomimetic bone forma-
tion, the polymeric scaffold degrades, which is conducive for
the healing process (Aoki and Saito, 2020) . Recent reviews
have emphasized the significant potential of 3D scaffold bio-
materials in patients with bone cancer owing to their ability
to offer dual efficacy in both tissue regeneration and cancer
treatment. However, certain studies have suggested that 3D
bioceramic scaffolds composed of a single component may not
be ideal owing to various factors. These include challenges such
as difficulty in inducing angiogenesis, low efficiency for bone
formation, limitations in treating tumors, and susceptibility to
bacterial growth. These identified issues pose obstacles for the
optimal development of bioceramic scaffolds. Consequently,
there is a growing demand for multicomponent bioceramics
as a strategy to overcome these challenges and enhance the
overall performance of scaffolds in the context of tissue en-
gineering and cancer treatment (Liu et al., 2023; Ma et al.,
2023). For this purpose, multicomponent bioceramics have
been developed. In this study, a 3D porous multicomponent
bioceramic scaffold comprising HA/CHA and polymers was
synthesized. The effect of the co-presence of HA and CHA
in the scaffold was investigated. Furthermore, the presence
of PVA in the scaffold was evaluated. This study was focused

on crystallography and morphological effects. Investigation
was conducted based on data obtained from X-ray diffraction
(XRD) and scanning electron microscopy (SEM).

2. EXPERIMENTAL SECTION

2.1 Materials
For the synthesis of HA and CHA bioceramics, the Asian moon
scallop shell (Amusium pleuronectes) was employed as the cal-
cium biogenic source. Precursors, such as phosphoric acid
(H3PO4), diammonium hydrogen phosphate ((NH4) 2HPO4),
ammonium bicarbonate (NH4HCO3), and ammonium hydrox-
ide (NH4OH) 25% solution, were purchased from Merck and
used for the synthesis of HA and CHA. Calcium phosphates
were synthesized using the precipitation and microwave meth-
ods (Sari et al., 2021c; Syafaat and Yusuf, 2019). Chitosan
of medium molecular weight (Aldrich, CAS No. 9012-76-4),
sodium alginate (Aldrich, CAS No. 9005-38-3), PVA (Aldrich,
CAS No. 9002-89-5), NaOH (Aldrich), CaCl2 pro analyze
(Aldrich), acetic acid, and distilled water (aquadest) were em-
ployed as the materials for fabricating the scaffold.

2.2 Experimental Design: Polymer to HA/CHA Ratio
In this study, we utilized alginate, chitosan, and PVA polimers
for the bone scaffold. The scaffold was designed with a polymer
to bioceramic ratio of 75:25 wt%. Alginate, one of the scaffold
polymers, was consistently maintained at 12.5 wt% (the weight
of alginate relative to the total weight of polymers and the
bioceramic). PVA was introduced to replace 25% of the chitosan.
Consequently, the chitosan content accounted for 62.5 wt% and
46.875 wt% (the weight of chitosan relative to the total weight
of polymers and the bioceramic) for samples without PVA
(NP) and with PVA (WP), respectively (Table 1). Additionally,
the ratio of bioceramics, specifically CHA to HA, was varied
for each sample group.

Table 1. The Experimental Design of Scaffolds of HA/CHA
with and without PVA

Sample Polymer (% wt) Bioceramic (%wt)
Code PVA Chitosan Alginate CHA HA

NP1 - 62.5 12.5 25 0
NP2 - 62.5 12.5 18.75 6.25
NP3 - 62.5 12.5 12.50 12.50
NP4 - 62.5 12.5 6.25 18.75
NP5 - 62.5 12.5 0 25
WP1 15.625 46.875 12.5 25 0
WP2 15.625 46.875 12.5 18.75 6.25
WP3 15.625 46.875 12.5 12.50 12.50
WP4 15.625 46.875 12.5 6.25 18.75
WP5 15.625 46.875 12.5 0 25

2.3 Preparation of the Polymeric Solution
The polymeric solution was formulated by preparing 30%
(wt/v) alginate solution in distilled water. For homogeniza-
tion, the alginate solution was stirred at ambient temperature
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for 1 h. The process for preparing the alginate solution in-
cluded dissolving 15 g of alginate powder in 50 mL of distilled
water. The resulting alginate solution was stirred with a mag-
netic stirrer for 1 hour at room temperature. Subsequently, for
preparing the chitosan solution, 2% (v/v) acidic solution was
initially prepared. For this, 2 mL of pure acetic acid was dis-
solved in 100 mL of distilled water. Next, 1 g of chitosan was
added to it. The solution was homogenized by stirring it for 1 h
at ambient temperature. The PVA solution was formulated by
dissolving 5 g of PVA powder in 50 mL of distilled water. The
solution was stirred with a magnetic stirrer at a temperature of
approximately 85°C for a duration of approximately 3 h until
a uniform and homogeneous solution was achieved.

