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ABSTRACT

Background: Despite significant progress in calcium phosphate cement (CPC) development,
conventional formulations still suffer from limitations that limit their clinical applicability.

Methods: In this study, novel injectable nanocomposite bone cements for bone and cranial defect
reconstruction were developed by incorporating an equimolar mixture of tetracalcium phosphate
(TTCP) and dicalcium phosphate dihydrate (DCPD) powders as the primary reactive phase into
3 wt/v% hyaluronic acid (HA) solutions with two different molecular weights (500 and 1750
kDa). The physical, physicochemical, and structural properties of the developed cements were
evaluated and compared with those of conventional CPC, prepared using the same powder phase
and distilled water as the liquid component.

Results: It was demonstrated that the prolonged setting time and low compressive strength
of CPC can be significantly improved by incorporating HA in a molecular-weight-dependent
manner. HA also acted as a viscosity-enhancing agent, showing a pronounced effect on cement
injectability, particularly with high-molecular-weight HA. X-ray diffraction (XRD) analysis of
the set cements revealed that, in both control and HA-containing formulations, the initial reactants
were completely converted into nanostructured apatite after immersion in simulated body fluid. A
slightly higher rate of apatite formation was observed in the HA 1750 kDa group compared to the
other formulations. SEM observations confirmed a globular microstructure composed of tightly
interconnected plate-like apatite nanocrystals in all samples.

Article info: :  Conclusion: The developed calcium phosphate-HA nanocomposite cements have strong
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Highlights

e Despite significant progress in CPC development, conventional formulations still suffer from limitations, which
limit their clinical applicability.

e In this study, injectable calcium phosphate/HA nanocomposite cements using TTCP and DCPD, combined with
HA, were developed for bone and cranial defect reconstruction.

e The developed nanocomposite cements showed strong potential to be used as injectable bone graft materials for
bone defect repair.

Plain Language Summary

The calcium phosphate cements (CPCs), including Hap, have been widely investigated for orthopedic and dental
applications. However, their use has several limitations. To address these limitations, non-ceramic HAp systems,
commonly known as HAp cements, have been developed. Natural polysaccharides, such as HA offer distinct
advantages due to their hydrophilicity. In this study, injectable calcium phosphate/HA nanocomposite cements
incorporating tetracalcium phosphate (TTCP) and dicalcium phosphate dihydrate (DCPD) were developed for bone
and cranial defect reconstruction. The physical, physicochemical, and structural properties of the developed cements
were evaluated and compared with those of conventional CPC. The prolonged setting time and low compressive
strength of CPC were significantly improved by incorporating hyaluronic acid (HA). In conclusion, the incorporation
of biocompatible and biodegradable polymers such as HA or chitosan into CPCs significantly improves its unfavorable
properties, including long setting time and low mechanical strength. The developed nanocomposite cements have the

potential to be used as injectable bone graft materials for bone defect repair.

Introduction

alcium phosphate cements (CPCs) are a rela-
tively new class of calcium phosphate-based
biomaterials developed to overcome several
limitations of monolithic calcium phosphate
ceramics. These cements are typically com-
posed of a powder phase and a liquid phase.
The powder phase generally consists of one
calcium phosphate compound or combined calcium phos-
phate compounds, while the liquid phase may include distilled
water, phosphate-buffered solutions, or organic aqueous so-
lutions. Upon mixing at an appropriate powder-to-liquid ra-
tio, a moldable paste is formed, which subsequently hardens
after a defined setting time [ 1-3]. The setting process of CPCs
is primarily governed by precipitation reactions occurring
in the paste, leading to the formation of secondary calcium
phosphate phases such as brushite, octacalcium phosphate,
or hydroxyapatite (HAp). The mechanical integrity of the
set cement arises from the interlocking and entanglement of
these precipitated crystalline phases [4]. Accordingly, CPCs
can be classified by the dominant precipitated phase formed
during setting, which is largely determined by the calcium/
phosphorus (Ca/P) ratio and the system’s physicochemical
characteristics, as well as processing parameters such as par-
ticle size, pH, and liquid composition [5].

