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Abstract

Bone grafting is a widely utilized treatment for bone defects and augmentation of bone fusion, and the development of bone substitute
materials with superior osteogenic potential is of significant interest as an alternative to autogenous bone grafting. Octacalcium phosphate
(OCP) has been investigated as a bone substitute material due to its capacity to promote replacement with new bone more effectively
than hydroxyapatite (HA) and [-tricalcium phosphate (3-TCP) in preclinical studies. The solubilities of OCP and S-TCP are higher
than that of HA under the physiological conditions, according to the thermodynamic stability of these crystal structures. However, OCP
promotes osteoblastic differentiation and osteoclast formation compared to 5-TCP and HA, which is associated with the difference in
the dissolution behaviors of these calcium phosphates. OCP has been combined with natural polymers such as collagen and gelatin to
enhance its handling properties and clinical applicability. Among these composites, OCP/gelatin (OCP/Gel) has demonstrated superior
osteoconductivity and biodegradability compared to 5-TCP in the long bone defect model. Therefore, OCP/Gel composites should
provide an optimal balance between new bone formation and material resorption, addressing a critical limitation of 3-TCP in clinical
applications. This review article focuses on the intrinsic biodegradable property of OCP and summarizes the development and preclinical
findings of OCP and OCP/Gel composites, and exploring the potential for orthopedic application.
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Introduction phase in the formation of HA from supersaturated solutions
with respect to HA and advocated as a precursor of bone
apatite crystals [11-14]. In fact, the presence of OCP has
been detected in human and rat bone tissues under high-
resolution transmission electron microscopic (HRTEM) ob-
servation [15]. In recent years, there has been growing
interest in OCP as a biomaterial: OCP shows bone re-

generation capacities in oral and orthopedic bone defects

Synthetic calcium phosphate materials, such as hy-
droxyapatite (HA), have been widely used as bone substi-
tutes in orthopedic and oral bone defects due to their excel-
lent osteoconductive property, which can directly bond to
living bone [1,2]. Biodegradable calcium phosphate mate-
rials have attracted the attention of many researchers for re-
pairing bone defects because they can be expected to be re-

placed by the patient’s own tissue [3—5]. S-tricalcium phos-
phate (8-TCP), carbonate apatite (CO3Ap), and octacal-
cium phosphate (OCP) have been classified as biodegrad-
able materials [1,6]. These biodegradable calcium phos-
phate materials show specific solubilities depending on
their structures and the chemical compositions under physi-
ological pH [6-9]. It seems likely that focusing on the solu-
bility of calcium phosphate materials is of interest in terms
of exploring their bioactivity [10].

OCP has been reported to be involved as a precursor
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[10,15-17] and works as a drug delivery carrier [10,16—19].
OCP has higher osteoconductive properties in some mate-
rial forms, such as granules [20], coating [21-25], thin film
[26], and blocks [27-29].

OCP is known as a metastable phase in physiological
conditions as well as amorphous calcium phosphate (ACP)
[7,30]; therefore, it has also been studied from the perspec-
tive of mineralization or the interaction with matrix proteins
[31-34]. The participation of OCP in biomineralization has
been studied from the viewpoint of the advancement of hy-
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drolysis to explain the characteristics of biological apatite
crystals [35,36]. The importance of OCP participation in
biomineralization has also been investigated to explain the
incorporation of carbonate ions into bone apatite crystals
[37], the plate-like crystal morphology of bone apatite crys-
tals [13], and the bonds between bone apatite crystals min-
eralized in bone matrices [38]. It has been reported that
human plasma is supersaturated with respect to HA but al-
most saturated with respect to OCP [39]. Therefore, it is
believed that OCP does not simply dissolve in the physio-
logical conditions [39], and in fact, equilibrium is reached
in a slightly supersaturated state in a buffer solution contain-
ing Ca* and inorganic phosphate (Pi) ions in a chemical
experiment [40]. However, it has been demonstrated that
OCP implanted onto mouse calvaria or within rat calvaria
bone defect indeed undergoes a progressive transformation
into an apatitic phase over time [10,20,40,41]. Furthermore,
it was confirmed that osteoconduction of OCP is induced
when OCP undergoes a phase transformation to HA, sug-
gesting that the metastability of OCP is an important factor
determining its performance as a biomaterial [10,40,41].

OCP composites with tissue-derived polymers such
as collagen [42] and gelatin [43], as well as composites
with synthetic polymers such as poly (lactide-co-glycolide)
(PLGA) [44] and polycaprolactone (PCL) [45], have been
developed as bone substitute materials, and their bone tis-
sue responses have been studied from the viewpoint re-
garding whether they can be used as filling bone defects
in dental or orthopedic fields. Two of these composite
materials, OCP/collagen (OCP/Col) [42] and OCP/gelatin
(OCP/Gel) [43], have recently been approved in Japan for
clinical use in dentistry and orthopedics, respectively. Be-
cause OCP contains a large number of water molecules
in the structure (CagH2(POy4)s - SH20), this characteristic
makes it difficult to mold, which is different from sintered
HA (Ca19(PO4)(OH)2) and 3-TCP (Caz(PO,)2) materials
and therefore combining OCP with polymeric materials is
one of the effective methods [42—45]. These composites ex-
hibit porous form and have the advantage of being easy to
handle and fill oral bone defects [42] and orthopedic bone
defects [43]. These composite materials exhibit biodegrad-
ability as a composite [46] as well as the single use of OCP
[42], which could be related to the biodegradable property
of OCP [47]. In this review article, we focus on intro-
ducing the bone formation coupled with the biodegrada-
tion of an OCP/Gel composite in comparison with a typical
biodegradable material, porous 5-TCP, and discuss its po-
tential application as a bone substitute in the field of ortho-
pedics, with a special emphasis on the chemical, structural,
and bioactive performance of OCP.
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Structural and chemical properties of HA,
B-TCP, and OCP

