
Iranian Journal of Materials Science and Engineering, Vol. 19, Number 2, June 2022 

REVIEW PAPER  

 

1 

Fluorapatite: A Review of Synthesis, Properties and Medical Applications vs 

Hydroxyapatite 

Seyedali Seyedmajidi1,*, Maryam Seyedmajidi1 

* s.seyedmajidi@mubabol.ac.ir & s.majidi.dvm@gmail.com 

1 Dental Materials Research Center, Health Research Institute, Babol University of Medical Sciences, Babol, Iran 

Received: September 2021      Revised: November 2021     Accepted: October 2021 

DOI: 10.22068/ijmse.2430   

Abstract: Recently, using calcium phosphates and at the top of them, hydroxyapatite (HA) has been considered in 

medical and dental applications as an artificial biomaterial due to their chemical and structural similarity to the 

body's skeletal tissues such as bone and tooth. Because of reinforcement of hydroxyapatite's mechanical and 

biological properties by substitution of OH- groups by F- ions to produce fluorapaptite (FA) has been proven, in this 

article synthesis methods, properties and medical applications of fluorapatite and its pros and cons in comparison 

with hydroxyapatite have been reviewed. 
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1. INTRODUCTION 

Calcium phosphates due to their similarity to the 

structure of mineralized tissue, biocompatibility, 

high bioactivity and lack of toxic and allergic 

properties, have been considered as bone 

substitutes in various fields of medicine, 

especially orthopedics and reconstructive 

medicine, metal implant coatings, composite 

components, bone cements in maxillofacial and 

orthopedic surgery and supportive applications in 

toothpastes and mouthwashes [1-3]. 

Synthetic calcium phosphate was first time used 

by Albee in 1920 to regenerate bone tissue defect 

created in rabbit bones [1]. In the late 1960s, it 

was found that bioceramic based calcium 

phosphates could be used as biomaterial in 

reconstruction of bone defects [2]. Synthetic 

calcium phosphates is a relatively large group of 

amorphous and crystalline compounds which 

hydroxyapatite (HA) and fluorapatite (FA) are at 

top of them (table1) [3]. 

HA is the main mineral portion of vertebrate 

bones and teeth. Fluoride is an important 

constituent element in the human diet and is 

essential for the teeth and bone growth [5] and its 

recommended daily intake is 0.7 mg for small 

children and 3– 4 mg for adults [6]. According to 

WHO guidelines, F− is essential to promote 

healthy bone growth and prevent dental cavities 

[7]. But fluoride ions can show an extraordinary 

chemical and biological activity and easily 

penetrate many types of cells in living organisms 

causing disturbances of their metabolism. 

Excessive exposition on this element may damage 

various tissues including the liver, kidney and 

brain. Therefore, the use of fluoride must be 

controlled and adapted to individual needs [6]. 

The mineral phase of hard tissue contains low but 

significant amounts of fluorine ions, some of 

which have replaced with OH- groups in the 

apatite structure [8]. Studies have shown that 

replacement of OH- with F- could enhance 

mechanical strength, reduce dissolution rates and 

raise its stability in biological environments [9, 

10]. Fluorapatite which is characterized by many 

attractive properties including bioactivity, 

biocompatibility, antibacterial behavior, high 

stability and good hardness values widely used in 

bone repair purposes [11-14]. 

It is known that the natural bone collects fluoride 

ions from the blood to form a fluoride-containing 

HA. [15]. FHA and FA are found in bone tissue 

and tooth enamel, respectively [16]. The presence 

of fluoride in saliva and plasma has been 

demonstrated and its necessity for dental and 

skeletal development has been confirmed. 

Fluoride plays a great role in suppressing tooth 

decay.  

The osteoblastic response in term of adhesion, 

differentiation, and proliferation enhances by the 

incorporation of fluoride into HA [17, 18] and 

accelerates the process of mineralization and bone 

growth [19, 20].
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Table 1. Calcium phosphates in biomedical applications [3, 4] 

Calcium phosphates (CaPs) 

