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Calcium phosphate (CaP)-based biomaterials have superior properties and have been widely used for bone defect
repair, due to their similarities to the inorganic components of human bones. The biological performance of CaPs,
as a determining factor for their applications, are dependent on their physicochemical properties. Hydroxyapatite
(HAP) as the most thermally stable crystalline phase of CaP is mostly used in the form of ceramics or composites
scaffolds with polymers. Nanostructured CaPs with large surface areas are suitable for drug/gene delivery
systems. CaP is not only a family of natural minerals, but also includes biominerals in humans, which are the main

inorganic component of hard tissue (bone and teeth).

calcium phosphate bone regeneration hydroxyapatite

| 1. Introduction

Bone as a mineralized tissue has an irreplaceable role in supporting and protecting the body of human beings.
Defects of bone caused by trauma, aging, inflammation, infection, and tumors seriously affect people’s health and
normal life LI, A critical bone defect, which refers to a defect greater than 2 cm in length or greater than 50 percent
of the circumference of the defect, cannot completely regenerate by self-growth and requires the use of
biomaterials to guide its repair [Z. Millions of bone grafting operations are performed every year in the world for the
treatment of critical bone defects, resulting in a huge economic burden to the families of patients and the whole of
society [Bl. Therefore, the development of high-performance biomaterials for bone repair is of great scientific

significance and clinical application value.

At present, the most commonly used methods for treating bone defects include bone transplantation, membrane-
guided regeneration, llizarov technology, and bone tissue engineering BIRIEIIIE However, these methods are
insufficient in meeting the requirements for clinical treatment of bone defects. Autologous bone grafting, the clinical
gold standard for treating bone defects, is usually limited by the quantity of available tissue and the risk of
secondary surgery and infection, blood loss and operation time [l Allografts and xenografts are important
alternative options of autografts for orthopaedic applications in terms of osteogenic, osteoinductive, and
osteoconductive properties, and there are two main categories, including cellular bone matrices (CBM) and peptide
enhanced xeno-hybrid bone grafts developed as commercial products for clinical use. Cellular bone matrices have
four necessary and beneficial elements for bone growth and healing: osteoinduction, osteoconduction, osteogenic
activity and angiogenic activity . However, CBM have several challenges with respect to intrinsic biological

characteristics, such as viable cell sources, donor age at the time of graft harvest, and cell survival after
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transplantation, which may cause differences in expected outcomes due to different batches of the same product.
Xeno-hybrid bone matrices are appealing, innovative, osteoconductive and osteoinductive bone substitutes to
autografts. The compatibility of xeno-hybrid bone matrices in favoring cellular attachment, osseointegration, bone
remodeling and satisfactory mechanical performance has been attested by numerous clinical studies . However,
further independent clinical studies are required to confirm these promising results and to promote their application.
It is worth mentioning that although there are potential risks of infection when using allografts, the allografts are
procured, processed, and distributed only by Tissue Banks, which operate under strict guidelines and sterile
conditions in Class A environments, which helps to minimize the abovementioned issues 9. The technology of
tissue engineering represents an emerging strategy for repair of bone defect [1. However, it is still a big challenge
to construct functional bone tissue in vitro, due to the proliferation and differentiation of seeding cells, bioactivity of
growth factors and physicochemical and biological properties of scaffolds 121381 Recently, in-situ tissue
engineering has been proposed for autologous tissue regeneration, which is based on tissue-specific scaffolds, by
regulating the microenvironment and in vivo recruiting stem and progenitor cells 1423 Therefore, the preparation
of functional scaffolds with ideal biocompatibility, bioactivity and biodegradability is the critical factor that limits the

rapid development of in-situ tissue engineering for bone defect repair.

Synthetic bone scaffolds have been increasingly applied in the field of bone repair. Compared with the autologous
bone grafts, although there are some poor properties of osteinductive and osteogenic activities, synthetic bone
scaffolds with abundant sources provide a wide variety of choices in structure, chemical/mechanical properties and
biological functions to meet specific requirements in bone regeneration 13, Considering the limitations above-
mentioned, artificial bone substitutes have attracted tremendous attention and have been rapidly developed.
Among the varied biomaterials used in bone repair, calcium phosphate (CaP)-based biomaterials occupy a
particular position as a result of their resemblance to the chemical components and structures of natural bone
tissue. CaP is not a specific material but represents a big family of materials that are compounds formed by the
reaction of calcium ions and phosphate ions. The apatite reported by Werner in 1788 was the earliest discovered
member of CaP €. By 1926, Jong revealed the relationship between apatite and the inorganic minerals of bone
(171, Therefore, CaP-based biomaterials (CaPs) were proposed for use as therapeutic agents for bone regeneration
(18] |n 1971, Monroe was the first to report the use of CaP ceramics, which are white translucent polycrystalline
ceramics that contain hydroxyapatite (HAP) 22l Since that time, CaP ceramics have been developed greatly for the
application of bone repair 29121, A CaP bone cement (CPC) was created by the hydrolysis of TCP and was used
for the first time in the early 1920s as a treatment for bone repair 8. Since then, CPC has been prepared with
many different chemical formulas and application as described by Cama [22. Mineralized collagen with orderly,
organized collagen and HAP is the basic unit of natural bone tissues and is involved in building complex
biomineralized systems with hierarchical structures (23 Hence, researchers in the field of biomaterials are
interested in biomimicking mineralized collagen for developing bone substitute materials by utilizing the
biomimetics strategy 24123 |n 2003, biomimetic mineralized collagen nanofibrils were designed and prepared by
Cui et al., which are similar in both composition and structure to natural bone 281, As of now, various methods have
been developed for preparing mineralized collagen, and these products have excellent bioabsorbability and

osteoconductive properties, leading to their potential in promoting bone regeneration 27,
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| 2. Chemical Properties of Calcium Phosphate
2.1. Species of Calcium Phosphate

CaP is not only a family of natural minerals, but also includes biominerals in humans, which are the main inorganic
component of hard tissue (bone and teeth) 28], In the past decades, a wide variety of CaP-based biomaterials have
been used in bone regeneration studies and clinical applications. As is well known, CaP biomaterials promote cell
adhesion and growth, which then induces the formation of new bone minerals via their interaction with extracellular
matrix proteins 29, In the application of bone regeneration, the bioactivity of CaPs is critical and usually varied
depending on their species Y. The bioactive features of CaPs is related with to the degradation properties of CaP
(31, pue to different Ca/P ratios, the different species of CaP biomaterials result in variations in in vitro and in vivo
calcium and phosphate ion release. Consequently, the pH of the local microenvironment of bone is affected by the
released calcium and phosphate ions, which then influence the viability of osteoblasts and osteoclasts 32331,
Moreover, the increased concentration of calcium and phosphate ions can promote the formation of bone minerals,
as well as affect the expression of osteogenic differentiation-related genes (e.g., Col-I, ALP, OPN, OCN, RunX2
and BMPs) of bone cells [28]34],

Calcium exists wildly in natural bone minerals and is a key ion in forming the bone matrix 2. CaZ* is also capable
of forming and maturing bone tissue by calcification. Ca?* influence the bone cell maturation and bone tissue
regeneration by regulating related cellular signaling pathways [B€I27. For instance, Ca2* activating ERK1/2 causes
pathway activation of osteoblastic-related bone formation 8. In addition, an increased life span of osteoblasts has
been observed with the activation of the PI3K/Akt signal axis by Ca2* B9 Meanwhile, phosphate ions degraded
from CaP are present in large quantities in the human body, and can be utilized in various physiological systems,
including construction of proteins, nucleic acids, and adenosine triphosphate “9. Approximately 80% of phosphate
ions in the body occur with calcium ions in the form of CaP in bone, which affects the development of bone tissue
(41 1t is well known that the differentiation and growth of osteoblasts are regulated by phosphate ions by IGF-1,
ERK1/2, BMP, and other pathways [421[43],

The osteoconductivity and osteoinductivity of CaP materials are closely related to their physical and chemical
characteristics, such as, solubility, stability, and mechanical strength (28, are determined by the species of the CaP
materials, Therefore, the selection of one kind of CaP biomaterial from their family according its characteristics is
important in preparing biomaterials for the use of bone regeneration. A large number of CaP biomaterials have
been used in bone regeneration and other biological research, including tricalcium phosphate (TCP),
hydroxyapatite (HAP), amorphous calcium phosphate (ACP), octacalcium phosphate (OCP), dicalcium phosphate
anhydrous (DCPA), dibasic calcium phosphate dihydrate (DCPD), and tetracalcium phosphate (TTCP) 4l Basic
information concerning these CaP biomaterials are displayed in the Table 1 “3. The crystal phases of calcium
phosphate were discovered before the 20th century (amorphous phases were discovered in the 1950s) and
accurately characterized during the 20th century (OCP was defined in 1957 [48)). After that, no new crystal phases
(non-doped, non-substituted, only Ca, P, O, H) have been reported. Dicalcium phosphate monohydrate

(CaHPO,4-H,0, DCPM) was obtained by controlling the transformation of a special amorphous calcium phosphate
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(CaHPO,-xH,0O, ACHP) in a water-deficient environment (water/methanol mixed solvent, or in humid air) by Lu et
al. in 2020 7. The discovery of DCPM brought a new member to the calcium phosphate family. However,

applications of DCPM in bone repair, and even in biomedicine, has not yet been carried out.