Among the various end products, HAp is of particular im-
portance due to its close similarity to the mineral phase of
natural bone [6, 7]. Consequently, it has been widely inves-
tigated for orthopedic and dental applications [8]. However,
the direct use of sintered HAp ceramics is associated with
several limitations, including their high crystallinity and
limited bioresorbability, difficulty in shaping complex ge-
ometries that match bone defects, and the requirement for
high-temperature processing conditions [9-11]. Moreover,
conventional ceramic processing restricts the incorporation
of biologically active molecules such as growth factors and
osteoinductive proteins, which are essential for enhancing
bone regeneration [12, 13]. To address these limitations, non-
ceramic HAp systems, commonly known as HAp cements,
have been developed. In this context, the term “non-ceramic”
refers to the absence of high-temperature processing during
material preparation. These cements are typically formed by
mixing a calcium phosphate-based powder phase, consisting
of acidic and basic calcium phosphate components, with an
aqueous liquid phase [14, 15]. The setting reaction involves
the in situ formation of nanocrystalline HAp or calcium-defi-
cient HAp within the paste, resulting in a hardened structure
with a bone-like composition and morphology [16-18].
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In parallel with advancements in calcium phosphate
systems, polymer-based biomaterials have gained in-
creasing attention in biomedical engineering due to their
tunable mechanical properties, degradation behavior,
permeability, solubility, and transparency [19-21]. Natu-
ral polymers are particularly attractive because of their
inherent biocompatibility and biodegradability [22, 23].
Synthetic polymers such as polylactic acid (PLA) and
polyglycolic acid (PGA), along with their copolymers,
have been extensively studied for applications in bone
tissue engineering and drug delivery systems [24, 25].
However, a major challenge for many synthetic poly-
mers is their limited bioactivity and suboptimal interac-
tions with biological environments [26, 27].

Natural polysaccharides, a subclass of biopolymers, of-
fer distinct advantages due to their hydrophilicity, struc-
tural diversity, and ease of processing [28]. These macro-
molecules, including alginate, chitosan, agarose, starch,
and cellulose derivatives, have been widely used as
scaffolding and cell-supporting matrices in tissue engi-
neering [29, 30]. Their structural variability, arising from
different monosaccharide units and glycosidic linkages,
enables the design of materials with tailored biological
and mechanical properties [31]. Among polysaccharides,
hyaluronic acid (HA) is a particularly important glycos-
aminoglycan widely distributed in the extracellular ma-
trix of vertebrate tissues [32, 33]. HA plays a crucial role
in tissue hydration, lubrication, and cell signaling, and
is abundant in biological fluids such as synovial fluid
and vitreous humor [34]. Structurally, it is composed of
repeating disaccharide units of D-glucuronic acid and N-
acetyl-D-glucosamine linked via B(1—3) and B(1—4)
glycosidic bonds [35]. Unlike other glycosaminogly-
cans, HA is non-sulfated, which contributes to its unique
physicochemical and biological properties [36].

One of the most notable characteristics of HA is its ex-
ceptional hydrophilicity and high viscosity, even at low
concentrations. In aqueous environments, HA chains
adopt extended conformations stabilized by intramolec-
ular hydrogen bonding and interactions with water mol-
ecules, forming highly hydrated networks. This property
enables HA to act as a natural lubricant, reducing friction
between biological tissues, particularly in synovial joints
[37, 38]. Clinically, HA-based formulations are widely
used in the treatment of osteoarthritis to restore synovial
fluid viscosity and improve joint mobility [39]. In addi-
tion to its rheological properties, HA plays an important
role in cell proliferation, migration, and tissue regenera-
tion [40]. It is biodegradable in vivo via hyaluronidase-
mediated enzymatic degradation, producing oligosac-
charides and low-molecular-weight fragments, some of
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which exhibit pro-angiogenic activity [41]. Owing to its
excellent biocompatibility, non-immunogenicity, and
functional versatility, HA has been widely used in drug
delivery systems, wound healing, and tissue-engineering
scaffolds [42, 43]. From a biomaterials perspective, HA
is particularly attractive as a modifying agent for CPCs
due to its ability to regulate viscosity, influence ion in-
teractions, and provide biologically relevant functional
groups such as carboxyl and hydroxyl moieties. These
functional groups can interact with calcium ions and
serve as nucleation sites for apatite formation, potential-
ly influencing both the kinetics of cement setting and the
microstructure of the final mineral phase [44].

