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ABSTRACT

Herein, we show that the enhanced osteogenecity of octacalcium phosphate (OCP) biomaterial, recently
identified as an important element in hybrid organic-inorganic nanocomposites involved in the initial hy-
droxyapatite crystal expansion in mammal bones, results from an enhanced chemical property, stemming
from the presence of lattice strain and dislocations. Two types of OCPs were synthesized by wet-chemical
processing in the presence (c-OCP) and absence (w-OCP) of gelatin, respectively, and subjected to struc-
tural, chemical, and biological analyses. High-resolution transmission electron microscopy (HRTEM) and
fast Fourier transform (FFT) analyses revealed that c-OCP crystals contained approximately six times
higher edge dislocations with Burgers vectors perpendicular to a-axis than that in the case of w-OCP.
The dissolution of c-OCP crystal in tris-HCl buffer occurred toward the long axis of the crystal, most
likely, toward the lattice strain along the c-axis direction, while w-OCP crystal dissolved toward the a-
axis direction. The study suggested that the increment of internal energy by the higher dislocation den-
sity contributed promoting c-OCP dissolution and hydrolysis through decreasing the activation energy.
c-OCP crystal displayed enhanced in vitro mesenchymal stem 2D cell and 3D spheroid differentiation, in
vivo bone formation, and apatite crystallographic orientation in critical-sized rat calvarial defect model
as compared to w-OCP crystal, at the same time, converting to apatite structure earlier than w-OCP. The
present study demonstrates that dislocation-related dissolution along with enhanced conversion of OCP
is a determinant in bone induction, which may be relevant to normal bone development utilizing OCP
biomaterials.
© 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

strate surface to have a positive effect on the cellular activity in the
material [3]. It would be essential to know whether the structural

Structural defects in most materials control their fundamental
properties, in general, deteriorating the physical and chemical per-
formances. For example, hydrogen can be trapped in lattice defects
around dislocations in the embrittlement of Ni-Ti superelastic al-
loys induced by dynamic martensitic transformation [1]. In biologi-
cal tissues, tooth enamel dental caries caused by an acid attack was
shown to commence with structural defects, such as edge disloca-
tion, in enamel apatite crystals [2]. On the contrary, a recent report
suggests that the practical use of the dislocation allows the sub-
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modification in materials used in implant synthetic biomaterials
displays certain positive effects in maintaining homeostasis and
self-organizing mammalian biological tissues around the materi-
als, which could provide some clues for designing highly bioactive
synthetic biomaterials. The present article provides evidence that
introducing dislocation and strain into an inorganic octacalcium
phosphate (OCP) material can induce a bioactive capacity associ-
ated with the chemical properties under physiological conditions.
OCP has recently been approved as a substitute material for hu-
man oral bone defects [4] due to its osteoconductive and biocom-
patible properties [5,6]. Previous studies elucidated that the higher
osteoconductivity of OCP than hydroxyapatite (HA) is acquired as-
sociated with activating osteoblast, osteoclast and osteocyte func-
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tions brought about by their structural difference [5,7-9]: (1) OCP
tends to hydrolyze toward Ca-deficient HA (CDHA) under physio-
logical condition, which is accompanied by calcium ion (Ca2*) in-
corporation and inorganic phosphate (Pi) ion release [10]; (2) the
reduction of Ca?* concentration around OCP induces osteoblastic
cell differentiation of stromal cells through activating p38 mitogen-
activated protein kinase (MAPK) signaling [11]; (3) the reduction of
Ca%* concentration around OCP induced osteoclast formation from
bone marrow macrophages by inducing co-present osteoblast re-
ceptor activator of NF-«xB ligand (RANKL) expression through pos-
sible calcium sensing receptor in osteoblasts [12]; (4) the increase
of Pi ion concentration around OCP enhances osteocyte differen-
tiation from osteoblastic cells, a clonal cell line IDG-SW3, via Pi
ion transport in the cells [13]. Therefore, controlling the dissolu-
tion and the hydrolysis of OCP through the structural and chemi-
cal modifications is essential in increasing the osteoconductivity of
the OCP materials. OCP has been demonstrated to be a precursor
for formation of HA from supersaturated solutions with respect to
HA over three decades ago [14]. OCP has been advocated as a pre-
cursor of biological bone apatite crystals, ever since its structure
was explicated [15].

The chemical composition of OCP is expressed as
CagH,(PO4)s-5H,0. The lattice parameters of the unit cells are
a=19692 A b=9523 A c=6835A a=09015, B = 92.54°,
y = 108.65°, and Z = 2 [16,17]. The structure of OCP consists
of apatite layers stacked with a hydrated layer in an alternat-
ing manner; therefore, it closely resembles the structure of HA
(Cajp(PO4)s(0OH),), known as the prototype for bone apatite
crystals [15,18,19]. Recently, the OCP phase was revealed to be
enclosed within a nanocomposite together with a non-collagenous
bone-related protein called osteocalcin, under a high-resolution
transmission electron microscope (HRTEM), where the bone HA
crystal development begins from the OCP-protein nanocomposite
to form mammal bone tissues [20]. Interestingly, a synthetic,
well-grown OCP implanted in bone tissues can be converted to
a bone-like apatitic CDHA crystal progressively with time, in
a manner similar to the bone crystal maturation process. This
significantly enhanced new bone formation around its surface
more than what the synthetic HA implant did [5,6]. However,
whether the structural defects are inherent in synthetic OCP and,
if so, whether they affect the biological performance of the ma-
terial, and whether artificially introduced structural defects may
strengthen or weaken its biomaterial functioning, have not been
elucidated so far.

It is widely accepted that bone apatite crystals consist of non-
stoichiometric compositions having structural defects at calcium
ion sites and phosphate ion lattice positions, which are replaced
with cationic and anionic ions, respectively, such as hydrogen
and carbonate ions, and are therefore defined as CDHA [15,18].
Such a crystal defect can also be included in the OCP structure
[21] and has been reported to exhibit non-stoichiometric compo-
sition [17]. Ca-deficient OCP, having an ion complex composition,
[Cag(HPO4)4(P0O4),]%~, has been postulated to be present as a se-
ries of cluster formations together with the amorphous calcium
phosphate ion complex [Cay(HPO4);]2~, which is finally crystal-
lized to HA. Its presence successfully explains the apatite crys-
tallization in bone mineralization processes [22]|. From the per-
spective of biomaterials, partially hydrolyzed OCP with a slightly
higher calcium to phosphate (Ca/P) molar ratio (1.37) as compared
to the stoichiometric ratio (1.33), has displayed significantly higher
bioactivity than that of the original OCP, regarding bone formation
capacity [5,8]. These studies suggest certain clues for developing
more bioactive materials, once it is elucidated as to how the struc-
tural deficiency contributes to the increased bioactivity [5,8,17,21].
In the formation of human bone apatite crystals, HRTEM and fast
Fourier transform (FFT) analysis identified the inclusion of the re-
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markable lattice distortions in the initial OCP formation, involving
a bone-related protein osteocalcin accumulation before subsequent
HA deposition [20], thus, suggesting a functional role of OCP with
crystal dislocation in accelerating bone formation.

