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Abstract

This study investigates the development of a-tricalcium phosphate (a-TCP) composite cements
modified with 7.5 wt% fluorapatite (FAp) to enhance their functional performance for potential dental
and orthopedic applications. The composites were designed to simultaneously achieve sustained
fluoride ion release and improved structural properties. Fluoride release kinetics were evaluated
using ion-selective electrodes in a standard fluoride solution over seven days, while mechanical
performance was assessed through compressive strength testing after immersion in simulated body
fluid (SBF) for 0, 3, and 10 days. Results reveal a sustained release, consistent with diffusion from a
dual-phase reservoir. Compressive strength analysis showed progressive strengthening of the
composite, but with a significantly slower increase in the FAp-containing composite compared to
pure a-TCP. This behavior suggests that while FAp enhances long-term bioactivity through controlled
ion delivery, it may also modulate the dissolution-reprecipitation pathway of a-TCP conversion into
hydroxyapatite, thereby delaying early mechanical maturation. Overall, these findings demonstrate
that fluorapatite incorporation into a-TCP matrices enables the design of multifunctional
biomaterials with tunable ion release and mechanical evolution, offering a promising pathway for
next-generation regenerative cement technologies.
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Introduction

Calcium phosphate cements (CPCs) have emerged as leading synthetic bone and dental fillers due to their
excellent biocompatibility, in situ hardening capability, and capacity to transform into biologically active
hydroxyapatite (HAp) under physiological conditions. Tricalcium phosphates (TCP- Cas(PO4)2) represent
biodegradable ceramic material that occurs as four allotropes, among which a- and - are the most common
ones. Since TCP is soluble in an aqueous environment, there is great potential for its use in bone tissue
regeneration. However, depending on the numerous factors, such as Ca/P ratio, porosity, and purity, the
resorption rate of TCP could vary in a significant manner (1-4). If a rate is too high, tissue will not be able
to regenerate, thus making this material unsuitable as a scaffold.

Compared to HA, TCP with a molar ratio Ca/P of 1.5 resorbs faster, making it more challenging to control,
but a good candidate for mixing with HA (5). In this manner, by adjusting the amounts of the two
compounds, the desired bioactivity could be achieved. Allotrope B-TCP (B8-Casz(POa4)2) has been thoroughly
studied and incorporated as a replacement for bones (6-10). Similar to HA, B-TCP does not occur in nature,
but it can be successfully synthesized using high-temperature techniques (11). It shows higher thermal
stability than HA and faster resorption due to its solubility. However, the bioresorbability of the S-TCP is
strongly influenced by porosity and surface roughness; therefore, there are different reports about its low
bioactivity due to a high density (12). With proper morphology control, bioactivity can be significantly
increased, resulting in a good material for use as a bone replacement (13). In addition, B8-TCP can be used
in commercial toothpastes for better teeth polishing (14-16). The other important calcium phosphate
polymorphs, a-tricalcium phosphate (a-TCP), have also been recognized as a material for bone cement and
bioceramics (3,17). Allotrope a-TCP (a-Cas(POa)2) has the same chemical formula as S8-TCP, but their crystal
structures are different. S-TCP has a more ordered structure (18), which causes lower solubility compared
to a-TCP. Being thermally stable, a-TCP is also obtained by high-temperature synthesis, above 1200 °C, and
cannot be found in biological systems. Porous morphology can be obtained with the sintering process.

As mentioned, it is more soluble than B-TCP, which makes it a more suitable candidate for scaffolds (18—
21). Possibility of a-TCP to transform spontaneously into hydroxyapatite (HAp) after the application in the
mouth surrounding put it in the focus of researchers as the material that would fill the cavity after removal
of damaged dental tissue and also remineralize the surrounding tissue. Major drawback in TCPs use lies in
their brittleness, which could be overcome by combination with more ductile materials (7). To overcome
these limitations, the incorporation of secondary phases such as fluorapatite (FAp, Ca;(PO4)sF2) has been
proposed. FAp differs from HAp by the substitution of hydroxide ions with fluoride, which lowers solubility,
enhances chemical stability, and provides a reservoir for sustained fluoride release—a well-known promoter
of remineralization and inhibitor of bacterial demineralization in dental and orthopedic contexts (22,23).
Fluoride ions play a multifaceted role in bone and tooth health: they stabilize the apatite lattice, increase
crystal size and hardness, and modulate osteoblastic activity. In vivo studies have demonstrated that
controlled fluoride delivery can accelerate bone formation and improve implant integration (24). However,
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high fluoride concentrations may be cytotoxic, so tuning both the amount and release kinetics is critical
(25-27). Embedding FAp particles within an a-TCP matrix offers a means to modulate the initial burst and
sustained fluoride release phases by acting as an ion-exchange reservoir while simultaneously reinforcing
the cement microstructure.