Table 1. The basic information of usual calcium phosphate materials.

Name Formula CalP Solubility at 25 °C (g/L)
HAP Cayo(PO4)s(OH), 1.67 ~0.0003

o-TCP 0-Caz(POy), 15 ~0.0025

B-TCP B-Caz(PO,), 1.5 ~0.0005

ACP CayH,(PO,),NH,0, n = 3-4.5, 15-20% H,0 1.2-2.0 /

OCP Cag(HPO,)5(POy4)4-5H,0 1.33 ~0.0081

DCPA CaHPO, 1.0 ~0.048

DCPD CaHPO,-2H,0 1.0 ~0.088

TTCP Cay(POy),0 2.0 ~0.0007

HAP: Wdroxyapatite, o-TCP: a-tricalcium phosphate, B-TCP: B-tricalcium phosphate, ACP: amorphous phosphate
2.2, y%rmgy%ﬁ)atlt? . . . .
calcium?The sofubllity date at 25 °C of ACP cannot be measured precisely. However, the comparative solubility in

ﬁ‘ik?"%sb%hﬁee 3 %%Er?dgh %R/gtil%hrgs% %? El'cb)‘r%inerals in human bones, and accounts for ~70% of the dry weight

of bone tissue 8. Among all CaP materials, HAP is only inferior to fluorapatite (FAP) in terms of stability and
insolubility. The chemical formula of HAP is Cag(PO4)3(OH). However, HAP is usually referred to as
Ca;o(PO,)s(OH), to indicate the hexagonal unit cell of HAP 9. There are two approaches for the formation of
HAP, including the natural formation process and artificial synthesis. The hexagonal crystal structure of naturally
formed HAP usually has defects, which can be filled by vacancies or other ions 2. However, structural defects in
synthesized HAP may depend on synthesis procedures or conditions. Monoclinic and hexagonal crystals are the
two crystal phases of synthesized HAP; the monoclinic crystal phase can change to the hexagonal crystal phase
when the temperature is higher than 250 °C. The hexagonal crystal structure of HAP is the predominant phase
found in the biological environment as a result of its high stability 4. HAP is considered the most stable phase of
CaP and the final mineral phase in bone, whereas the other CaP phases (e.g., ACP and OCP) in bone are
precursors, or sub-precursors, that transform into HAP under in vivo or aqueous environments with high pH 281431,
The phase transformation of several CaPs usually occurs under different conditions 2. The equilibrium of phase
transformation between various CaP phases is related to temperature and the ratio of CaO and P,Os. The
physicochemical and biological properties of HAP significantly change with the Ca/P ratios and the replacement of
ions or vacancies in HAP crystal structure. For example, the mechanical properties of HAP are enhanced with
increasing Ca/P ratio, and reach a maximum when the stoichiometric ratio is 1.67. Interestingly, once the Ca/P ratio
exceeds 1.67, the strength of HAP decrease (521, The defects of HAP crystal structure can be replaced with F~, CI~,
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CO427, Mg?*, Sr?*, and other ions. As a result of Mg?* replacement, the size and density of HAP nanostructure
particles, which contribute to the specific mechanical properties of bones, may be altered B3I, Furthermore, the
crystallization of HAP is inhibited by Mg2*, and results in the formation of fewer large crystals and a greater number
of apatite nuclei. The significance of this is that nanocrystalline bone apatites are necessary for the proper bone
formation—resorption turnover that occurs via bone cells B4, The replacement of F~ ions can increase stability,
while Mg?* enhances biological activity, compared with pure HAP 4. Several studies have shown that Mg2* has
the ability to influence bone metabolism, regulate the activity of osteoblasts and osteoclasts, and to stimulate new
bone growth [55](56] Therefore, artificial Mg substituted HAP in different forms has been carried out, and has
displayed advanced bioactivity BAE8l Furthermore, Mg-based CaP materials can result in neuralization and the

synthesis and release of CGRP to promote osteogenesis [22661],

HAP has been used clinically in bone regeneration since the 1980s, as implants and coatings of other implants 4
(621 HAP has good biocompatibility, bioactivity, and osteoconductive properties. In the presence of Ca?* and PO,3~
ions, the surface of HAP can act as a nucleation site for the initiation of biomineralization 631, Therefore, HAP is
used widely for dental surgery, long bone defects, bone nonunion, vertebral fusion operation and maxillofacial
repair 64, The biocompatibility, osseointegration, and bioactivity of metal implants are improved by coating their
surfaces with HAP, which enhances the bone contact area and cell adhesion properties of the implants 62!,
Moreover, HAP can promote the biomineralization of macromolecule-based scaffolds. HAP nanoparticles penetrate
into the demineralized collagen scaffold and serve as mineralization seeds that promote the occurrence of

remineralization of the collagen matrix 58],

HAP has high chemical stability, but has weakness in mechanical properties. Stress along the Z-axis direction of
HAP crystals creates brittleness 87, |t is worth mentioning that wear resistance, the friction coefficient and
hardness of dense HAP are similar to natural those of mineralized tissues 8. The fatigue resistance of dense HAP
is superior to porous HAP 22, As a result, HAP is not used as a load-bearing implant due to its poor mechanical
properties, but is usually implanted with granules and porous scaffolding 8. It is still a huge challenge to improve
the mechanical properties of HAP. Metal oxides including zirconia, alumina and titania are common reinforcing
agents 19 However, the biocompatibility and biodegradation properties of HAP-based biomaterials are
compromised by the addition of these reinforcing agents, which are bioinert or none-biodegradable [,
Constructing composites with a polymer is an effective way to improve the mechanical properties of HAP. Natural
polymers such as chitosan, hyaluronic acid, silk fibroin and gelatin are common components for fabricating hybrid
scaffolds 2. For instance, the hydroxy propyl methyl cellulose of chitosan has been crosslinked to fabricate
chitosan/HAP sponge-like scaffolds which have excellent compressive strength, elasticity and degradability 2!,
Considering the importance of mechanical properties for bone repair, particularly in load-bearing bones, further

research is necessary to improve the mechanical properties of HAP [Z4I[73],

The biological performance of artificial bone implants is extremely important. HAP is considered to have good
biocompatibility and bioactivity in osteoconductivity, but has poor osteoinductivity 631, Therefore, it is usual to
combine HAP with other materials to improve its osteoinductivity. Beta-tricalcium phosphate (B-TCP), another

common kind of calcium phosphate used in bone regeneration, has better osteoinductivity than HAP. This biphasic
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calcium phosphate (BCP) material has been synthesized by combining HAP and B-TCP to take advantage of the
properties of both and obtain better bioactivity for bone regeneration 8. The BCP material possesses superior
bioactivity, biodegradability, osteoinductivity, and mechanical properties than HAP or 3-TCP alone, and has greater
ability to stimulate osteogenic differentiation of BMSCs 4. Hence, bone grafts and dental materials are commonly
prepared with BCP material [Z8l. Zhu et al. constructed BCP bioceramics with micro-whiskers and a nanoparticle
hybrid structure which may be applied in research on load-bearing bone tissue regeneration to provide mechanical

support 2,

HAP is an advanced material for preparing bone grafts owing to its similarity to natural minerals and excellent
biocompatibility and osteoconductivity. However, the preparation performance regulation of hydroxyapatite
materials for bone regeneration remains a long-term and challenging endeavor. First of all, basic research on
hydroxyapatite in bone tissue remains largely unexplored. For example, there is a lack of understanding regarding
the factors involved in the formation of hydroxyapatite, including precursors and crystal growth regulatory factors, in
the process of bone tissue biomineralization. In addition, the interaction between hydroxyapatite and collagen
molecules, particularly how the regular hydroxyapatite-collagen complex is formed, needs to be further studied. On
the other hand, there are still many technical and scientific problems associated with the synthesis of
hydroxyapatite and the preparation of scaffolds. For instance, the mechanism of hydroxyapatite crystal growth
needs to be further explored to control the scale, and a controllable fabrication strategy for ordered biomimetic
structures must be developed to fabricate scaffolds with good mechanical properties and controllable porous

structures.