OCP can be synthesized through the hydrolysis of calcium phos-
phate seed crystals [23-25] and direct precipitation from super-
saturated calcium and phosphate solutions [6,26,27]. There have
been reports that the presence of certain molecules other than the
constituent elements of calcium and phosphate, such as poly-L-
aspartate, affect the morphology of plate-like OCP particles, which
was partly explained by the interaction between these molecules
and the OCP surfaces in specific crystal planes [28]. In the tooth
enamel biomineralization model, such an interaction between the
enamel proteins—amelogenin and OCP has been suggested to in-
terpret the enamel crystal elongation toward the long axis of
large tooth apatite crystals [29]. We successfully prepared OCP co-
precipitated with gelatin molecules which exhibited unique prop-
erties of reduced serum protein adsorption [30] and enhanced
biodegradation as compared to OCP prepared in the absence of
gelatin molecules [31,32].

In this study, we demonstrated that two OCPs with the same
crystal structures as defined by X-ray crystallography and wet-
synthesized in the presence and absence of gelatin molecules ex-
hibited distinct osteogenic biological performances, both in vivo
and in vitro. These differences may originate from the chemical
properties associated with the presence of lattice strain and dis-
location, which could possibly have been introduced during the
preparation step, in the presence of gelatin molecules.

2. Materials and methods

For experimental details see Supplementary Information Ap-
pendix. All procedure of animal experiments in this study were
reviewed and approved by the Animal Research Committee of To-
hoku University (approval number: 2013DnA-023-1, 2019DnA-014).
The protocol conformed to all principles of laboratory animal care
and national laws.

Crystals of c-OCP and w-OCP were synthesized according to the
synthesis method described in literature [6,33]. The c-OCP crystal
was precipitated in the presence of 0.5 wt% type A gelatin with
average molecular weight 50,000 to 100,000. Crystals of c-OCP and
w-OCP were observed using a HRTEM. FFT of c-OCP and w-OCP
HRTEM images was also performed. The filtered HRTEM images
were obtained by inverse FFT process with filtering the spots cor-
responding to objective lattice refraction in the FFT images at a
suitable sized.

Granules of w-OCP and c-OCP (10 mg) packed into filter
chambers [34] were implanted into the abdominal subcutaneous
pouches of the 12-week-old male Wistar rats. The filter cham-
bers were collected at 2 weeks post-implantation. c-OCP and w-
OCP granules (50 mg) were also incubated in 50 mL of 150 mM
tris(hydroxymethyl)Jaminomethane (tris)-HCl buffer at 37 °C for 0-
3600 s or 0-15 days. The granules of w-OCP and c-OCP were
soaked in simulated body fluid (SBF) [35] at 37 °C for 7 and 15
days. These granules were incubated in tris-HCl buffer containing
0.5 mM Ca?* and 0.5 mM Pi ion at 1 mg-mL~! for 24 h at 37 °C
or at 5, 8, and 10 mg-mL-! for 30 s at different temperature. The
Ca%* and Pi concentrations, and pH in the collected supernatants
were measured to assess the kinetics of dissolution and hydrolysis
of OCP. The crystals before (original) and after incubation in vivo
and in vitro (in 150 mM tris-HCl buffer) were observed using trans-
mission electron microscope (TEM) and characterized by selected
area electron diffraction (SAED). The OCPs before and after incuba-
tion in vitro were also analyzed using a powder X-ray diffraction
(XRD), Raman spectrometry, and X-ray photoelectron spectrometry
(XPS).
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Bone regeneration abilities of the w-OCP/Gel and c-OCP/Gel
disks were examined in vivo. Wistar rats (12-weeks-old, male)
were used for the animal experiments. The procedure of the disks
prepared according to previous literature [33,36]. Briefly, the w-
OCP or c-OCP granules were mixed with the gelatin solution at
29 and 46 wt.% to the total weight of granules and gelatin (Gel).
The mixture was frozen and then lyophilized. The prepared w-
OCP/Gel (n = 5) and c-OCP/Gel (n = 5) disks were implanted
into the rat calvarial defects (9 mm diameter). Defects without
the treatment were also created (n = 5) as a negative control.
The schematic illustration of these procedure is shown in Fig. 1.
New bone formation induced by implantation of the w-OCP/Gel
and c-OCP/Gel disks was evaluated by histomorphometric analysis.
Sections prepared from the collected calvarial tissues at 8 weeks
post-implantation were stained with hematoxylin and eosin. Pho-
tographs of the sections were taken using a slide scanner and then
n-BoneY% was calculated as the area of newly formed bone per cre-
ated defect area x 100. Furthermore, apatite orientation of newly
formed bone was analyzed by using a microbeam X-ray diffrac-
tometer with a transmission optical system.

In cell culture experiments, mouse bone marrow-derived mes-
enchymal stem cell (MSC) D1 cells (5.0 x 103 cells / well) were
seeded with granules of c-OCP (n = 3), w-OCP (n = 3), and w-
OCP in the presence of 5 or 10 wt.% lyophilized gelatin (n = 3)
in osteogenic differentiation medium on 48 well plate (2D cell cul-
ture). D1 cells (1.0 x 106 cells), mixed with c-OCP (n = 6) and w-
OCP (n = 6) granules, were also seeded in the medium on three-
dimensional cell culture chips. The 3D cell culture chips were pre-
pared following to previous reports [37,38]. D1 cells in the ab-
sence of OCP were also seeded as control groups in 2D (5.0 x 103
cells, n = 3) and 3D culture (1.0 x 10° cells, n = 6). The super-
natants of the culture medium were collected, and the medium
was changed every 2 days. The cultured cells were collected at 7,
14, and 21 days to measure DNA concentration and alkaline phos-
phatase (ALP) activity. Value of ALP activity was normalized to DNA
concentration of cells. The value of pH, Ca* and Pi ion concentra-
tions in the collected medium were also determined to calculate
the degree of supersaturation (DS) with respect to calcium phos-
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&
\
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Fig. 1. Schematic illustration of preparation of OCP/Gel composites and the implantation procedure into critical-sized rat calvarial defect (9 mm diameter).

phates in the culture. The c-OCP and w-OCP before and after in-
cubation with spheroids were analyzed using Fourier transform in-
frared spectrometry (FT-IR) and Raman spectrometry.

