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Abstract 
This review provides a comprehensive overview of the processing, properties, and applications of 
calcium phosphate (CaP)-based bioceramics in dentistry. It focuses on key materials such as 
hydroxyapatite (HA), fluorapatite (FAp), and tricalcium phosphates (α-TCP and β-TCP), which are 
central to modern restorative and regenerative strategies due to their compositional and structural 
similarity to natural bone and enamel. The paper examines the fundamental properties of 
bioceramics, including their biocompatibility, osteoconductivity, and bioactivity. Concurrently, it 

addresses their inherent mechanical limitations, primarily brittleness, which restricts their use in 
high-stress, load-bearing applications. Strategies to overcome these challenges are detailed, 

including the development of composites with polymers and other ceramics, as well as chemical 
modifications like ion doping (e.g., Ag+, Sr2+) to impart antimicrobial properties and fluorine 
substitution to form more acid-resistant fluorapatite. A wide range of dental applications is 
discussed, from their use in remineralizing toothpastes and serving as bioactive coatings on 
titanium implants to enhance osseointegration, to their fabrication into porous scaffolds for bone 
tissue engineering and drug delivery. The outlook suggests the development of multifunctional, 
customized materials through advanced fabrication techniques, such as 3D printing and 
nanotechnology, to create active therapeutic systems that can heal, prevent disease, and withstand 
the demanding oral environment. 
Keywords: Bioceramics, Calcium Phosphate, Dental. 

 

Introduction 

Teeth are mineralized structures composed of enamel, dentin, and pulp, with enamel being almost entirely 

hydroxyapatite (~96 wt%), while dentin contains a mixture of hydroxyapatite, collagen, water, and salts 

[1]. The acidic environment generated by bacterial metabolism of dietary carbohydrates leads to 

progressive demineralization of enamel and dentin, ultimately causing caries [2]. Since teeth cannot 

regenerate on their own, restoration requires the use of biomaterials. Biomaterials, as defined by the 
European Society for Biomaterials, are designed to interact with biological systems to repair, replace, or 

augment tissues or organs [3,4]. Depending on their chemistry and properties, they are classified into 

polymers, metals, ceramics, and composites, with key requirements including biocompatibility, 

bioresorbability, bioactivity, and adequate mechanical stability [5–9]. Among them, bioceramics, and 

particularly calcium phosphates (CaPs), are highly relevant to dentistry due to their compositional 

similarity to natural hard tissues, ability to release remineralizing ions, and excellent compatibility with 
host tissues [10,11].  

Hydroxyapatite (HA), the principal mineral of teeth and bone, is widely applied in dental and orthopedic 

materials owing to its osteoconductivity and bioactivity, while α-tricalcium phosphate (α-TCP) serves as a 

precursor that converts into HA in physiological fluids, enabling remineralization [12]. Fluorapatite (FAp), 

formed by fluoride substitution in HA, provides greater acid resistance and durability, and has been 
incorporated into dental composites and calcium phosphate cements to tailor biological and mechanical 

performance [13–19]. Beyond single-phase materials, composites combining CaPs with polymers or oxides 

such as TiO2 and ZrO2 have been developed to optimize porosity, rheology, strength, and stability [20,21]. 

This review focuses on the development and application of calcium phosphate-based biomaterials in 

dentistry, emphasizing their structural and functional properties, strategies for improving bioactivity and 

mechanical strength, and recent advances in composites and cement systems. Particular attention is given 
to their role in tooth remineralization, restorative dentistry, and implant coatings, highlighting both 

current achievements and ongoing challenges. 

 

Biomaterials and their properties 

Biomaterials are defined as materials designed to interact with biological systems for the purpose of 

repairing, replacing, or supporting tissues and organs [3,4]. Their most critical requirement is 

biocompatibility, ensuring safe integration without toxic effects. Depending on their interaction with 

tissues, biomaterials may be bioinert, biomimetic, or bioactive, and in some cases bioresorbable, enabling 

gradual replacement by natural tissue [22]. Besides compatibility, they must exhibit sufficient mechanical 

strength, wear resistance, and chemical stability for long-term function in demanding environments [5–
10]. 