2.3. Tricalcium Phosphate

TCP, as one of the most studied calcium phosphate materials, contains two crystalline phases (a-TCP and 3-TCP).
There are several phases of CaP materials that have similar compositions to TCP, and the term TCP here is used
for the phase with a chemical composition of Caz(PO,4), and a Ca/P ratio of 1.5. Pure crystalline a-TCP cannot be
precipitated in aqueous solutions since it is very poorly soluble, unlike B-TCP (BBl There are three approaches
for synthesizing B-TCP, including solid-state reaction, thermal conversion, and precipitation. Usually, crystalline 3-
TCP is prepared at a high temperature of ~800 °C such as by thermal decomposition of calcium deficient
hydroxyapatite (CDHA), and the other is the solid-state interaction between acidic CaP (i.e., DCPA) and alkaline
(i.e., CaO) 23l As well, it has been shown that B-TCP precipitates in organic solutions, such as ethylene glycol,
methanol, tetrahydrofurane, and ethyl propionate (28384 Tang et al. synthesized B-TCP at a relatively low
temperature at about 150 °C in organic solvents (e.g., ethylene glycol) B3, Moreover, B-TCP transforms into the a-
TCP at higher temperatures (above 1125 °C), so a-TCP may be considered as the high-temperature phase of 3-
TCP 88,

TCP has excellent stability and can be stored in a dry environment at room temperature for a long period of time. 3-
TCP is more stable than a-TCP according to a density functional study BZ. a-TCP has superior reactivity and
specific energy in an aqueous solution than B-TCP, and is capable of being hydrolyzed to CDHA 3. In clinical

applications, B-TCP has higher osteoconductivity and osteoinductivity than HAP and is primarily used in bone
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cements and bioceramics [B8l8d while a-TCP is normally used in cements, since it is subject to a phase conversion
to HAP upon water contact B9R1l, |t should be noted that the rate of resorption of pure a-TCP is higher than new
bone formation, which leads an imbalance between the process of bone formation and implant degradation (8],
Therefore, a-TCP is usually used as a component in CaP cements with other CaP materials 42, In contrast, B-TCP
has a relatively lower resorption rate than a-TCP, and has good prospects for application in bone regeneration [€8l,
The nano-porous structure of B-TCP allows for excellent biomineralization and cell adhesion; these properties can
stimulate osteoblast and BMSCs proliferation 22, In addition, compared to HAP, B-TCP has better biodegradability

and resorption rate, which can increase the biocompatibility of the implants for bone regeneration [28],

2.4. Amorphous Calcium Phosphates

Amorphous calcium phosphates (ACPs) are a special phase of CaP with various chemical compositions. ACPs
have long-range order but short-range disorder regarding their crystal properties (2. Initially, ACPs were
discovered during the preparation of HAP in vitro; therefore, ACPs were considered as precursors of HAP 93], A
study in 1972 found that ACPs were the first phase to form and were transformed into octacalcium phosphate
(OCP) during the synthesis of HAP in vitro; the final phase conversion occurred from OCP to HAP 24, Glimcher et
al. believed that ACPs may be the precursor stage of bone formation due to the presence of uniform intra-collagen
mineralized particles found in collagen mineralization in vitro through ACPs 23], ACPs are classified into two groups
based on their preparation temperature, namely low-temperature ACPs and high-temperature ACPs 28], |ow-
temperature ACPs usually occur as precursors during the precipitation process of other CaP compounds. Since the
surface energy of ACPs is lower than that of OCPs and HAPs, ACPs are thought to form at the onset of

precipitation [28],

The chemical composition of ACPs depends on pH value and the concentration of calcium and phosphate ions in
aqueous solution. The recrystallization of ACPs occurs with increased concentration of Ca?* and PO,3". In
addition, ACPs may recrystallize slowly or transform into CaP materials with a higher crystalline degree, such as
CDHA, in a reaction system with a continuous and mild stirring rate, especially when at higher reaction
temperatures 2. |n studies concerning the influence of pH, researchers have discovered that the Ca/P ratio of
ACPs increases from 1.18 to 1.53 as the pH value of the system changes from 6.6 to 11.7 2428l Up to now, the
atomic distribution in ACPs is still not entirely clear, which is an important research topic in studies of biominerals
(98] Freshly precipitated ACPs usually display spherical-like structures with diameters between 20 and 200 nm as
seen by electron microscopy 2. Some researchers believe that the basic structural unit of ACPs is thought to be a

spherical cluster structure with a diameter of 0.95 nm. The ACP chemical formula is Cag(PO,)e 281221,

ACPs constitute the initial phase of HAP and are essential components in the process of bone regeneration and
bone mineralization due to their particular physical properties and structure 223, ACPs possess superior biological
properties, such as osteoconductivity and biodegradability, leading to a variety of applications including CaP bone
cements, biological tissue engineering scaffolds, bone repair biomaterials, and dental implants [201192] | addition,

the nano-sized clusters in the ACPs have characteristics of large specific surface areas and pH-responsive
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degradation, which makes them ideal drug delivery carriers for studies relating to drug loading and controlled
release [103],

The preparation of ACPs is regulated by small molecules such as ATP, which can effectively inhibit the phase
transformation of ACP (124 As a result of an ATP-assisted preparation strategy, the product is an ACP composite
nanoparticle containing ATP and ADP molecules. Furthermore, the compound has good biocompatibility and
osteogenic activity, and can up-regulate the expression of osteogenic genes in BMSCs. An injectable hydrogel
prepared by combining ACP compounds with fibrinogen displayed excellent promoting effects in in vivo bone

regeneration (2031,

An ALP-catalyzed hydrolysis reaction was used to generate EACP nanominerals in an alkalescent aqueous
solution similar to mitochondrial surroundings 194, The mechanism of EACP promoting bone healing was
demonstrated in that the ADP/AMP biomolecules and Ca?* ions released from EACP can increase the activation
level of AMPK and promote autophagy and osteogenic differentiation in hBMSCs. Additionally, a number of
theories suggest that ACP plays an important role in the biomineralization process as a precursor of apatite
formation [L98II107][108] There s also evidence that the biomineralization route involves the formation of the mineral
phase within matrix vesicles that are associated with small crystals of calcium phosphate mineral 222 which are
usually an amorphous phase involved in the formation of these vesicles [112 Meanwhile, disordered collagen fibrils
may contribute to the stabilization of ACP, resulting in both amorphous and crystalline bone mineral 1 At
present, the collagen fibrils as the temptation for bone mineral growth are attracting a great deal of interest in
biomineralization research 112, However, the specific mechanisms by which ACP promotes bone regeneration are

highly controversial and require further investigation.

2.5. Application of Other CaP Phases

Tetracalcium phosphate (TTCP) is the most basic CaP phase, which is in a metastable state and gradually
hydrolyzed to HAP and Ca(OH), in a humid environment or aqueous solution B8, TTCP often occurs as a by-
product of HAP plasma coating, which is a mixture of a-TCP, TTCP and CaO from the high temperature phase 1121,
The chemical synthesis process of TTCP can only be carried out in dry air or vacuum environment. It is
synthesized by a solid-phase reaction at over 1300 °C. In the presence of water vapor, TTCP is decomposed into
HAP [B81 There are three types of TTCP bone cement: single component, multi component, and polymer. In
biological applications, TTCP is usually used as a component for preparing self-curing bone cements, biological
composites or root canal sealants 14IL1SIL16] By combining TTCP with DCPA or DCPD (Ca/P = 2.0), bone
cements with the stoichiometry composition of HAP can be produced 113, A set cement with the best mechanical
properties was obtained using an equimolar mixture TTCP and DCPA with a particle size (diameter) ratio of
approximately 10: 1 [2131 However, another study found that cement with a diameter ratio (TTCP:DCPA) of 20:1
had the highest compressive strength 17,

TTCP bone cements show advanced biological performance. Qin et al. fabricated three-dimensional porous TTCP

scaffolds via selective laser sintering technology (SLS) 18], After immersion in SBF for one day, nanoapatite was
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produced on the surface of TTCP scaffolds. The scaffold surface was completely covered with apatite after three
days, indicating good biological activity. Furthermore, the biocompatibility of TTCP scaffolds was evaluated by cell
culture, which confirmed their high biocompatibility. An evaluation of the histological effects of the TTCP cement
applied to the pulp of rat upper incisors demonstrated great advantages over calcium hydroxide (Ca(OH),) cement
(1191 Tsaj et al. investigated a single component TTCP cement (containing (NH,),HPO, as the liquid) in rabbit
femurs for 24 weeks in vivo 129, Following implantation, histological examination of the recovered implants
demonstrated good cement-bone host bonding, with cement resorption, new blood vessels, osteoocytes, and
osteoblast-like cells identified. At the end of 24 weeks, only a small amount of residual bone cement was found,

and the cortical bone was almost completely remodeled.

