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Abstract:
After tooth extraction, bone loss is still a significant clinical concern, especially for operations that call for the
implantation of an implant later on. Promising materials for scaffold construction in bone tissue engineering
include β-tricalcium phosphate (TCP), a resorbable ceramic with osteoconductive qualities, and chitosan, a
natural polymer with exceptional biocompatibility. This work aimed to create and assess composite chitosan
sponges with varying TCP concentrations for possible application as extraction socket preservation (ESP)
materials. Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and scanning electron
microscopy (SEM) were used to analyze chitosan sponges that had been produced with 1%, 3%, and 5% (w/v)
TCP. Degradation rate, blood clotting capacity, porosity, and water absorption were assessed. Biocompatibility
and mineralization were evaluated using MTT and Alizarin Red staining assays on MG63 cells. FTIR and
XRD showed increased molecular interaction and crystallinity, especially in Cs/T3. The Cs/T5 sponge showed
the highest blood absorption (91% RBC) and significantly enhanced cell viability and mineralization in MG63
cells. Water absorption remained consistently high (∼ 97%) across all samples. Cs/TCP composite scaffolds
demonstrated favorable physicochemical and biological properties, with Cs/T5 showing particular promise
due to its superior cellular response and hemostatic activity. These findings support further exploration of
Cs/TCP sponges for bone regeneration and dental socket preservation applications.
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1. Introduction

Bone loss is a significant clinical challenge in orthopedics,
dentistry, and reconstructive surgery (Organization, 2022).
The causes of bone loss are multifaceted, including aging,
hormonal changes, genetic factors, and various medical
conditions such as trauma, congenital defects, tumor resec-
tions, or degenerative diseases, which all affect millions

of people worldwide. Periodontal disease affects nearly
19% of the global adult population, leading to severe gum
recession and tooth loss. Edentulism, or total tooth loss,
affects about 7% of adults worldwide, rising to 23% among
those aged 60 or older (Organization, 2022). Tooth ex-
traction initiates a cascade of physiological changes in the
alveolar bone, most notably a rapid phase of resorption and
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remodeling due to the loss of mechanical stimulation, a
process recently known as disuse atrophy (Atwood, 1971).
Studies have shown that up to 50% of the ridge width may
be lost within the first year following extraction, with the
most significant changes occurring in the first 3 to 6 months
(Schropp et al., 2003). To mitigate such resorptive changes
and maintain ridge dimensions for future implant placement
or prosthetic rehabilitation, extraction socket preservation
(ESP) techniques have become a critical component of post-
extraction management. Following tooth extraction, a series
of biological processes, including hemostasis, inflammation,
proliferation, and remodeling stages, lead to the recovery
of alveolar bone (Araújo and Lindhe, 2005). A blood clot
forms right after extraction to support the wound and start
healing. Within hours, inflammatory cells penetrate the
socket and release growth factors and cytokines that attract
osteoprogenitor cells and fibroblasts. Connective tissue and
woven bone replace granulation tissue during the prolifera-
tive phase, which lasts for days to weeks. When woven bone
is transformed into lamellar bone during the last remodeling
phase, which could take several months, the original ridge
volume is partially but not entirely restored (Schropp et al.,
2003). Nonetheless, research repeatedly shows that, in the
absence of intervention, the alveolar ridge can lose between
30 and 50 percent of its breadth and as much as 60 percent
of its height in just six months (Schropp et al., 2003). As
a result, biomaterial-based socket preservation approaches
are now crucial for preserving ridge architecture for later
implantation. ESP involves using bone grafts and/or barrier
membranes to stabilize the socket, promote osteogenesis,
and minimize horizontal and vertical bone loss (Kim and
Ku, 2020).
It is also worth mentioning that bone has a remarkable ca-
pacity for self-regeneration; however, when defects exceed
a critical size, spontaneous healing is no longer possible,
requiring external intervention to restore both structure and
function. Statistics suggest that over two million bone graft-
ing procedures were performed globally in 2021, reflecting
the widespread need for adequate bone substitutes (Rat-
nayake et al., 2017). The increasing need for effective bone
regeneration strategies has led to extensive research on de-
veloping ideal bone substitute materials. To be effective,
these materials must address several key criteria. First, they
should help osteoblasts, cells that need a stable surface to
live, move, stick, grow, and work properly-this is related to
how well the material supports bone growth. Importantly,
osteoconductivity is not solely determined by the scaffold’s
chemical composition but is also profoundly influenced by
its pore architecture, including pore size, shape, and inter-
connectivity (Janicki and Schmidmaier, 2011). Addition-
ally, a successful scaffold must promote vascular infiltration,
which is essential for sustaining the metabolic needs and
long-term viability of the implanted cells. Another criti-
cal factor is biodegradability; the scaffold must gradually
degrade in a controlled manner, with its byproducts safely
metabolized and excreted by the body. This degradation
can occur through enzymatic or hydrolytic processes, or
it may involve osteoclastic resorption, depending on the
specific properties of the material used (Schmidt-Rohlfing