Despite significant progress in CPC development, con-
ventional formulations still suffer from limitations, in-
cluding prolonged setting time, insufficient mechanical
strength, and poor injectability, which limit their clinical
applicability, particularly in minimally invasive surgical
procedures [45]. Therefore, the incorporation of biologi-
cally active and structurally functional polymers such
as HA offers a promising strategy to simultaneously en-
hance handling properties and biological performance.
In this context, the present study focuses on the devel-
opment of injectable calcium phosphate/HA nanocom-
posite cements using tetracalcium phosphate (TTCP)
and dicalcium phosphate dihydrate (DCPD), as reactive
phases, combined with HA solutions of different mo-
lecular weights. The study aims to evaluate the effect of
HA on setting behavior, mechanical performance, inject-
ability, microstructure, apatite formation, and biological
response. By integrating a bioactive polymer naturally
present in the extracellular matrix, this study seeks to
bridge the gap between conventional CPCs and the hi-
erarchical structure of natural bone, thereby advancing
the design of next-generation bone-substitute materials.

Materials and Methods

Preparation of CPC powders

The CPCs based on TTCP and DCPD were developed
in this study. The TTCP powder was synthesized accord-
ing to a conventional solid-state reaction method. Brief-
ly, equimolar amounts of calcium carbonate (CaCOs;
Merck, Germany) and dicalcium phosphate anhydrous
(CaHPO4; Merck, Germany) were mixed and homog-
enized in a planetary ball mill for 1 h. The homogenized
mixture was transferred into an alumina crucible and
heat-treated at 1500 °C for 6 h in an electric furnace. After
thermal treatment, the samples were rapidly quenched to
room temperature in a desiccator to preserve the desired
phase composition. The obtained clinker was crushed
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and subsequently milled in a planetary ball mill for 30
minutes to obtain TTCP powder with a mean particle
size of approximately 13 pm. The cement powder phase
was prepared by mixing TTCP (Dmean=13 pm) and
DCPD (Dmean=5 um) at an equimolar ratio. Powder
blending was carried out in a planetary ball mill using
polyethylene containers and alumina milling balls for 30
min to ensure homogeneous mixing and adequate par-
ticle activation.

Preparation of liquid phases

Four different liquid phases were employed for ce-
ment preparation. Distilled water was used to prepare
the control CPC. A 3 wt/v% chitosan solution prepared
in acetic acid (Merck, Germany) was used for the CFC—
chitosan composite. Chitosan powder was supplied by
Chitotech Company, Iran. In addition, two 3 wt/v% HA
solutions with molecular weights of 500 kDa (Shaanxi
Sciphar Biotechnology, China) and 1750 kDa (Jinan
Haohua Industry, China) were prepared in 0.5 M acetic
acid and used to fabricate the CPC500 and CPC1750
formulations.

Cement preparation and simulated body fluid
(SBF) immersion

The powder-to-liquid (P/L) ratio for each formulation
was optimized to achieve homogeneous and workable
cement pastes. The P/L ratio for the control CPC was
3.5 g/mL, while values were 3.3, 3.1, and 2.8 g/mL for
CPC500, CPC1750, and CPC-CH formulations, respec-
tively. After mixing, the cement pastes were transferred
into molds and allowed to set at 37 "C under 100%
relative humidity for 24 h in an incubator (EHRET
KBK4200). The set specimens were subsequently im-
mersed in SBF for up to 21 days to evaluate their in vitro
bioactivity and structural stability.

X-ray diffraction (XRD) analysis

The phase composition of the set cements before and
after immersion in SBF was analyzed by XRD. After
24 h of setting or after removal from SBF solution, the
specimens were thoroughly washed with distilled water,
dried, and ground into fine powders. The XRD analysis
was performed using a Philips PW 3710 diffractometer
equipped with Cu-Ka radiation (\=1.54 A) and a Ni fil-
ter. Measurements were conducted at 40 kV and 30 mA
over a 26 range of 20-50".

Journal of
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Fourier transform infrared spectroscopy (FTIR)

FTIR was used to investigate the functional groups and
apatite formation in the cement structures before and after
immersion in SBF. Approximately 2 mg of the powdered
sample was mixed with 800 mg KBr and compressed into
transparent pellets. FTIR spectra were recorded using a
BRUKER VECTOR 33 spectrometer within the range of
400-4000 cm™ at a resolution of 2 cm™.

Microstructural characterization

The microstructure of the set and SBF-immersed ce-
ment samples was examined using scanning electron
microscopy (SEM) equipped with energy-dispersive
X-ray analysis (EDX) (StereoScan S360 Cambridge).
Disc-shaped specimens with a diameter of 10 mm and a
thickness of 5 mm were used for analysis. Prior to SEM
analysis, the samples were coated with a thin gold layer
to improve electrical conductivity.