Octacalcium phosphate (OCP), as a precursor to HAP crystal formation, along with ACP and DCPD, play an
important role in bone formation and biomineralization 121122 A very similar structure exists between OCP and
HAP but OCP is more unstable than HAP and is hydrolyzed to HAP 21, The mechanism of hydrolysis of OCP is
still not completely clear. Two hypotheses, dissolution-reprecipitation mechanism 123 and ion diffusion-
crystallization conversion 124 are proposed to explain the hydrolysis of OCP. Eliminating the HPO,2~ from the
OCP water layer has been confirmed as a necessary step for phase transformation, and is believed to be the rate-
determining factor of the conversion 122, The transformation of OCP was observed under in vitro and in vivo
conditions. Upon being placed in water with a starting pH of 7.2, the mixture of OCP and HAP was examined after
1 h, and at 12 h the structural transition was completed 128, The OCP was completely hydrolyzed to CDHA within
6 h in deionized water 127, pH also affects the transformation rate. For example, Suzuki et al. found that OCP
hydrolysis was postponed at pH 11 compared with pH 7.4 (128, |nterestingly, the hydrolysis of OCP into HAP is very
slow in in vivo conditions. Implanted OCP in a rat calvarial defect hydrolyzed very slowly after 21 days 222, |n SBF
at a temperature of 36.5 °C and a pH of 7.25, the hydrolysis of OCP to HAP took place to a small extent over the
course of 28 days 139, |In addition, OCP may be non-stoichiometric, and its structure may be calcium-deficient
(Ca/P = 1.26) or calcium-excessive (Ca/P = 1.48) [131],

OCP has good osteoinductivity and is widely used in bone repair research, including the coating of metal grafts, the
use of CaP bone cement, and the construction of composite bone repair scaffolds 132113311341 OCP/Col composite
scaffolds constructed from OCP particles and collagen have a higher osteoconductivity than OCP alone, and the
osteoconductivity is positively correlated with the dose of OCP [133l136] By providing a nuclear structure, OCP acts
as an initial deposition site for bone, and its conversion to HAP plays a significant role in bone formation, which
may explain its beneficial effects on bone growth [12211371138] By implanting the precursors of HAP, such as OCP,
ACP, and DCPA, along with HAP particles in the subperiosteal region of the mouse calvaria, bone tissue appeared
with OCP in approximately one week. At about 3 weeks, bone tissue appeared in ACP and DCPA, and was later
found in HAP particles (5 weeks), which further indicates that OCP has good ability to promote bone formation 137,
Moreover, osteoblasts that can initiate bone formation were found on the surface of OCP particles in the OCP
group. Ultrastructural SEM examination confirmed that osteoblasts were directly attached to OCP to form bone
matrix, and that filaments were formed around OCP. There were many similarities in the composition of the
granulated and granular complexes around with OCP to the bone nodules formed during intramembranous

osteogenesis 1321,
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The application of OCP in bone graft biomaterials and bone regeneration has a promising future due to its good
osteoconductivity and osteoinductivity. It is of paramount importance to explore and understand the biological
mechanism of good osteoinductivity of OCP, as well as the influence of Ca/P stoichiometry and microstructure on
its intrinsic biological activity [1401141]

Dicalcium phosphate anhydrous (DCPA) and dibasic calcium phosphate dihydrate (DCPD) are acidic CaP
materials. DCPA is an anhydrous crystalline form of DCPD. Since there are no hydrated molecules, the solubility of
DCPA is lower than DCPD. Both can be precipitated from an aqueous solution at 100 °C. The difference between
DCPA and DCPD is that DCPA does not form in vivo, as confirmed by no DCPA being formed in normal or
pathological calcification nodus 43, DCPA is often mixed with other calcium phosphate materials to prepare bone

cement, and it is also used to provide calcium and phosphorus in foods and toothpastes [E81142]143]

DCPD is the dihydrate crystalline state of DCPA [88. By adjusting pH in the range of 3—4 at room temperature,
DCPD can be produced by the neutralizing reaction of Ca (OH), and H3PO,. Metathesis reactions using calcium-
containing phosphates in a slightly acidic environment can also synthesize DCPD 242l Due to its biocompatibility,
biodegradability, and osteoconductivity, DCPD is often used as a component of bone cements and toothpaste to
promote bone and tooth mineralization [B8l[144] |t js worth noting that DCPD was found to be converted to calcium
deficient hydroxyapatite (CDHA) in vivo 223 This conversion process released many acidic substances when

excessive DCPD was implanted in vivo, causing a severe inflammatory response 1461,

Dicalcium phosphate monohydrate (DCPM) as a crystal phase has a Ca/P ratio of 1:1, and is a new metastable
CaP with structural water without DCPD and DCPA 2. DCPM is formed using ethanol and water mixtures that
maintain a low level of hydration and inhibit the formation of DCPD. X-ray powder diffraction (XRPD), was used to
determine the crystal structure of DCPM, conformed with a = 8.0063(4) A, b = 6.7954(5) A, ¢ = 7.7904(5) A, a =y =
90°, B = 91.548(4) A. In addition, after immersion in water for only one hour, this new crystalline form of calcium
phosphate monohydrate transforms into hydroxyapatite, which is the stable form of calcium phosphate found in
human bones. This represents a two-fold increase in speed as compared to the dicalcium phosphate dihydrate
(DCPD) phase, which is usually used in bone cements today. Furthermore, DCPM can be stabilized by organic
molecules such as citrate salts, which are abundant in the human body, and can adsorb a large quantity of small
molecules. Consequently, DCPM is an interesting option to encapsulate and release drugs to enhance bone
healing and remineralization. However, there is still much work to be done on the features and applications of
DCPM in bone repair and biomedicine.

And some commercial products of CaPs were displayed in the Table 2.

Table 2. The commercial products of CaPs.

CaP Materials Product Name Producer
HAP Actifuse ApaTech, UK
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CaP Materials

B-TCP

HAP + B-TCP

HAP + a-TCP
CDHA
ACP + DCPD
DCPD + B-TCP
TTCP + DCPA + saline
o-TCP + TTCP + CaHPQO4 + HAP

HAP + collagen

Product Name

ApaPore
Bonetite
Bone Source
Bioroc
Cerapatite
Ostim
Synatite
adbone® TCP
Biosorb
Cerasorb
Conduit
Osferion
SynthoGraft
Vitoss
BCP
Graftys BCP
MBCP
OsSatura BCP
Skelite
Osteogen
Biobon (a-BSM)
ChronOS
BoneSource HAC
BIOPEX

Healos Fx

Producer
ApaTech, UK

Pentax, Japan
Stryker orthopaedics, NJ, USA
Depuy-Bioland, France
Ceraver, France
Heraeus Kulzer, Germany
SBM, France
Medbone, Portugal
SBM S.A., France
Curasan, Germany
DePuy Spine, USA
Olympus Terumo Biomaterials, Japan
Synthograft, MA, USA
Orthovita, PA, USA
Medtronic, MN, USA
Graftys, France
Biomatlante, France
Integra Orthobiologics, CA, USA
Millennium Biologix, ON, Canada
Impladent, NY, USA
Etex, MA, USA
DePuy Synthes, PA, USA
Stryker Instruments, MI, USA
Taisho Pharmaceutical, Japan

DePuy Spine, USA

https://encyclopedia.pub/entry/31249

11/23



Chemical Properties of Calcium Phosphate | Encyclopedia.pub

10.

11.

12.

13.

CaP Materials Product Name Producer
HAP + PLLA SuperFIXSORB30 Takiron, Japan
HAP + Polyethylene HAPEX Gyrus, TN, USA
21.J

B-TCP + PMMA Cal-CEMEX Tecres Spa, Italy

SR AT AT ey Ty e e

. Nauth, A.; Schemitsch, E.; Norris, B.; Nollin, Z.; Watson, J.T. Critical-Size Bone Defects: Is There

a Consensus for Diagnosis and Treatment? J. Orthop. Trauma 2018, 32 (Suppl. 1), S7-S11.

. Baldwin, P.; Li, D.J.; Auston, D.A.; Mir, H.S.; Yoon, R.S.; Koval, K.J. Autograft, Allograft, and Bone

Graft Substitutes: Clinical Evidence and Indications for Use in the Setting of Orthopaedic Trauma
Surgery. J. Orthop. Trauma 2019, 33, 203-213.

. Wang, W.; Yeung, K.W.K. Bone grafts and biomaterials substitutes for bone defect repair: A

review. Bioact. Mater. 2017, 2, 224-247.

. Aktuglu, K.; Erol, K.; Vahabi, A. llizarov bone transport and treatment of critical-sized tibial bone

defects: A narrative review. J. Orthop. Traumatol. 2019, 20, 22.

. Roddy, E.; DeBaun, M.R.; Daoud-Gray, A.; Yang, Y.P.; Gardner, M.J. Treatment of critical-sized

bone defects: Clinical and tissue engineering perspectives. Eur. J. Orthop. Surg. Traumatol. 2018,
28, 351-362.

. Li, R.; Nauth, A.; Li, C.; Qamirani, E.; Atesok, K.; Schemitsch, E.H. Expression of VEGF gene

isoforms in a rat segmental bone defect model treated with EPCs. J. Orthop. Trauma 2012, 26,
689-692.

. Manzini, B.M.; Machado, L.M.R.; Noritomi, P.Y.; da Silva, J.V.L. Advances in Bone tissue

engineering: A fundamental review. J. Biosci. 2021, 46, 1-18.

. Govoni, M.; Vivarelli, L.; Mazzotta, A.; Stagni, C.; Maso, A.; Dallari, D. Commercial Bone Grafts

Claimed as an Alternative to Autografts: Current Trends for Clinical Applications in Orthopaedics.
Materials 2021, 14, 3290.

Vangsness, C.T.; Wagner, P.P.; Moore, T.M.; Roberts, M.R. Overview of safety issues concerning
the preparation and processing of soft-tissue allografts. Arthroscopy 2006, 22, 1351-1358.