Name (Abbreviation) Formula Ca/P 

Hydroxyapatite (HA) Ca10(PO4)6(OH)2 1.67 

Fluorapatite (FA) Ca10(PO4)6F2 1.67 

Chlorapatite (ClA) Ca10(PO4)6Cl2 1.67 

Carbonated apatite (CO3A) Ca10(PO4)6CO3 1.67 

Amorphous calcium phosphates (ACP) CaxHy(PO4)2.nH2O, n= 3- 4.5  

Monocalcium phosphate monohydrate (MCPM) Ca(H2PO4)2
.H2O 0.50 

Monocalcium phosphate anhydrous (MCPA) Ca(H2PO4)2 0.50 

Dicalcium phosphate dihyrate (DCPD, brushite) CaHPO4
.2H2O 1.00 

Dicalcium phosphate anhydrous (DCPA, monetite) CaHPO4 1.00 

Octacalcium phosphate (OCP) Ca8(HPO4)2(PO4)4
.5H2O 1.33 

Tetracalcium phosphate (TTCP, hilgenstockite) Ca4(PO4)2O 2.00 

α-Tricalcium phosphate (α-TCP) α-Ca3(PO4)2 1.50 

β-Tricalcium phosphate (β-TCP) β-Ca3(PO4)2 1.50 

Whitlockite (mineral) 
Ca18(Mg,Fe)2H2(PO4)14 

Ca18(Mg,Fe)2(Ca,)(PO4)14 

1.29 

1.36 

 

2. SYNTHESIS METHODS AND PROPERTIES 

There are several ways to make HA: 

sedimentation method, hydrothermal synthesis, 

bacterial synthesis, in situ synthesis, hydrolysis, 

solid state reaction, mechanochemical activation 

and sol-gel [18, 21-30]. Among these methods, 

sol-gel has attracted a lot of attention due to its 

many benefits including high product purity, 

homogeneous composition, low synthesis 

temperature, low cost, ease of use and 

incorporation of ions [31, 32]. 

Incorporating fluorine into HA is done in different 

ways. FHA can be obtained by reacting between 

solid HA and NaF solution [10]. In an alternative 

method, the solid state reaction between HA and 

ammonium fluoride at high temperatures could 

produce FHA [33]. In the same method, HA can 

produce FHA in reaction with calcium fluoride 

[26]. FHA can also be obtained by the hydrolysis 

of tetracalcium phosphate in potassium hydrogen 

phosphate solution in the presence of potassium 

fluoride [34]. In addition mechanochemical 

synthesis method allows the obtaining of FHA or 

FA by replacing OH- groups with F- partially or 

completely [35]. All of these methods have 

advantages and disadvantages such as difference 

in initial chemicals, required devices, cost, time, 

byproducts, and composition of final product 

which could be varied in each method. In a simple 

way to prepare HA-FA granules, it is described 

that based on mixing fine HA particles with FA 

and spreading the powder/gelatin mixture in a 

diffuser medium, spherical raw granules would 

obtain which then should heated to exit gelatin 

and harden the granules [36]. 

In a study, HA and FA were prepared by 

isothermal mechanical blending method. The 

increase in sintering temperature and time was 

directly related to dramatical increase in density, 

hardness, elastic modulus. Fracture strength 

increased with increasing FA content of the 

sintered composite [37]. 

Zahrani et al. evaluated ball milling parameters 

on FA nanoparticle synthesis, illustrated that the 

size and number of balls did not have a significant 

effect on the time of synthesis and grain size of 

FA while reduction in rotation speed or balls to 

powder weight ratio increased the synthesis time 

and FA grain size [38]. 

Fluoroapatite (FA) is a bone and tooth non-

organic substitution material which is used for 

repair and replacement. Fluorhydroxyapatite 

(FHA) is a synthetic compound that contains 

equal amounts of OH- and F- ions [39]. In tooth 

enamel, replacing some of OH- with F- ions leads 

to augmentation of crystals' hardness and stability 

and preserve it against low acidic pH of mouth 

environment [2, 40-42]. 

FA outperforms HA by having properties such as 

higher chemical stability, more stable crystal 

structure [43], lower degradation rate as scaffolds 

or implant coatings within the body [44, 45]. FA 

is structurally and chemically similar to HA [46]. 

In addition, FA could release fluoride at a 

controlled rate [10] and several studies have 
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shown that fluoride stimulates bone formation 

[47, 48]. 

Physicochemical studies have shown that the 

density of FA is higher than HA, and it increases 

with increasing F- levels in hydroxyapatite [49, 

50]. Hardness, elastic modulus and fracture 

toughness also increase linearly with increasing F-

, except for the flexibility that is at its maximum 

in F/OH= 0.6 ratio [49]. 

2.1. Scaffolds 

Regeneration of bone tissue requires the 

osteogenic signal, the response of host cells to the 

signal and a three-dimensional scaffold to support 

the growth of host cells, extracellular matrix 

formation, and a bed for vascularization [51]. 

Synthetic polymeric scaffolds for bone 

substitution are easily produced by 3D printing or 

other technologies, however, they lack the 

necessary minerals and trace elements to form 

bone. Even if these essential substances can be 

incorporated into the scaffold, only a limited 

range of compounds could have sufficient 

solubility and biodegradability [52]. Several 

natural and synthetic polymers have been used for 

synthesis of polymeric composite scaffolds such 

as agar, agarose, silicate gel, poly lactic-co-

glycolic acid, poly caprolactone, polyvinyl 

alcohol (PVA), polyurethane or methyl 

methacrylate [52-58] 

Borkowski et al. who studied on synthesis of FA 

for bone tissue regeneration by modified sol-gel 

method concluded that FA sintered at 800°C 

showed slow release of fluoride at a safe level for 

osteoblast cell line which supported osteoblast 

proliferation and could be considered as a suitable 

biomaterial for bone tissue defects [59]. 