et al., 2009). Achieving this balance is particularly chal-
lenging when considering load-bearing applications where
mechanical properties are crucial. Additionally, the local
inflammatory response and the risk of infection further com-
plicate material selection and design (Bose et al., 2012).
Bone substitutes are often classified into four generations:
autografts, allografts, xenografts, and synthetic biomaterials.
Autografts, sourced directly from the patient’s bone, remain
the clinical gold standard due to their superior osteoinduc-
tive and osteoconductive properties. However, autografts
are limited by donor site morbidity and limited availability,
especially in larger defects. Allografts, derived from cadav-
eric human donors, provide a scalable alternative, though
their integration potential is lower, and they carry risks of
immune response and disease transmission (Giannoudis et
al., 2005). Xenografts, obtained from animal sources such
as bovine or porcine bone, offer structural similarity to hu-
man bone but may require extensive processing to reduce
immunogenicity (Capella-Monsonı́s and Zeugolis, 2021).
Finally, synthetic bone substitutes, including bioactive ce-
ramics, polymers, and composite materials, offer precise
control over composition, degradation, and porosity, allow-
ing customization to match defect-specific needs.
Chitin is a naturally occurring polysaccharide composed
of repeating N-acetyl-D-glucosamine units linked via β-
(1 → 4) glycosidic bonds. It is abundantly found in na-
ture and can be extracted from various sources, including
crustaceans, squids, and fungi (Harini et al., 2023). Chi-
tosan (CS), a widely used natural polymer, is derived from
chitin through partial deacetylation. The presence of D-
glucosamine units in CS imparts it with valuable properties
that distinguish it from chitin. Specifically, these units
confer water solubility, bioactivity, and functional versatil-
ity, making CS more suitable for biomedical applications
(Harini et al., 2023). Thanks to its biocompatibility, antimi-
crobial activity, and ability to promote cell adhesion and
proliferation, CS has attracted significant interest in bone
tissue regeneration (Muzzarelli, 2009). Furthermore, the
positively charged amino groups of CS interact with the
negatively charged mucin on cell membranes, leading to
strong mucoadhesive properties. However, its mechanical
properties remain insufficient for load-bearing applications,
limiting its use as a standalone material in significant bone
defects.
Closely resembling the mineral phase of bone, β-tricalcium
phosphate (TCP) is a bioactive ceramic that provides excel-
lent osteoconductivity and osteoinductivity (Bohner et al.,
2020). It is one of the most promising synthetic materials
in bone tissue engineering due to its favorable biological
and chemical properties. One of its standout characteris-
tics is its ability to be resorbed by the body through cell-
mediated mechanisms, particularly involving osteoclasts.
These cells locally acidify the surrounding environment,
which dissolves β-TCP in a controlled manner and allows it
to be replaced by natural bone tissue. From a structural and
processing perspective, β-TCP offers significant versatility
that is beneficial for scaffold design in bone regeneration
(Bohner et al., 2020). Additionally, β-TCP scaffolds can
be engineered with controlled micro- and macroporosity,
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crucial for nutrient diffusion, vascularization, and bone in-
growth. These customizable features, along with its proven
in vivo efficacy, make β-TCP a widely used and continually
studied candidate for bone graft substitution in both dental
and orthopedic applications (Bohner et al., 2020).
In this study, to overcome the limitations above, the Bio-
Boost Sponge is mainly made up of beta-tricalcium phos-
phate (β-TCP) and chitosan, which have unique properties
that improve socket repair. Because of its cationic nature,
chitosan, a naturally occurring polymer generated from the
exoskeleton of crustaceans, has exceptional biocompatibil-
ity, biodegradability, antibacterial qualities, and hemostatic
action (Muzzarelli, 2009; Liu et al., 2023). Chitosan’s
positively charged amino groups interact with negatively
charged erythrocyte and platelet components to promote
quick clot formation and ease cellular adhesion and prolifer-
ation (Liu et al., 2023). Furthermore, tissue integration and
nutrient diffusion are supported by the porous nature of chi-
tosan. To promote the production of new bone, β-TCP acts
as an osteoconductive ceramic that slowly dissolves, releas-
ing calcium (Ca2+) and phosphate (PO3−