Results in the present study are expressed as mean + standard
deviation (SD). For bone histomorphometry, analysis of apatite c-
axis orientation, and the cell culture experiments, one-way analy-
sis of variance (ANOVA) was used to compare the means among
the groups. If the ANOVA was significant, then the Tukey-Kramer
multiple comparison analysis was performed. The p values < 0.05
were considered to be statistically significant.

3. Results
3.1. Structural characterization of w-OCP and c-OCP

The c-OCP particles grew into a plate-like shape similar to the
w-OCP crystals (Fig. 2A, D). The HRTEM images revealed a clear lat-
tice structure of the plate-like w-OCP crystal (Fig. 2B) as compared
to the c-OCP crystals, when put on the cooling stage (Fig. 2E).
FFT images of w-OCP (Fig. 2C) and c-OCP (Fig. 2F) were obtained
from the HRTEM images of these crystals (Fig. 2B, E). In the im-
ages of FFT patterns obtained from the magnified HRTEM, spots
appeared at 9.16 A in the patterns for w-OCP (Fig. 2C) and c-OCP
(Fig. 2F) crystals, respectively, which correspond to (010) plane of
OCP (9.02 A). The detected spots at 3.39 A and 3.30 A were at-
tributed to (002) plane of OCP (3.41 A) for the w-OCP and c-OCP
crystals, respectively. The angles formed by these two spots and
000 (the spot of center) were 90.8 and 91.0° for w-OCP and c-OCP
crystals, respectively, which is in agreement with the angle formed
between (010) and (002) planes. The results of FFT indicated that
both w-OCP and c-OCP were single crystals of OCP, exposed the a-
plane on the top surface of the plate particle and oriented toward
the c-axis.

The lattice fringes with spacings of 3.44 A (Fig. 2G, H) and
3.34 A (Fig. 21, ]) were observed in the higher magnified HRTEM
images of w-OCP and c-OCP crystals, respectively, which indicate
(002) planes in OCP lattice. The fringes with the spacings of 3.07 A
(Fig. 2G, H) and 3.00 A (Fig. 2I, ]J) were also observed in the im-
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Fig. 2. Structural characterization of synthesized w-OCP and c-OCP crystals. HRTEM images and FFT patterns of synthesized w-OCP (A — C) and c-OCP (D — F) crystals.
Yellow open squares in the overview images of w-OCP (A) and c-OCP (D) crystals indicate the regions of lower magnified images of w-OCP (B) and c-OCP (E) crystals,
respectively. In the FFT patterns of w-OCP (C) and c-OCP (F) obtained from the lower magnified HRTEM images (B, E), detection of spots attributed to (010) and (002)
indicates the reflections along the [100] zone axis of OCP. Higher magnified HRTEM images of w-OCP (G, H) and c-OCP (1J) in red (G, I) or blue (H, J) squares corresponding
to the regions of open red or blue square with broken line in the lower magnified images of them. Green broken lines in the higher magnified images indicate the extra
half planes inserted in (002) and (030) of OCP, meaning that the presence of edge dislocations with Burgers vector b = 1/2 [001] (G, I) and b = 1/3 [010] (H, ]), respectively,
in both crystals. Yellow broken lines guide the (002) and (030) planes around the edge dislocations. Red arrows indicate Burgers vector of edge dislocation. Filtered HRTEM
(inverse FFT) images of w-OCP (K, L) and c-OCP (M, N) obtained by the inverse FFT selecting the reflection corresponding to (002) (K, M) or (030) (L, N) in FFT patterns of
w-OCP (C) and c-OCP (F). Regions of filtered images for each crystal in red and bule squares correspond to the higher magnified HRTEM images boxed by red and blue line,
respectively. The symbols of L indicate the positions of edge dislocations in (002) (K, M) or (030) plane (L, N) in the filtered images, which corresponded to the sites of
dislocations with b = 1/2 [001] (G, I) or b = 1/3 [010] (H, ]) in the higher magnified HRTEM images, respectively.

ages of w-OCP and c-OCP, respectively, which were attributed to
(030) plane of respective OCP. Extra half planes in (002) of OCP
were detected in the higher magnified HRTEM images of w-OCP
(Fig. 2G) and c-OCP (Fig. 21), indicating that these crystals included
the edge dislocations (line defects) having the Burgers vector of
b = 1/2 [001]. The extra half planes in (030) of OCP were also
observed in the images, which suggests that the edge dislocations
with b = 1/3 [010] were also contained in these crystals (Fig. 2H,
]). Burgers vectors of these edge dislocations oriented in a direc-
tion perpendicular to the dislocation line along the a-axis of the
OCP lattice.

Previous studies applied filtering the images to analyze the de-
tails of the structures, such as crystallinity [39] and lattice de-
fects [40]. Simon et al. recently visualized the disturbance of the
HA lattice formed around osteocalcin by filtering the HRTEM (in-
verse FFT) image [20]. Filtered HRTEM images of (002) and (030)
(Fig. 2K-N) were obtained by the inverse FFT process selecting the
spots corresponding to the objective lattice in the FFT patterns
(Fig. 2C, F) of these crystals. The positions of extra half planes in
(002) planes of w-OCP (Fig. 2K) and c-OCP (Fig. 2M) were dis-
played in the filtered images, which coincided with the sites of
edge dislocations having b = 1/2 [001] detected in the HRTEM im-

ages of w-OCP (Fig. 2G) and c-OCP (Fig. 2I), respectively. The po-
sitions of extra half planes in (030) shown in the filtered images
of w-OCP (Fig. 2L) and c-OCP (Fig. 2N) also corresponded to the
edge dislocations with b = 1/3 [010] observed in the HRTEM im-
ages of these crystals (Fig. 2H, ]). The filtered images as well as the
HRTEM images showed the extra half planes indicating the pres-
ence of edge dislocations in the w-OCP and c-OCP crystals. The
screw, mixed and edged dislocation lines can be detected by the
appearance of contrast according to g- b = 0, respectively, where &
is reflection vector, in bright and dark filed images of TEM [41].
The presence of edge and screw dislocations was observed in size
enough HA crystals [42] (more than several micrometer scale in
thickness and width) to detect the contrast in terms of extinction
distance. However, this observation method could not be applied
to thin crystals of w-OCP and c-OCP with a thickness and width of
approximately less than 50 nm and 500 nm, respectively (Fig. S1,
Supplementary information).

