
Biomaterials have been used to supplement and restore function and structure by replacing or restoring parts of damaged tissues and 
organs. In ancient times, the medical use of biomaterials was limited owing to infection during surgery and poor surgical techniques. 
However, in modern times, the medical applications of biomaterials are diversifying owing to great developments in material science 
and medical technology. In this paper, we introduce biomaterials, focusing on calcium phosphate ceramics, including octacalcium 
phosphate, which has recently attracted attention as a bone graft material. 
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Introduction 

1. What are biomaterials? 
The term “biomaterials” is a complex concept with different inter-
pretations that make it difficult to define in a few words. Different 
countries and agencies have various definitions [1-5]. From the 
simplest definition of “any materials used as implant” [1] to the 
more detail definition employed by the U.S. National Institute of 
Health that describes a biomaterial as “any substance or combina-
tion of substances, other than drugs, synthetic or natural in origin, 
which can be used for any period of time, which augments or re-
places partially or totally any tissue, organ or function of the body, 
in order to maintain or improve the quality of life of the individual” 
[2]. Those definitions can be narrowly summarized as materials 
that can complement and restore functions by replacing or repair-
ing parts of damaged tissues and organs in the living body, and in a 

broad sense, materials for diagnosing and treating diseases of the 
human body (Table 1). 

Biomaterials have been used for medical purposes since ancient 
times, as exemplified by, for example, sea shells as a substitute for 
missing teeth, skull prostheses using gold plates, and sutures using 
linen or catgut [5,6]; however, they were considered experimental 
because of poor surgical techniques and conditions [5]. 

At the turn of the 19th century, on the basis of the pioneering 
microbiology of Louis Pasteur (AD 1822–1895) [7] and aseptic 
surgical technique of Joseph Lister (AD 1827–1912) [8], the im-
provements in surgical environments promoted research and de-
velopment in material science. The concept of biomaterial bio-
compatibility was also established as biological reactions based on 
the properties of the biomaterial were understood [9]. Modern 
material engineering has led to the development of biomaterials 
and has achieved unprecedented development along with the 
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medical technology developed during World War II [10-12]. 
In this article, we introduce biomaterials focusing on calcium 

phosphate ceramics, including octacalcium phosphate (OCP), 
which has recently attracted attention.  

2. Types and characteristics of biomaterials  
The most common way to classify biomaterials is to divide them 
into metals, ceramics, polymers, and composites, according to the 
type of material (Table 2). Another classification method is based 
on their interaction with the biological environment, dividing 
them into bioinert, bioactive, biodegradable, and resorbable mate-
rials (Table 3). Depending on their origin, they can also be classi-
fied as natural or synthetic materials [5,13]. 

Metals are solid materials composed of elements such as Fe, Ni, 
Ti, Cr, Co, and Mo. Owing to the high toughness and ductility of 
metals, the manufacturing process is relatively simple and can easi-
ly be applied to various shapes [14,15]. Owing to their excellent 
mechanical properties, such as strength, abrasion, elasticity, and 
durability, metals are used as replacements for hard tissues such as 
teeth, bones, and joints. However, because of its low biocompati-
bility and susceptibility to corrosion, the material can lose its origi-
nal properties, allowing the corrosion to penetrate the surrounding 
tissues and induce an inflammatory reaction [16]. In addition, 
metals can cause side effects due to metal ion elution; therefore, 
they are used in the form of alloys rather than pure metals [17]. 

Ceramics are nonmetallic inorganic solid materials composed of 
elements such as Ca, P, K, Na, and Si. Owing to their excellent bio-
compatibility, high compressive strength, and wear resistance, they 
are used in dental implants, crowns, bone substitutes, and bone ce-
ments. However, the inherent brittleness of ceramics and the com-
plicated manufacturing process compared to other materials are 
obstacles to their medical application [18,19]. 