Initial setting time measurement

Initial setting time was measured using a Gillmore
needle apparatus in accordance with the ASTM C266-
89 standard. The setting time was defined as the inter-
val between the start of mixing and the time at which a
Gillmore needle weighing 113.4 g with a tip diameter of
2.13 mm failed to produce a visible indentation on the
cement surface. For each measurement, the cement paste
was placed into a mold and tested 3 minutes after mix-
ing. The needle was carefully lowered vertically onto the
cement surface for 5 seconds at 10-second intervals until
no penetration was observed. Four specimens from each
composition were evaluated, and the average value was
reported.

Compressive strength test

Compressive strength was measured in accordance
with ANSI/ADA Specification No. 30/2001. Cement
pastes were poured into cylindrical Teflon molds with
a diameter of 6 mm and a height of 12 mm. After com-
plete setting, the specimens were removed from the
molds and stored at 37 °C and 100% humidity for 24
h. Mechanical testing was performed using a universal
testing machine (Zwick/Roell-HCR 25/400) at a cross-
head speed of 1 mm/min. Four specimens were tested
for each cement formulation.

Borhan Sh, et al. Chitosan/Hyaluronic Acid Modified Injectable Calcium Phosphate Cements. JTRM. 2026; 1:E1015.
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Injectability evaluation

Injectability of the cement pastes was evaluated using
a universal testing machine (Zwick/Roell-HCR 25/400)
at a crosshead speed of 5 mm/min. Cement pastes were
loaded into 10 mL syringes equipped with a nozzle di-
ameter of 800 um. A compressive force was applied ver-
tically to the syringe plunger, and force—displacement
curves were recorded for all formulations.

In vitro biocompatibility assessment

Biocompatibility of the prepared cements was evalu-
ated using osteoblast cells isolated from neonatal rat
calvaria. Cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 15% fetal
bovine serum (FBS) and penicillin under a humidified
atmosphere containing 95% air and 5% CO.. Cell vi-
ability and proliferation on the cement surfaces were
assessed using the MTT assay. Cement discs were ster-
ilized with 70% ethanol before cell seeding. Osteoblast
cells were seeded onto the sample surfaces at a density
of 1x10* cells per sample and incubated for 1, 7, and 14
days at 37 "C under 100% humidity and 5% CO: atmo-
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sphere. The culture medium was refreshed every three
days. Cell morphology and attachment on the cement
surfaces after 1 and 7 days of culture were evaluated by
SEM following standard fixation procedures described
in previous studies.

Results
XRD analysis

The XRD patterns of the control CPC, CPC-CH,
CPC500, and CPC1750 after 24 h of incubation and af-
ter 1, 3, and 7 days of immersion in SBF solution are
shown in Figure 1. The diffraction pattern of the initial
cement powder is also included for comparison. In all
cement formulations, the apatite phase, the main product
of the setting reaction, was detected after setting (24 h
incubation), along with the remaining TTCP and DCPD
precursor phases. Upon immersion in simulated body
fluid (SBF) solution, the intensities of the TTCP and
DCPD peaks gradually decreased, while the intensity of
the apatite peaks increased significantly. The progressive
conversion of the initial reactant phases into HAp with
increasing immersion time was clearly observed. After 7

Figure 1. The XRD patterns of (a) control CPC, (b) CPC-CH composite, (c) CPC500 composite, and (d) CPC1750 composite
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Figure 2. FTIR spectra of (a) control CPC (b) CPC-CH composite, (c) CPC500 composite, and (d) CPC1750 composite.

days of immersion, the diffraction peaks corresponding
to the reactant phases almost completely disappeared,
and apatite became the dominant phase in all cement
samples.

The XRD patterns of the control and composite ce-
ments after 14 and 21 days of immersion were similar
to those obtained after 7 days; therefore, these patterns
were not presented to avoid repetition. The incorpora-
tion of chitosan into the composite cement formulation
did not noticeably delay apatite formation. However, the
CPC1750 sample appeared to exhibit a slightly faster
apatite formation rate compared to other formulations,
as the intensities of the TTCP and DCPD peaks after 1
day of immersion were lower than those observed for
the other cements. Nevertheless, after 3 days of immer-
sion in SBF, most of the reactant phases were consumed
across all formulations, and apatite became the predomi-
nant phase.

These findings indicate that the addition of chitosan
and HA does not significantly affect the nature of the fi-
nal reaction product. However, increasing the molecular
weight of HA, as in the CPC1750 formulation, slightly
accelerates apatite formation. Furthermore, the broad

diffraction peaks observed in the XRD patterns sug-
gest low crystallinity and a nanoscale crystal size in the
formed apatite phase.