Optimal porosity has a direct effect on bone 

regeneration. If the scaffold contains pores with 

100- 400 micrometers diameter, it allows cells to 

migration and vascularization [60]. Nowadays, 

there are several ways to make high-porosity 

bioceramic scaffolds [61]. In addition to 3D 

printing, the gel casting method is a good method 

to make scaffolds with appropriate rigidity in 

various shapes and dimensions [62]. Natural 

proteins such as collagen and polysaccharides 

such as agarose are often used as a gelling agent 

in this method [61]. 

Seyedmajidi et al. have made nanocomposite 

foams using the casting method with combination 

of equal amounts of hydroxyapatite and bioactive 

glass (HA/BG) and fluorapatite and bioactive 

glass (FA/BG) with an average particle size of 78 

and 42 nm, respectively and an average porosity 

size of 100- 400 μm. The maximum compressive 

strength and elastic modulus for the two 

composites were 0.22 and 17.8 for HA/BG and 

0.13 and 22 for FA/BG, respectively. The results 

of the simulated body fluid (SBF) soaking test 

demonstrated good bioactivity, making it a good 

choice for use in bone tissue engineering at non 

load-bearing areas [63]. 

Chaari et al. while constructing porous 

fluorapatite ceramics using polyvinyl butyral as a 

porous agent investigated the effect of 

conditioning, including polyvinyl butyral 

concentration, sintering time and pressure in die-

pressing techniques on the size and structure of 

the cavity. Results showed that the FA ceramics 

can be achieved with controlled hole features 

such as size, volume and structure [64].  

Electrospun polycaprolactone (PCL) nanofiber is 

also appropriate for making three-dimensional 

scaffold for bone tissue [65], which are 

biocompatible and biodegradable and have a high 

surface/volume ratio to increase cell adhesion 

[66].  

Yoon et al. succeeded in constructing collagen/FA 

composite with reinforced structure and similar to 

biomimetic appearance and appropriate cellular 

response using different amounts of ammonium 

fluoride as a source of fluoride through the co-

precipitation method [67]. 

2.2. Cements 

Calcium phosphate cements (CPC) have been 

considered as bone graft biomaterials in medicine 

and dentistry due to their setting, biocompatibility 

and bioconductivity properties [68, 69] which can 

be replaced with new bone without reducing 

volume [68]. Based on the CPC’s compound, they 

set by mixing with distilled water, phosphate 

aqueous solution, or H3PO4 solutions [70-73]. The 

matter is that CPC with different compounds 

leads to produce end products such as dicalcium 

phosphate dihydrate [71], octa calcium phosphate 

[72] or fluoroapatite [73] in addition to HA. Since 

CPC's end products could control the absorption 

rate, it can be developed for different clinical 

applications with different degradation rates [74].  

In a study was found that addition of NaF to these 

CPCs formed fluoridated hydroxyapatite or FA 

and CaF2 [75], which significantly shows less 
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solubility in acidic environments [74]. Another 

study was conducted by Kazuz et al. revealed that 

composite cements based on α-tricalcium 

phosphate (α-TCP) and nanostructured FA is 

appropriate as root canal filling material with the 

improved mechanical properties and no adverse 

effect on biocompatibility [70]. 

2.3. Implant's coating 

Many studies have shown that long-term success 

of implants depends mainly on its 

osteointegration [76]. Many factors, such as 

surface chemistry, affect the rate of 

osteointegration [77]. Alteration and change of 

surface chemistry can be achieved by using a 

osteoconductive coatings to cause optimal 

osteointegration [45, 78]. 

Bone formation on implant surface is a 

prerequisite for osteointegration [77]. HA is the 

most widely used substance as a osteoconductive 

coating due to its high resemblance to the mineral 

phase of natural bone and tooth [79]. FA have 

been considered as osteoconductive coatings due 

to improved mechanical properties, cell adhesion, 

and compressive strength [80] and more desirable 

properties and than HA [81]. Substitution of Ca 

for Mg in FA could decrease coating corrosion 

rate, too [80]. 

Because of the altered properties of HA structure 

that can be obtained by replacing hydroxyl ions 

with fluoride to produce FHA or FA, these 

compounds are used as alternatives to HA 

coatings [82, 83].  