Structural properties

Crystal structures of HA, S-TCP, and OCP (Fig.
1) belong to the hexagonal system with space group
P63/m6, triclinic, and rhombohedral systems, respec-
tively [12,48,49]. The stoichiometric chemical compo-
sitions of HA, -TCP, and OCP are Ca;((PO4)s(OH)s,
Ca3(POy)2, and CagHo(POy)g-5H20, respectively. The
positions of Ca?*, PO,3", and OH™ in the HA crystal
structure can be substituted with another cation and an-
ion [50-53]. The bone apatite contains carbonate ion,
which is substituted with a part of PO, and OH™ of
the HA structure. In wet synthesis, the nonstoichiomet-
ric composition of HA, such as Ca-deficient HA (CDHA,
Cajg—_,(HPOy4),(PO4)s—»(OH)2_,), is able to be synthe-
sized [54—57]. The synthesis of the nonstoichiometric com-
position of OCP (CajgHy4,(PO4)12(OH), - (10-x)H20) by
the direct precipitation method is also reported [12,41,47].
The position of Ca?* in the OCP structure is able to be sub-
stituted with other metal ions, such as Ag*, Sr?*, Mg?t,
and Mn2* [28,58]. Mathew et al. [12] identified the crystal
structure of OCP, which consists of a CDHA-like layer and
a dicalcium phosphate dihydrate-like hydrated layer. These
layers stack alternatively toward the g-axis of the OCP lat-
tice. The hydrogen phosphate ions are present either in
the hydrated layer or at the junction of the CDHA-like and
hydrated layers. The hydrogen phosphate ions in the hy-
drated layers is also able to be substituted with the organic
molecules of dicarboxylate [59-61]. The lattice parameters
toward the c-axis for HA and OCP are almost the same (¢ =
6.883 A for HA, ¢ = 6.835 A for OCP) [12,48], and the pa-
rameter toward the a-axis for HA is approximately half the
value for OCP with collapsed hydrated layer (a = 9.4214 A
for HA, a =18.86 A for collapsed OCP, a = 19.692 A for
OCP) [62]. The presence of the Cag(POy4)g cluster within
the crystal structure of HA and the CDHA-like layer of OCP
is assumed [63]. The Cag(PO,)g cluster is a structure model
of ACP proposed by Posner ef al. [64]. The ACP cluster
is detected during the nucleation of calcium phosphate in
aqueous solution [65—67]. This structural similarity sug-
gests that ACP and OCP are precursors of HA when HA is
precipitated in the aqueous solution [31,63]. TCP is synthe-
sized through the solid reaction at high temperatures. The 3
phase is the low-temperature phase of TCPs and transforms
to the o phase (monoclinic) at 1125°C [68].

Chemical properties

The solubility of calcium phosphates depends on the
thermodynamic stability of their crystal structure under the
physiological pH and temperature [8]. The solubility of HA
is lower than that of OCP and 3-TCP, and OCP shows lower
solubility than S-TCP [8,70-72]. However, the solubili-
ties of calcium phosphates are also controlled by chemical
composition, such as Ca?* and Pi ions of the surrounding
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Fig. 1. Schematic images showing the unit cells of HA (A), OCP (B), and S-TCP (C) on the (001) plane. Crystal structures of these
calcium phosphates are drawn by VESTA [69]. Reproduced from Suzuki O ef al.[10], Dent Mater J 2020; 39: 187-199 with permission.

environment [10]. The serum is supersaturated and satu-
rated with respect to HA and OCP, respectively [39]. In
addition, simulated body fluid (SBF) [73,74] is slightly sat-
urated with respect to OCP and 3-TCP after the incubation
of OCP and 3-TCP granules, respectively [10]. SBF incu-
bated with these granules is supersaturated with respect to
HA. The degree of supersaturation with respect to calcium
phosphates suggests that OCP and 5-TCP do not simply dis-
solve and become resorbed in the physiological conditions
expected chemically. However, OCP gradually transforms
into a stable phase of HA through the hydrolysis reaction
in physiological environments. In the hydrolysis reaction,
OCP crystals release Pi ions and uptake Ca%* from the sur-
rounding environment [7,10]. The dissolution-precipitation
reaction and ion diffusion-crystallization process have been
proposed as the transformation mechanisms [7,10,75]. In
the dissolution-reprecipitation reaction, a part of the OCP
crystal is dissolved, and de novo HA crystals are formed
on its surface [7]. When the OCP hydrolysis progresses
through the ion diffusion-crystallization process, HPO 42~
ions and H5O in the hydrated layer are diffused, and HA
structures are formed epitaxially due to the structural simi-
larity between OCP and HA [10,75]. The higher degree of
supersaturation with respect to HA is a driving force of the
progress of transformation. Fluoride ion acts as a promoter
for the hydrolysis of OCP [76,77], whereas Mg?™ [76], py-
rophosphate [78], and polyacrylic acid [79] are inhibitors.
Although increasing the amounts of serum protein adsorbed
tended to inhibit the OCP hydrolysis, serum-derived albu-
min and fetuin assist in the formation of de novo crystals
on the surface of OCP at a suitable concentration [80,81].
The HA formed from OCP through the hydrolysis reaction
has a nonstoichiometric composition, which corresponds to
that of CDHA [41,47].

Bioactivity synergy

After the implantation of OCP onto the mouse cal-
varia or in the mammal subcutaneous pouches, de novo ap-
atite crystals formed on the surface of plate-like crystals of
OCP were observed by transmission electron microscope
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[10,82]. The B-TCP also forms de novo apatite after im-
plantation in the rat subcutaneous pouches, whereas part of
the B-TCP structure remains [10]. The de novo apatite for-
mation of S-TCP could be induced by increasing the de-
gree of supersaturation with respect to HA through the par-
tial dissolution of 5-TCP. The formation of de novo crystals
on the CDHA surface is also observed after the incubations
[82]. Although stoichiometric HA is a stable phase in phys-
iological conditions, nonstoichiometric composition, such
as deficient Ca™ and substitution of CO32", increases the
solubility of HA [6,83]. The solubilities of calcium phos-
phates are associated with crystal structure and chemical
composition. However, the degree of supersaturation in-
dicates that the unstable calcium phosphates of OCP and -
TCP remain and form a stable phase of the apatitic structure
via their dissolution. Therefore, biodegradation of OCP and
B-TCP could be induced through the mechanisms of both
self-dissolution of the crystal and osteoclastic-mediated re-
sorption.