Peri¢ Kacarevi¢, Z.; Rider, P.; Alkildani, S.; Retnasingh, S.; Pejaki¢, M.; Schnettler, R.; Gosau, M.;
Smeets, R.; Jung, O.; Barbeck, M. An introduction to bone tissue engineering. Int. J. Artif. Organs
2020, 43, 69-86.

Khademhosseini, A.; Langer, R. A decade of progress in tissue engineering. Nat. Protoc. 2016,
11, 1775-1781.

Whitely, M.; Cereceres, S.; Dhavalikar, P.; Salhadar, K.; Wilems, T.; Smith, B.; Mikos, A.; Cosgriff-
Hernandez, E. Improved in situ seeding of 3D printed scaffolds using cell-releasing hydrogels.

https://encyclopedia.pub/entry/31249 12/23



Chemical Properties of Calcium Phosphate | Encyclopedia.pub

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

Biomaterials 2018, 185, 194—-204.

Cipitria, A.; Boettcher, K.; Schoenhals, S.; Garske, D.S.; Schmidt-Bleek, K.; Ellinghaus, A.;
Dienelt, A.; Peters, A.; Mehta, M.; Madl, C.M.; et al. In-situ tissue regeneration through SDF-
lalpha driven cell recruitment and stiffness-mediated bone regeneration in a critical-sized
segmental femoral defect. Acta Biomater. 2017, 60, 50-63.

Li, Q.; Ma, L.; Gao, C. Biomaterials for in situ tissue regeneration: Development and perspectives.
J. Mater. Chem. B 2015, 3, 8921-8938.

Roycroft, P.; Cuypers, M. The Etymology of The Mineral Name ‘Apatite’: A Clarification. Ir. J. Earth
Sci. 2015, 33, 71.

de Jong, W.F. La Substance Minérale Dans les Os. Recl. Des Trav. Chim. Des Pays-Bas 1926,
45, 445-448.

Albee, F.H. Studies in Bone Growth: Triple Calcium Phosphate as a Stimulus to Osteogenesis.
Ann. Surg. 1920, 71, 32-39.

Monroe, E.; Bass, D.; Votava, W.; Mc Mullen, J. New calcium phosphate ceramic material for
bone and tooth implants. J. Dent Res. 1971, 50, 860-861.

Ballouze, R.; Marahat, M.H.; Mohamad, S.; Saidin, N.A.; Kasim, S.R.; Ooi, J.P. Biocompatible
magnesium-doped biphasic calcium phosphate for bone regeneration. J. Biomed. Mater. Res.
Part B Appl. Biomater. 2021, 109, 1426-1435.

Wang, G.C.; Lu, Z.F.; Zreigat, H. 8—Bioceramics for skeletal bone regeneration. In Bone
Substitute Biomaterials; Mallick, K., Ed.; Woodhead Publishing: Cambridge, UK, 2014; pp. 180—
216.

Cama, G. 1—Calcium phosphate cements for bone regeneration. In Bone Substitute
Biomaterials; Mallick, K., Ed.; Woodhead Publishing: Cambridge, UK, 2014; pp. 3-25.

Weiner, S.; Traub, W. Bone structure: From angstroms to microns. FASEB J. 1992, 6, 879-885.

Guo, B.; Lei, B.; Li, P.; Ma, P.X. Functionalized scaffolds to enhance tissue regeneration. Regen.
Biomater. 2015, 2, 47-57.

Ma, J.; Wang, J.; Ai, X.; Zhang, S. Biomimetic self-assembly of apatite hybrid materials: From a
single molecular template to bi-/multi-molecular templates. Biotechnol. Adv. 2014, 32, 744-760.

Zhang, W.; Liao, S.S.; Cui, F.Z. Hierarchical Self-Assembly of Nano-Fibrils in Mineralized
Collagen. Chem. Mater. 2003, 15, 3221-3226.

Qiu, Z.-Y.; Cui, Y.; Tao, C.-S.; Zhang, Z.-Q.; Tang, P.-F.; Mao, K.-Y.; Wang, X.-M.; Cui, F.-Z.
Mineralized Collagen: Rationale, Current Status, and Clinical Applications. Materials 2015, 8,
4733-4750.

https://encyclopedia.pub/entry/31249

13/23



Chemical Properties of Calcium Phosphate | Encyclopedia.pub

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Jeong, J.; Kim, J.H.; Shim, J.H.; Hwang, N.S.; Heo, C.Y. Bioactive calcium phosphate materials
and applications in bone regeneration. Biomater. Res. 2019, 23, 4.

Wang, J.; Chen, X.; Guo, B.; Yang, X.; Zhou, Y.; Zhu, X.; Zhang, K.; Fan, Y.; Tu, C.; Zhang, X. A
serum protein adsorption profile on BCP ceramics and influence of the elevated adsorption of
adhesive proteins on the behaviour of MSCs. J. Mater. Chem. B 2018, 6, 7383—7395.

BenNissan, B. (Ed.) Advances in Calcium Phosphate Biomaterials; Springer: Berlin/Heidelberg,
Germany, 2014; Volume 2, pp. 1-547.

Lodoso-Torrecilla, I.; van den Beucken, J.; Jansen, J.A. Calcium phosphate cements:
Optimization toward biodegradability. Acta Biomater. 2021, 119, 6985.

Liu, W.; Wang, T.; Yang, C.; Darvell, B.W.; Wu, J.; Lin, K.; Chang, J.; Pan, H.; Lu, W.W. Alkaline
biodegradable implants for osteoporotic bone defects—Importance of microenvironment pH.
Osteoporos. Int. 2016, 27, 93-104.

Liu, W.; Dan, X.; Lu, W.W.; Zhao, X.; Ruan, C.; Wang, T.; Cui, X.; Zhai, X.; Ma, Y.; Wang, D.; et al.
Spatial Distribution of Biomaterial Microenvironment pH and Its Modulatory Effect on Osteoclasts
at the Early Stage of Bone Defect Regeneration. ACS Appl. Mater. Interfaces 2019, 11, 9557—
9572.

Surmeney, R.A.; Surmeneva, M.A.; lvanova, A.A. Significance of calcium phosphate coatings for
the enhancement of new bone osteogenesis—A review. Acta Biomater. 2014, 10, 557-579.

Peacock, M. Calcium metabolism in health and disease. Clin. J. Am. Soc. Nephrol. 2010, 5
(Suppl. 1), S23-S30.

Zhang, J.; Wu, Q.; Yin, C.; Jia, X.; Zhao, Z.; Zhang, X.; Yuan, G.; Hu, H.; Zhao, Q. Sustained
calcium ion release from bioceramics promotes CaSR-mediated M2 macrophage polarization for
osteoinduction. J. Leukoc. Biol. 2021, 110, 485-496.

Xu, T.; Yang, Y.; Suo, D.; Bei, H.P.; Xu, X.; Zhao, X. Electrosprayed Regeneration-Enhancer-
Element Microspheres Power Osteogenesis and Angiogenesis Coupling. Small 2022, 18,
e2200314.

Liu, D.; Genetos, D.C.; Shao, Y.; Geist, D.J.; Li, J.; Ke, H.Z.; Duncan, R.L. Activation of
extracellular-signal regulated kinase (ERK1/2) by fluid shear is Ca(2+)- and ATP-dependent in
MC3T3-E1 osteoblasts. Bone 2008, 42, 644—652.

Danciu, T.E.; Adam, R.M.; Naruse, K.; Freeman, M.R.; Hauschka, P.V. Calcium regulates the
PI3K-Akt pathway in stretched osteoblasts. FEBS Lett. 2003, 536, 193-197.

Goretti Penido, M.; Alon, U.S. Phosphate homeostasis and its role in bone health. Pediatr.
Nephrol. 2012, 27, 2039-2048.

https://encyclopedia.pub/entry/31249 14/23



Chemical Properties of Calcium Phosphate | Encyclopedia.pub

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Khoshniat, S.; Bourgine, A.; Julien, M.; Weiss, P.; Guicheux, J.; Beck, L. The emergence of
phosphate as a specific signaling molecule in bone and other cell types in mammals. Cell. Mol.
Life Sci. 2011, 68, 205-218.

Julien, M.; Khoshniat, S.; Lacreusette, A.; Gatius, M.; Bozec, A.; Wagner, E.F.; Wittrant, Y.;
Masson, M.; Weiss, P.; Beck, L.; et al. Phosphate-dependent regulation of MGP in osteoblasts:
Role of ERK1/2 and Fra-1. J. Bone Miner. Res. 2009, 24, 1856—-1868.

Tada, H.; Nemoto, E.; Foster, B.L.; Somerman, M.J.; Shimauchi, H. Phosphate increases bone
morphogenetic protein-2 expression through cAMP-dependent protein kinase and ERK1/2
pathways in human dental pulp cells. Bone 2011, 48, 1409-1416.

Xiao, D.; Zhang, J.; Zhang, C.; Barbieri, D.; Yuan, H.; Moroni, L.; Feng, G. The role of calcium
phosphate surface structure in osteogenesis and the mechanisms involved. Acta Biomater. 2020,
106, 22-33.