The sol-gel method has benefits for implant 

coatings such as phase homogeneity and structure 

due to low temperature in its process. In addition, 

it is simple, affordable and useful for creating 

complex forms [84]. Study of Tredwin et al. has 

shown that it is possible to prepare HA, FA, FHA 

by this method effectively [83]. 

Coating absorption weakens and reduces bond 

strength between implant and substrate, which 

can lead to layering and thus implant failure [85]. 

FA has beneficial properties such as a more 

crystallinity, dense network and less potential in 

ion releasing than HA throughout dissolving [86-

88]. FA coating has also more rigidity [89]. As a 

result, bonding of FA coating with bone can 

provide greater and long-term reliability and 

confidence [90]. 

In a comparative study of decomposition rate of 

coating with HA-FA-FHA compounds with 

thicknesses of 50 and 100 μm on implants were 

placed in dog jaws and retrieving them at 3, 6 and 

12 months after implantation, it was concluded 

that there was no difference between groups with 

different thicknesses. FA and HA coatings were 

completely decomposed during the implantation 

period, while the FHA did not show a significant 

decomposition [10]. 

In another study, which the absorption rate of HA 

and FA ceramic coatings on load-bearing implants 

were placed within the dogs' internal femural 

condyl, after 25 weeks of implantation were 

investigated quantitatively and morphologically, 

HA coating replaced by 36% bone in compare 

with 29% for FA and were in direct contact with 

the implant surface, which suggests that despite 

the loss of ceramic coating the implant is firmly 

fixed [44]. 

In the study of bone growth on coated implants, it 

was significantly higher on HA-coated implants 

than FA-coated implants. FA was more stable than 

HA in coatings degradation. The results showed 

that HA is more osteoconductive than FA. The 

absorption rate for both coatings was about 20% 

of the initial thickness per year [84]. 

Of the various implant materials, titanium is a 

particularly suitable metal for orthopaedic and 

endosseous dental implants on account of its good 

mechanical properties and biocompatibility. Post-

surgical and long-term mechanical stability is the 

fundamental requirement for the osteointegration 

of orthopaedic and endosseous dental implants. 

[91]. In a study HA, FHA and FA were coated on 

pure titanium disks using sol-gel rotary coating 

technique and were crystallized at different 

temperatures. Coating process velocity inversely 

affected coating thickness. Increasing in fluoride 

amount increased strength and thickness of 

coatings, and raising temperature increased 

strength [92]. 

In another study, after 25 weeks of TiAlV alloy 

implantation with HA and FA plasma spray 

coatings in goats, it seemed to FA coating remain 

intact, while the HA coating almost completely 

disappeared. In addition, FA-coated implants 

showed more mineralized bone than HA [86, 93]. 

Dhert et al. while using TiAlV alloy implants with 

FA coating on rabbits' inflamed knee joints, bone 

formation without any damage shows the 

beneficial properties of using FA coating on the 

implant to use in inflamed areas [94]. 

To enhance the biological properties of stainless 

 [
 D

O
I:

 1
0.

22
06

8/
ijm

se
.2

43
0 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.iu

st
.a

c.
ir

 o
n 

20
25

-1
2-

13
 ]

 

                             4 / 20

http://dx.doi.org/10.22068/ijmse.2430
https://www.iust.ac.ir/ijmse/article-1-2430-en.html


Iranian Journal of Materials Science and Engineering, Vol. 19, Number 2, June 2022 

5 

steel 316L, plasma sprayed bioceramic coatings 

has been extensively investigated. Ghorbel et al. 

entered a little amount of FA into the alumina to 

increase bioactivity. The raw materials were 

successfully sprayed on 316L by atmospheric 

plasma spray technique[90]. 

In a study conducted by Kim et al. to create a 

HA/FA coating layer on ZrO2, a coating with a 

thickness of about 30 micrometers was made with 

a strength bond of 22 MPa to the ZrO2 body. The 

FA layer inhibits the reaction between HA and 

ZrO2 and suppresses HA degradation [95]. 

3. BIOLOGICAL PROPERTIES 

The presence of trace elements such as CO3
-, Na+, 

K+, Mg2+, Cl-, F- in the biological structure of 

apatite rise its bioactivity more than pure HA [19, 

96]. Overall, HA's properties such as bioactivity, 

biocompatibility, biodegradability and 

osteoblastic adhesion and differentiation can be 

altered by structural changes due to ion 

replacement [97]. The physiological importance 

of fluorine ions in stimulating the mineralization 

and crystallization of calcium phosphates in bone 

formation has been proved [1, 2, 98]. The 

osteoblastic response in terms of adhesion, 

differentiation, proliferation and mineralization 

process is enhanced by importing fluorine into 

HA compared to pure HA [17]. In several studies, 

it has been proved that the amount of the released 

fluoride ions affects directly the cell attachment, 

proliferation, morphology and differentiation of 

osteoblast cells [99-101]. In addition, FA has 

better protein absorption and cell attachment than 

HA [102]. The first study which expressed that FA 

might have better biological properties than HA, 

was implemented by Kim et al. who concluded 

FA has a higher biocompatibility than HA [82]. 