Performance comparison of HA, 5-TCP, and
OCP in bone repair

The first study to observe the osteoconductive prop-
erty of OCP compared the appearance of bone tissue fol-
lowing the subperiosteal implantation of granules of OCP,
dicalcium phosphate anhydrous (DCPA), amorphous cal-
cium phosphate (ACP), and non-sintered two HA materi-
als (CDHA and stoichiometric HA) into the mouse calvaria
[20]. Although DCPA, OCP, and ACP induced bone tissue
earlier appearance than HA materials did, OCP enhanced
the most among these precursor calcium phosphates to the
apatite phase [20]. Further studies clarified that OCP en-
hances bone formation more than sintered HA in the rabbit
femur defect [41] and in the mouse calvarial defect [84],
and non-sintered CDHA prepared through the hydrolysis
of OCP in the rat calvarial defect [41], and that OCP is re-
sorbed more rapidly than S-TCP in the rat tibia defect [47]
and in the mouse calvarial defect [84]. OCP accumulated
tartrate-resistant acid phosphatase (TRAP)-positive multi-
nucleated cells in the rabbit [41] and alkaline phosphatase-
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Table 1. Newly formed bone and remaining implants in the rat and mouse calvarial bone defects treated with calcium

phosphate materials were quantified by histomorphometric analysis.

Rat calvarial bone defect (6 months)

Mouse calvarial bone defect (10 weeks)

Implanted materials New bone area (%) Remaining implants (%)

New bone area (x10° yum?)  Remaining implants (x10° pm?)

OoCP 63.3 6.58
B-TCP 42.8 234
HA 242 39

13.3 9.1
8.7 6.8
5.6 132

The numerical values were reproduced from Kamakura S et al. [87], J Biomed Mater Res, 2002; 59:29-34 and Sato T et al. [84], Acta Biomater, 2019;
88: 477-490 with permission. OCP, octacalcium phosphate; 3-TCP, S-tricalcium phosphate; HA, hydroxyapatite.

positive cells on the mouse calvaria [85] and osteocalcin-
positive cells in the bone marrow of mouse tibia [82] around
OCP itself during their bone formation and resorption, sug-
gesting that osteoblastic cells and osteoclastic cells around
OCP are activated [10,40]. OCP also stimulated osteocyte
differentiation than CDHA 1in a critical-sized defect of rat
calvaria [86]. These tissue responses suggested that OCP
enhances new bone formation during the hydrolysis from
OCP to CDHA [10,40]. Later studies confirmed that the
stimulatory capacity of OCP to bone tissue-related cells is
induced while OCP is hydrolyzed into CDHA: the hydroly-
sis evokes inorganic ions exchange, that is, Ca?* incorpora-
tion into OCP and P1i ions release from OCP over time under
physiological conditions [10]. These comparative perfor-
mances of OCP, 5-TCP, and HA were summarized (Table
1) [84,87].

The mechanism of OCP in new bone
formation

In vitro studies using several culture techniques found
the following cellular responses to OCP in relation to new
bone formation: (1) OCP enhances the early stage of dif-
ferentiation of mouse bone marrow stromal ST-2 cells to
osteoblast in a dose-dependent manner [41]; (2) Osteoclast
formation is increased from bone marrow macrophages
without the addition of the osteoclast differentiation fac-
tor receptor activator of NF-kappaB ligand (RANKL) in
a co-culture with osteoblasts, with enhanced expression of
RANKL in osteoblasts [10]; (3) OCP enhances differen-
tiation of mesenchymal stem cells (MSCs) toward osteo-
cytes [86] when using the IDG-SW3 cell-line, which ex-
hibits a differentiation phenotype toward osteocytes [88,
89]; (4) OCP enhances osteoblast differentiation more
than HA and 8-TCP in a MSCs 3D spheroid culture in-
corporating these calcium phosphate particles [84]; (5)
OCP enhances macrophage migration toward own surfaces
through moderate dissolution of Ca?* [40]. OCP has also
shown the stimulatory or regulatory capacity to bone tissue-
related cells, including chondrogenic cells [90], tendon
stem/progenitor cells [91], human umbilical vein endothe-
lial cells (HUVECS) [10], and C2C12 myoblast differenti-
ation [92]. However, further investigations are needed to
elucidate the molecular mechanisms by which OCP modu-
lates the activities of these bone tissue-related cell types.
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Preparation of OCP/Gel composite

Because OCP cannot be sintered while maintaining its
single crystal phase [93,94] and lacks sufficient mechan-
ical strength, unlike HA and S-TCP, the handling perfor-
mance can be significantly improved by combining with
polymeric materials [40]. OCP composite materials with
tissue-derived macromolecules such as collagen, gelatin,
and hyaluronic acid, or with synthetic polymers, including
PLGA, have been investigated [40]. Among these poly-
meric materials, collagen and gelatin possess cell-adhesive
sites, high biocompatibility, and have been widely applied
as biomedical materials [95,96]. Furthermore, gelatin ex-
hibits a sol-gel transition at low temperatures and is advan-
tageous for material fabrication [97]. OCP/Gel compos-
ites with porous structure have been prepared to investigate
their bone generative capacity in various animal bone de-
fect models [43,46,98,99]. Gelatin, a natural biodegradable
polymer, is extracted from animal tissue, such as bovine
bone and porcine skin, under acidic or alkaline conditions
[100]. Gelatin is a random-coiled protein obtained from the
thermal denaturation of collagen molecules [97]. Gelatin
forms a hydrogel by forming a collagen-like triple helix
structure from a part of random coil protein when the hot
gelatin solution is cooled [101-104]. In contrast, colla-
gen solution forms a hydrogel at physiological temperature
[105-107]. The porous gelatin form is obtained through
the lyophilization of gelatin hydrogel and applied as a scaf-
fold for tissue regeneration, including bone tissue. For the
preparation of OCP/Gel composites, (1) the mixing method
[43,99] and (2) the co-precipitation method [98] have been
reported. In the mixing methods, the OCP granules syn-
thesized by direct precipitation methods are soaked in the
gelatin solution and stirred under a low temperature, such
as 4°C [99]. The hydrogel of gelatin with OCP granule is
lyophilized and then heated under vacuum conditions (de-
hydrothermal treatment) to form a porous composite. The
dehydrothermal treatment is performed for the crosslink-
ing of gelatin molecules, and the OCP maintains its crystal
structure, which is confirmed by X-ray diffraction [108].
The content and granular size of OCP in the porous com-
posite can be controlled easily using this method [43,99].
The synthesis and preparation of the OCP/Gel composites
were summarized (Fig. 2).