Figure 1. XRD Patterns of HA and CHA

Figure 2. XRD Patterns of Scaffolds without PVA: NP

Figure 3. XRD Patterns of Scaffolds with PVA: WP

Figure 4. The Crystallinity of the Scaffold at Different
Scaffold-Graft Ratio

2.4 Synthesis and Characterization of the Scaffold
In the synthesis process, the chitosan solution was meticulously
introduced into the alginate solution, and the resulting mix-
ture was stirred for 30 min. Subsequently, HA and CHA were
added, and the scaffold solution was stirred for an additional
60 min. A solution of 1 N NaOH (0.2 mL) was then intro-
duced, followed by the addition of 1 mL of 0.2 M CaCl2 as
the crosslinker. The mixture was stirred for an additional 30
min. The resultant scaffold solution was poured into a 24-
multiwell plate and stored at -4°C overnight. The last stage
included freeze-drying to create the final 3D scaffold. For the
sample containing PVA, this solution was added to the mixture
of chitosan and alginate before the addition of HA and CHA.
The subsequent steps of the synthesis process remained the
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Figure 5. SEM Images of the Scaffold without PVA

same. The scaffold was characterized using XRD to identify
the phases present in the material. The examination was per-
formed using the PAN analytical instrument, specifically the
Empyrean type, which was outfitted with a Cu-K𝛼 source (𝜆
= 1.54187 Å). The 2𝜃 angle range was set between 10 and
60 degrees, with a functional voltage of 40 kV and a current
of 30 mA. The XRD results were depicted in the form of
phase graphs, and the phases were discerned by analyzing the
diffraction angle and intensity. Specific phases were identified
in accordance with the guidelines of the Joint Committee on
Powder Diffraction Standards. The crystallinity index (CI) of
the scaffold was determined using OriginLab and was com-
puted as the ratio of the area of the crystalline peak to the total
area encompassing both crystalline and amorphous regions.
SEM analysis was employed to determine the surface morphol-
ogy and pore size of the scaffolds. The characterization was
performed using a JEOL type JSM-6510LA instrument. Prior
to imaging, the scaffold surfaces were coated with gold (Au).
Images were generated using electron scattering, which were
subsequently analyzed. Data related to pore size and porosity
were extracted via image processing using the ImageJ software.

This method enabled the detailed examination of the structural
features of the scaffold and provided quantitative information
on pore characteristics.

3. RESULTS AND DISCUSSION

3.1 XRD Analysis of HA and CHA
Figure 1 displays the XRD profiles of HA and CHA utilized
in this study. CHA was incorporated in the scaffold owing
to its high presence in the human bone (Asra et al., 2018;
Soejoko et al., 2014). Both HA and CHA belong to the cal-
cium phosphate class. HA is stoichiometrically represented
as (Ca10(PO4) 6(OH) 2). In CHA, carbonate is incorporated
in the HA structure and may replace phosphate or hydroxyl
groups. As both HA and CHA shared high similarity in chem-
ical composition, their XRD patterns (as shown in Figure 1)
were analogous, which posed challenges in differentiating in-
dividual peaks of HA and CHA. The success of HA and CHA
synthesis was confirmed via lattice parameter evaluation. This
analysis (Table 2) confirmed the presence of HA and CHA
in each sample. Differentiation between HA and CHA was
possible based on their lattice parameters, with CHA exhibiting
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Figure 6. SEM Images of the Scaffold with PVA

lower lattice parameters (a = b) than HA owing to carbonate
substitution.