FTIR analysis and identification of functional
groups in cement compositions

FTIR spectroscopy was performed for all cement for-
mulations, including control CPC, CPC-CH, CPC500,
and CPC1750. The analyses were carried out after 24
h of incubation at 37 °C and also after 7 and 14 days of
immersion in SBF solution. Figure 2 presents the FTIR
spectra of the control and experimental cements. The
FTIR spectrum of the initial cement powder is also in-
cluded in the figure for comparison.

The absorption bands observed at approximately 545,
565, and 1070 cm™ correspond to phosphate groups
and were detected in all samples. The peak located at
around 1448 cm™ is attributed to carbonate groups. In
the hardened cement samples after 24 h of incubation,
this peak mainly originated from the presence of calcium
carbonate, while in the SBF-immersed samples, it was
associated with carbonate incorporation into the HAp
structure. In addition, a shoulder observed near 870 cm™

Borhan Sh, et al. Chitosan/Hyaluronic Acid Modified Injectable Calcium Phosphate Cements. JTRM. 2026; 1:E1015.
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Figure 3. Microstructure of different cements after 24 h incubation and after 7 days immersion in SBF

corresponds to carbonate-substituted apatite, confirming
the formation of carbonated HAp in the cement matrix.

Furthermore, the carbonate-related COs>" absorption
band, which appeared as a single peak in the incubated
samples, gradually split into two distinct peaks after im-
mersion in SBF solution. A shoulder near 870 cm™ was
also observed in all immersed samples. These spectral
changes indicate the substitution of carbonate ions for
phosphate groups within the apatite lattice. Since car-
bonate ions are abundantly present in SBF solution, they
can readily penetrate the HAp structure during the min-
eralization process.

The formation of hydroxylated apatite after immer-
sion in SBF was further confirmed by the appearance
of the OH™ absorption band near 3550 cm™, which is
characteristic of HAp. No significant differences were
observed between the FTIR spectra of the control and
experimental cements, indicating that the addition of
chitosan and HA did not substantially alter the chemi-
cal structure of the final apatite phase. The FTIR spectra
of samples immersed in SBF for 21 days were similar
to those obtained after 14 days of immersion; therefore,
these spectra are not presented to avoid repetition.

Microstructure and morphology of the cements

The microstructure of CPC, CPC-CH, CPC500, and
CPC1750 after 24 h of setting and incubation at 37 °C is
shown in Figure 3. In the CPC sample, the microstruc-
ture consisted of calcium phosphate particles exhibiting
two distinct morphologies: coarse particles ranging from
1 to 5 um and finer particles smaller than 1 um, which
were located either on the surfaces of larger particles or
within interparticle spaces. In addition, micro-porosities
smaller than 5 um were observed within the structure,
which can be attributed to the removal of the liquid

phase during cement setting. Very fine needle-like crys-
tals were also present between the reactive particles or on
their surfaces, which are likely associated with precipi-
tated apatite phases. The microstructure and morphology
of calcium phosphate particles in the composite cements
differ significantly from those of control CPC. In these
cements, the reactive particles appear to be coated and
interconnected by a viscous phase. In these samples, the
particle surfaces were smoother compared to the control
CPC, and small surface pores were observed, which are
likely related to entrapped air bubbles.

After 7 days of immersion in SBF solution, a globular
microstructure composed of tightly intergrown nanocrys-
tals was observed in all cement samples (Figure 3). This
morphology is characteristic of HAp formed via a dis-
solution—precipitation mechanism on the cement surface.

It seems that the morphology of the precipitated crys-
tals varies among the samples. CPC and CPC-CH ex-
hibit predominantly plate-like crystal morphologies,
whereas in HA-containing composites, the crystals have
bending-twisting rod-like structures, with smaller crys-
tal sizes compared to the control CPC. SEM analysis
revealed that the apatite crystal size was approximately
100 nm in control CPC, while it was reduced to about
30-50 nm in the composites.

According to the EDXA pattern of the CPC1750 after
7 days of immersion in SBF (Figure 3), only phosphorus
and calcium were detected, confirming that the formed
crystals are calcium phosphate.