The microstructure of OCP/Gel composite prepared

Com
CELDR maczziaLy


https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v056a05

European Cells and Materials Vol.56 2026 (pages 64—81) DOI: 10.22203/eCM.v056a05

Preparation of OCP—— Granules formation
Saito K et al. RSC Adv 2016 [99];

Hamada S et al. Clin Orthop Relat Res 2022 [43]

Co-precipitation of —» Condensation —» Recovery, lyophilization——» Mixing of OCP granules —» OCP/Gel

OCP with gelatin

2023 [40]

and granules formation

Hamai R et al. Appl Mater
Today 2022 [109];
Suzuki O et al. Acta Biomater

—» Lyophilization and cross-linking

and gelatin in agueous 4
solution, lyophilization
and cross-linking

Handa T et al. Acta Biomater 2012 [98];
Chiba S et al. J Biomed Mater Res A 2016 [46]

Fig. 2. Flow charts for the synthesis and preparation of OCP/Gel composites. Created by Microsoft PowerPoint.

by the mixing method was observed using a scanning elec-
tron microscope (Fig. 3). The average pore size of com-
posites is approximately 200 um, and porosity is around
90% when 17-44 wt.% of OCP granule with a diameter
of 300—500 pm is mixed with gelatin [108]. In the co-
precipitation method, OCP crystals are precipitated under
supersaturation with respect to OCP and HA at higher tem-
peratures by mixing a calcium salt solution with a phosphate
solution containing gelatin molecules [98]. The precipita-
tion obtained by the co-precipitation method was a single
phase of OCP in the range from 0.1 to 2.0% of gelatin [98].
However, the synthesis condition of OCP co-precipitated
with collagen is limited: the synthesis in the presence of
collagen molecules was carried out at 25°C to avoid the
molecules denaturing [40]. The slurry of OCP with gelatin
is lyophilized in the mold, and then dehydrothermal treat-
ment is performed. The OCP/Gel composites prepared by
the co-precipitation method have large pore size distribu-
tions ranging from 10 to 500 ym and high porosity of more
than 90% [98]. Each OCP crystal with plate-like morphol-
ogy oriented toward the long axis is dispersed homoge-
neously in the gelatin matrix [98]. The OCP/Gel compos-
ites prepared by mixing and co-precipitation methods can
be molded into optimal shapes and sizes for filling the bone
defects.

Comparison of OCP with other calcium
phosphate bone substitute materials

The solubility of calcium phosphate-based bone sub-
stitute materials affects the resorptive activity of osteo-
clasts, with more soluble calcium phosphate materials ex-
hibiting superior biodegradability and bone formation ef-
fects [110-112]. The details of OCP solubility and hy-
drolysis under different conditions have been reported by
Tung et al. [71]. A comparative study on the resorbabil-
ity and bone formation-promoting effects of 5-TCP, non-
sintered stoichiometric HA, and OCP has been conducted
[87], where the particle sizes of OCP and HA ranged from
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300 to 500 um, while those of 5-TCP ranged from 250 to
500 um. The new bone formation and remaining implants
in the critical-sized mouse calvarial bone defect treated with
OCP, sintered S-TCP, and sintered HA granules with a di-
ameter of 300 to 500 pm were also evaluated [84]. The re-
sults of histomorphometric analysis of newly formed bone
and remaining implants in the rat and mouse calvarial de-
fect treated with calcium phosphates are shown in Table
1. These results indicate that OCP exhibited the high-
est resorbability and promoted bone formation in calvar-
ial defects more effectively than other calcium phosphate
bone substitute materials. Among calcium phosphate-based
bone substitute materials, OCP exhibited the highest capac-
ity to enhance alkaline phosphatase activity [17]. Com-
pared to HA, the implanted OCP promoted greater bone
formation [10,84]. In another study comparing the tissue
response and osteoconductivity of OCP and sintered HA
blocks, the OCP block exhibited approximately 30% bone
replacement at four weeks post-implantation, whereas no
bone replacement was observed in the sintered HA block
during the same period [28]. When OCP was implanted
into the tibial bone marrow of rats and compared to 5-TCP,
OCP demonstrated a similar bone formation outcome to 3-
TCP. However, while 8-TCP showed the highest bone for-
mation rate at day 14, OCP exhibited a gradual increase
in bone formation up to day 56 [47]. Furthermore, at 56
days post-implantation, osteocalcin staining showed pos-
itive cells around both 5-TCP and OCP, whereas osteo-
pontin staining showed positive cells around OCP but not
around B-TCP [47]. In a study comparing the osteoconduc-
tivity of OCP and ACP [113], implantation into rat calvarial
defects for eight weeks resulted in 16.9 + 2.9% new bone
formation in the ACP group, whereas the OCP group exhib-
ited 38.2 £ 4.3%, demonstrating the superior bone-forming
ability of OCP. In addition to the superior biodegradability
and osteogenic capacity of OCP-based composites, it has
been increasingly recognized that appropriately regulated
inflammation plays a critical role in promoting bone regen-
eration [47,114—116]. Specifically, such inflammation fa-
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Fig. 3. Scanning electron microscope images of OCP/Gel composite prepared by the mixing method at lower (A) and higher

magnifications (B). The magnified image corresponds to the granule consisting of aggregated OCP plate-like crystals in the composite.
Asterisks indicate OCP granules. Bars =200 pm (A) and 1 pm (B). Reproduced from Hamai R ez al. [109], Appl Mater Today 2022;

26: 101279 with permission.