Polymers are substances or materials consisting of very large 
molecules called macromolecules that are composed of many re-
peating subunits. Polymers composed of a variety of materials are 
used in various medical fields because they can be manufactured 
with specific physical and chemical properties and relatively com-

plex shapes [20]. However, the low mechanical strength, easy de-
formation, and deterioration of polymers are disadvantages for 
medical applications. Polymeric materials are used in a wider vari-
ety of fields than metal or ceramic materials, which are mainly used 
as substitutes for hard tissues. Polymers are frequently use in su-
tures, blood vessels, artificial joints, artificial tissues, and organs 
[21]. In addition to synthetic polymers, naturally derived poly-
mers with excellent biocompatibility have been used. Natural poly-
mers include collagen, gelatin, elastin, fibrin silk, hyaluronic acid, 
and heparin [22]. 

Composite materials involve the complex use of two or more 
materials. In the case of coating a scaffold surface, composite mate-
rials possess both the physical strength of the base material and the 
high biocompatibility of the coating material; however, the manu-
facturing process is complicated for composites [23,24]. 

3. Requirements of biomaterials 
Because biomaterials replace damaged body parts, they must have 
adequate mechanical strength, chemical stability, and fatigue 
strength to maintain the biological function and shape of the tis-
sues [25,26]. Another essential requirement for biomaterials that 
are inserted into the human body is biocompatibility [27]. Be-
cause most medical devices made of biomaterials are inserted into 
or make contact with the human body, the safety of cells and tis-
sues around the inserted medical device is of paramount impor-
tance. The biomaterial should not be toxic or damage surrounding 
cells or tissues [28]. In addition, biomaterials must exhibit a high in 
vivo stability. Implanted materials are often easily hydrolyzed or de-
teriorated by the environment in the human body [29]. Therefore, 
it is necessary to improve the safety and efficacy of biomaterials in 
a living body through surface modification of the material. 

For the production of medical devices, biomaterials must be 
easy to process and sterilize. In general, it is difficult to manufacture 
medical devices aseptically. Thus, post-manufacturing sterilization 
is required, and the mechanical, chemical, and biological proper-
ties of the final biomaterials must not be altered by this process 
[30].  

Table 1. Applications of biomaterials 

Indication Example
Replacement of diseased or damaged part Artificial joints, bone substitute, and kidney dialysis machine
Assist in healing Sutures, bone plates, and screws
Improve function Cardiac pacemaker, intraocular lens
Correct functional abnormality Cardiac pacemaker
Correct cosmetic problem Augmentation mammoplasty
Aid to diagnosis Probes and catheters
Aid to treatment Catheters, drains

Adapted from Parida et al. [61] according to the Creative Commons License.
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Bioceramics 

Biomaterials can be classified into organic and inorganic materials. 
Organic materials contain elements such as C, O, N, and H as their 
main components and include wood, paper, and natural fibers. In-
organic materials are nonorganic materials such as metals, stone, 
and soil, and are further subdivided into metallic and nonmetallic 
materials. Metallic materials are composed solely of metals such as 
Fe, Mg, Al, Ag, and Cu or a mixture (alloy) thereof. Materials in 
which the metallic elements are ionically bonded to anions, includ-
ing oxygen, or covalently bonded to each other are called nonme-
tallic inorganic materials or ceramic materials [31]. A ceramic is a 
product obtained by forming a metal oxide or nonmetal com-
pound and then sintering it at a high temperature. 

In general, pottery, cement, and glass made through sintering af-
ter the formation of nonmetallic inorganic materials are called tra-
ditional ceramics. High-purity ceramic powders are called fine ce-
ramics and are used to make bioceramics, electronic products, or 
communication products [32]. Bioceramics are materials used to 
treat, reinforce, replace, or restore the functions of human tissues or 
organs for short or long periods of time. Bioceramics can be divid-
ed into bioinert, bioactive, and biodegradable types, according to 
their biological reactions. Bioinert bioceramics do not cause in-
flammation or toxicity when implanted into a living body and are 
bonded through the formation of surrounding fibrous tissue rather 
than directly binding to the surrounding living tissue. Alumina 
(Al2O3), zirconia (ZrO2), and carbon are included in this category 
[33]. Bioactive ceramics react with tissues and form chemical 
bonds directly, but only on the surface of the biomaterial. Bioglass 
and hydroxyapatite (HA) belong in this category. Biodegradable 
ceramics are chemically unstable biomaterials that gradually resorb 