3.2 Effect of PVA-HA/CHA Ratio on the Crystallinity
In this study, a composite was constructed as the 3D scaffold
using HA and CHA and a mixture of polymers. The polymers
served as the matrix, while the HA/CHA acted as the filler.
The matrix had a weight percentage of 70%, while the filler
had a weight percentage of 30%. Furthermore, the effect of
PVA as a part of the matrix components was investigated (See
Table 1). Figures 2 and 3 present the XRD patterns of the
scaffolds without and with PVA, respectively. The presence
of PVA was identified by the appearance of peaks at 2𝜃 angles
around 20° and 45°, which corresponded to the characteristic
peaks of PVA (Shuai et al., 2013) . The XRD patterns of sam-
ples with PVA (WP) exhibited broadening of the full width at
half maximum, particularly in the 2𝜃 angle range of 25°–35°,
as compared with samples that lacked PVA (Figure 2). This
broadening indicates a reduction in crystallinity of the scaffolds
in the presence of PVA. Quantification of crystallinity via CI
calculation (Table 3) further supported the finding that the

composition of the scaffold influenced the CI. The addition
of PVA was found to decrease the crystallinity of the scaffold.
This result is aligned with a previous study that fabricated a
scaffold comprising PVA, nanoHA, and cellulose nanocrystals,
which also reported a reduction in crystallinity upon the incor-
poration of PVA (Kumar et al., 2014) . The presence of PVA
highly affected the scaffold crystallinity. The introduction of
PVA resulted in the decrease of crystallinity (Figure 4). This
result signifies that the scaffold with PVA may be advantageous
in bone tissue engineering. A study on the effect of scaffold
(poly lactide-co-glycolide/apatite) crystallinity on bone forma-
tion indicated that the scaffold with lower crystallinity provided
better attachment for osteoblast-like cells and thus enhanced
new bone formation (Hayakawa et al., 2009) . Our findings indi-
cated that the graft type also had an impact on the crystallinity
of the scaffolds. The HA and CHA synthesized in this study ex-
hibited different CIs, as shown in Table 3. CHA demonstrated
a slightly higher crystallinity than HA. Consequently, scaffolds
containing only CHA (samples with an index of “1”) had a
higher CI than those containing only HA (samples with an
index of “5”). This difference in crystallinity between HA and
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Figure 7. The 3D Plot Surface Area of the Scaffold without PVA

CHA can influence the overall crystallinity of the composite
scaffolds, which highlights the significance of the graft type in
determining the structural properties of the synthesized mate-
rials. Moreover, samples having 18.75 wt% CHA/6.25 wt% HA
without or with PVA (NP2 or WP2, respectively) exhibited the
lowest CI in the group. These observations on the influences
of PVA and HA/CHA ratio on the crystallinity of the scaffold
suggest that using PVA and a mixture of HA/CHA is advanta-
geous and can aid in the synthesis of a low crystallinity scaffold.
Under this condition, hypothetically, new bone formation will
be enhanced. To confirm this hypothesis, in vitro and in vivo
studies are required.

3.3 Effect of PVA-HA/CHA Ratio on the Pore Size and
Porosity

Scaffold has functions as both providing structural functionality
and supporting the biological process. To support the last func-
tion, the presence of a porous matrix is mandatory. Porosity of
scaffolds is essential for facilitating cell migration and promot-
ing nutrient supply, both of which are critical aspects in tissue
engineering and regenerative medicine. The porous structure

permits the infiltration of cells, nutrients, and other bioactive
factors, fostering a conducive environment for tissue regenera-
tion and integration. Therefore, the design and optimization
of porous matrices in scaffolds play a pivotal role in their ef-
fectiveness for various biomedical applications (Maheshwari
et al., 2014) . Figure 5 presents the SEM images of scaffolds
without PVA, which reveals the formation of interconnected
pores across all samples. The interconnected pore structure is
a positive feature of scaffolds in tissue engineering applications
as it permits the effective infiltration of cells, nutrients, and
other bioactive components, supporting tissue regeneration
and integration. The SEM images provide visual evidence for
the porous nature of the scaffolds, indicating their potential
suitability for facilitating biological processes in the context
of tissue engineering. These features were also observed in
scaffolds with PVA (Figure 6). However, these samples had
a smaller pore size than scaffolds without PVA. Furthermore,
the porosity calculation supported this finding. In addition to
reducing the pore size and porosity, the presence of PVA im-
proved the mechanical property of the scaffolds. The scaffolds
with PVA were physically observed to be less fragile than those
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Figure 8. The 3D Plot Surface Area of the Scaffold with PVA

Table 2. Lattice Parameters Data

Sample
Lattice Parameters

a = b (Å) accuracy (%) c (Å) accuracy (%)