The edge dislocation densities were estimated by filtering of the
HRTEM images of w-OCP and c-OCP (Fig. S2). The total densities of
edge dislocations with Burgers vectors perpendicular to the a-axis
were 0.20 + 0.12 x 107 and 1.21 + 0.02 x 107 m~2 for w-OCP
and c-OCP crystals, respectively (Table S1, Supplementary informa-
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tion). The dislocation density ratios of the (002) per (030) were
approximately 0.9 and 2.0 for the w-OCP and c-OCP crystals, re-
spectively, which suggested that the extra half planes along the c-
plane were easily introduced into the c-OCP crystal as compared to
the w-OCP crystal. Distortion of the (002) and (030) lattice fringes
in the c-OCP crystal was observed over a large region of the im-
ages (Fig. S2 1, ]J). Simon et al. reported the lattice fringes gaps
(around 10 A) indicated the presence of osteocalcin surrounded by
the HA crystal using the filtered HRTEM images obtained by in-
verse FFT [20]. However, such a discontinuation corresponding to
the estimated size of gelatin molecules in the fringe region, such
as the estimated diameter of 3/2 helix a-chain (approximately 5-
6 A) [43], were not detected in the filtered images of c-OCP for
both the planes (Fig. S2I, ]J). The granules of c-OCP contained ap-
proximately 10 wt.% of gelatin as estimated by thermogravimetric
analysis (Fig. S3), which suggests that smaller number of gelatin
molecules relative to the number of OCP unit cell could be present
around OCP crystals not within the lattice of OCP in the basis of
the calculation using the molecular weight of gelatin used in this
study (1-2 x 103 mol of gelatin per 1 mol of OCP). This hypoth-
esis was substantiated through the analysis: the lattice parameters
of c-OCP estimated by Rietveld analysis indicate that the lattice of
c-OCP slightly contracted rather relative to that of w-OCP (Table
S3). According to the results of filtered HRTEM and Rietveld anal-
ysis, gelatin molecules could be difficult to incorporate into the
lattices structure of c-OCP. Almost all of them could exist on the
surface of c-OCP and the spaces in the granules. In the filtered
images of the w-OCP crystals, the fringes of the (002) and (030)
planes seemed to be rectilinear (Fig. S2G, H). Previously, the chem-
ical analysis displayed that the molar ratio of Ca/P of the w-OCP
and c-OCP was lower than that of stoichiometric OCP [5,8,21,30],
which means that w-OCP and c-OCP crystal include point defects
such as Ca?* deficient sites in these crystal lattices. However, in
the present study, HRTEM observations revealed unexpectedly that
the synthesis process involving gelatin molecules introduced a high
density of line defects, consequently inducing lattice strain in the
OCP crystals.

3.2. Characterization of c-OCP and w-OCP incubated in vivo and in
vitro

The w-OCP and c-OCP crystals were incubated in vivo and in
vitro to examine the relationship between the structural differ-
ences of OCPs and their hydrolysis behavior for transformation into
HA phases. Blight field images of TEM divulged that w-OCP and c-
OCP crystals implanted into the abdominal subcutaneous pouches
of the rats at 2 weeks (Fig. 3A, C). The depositions were observed
as darker lines toward the long axis of the crystals and indefinite
shapes on the top and side surfaces of the plate crystals, respec-
tively, in the TEM images of both OCPs. Moreover, several similar
pits were observed on the surface of the c-OCP crystal (Fig. 3C), but
not on that of the w-OCP crystal (Fig. 3A). In the SAED patterns for
w-OCP crystal (Fig. 3B), diffraction spots assigned to (020) plane
of OCP and (020) plane of HA were detected at 4.86 and 4.07 A,
respectively. For the SAED pattern of c-OCP crystal (Fig. 3D), the
spots at 3.03, 3.04 and 2.82 A were attributed to (030) plane of
OCP, (022) plane of OCP and (022) plane of HA, respectively. Fur-
thermore, the diffraction spots at 3.4 A in the patterns for w-OCP
and c-OCP were assigned to the (002) plane of OCP and (002)
plane of HA. These SAED patterns of w-OCP and c-OCP crystals in-
dicate the reflections along the [100] zone axis, respectively, corre-
sponding to OCP and HA crystals. These SAED pattens indicate that
the line-like dark depositions were de novo HA crystals and the c-
axis of the HA and OCP crystals were parallel. Previously, chemical
analysis of w-OCP was performed to determine the molar ratio of
Ca/P, which is an indicator of the progress of the hydrolysis, before
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and after the implantation at 8 weeks [34]. The molar ratio of Ca/P
of the w-OCP crystal increased from 1.30 to 1.49 after the implan-
tation [34]. In the present study, the Ca/P ratios for c-OCP, before
and after the incubation were 1.30 and 1.56, respectively.

For the in vitro incubations, 150 mM tris-HCl buffers with an
ionic strength and pH similar to the physiological conditions, and
SBF with inorganic ion concentrations similar to human blood
plasma [35], were applied in the present study. TEM images of
the original OCPs revealed that the aspect ratio of c-OCP crystal
tended to be higher than that of w-OCP crystal, which suggested
that crystal growth toward the b-axis was suppressed by the pres-
ence of the gelatin molecules. After incubation in tris-HCl buffer,
w-OCP crystals were partially dissolved from the a-plane on the
edge of the plate (Fig. 3E). In contrast, the c-OCP crystals formed
slit-like cracks on the edge of the plate at 7 days (Fig. 3F). Con-
sequently, the formation of cracks progressed along the c-axis at
15 days in the buffer solution. On day 7 of the incubation, a large
number of small pits were observed on the inside of the c-OCP
surface (a-plane) compared to that of the w-OCP surface (Fig. S4).
The pits appeared to be originating from the formation of cracks
toward the c-axis inside the plate surface.

The dissolution kinetics of w-OCP and c-OCP in tris-HCI buffer
was assessed by an empirical rate law [44] expressed in Eq. (1),

J=kqlo|" (1)

where kg, and n are rate constant and effective reaction order, re-
spectively. ] and o are dissolution rate normalized by the surface
area during the dissolution and degree of relative undersaturation,
respectively, which were estimated by the resulting ions composi-
tion in tris-HCI buffer incubated with OCPs (Table S4 and Fig. S8).
The logarithmic plot J versus o (Fig. 3G, H) displayed higher linear-
ity for c-OCP and w-OCP dissolution in tris-HCI buffer which was
undersaturated with respect to OCP at 37 °C during the incubations
for 300 s. The ky obtained from the intercept of the plot at 37 °C
was 110 x 1078 and 1.32 x 1078 mol-m~2.s~! for w-OCP and c-
OCP, respectively, under the unsaturated condition with respect to
OCP. The n corresponding to the slope of the plot for w-OCP and c-
OCP was 1.05 and 3.63, respectively. The tris-HCl buffer incubated
with OCPs achieved almost the saturation with respect to OCP for
600 s.