and eventually disappear in the human body over time, and this re-
sorbed space is filled with new human tissue. β-Tricalcium phos-
phate (β-TCP), OCP, metacalcium phosphate, and plaster of Paris 
(gypsum) are included in this category [33,34]. 

Calcium phosphate bioceramics 

Calcium phosphate materials are composed of Ca, P, O, and H, 
and there are several types according to the atomic ratio of calcium 
to phosphorus [33] (Table 4). Because of their chemical similarity 
to human hard tissues, calcium phosphate-based bioceramics are 
attracting attention as they directly combine with hard tissue or re-
generate bone without inflammatory reactions or new fibrous tis-
sue formation when applied in vivo [35]. The term “bioceramics” 
refers to ceramic products manufactured using ceramic or precur-
sor materials. 

Calcium phosphate-based ceramics have different thermody-
namic properties depending on the ratio of calcium to phosphorus 
and show solubility differences in the human body or in solutions 
similar to body fluids. When various calcium phosphate-based ce-
ramics are inserted into a living body, they exhibit different biologi-
cal reactions with surrounding tissues [36]. In particular, calcium 
and phosphate ions released into the tissue greatly influences bone 
regeneration [37]. Calcium phosphate-based ceramics are classi-
fied as bioactive and biodegradable, according to their Ca/P ratios. 
However, the dissolution properties of calcium phosphate-based 
minerals depend on the pH of the solution. Furthermore, calcium 
phosphate-based ceramics exhibit excellent hydrophilicity and 
promote cell attachment and proliferation [38]. By replacing mon-
ovalent cations such as Na+, K+, and Li+, and divalent cations such 
as Sr2+, Ba2+, Pb2+, Mn2+, Sn2+, Zn2+, and Al3+, or by creating defects, 

Table 2. Classification and characteristics of biomaterials 

Type Advantage Disadvantage Example
Metal Strong, ductile Corrode Titanium and its alloys, magnesium and its alloys, stainless steel alloys, Au, 

Ag, etc.
Ceramic Biocompatible Brittle property Calcium phosphate, carbon, silica, alumina, zirconia, etc.
Polymer Resilient Low strength Polycaprolactone, polyethylene, alginate, collagen, etc.
Composite Tailor made, multiple properties Difficult manufacturing Metal-based composite, ceramic-based composite, polymer-based com-

posite, etc.

Table 3. Classification of bioceramics according to bioactivity

Type Interaction with adjacent tissue Example
Bioinert No interaction but fibrotic capsule formation Carbon, zirconia, alumina, sintered hydroxyapatite, etc. Ti, stainless 

steels.
Bioactive Surface interaction and direct bonding Bioglass, AW-GC (apatite/wollastonite containing glass-ceramic),  

synthetic hydroxyapatite, etc.
Bioresorbable Slow resorption and progressive replacement with tissues β-tricalcium phosphate (β-TCP), octacalcium phosphate (OCP), calcium 

sulfate, etc.
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the physical properties of minerals can be changed. They can also 
be subjected to high-temperature treatment to impart other prop-
erties. During high-temperature treatment, some calcium phos-
phate-based ceramics may change into minerals with low Ca/P ra-
tios owing to the volatilization of phosphate [39]. 

1. Dicalcium phosphate dihydrate 
The mineral name for dicalcium phosphate dihydrate (DCPD) is 
brushite, and it is a component of calculi in the body. It is stable in 
an acidic environment and has a fast growth rate; therefore, it can 
be easily obtained in aqueous solutions. In addition, clinical results 
have shown that DCPD is more soluble than HA; therefore, 
DCPD is absorbed quickly in vivo and promotes bone formation 
[40]. Calcium is widely used in the food industry in addition to 
bone cement. 