Biomaterials are generally classified into polymers, metals, ceramics, and composites [23,24]. While 

polymers (e.g., PMMA, PLA, PGA) offer flexibility and biodegradability [25-27], and metals (notably 
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titanium alloys) provide high strength [28-33], both face limitations in bioactivity. Dentistry, therefore, 
increasingly relies on ceramic-based systems, either alone or in composites. 

 

Mechanical performance 

Mechanical properties are a key consideration in the application of biomaterials, especially in load-bearing 

dental and orthopedic contexts. Polymers offer flexibility and processability but have low hardness, wear 

resistance, and fracture toughness, limiting their use under high stress [5,25]. Metals, particularly 
titanium and its alloys, provide high strength, impact resistance, and durability, yet they are biologically 

inert and cannot bond directly with tissue without surface modification [33]. 

Ceramics, including alumina, zirconia, and calcium phosphates, combine high hardness, compressive 

strength, and wear resistance with chemical stability and biocompatibility [34-41]. Among ceramics, 

zirconia stands out for its toughness, while alumina offers excellent hardness but lower fracture 
resistance. However, the inherent brittleness of ceramics limits their ability to withstand tensile or impact 

loads, making reinforcement strategies essential. 

Composite materials address these limitations by combining ceramics with polymers or other ceramics. 

For example, HA/polymer composites or HA/zirconia ceramics enhance toughness, reduce brittleness, 

and improve resistance to wear, while retaining bioactivity and compatibility. Nanoscale ceramic fillers can 

significantly improve tensile and compressive strength and reduce polymerization shrinkage in dental 
composites [16]. Thus, careful selection and combination of matrix and reinforcement enable tailoring of 

mechanical properties to match specific dental or orthopedic demands, balancing strength, bioactivity, 

and longevity. 

 

Ceramics and calcium phosphates 
Ceramics are characterized by hardness, chemical stability, and excellent wear resistance [42]. In 

dentistry, their main appeal lies in biocompatibility and bioactivity, although brittleness limits their load-

bearing use [43]. Bioceramics include: 

Bioinert ceramics, such as alumina and zirconia, are valued for strength and corrosion resistance but are 

unable to bond with tissue [44-47]. 

Bioactive ceramics form chemical bonds with bone through surface reactions. This group includes 
bioactive glasses (e.g., Bioglass® 45S5) and, most importantly, calcium phosphates (CaPs) [48-54]. 

CaPs closely resemble the mineral phase of teeth and bone, ensuring excellent compatibility and 

osteoconductivity. Their ability to release Ca²⁺ and PO₄³⁻ ions support remineralization, making them 

especially promising for dental applications such as alveolar bone repair, implant coatings, and cements 

[13, 55]. Porosity further enhances vascularization, cell migration, and bioresorbability, while also 

enabling drug delivery.  

 

Calcium phosphates: composition and relevance 
Calcium phosphates (CaPs) encompass several phases distinguished by their Ca/P molar ratio, 
crystallinity, and solubility, which directly influence their biological performance [11,55]. The most soluble 

forms are monetite (Ca/P = 1.0) and brushite (Ca/P = 1.0), typically used in fast-resorbing bone cements. 

Tricalcium phosphates (TCPs, Ca/P = 1.5) occur in two polymorphs: β-TCP, with moderate solubility, 

widely applied in bone grafts and coatings, and α-TCP, which rapidly converts to hydroxyapatite in vivo, 

making it suitable for cements and dentin repair. 
The most stable phase, hydroxyapatite (HA, Ca/P = 1.67), closely mimics enamel and bone mineral, 

providing high biocompatibility, osteoconductivity, and bioactivity, though with slow resorption. 