cilitates the recruitment and differentiation of mesenchymal
stem cells into osteoblasts, thereby contributing to effective
bone repair [117,118]. The favorable tissue response in-
duced by OCP/Gel, as evidenced by early bone formation
and resorption, may in part reflect its ability to create a lo-
cal environment that supports this inflammation-mediated
regenerative process. The composites of OCP have also
been reported to exhibit excellent biodegradability and bone
formation capability. OCP/Col has been shown to undergo
early biodegradation and promote bone formation more ef-
fectively than S-TCP [119]. Similarly, OCP/alginate (Alg)
has demonstrated superior early biodegradability and bone
formation compared to 5-TCP [18]. Additionally, OCP/Gel
and OCP/PLGA have been reported to promote earlier bone
formation than Gel and exhibit superior early biodegrad-
ability and bone formation compared to PLGA, respec-
tively [43,44,108]. The biodegradability and bone forma-
tion of gelatin, OCP/Gel, and S-TCPs with porosities of
60% and 71-80% were evaluated by a histomorphometric
analysis (Fig. 4, reproduced from reference [46]). The im-
planted OCP/Gel was prepared through the co-precipitation
method described above [98]. At two and four weeks post-
implantation, hematoxylin and eosin staining of decalcified
specimens indicated that OCP/Gel promoted more exten-
sive new bone formation around OCP compared to gelatin
and B-TCPs. Concurrently, OCP/Gel demonstrated ear-
lier in vivo degradation and resorption than both 3-TCPs
with 60% porosity and those with high porosity (71-80%).
Quantitative analysis of newly formed bone showed that
OCP/Gel significantly enhanced bone formation compared
to B-TCPs. At eight weeks in the cortical area, the percent-
age of newly formed bone (mean £+ SD) was 16.9 £+ 6.2%
for gelatin, 25.6 & 3.6% for OCP/Gel, 9.1 £+ 5.2% for -
TCP (71-80%), and 8.7 +3.5% for 5-TCP (60%). The
OCP/Gel group exhibited a significantly higher amount of
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new bone formation than both 3-TCP groups (p < 0.05).

The bone regeneration of the rabbit tibia bone defect
was analyzed by representative computed tomography (Fig.
5, reproduced from reference [46]). The 5-TCP groups with
porosities of 60% and 71-80% tended to exhibit greater
residual material and reduced bone formation, whereas the
OCP/Gel group showed less residual material and a greater
extent of bone formation. These observations suggest that
OCP/Gel has superior biodegradability and osteogenic po-
tential compared to 3-TCP.

The synthesis and performance of composites of
gelatin with HA [120,121], 8-TCP [122,123], and OCP
[98,99] collected from published papers were summarized
(Table 2). These composites were obtained either by mix-
ing calcium phosphate granules with gelatin or by a co-
precipitation method prepared in an aqueous solution in
the presence of gelatin. The composite materials possess
porous spongy forms and exhibit osteogenic in vitro, osteo-
conductive, and resorbable properties in vivo conditions.

Increasing the osteoconductive property of
OCP by introducing structural defects

In the rat calvarial bone defects, OCP/Gel composites
exhibit superior bone formation and biodegradation ca-
pacities [98]. The crystallinity of OCP separated from the
slurry of wet synthesis in the presence of gelatin (c-OCP)
was different [109] from OCP synthesized in the absence
of gelatin (w-OCP) [20]. Crystallinity is regulated by the
presence of lattice defects, such as point defect, line defect,
and plane defect. The deficiency of Ca%* in OCP is a point
defect. The Ca/P molar ratio of c-OCP and w-OCP was
similar, which indicates that these OCPs include a similar
density of point defects in the lattices [109]. Therefore, the
lattice structure of OCPs was analyzed by a HRTEM. The
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Gelatin

OCP/Gel

B-TCP
(71-80%)

Fig. 4. Overview of hematoxylin and eosin—stained sections showing rabbit tibia bone defect regions following treatment with
gelatin, OCP/Gel, 5-TCP (71-80%), and 3-TCP (60%) at 2, 4, and 8 weeks. The newly formed bone area is enclosed with a dashed
line. Scale bars = 1 mm. V¥, Defect margin; NB, newly formed bone; BM, bone marrow; 5-TCP, S-tricalcium phosphate. Reproduced
from Chiba S et al. [46], ] Biomed Mater Res A 2016; 104: 2833-2842 with permission. The figure is being revised to outline the newly

formed bone with dashed lines.

extra half-planes inserted in (002) and (030) were observed
in HRTEM images of both OCPs, which means that this
OCP contains a line defect of edge dislocation having the
Burgers vector ofE> =1/2[001] and 1/3 [010] [109]. The
fast Fourier transform (FFT)-inverse FFT analysis clearly
visualized the distribution of dislocations in the OCP. The
total density of dislocation was higher in the c-OCP than in
the w-OCP, and the number of dislocations having ? =12
[001] was larger than that having 7 =1/3[010] [109]. In
addition, the morphology of the c-OCP plate crystal grew
well oriented toward the c-axis compared to w-OCP, which
suggests that the adsorption of gelatin molecules onto
the b-plane controls the crystal growth direction [109].

Sy
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Thus, the lower crystallinity of c-OCP is owing to the high
dislocation density, and the incorporation mechanism of
dislocation could be involved with the oriented crystal
growth of ¢c-OCP [109]. Previous literature reported that
the adsorption of silk fibroin molecules onto the OCP
surface during the crystal growth is associated with the
incorporation of dislocations [124]. The higher solubility
of OCP than HA in physiological conditions induces the
hydrolysis reaction of OCP [7]. The chemical environ-
ment changed by OCP hydrolysis promotes osteoblastic
differentiation of MSC [82]. The dissociation rate constant
normalized by surface area was higher in ¢c-OCP than in
w-OCP in 150 mM tris (hydroxymethyl) aminomethane
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Gelatin

OCP/Gel

B-TCP
(71-80%)

B-TCP
(60%)

Fig. 5. Representative micro-CT images of rabbit tibia bone defect regions following treatment with gelatin, OCP/Gel, S-TCP
(71-80%), and B-TCP (60%) at 2, 4, and 8 weeks. The arrows indicate the newly formed cortical bone. Reproduced from Chiba S et
al. [46], J Biomed Mater Res A, 2016; 104: 2833-2842 with permission. A modification is being made to point out the newly formed

bone with arrows.