2. Hydroxyapatite 
Synthetic HA is more crystalline and richer in calcium ions than 
natural bone is. Although CO3

2– ions are partially substituted in the 
crystal structure of HA in natural bone, the basic chemical formula 
or crystal structure is very similar to that of synthetic HA [33,34]. 
Therefore, when an HA medical device is implanted into the body, 
an amorphous Ca-P mineral is formed on the surface of the HA, 
and after several months, an apatite layer similar to bone is formed. 
After a longer period (more than 6 months), direct bonding be-
tween the bone collagen fibers and HA occurs. Owing to these 
bioactive properties, HA is most commonly used as an artificial 
bone substitute. HA is more stable when the c-axis length in the 
unit cell is short and the pH is high. In contrast, solubility increases 
as pH decreases. When the OH of HA is substituted with F, the 
c-axis length in the unit cell shortens significantly, resulting in 
chemical stability. However, the use of fluoroapatite in large quanti-
ties is restricted because it must be within the permissible range of 
fluorine compounds in the body [41]. 

Comparing the mechanical properties of natural bone and sin-
tered artificial HA, the tensile strength of natural cortical bone is 
approximately 150 MPa and that of sintered artificial HA is ap-
proximately 100 MPa. Artificial HA has low strength and is prone 

to fracture, while natural bone has higher toughness than artificial 
bone because the collagen and nanometer-sized HA crystals form 
a complex. Therefore, synthetic HA is suitable when large loads are 
not required, and metal implants are commonly coated with HA 
for load-bearing applications. HA powder is easily synthesized by 
dry, wet, or hydrothermal treatments. Xenogeneic HA bone ob-
tained by high-temperature treatment of natural bone has crystal-
linity and strength similar to that of synthetic HA, but its Ca/P ra-
tio and surface morphology are similar to those of natural bone 
[42]. 

3. Tricalcium phosphate 
α-Tricalcium phosphate (α-TCP) possesses good biocompatibility, 
but it is chemically unstable and its biodegradation rate is fast. 
Therefore, in the past, cell attachment, proliferation, and differenti-
ation on the surface of α-TCP biomaterials were difficult, limiting 
their applications as bone graft materials. However, in recent years, 
many studies have been conducted on the use of α-TCP as calcium 
phosphate-based cement. Thus, bone cement can be obtained by 
mixing α-TCP with other calcium phosphate-based materials. 
α-TCP can be obtained by heating β-TCP to a temperature of 
1,300°C or higher and rapidly cooling it. α-TCP has the same 
chemical formula as β-TCP and both have excellent biocompatibil-
ities; however, α-TCP is metastable at room temperature and is re-
sorbed more rapidly in the body. When α-TCP is used as cement, 
calcium-deficient HA is finally produced after the cement reaction 
and is rapidly hydrolyzed in the human body [33,43]. 

β-TCP, similar to α-TCP, does not exist naturally in the body; 
therefore, it is artificially synthesized and used. β-TCP is mainly 
produced by treating HA at high temperatures. Because β-TCP is 
rapidly biodegraded in the human body, it is used as a bone graft 
material by mixing with nonbiodegradable HA. This bone graft 
material is called biphasic calcium phosphate, which is mixed in 
varying proportions to control the biodegradation rate. In general, 
products with a mixing ratio of HA and β-TCP of 6:4 or 7:3 are 
common, and more types of these products are being commercial-
ized than those manufactured with HA or β-TCP alone [34,44]. 