Eliaz, N.; Metoki, N. Calcium Phosphate Bioceramics: A Review of Their History, Structure,
Properties, Coating Technologies and Biomedical Applications. Materials 2017, 10, 334.

Brown, W.E.; Lehr, J.R.; Smith, J.P.; Frazier, A.W. Crystallography of Octacalcium Phosphate. J.
Am. Chem. Soc. 1957, 79, 5318-5319.

Lu, B.-Q.; Willhammar, T.; Sun, B.-B.; Hedin, N.; Gale, J.D.; Gebauer, D. Introducing the
crystalline phase of dicalcium phosphate monohydrate. Nat. Commun. 2020, 11, 1546.

Sommerfeldt, D.W.; Rubin, C.T. Biology of bone and how it orchestrates the form and function of
the skeleton. Eur. Spine J. 2001, 10 (Suppl. 2), S86-S95.

Dorozhkin, S.V.; Epple, M. Biological and medical significance of calcium phosphates. Angew.
Chem. Int. Ed. 2002, 41, 3130-3146.

White, T.J.; ZhiLi, D. Structural derivation and crystal chemistry of apatites. Acta Crystallogr. B
2003, 59, 1-16.

Manjubala, I.; Sastry, T.P.; Kumar, R.V. Bone in-growth induced by biphasic calcium phosphate
ceramic in femoral defect of dogs. J. Biomater. Appl. 2005, 19, 341-360.

Suchanek, W.; Yoshimura, M. Processing and properties of hydroxyapatite-based biomaterials for
use as hard tissue replacement implants. J. Mater. Res. 1998, 13, 94-117.

Chen, S.; Shi, Y.; Zhang, X.; Ma, J. Biomimetic synthesis of Mg-substituted hydroxyapatite
nanocomposites and three-dimensional printing of composite scaffolds for bone regeneration. J.
Biomed. Mater. Res. A 2019, 107, 2512-2521.

Arcos, D.; Vallet-Regi, M. Substituted hydroxyapatite coatings of bone implants. J. Mater. Chem.
B 2020, 8, 1781-1800.

https://encyclopedia.pub/entry/31249 15/23



Chemical Properties of Calcium Phosphate | Encyclopedia.pub

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

Castiglioni, S.; Cazzaniga, A.; Albisetti, W.; Maier, J.A.M. Magnesium and osteoporosis: Current
state of knowledge and future research directions. Nutrients 2013, 5, 3022-3033.

He, L.; Zhang, X.; Liu, B.; Tian, Y.; Ma, W. Effect of magnesium ion on human osteoblast activity.
Braz. J. Med. Biol. Res. 2016, 49, e5257.

Santos, G.G.; Nunes, V.L.C.; Marinho, S.M.O.C.; Santos, S.R.A.; Rossi, A.M.; Miguel, F.B.
Biological behavior of magnesium-substituted hydroxyapatite during bone repair. Braz. J. Biol.
2021, 81, 53-61.

de Lima, I.R.; Alves, G.G.; Soriano, C.A.; Campaneli, A.P.; Gasparoto, T.H.; Ramos, E.S.; de
Sena, L.; Rossi, A.M.; Granjeiro, J.M. Understanding the impact of divalent cation substitution on
hydroxyapatite: An in vitro multiparametric study on biocompatibility. J. Biomed. Mater. Res. A
2011, 98, 351-358.

Wang, W.; Wan, P.; Liu, C.; Tan, L.; Li, W,; Li, L.; Yang, K. Degradation and biological properties of
Ca-P contained micro-arc oxidation self-sealing coating on pure magnesium for bone fixation.
Regen. Biomater. 2015, 2, 107-118.

Nygren, H.; Bigdeli, N.; llver, L.; Malmberg, P. Mg-corrosion, hydroxyapatite, and bone healing.
Biointerphases 2017, 12, 02C407.

Dong, J.; Tumer, N.; Putra, N.E.; Zhu, J.; Li, Y.; Leeflang, M.A.; Taheri, P.; Fratila-Apachitei, L.E.;
Mol, J.M.C.; Zadpoor, A.A.; et al. Extrusion-based 3D printed magnesium scaffolds with
multifunctional MgF2 and MgF2-CaP coatings. Biomater. Sci. 2021, 9, 7159-7182.

Weiner, S. Transient precursor strategy in mineral formation of bone. Bone 2006, 39, 431-433.

Samavedi, S.; Whittington, A.R.; Goldstein, A.S. Calcium phosphate ceramics in bone tissue
engineering: A review of properties and their influence on cell behavior. Acta Biomater. 2013, 9,
8037-8045.

Cheah, C.W.; Al-Namnam, N.M.; Lau, M.N.; Lim, G.S.; Raman, R.; Fairbairn, P.; Ngeow, W.C.
Synthetic Material for Bone, Periodontal, and Dental Tissue Regeneration: Where Are We Now,
and Where Are We Heading Next? Materials 2021, 14, 6123.

Chen, J.; Yang, Y.; Etim, |.P.; Tan, L.; Yang, K.; Misra, R.D.K.; Wang, J.; Su, X. Recent Advances
on Development of Hydroxyapatite Coating on Biodegradable Magnesium Alloys: A Review.
Materials 2021, 14, 5550.

Besinis, A.; van Noort, R.; Martin, N. Infiltration of demineralized dentin with silica and
hydroxyapatite nanoparticles. Dent. Mater. 2012, 28, 1012-1023.

Ching, W.Y.; Rulis, P.; Misra, A. Ab initio elastic properties and tensile strength of crystalline
hydroxyapatite. Acta Biomater. 2009, 5, 3067-3075.

https://encyclopedia.pub/entry/31249 16/23



Chemical Properties of Calcium Phosphate | Encyclopedia.pub

68.

69.

70.

71.

72.

73.

74.

75.

76.

17.

78.

79.

Guo, X.; Lei, L.; Xiao, H.; Zheng, J. Effect of remineralisation on the mechanical properties and
tribological behaviour of human tooth dentine. Biosurf. Biotribol. 2020, 6, 92—-95.

Lin, K.L.; Chen, L.; Chang, J. Fabrication of Dense Hydroxyapatite Nanobioceramics with
Enhanced Mechanical Properties via Two-Step Sintering Process. Int. J. Appl. Ceram. Technol.
2012, 9, 479-485.

Mukherjee, S.; Kundu, B.; Sen, S.; Chanda, A. Improved properties of hydroxyapatite-carbon
nanotube biocomposite: Mechanical, in vitro bioactivity and biological studies. Ceram. Int. 2014,
40, 5635-5643.

Bose, S.; Banerjee, A.; Dasgupta, S.; Bandyopadhyay, A. Synthesis, Processing, Mechanical, and
Biological Property Characterization of Hydroxyapatite Whisker-Reinforced Hydroxyapatite
Composites. J. Am. Ceram. Soc. 2009, 92, 323-330.

Sheikh, Z.; Najeeb, S.; Khurshid, Z.; Verma, V.; Rashid, H.; Glogauer, M. Biodegradable Materials
for Bone Repair and Tissue Engineering Applications. Materials 2015, 8, 5744-5794.

Igbal, H.; Ali, M.; Zeeshan, R.; Mutahir, Z.; Igbal, F.; Nawaz, M.A.H.; Shahzadi, L.; Chaudhry, A.A.;
Yar, M.; Luan, S.; et al. Chitosan/hydroxyapatite (HA)/hydroxypropylmethyl cellulose (HPMC)
spongy scaffolds-synthesis and evaluation as potential alveolar bone substitutes. Colloid Surf. B
2017, 160, 553-563.

He, M.; Hou, Y.; Zhu, C.; He, M.; Jiang, Y.; Feng, G.; Liu, L.; Li, Y.; Chen, C.; Zhang, L. 3D-Printing
Biodegradable PU/PAAM/Gel Hydrogel Scaffold with High Flexibility and Self-Adaptibility to
Irregular Defects for Nonload-Bearing Bone Regeneration. Bioconjug. Chem. 2021, 32, 1915
1925.

Toledano, M.; Vallecillo-Rivas, M.; Osorio, M.; Muiioz-Soto, E.; Toledano-Osorio, M.; Vallecillo, C.;
Toledano, R.; Lynch, C.; Serrera-Figallo, M.-A.; Osorio, R. Zn-Containing Membranes for Guided
Bone Regeneration in Dentistry. Polymers 2021, 13, 1797.

Ellinger, R.F.; Nery, E.B.; Lynch, K.L. Histological assessment of periodontal osseous defects
following implantation of hydroxyapatite and biphasic calcium phosphate ceramics: A case report.
Int. J. Periodontics Restor. Dent. 1986, 6, 22—-33.

Bouler, J.; Pilet, P.; Gauthier, O.; Verron, E. Biphasic calcium phosphate ceramics for bone
reconstruction: A review of biological response. Acta Biomater. 2017, 53, 1-12.

Dorozhkin, S.V. Biphasic, triphasic and multiphasic calcium orthophosphates. Acta Biomater.
2012, 8, 963-977.