Other studies have suggested that FA has similar 

biocompatibility to HA in condition of 

implantation in bone and internal bone growth 

[103-105]. These studies investigated the effect of 

different amount of F- on the behavior of 

osteoblastic cells, and showed that fluoride levels 

affect on cellular attachment, proliferation, 

morphology, and differentiation, which are 

directly related to F- release [99]. Fluorapatite 

crystal surfaces were shown to be biocompatible 

and biodegradable. Importantly, they are capable 

of inducing the mineralization of dental pulp stem 

cells [106].  

In another study, addition of FA (10 to 25 percent 

by weight) to the diopside system (CaO, MgO, 

2SiO2) dramatically increased the sintering ability 

of glass ceramic and the ability of apatite 

formation along with biodegradable behavior. In 

cell culture, cellular response was good cell 

survival and stimulation of osteoblastic 

differentiation [107]. 

3.1. Scaffolds 

Nanocomposite membranes with polymeric 

matrix containing ceramic nanoparticles have 

been used in bone tissue regeneration and 

osteoconduction. Generally, these membranes are 

divided into two categories: non-absorbable and 

bio-absorbable. The principle challenge in 

absorbable matrixes is their rapid degradation 

before complete tissue regeneration [108]. 

Human osteoblast-like cells showed significant 

more proliferation and differentiation on the 

typical biomimetic freeze-dried composite 

scaffold containing collagen fibers and FA 

nanoparticle crystals than those on the composite 

scaffold containing HA nanoparticles (according 

to alkaline phosphatase activity) [67]. 

In an in vitro comparative study of dental pulp 

stem cells (DPSCs) culturing on polycaprolactone 

(PCL) scaffolds without and with FA, the 

expression of pre-osteogenic/odontogenic 

molecules upregulated on day 7 of culture on 

scaffolds containing FA, which indicates that this 

scaffold induces DPSCs differentiation. After 14 

and 21 days of culture, increased alkaline 

phosphatase (ALP) activity in FA containing 

scaffolds was significantly higher than FA-free 

scaffold. This scaffold could be used as an 

odontogenic and osteogenic inducer to treat bony 

defects of the jaw, face, and alveoli and likely be 

helpful to survive dental pulp [66]. 

In an investigation on scaffolds were made of 

HA/BG and FA/BG nanocomposites by gel 

casting method which were implanted in rat's tibia 

defects, the scaffold containing FA reduced 

inflammation over time. Bone trabecular 

thickness and rate of new bone formation 

increased significantly over time. The FA 

containing scaffold after 60 days of implantation, 

moreover completely degradation, showed  faster 

and more mineralization in contrast to HA 

containing one, indicating coordination in the rate 

of biodegradation and tissue regeneration (figure 

1) [60]. The results of bioactivity test of 
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machinable glass ceramic containing mica and FA 

made by high temperature melting method after 3 

days of immersion in SBF showed the deposition 

of the apatite layer on the samples' surface, which 

indicates its good bioactivity [109]. 

3.2. Implant's coatings 

Calcium phosphate coating is used on medical 

implants to enhance the alloy bioactivity and 

implant-tissue osteointegration [110] . Due to the 

differences between physical and chemical 

properties of coating and substrate, many defects 

such as cracks and fissures can occur in the 

interface, resulting in early destruction and failure 

in surgery. It has been demonstrated that Ti/HA 

 

composite made by powder metallurgy method is 

biocompatible and bioactive in in vivo and in vitro 

tests [111]. Due to the similarity in physical and 

chemical properties of FA with HA, Ti/FA 

composite is expected to be bioactive and 

biocompatible with an additional potential of 

fluoride ion advantages [112]. In a study with aim 

of determination of optimal HA/FA ratio in 

substitute compound made by thermal-sprayed 

mechanical method, the activity of osteoblastic 

cells and osteoclastic response on titanium disks 

coated by various amount of HA and FA were 

evaluated and was concluded that osteoblasts 

more attached and proliferated at a higher rate in 

compound with 40% FA. 

 

 
Fig. 1. Histopathologic features of implantation of biomaterials in Rats' tibia bone defect after 15, 30 and 60 days 

(400X magnification) [60]. 
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Also, cultivated cells on this compound for 7 days 

showed a higher level of mRNA expression for 

different types of proteins which involved in bone 

metabolism (figure 2) [113]. 

In another study, the FA glass ceramic coating on 

alumina showed a higher osteoblasts proliferation 

in compare with uncoated alumina [114]. 