Unlike α-TCP, β-TCP is used as resorbable filler for bone cement 

Table 4. Types of calcium orthophosphate ceramics according to Ca/P ratio 

Ca/P ratio Chemical formula Compound Abbreviation
0.5 Ca(H2PO4)2·H2O Monocalcium phosphate monohydrate MCPM
1.0 CaHPO4·2H2O Dicalcium phosphate dihydrate DCPD
1.33 Ca8H2(PO4)6·5H2O Octacalcium phosphate OCP
1.5 α-Ca3(PO4)2 α-Tricalcium phosphate α-TCP
1.5 β-Ca3(PO4)2 β-Tricalcium phosphate β-TCP
1.67 Ca10(PO4)6(OH)2 Hydroxyapatite HA
1.67 Ca10(PO4)6F2 Fluorapatite FA
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and is used for the purpose of controlling the rate of biodegrada-
tion. Bone cement hardener and β-TCP powder are mixed to form 
a slightly viscous paste, similar to toothpaste, which is then used to 
fill bone defects. Over time, the material hardens through cement 
reactions (hydration reactions, acid-base reactions, etc.). These 
products can be used clinically to fill bone defects more effectively 
than products in powder form [19].  

4. Octacalcium phosphate  
OCP is a calcium phosphate-based material with a calcium to 
phosphorus ratio of 1.33 and is a precursor of biological HA in the 
human body. OCP is a thermodynamically unstable substance that 
is ultimately converted into HA, a stable substance, in the human 
environment [45,46]. The OCP crystal has a water layer between 
two layers of apatite, similar to the chemical formula (Ca8H2 

(PO4)6 5H2O) (Fig. 1). In a physiological environment, the water 
layer is removed from the OCP and the two apatite layers combine 
to form HA crystals (Fig. 1) [47,48]. Because of its crystallograph-
ic and chemical similarities, OCP has been proposed as a precursor 
to bioapatite crystals in bones and teeth [49]. The excellent osteo-
conductivity of OCP has been demonstrated in many animal stud-
ies [50,51]. Nevertheless, there have been limitations to many clin-
ical applications due to the OCP bone graft production process 
and lack of mass production of OCP material [52]. 

Owing to the problem of mass production of OCP materials, 
the Suzuki research group has been conducting investigations on 
combining OCP with other materials, such as collagen, gelatin, 
and alginate, rather than using pure OCP [53]. In a series of in vi-
tro, animal, and clinical studies, this group demonstrated that bone 
graft materials containing OCP had much better bone regenera-
tion than those made of HA or TCP [54,55]. For the first time, this 
research team recently developed a method for the mass produc-

tion of OCP materials and published excellent animal and clinical 
research results for new bone regeneration with high-purity OCP 
bone graft materials. 

Anada et al. [56] examined the osteoblast differentiation capaci-
ty of OCP after seeding mouse bone marrow stromal ST-2 cells on 
dishes pre-coated with OCP and HA. When the ST-2 cells were 
cultured in OCP-coated wells, alkaline phosphatase (ALP) enzy-
matic activity gradually increased with increasing OCP concentra-
tions. However, in the HA-coated group, ALP activity remained 
constant regardless of the HA content. In addition, OCP enhanced 
the expression of osteogenic markers, including osterix, collagen I, 
and ALP, on day 21 of culture. Therefore, OCP has the potential to 
improve osteoblast differentiation than HA. 

In another study, Shiwaku et al. [57] showed that large tar-
trate-resistant acid phosphatase–positive cells, representing multi-
nucleated osteoclasts, were more frequently observed in cultures 
with biodegradable OCP or β-TCP discs than in those with 
non-degradable HA discs. The ability of OCP to form osteoclasts 
was almost the same as that of β-TCP, whereas the expression pat-
terns of the coupling factors varied depending on the type of calci-
um phosphate. β-TCP and an HA/β-TCP mixture induced ephrin 
B2 and collagen triple helix repeat containing 1 expression, where-
as OCP and HA/OCP mixtures promoted complement 3a ex-
pression. 