4 ) ions necessary
for hydroxyapatite nucleation and mineralization (Bohner
et al., 2020). The sponge can behave as a dual-purpose
scaffold that supports hemostasis and bone regeneration in
post-extraction socket healing thanks to the synergistic in-
teraction of β-TCP’s mineralization capacity and chitosan’s
bioactivity. Such hybrid materials offer tunable mechanical
properties, controlled degradation, and enhanced cellular
interactions, making them promising candidates for bone
tissue engineering (Wang et al., 2023). Previous studies
have demonstrated the potential of CS/TCP composites in
bone tissue engineering, confirming their mineralization and
osteogenicity (Lee et al., 2000; Muzzarelli, 2009; Bohner
et al., 2020; Harini et al., 2023; Wang et al., 2023). This
research focuses on optimizing the TCP content within a
low-molecular-weight chitosan matrix, employing a freeze-
dried sponge scaffold system as an ESP bone substitute.

2. Method and materials
Sigma-Aldrich supplied chitosan (low molecular mass),
Acetic acid, Tricalcium phosphate, and Sodium hydrox-
ide. Genex purchased Alpha-MEM, and Generan purchased
MG63 cells.

2.1 Preparation of Chitosan sponge scaffold
Firstly, to prepare 2% chitosan solution, chitosan is dis-
solved in 1% acetic acid. Then 1, 3, and 5% w/v TCP were
added to the chitosan solution and mixed homogenously
for 24 h. After that, the solution was neutralized with 1
M NaOH, and the pH was adjusted to 7. The mixed solu-
tions were placed into microtubes, and then the samples
were freeze-dried at −55 °C. According to this procedure,
these sponge scaffolds were expressed as Cs/T1, Cs/T3, and
Cs/T5.

2.2 Morphology study using scanning electron mi-
croscopy

The morphology study of the selected formulations was
performed on an SEM (Tescan MIRA 3 LMU microscope)

at 5 kV for the surface of the Cs/T sponge scaffolds. The
samples were inspected after the specimens were coated
with a fragile layer of gold using a coating device.

2.3 Fourier transform-infrared spectroscopy (FT-IR)
The chemical reactions between the scaffold’s constituent
parts were characterized using the FTIR. The spectra of
the Cs/T sponges and the individual scaffold components
were recorded using an FTIR spectrophotometer (Thermo
Scientific Co., USA). The observed spectra fell between
4000 and 400 cm−1.

2.4 X-ray diffraction analysis (XRD)
Using a PHILIPS (Netherlands) X-ray diffractometer with
Cu Kα radiation and a scanning rate of one second per step,
scaffold X-ray diffraction (XRD) patterns were produced.
The X-ray tube has a voltage of 40 kV and a current of
30 mA. The Cs/T sponges were studied at two angles of
10−50.

2.5 Porosity measurement
The porosity was computed using the fluid displacement
technique (Zhang and Zhang, 2001). In summary, the sam-
ple was soaked in dehydrated alcohol for 48 hours until
it reached saturation, and the porosity of the mixture was
determined using the formula:

P =
(W2 −W1)

ρV1
(1)

where V1 is the volume before immersion, W1 and W2 are the
sample’s weight before and after immersion, respectively,
and ρ is a constant representing the density of dehydrated
alcohol.