Substituted apatites, such as fluorapatite (FAp), display improved acid resistance and lower solubility, 

aligning with enamel composition and offering enhanced durability for restorative dentistry [13-15]. 

Calcium phosphates vary in mechanical performance depending on phase and porosity. Dense 

hydroxyapatite provides good compressive strength but is brittle, while porous structures improve 
biointegration at the expense of mechanical stability. α- and β-tricalcium phosphate offer intermediate 

strength, suitable for cements and scaffold applications where gradual load transfer is desired [11]. 

Different CaPs, including brushite, monetite, α/β-TCP, and hydroxyapatite, offer tunable solubility and 

mechanical behavior depending on their Ca/P ratio [11]. 

In summary, low Ca/P phases (monetite, brushite) are advantageous for resorbable cements, TCPs provide 
a balance between solubility and stability, while apatites serve as long-term bioactive scaffolds or coatings, 

supporting both remineralization and mechanical reinforcement in dental applications. 

 

Hydroxyapatite 

Hydroxyapatite (HA) is a dominant dentine and bone constituent, which indicates high biocompatibility of 
synthetic apatite-based materials and implants. With excellent osteoconductive and bioactive properties, 

HA is favored as the biomaterial of choice in both dentistry and orthopedics [56,57].  

 

Composition, structure, and properties of HA 
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Among calcium phosphates, hydroxyapatite (HA, Ca10(PO4)6(OH)2) is the most widely studied and utilized 
due to its close resemblance to the mineral components of bone and teeth [58]. It’s ideal chemical 

composition includes 39.6 wt% calcium and 18.5 wt% phosphorus, yielding a Ca/P weight ratio of 2.15 

and a molar ratio of 1.667 [59]. The crystal structure of HA is commonly hexagonal with P6₃/m symmetry 

(Figure 1) [60-62]. 
 

 
Figure 1. Structure of HA 

 

Natural HA, found in bone, dentin, and enamel, is typically non-stoichiometric, containing additional 

elements such as Na, Mg, Zn, K, and F, which can partially replace calcium or hydroxyl groups, 
influencing both solubility and biological behavior [63]. This non-stoichiometric nature also contributes to 

its biodegradability, allowing osteoclast-mediated remodeling in vivo, whereas synthetic HA with a strict 

Ca/P ratio of 1.67 is more chemically stable. The composition of HA closely resembles that of natural hard 

tissues. Enamel, dentin, and bone contain approximately 35–37 wt% calcium and 15–18 wt% phosphorus, 

with Ca/P ratios between 1.61 and 1.71. Trace elements such as sodium, magnesium, potassium, 

carbonate, fluoride, and chloride are present in natural tissues but absent in pure HA. This similarity 
underpins HA’s excellent biocompatibility and osteoconductivity, making it suitable for dental and 

orthopedic applications [59]. Despite its favorable bioactivity, HA shares the mechanical limitations of 

ceramics, including brittleness and relatively low tensile and bending strength, particularly in porous 

forms. Dense HA exhibits significantly higher mechanical performance, with tensile strength ranging from 

38–300 MPa, compressive strength of 120–900 MPa, and bending strength of 38–250 MPa, while porous 
HA, which is required for effective cell infiltration and tissue growth, shows much lower values (tensile ~3 

MPa, compressive 2–100 MPa, bending 2–11 MPa) [60]. This trade-off between porosity for bioactivity and 

mechanical strength represents a central challenge in the design of HA-based biomaterials, especially for 

load-bearing applications. 

 

Synthesis of HA 
The phase composition and bioactivity of hydroxyapatite (HA) strongly depend on the Ca/P molar ratio. 