Zhu, Y.; Zhang, K.; Zhao, R.; Ye, X.; Chen, X.; Xiao, Z.; Yang, X.; Zhu, X.; Zhang, K.; Fan, Y.; et al.
Bone regeneration with micro/nano hybrid-structured biphasic calcium phosphate bioceramics at
segmental bone defect and the induced immunoregulation of MSCs. Biomaterials 2017, 147,
133-144.

https://encyclopedia.pub/entry/31249 17/23



Chemical Properties of Calcium Phosphate | Encyclopedia.pub

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Dorozhkin, S. Calcium Orthophosphates: Applications in Nature, Biology, and Medicine; Jenny
Stanford Publishing: New York, NY, USA, 2012; pp. 1-152.

Bohner, M.; Santoni, B.L.G.; Dobelin, N. beta-tricalcium phosphate for bone substitution:
Synthesis and properties. Acta Biomater. 2020, 113, 23-41.

Kjellin, P.; Rajasekharan, A.K.; Currie, F.; Handa, P. Investigation of calcium phosphate formation
from calcium propionate and triethyl phosphate. Ceram. Int. 2016, 42, 14061-14065.

Stahli, C.; Thuring, J.; Galea, L.; Tadier, S.; Bohner, M.; Débelin, N. Hydrogen-substituted beta-
tricalcium phosphate synthesized in organic media. Acta Cryst. B Struct. Sci. Cryst. Eng. Mater.
2016, 72, 875-884.

Makarov, C.; Gotman, I.; Jiang, X.; Fuchs, S.; Kirkpatrick, C.J.; Gutmanas, E.Y. In situ synthesis of
calcium phosphate-polycaprolactone nanocomposites with high ceramic volume fractions. J.
Mater. Sci. Mater. Med. 2010, 21, 1771-1779.

Tao, J.; Pan, H.; Zhai, H.; Wang, J.; Li, L.; Wu, J.; Jiang, W.; Xu, X.; Tang, R. Controls of
Tricalcium Phosphate Single-Crystal Formation from Its Amorphous Precursor by Interfacial
Energy. Cryst. Growth Des. 2009, 9, 3154-3160.

Dorozhkin, S.V. Calcium Orthophosphates in Nature, Biology and Medicine. Materials 2009, 2,
399-498.

Yin, X.L.; Stott, M.J.; Rubio, A. alpha- and beta-tricalcium phosphate: A density functional study.
Phys. Rev. B 2003, 68, 205205.

Rh Owen, G.; Dard, M.; Larjava, H. Hydoxyapatite/beta-tricalcium phosphate biphasic ceramics
as regenerative material for the repair of complex bone defects. J. Biomed. Mater. Res. B Appl.
Biomater. 2018, 106, 2493-2512.

Bi, L.; Cheng, W.; Fan, H.; Pei, G. Reconstruction of goat tibial defects using an injectable
tricalcium phosphate/chitosan in combination with autologous platelet-rich plasma. Biomaterials
2010, 31, 3201-3211.

Mestres, G.; Le Van, C.; Ginebra, M.P. Silicon-stabilized alpha-tricalcium phosphate and its use in
a calcium phosphate cement: Characterization and cell response. Acta Biomater. 2012, 8, 1169—
1179.

Carrodeguas, R.G.; De Aza, S. alpha-Tricalcium phosphate: Synthesis, properties and biomedical
applications. Acta Biomater. 2011, 7, 3536—3546.

Diez-Escudero, A.; Espanol, M.; Beats, S.; Ginebra, M.-P. In vitro degradation of calcium
phosphates: Effect of multiscale porosity, textural properties and composition. Acta Biomater.
2017, 60, 81-92.

https://encyclopedia.pub/entry/31249 18/23



Chemical Properties of Calcium Phosphate | Encyclopedia.pub

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.

103.

104.

105.

Eanes, E.D.; Gillessen, I.H.; Posner, A.S. Intermediate states in the precipitation of
hydroxyapatite. Nature 1965, 208, 365-367.

Brecevic, L.; Furedi-Milhofer, H. Precipitation of calcium phosphates from electrolyte solutions. II.
The formation and transformation of the precipitates. Calcif. Tissue Res. 1972, 10, 82—-90.

Glimcher, M.J. Recent Studies of the Mineral Phase in Bone and Its Possible Linkage to the
Organic Matrix by Protein-Bound Phosphate Bonds. Philos. Trans. R. Soc. Lond. B Biol. Sci.
1984, 304, 479-508.

Eden, M. Structure and formation of amorphous calcium phosphate and its role as surface layer
of nanocrystalline apatite: Implications for bone mineralization. Materialia 2021, 17, 101107.

O’Neill, W.C. The fallacy of the calcium-phosphorus product. Kidney Int. 2007, 72, 792—796.

LeGeros, R.Z. Formation and transformation of calcium phosphates: Relevance to vascular
calcification. Z Kardiol. 2001, 90 (Suppl. 3), 116-124.

lafisco, M.; Degli Esposti, L.; Rodriguez, G.B.R.; Carella, F.; Gomez-Morales, J.; lonescu, A.C.;
Brambilla, E.; Tampieri, A.; Delgado-L6pez, J.M. Fluoride-doped amorphous calcium phosphate
nanoparticles as a promising biomimetic material for dental remineralization. Sci. Rep. 2018, 8,
17016.

Zhao, J.; Liu, Y.; Sun, W.-B.; Zhang, H. Amorphous calcium phosphate and its application in
dentistry. Chem. Cent. J. 2011, 5, 40.

Sears, L.M.; Wu, L.; Morrow, B.R.; Hollis, W.; Cagna, D.R.; Hong, L. Effects of NanoAg-ACP
Microparticles as Bioactive Fillers on the Mechanical and Remineralization Properties of Dental
Resin Cement. J. Prosthodont. 2021, 1-9.

Santhakumar, S.; Oyane, A.; Nakamura, M.; Yoshino, Y.; Alruwaili, M.K.; Miyaji, H. Bone Tissue
Regeneration by Collagen Scaffolds with Different Calcium Phosphate Coatings: Amorphous
Calcium Phosphate and Low-Crystalline Apatite. Materials 2021, 14, 5860.

Sun, R.; Ahlén, M.; Tai, C.-W.; Bajnoczi, G.; de Kleijne, F.; Ferraz, N.; Persson, |.; Stramme, M.;
Cheung, O. Highly Porous Amorphous Calcium Phosphate for Drug Delivery and Bio-Medical
Applications. Nanomaterials 2019, 10, 20.

Jiang, Y.Y.; Zhou, Z.F.; Zhu, Y.J.; Chen, F.F,; Lu, B.Q.; Cao, W.T.; Zhang, Y.G.; Cai, Z.D.; Chen, F.
Enzymatic Reaction Generates Biomimic Nanominerals with Superior Bioactivity. Small 2018, 14,
e1804321.

Chen, X.; Yan, J.; Jiang, Y.; Fan, Y.; Ying, Z.; Tan, S.; Zhou, Z.; Liu, J.; Chen, F.; He, S. Platelet-
Activating Biominerals Enhanced Injectable Hydrogels with Superior Bioactivity for Bone
Regeneration. Front. Bioeng. Biotechnol. 2022, 10, 826855.

https://encyclopedia.pub/entry/31249 19/23



Chemical Properties of Calcium Phosphate | Encyclopedia.pub

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Weiner, S.; Sagi, |.; Addadi, L. Structural biology. Choosing the crystallization path less traveled.
Science 2005, 309, 1027-1028.

Crane, N.J.; Popescu, V.; Morris, M.D.; Steenhuis, P.; Ignelzi, M.A. Raman spectroscopic
evidence for octacalcium phosphate and other transient mineral species deposited during
intramembranous mineralization. Bone 2006, 39, 434—442.

Gelli, R.; Ridi, F.; Baglioni, P. The importance of being amorphous: Calcium and magnesium
phosphates in the human body. Adv. Colloid Interface Sci. 2019, 269, 219-235.

Golub, E.E. Role of matrix vesicles in biomineralization. Biochim. Biophys. Acta 2009, 1790,
1592-1598.

Addadi, L.; Gal, A.; Faivre, D.; Scheffel, A.; Weiner, S. Control of Biogenic Nanocrystal Formation
in Biomineralization. Isr. J. Chem. 2016, 56, 227-241.

Tertuliano, O.A.; Greer, J.R. The nanocomposite nature of bone drives its strength and damage
resistance. Nat. Mater. 2016, 15, 1195-1202.

Wang, Y.; Azais, T.; Robin, M.; Vallée, A.; Catania, C.; Legriel, P.; Pehau-Arnaudet, G.;
Babonneau, F.; Giraud-Guille, M.-M.; Nassif, N. The predominant role of collagen in the
nucleation, growth, structure and orientation of bone apatite. Nat. Mater. 2012, 11, 724-733.

Moseke, C.; Gbureck, U. Tetracalcium phosphate: Synthesis, properties and biomedical
applications. Acta Biomater. 2010, 6, 3815-3823.