2.6 Water absorption capacity
The water content of the Cs/T sponges was determined by
swelling the plugs in phosphate-buffered saline (PBS) at pH
7.4 for 2 h at room temperature. The wet weight (W wet) of
the swollen sponge was measured immediately after gently
blotting with filter paper to remove surface liquid and then
lyophilizing and reweighing (W dry) the sponge. The water
content of the plug was calculated using the formula (Lee
et al., 2005):

Wc =
(Wwet −Wdry)

Wwet
×100 (2)

2.7 Blood clotting test
The blood clotting test was modified by Ong, Wu,
Moochhala, Tan, and Lu (Ong et al., 2008). Glass bot-
tles were filled with sponges and cut into 1 cm by 1 cm
squares. The surface of the dressings was then gradually
covered with 0.25 mL of human whole blood that included
the anticoagulant citrate dextrose at a 1:6 ratio. The bottles
containing the samples were then incubated at 37 °C. After
a predetermined amount of time (30 and 60 s), 20 mL of
distilled water was carefully added by dripping water down
the inside wall of the bottles to prevent disrupting the clotted
blood. The absorbance of the resulting hemoglobin solution
was measured at 540 nm after red blood cells that were not
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caught in the clot were hemolyzed with distilled water. The
reference value was the absorbance of 0.25 milliliters of
whole blood in 20 milliliters of distilled water.

2.8 Biological compatibility
2.8.1 Biocompatibility
MG63 cells were cultured using alpha-MEM supplemented
with 10% FBS, 100 IU/mL penicillin, and 100 mg/mL strep-
tomycin. The cells were incubated in a humidified incubator
in an atmosphere of 5% CO2 and 95% air at 37 °C. To de-
termine the cell proliferation rate, 1×104 cells were mixed
with 100 µL of culture media and put into each well of a
96-well culture plate. After that, the cells were incubated
for 24 hours at 37 °C to enable them to stick to the bottom
of the plate. After confirming that the cells adhered, the
culture media was withdrawn as much as possible from the
cells, and 90 µL of the produced extracts were added to each
culture well, along with 10 µL of FBS. These concentrations
were applied to the cells for an additional twenty-four hours.
Each culture was then well mixed with the MTT solution.
The MTT reaction media was taken out after 4 hours of incu-
bation, and 100 µL of DMSO was added. At 570 nm, optical
densities (OD) were measured using a spectrophotometer.

2.8.2 Extracellular matrix mineralization
The extracellular matrix mineralization was assessed using
alizarin red staining. MG63 cells were cultured for 14 days
with different alloy extracts, and after the incubation time
point, the cells were washed with PBS and mixed with 4%
formalin for 35 min, and then washed with PBS 2 times with
5 min intervals. The cells were stained with 2% Alizarin
red staining solution (Sigma) and washed with deionized
water until there were no traces of the stain, and the cells
were viewed under an inverted phase contrast microscope.

The quantitative analysis of the calcium deposit was done
after 14 days of culture by dissolving 10% cetylpyridinium
chloride in PBS with a pH of 7, and the absorbance values
were measured at 570 nm.

3. Result

3.1 SEM and porosity analysis
Morphology and SEM images of Cs/Ts sponges are shown
in Fig. 1. The sponge samples have a pore size of 100 µm.
The porous diameter was similar in different samples, pos-
sibly because of the same solution concentration. Based
on the SEM images, the sponges have a porous structure in
relation to each other. As seen in Fig. 1, the connection of
the pores is very consistent, which dramatically affects cell
proliferation (Pal and Bhadada, 2023).
Porosity was calculated from the equation in Section 1.5
and was shown in Table 1. Porosity analysis of chitosan
sponges containing different amounts of TCP showed a non-
linear trend. The various samples’ porosity values were
82% for Cs/T1, 76% for Cs/T3, and 87% for Cs/T5. The
significant decrease in porosity at Cs/T3 indicates creating
a denser structure, possibly due to the uniform dispersion
of TCP particles within the chitosan matrix. In this case,
TCP acted as a filler, reducing voids and increasing the com-
pactness of the structure. However, at Cs/T5, the porosity
increased again, possibly due to the aggregation of TCP
particles and the creation of macropores. This trend is also
consistent with the XRD results, such that the Cs/T3 showed
the highest peak intensity, indicating increased crystallinity
and better structural integrity at this concentration. In gen-
eral, an excessive increase in the ceramic phase in polymer
composites may lead to increased porosity due to particle
aggregation and improper distribution (Shi et al., 2023).