Saturation generally means that a dissolution rate counterpoises
deposition rate. However, OCP is converted into HA through the
hydrolysis reaction through the Pi ion release because HA is more
stable phase than OCP while the solution is saturated with respect
to OCP [45]. The condition of human serum is also saturated with
respect to OCP and supersaturated with respect to HA [46] which
should have a driving force for the induction OCP hydrolysis. Thus,
Pi release from OCPs was also measured in tris-HCl buffer (0.5 mM
Ca%* and 0.5 mM Pi ion) simulating the magnitude related to the
degree of supersaturation between OCP and HA in the serum. The
release amount of Pi per unit surface area of c-OCP was signifi-
cantly higher than that of w-OCP with and without 5 wt.% gelatin
at each incubation time (Fig. S9A, B), although there was no signifi-
cant difference between w-OCP with and without gelatin molecule.
The reaction rate constants for hydrolysis of w-OCP and c-OCP
were determined following the chemical reaction formula as (2):

%C&g[‘[z(PO;})G -5H,0=
3 17
Ca10(PO4)6 (OH)2 + §H3PO4 + ZHZO (2)

The slope of logarithmic plot for the concentration of remained
OCP versus reaction rate (Fig. S9C, D and Table S5, S6) indicates
that the order of hydrolysis reaction was considered as n = 1 for
w-OCP and c-OCP. The reaction rate constants obtained from the
intercept of the plot were 2.88 x 10~3 and 4.79 x 10~3 s~ for w-
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Fig. 3. Dissolution and hydrolysis of OCPs after incubation in vivo and in vitro. TEM and SAED images of w-OCP (A, B) and c-OCP (C, D) crystals after implantation in
abdominal subcutaneous pouches of rats at 2 weeks. Open arrows in the TEM images indicate the de novo crystal formed on the w-OCP (A) and c-OCP (C) crystals along
with the longer direction of the plate after implantation in rats. The SAED patterns of w-OCP (B) and c-OCP (D) crystals indicate the reflections along the [100] zone axis,
respectively, corresponding to both OCP and HA crystals. TEM images of w-OCP (E) and c-OCP (F) crystals before (original) and after incubation in tris-HCl buffer at 7 and
15 days. After the incubation in the buffers, w-OCP (E) partially dissolved along the edge on the a-plane (blue arrows). In contrast, slit cracks toward the c-axis direction
(orange arrows) were observed on the edge of c-OCP (F). Logarithmic plot of degree of relative unsaturation with respect to OCP versus dissolution rate of w-OCP (G) and
c-OCP (H) incubated in tris-HCl buffer over 0-300 s. Arrhenius plots for hydrolysis reaction of w-OCP and c-OCP in tris-HCI buffer containing 0.5 mM Ca and 0.5 mM Pi ion

.

OCP and c-OCP, respectively, at 37 °C. The activation energy, E,, for
the hydrolysis reaction was lower in c-OCP than in w-OCP (Fig. 3I).

In the present study, the surface chemical states of w-OCP
and c-OCP crystals were analyzed using XPS to understand the
progress of the hydrolysis reaction in tris-HCl buffer (Fig. 4), be-
cause the formation of HA by the hydrolysis was not clearly de-
tected by X-ray diffraction (Fig. S5). In the P 2p XPS spectra, the
peaks attributed to PO43~, HPO42~, and H,P0O,~ were separated at
132.6 £+ 0.3, 133.6 + 0.3, and 134.6 + 0.3 eV, respectively, on the
surface of the original and incubated OCPs through curve fitting
of these spectra (Fig. 4A, B). The calculation results of the abun-
dance ratio obtained from the integral intensities of these peaks
indicate that the ratio of PO43~ increased and HPO,%~ decreased
on the surface of ¢-OCP (Fig. 4D) crystals with the incubation peri-
ods, although these ratio tended to maintain on the surface of w-
OCP (Fig. 4C). The increment rates of PO43~ for c-OCP were higher
than those for w-OCP in tris-HCI buffer over 0-15 days. The XPS
analysis also showed that the PO43~ ratio increased on the surface
of c-OCP incubated in SBF for 15 days (Fig. S6). However, the ratio
of PO43~ on the surface of w-OCP tended to decrease over 7-15
days in SBF.

Based on the results of chemical analysis of OCPs implanted
into rats, the hydrolysis of c-OCP was accelerated compared to that
of w-OCP. The de novo HA crystals were formed on the w-OCP and
c-OCP crystals by epitaxial growth and additional deposition on the
w-0OCP and c-OCP crystals placed in vivo (Fig. 3A-D). According to a
previously proposed mechanism of the hydrolysis, the diffusion of

both HPO42~ ions and water molecules in the hydrated layer of the
OCP lattice occurs to induce the epitaxial growth of HA at the ini-
tial stage [47]. In addition, the dissolution-reprecipitation reaction
is assumed to be involved in the additional deposition of de novo
HA crystals. In terms of morphological changes, several studies re-
ported that OCP crystals formed slit-like cracks along the c-axis
formed on the edge of the a-plane in the buffer under the control
of the addition of Ca?t [48] or solution temperature [49]. lijima et
al. especially reported that the cracks were formed through the dif-
fusion of water molecules from the OCP lattice during the transfor-
mation into HA [48]. The c-OCP crystals completely cracked toward
the c-axis direction in tris-HCI buffer at 15 days (Fig. 3F). This also
relates to that the behavior of the dissolution and subsequent hy-
drolysis was different for c-OCP and w-OCP crystals. The effective
reaction orders suggest that surface diffusion and surface-pit for-
mation [50,51] control the dissolution of w-OCP and c-OCP, respec-
tively. The surface pits observed by TEM strongly supports the dis-
solution mechanism of c-OCP estimated by the empirical rate law.
Furthermore, the pits initiated the formation of slit from the in-
side of a-plane of c-OCP commonly in the buffer and in vivo envi-
ronment (Fig. S4). In the dissolution of minerals, the strain around
the dislocation core reduces the energy barrier for the nucleation
of pits [52]. Thus, the formation of pits could be a typical process
to promote the hydrolysis of c-OCP including the higher density of
dislocation.