Setting time, mechanical strength, and injectability

Figure 4 compares the initial setting time of CPCs and
the compressive strength of different cement formula-
tions after 24 h incubation at 37 °C under 100% humid-
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ity. The presence of chitosan in the cement structure led
to a slight increase in mechanical strength and a moder-
ate reduction in setting time. With the incorporation of
HA, the setting time decreased significantly, from ap-
proximately 90 min for control CPC to about 20—30 min
for HA-containing cements. The difference in setting
time between CPC500 and CPC1750 samples was not
statistically significant. In addition, the presence of HA
resulted in a significant increase in compressive strength
(P<0.05). The molecular weight of HA also directly in-
fluenced the enhancement of mechanical properties. It is
evident that the initial setting of apatite-forming CPCs
is primarily governed by the interlocking of precipi-
tated apatite crystals within the cement paste. However,
it should be noted that the setting behavior of a cement
with a fixed composition also depends on factors such as
particle size, environmental pH, powder-to-liquid ratio,
and other parameters.

There was also a direct relationship between the
amount of HAp formed in the cement and its mechani-
cal strength. Any factor that accelerates HAp formation
tends to enhance the mechanical strength of the cement
[46]. In addition to the ratio of reactive components,
other parameters such as particle size of reactants, differ-
ences in Ca and P ion diffusion rates, diffusion distance
through the HAp layer formed on particle surfaces, crys-
tal size of apatite, powder-to-liquid ratio, and porosity
are all factors that can influence the mechanical prop-
erties of the cement. The relatively low compressive
strength of CPCs is mainly attributed to weak bonding
between apatite crystals and to a high degree of micro-
porosity within their structure.

Chitosan is soluble only in acidic solutions, whereas
it becomes insoluble under alkaline conditions. Mix-
ing a chitosan solution with CPC powder raises the pH,
thereby transforming the soft CPC-CH paste into an
elastomeric solid. Therefore, the initial setting of this
composite is governed not only by the slow conversion
of TTCP and DCPD into HAp but also by the presence
of chitosan, which elevates pH and reduces setting time
[47].

As previously discussed, in the control CPC, strength
is mainly provided by the interlocking of apatite crys-
tals. However, in the CPC-CH composite, in addition to
this mechanism, the presence of chitosan also promotes
bonding between particles and newly formed crystals,
which may explain the improved mechanical strength
of the composite cement. Apatite crystals precipitate on
calcium phosphate reactant particles, and their interwo-
ven structure provides mechanical support. In the pres-
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ence of HA, interactions between carboxylic groups of
HA and calcium ions on the surface of TTCP and DCPD
particles lead to enhanced mechanical strength. With in-
creasing molecular weight of HA, the number of COOH
groups and potential interaction sites increases, resulting
in higher mechanical strength. Furthermore, the forma-
tion of calcium carboxylate complexes and their pre-
cipitation within the system contributes to a reduction in
setting time, and the concentration of these complexes
increases with HA molecular weight.

In addition, HA acidifies the cement liquid phase,
thereby bringing the solution into a supersaturated state
with respect to HAp. This accelerates the dissolution
of TTCP and DCPD, thereby increasing the rate of set-
ting reaction and reducing the setting time [48]. COOH
groups also act as favorable nucleation sites for apatite
crystal formation [49]. Consequently, in HA-containing
cements, increasing HA molecular weight enhances the
conversion rate of reactants into apatite crystals, which is
also supported by XRD results.

Figure 4c clearly illustrates the differences in inject-
ability behavior among all cement formulations. The
clinical application of conventional CPCs in orthopedic
and spinal surgeries is limited due to poor injectability
and structural disintegration upon exposure to physi-
ological fluids. Phase separation of solid and liquid com-
ponents, known as filter pressing, is a common issue af-
fecting cement injectability [50]. The presence of even
small amounts of dispersed particles during surgery may
cause severe inflammatory responses, vascular obstruc-
tion, and pulmonary embolism [51]. A novel approach to
bone tissue regeneration involves developing injectable,
shapeable cement systems that can be delivered directly
to the defect site. This strategy has gained significant at-
tention in minimally invasive orthopedic surgeries. Such
systems reduce surgical time, minimize the risk of infec-
tion, reduce damage to surrounding muscle tissue, and
can also contribute to lower overall treatment costs.

In the control CPC, injectability from point Al to A2
occurs smoothly under an approximately constant force.
Point A2 marks the onset of phase separation (filter
pressing), where from A2 to A3, a portion of the paste
is extruded with a higher liquid fraction, while the solid
phase remains inside the syringe. Consequently, a higher
force is required to extrude the remaining paste. Beyond
point A3, further increases in force do not enhance paste
extrusion due to intensified phase separation between
the liquid and powder phases; instead, the applied force
causes the syringe plunger to bend, a phenomenon also
observed experimentally. In this sample, approximately
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32% of the material volume was successfully injected,
with injection ending at 40 mL.