Various synthesis techniques have been developed and are generally classified into high-temperature, dry, 

and wet methods (Figure 2). 
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Figure 2. HA synthesis techniques 

 

Chemical modification of HA 

Doping 
Hydroxyapatite (HA) ion doping has garnered significant interest among researchers because it allows for 

the incorporation of various ions into the crystal lattice of HA without compromising its structural 

integrity. To enhance antimicrobial efficacy and mitigate the risk of infection during the integration of 

dental implants into osseous tissue, hydroxyapatite (HA) was doped with silver (Ag+) and copper (Cu2+) ions 

[22]. Numerous studies have integrated strontium (Sr2+), cobalt (Co2+), magnesium (Mg2+), manganese 

(Mn2+), and ferric (Fe3+) ions to augment the resemblance to the natural bone composition [61-66].  
 

Substitution with fluorine 

Fluorine constitutes a critical element that plays a significant role in the process of bone mineralization, 

rendering it an exemplary candidate for the substitution of OH- ions in hydroxyapatite (HA). Consequently, 

this substitution leads to the formation of fluorapatite (FA), characterized by the chemical formula 
Ca10(PO4)6F2. The structural configuration of FA is illustrated in (Figure 3), with lattice parameters 

recorded as: a=9.368 and c=6.875 [67]; notably, the a-axis exhibits a shorter length in comparison to HA, 

attributable to the disparity in ionic radii between F– and OH– ions.  

 

 
Figure 3. Structure of fluorapatite 
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Fluorapatite demonstrates enhanced thermal stability and reduced solubility relative to hydroxyapatite, 

thereby rendering it more amenable to processing at elevated temperatures that may induce the 

decomposition of HA [67]. Furthermore, FA exhibits a greater resistance to acidic environments, and as 

such, it is employed as a protective agent against demineralization; hydroxyapatite undergoes dissolution 

when the pH declines below 5.5, whereas fluorapatite commences dissolution at pH levels beneath 4.5. In 

the context of saliva, the presence of fluorine mitigates demineralization by substituting the hydroxyl 
group in dissolved HA, subsequently depositing onto the enamel [6, 13-15, 68]. Synthetic fluorapatite is 

synthesized employing methodologies akin to those utilized in the production of hydroxyapatite. In 

addition to its superior chemical and thermal characteristics compared to hydroxyapatite, fluorapatite also 

exhibits enhanced mechanical properties. Notable features of FA ceramics include elevated hardness 

values, increased modulus of elasticity, and superior fatigue resistance, which confer a distinct advantage 
over alternative apatite materials. However, it is imperative to recognize that fluorine is a highly toxic 

element; therefore, meticulous research must be conducted to ascertain the optimal concentration of 

fluorapatite that ensures safety for utilization within the human body [66]. 

 

Application of HA and its composites 

Hydroxyapatite powder has found application as a biomaterial in various parts of the human body. Some 

of them are bone and teeth filling, toothpastes, titanium implant coatings, and reinforcement in polymer-

based materials [69-78]. The application of HA can be divided into  

Commercial products, 

Tissue engineering and  
Drug delivery systems. 

 

Commercial products based on HA 

Due to their benefits, toothpastes and mouthwashes containing hydroxyapatite (HA) have grown 

significantly in popularity recently [79]. Teeth are frequently subject to demineralization caused by 

everyday wear, pressure, and shifts in saliva pH. While fluorine is a common oral care ingredient known 
for slowing this process, concerns over its toxicity and the ongoing need for daily treatment of dental 

hypersensitivity through enamel remineralization have focused attention on adding HA to toothpastes.  

 

Application in dentistry  

HA coatings  
Dental implants, typically made from metallic titanium alloys, are used to replace missing teeth [30]. While 

these implants offer superior mechanical properties, including high resistance to wear and fracture 

compared to ceramics, they cannot directly bond with the surrounding host tissue. This necessitates 

applying a bioactive and biocompatible coating, like hydroxyapatite (HA) [80]. 

HA is preferred over other calcium phosphates (CaPs) because its structure is like natural teeth, and it 

exhibits low solubility [81].  
 