(Tris)-HCIl buffer. The rate of PO4/HPO,4 on the surface of
¢-OCP increased, whereas the rate on the surface of w-OCP

was maintained after the incubations [109]. These ﬁndlngs AE, = 14/0] In )« p X Vin (1)
suggest that c-OCP undergoes faster hydrolysis than 4dr(l —v) To

w-OCP under physiological conditions. The lattice strain

is induced around the edge dislocation, and its density where Z)’ r, and ry are the magnitude of the Burgers

increases the internal energy of the crystal [125,126]. The  vector, the average mid-distance between dislocations, and
increase in internal energy by edge dislocation density (p) the radius of the dislocation core, respectively. The values
of crystals is explained by equation (1) [126]: of u1, v, and V,, are the elastic modulus, Poisson’s ratio,
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Table 2. Synthesis and performance of HA/Gel, 5-TCP/Gel, and OCP/Gel composites.

Materials Synthesis Bulk form Tissue/cell responses References
HA/gelatin Granules mixing  Porous sponge  Osteogenic differentiation (in vitro cell culture) Kim HW et al. 2005 [120]
HA/gelatin Co-precipitation  Porous sponge  Osteogenic differentiation (in vitro cell culture) Kim HW et al. 2005 [120]
OCP/gelatin Granules mixing  Porous sponge Osteoconductive/ resorbable Saito K et al. 2016 [99]
OCP/gelatin Co-precipitation  Porous sponge Osteoconductive/ resorbable Handa T ez al. 2012 [98]

[3-TCP/gelatin ~ Granules mixing  Porous sponge

Osteogenic differentiation (in vitro cell culture)

Takahashi Y et al. 2005 [122]

HA, hydroxyapatite; OCP, octacalcium phosphate; 3-TCP, S-tricalcium phosphate.

and molar volume of OCP, respectively. Although the ac-
tivation energy of chemical reactions, such as dissolution
and hydrolysis reactions, is the same between w-OCP and
¢-OCP, the increase in internal energy by high edge dis-
location density decreases relatively the activation energy
of reactions [109]. In the 3D cell culture of MSC using
the oxygen-permeable culture chip, the spectroscopic anal-
ysis indicated that the hydrolysis of c-OCP aggregated with
MSC spheroids was promoted compared to that of w-OCP
[109]. Furthermore, the cells aggregated with c-OCP ex-
pressed higher alkaline phosphatase activity, an early and
middle-stage osteoblastic differentiation marker [109].
The bone regenerative capacities of c-OCP and w-OCP
were compared by implanting them in critical-sized rat
calvarial defects [40,109]. The porous gelatin composite
forms prepared by the mixing method were used for the
implantation of these OCP granules [99] to exclude the ef-
fect of adsorbed gelatin onto c-OCP [40,109]. These w-
OCP/Gel and c-OCP/Gel composites had similar porous
structures, and these OCP granules were dispersed homo-
geneously in the porous gelatin structure. The histologi-
cal analysis indicated that the amount of new bone was in-
creased, and the remaining granule amount was decreased
in the defect treated with c-OCP/Gel composites compared
to w-OCP/composite [40,109]. The increased dissolution
and hydrolysis rates due to dislocations with high density
in ¢-OCP could contribute to the formation of new bone
tissue by promoting osteoblast differentiation of MSCs
through increased ion dissolution [40,109]. OCP is grad-
ually resorbed by osteoclasts formed from macrophages
[41,47,85]. The solubility of c-OCP was enhanced by the
dislocation with high density, and the OCP crystals could be
dissolved and resorbed easily in the bone defect [40,109].
Therefore, the incorporation of edge dislocation is expected
to be a parameter in designing the OCP bone substitute with
enhanced osteoconductivity and biodegradability.

Effect of gelatin biodegradation on bone
regeneration

Gelatin is resorbed by matrix metalloproteinases
(MMPs), such as MMP-2 (gelatinase A) and MMP-9
(gelatinase B) [127,128]. Collagen is also decomposed
by these MMPs and their living bodies, and their degra-
dation products regulate the healing of tissue [129]. The
generation of structure degradation products is regulated
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by the type of collagen and MMP. In the bone tissue, C-
propeptide (120 kDa), a type I collagen degradation product
generated by MMP-9, stimulates endothelial chemoattrac-
tant and induces vascularization [130]. The type-I colla-
gen degradation products of proline-glycine-proline (PGP)
also promote angiogenesis through the migration, prolifer-
ation, and lumen formation of endothelial cells [129,131].
The PGP is generated by MMP-8/MMP-9 and prolyl en-
dopeptidase [131]. The collagen sponge loaded with N-
acetylated PGP promotes mouse wound healing by increas-
ing the newly formed vessels [132]. The administration
of N-acetylated PGP induces the circulating angiogenic
cells via activation of CXCR2 and reduces tissue necro-
sis in mice [133]. The N-acetylated PGP binds the recep-
tor of CXCR2 on the endothelial progenitor cells to in-
duce angiogenesis [132]. PGP has a similar role to the
SGP motif in interleukin-8 (IL-8) [132,134]. IL-8 binds
CXCR1/CXCR2 and contributes to the tube formation of
HUVECs [135,136]. In addition, MMPs regulate the bone
regeneration [137-139]. Previous literature reported that
the MMP-9-deficient mouse suppresses osteoblastic differ-
entiation by reducing the bioavailability of vascular en-
dothelial growth factor in the process of fracture healing
[140]. Vascularization is well-known to be an important
factor in bone regeneration [141-144]. The newly formed
vessels supply the inorganic ions for calcification, nutri-
ents, and support stem cell migration [141,142]. Recently,
H-type blood vessels have attracted attention to promote
the bone regeneration [145—148]. Based on the collagen
degradation involved in tissue regeneration, degradation of
porous gelatin by MMP may also affect bone regenera-
tion because gelatin is a random-coiled protein obtained
from collagen. In the previous literature, the effects of
gelatin degradation on bone regeneration were investigated
by the implantation of porous gelatin scaffolds with differ-
ent gelatin content (1, 3, 5, and 7 w/v%) [149]. Type A
porcine skin-derived gelatin with 50-100 kDa was used for
the preparation of sponges [149]. The bone volume and
newly formed vessels were increased in the defect treated
with a sponge at higher gelatin content compared to lower
gelatin content [149]. The accumulated MMP-9-positive
cells were observed in the sponge at higher gelatin con-
tent, which may provide a large amount of gelatin degra-
dation products [149]. The molecular weight of gelatin is
lower than that of C-propeptide. Therefore, the degrada-
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tion products containing PGP could be generated by ac-
cumulated MMP-9-positive cells. The previous literature
also examined whether the degradation products of the
gelatin sponge generated by MMP-9/PE affect angiogenesis
in vitro [149]. The addition of sponge degradation products
into the culture media promoted the capillary-like structure
of HUVECs compared to gelatin [149]. These results sug-
gest that the degradation of the gelatin sponge could con-
tribute to bone regeneration through the induction of an-
giogenesis [149]. MMP-9 is produced by bone marrow-
derived cells, such as macrophages, neutrophils, and os-
teoclasts [140,150]. The low Ca®*t concentration around
OCP stimulates the migration of macrophages and osteo-
clast formation [40]. It suggests that the macrophage or os-
teoclast accumulation induced by the chemical environment
around OCP could contribute to promoting the generation
of PGP delivered from gelatin in the OCP/Gel composites.
The degradation of gelatin in the bone defect treated by
OCP/Gel composites was observed by histological analy-
sis [43]. However, TRAP-positive cells are localized on the
OCP but not around the gelatin matrix in the OCP/Gel com-
posites implanted in the bone defect models [43]. There-
fore, the degradation of the gelatin matrix in OCP/Gel com-
posites could support the angio-osteogenesis induced by
OCP [10] in the bone defect. The relationship between
the biomaterial characteristics of the OCP and OCP/Gel
composite and the vascularization-supported bone forma-
tion coupled with the material resorption are illustrated con-
ceptually (Fig. 6).