In the CPC-CH sample, injection from point B1 to B3
occurs easily with a force below 20 Newton (N). A slight
increase in force at point B2 is likely attributed to air
release from the paste. The region from B3 to B4 cor-
responds to paste extrusion accompanied by an increase
in force, where filter pressing also occurs. Beyond B4, as
in the control sample, a further increase in force is inef-
fective due to severe phase separation, and the remaining
paste cannot be extruded, resulting in the syringe plunger
bending. Nevertheless, approximately 50% of the paste
volume was successfully injected, which is about 20%
higher than that of the control CPC. Additionally, phase
separation in this sample was less pronounced than in
the control cement. Chitosan acts as a viscosity-enhanc-
ing agent, improving water retention within the cement
paste and reducing the likelihood of particle disintegra-
tion [52]. In addition to increasing viscosity, chitosan can
chelate calcium ions and act as a binding agent, enhanc-

ing cohesion between cement particles [53], thereby im-
proving injectability.

In HA-containing samples, more than 85% of the paste
volume can be easily injected with a force below 10 N.
The remaining paste (point C3 in CPC500 and point D2
in CPC1750) is extruded with increasing force, and at
points C4 and D3, the syringes are completely emptied.
It should be noted that at all stages of injection, the re-
quired force for CPC1750 is lower than that for CPC500.
The peak force observed at point C2 is attributed to the
expulsion of air bubbles from the cement paste. The HA
in CPC composites also has water retention capability
and, similar to chitosan, reduces particle disintegration.
The improved injectability of CPC in the presence of HA
is mainly due to increased viscosity of the liquid phase
and stronger interparticle interactions, which are more
pronounced than those observed with chitosan. This
viscous layer between particles provides a lubricating
medium that facilitates particle sliding during injection
and prevents the phase separation commonly observed
in conventional CPC pastes. Increasing the molecular
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Figure 5. SEM images at different magnifications showing CPC and CPC1750 samples” surfaces with cells after 1 and 7 days

of culture in medium

weight of HA further enhances liquid-phase viscosity,
thereby improving injectability.

Cell morphology

Figure 5 presents the SEM images of the control CPC
and CPC1750 composite samples after 1 and 7 days of
cell culture at different magnifications. The micrographs
revealed the morphology of osteoblastic cells on the sur-
face of the samples. The cells exhibited a well-spread
morphology and adhered to the substrate through inter-
actions with needle-like apatite crystals. Cell adhesion
appears to be facilitated by the rough surface topogra-
phy, which promotes the interlocking of cellular protru-
sions. The flattened morphology of the cells indicates
their strong affinity for the surface, confirming the good
biocompatibility of both cement samples. The small
spherical features observed on the cell surface in the
CPC1750 sample are due to cellular secretions, suggest-
ing enhanced enzymatic and metabolic activity of cells
in the HA-containing composite.

After 7 days, the cell layers gradually reach a con-
fluent state, where adjacent cells form continuous in-
terconnected networks. As previously discussed, the
precipitation of apatite crystals during hydrolysis and
related reactions also contributes to cell attachment and
morphological development. In fact, during the 7-day
culture period, simultaneous cell proliferation and apa-
tite deposition occur, leading to partial coverage of cells
by apatite layers. This phenomenon is less pronounced
in HA-containing samples, where more uniform cell
confluence was observed.

Discussion

The present study demonstrated that modifications in
CPC composition through incorporation of chitosan and
HA significantly influence the physicochemical behav-
ior, microstructure, and biological performance of the
system. Overall, the results highlight that the evolution
of HAp is the dominant process governing setting, me-
chanical development, and bioactivity, while the added
biopolymers mainly act as modulators of kinetics, ion
interaction, and interfacial properties.

The formation of carbonated and poorly crystalline
HAp suggests that the cement system follows a dissolu-
tion—precipitation pathway typical of apatite-forming cal-
cium phosphate materials. This dissolution—precipitation
mechanism is considered the fundamental setting process
in CPCs, where calcium and phosphate ions released from
precursor phases subsequently reorganize into poorly
crystalline apatite structures [54]. The presence of organic
additives does not alter the final chemical identity of the
mineral phase but may influence crystal growth dynamics
and nucleation density. This is reflected in the formation
of nanoscale apatite crystals with varying morphology, in-
dicating that the organic environment affects crystal habit
rather than phase composition.