Over the last two decades, great effort has been employed to produce more efficient, aesthetically acceptable
and endurable dental materials, of which some will be presented in this chapter. To produce bone-like
material for orthopedic use, HAp was successfully modified with fluorine and chlorine (28). Borkowski et
al. used sol-gel method and calcination for the synthesis of FAp to achieve higher bioactivity compared to
HAp (29). They varied calcination temperature to find FAp sample with optimal porosity and highest F- ions
release ability. In vitro tests proved the absence of toxic effect on the cells, while the best FAp sample showed
high cell-proliferation potential, which makes this material safe for the use in orthopedic applications. For
the increase of corrosion resistance, Mansoorianfar and associates introduced fluorine into the HAp (30).
Along with the corrosion protective coating, obtained fluorhydroxyapatite showed good biocompatibility,
tested on MG-63 osteoblast cells. Khan et al. synthesized FAp nanoparticles, using them as fillers for
polyurethane (PU) matrix, to build nanocomposite for root canal filling (31). Investigations showed efficient
F-ion release from the composite, as well as a homogenous structure and good adhesion to the surrounding
tissue. In some researches, FAp and HAp nanoparticles were investigated as scaffolds for orthopedic and
dental application (32-34). Altaie et al. prepared an acrylate-based composite scaffold containing silanised
barium aluminium silicate glass particles and FAp as reinforcement (35). The results showed that the
addition of FAp increased fracture toughness and enabled F- ion release in the acid environment, suggesting
that this composite could find application as a smart dental material. Montazeri et al. used sol-gel method
to synthesize nano-FAp to investigate biocompatibility (36). In vitro tests on animal fibroblast cells showed
the absence of cytotoxicity, making this material suitable for the potential application as a bone scaffold. As
a mechanical reinforcement to the restorative material, FAp and HAp nanoparticles were embedded in a
glass-ionomer cement (37,38). Barandehfard et al. synthesized nano-FAp and HAp using the wet-chemical
precipitation method, to reinforce glass-ionomer cement (39). Performed compressive, tensile, and
microhardness tests on the obtained composites showed an improvement of all the investigated mechanical
properties before and after the immersion in distilled water.

Elghazel and asscociates presented a study of FAp addition to S-TCP on the mechanical performace of the
obtained composite (6). The results showed that FAp concentration increases wear resistance, which is
important for the use in dental applications. Wei et al. prepared FAp-based cement for the restoration of
enamel [235]. The cement showed good mechanical and adhesive properties, as well as high biocompatibility
tested on L929 fibroblast cells, which opened a pathway for the investigations of this FAp-based material as
a direct enamel repair. Azami et al. investigated composite containing calcium fluoride and co-substituted
HAp with FAp for the treatment of osteoporosis (40). The composite showed high bioactivity, which was
tested in simulated body fluid (SBF). In the recent research published by Anastasiou and associates, doping
of FAp with Sr* and Ce3* ions was reported, to modify chitosan-based scaffolds efficient against bacteria
appearing at the implantation site (41). The results suggested that Ce3* doped FAp could be applied in
reconstructive surgery, due to a high osteoconductivity and antimicrobial activity. With the emerging
development of nanotechnology, the biocompatibility and bioactivity of calcium phosphate-based dental
materials can be enhanced and controlled using various synthesis routes (7,42). Stojanovic et al. presented
the synthesis of a-TCP implants in order to evaluate biocompatibility and potential for use in dentistry (43).
The histological analysis of animal tissue after different numbers of days with the implanted a-TCP revealed
high biocompatibility, similar to commonly used ceramics. Along with non-toxicity, this material provided
efficient production of collagen fibers. Continued research is necessary to optimize these composites for
specific clinical applications, ensuring their efficacy and safety in bone and dental tissue engineering.

This study was conducted to investigates the development of a-tricalcium phosphate (a-TCP) composite
cements modified with 7.5 wt% fluorapatite (FAp) to enhance their functional performance for potential
dental and orthopedic applications.

Methods

Composite preparation

In order to obtain ceramic composites, synthesized FAp powder was added in 7.5 wt% to the a-TCP powder.
Further, in a prepared mixture of powders, the phosphate solution (2.5 wt% Na,HPO4) was added at a liquid
to powder ratio of 0.32 ml/g, and the tablets were formed. Composite tablets were made in accordance with
ISO 6876 standard for root canal sealing materials.

Characterization of composites

For F- ion release test, a-TCP, FAp and composite pills were placed in glasses that were filled with standard
fluoride solution with added Fluoride Ionic Strength Adjustor (ISA). Measurements using Ion Selective
Electrode (ISE) method were performed after 5 minutes, 1 hour, 1, 3 and 7 days, in order to measure the
release of F- ions from pills with 7.5wt% % of FAp in alpha-TCP. Mechanical tests of composite tablets were
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performed on a Shimadzu universal testing machine. Each tablet was tested after immersing in SBF for O,
3, and 10 days. A compressive test was performed using a steel plate with a mass of 0.1535 kg (applied force
was 1.51 N), with a speed of Smm/min. Surface of the specimens was 2.5:10-5 m2. Measurement of
compressive strength and stroke strain for each composite was performed on five samples.