OCPI/Gel
OCP Gelatin
- Dissolution - Resorption
- Hydrolysis - Gelatin-derived angiogenic

peptide (degradation
- Ca?* incorporation products, e.g. proline-
- Piion release glycine-proline (PGP))

l }

- Osteoblast differentiation - Vascularization (in vitro

- Osteoclast formation tube formation)

- Vascularization (in vitro
tube formation)

- Phase conversion

CDHA/Gel

Vascularization-supported
bone formation with material
resorption

Fig. 6. A conceptual diagram illustrating the relationship
between the biomaterial characteristics of the OCP and the
OCP/Gel composite, and vascularization-supported bone for-
mation coupled with material resorption. Created by Microsoft
PowerPoint.
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Perspective on orthopedic application of
OCP/Gel

Extensive bone loss resulting from trauma or disease
is a major contributor to musculoskeletal disorders, often
leading to disability, frailty, and a diminished quality of
life. One of the persistent challenges in clinical practice
is achieving effective healing of large bone defects, partic-
ularly in load-bearing regions. Critical-sized defects, gen-
erally defined as gaps of 3 cm or more in humans, are es-
pecially difficult to repair due to the compromised regen-
erative capacity of bone tissue [108,151]. Despite surgical
intervention, delayed union or nonunion occurs in approx-
imately 5% to 10% of fractures. In segmental or critical-
sized bone defects, the failure rate of conventional recon-
struction techniques remains high, often exceeding 20% to
30%, and successful union frequently requires complex,
staged procedures [152,153]. Autologous bone grafts rep-
resent the current clinical gold standard for the treatment
of large bone defects, offering a combination of high bio-
logical activity and mechanical strength necessary for func-
tional bone regeneration. However, their use is constrained
by notable limitations, including donor site morbidity, lim-
ited graft availability, and high rates of graft resorption
[154,155]. The search for an ideal bone substitute mate-
rial capable of replicating the properties of autologous bone
has garnered considerable attention; however, a definitive
and fully satisfactory solution remains elusive. The evalu-
ation of synthetic bone substitute materials for clinical use
in orthopedic surgery is principally guided by the biologi-
cal and mechanical benchmarks established by autologous
bone grafts [156,157]. Bone substitute materials must be
highly bioactive, with osteoconductive and osteoinductive
properties, to promote bone formation without the need for
additional cells or growth factors. The OCP/Gel compos-
ite demonstrated earlier bone remodeling and cortical bone
repair in a shorter time in critical-sized femoral cortical de-
fects in rats and rabbits, suggesting that it could be used
as a bone replacement material to treat severe bone defects
[43,46]. In addition, the graft must possess sufficient me-
chanical strength to support long-term tissue regeneration
when implanted into load-bearing defects and must be capa-
ble of withstanding physiological loading conditions [158—
160]. Synthetic bone substitute materials must be fabricated
through a controlled manufacturing process to achieve a re-
producible structure characterized by high porosity and in-
terconnectivity, thereby facilitating sufficient nutrient ex-
change and angiogenesis essential for supporting bone for-
mation and continuous remodeling [108,156]. Current syn-
thetic bone substitute materials, primarily composed of cal-
cium phosphate or bioactive glass, are widely used in clin-
ical practice. HA offers excellent mechanical strength and
osteoconductivity but lacks sufficient osteoinductivity and
biodegradability. Conversely, S-TCP possesses appropri-
ate porosity for bone regeneration but exhibits inadequate
mechanical strength [161-163]. As a result, existing syn-
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thetic bone substitute materials are largely limited to the re-
pair of small, non-load-bearing bone defects, emphasizing
the need for novel materials suitable for larger, load-bearing
applications. To maintain sufficient strength for such appli-
cations, bone substitute materials typically require a lower
porosity of approximately 50% [164—166]. However, lim-
ited bioactivity remains a major challenge, as current syn-
thetic materials often fail to promote adequate bone forma-
tion in large defects. While OCP/Gel demonstrated favor-
able osteogenic potential, it similarly lacks the mechanical
strength necessary for structural grafting [167]. OCP/Gel
has attracted significant attention as a biocompatible ma-
terial with high osteoinductive potential. However, be-
cause gelatin is a naturally derived polymer, the mechanical
strength of the composite remains limited, making it unsuit-
able for application in load-bearing sites. This limitation
becomes particularly critical in clinical scenarios such as
fracture repair or reconstruction of large segmental defects,
where mechanical stability is essential. Therefore, one of
the major future challenges is to improve the mechanical
performance of the composite without compromising its
biocompatibility and biodegradability. Strategies under in-
vestigation include compositing OCP with synthetic poly-
mers such as PLGA, which can enhance structural integrity
while maintaining controlled degradation kinetics and bio-
logical activity [44]. Indeed, several reports have described
mechanically reinforced bone graft substitutes using syn-
thetic polymers or crosslinking techniques, which demon-
strate improved strength while retaining osteoconductivity
[168—171]. Optimization of crosslinking density and scaf-
fold architecture is also an important area for further re-
search to address the demands of load-bearing bone regen-
eration. Further studies are required to optimize compos-
ite formulations, assess defect size limitations, and evalu-
ate the mechanical properties of regenerated bone relative to
host bone. Despite considerable progress, an ideal synthetic
bone substitute material has yet to be established. Given
the promising preclinical outcomes of OCP/Gel composites
[43] and their successful application in dental reconstruc-
tive procedures by OCP/Col [42], a careful, stepwise clini-
cal evaluation is warranted. In Japan, the use of OCP/Gel in
the field of orthopedic surgery has been approved since Oc-
tober 2024. Its approved indications include stable bone de-