Figure 1. SEM micrographs of the cross-section of the dental fillings: (a) Cs/T1, (b) Cs/T3, and (c) Cs/T5.

Table 1. Porosity and water absorption capacity of Cs/T sponges.

Sample Porosity (%) Water absorption (%)

Cs/T1 82 98

Cs/T3 76 97.5

Cs/T5 93 97
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3.2 Characterization of Functional Groups by FTIR

In this study, the FTIR spectra of Cs/T sponges were ana-
lyzed and shown in Fig. 2. The results showed significant
changes in the position and intensity of bands as the percent-
age of tricalcium phosphate increased. The PO band, ini-
tially observed at 1024 cm−1 in all samples, shifted slightly
to 1023 cm−1 across all compositions, indicating weak ionic
interactions between the phosphate groups and chitosan
(Rinaudo, 2006). The O-Ca band also shifted from 600
cm−1 to 651 cm−1 in all samples, suggesting stronger inter-
actions between calcium ions and the hydroxyl and amino
groups of chitosan. The OH band, which was at 3355 cm−1

in the chitosan, and the 1% sample shifted to 3272, also
moved to 3300 cm−1 in the 3% sample and further to 3011
cm−1 in the 5% sample, indicating the formation of stronger
hydrogen bonds and more complex interactions between hy-
droxyl groups and calcium or phosphate ions. Additionally,
the C=O band, observed at 1641 cm−1 in the 1% and 3%
samples, shifted to 1743 cm−1 in the 5% sample, suggesting
changes in the carbonyl structure and the possible forma-
tion of new bonds with phosphate groups. These changes
demonstrate more complex chemical interactions and the
formation of new structures in the chitosan-tricalcium phos-
phate composites as the percentage of tricalcium phosphate
increases.

3.3 X-ray diffraction analysis
The XRD patterns of chitosan sponges with varying weight
percentages (1%, 3%, and 5%) of TCP are presented in
Fig. 3. A dominant peak is observed around 20°, corre-
sponding to chitosan’s characteristic crystalline structure.
Notably, the Cs/T3 sample exhibits a significantly higher
peak intensity than the other two compositions, whereas the
Cs/T1 and Cs/T5 samples display similar intensities.
This behavior suggests that at 3% TCP, the distribution and
crystallinity of TCP within the chitosan matrix are opti-
mized, leading to enhanced X-ray diffraction intensity. In
contrast, the lower TCP content in Cs/T1 results in weaker
crystalline reflections. Conversely, at 5% TCP (Cs/T5),
the potential aggregation of TCP particles or the increased
formation of amorphous phases may reduce peak intensity.
These findings indicate that 3% TCP is optimal for maintain-
ing crystallinity and enhancing peak intensity in the Cs/TCP
composites.

3.4 Water absorption capacity
The degree of water absorption is essential to maintain the
shape of GG-DF for the socket filler. A sponge with high
water absorption may absorb excess water and expand, caus-
ing deformation. As shown in Table 1 the water absorption
ratio of sponges produced with different percentages of

Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra of Cs/T sponges.

Figure 3. XRD result of Cs/T sponges.
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tricalcium phosphate. The absorption capacity of various
samples was similar, and similar results were obtained. The
water absorption capacity of the sponge is closely related
to the porosity. Some studies have shown that scaffolds
with higher porosity have increased water storage space and
therefore have higher water absorption capacity (Davidenko
et al., 2010). The most suitable water absorption ratio for a
sponge as a socket filler is still unknown. In the comparison,
we found that all samples have a similar water absorption ca-
pacity of about 97%. This could be because the percentage
of chitosan in the samples is identical.

3.5 Blood absorption
According to Fig. 4 the Cs/T5 demonstrated higher blood
absorption rates compared with other groups. When Cs/T5
sponges were placed into 0.25 mL of human whole blood
for 60 s, the absorbance of the remaining hemoglobin not
absorbed into the sponge was reduced from 0.57 (at t = 0)
to 0.052 OD. This result indicates that about 91% of the
RBCs were absorbed by the 1.5% Cs/T5 sponge. In contrast,
about 89% and 88% of RBC were absorbed by the Cs/T3
and Cs/T1, respectively.