In the present study, the rate of the dissolution and hydrol-
ysis reaction of w-OCP and c-OCP were examined in vitro. The
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value of decrement in E; from w-OCP to c-OCP was approximately
17 kJ-mol~" for the hydrolysis reaction through the diffusion of Pi
ions (Fig. 3I). Activation energy of chemical reaction can be re-
duced by not only a presence of catalysis but also increment of
internal energy of reactant. The strain accumulation by increas-
ing the dislocation density leads the increment of internal en-
ergy of reactant [53]. The energy increment induced by incorpora-
tion of edge dislocation, AEg;, is estimated by dislocation density
[53] and self-energy of dislocation depending on the magnitude of
Burgers vector [41]. The calculated AEg for c-OCP was approxi-
mately 3 times higher than that for w-OCP (Table S2), indicating
that the introduction of edge dislocations into c-OCP decreased E,
compared to w-OCP. If the elastic modulus and Poisson’s ratio are
assumed to be 60-80 GPa and 0.28, respectively, based on these
reported values of ACP and CDHA [54-56], the value of increment
in AEg;, from w-OCP to c-OCP was estimated to be 16-21 kJ-mol~!
(Table S2), which was similar to the scale of E; decrement in the
hydrolysis reaction. However, it is also considered that the mis-
match between the increment values of AEys and the decrement
of E; in c-OCP compared to w-OCP could be caused by inhibiting
Pi ion release due to the adsorption of gelatin onto c-OCP (Figs.
S7, S9).The presence of mixed dislocations, which were unable to
observe both in the HRTEM and filtered images, also may be a fac-
tor in the mismatch of energy differences. The mixed edge disloca-
tions exhibit lower self-energy than edge dislocation [41]. Accord-
ing to Arrhenius law, the higher dissolution rate constant of c-OCP
in condition of undersaturation with respect to OCP (Fig. 3G, H)
indicates that the increment of AEg; by the dislocation could also
contribute to the promotion of c-OCP dissolution due to decreas-
ing the activation energy. Focused on the surface chemical state,
the increase in PO43~ and decrease in HPO4%~ analyzed by XPS
(Fig. 4A-D) support that hydrolysis of c-OCP through the dissolu-
tion and subsequent diffusion progressed faster than w-OCP crystal
did on these crystal surfaces in tris-HCI buffer. The XPS analysis for

the crystal incubated in SBF also suggests that c-OCP has a higher
activity in inducing the hydrolysis reaction (Fig. S6) although SBF is
supersaturated with respect to OCP as well as HA. Taken together,
it is probable that the higher density of edge dislocation is associ-
ated with the acceleration of dissolution of OCP and its subsequent
hydrolysis reaction with the diffusion, resulting in that the ¢-OCP
transforms into HA faster compared to w-OCP in physiological con-
ditions in vivo and in vitro.

3.3. Analysis of new bone formation and bone quality induced by
OCPs/Gel disks in rat calvarial defects

Although the bone formation capacity of OCP materials im-
planted in bone defects can be directly compared using the granule
forms of OCP [5,8,37,57], the composite forms of w-OCP and c-OCP
crystals with gelatin sponge (w-OCP/Gel and c-OCP/Gel disks, re-
spectively) were used to ensure stable handling during implanta-
tion (Fig. S10), thereby obtaining a new bone volume comparable
to that reported in previous studies [31-33,36,58]. The results of
the radiographic observation of the implantation of 46% (weight
percent) c-OCP/Gel and 46% w-OCP/Gel disks in rat calvaria at 8
weeks are shown in Fig. 5A. Both implants showed radiopacities;
however, 46% c-OCP/Gel had a higher radiopacity, to some extent
even in the area close to the superior sagittal sinus than the 46%
w-0OCP/Gel. Slight radiopacity was observed along the defect mar-
gin in the control (no implantation) group. Histological sections of
the rat calvarial defects supported the radiopacity results that the
newly formed bone by 46% c-OCP/Gel almost occupied the defect
(Fig. S11), thus suggesting replacement with substantial amount of
new bone after almost complete material biodegradation. In con-
trast, although the new bone was well formed by 46% w-OCP/Gel,
it was apparent that some of the w-OCP granules remained unre-
sorbed. These tendencies were identical to the histomorphometric
findings for the percentage of newly formed bone in the defect (n-
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defect.

Bone%). The 46% c-OCP/Gel enhanced new bone formation more
than the one with lower c-OCP content (29%) or w-OCP/Gels com-
prising 29 and 46% of w-OCP (Fig. 5B).

The crystallographic orientation of bone apatite c-axis in new
bone matrices as an important bone quality index reflecting bone
mechanical integrity [59,60], was quantitatively analyzed using a
microbeam X-ray diffractometer system (Fig. 5C-E). The results
presented that although the preferential orientation was highest
in intact rat calvarial bone, the orientation of apatite induced by
the implantation of 46% c-OCP/Gel was significantly higher than
that of 46% w-OCP/Gel according to the radar diagrams determined
by the integrated intensity ratio of (002) / (310) (Fig. 5D) and by
2D apatite c-axis orientation in rat calvaria. No diffraction peak
was detected in the control group (no implantation), suggesting
that OCP/Gel implantation enhances not only the bone formation,
but also the preferential apatite c-axis orientation, particularly, c-
OCP/Gel implantation. This was identical to the histological evi-
dence that the bone regeneration caused by 46% c-OCP/Gel was
matured, showing a lamellar structure throughout the defect with-
out the remnants of c-OCP granules, whereas, that caused by 46%
w-0OCP/Gel was not sufficiently ordered and exhibited some con-
nective tissues and the remnants of w-OCP granules (Fig. S11).

3.4. Cell culture experiments

Capacities to stimulate osteoblastic differentiation were exam-
ined by 2D cultures of mouse bone marrow-derived MSC line D1
(Fig. 6A). ALP activity, which is an earlier osteoblastic differentia-
tion marker, was determined on each day of incubation. The ef-
fect of gelatin molecules on the cellular activity was also investi-
gated in the culture. The cells were incubated in the presence of
w-OCP and 10 wt.% of gelatin. The concentration of gelatin was
determined by referencing the gelatin content in c-OCP which was
estimated by thermogravimetric analysis (Fig. S3). Considering that
the gelatin on c-OCP could be partially desorbed from the crys-
tal surface in the physiological condition (Fig. S7), the incubation

with w-OCP in the presence of 5 wt.% gelatin was also carried
out. The D1 cells incubated with w-OCP and w-OCP + gelatin as
well as c-OCP achieved the highest ALP activities in the 2D culture
at day 14 (Fig. 6A). The activity of c-OCP group was significantly
higher than that of w-OCP and w-OCP + gelatin groups at day 14,
whereas there was no significant difference between these groups
at days 7. The activity of D1 cells incubated with c-OCP signifi-
cantly decreased compared to control and w-OCP regardless of the
presence of gelatin at day 21. However, the activities tended to de-
crease with increasing the amount of gelatin on w-OCP during the
incubations over days 7 to 21.

Moreover, 3D cultures of D1 cells with c-OCP and w-OCP were
performed in this study. D1 cell spheroids incorporating the w-OCP
and c-OCP crystals (Fig. 6B) were formed on the cell culture chips.
The diameters of the D1/w-OCP and D1/c-OCP spheroids were ap-
proximately 316 and 250 pm, respectively, which was larger than
that of the D1 cell-only spheroids (133 wm) on day 6. The cell pro-
liferation of the D1/w-OCP and D1/c-OCP groups significantly in-
creased compared to the D1 cell-only groups for each period (Fig.
S$12). The D1/w-OCP and D1/c-OCP spheroids in the 3D cultures
showed the highest ALP activity at day 14 in common with the 2D
cultures (Fig. 6C). The ALP activity of the D1/c-OCP spheroids was
significantly higher than that of the D1/w-OCP spheroids, although
the activity of D1/c-OCP was lower than that of D1/w-OCP at day
7.