In a comparison study between HA and HA/FA 

coatings on ZrO2, osteoblast-like cells well spread 

and attached on the coating layer of porous 

scaffold. The alkaline phosphatase activity in 

proliferated cells on HA/FA coating was 

comparable to that of HA coating and greater than 

that of pure ZrO2 [95]. 

3.3. Stem cells 

Recently, adipose derived stem cells (ASCs) have 

received much attention for their application in 

tissue engineering [115, 116]. In study of ASCs 

cultivation on FA crystals surface, the expression 

of osteocalcin and the formation of minerals on 

the FA surface after 4 weeks was obvious than that 

of the metal surface [117]. FA-containing surfaces 

in contrast to the metal surfaces, stimulate 

osteogenic differentiation, cell mineralization and 

higher-density intracellular bone formation, 

which express important role of FA topography in 

biological processes [117-119]. When ASCs were 

cultured for 7 days on FA surfaces without any 

osteogenic induction, the expression of ALPL, 

bone morphogenic proteins including BMP3, 4, 5, 

GDFIO, EGF, PHEX, MSX1 and dentin 

sialophosphoprotein (DSPP) were stimulated. FA 

crystals surface also stimulated the expression of 

extracellular matrix associated genes such as type 

V, X, and II, and most notably collagen type IV, 

which were upregulated more than 500 times 

[117]. 

Among the various mesenchymal stem cells 

(MSCs), dental pulp stem cells (DPSCs) showed 

high self-regulating capacity, high proliferative 

rate and multi-linear differentiation potential. 

Because of these features they could collect cells 

easily and can be a good candidate for tissue 

engineering and bone and tooth regeneration 

[120, 121]. 

 
Fig. 2. Osteoblasts cultured on (a) hydroxyapatite, (b) 20% fluorapatite, (c) 40% fluorapatite, (d) 60% 

fluorapatite, (e) 80% fluorapatite, (f) 100% fluorapatite and (g) dentine after 7 days [113]. 
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It is suggested that the inherent properties of FA 

crystals can provide the requirements of pre-

osteogenic growth factors from the culture 

medium to create a osteoinductive 

microenvironment for DPSCs. However, FA can 

interact with DPSCs by producing potent 

inductive factors that cause the cells osteogenic 

differentiation [66]. 

Studies have shown that FA has the capacity of 

attachment and mineralization of DPSCs, MG-63 

osteoblast-like cells, and adiposed-drived stem 

cells without the addition of inductive 

supplements [66]. 

In a comparative study of polybutylene succinate 

with and without nano-FA, it was found that the 

FA containing compound had higher hydrophilic, 

compressive strength and elastic modulus. In 

addition, hMSCs showed good attachment and 

proliferation in contact with the composite 

surface and the cells had better growth and 

diffusion compared to the FA-free surface with a 

significantly higher alkaline phosphatase activity 

[122]. 

3.4. Cytotoxicity and genotoxicity properties 

The possibility of cell toxicity by disrupting cell 

or chromosome activities is a challenge for 

biomaterials which are made for use in the body. 

Therefore, due to the possibility of cytotoxicity 

and genotoxicity of implanted biomaterials for 

patients and clinicians, we should be concerned 

about their safety [123]. 

In the study of cytotoxicity and antiproliferative 

properties of HA, FA, FHA on morphology, 

proliferation and cycle of NIH-3T3 cells, the 

results demonstrated that these properties were 

depended on time and concentration with  

HA< FHA< FA pattern. None of the tested 

materials caused necrotic / apoptotic death [39]. 

In another study in order to investigate the 

cytoxicity of HA, FA, FHA on colony formation, 

DNA damage and mutagenicity of Chinese V79 

cells by direct cell counting methods in each 

colony, SCGE and Hprt gene-mutation and 

bacterial mutagenicity with Salmonella 

typhimurim TA 100, respectively. The results 

showed that the highest biomaterial 

concentrations (75% and 100%) caused poor 

colony growth inhibition (approximately 10%). 

On the other hand, the decrease in the number of 

cells per colony induced by mentioned above 

concentrations was 18.8 to 42.9%. The results of 

comet assay showed that biometrials caused DNA 

rupture by increasing the concentration with the 

HA< FHA< FA pattern. None of the biometrials 

induced a mutagenic effect compared  

with positive control (N-methyl-N′-nitro-N-

nitrosoguanidine), and DNA rupture was 

probably the cause of inhibition of cells division 

in the V79 cell colony [124]. 