3.6 MTT assay
The MTT assay was employed to evaluate the effects of
different treatments on the viability of MG63 cells, a human
osteosarcoma cell line. The results, represented in Fig. 5
The control group consistently exhibited the highest survival
percentage at all measured time points. Notably, the Cs/T5
treatment group demonstrated a marked increase in cell
viability, surpassing the other treated groups and indicating
a positive impact of this treatment on cell proliferation. This
analysis suggests that while Cs/T1 and Cs/T3 treatments
may hinder cell viability, the Cs/T5 treatment could be
beneficial for enhancing the survival of MG63 cells.

3.7 Alizarin Red and Quantification
The Alizarin Red S staining assay was conducted to eval-
uate calcium deposition in MG63 cells following various
treatments. The results depicted through microscope images
and a bar graph in Fig. 6 show the differential impact of the
treatments on cell mineralization. The control group consis-
tently exhibited the lowest level of calcium deposition, as

evidenced by minimal red staining and lower absorbance
values. In contrast, the Cs/T1 and Cs/T3 treatment groups
displayed increased calcium deposition compared to the
control group, with more pronounced red staining. Notably,
the Cs/T5 treatment group exhibited the highest level of
calcium deposition, as indicated by the intense red staining
and the highest absorbance values among all groups. These
results suggest that while Cs/T1 and Cs/T3 treatments en-
hance calcium deposition to a certain extent, the Cs/T5
treatment significantly promotes mineralization in MG63
cells.

4. Discussion
The Cs/TCP sponge facilitates socket healing through osteo-
conductive and hemostatic processes. By interacting with
negatively charged erythrocyte membranes and clotting pro-
teins, the cationic biopolymer chitosan promotes hemostasis
and speeds up the development of clots (Liu et al., 2023).
Additionally, it promotes osteoblast and fibroblast adhesion
and proliferation, and demonstrates antibacterial qualities
(Muzzarelli, 2009). TCP promotes the production of hy-
droxyapatite and osteoblast differentiation by acting as an
osteoconductive substance that progressively releases cal-
cium and phosphate ions (Bohner et al., 2020). Furthermore,
the sponge’s networked porosity structure promotes angio-
genesis, cellular infiltration, and nutrient diffusion—all of
which are critical for effective bone regeneration (Janicki
and Schmidmaier, 2011).
This study aimed to evaluate the structural, chemical, and
biological properties of chitosan sponges (Cs) with varying
concentrations of tricalcium phosphate (TCP) as potential
biomaterials. Key findings from SEM analysis, porosity
studies, XRD, FTIR characterization, and biological tests
provide valuable insights into optimizing Cs/TCP compos-
ites for applications such as dental socket fillers.
All Cs/T sponges retained a highly porous structure, which
is necessary for material integration and cell proliferation,
according to the morphological examination performed us-
ing a scanning electron microscope (Hojat et al., 2023). Due
to uniform TCP dispersion, which produces a denser struc-
ture, Cs/T3 exhibited the lowest porosity in the nonlinear
trend of the porosity analysis. This pattern is consistent
with findings from earlier research that found comparable

Figure 4. Photograph showing the blood absorption of (a) Cs/T1, (b) Cs/T3, and (c) Cs/T5. (d) RBC absorption percentages.
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Figure 5. MTT result after MG63 cultured in sponges for 1, 3, and 5 days.

results when fillers were evenly distributed throughout poly-
mer matrices (Zhu et al., 2021). This conclusion is further
supported by the XRD results, which show that Cs/T3 has
the maximum crystallinity and structural integrity. Accord-
ing to other investigations on polymer-ceramic composites,
excess TCP in Cs/T5 probably caused aggregation, which
raises macroporosity and degrades structural homogeneity
(Mendes et al., 2012).
Incorporating chitosan microspheres into calcium phosphate
cement (CPC) enhanced its bioactivity, degradability, and
osteoinductivity, and the resulting composite showed supe-
rior bone regeneration and resorption compared to conven-
tional CPC, indicating its potential as a promising injectable
bone (Meng et al., 2015).