The spectroscopic characteristics of OCP crystals collected from
the spheroids after incubation was also analyzed using FT-IR and
Raman spectroscopy (Fig. 6D, S13). The characteristic OCP peaks
corresponding to the vs PO4 and vs HPO4 stretching mode at
1075 cm~! and vz PO, stretching mode at 1035 cm~! clearly ap-
peared in the FT-IR spectra for both OCP until incubation at day 7
(Fig. 6D). However, the intensities of these peaks decreased in the
spectra of c-OCP compared to that of w-OCP at day 14 of the in-
cubation. At day 21, the peaks for the incubated w-OCP appeared
broad, similar to those of c-OCP. The decrease in the intensity in
FT-IR spectra was related to the hydrolysis of OCP in vivo [34] and
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Fig. 6. Osteoblastic differentiation of MSC and hydrolysis of OCPs in 2D and 3D culture. ALP activity (A) of the D1 cell-only (control) and cells incubated with w-OCP,
w-OCP + 5% gelatin, w-OCP + 10% gelatin as well as c-OCP after 7, 14, and 21 days of 2D culture (*p < 0.05 and **p < 0.01, significant difference among groups at each
day of culture, **3p < 0.01 from 7 days, **p < 0.05 from 7 days, **p < 0.01 from 14 days, *°p < 0.05 from 14 days of incubation in each group, n = 3, error bars on the
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in vitro including the cell culture conditions [37]. The intensity of
v, HPO, decreased for c-OCP relative to w-OCP in the Raman spec-
tra at day 14, which also indicates the progress of the hydrolysis
reaction (Fig. S13).

In the present study, the DS with respect to HA and OCP was
determined by the measurement of ion concentration and pH in
the culture environments (Fig. S14). The DS values with respect
to HA and OCP were in the order of 1013-10'6 and 10%-106, re-
spectively, which indicated that the culture medium was supersat-
urated with respect to HA and OCP for all groups during the incu-
bations. The DS with respect to HA and OCP increased until day
4 and subsequently decreased from day 6 to day 20 for all the
groups. Focusing on the DS values with respect to HA, while the
ALP activities of D1/OCPs spheroids increased from day 7 to day 14,
the culture medium incubated with D1/c-OCP spheroids was more
supersaturated with respect to HA relative to D1/w-OCP spheroids
from day 6 to day 14.

4. Discussion

Mathew et al. reported that OCP can be com-
posed of a non-stoichiometric chemical composition with
Ca15H4+X(PO4)12(OH)X-(10-X)H20 [17] It is also known that
the Ca/P molar ratio of OCP varies from 1.23 to 1.37 versus the
stoichiometric ratio of 133 [8,21,61], which means that some
of the OCPs include point defects in their lattices. The present
study revealed through the lattice image analyses by HRTEM and
FFT that both ¢-OCP and w-OCP crystals were identical to the
reported OCP structure without containment of other phases, such
as the amorphous phase [62]. However, c-OCP crystal had an edge
dislocation and a strain in the structure, most probably introduced
during wet preparation in the presence of gelatin molecules.
The present study showed that the presence of gelatin increased
the crystal length but inhibited the crystal width in OCP when
observed by scanning electron microscope (SEM) (Figs. S1 and
S10C, F). A previous study showed that the length of the crystal
along the c-axis of c-OCP was over two times longer than that
of w-OCP, indicating that gelatin can interact with specific planes
of OCP crystals [33,63]. Although the morphology of c-OCP could
be regulated through a relatively strong interaction with a-plane
during the crystal growth, the present study suggested that the
dislocation (line defect) could be introduced via a weak interaction

between gelatin molecules and the b-plane of OCP during crystal
growth.

Filtering the HRTEM images carried out by masking the FFT
spots corresponding to the crystal planes along the b and c-planes
in the OCPs disclosed that edge dislocations were present in the c-
OCP crystal under the higher density (Table S1). Gelatin molecules
were detected on the surface of c-OCP crystals (Figs. S3 and S7)
and were present even after soaking in tris-HCl buffer (Fig. S7).
A structural model explaining a weak interaction can be success-
fully considered between hydroxyproline of gelatin and b-plane of
phosphate groups in the c-OCP structure based on structural con-
siderations (Fig. S15). A plausible mechanism introducing disloca-
tion is: (1) the increase in the differential stacking rate of OCP-like
cluster between the c-axis and b-axis directions caused by gelatin
adsorption onto the b-plane of c-OCP (higher growth toward c-axis
than b-axis); (2) possible step formation on the growth front of
nanoparticles composed of the assembled OCP-like clusters accord-
ing to the distinct growth rate; and (3) introduction of the dislo-
cation starting from the step when the nanoparticles are attached
each other toward the c-axis (Fig. S15).

Collected data of OCP materials, including c-OCP as a bone-
substitute material [4,5,31-33,57,58] suggest that accelerated
biodegradation is the most prominent characteristic of c-OCP. Al-
though OCP is usually resorbed via osteoclastic cellular phagocy-
tosis mechanism, for both c-OCP or w-OCP, regardless of the pres-
ence of biopolymers such as gelatin as composite matrices [8,31],
c-OCP can be replaced with a new bone via its complete biodegra-
dation in rat calvaria [31] and rabbit tibia standardized defects
[32] under the condition that w-OCP or a highly porous rapid
resorbable material, B-tricalcium phosphate (8-TCP), is not com-
pletely resorbed [5,32]. The present study further highlighted one
of the most significant performances of c-OCP that the rapid re-
sorption finally leads to the acquisition of a new bone with higher
bone quality characterized by apatite c-axis orientation (Fig. 5D, E).
The biomaterial performance can be explained by a specific mech-
anism involving c-OCP enhancing (1) the crystal dissolution and
Pi ion release relating hydrolysis originating from the introduced
edge dislocation (Fig. 3G, H and Fig. S9) and (2) the conversion to
HA crystals (Fig. 7), as observed in the crystal dissolution (Fig. 3E-
H) and the surface hydrolysis in tris-HCI buffer (Fig. 4), or in the
formation of new deposits on the crystal surfaces in rat subcuta-
neous tissues (Fig. 3A-D) and the surface hydrolysis in SBF (Fig.
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Fig. 7. Proposed mechanism for promoting the hydrolysis of c-OCP under physiological conditions. Schematic images of the structure of c-plane on c-OCP and w-OCP crystals
before incubation (A, B). The (002) plane of c-OCP (A) includes larger number of the edge dislocations having Burgers vector perpendicular to a-axis relative to w-OCP. The
b-plane of OCP also includes the dislocations. Lattice strain is induced around the sites of the edge dislocations. Schematic diagrams of energy transition for c-OCP (C) and
w-0OCP (D) regarding dissolution and hydrolysis through the HPO42- diffusion in physiological condition. Increasing the internal energy by the higher dislocation density
reduces activation energy for the reaction for c-OCP compared to w-OCP. Process of hydrolysis reaction of c-OCP (E) and w-OCP (F) crystals in physiological environment.