Results and discussion

Fluoride-ion release kinetics

The time-resolved fluoride ion release profile for the 7.5 wt% FAp-containing a-TCP composite is shown in
Figure 1. An initial burst is detected within the first hour, which then drops and gradually increases again
over the subsequent time points. This biphasic pattern suggests a multi-step release mechanism. The early
release phase likely results from loosely bound or surface-associated fluoride ions being rapidly leached into
the solution. This is followed by a transient decline, potentially due to the precipitation of secondary calcium
phosphate phases or the formation of a temporary passivation layer, which may temporarily hinder further
ion diffusion. After this initial drop, the sustained increase in fluoride concentration implies that the FAp
phase undergoes slow dissolution or ion exchange in the acidic or near-neutral environment of the test
solution. This is consistent with reports indicating that FAp, due to its lower solubility compared to HAp,
can act as a reservoir for controlled fluoride release over extended periods (24,44). Such a controlled release
profile is especially desirable in clinical settings, where fluoride plays dual roles—stimulating osteoblastic
activity and inhibiting bacterial proliferation. However, excessive initial release might pose a cytotoxic risk,
emphasizing the importance of tuning FAp content and dispersion (26,27). The observed release behavior
also supports the hypothesis that fluorapatite addition alters the cement’s microstructure, possibly by
influencing crystallization kinetics or inducing microheterogeneity that affects diffusion pathways. Overall,
the release profile observed in this study aligns with the design goals of developing a-T'CP-based formulations
that combine structural reinforcement with sustained therapeutic ion delivery.
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Figure 1. Fluoride ion release (mg F /g composite) versus immersion time in hours for 7.5 wt % FAp
formulation. Error bars denote + standard deviation.

Compressive test

Compressive strength testing was performed on a-TCP and a-TCP/7.5 wt% FAp composites after immersion
in SBF for 0, 3, and 10 days to monitor the effect of FAp addition on mechanical maturation. The results
indicate that while both compositions exhibit strength gain over time, the sample without FAp shows a
sharper increase, particularly between day 3 and day 10. This difference is likely attributable to the
transformation of a-TCP into hydroxyapatite, a process enhanced in the absence of FAp. The fluoride
substitution in the FAp lattice reduces solubility and thus may slow down dissolution-reprecipitation
dynamics, delaying full HAp conversion. Furthermore, FAp particles could act as inert fillers within the a-
TCP matrix, inhibiting microstructural densification and reducing the rate at which interlocking HAp
crystals form. Despite this reduced strength gain, the 7.5 wt% FAp composite may offer advantages in terms
of long-term stability, as FAp is less soluble and thus contributes to structural integrity under physiological
conditions. However, for load-bearing applications that require rapid mechanical development, a high FAp
loading may be suboptimal. Previous literature has highlighted that moderate FAp incorporation (2.5-5 wt%)
provides a better balance between bioactivity and mechanical evolution (44,45). In this context, the slower
strength development observed for the 7.5 wt% composite underscores the need to tailor FAp content to the
intended clinical scenario favoring lower concentrations for early load-bearing and higher ones for long-term
ion release.
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Figure 2. Compression test

Conclusion

This study confirms that incorporating fluorapatite (FAp) into a-tricalcium phosphate (a-TCP) cements
significantly affects both fluoride release kinetics and mechanical performance. The release profile from the
7.5 wt% FAp formulation demonstrates a dual-phase mechanism: an initial burst followed by sustained
release, aligning well with therapeutic objectives for bone and dental regeneration. This behavior is indicative
of FAp’s function as a long-term ion reservoir, gradually supplying fluoride through controlled dissolution,
a feature essential for promoting remineralization and enhancing antibacterial properties in clinical
contexts. Mechanically, both pure a-TCP and the FAp-modified composite displayed time-dependent
strength improvements due to the progressive transformation of a-TCP into hydroxyapatite in SBF. However,
the 7.5 wt% FAp sample exhibited a slower strength gain over the 10-day immersion period. This reduced
mechanical maturation can be attributed to fluoride-induced modulation of dissolution and reprecipitation
kinetics, as well as potential microstructural inhomogeneities introduced by the FAp phase. Taken together,
the findings highlight a trade-off between structural reinforcement and bioactivity modulation. While high
FAp content supports sustained ion delivery and long-term biostability, it may impede rapid strength
development. Therefore, for applications requiring early mechanical reliability, lower FAp loadings may be
preferable, whereas for prolonged bioactive effects, particularly in low-load environments, higher FAp
concentrations could offer superior performance. Future work should explore intermediate FAp
concentrations (e.g., 3-5 wt%) to identify optimal formulations that balance these dual requirements.
Furthermore, in vivo assessments are essential to validate the cytocompatibility, osteointegration potential,
and long-term performance of these bioceramic systems under physiological loading conditions.
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