Water absorption research demonstrated consistent absorp-
tion capacities across all formulations, possibly due to simi-
lar chitosan concentrations. However, excessive water ab-
sorption may cause distortion, necessitating further investi-
gation to determine the optimal absorption range for socket
fillers (Davidenko et al., 2010).
Blood clotting analysis revealed that Cs/T5 had superior
performance, absorbing approximately 91% of red blood
cells (RBC) within 60 seconds. This finding suggests that
Cs/T5 has improved hemostatic properties due to its macro-
porous structure and higher calcium content. Comparatively,
Cs/T3 and Cs/T1 absorbed 89% and 88% of RBC, respec-
tively, displaying that both compositions have potential for
rapid clotting applications. These findings coincide with

Figure 6. Alizarin red staining results. (b) Cs/T1, (b) Cs/T3, and (c) Cs/T5. (e) Quantitative analysis of Alizarin Red S staining on 14 days.
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those of Liu et al. (2023), who highlighted the importance
of material composition on the hemostatic performance of
chitosan-based sponges (Liu et al., 2023).
Biological results further emphasize the potential of Cs/T5
in boosting cell survival and inducing calcium deposition in
MG63 cells. While Cs/T1 and Cs/T3 displayed moderate ef-
fects, the higher performance of Cs/T5 shows that increased
calcium interactions and macroporosity aided mineraliza-
tion and cell proliferation, consistent with earlier findings
on the involvement of macropores in osteogenic differentia-
tion (Chang and Wang, 2011). Furthermore, the highest rate
of RBC absorption was shown by Cs/T5, which is essential
for hemostatic and regenerative applications (Bertoldi et al.,
2011).
To secure the graft and direct tissue regeneration, partic-
ulate bone grafts (allografts, xenografts, or synthetic ma-
terials) are commonly used in conjunction with collagen
membranes in conventional socket preservation (Kim and
Ku, 2020). Nevertheless, these methods frequently call for
several parts and could result in membrane exposure or graft
migration (Giannoudis et al., 2005). The Cs/TCP sponge,
on the other hand, combines osteoconductive and hemo-
static properties into a single scaffold, possibly eliminating
the need for extra membranes. It has a biological edge over
traditional methods because of its high porosity and struc-
tural integrity, guaranteeing stability within the socket. The
release of calcium and phosphate ions from TCP promotes
osteogenic development.
Overall, this study emphasizes the importance of balancing
TCP concentration when optimizing the physical, chemi-
cal, and biological properties of Cs/T composites. Cs/T3
showed structural and chemical superiority due to increased
crystallinity, whereas Cs/T5 emerged as a promising candi-
date for applications that require high cell viability and min-
eralization. These findings underscore the need for further
investigations into these materials’ long-term degradation
profiles, mechanical properties, and in vivo performance in
clinical settings.
In vitro, no harmful effects were noted, which is consis-
tent with earlier findings that TCP and chitosan are very
biocompatible (Muzzarelli, 2009; Bohner et al., 2020). To
assess possible side effects, such as excessive inflammatory
reactions, allergic reactions, and degradation kinetics, in
vivo research is necessary. Clinical translation depends on
ensuring a regulated breakdown without causing persistent
inflammation (Bose et al., 2012).

5. Conclusion
This study highlights the successful fabrication and
characterization of chitosan-based sponges reinforced
with β-tricalcium phosphate for potential use in bone
regeneration applications. Among the compositions studied,
the Cs/T5 scaffold emerged as the most promising due to its
superior cell viability, calcium deposition, and hemostatic
properties. At the same time, Cs/T3 demonstrated optimal
structural integrity and crystallinity. These results underline
the critical role of TCP concentration in modulating the
composite’s physical and biological performance. The
findings support the continued development of Cs/TCP

sponges, particularly Cs/T5, as effective, biocompatible,
and osteoconductive scaffolds for dental and orthopedic
applications. Further studies, including in vivo analyses
and mechanical testing, are recommended to validate their
clinical applicability.
Future research should incorporate animal models and
clinical trials to assess socket healing, ridge retention,
and long-term outcomes including implant stability, even
though this work largely focused on in vitro analysis. Histo-
logical analysis, radiographic bone fill, and patient-reported
outcomes including pain, soft tissue healing, and functional
recovery should all be considered outcome measures.
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