HPO,%-

ions diffuse in hydrated layer toward the c- and b-axis direction of c-OCP (E) and w-OCP (F) crystals. The higher dislocation density accelerates the diffusion of

HPO42~ in c-OCP due to decreasing activation energy for the hydrolysis, resulting in faster transformation of c-OCP into HA compared to w-OCP. The pits along a-axis are
formed at the edge dislocation sites on c-OCP, because the lattice strain around the dislocation core decreases the energy barrier for the nucleation of pit. The formation of
pits on the c-OCP crystal could become the additional paths for the HPO42~diffusions along a-axis, resulting in promoting the hydrolysis of c-OCP.

S6). These chemical changes were also supported by the increase
of Ca/P molar ratio in rat subcutaneous implantation and phase
transformation toward HA in a 3D culture condition, as supported
by the Raman spectra (Fig. S13) and the change in DS in the culture
media with respect to HA and OCP (Fig. S14). A plausible mecha-
nism for dissolution and subsequent hydrolysis associated with a
structure specific to c-OCP was proposed (Fig. 7). The main pos-
sible mechanism is that the higher dislocation density in c-OCP
reduces the activation energy for the HPO,2~ diffusion along the
c- and/or b-axis direction from the hydrated layer, accelerating the
hydrolysis of c-OCP and epitaxial HA growth. The dissolution rate
of c-OCP could be increased through the formation of large num-
ber of pits around the edge dislocations from the surface, when a
higher density is introduced in c-OCP beyond the density of w-OCP
along the a-axis direction. Thus, the pits act as the enhancer from
the side that HPO,2~ is diffused together with the path through
the hydrated layer in the OCP structure, contributing the enhance-
ment of the whole hydrolysis.

The precise mechanism of bone regeneration by OCP is of gen-
eral interest not only in biomaterials science, but also in bone
physiology because of its possible role as an apatite precursor in
bone mineralization [22,64-68]. The present in vitro and in vivo
analyses substantiated a relation between the materials property
and cellular/tissue reactions that the lattice dislocation-dependent
dissolution process of c-OCP, in addition to the known hydrated
layer ion diffusion, is in essence involved in enhancing MSC differ-
entiation toward osteoblasts and bone regeneration in the exper-
imentally created defects (Figs. 5 and 6). A previous study found
that the estimation of ALP activity of 3D MSC spheroid culture
with calcium phosphate materials, including OCP, as observed in
the present study, can be correlated with in vivo bone formation
capacity [37]: the increase of osteoconductivity of OCP through
the structural and chemical modification found in the present c-
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OCP may have a clinical relevance. The results of implantation of
OCPs with the gelatin matrices into the bone defect and 2D cul-
ture of w-OCP in the presence of gelatin molecules suggest that
the gelatin pre-present on the surface of c-OCP has limited influ-
ence on the differentiation of MSC into osteoblast and new bone
formation. This also supports that the effect of the distinct disso-
lution and the hydrolysis of ¢-OCP is surely reflected in the bone
regeneration. The relation between the incorporation of dislocation
at higher density and the acceleration of dissolution/ hydrolysis of
OCP was verified by the kinetic analysis in vitro. In particular, the
increment of internal energy at the higher dislocation density is
associated with the decrement of activation energy for the hydrol-
ysis reaction (Fig. 31 and Table S2). The acceleration of pit forma-
tion around the dislocation in c-OCP was in agreement with the
morphological changes observed by TEM and the analysis using
the empirical rate law (Figs. 3E-H and S4). The fact that the lat-
tice did not expand in c-OCP crystals indicates that the gelatin
molecules are not inserted in the crystal structure of OCP, which
was confirmed by Rietveld analysis (Table S3). The lattice fringe
gaps corresponding to the site embedding gelatin molecules in the
crystals were not observed by the filtered HRTEM images of c-OCP
(Fig. S2). These analyses also support that the pits could not be
formed by the elution of gelatin but originated from the edge dis-
locations in the c-OCP crystal. These results indicate that the in-
crease in energy instability due to the lattice strain around disloca-
tions in higher density induces the enhancement of dissolution and
hydrolysis in common. The fundamental reason for bringing about
the ion release from c-OCP, which is involved in inducing distinct
bone regeneration, is interpreted as the acceleration of dissolution
and hydrolysis due to the incorporation of edge dislocation, where
the strain was introduced during c-OCP preparation with gelatin
molecules.
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Similar mechanisms regarding the dissolution have been re-
ported to arise from the pit formed within the grain boundary and
edge dislocation of sintered HA ceramics [69] and propagate along
the dislocation line [70]. The present results suggest that the in-
corporation of dislocation is surely associated with the progress of
epitaxial phase transformation of calcium phosphate, taking place
even under a physiological condition containing equilibrium con-
centration of Ca?t and Pi ion with respect to OCP phase, through
increasing the total energy from throughout the OCP crystal. The
dislocation density in c-OCP was 102-10° times higher than that
in HA regardless of doping some ions [42,71]. The line defects are
categorized as edge, screw or mixed dislocation. The FFT analysis
of w-OCP and c-OCP identified that the presence of gelatin in OCP
preparation has an effect on incorporating the defect more as edge
dislocation. The self-energy of edge dislocation is approximately
1.5 times higher compared to screw dislocation if the parameters
for the calculation of energy are the same between these disloca-
tions [41]. This estimation suggests that the gelatin molecules act
as one of key additives for introducing the dislocation followed by
the increment of internal energy in OCP crystal.

5. Conclusion

The results presented herein indicate that c-OCP is more chem-
ically unstable, soluble, and capable of augmenting its bioactiv-
ity and inducing bone induction through acceleration of hydroly-
sis into HA compared to w-OCP. Thus, the performance of these
two biomaterials is essentially distinct. The local introduction of
the dislocation and strain into the OCP was essential in acquiring
the materials property of OCP, in which the involvement of gelatin
molecules in the preparation is indispensable. This study displayed
a strategy for obtaining active biomaterials that can be extended to
other functional materials in a wide range of aspects in the fields
of chemical and materials science.
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