fects associated with benign bone tumors of the extremities,
trauma, and periarticular osteotomies, as well as donor sites
following iliac bone harvesting. OCP/Gel demonstrates
superior shape-conforming capabilities and is expected to
achieve complete filling of bone defects without leaving
voids upon implantation. Owing to these properties, it holds
the potential for effectively promoting bone regeneration
when applied to defect sites following the resection of be-
nign bone tumors, as well as in tibial and pelvic osteotomy
procedures. Although OCP/Gel has been approved for or-
thopedic use in Japan, no clinical reports have yet been pub-
lished demonstrating its safety and efficacy in actual human
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applications. This represents a critical evidence gap that
needs to be addressed to translate its promising preclini-
cal performance into routine clinical practice. Currently,
a prospective multicenter clinical study is ongoing in Japan
to evaluate the clinical utility of OCP/Gel in the treatment of
benign bone tumors and periarticular osteotomies, compar-
ing its performance with that of FDA-approved synthetic
bone graft substitutes. Future publication of the study re-
sults is expected to clarify its clinical potential and support
its wider adoption. Future expansion of'its application to the
spinal surgery field is anticipated. In this context, the clini-
cal relevance of OCP/Gel for treating critical-sized bone de-
fects deserves further exploration. While its approved indi-
cations are currently limited to stable, non-load-bearing de-
fects, the material’s favorable osteoinductive properties—
demonstrated in preclinical models of large cortical de-
fects [43,46]—suggest a potential translational application
in larger or structurally compromised defects. The ongoing
multicenter trial will provide valuable insight into this pos-
sibility. Although direct comparative clinical trials between
OCP/Gel and autologous bone grafts are not yet available,
preliminary observations suggest favorable handling char-
acteristics, biocompatibility, and early radiographic bone
healing. In particular, OCP/Gel may offer reduced donor
site morbidity, shorter operative times, and easier defect
filling compared to autografts. These practical advantages
may contribute to faster recovery and fewer complications
in selected patients. To address the mechanical limitations
of OCP/Gel, several strategies are being explored for fu-
ture clinical translation. These include compositing with
synthetic polymers like PLGA [44] and fabrication of 3D-
printed scaffolds tailored to match defect geometry and
mechanical requirements [168,169]. Additionally, in non-
load-bearing anatomical sites, such as post-resection voids
from benign bone tumors, the inherent mechanical weak-
ness of gelatin-based scaffolds may be of lesser clinical
concern. The clinical scope of OCP/Gel could be signifi-
cantly expanded if such adaptations prove successful in fu-
ture trials. In addition, the potential application of OCP/Gel
composites in spinal fusion procedures requires thorough
investigation to establish their efficacy and mechanical re-
liability in load-bearing environments. Notably, favorable
outcomes of OCP/Gel in a miniature swine spinal fusion
model have been reported [172]. In this study, OCP/Gel
and autologous bone were transplanted into spinal cages
and compared, demonstrating comparable performance be-
tween the two materials. These findings further support the
rationale for pursuing clinical studies in orthopedic spinal
applications. Positive results from these preliminary in-
vestigations could justify expansion to larger defects com-
monly encountered in trauma and reconstructive orthope-
dic surgery. Despite its promising biological activity, sev-
eral challenges must be addressed before OCP/Gel can be
broadly adopted in clinical practice. From a translational
standpoint, the scalability and consistency of composite
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manufacturing, regulatory approval processes for new for-
mulations, and cost-effectiveness relative to existing mate-
rials represent practical hurdles. Furthermore, its current
mechanical limitations restrict use in load-bearing applica-
tions, requiring strategic modifications to broaden its sur-
gical indications. From a safety perspective, the potential
risks associated with OCP/Gel should also be considered.
Gelatin, being derived from animal sources, may pose a risk
of immunogenicity, particularly if not thoroughly purified
or if sourced from non-human species. However, it is note-
worthy that in clinical studies using OCP/Col composites,
no allergic reactions or immune-related complications have
been reported, suggesting that the risk of immunogenicity
may be low under appropriate processing conditions [42].
Nevertheless, comprehensive histological and immunolog-
ical evaluations are warranted in future trials. Addition-
ally, the rapid degradation of gelatin may lead to localized
changes in pH, which could potentially affect cell viabil-
ity or local bone microenvironment stability. These aspects
underline the importance of establishing long-term biocom-
patibility and degradation profiles through rigorous in vivo
testing. Overall, while OCP/Gel holds significant clinical
promise, its successful translation will depend not only on
demonstrating efficacy but also on ensuring safety, repro-
ducibility, and mechanical optimization tailored to surgical
demands.

Conclusions

This review summarizes the bone regenerative poten-
tial of OCP/Gel composite in an orthopedic rat femur defect
model and its general properties as a bone substitute ma-
terial in comparison with 3-TCP. OCP/Gel was shown to
exhibit greater biodegradability than 5-TCP, accompanied
by higher bone regenerative properties. These characteris-
tics are considered due to the intrinsic material properties of
OCEP itself and the associated degradability of its composite
with gelatin matrix to follow the rate of new bone forma-
tion simultaneously. The studies suggested that OCP/Gel
composites could be utilized in vascularized bone regener-
ation, representing a potential breakthrough direction. Fur-
ther experimental studies using various bone defect models
are warranted to provide useful information on the effec-
tiveness of OCP/Gel for its clinical application for various
bone defects, not only in the field of orthopedic surgery but
also in the field of oral surgery.
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