Microstructural observations indicate that the incorpo-
ration of chitosan and HA introduces a viscous organic
phase that modifies particle interactions and improves
cohesion within the cement paste. This results in a more
continuous matrix with reduced interparticle voids com-
pared to the control formulation. Such microstructural
rearrangement is important because mechanical integrity
in CPCs is largely governed by particle interlocking and
the degree of porosity within the hardened structure.
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The enhancement in mechanical properties can be
attributed to synergistic interactions between newly
formed apatite crystals and polymeric chains. In particu-
lar, functional groups such as amino groups in chitosan
and carboxyl groups in HA can interact with calcium
ions on particle surfaces, promoting interfacial bonding
and reinforcing the developing structure. These interac-
tions likely improve load transfer between particles and
reduce microstructural defects that typically weaken
CPCs [55].

The observed reduction in setting time in polymer-con-
taining systems can be explained by accelerated dissolu-
tion—precipitation kinetics. Acidic or functional group-
rich environments can increase local ion availability and
promote supersaturation with respect to apatite, thereby
enhancing nucleation rates. Additionally, polymer-in-
duced changes in viscosity and ion diffusion pathways
may facilitate more rapid structural organization of the
setting cement.

Improvements in injectability are closely related to the
rheological modifications introduced by both polymers.
The presence of a viscous liquid phase reduces particle—
particle friction and prevents phase separation during
extrusion. This ensures more homogeneous paste flow
and minimizes filter-pressing phenomena commonly ob-
served in conventional calcium phosphate systems. The
stronger effect observed for HA-containing formulations
suggests that molecular weight and chain entanglement
significantly influence flow behavior and paste cohesion.

From a biological perspective, the improved cellular
response observed on composite surfaces can be linked
to both chemical and physical surface modifications.
The presence of nanoscale apatite crystals enhances sur-
face roughness and provides favorable sites for protein
adsorption and cell anchorage. In addition, polymer-
modified surfaces may facilitate more stable cell adhe-
sion by improving hydration layers and surface bioac-
tivity. The formation of continuous cell layers over time
further confirms the cytocompatibility of the developed
materials and suggests their suitability for supporting os-
teoblastic activity [56].

Interestingly, the reduced interference of apatite depo-
sition on cell spreading in polymer-containing samples
indicates a more controlled mineralization environment,
which may better support cell proliferation and uniform
tissue formation. This balance between mineral forma-
tion and cellular activity is critical for successful bone
regeneration applications.

2026. Volume 1

Overall, the findings indicate that while HAp forma-
tion governs the fundamental bioactivity of the system,
incorporating chitosan and HA provides an effective
strategy to tailor mechanical performance, injectability,
and biological response without altering the final apatite
phase. This combination of effects makes the developed
system a promising candidate for injectable bone repair
applications where both handling properties and biologi-
cal performance are essential.

Conclusion

e Based on the experimental results and the obtained
findings, the following conclusions can be drawn:

e The incorporation of biocompatible and biodegrad-
able polymers such as HA or chitosan into CPCs sig-
nificantly improves its unfavorable properties, including
long setting time and low mechanical strength.

e HA exhibits a more pronounced effect than chitosan
in enhancing the physical, physicochemical, and struc-
tural properties of CPC.

e The molecular weight of HA is an important param-
eter influencing the modification of cement properties,
such that composites prepared with higher molecular
weight HA demonstrate improved structural perfor-
mance.

e In HA-containing CPC composites with higher mo-
lecular weight, the setting time is significantly reduced,
while mechanical strength is considerably increased.

e The incorporation of HA markedly improves the
injectability of CPCs, thereby expanding its potential
use as a bone filler in minimally invasive surgical pro-
cedures, particularly in anatomically difficult-to-access
regions such as the spine, ribs, and vertebrae.

® The presence of HA in the CPC formulation does not
alter the type or quantity of the apatite phase formed;
however, it enhances the rate of HAp formation during
the setting process.

e The HAP, formed in this study as the setting prod-
uct of the HA/CPC composite, exhibits a nanoscale mi-
crostructure that closely resembles the mineral phase of
natural bone.

e The favorable adhesion of osteoblastic cells to the
CPC surface confirms the good biocompatibility of the
developed material.
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e HA, similar to collagen, is a major component of the
extracellular matrix and plays a key role in cell prolif-
eration and growth. Therefore, due to the compositional
similarity to natural bone, the developed CPC compos-
ites demonstrate superior performance compared to con-
ventional single-phase calcium phosphate bone fillers.
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