HA scaffolds and drug delivery 

As mentioned before, HA is not suitable for load-bearing applications due to poor mechanical properties. 

However, they can be valuable to produce scaffolds, to enhance cell proliferation and integration in the 

structure [82]. Scaffold is presented in (Figure 4). 
 

 
Figure 4. HA-based scaffold 
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HA-based scaffolds are extensively researched for bone tissue engineering and regeneration. Using a 
replication technique, HA scaffolds with pores up to 300mm were created; these scaffolds exhibited bone-

like compressive strength and supported the proliferation and migration of SASO2 cells [83]. The 3D 

printing technique has also proven useful for making HA scaffolds with interconnected channels, showing 

a high capacity to support the growth of MC3T3-E1 cells, positioning these materials as strong candidates 

for bone repair [84]. 

 
Composite Scaffolds 

Significant research has also focused on composite scaffolds made from HA combined with natural or 

synthetic polymers. 

Nano-HA/collagen scaffolds have been successfully used to deliver stem cells, leading to effective bone 

regeneration [85,86]. 
Nano-HA combined with gelatin and chitosan created porous composite scaffolds that promoted the 

proliferation and growth of MC3T3-E1 cells, making them suitable for tissue engineering [87]. 

A highly biocompatible composite scaffold was prepared using HA derived from biological sources, 

combined with gelatin, chitosan, fibrin, and bone ash; this material showed excellent compatibility with 

MG-63 cells and is considered safe for use as a bone substitute [88]. 

Electrospun nanofiber composites of insulin-modified HA and PLGA (poly(lactic acid-co-glycolic acid)) 
demonstrated high osteogenesis potential, suggesting a promising pathway for artificial bone creation [27]. 

 

Drug Delivery Applications 

HA-based materials are also being employed as local drug delivery systems: 

A scaffold made of HA doped with Ag+, and modified with sodium alginate and chitosan, has been reported 
as an effective vehicle for releasing the anesthetic drug lidocaine [89]. 

Chitosan/HA scaffolds are effective for loading gentamicin sulfate, a drug used to treat and prevent 

infections during the regeneration process [90]. 

More recently, a nano-HA/graphene oxide nanocomposite was identified as a promising material for 

delivering anti-cancer drug doxorubicin [91]. 

 

Α- AND β- tricalcium phosphate  
Tricalcium phosphates (TCP - Ca3(PO4)2) are biodegradable ceramic materials that exist in four crystalline 

forms (allotropes), with α- and β-TCP being the most common [9, 30]. Since TCP dissolves in water, it 

holds great potential for use in bone tissue regeneration. However, its resorption rate can vary significantly 
based on factors like its calcium-to-phosphate (Ca/P) ratio, purity, and porosity. If the rate is too fast, the 

new tissue won't have time to regenerate, making the material unsuitable as a scaffold.  

 

β-Tricalcium Phosphate (β-TCP) 

The allotrope β-TCP (β-Ca3(PO4)2) has been extensively researched and used as a bone substitute [16, 24]. 

Like HA, β-TCP is not naturally occurring and must be synthesized using high-temperature techniques 
[92]. It is more thermally stable than HA and resorbs faster due to its higher solubility. However, the β-

TCP's bioresorbability is heavily influenced by its porosity and surface roughness; high-density forms have 

sometimes been reported as having low bioactivity [92].  

 

α-Tricalcium Phosphate (α-TCP) 
The other significant polymorph is α-tricalcium phosphate (α-TCP), which is recognized as a material for 

bioceramics and bone cement [12]. Although α-TCP (α-Ca3(PO4)2) (Figure 5) shares the same chemical 

formula as β-TCP, they have distinct crystal structures. β-TCP has a more ordered structure, which 

results in it being less soluble than α-TCP [12]. 

 
Figure 5. α-TCP structure: blue spheres: Calcium (Ca), white spheres: Phosphorus (P), red spheres: 

Oxygen (O) 
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Major drawback in TCPs' use lies in their brittleness, which could be overcome by a combination with 

more ductile materials [24].  