Manafi et al. studied on synthesis and evaluation 

of toxicity of fluorapatite-bioactive glass 

nanocomposite with 10%, 20% and 30% 

bioactive glass S53P4 and showed no toxicity 

resulted by MTT assay [125]. In a study, while 

selecting leukemia cells as a cell line model, the 

effect of biomaterial extracts on survival rate, cell 

proliferation and anti-proliferative activity 

mechanism were evaluated and the results 

showed that FA and FHA extracts inhibit 

leukemia cells growth and induce cell death 

programming through mitochondrial/ caspase-9/ 

caspase-3-dependent rout [126].  

3.5. Antimicrobial properties 

The problem with implantation of biomaterials in 

the bone is after surgery infection [127], which if 

not treated properly could lead to failure and 

resurgery. Antimicrobial properties are very 

important to prevent infection of biomedical 

devices. In recent years, mineral antimicrobial 

agents have attracted much attention in research 

for their sustainability and safety [128]. Most of 

these minerals are copper, silver, and zinc ions 

[129, 130]. On the other hand, it have been proven 

that fluoride ions in apatite suppress tooth and 

bone decay [131]. 

Stanic et al. reported that the antibacterial activity 

of fluorapatite is due to the fluoride which it 

releases at a low pH environment. Fluoroapatite 

is as an excellent reservoir and storage 

biomaterial for the delivery of unreacted fluoride 

at the site of bacterial infection. Fluoride ions in 

the FA crystal lattice inhibit the growth of existing 

bacteria in an acidic environment [11]. 

In the study of Shanmugam, HA and FA 

containing copper made by co-precipitation 

method and their antibiotic properties on 

Escherichia coli, Staphylococcus aureus and 

Candida albicans were investigated 

quantitatively. 100% reduction in the number of 

colonies against Escherichia coli was seen in the 

biomaterial with composition of  

Ca10-xCux(PO4)F2 (X= 0.15- 0.5) [132]. The 
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presence of small amounts of copper is necessary 

for various activities in living organisms. FA-Cu 

has been reported as a catalyst in a number of 

organic transformations such as N-arylation of 

heterocycles with bromo and iodoarenes [133] 

and N-arylation of imidazoles [134]. The 

antimicrobial properties of HA containing 

fluoride and silver against Escherichia coli and 

HA containing fluoride against Streptococcus 

mutans have been reported [11, 135]. 

Unlike copper-containing HA, copper-containing 

FA showed increased antibacterial activity against 

Staphylococcus aureus and Escherichia coli. 

Copper-containing FA also improved antifungal 

properties against Candida albicans [132] and 

showed better antibacterial activity in compare 

with copper-free FA, too [134, 135]. 

Guida et al. also reported that antibacterial 

activity of glass inomer cement is due to the 

release of fluoride ions. Studies on the release of 

fluoride ions in phosphate buffered saline (PBS) 

shed light on its activity mechanism [136]. 

In a comparative study of number of attached live 

bacteria to FA cement compared to enamel, it was 

found that FA cement greatly reduced the 

adhesion of E.coli compared with enamel, which 

is dependent on the presence of F- ions [137]. 

4. TOOTH 

Dental caries is one of the most widespread and 

costly infectious diseases that has been failed to 

overcome [138]. To prevent this issue, materials 

which have the ability to regenerate the enamel 

should be used. In conservative dentistry, gels, 

toothpastes and mouthwashes are usually used to 

maintain the natural structure of tooth by 

preventing changes associated with certain 

diseases such as dental caries and tooth 

hypersensitivity [3]. In this way, dental varnishes 

containing different forms calcium phosphates 

such as functionalized tricalcium phosphate 

(fTCP), casein phosphopeptide-stabilized 

amorphous calcium phosphate (CPP-ACP), 

amorphous calcium phosphate (ACP), calcium 

fluoride, and calcium fluoride have been 

investigated successfully [139, 140]. 

Furthermore, using of calcium phosphates, 

especially dicalcium and tetracalcium phosphate-

based desensitizer was effective in reducing 

dentin permeability via a tubule occlusion 

mechanism [141]. 

In 2006, the first toothpaste containing HA was 

introduced in Europe to be used as an alternative 

to fluoride toothpaste, which was able to repair 

and remineralize enamel [142]. Similar studies  

found that toothpaste containing HA was used as 

the first step in the treatment of dental 

hypersensitization [143, 144]. 

In previous studies, acellular regeneration of 

enamel included soaking in supersaturated 

solution [145, 146], plasma spray [147], sol–gel 

[148], electro-deposition [149], and apatite 

application [150]. Among these methods, the use 

of apatite has attracted much attention so that the 

FA has been considered as an ideal material for 

enamel regeneration due to its excellent 

biocompatibility and bioactivity [151].  

Fluorapatite glass ceramics have been used 

widely due to their good esthetics, 

biocompatibility and mechanical features [152]. It 

has been proved that using appatite additives in 

dental glass ionomer cements can improve their 

remineralization potential [153]. Youness et al. 

succeeded in preparing alumina-based carbonated 

fluorapatite nanobiocomposites with various 

amount of FA for dental applications by 

mechanical alloying using high energy ball 

milling [154].  