The superiority of OCP bone graft material was demonstrated 
in a comparative study between HA and β-TCP. Kamakura et al. 
[58] used a composite material by adding collagen to OCP, HA, 
and β-TCP and implanted it into a rat calvarial defect, followed by 
radiographic and histological examinations. They found that im-
planted OCP/collagen composites improved bone regeneration 
more than HA and β-TCP/collagen bone graft materials. New 
bone formation was also observed in the transplanted β-TCP/col-

Fig. 1. The unit cell of the octacalcium phosphate and hydroxyapatite phase is visualized with the VESTA (Visualisation for Elec-
tronic Structural Analysis) program.
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lagen group, and β-TCP resorption was not evident. In the case of 
HA/collagen, new bone formation was less pronounced than that 
of OCP/collagen and β-TCP/collagen. The authors concluded 
that the OCP/collagen composite material showed superior osteo-
genesis compared to the other materials. 

In an animal study by Kim et al. [51], implanted pure OCP bone 
substitutes showed significant levels of osteogenic activity after 4 
weeks. A high density of osteoblasts and new bone formation were 
observed around the implanted OCP granules (Fig. 2A). These 
histological findings strongly suggest that in addition to providing 
the basis for the crystallographic structure during bone regenera-
tion, the OCP material itself promotes the homing and prolifera-
tion of bone-forming cells. After 12 weeks, most of the OCP bone 
graft material was resorbed, providing space for new bone forma-
tion (Fig. 2B). 

Several clinical trials have been conducted using OCP bone graft 
materials. OCP/collagen was placed in the nasal cavity and ex-
traction socket of the left maxillary lateral incisor [59]. No infec-
tions or neoplastic lesions were observed at the treatment sites 
during the 7-year follow-up period. Moreover, no negative effects 
on neighboring teeth, such as mobility or loss, were confirmed. 
Hence, it can be stated that OCP/collagen was properly resorbed 
and replaced with new bone tissue. In addition, the newly formed 
bone due to the OCP/collagen showed affinity for and stably fixed 

the inserted dental implant. 
In another clinical study by Kim et al. [60], eight implants were 

placed in three patients who underwent maxillary sinus or alveolar 
bone grafting using OCP bone graft material. Except for mild 
swelling at the surgical site, none of the patients developed any 
postoperative complications. Four months after implantation, the 
implant stability quotient values were above 60 for all implants, in-
dicating good implant stability. For site No. 16 of case 3, in which 
the maxillary sinus and ridge grafts were performed using OCP 
bone graft material, histological analysis revealed that new bone 
was deposited around the remaining grafted bone and the new 
bone was well integrated. No foreign body reactions or signs of in-
flammation were observed. Thus, the unique and excellent ability 
of OCP to generate new bone has been clinically and radiologically 
confirmed. Unlike HA and β-TCP, OCP appears to provide a start-
ing site for new bone formation and eventually promotes bone re-
generation [54]. 

Conclusion 

The results of studies on the excellent osteogenesis performance of 
OCP bone substitutes are of great significance in that they have 
emerged as a breakthrough that can overcome the disadvantages of 
existing naturally derived bones (allogeneic bone, xenogeneic 

Fig. 2. Micrographs of octacalcium phosphate (OCP)-implanted tibial defect in the rabbit after 4 weeks and 12 weeks. (A) At 4 
weeks, OCP granules (*) are visible. Active new bone formation is observed with osteoblasts (arrows) and osteocytes in lacunae 
(arrowheads). (B) At 12 weeks, compact bone is achieved via new bone formation with osteons (O). OCP granules are largely ab-
sorbed (hematoxylin and eosin stain).
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bone) and synthetic bones. Despite the excellent capacity of OCP 
to generate new bone, its commercialization and applications have 
been limited in the past by the inability to produce high-purity 
OCP materials. Research on the mass production of OCP has 
been continuously conducted in countries around the world for 
the past 40 years, but only recently has the world's first high-purity 
OCP synthesis method and low-temperature manufacturing pro-
cess for OCP bone been developed in Korea. Recently, domestic 
companies using these technologies have succeeded in commer-
cializing bone substitutes based on OCP, and it is expected that the 
limitations of current bone graft materials can be overcome in clin-
ical applications. 
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