Thein-Han, W.; Liu, J.; Xu, H.H. Calcium phosphate cement with biofunctional agents and stem
cell seeding for dental and craniofacial bone repair. Dent. Mater. 2012, 28, 1059-1070.

Xu, H.H.; Weir, M.D.; Sun, L. Calcium and phosphate ion releasing composite: Effect of pH on
release and mechanical properties. Dent. Mater. 2009, 25, 535-542.

Yoshikawa, M.; Hayami, S.; Tsuiji, |.; Toda, T. Histopathological study of a newly developed root
canal sealer containing tetracalcium-dicalcium phosphates and 1.0% chondroitin sulfate. J.
Endod. 1997, 23, 162-166.

Liu, C.; Shao, H.; Chen, F.; Zheng, H. Effects of the granularity of raw materials on the hydration
and hardening process of calcium phosphate cement. Biomaterials 2003, 24, 4103—-4113.

Qin, T.; Li, X.; Long, H.; Bin, S.; Xu, Y. Bioactive Tetracalcium Phosphate Scaffolds Fabricated by
Selective Laser Sintering for Bone Regeneration Applications. Materials 2020, 13, 2268.

Yoshimine, Y.; Maeda, K. Histologic evaluation of tetracalcium phosphate-based cement as a
direct pulp-capping agent. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 1995, 79, 351—
358.

https://encyclopedia.pub/entry/31249 20/23



Chemical Properties of Calcium Phosphate | Encyclopedia.pub

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Tsai, C.-H.; Lin, R.-M.; Ju, C.-P.; Lin, J.-H.C. Bioresorption behavior of tetracalcium phosphate-
derived calcium phosphate cement implanted in femur of rabbits. Biomaterials 2008, 29, 984-993.

Kovrlija, I.; Locs, J.; Loca, D. Octacalcium phosphate: Innovative vehicle for the local biologically
active substance delivery in bone regeneration. Acta Biomater. 2021, 135, 27-47.

Suzuki, O. 1—Evolution of octacalcium phosphate biomaterials. In Octacalcium Phosphate
Biomaterials; Suzuki, O., Insley, G., Eds.; Woodhead Publishing: Cambridge, UK, 2020; pp. 1-15.

LeGeros, R.Z.; Daculsi, G.; Orly, I.; Abergas, T.; Torres, W. Solution-mediated transformation of
octacalcium phosphate (OCP) to apatite. Scanning Microsc. 1989, 3, 129-138.

Tseng, Y.H.; Mou, C.Y.; Chan, J.C. Solid-state NMR study of the transformation of octacalcium
phosphate to hydroxyapatite: A mechanistic model for central dark line formation. J. Am. Chem.
Soc. 2006, 128, 6909-6918.

Yokoi, T.; Goto, T.; Kato, T.; Takahashi, S.; Nakamura, J.; Sekino, T.; Ohtsuki, C.; Kawashita, M.
Hydroxyapatite Formation from Octacalcium Phosphate and Its Related Compounds: A
Discussion of the Transformation Mechanism. Bull. Chem. Soc. Jpn. 2020, 93, 701-707.

Shiwaku, Y.; Anada, T.; Yamazaki, H.; Honda, Y.; Morimoto, S.; Sasaki, K.; Suzuki, O. Structural,
morphological and surface characteristics of two types of octacalcium phosphate-derived fluoride-
containing apatitic calcium phosphates. Acta Biomater. 2012, 8, 4417-4425.

Arellano-Jimenez, M.J.; Garcia-Garcia, R.; Reyes-Gasga, J. Synthesis and hydrolysis of
octacalcium phosphate and its characterization by electron microscopy and X-ray diffraction. J.
Phys. Chem. Solids 2009, 70, 390-395.

Suzuki, O.; Yagishita, H.; Amano, T.; Aoba, T. Reversible structural changes of octacalcium
phosphate and labile acid phosphate. J. Dent. Res. 1995, 74, 1764—-1769.

Suzuki, O.; Kamakura, S.; Katagiri, T.; Nakamura, M.; Zhao, B.; Honda, Y.; Kamijo, R. Bone
formation enhanced by implanted octacalcium phosphate involving conversion into Ca-deficient
hydroxyapatite. Biomaterials 2006, 27, 2671-2681.

Yokoi, T.; Kim, L.Y.; Ohtsuki, C. Mineralization of Calcium Phosphate on Octacalcium Phosphate in
a Solution Mimicking In Vivo Conditions. Phosphorus Res. Bull. 2012, 26, 71-76.

Suzuki, O. Octacalcium phosphate: Osteoconductivity and crystal chemistry. Acta Biomater. 2010,
6, 3379-3387.

Sugiura, Y.; Munar, M.L.; Ishikawa, K. Fabrication of octacalcium phosphate block through a
dissolution-precipitation reaction using a calcium sulphate hemihydrate block as a precursor. J.
Mater. Sci. Mater. Med. 2018, 29, 151.

Imamura, Y.; Tanaka, Y.; Nagai, A.; Yamashita, K.; Takagi, Y. Self-sealing ability of OCP-mediated
cement as a deciduous root canal filling materia. Dent. Mater. J. 2010, 29, 582-588.

https://encyclopedia.pub/entry/31249 21/23



Chemical Properties of Calcium Phosphate | Encyclopedia.pub

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Yang, Y.; Wang, H.; Yan, F-Y.; Qi, Y.; Lai, Y.-K.; Zeng, D.-M.; Chen, G.; Zhang, K.-Q. Bioinspired
porous octacalcium phosphate/silk fibroin composite coating materials prepared by
electrochemical deposition. ACS Appl. Mater. Interfaces 2015, 7, 5634-5642.

Kamakura, S.; Sasaki, K.; Honda, Y.; Anada, T.; Suzuki, O. Octacalcium phosphate combined with
collagen orthotopically enhances bone regeneration. J. Biomed. Mater. Res. B Appl. Biomater.
2006, 79, 210-217.

Kawal, T.; Anada, T.; Honda, Y.; Kamakura, S.; Matsui, K.; Matsui, A.; Sasaki, K.; Morimoto, S.;
Echigo, S.; Suzuki, O. Synthetic octacalcium phosphate augments bone regeneration correlated
with its content in collagen scaffold. Tissue Eng. Part A 2009, 15, 23-32.

Suzuki, O.; Nakamura, M.; Miyasaka, Y.; Kagayama, M.; Sakurai, M. Bone formation on synthetic
precursors of hydroxyapatite. Tohoku J. Exp. Med. 1991, 164, 37-50.

Suzuki, O.; Nakamura, M.; Miyasaka, Y.; Kagayama, M.; Sakurai, M. Maclura pomifera agglutinin-
binding glycoconjugates on converted apatite from synthetic octacalcium phosphate implanted
into subperiosteal region of mouse calvaria. Bone Miner. 1993, 20, 151-166.

Kikawa, T.; Kashimoto, O.; Imaizumi, H.; Kokubun, S.; Suzuki, O. Intramembranous bone tissue
response to biodegradable octacalcium phosphate implant. Acta Biomater. 2009, 5, 1756—-1766.

Miyatake, N.; Kishimoto, K.N.; Anada, T.; Imaizumi, H.; Itoi, E.; Suzuki, O. Effect of partial
hydrolysis of octacalcium phosphate on its osteoconductive characteristics. Biomaterials 2009,
30, 1005-1014.

Honda, Y.; Anada, T.; Kamakura, S.; Morimoto, S.; Kuriyagawa, T.; Suzuki, O. The effect of
microstructure of octacalcium phosphate on the bone regenerative property. Tissue Eng. Part A
2009, 15, 1965-1973.

Rey, C.; Combes, C.; Drouet, C.; Grossin, D. Bioactive Ceramics: Physical Chemistry. In
Comprehensive Biomaterials; Ducheyne, P., Ed.; Elsevier. Amsterdam, The Netherlands, 2011,
pp. 187-221.

Dorozhkin, S.V. Calcium orthophosphates in dentistry. J. Mater. Sci. Mater. Med. 2013, 24, 1335—
1363.

Yamamoto, H.; Niwa, S.; Hori, M.; Hattori, T.; Sawai, K.; Aoki, S.; Hirano, M.; Takeuchi, H.
Mechanical strength of calcium phosphate cement in vivo and in vitro. Biomaterials 1998, 19,
1587-1591.

Constantz, B.R.; Barr, B.M.; Ison, I.C.; Fulmer, M.K.; Baker, J.; McKinney, L.; Goodman, S.B.;
Gunasekaren, S.; Delaney, D.C.; Ross, J.; et al. Histological, chemical, and crystallographic
analysis of four calcium phosphate cements in different rabbit osseous sites. J. Biomed. Mater.
Res. 1998, 43, 451-461.

https://encyclopedia.pub/entry/31249 22/23



Chemical Properties of Calcium Phosphate | Encyclopedia.pub

146. LeGeros, R.Z. Calcium phosphates in oral biology and medicine. Monogr. Oral Sci. 1991, 15, 1—
201.

Retrieved from https://encyclopedia.pub/entry/history/show/74185

https://encyclopedia.pub/entry/31249 23/23