Yamagishi et al. reported that a fluoridated HA 

paste could be used to repair fresh caries lesions 

[155]. It has been confirmed that fluoride not only 

can effectively enhance the acid resistance of 

apatite crystals, but the release of fluoride at a 

certain concentration from FA can prevent oral 

streptococci (Streptococcus mutans, 

Streptococcus sanguinis) metabolism [156, 157].  

When calcium phosphates used as ion-releasing 

fillers in resin-based materials, they could 

contribute to extend the service life of adhesive 

restorations, remineralize caries-affected dentin 

or prevent caries lesions under sealants and 

orthodontic brackets [158]. In Altaie et al. 

investigation fluorapatite bundles and rods were 

substitute as filler in dental composite and new 

composites showed potential as a bioactive smart 

biomaterial [159].  

Nowadays, there is a consensus on that the effect 

of fluoride is not systemic and is mainly local. 

Therefore, fluoride must be present in the right 

place (biofilm or saliva) and at the right time 

(when the biofilm is exposed to sugar or 

immediately after the biofilm is harvested) so that 

it can interfere with demineralization process and 
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improve remineralization process. Values less 

than ppm are sufficient for this effect [160]. 

As it has been described, enamel dissolves by acid 

which produces from digestion of carbohydrates 

by bacteria in dental plaque. In acidic 

environment (pH less than 5.5), the biofilm liquid 

is become under-saturated with phosphate ions 

and the enamel is dissolved to restore balance. 

With the decrease of pH, if F- is present in the 

biofilm fluid and the pH be higher than 4.5, the 

biofilm fluid is supersaturated with respect to FA 

and there is reprecipitation of minerals in the 

enamel [161]. In other word, HA is dissolved at 

the same time that FA is formed. The end result is 

reduction in the amount of enamel dissolution due 

to Ca and P ions return resulting from the 

dissolution of HA and formation of FA (figure 3) 

[160, 162]. This mineral has not been considered 

as remineralization but rather as a decrease in 

demineralization because the mineral redeposited 

is different from that lost. Furthermore, FA is 

deposited on the surface layer of enamel while 

HA is dissolved from the subsurface. 

When presence of sugar decreases, the acid in the 

biofilm is cleared by saliva and converted to salt 

and the pH increases. This occurs when the 

enamel is cleaned by brushing. At this time saliva 

is able to remineralize it [163], but in the presence 

of F this effect is enhanced [164]. At the pH 5.5 

and above, the biofilm fluid becomes super 

saturated with HA and FA which contains Ca and 

P. Therefore, lost Ca and P can be more effectively 

recovered [165] (figure 4). 

In the study of Zhang et al. white FA crystalline 

paste was made using fluoride and apatite cement 

that can be used directly into the lesion cavity. 

The TTCP (basic) and DCPA (acidic) mixture 

powder reacted with water to form a cement 

paste, which first formed HA and then HA reacted 

with ammonium fluoride to form FA. FA cement 

can adhere well to the enamel surface when 

cement is set and can be repaired due to the 

similarity of FA cement in chemical composition 

and crystal structure to the enamel's apatite. 

Applying phosphoric acid on the enamel surface 

(acid etching) before using FA cement, causes the 

enamel to dissolve, leading to the reaction of the 

FA cement with the enamel's apatite layer, 

resulting in an integrated bond. According to the 

results of XRD, EDS and IR, the most rigid end 

product in applying of FA cement paste was 

fluoroapatite, which had elementary ratios of 

Ca/P= 1.67 and Ca/F= 5 [137]. 

Wang et al. also investigated a method to repair 

the progressive decays on enamel structure using 

FA/phosphoric acid paste directly. According to 

the results, CaHPO4. 2H2O fluorinated paste, 

which had Ca/P= 1 ratio, showed a higher 

solubility of apatite, which made it inappropriate 

for enamel repair [166].  

 
Fig. 3. Enamel demineralization in the presence of F- in dental biofilm [160]. 
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Fig. 4. Enamel remineralization in the presence of F- in dental biofilm [160]. 

 

5. CONCLUSION 

In this review article synthesis methods, various 

properties and applications of fluorapatite as 

coatings, scaffolds, etc. for medical purposes 

were discussed. Production of biomaterial with 

proper composition is very important for filling 

bone and dental defects that should be have 

appropriate properties while having 

biocompatibility and bioactivity. This goal should 

be analyzed from several aspects, which is needed 

to the study of biomechanical / biocompatibility 

properties such as strength, hardness, bioactivity, 

biodegradibility, cytotoxicity, genotoxicity, etc. 
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