HA: PDF#09-0432 9.418 6.884
HA obtained in this study 9.435 99.82 6.883 99.99

CHA: PDF#19-0272 9.309 6.927
CHA obtained in this study 9.369 99.36 6.840 98.74

without PVA. Quantitative mechanical analysis is therefore
advised in future investigations. The scaffolds without PVA
exhibited a pore size of 85.8–189.8 µm, whereas those with
PVA had a narrower range of 42.5–62.5 µm. Pore size is a
critical parameter of scaffolds as it influences cell and nutrient
transport, scaffold structural stability, and cell adherence to
the scaffold surface. Excessively large pores may facilitate cell
and nutrient transport but could compromise scaffold struc-
tural stability. Conversely, overly small pores may impede cell
and nutrient movement. To ensure cell migration and adhe-
sion to the scaffold, an appropriate pore size is necessary. The

observed pore sizes in the range of 50–1000 µm for all sam-
ples are aligned with reported suitable ranges for cell growth
on scaffolds (Zhao et al., 2018) . However, it is important to
note that smaller pore sizes can contribute to enhanced scaf-
fold mechanical strength. The balance between pore size and
mechanical strength is crucial in designing scaffolds that meet
the structural and biological requirements for successful tissue
engineering applications (Zhao et al., 2018) . Both scaffolds
with and without PVA had porosity >50%. Hence, the scaf-
folds may be advantageous for the adherence and proliferation
of cells (Maheshwari et al., 2014) . Data obtained from SEM
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Table 3. Crystallinity Index, Porosity, and Pore Size of the
Scaffold

Sample CI XRD* Porosity (%) Pore Size(µm)

HA 8.3605 ± 0.0150 n.a n.a
CHA 9.2454 ± 0.0172 n.a n.a
NP1 1.8304 ± 0.0000 62.56 ± 0.75 189.78 ± 34.5
NP2 0.0613 ± 0.0000 60.94 ± 2.15 125.45 ± 26.89
NP3 0.9748 ± 0.0009 55.74 ± 0.12 106.62 ± 24.1
NP4 0.9790 ± 0.0000 55.81 ± 0.91 97.47 ± 24.12
NP5 0.2421 ± 0.0005 62.09 ± 0.47 83.56 ± 5.34
WP1 0.0810 ± 0.0000 57.25 ± 2.06 45.90 ± 4.3
WP2 0.0239 ± 0.0000 60.22 ± 1.57 62.55 ± 15.67
WP3 0.0568 ± 0.0000 57.85 ± 1.38 43.99 ± 3.46
WP4 0.0821 ± 0.0000 60.85 ± 1.22 42.44 ± 6.10
WP5 0.0610 ± 0.0000 56.04 ± 0.13 42.50 ± 9.29

*n.a: not available

analysis from scaffold with and without PVA was further pro-
cessed with OriginLab to obtain the 3D surface area (Figures
7 and 8, respectively). In these visual representations, the solid
particles (polymers and bioceramics) distribution is colored
in green, while the pore is in red. Overall, the incorporation
of PVA appears to enhance the even distribution of both solid
particles and pores. Observations drawn from the 3D surface
area plots reveal that samples WP2 and WP3 demonstrate the
highest uniformity in the distribution of both solid particles
and pores. This characteristic holds potential for enhancing
cellular activities. Nevertheless, it is vital to emphasize that
additional studies, particularly in vitro investigations, are essen-
tial to validate this hypothesis. The 3D surface area plots offer
visual insights into the distribution patterns of solid particles
and pores, indicating potential enhancements in the presence
of PVA.

4. CONCLUSION

This research explored the potential of HA/CHA and poly-
meric scaffolds as 3D porous multicomponent bioceramic scaf-
folds. HA and CHA were successfully synthesized from bio-
genic resources (Asian moon scallop shell) with and without
the presence of PVA. XRD and SEM analyses were performed
to assess the influence of PVA addition and HA/CHA compo-
sition on the scaffolds. The findings indicated that alginate and
chitosan could serve as scaffolds with an interconnected porous
structure. Furthermore, introducing PVA into the polymer
component enhanced the mechanical properties of the scaf-
folds, rendering them less brittle. However, this improvement
was accompanied by a decrease in crystallinity, porosity, and
pore size. Scaffolds incorporating PVA displayed porosity in
the range of 56%–60% and pore size in the range of 42–90
µm. With these characteristics, along with low crystallinity,
scaffolds containing PVA demonstrated promising potential as
candidates for bone tissue engineering. The 3D surface plot
analysis indicated that scaffolds with PVA exhibited a more

homogeneous surface area, particularly in samples WP2 and
WP3, where both HA and CHA were present in the scaffold.
However, further in vitro studies are needed to validate these
observations.
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