 

Future outlook 

The field of calcium phosphate bioceramics is rapidly evolving towards multifunctional and highly 
customized materials designed for site-specific dental and orthopedic challenges. The future outlook 

centers on integrating advanced material science with biological function: 

Precision Nanotechnology and Targeted Remineralization: Future efforts will concentrate on perfecting the 

use of nano-HA and nano-Fluorapatite (FAp), leveraging their small size for highly efficient, biomimetic 

remineralization of enamel and dentin. Research is moving toward creating 'smart' dental materials, such 
as FAp-reinforced acrylate composites, that actively release therapeutic ions in response to local pH 

changes, mimicking natural defense mechanisms. 

Multifunctional Composites and Bio-Doping: A key trend is the development of second-generation 

implants and scaffolds by integrating multiple functionalities. Ion doping (e.g., Sr2+ or Ce3+ doped FAp) is 

crucial for simultaneously improving osteoconductivity and imparting essential antimicrobial properties to 

combat post-implantation infections. Moreover, the combination of HA with novel materials like graphene 
oxide shows immense promise for targeted delivery of highly potent drugs, such as doxorubicin, for 

localized anti-cancer therapy. 

Advanced Fabrication and Injectable Cements: The widespread use of additive manufacturing technologies 

like 3D printing will enable the creation of customized HA-based scaffolds with precisely controlled, 

interconnected channel microstructures, optimizing cell migration and vascularization for regeneration. 
For CPCs, research will continue to optimize rheological properties (flow, setting time) through 

sophisticated polymer additions (e.g., HPMC, PEG, chitosan) to ensure superior handling and complete 

sealing in endodontic procedures, without compromising their inherent biocompatibility and bioactivity. 

Bioactivity and Morphological Control: Future materials will focus on accelerating the natural healing 

process. For instance, the modification of α-TCP with compounds like triazole, which promotes the rapid 

formation of a plate-like HA morphology more akin to natural bone, represents a significant step forward 
in developing superior bone substitutes. 

Ultimately, the future of CaP bioceramics in dentistry lies in designing materials that are not merely 

passive replacements, but truly active therapeutic systems capable of healing, preventing disease, and 

enduring the demanding mechanical and chemical environment of the oral cavity. 

 

Conclusions 

Calcium phosphate (CaP) bioceramics, particularly hydroxyapatite (HA) and the tricalcium phosphates (α- 

and β-TCP), have cemented their indispensable role in modern restorative and regenerative dentistry. 

Their fundamental advantage lies in their compositional and structural similarity to natural hard tissues 

(enamel and bone), ensuring high biocompatibility and osteoconductivity. This review highlighted the 
diverse applications of HA, ranging from consumer products like toothpastes for dentin hypersensitivity 

and remineralization to critical roles as bioactive coatings on metallic dental implants to enhance 

osteointegration. While bulk HA is limited by low mechanical strength for load-bearing applications, its 

utility as a scaffold material for bone tissue engineering, often in polymer composites (HA/collagen, 

HA/chitosan), remains high due to its capacity to support cell proliferation and drug delivery. 
Furthermore, α-TCP and β-TCP offer tunable solubility and resorption kinetics, making them essential 

components in calcium phosphate cements (CPCs). α-TCP's spontaneous transformation into HA in 

physiological fluids is key for effective bone and root canal repair. Despite existing challenges, such as the 

inherent brittleness of ceramics and issues with coating uniformity, research has successfully 

demonstrated that chemical modification (ion doping with Ag+, Zn2+, Sr2+) and composite formation are 

effective strategies to improve mechanical strength, control bioactivity, and add crucial functionalities like 
antimicrobial action. The ongoing focus on controlling the properties of CPCs through liquid and powder 

phase modification further solidifies CaP's position at the forefront of dental biomaterials research. 
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