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Introduction: We recently demonstrated the bone-forming potential of medium-cross-linked recombi-
nant collagen peptide (mRCP) in animal models of bone defects. However, these studies were limited to a
4-week observation period; therefore, in the present study, we aimed to further evaluate mRCP as a
suitable bone graft material for the alveolar cleft by analyzing its bone-forming potential, osteogenic-
inducing ability, and biodegradation over an extended period of 12 weeks, using a rat critical-size cal-
varial defect model.
Methods: Using Sprague-Dawley rats, we created critical-size calvarial defects through a surgical pro-
cedure. The defects were then filled with 3 mg of mRCP (mRCP group) or 18 mg of Cytrans® (CA)
granules, which has a carbonate apatite-based composition resembling natural bone, was used as a
reference material (CA group). For negative control, the defects were left untreated. Bone volume, total
bone volume (bone volume including CA granules), and bone mineral density (BMD) in the defect were
assessed using micro-computed tomography (m-CT) at 0, 4, 8, and 12 weeks after implantation. Using
histomorphometric analyses of hematoxylin and eosin (H&E)-stained sections, we measured the amount
of newly formed bone and total newly formed bone (new bone including CA granules) in the entire
defect site, as well as the amount of newly formed bone in the central side, two peripheral sides (left and
right), periosteal (top) side, and dura mater (bottom) side. In addition, we measured the amount of
residual bone graft material in the defect. Osteoclasts and osteoblasts in the newly formed bone were
detected using tartrate-resistant acid phosphatase (TRAP) and alkaline phosphatase (ALP) staining,
respectively.
Results: Bone volume in the mRCP group increased over time and was significantly larger at 8 and 12
weeks after surgery than at 4 weeks. The bone volume in the mRCP group was greater than that of the CA
and control groups at 4, 8, and 12 weeks after implantation, and while the total bone volume was greater
in the CA group after 4 and 8 weeks, the mRCP group had comparable levels of total bone volume to that
of the CA group at 12 weeks after implantation. The BMD of the mRCP group reached similar levels to
native calvaria bone at the same time point. H&E-stained sections revealed a larger amount of newly
formed bone 12 weeks after implantation in the mRCP group compared to that of the CA and control
groups. The total newly formed bone at 12 weeks after implantation was on par with that in the CA
group. Furthermore, at the defect site, the area of newly formed bone was larger on the peripheral and
dura mater sides. Notably, the number of osteoclasts in the mRCP group was higher than in the CA and
; mRCP, medium-cross-linked RCP; RGD, arginyl-glycyl-aspartic acid; m-CT, micro-computed tomography; BMD, bone
toxylin and eosin; ALP, alkaline phosphatase; TRAP, tartrate-resistant acid phosphatase; SD, standard deviation.

enegro Raudales).
Society for Regenerative Medicine.

ative Medicine. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

mailto:jlmonrau@dpc.agu.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.reth.2023.09.013&domain=pdf
www.sciencedirect.com/science/journal/23523204
http://www.elsevier.com/locate/reth
https://doi.org/10.1016/j.reth.2023.09.013
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.reth.2023.09.013
https://doi.org/10.1016/j.reth.2023.09.013


I. Chimedtseren, S. Yamahara, Y. Akiyama et al. Regenerative Therapy 24 (2023) 515e527
control groups and peaked 8 weeks after implantation, which coincided with the timing of the greatest
resorption of mRCP. Although the ALP-positive area was greater in the mRCP group compared to other
groups, we did not detect any significant changes in the number of osteoblasts over time.
Conclusion: This study demonstrated the bone-forming potential of mRCP over an extended period of 12
weeks, suggesting that mRCP sufficiently resists resorption to promote bone formation through induc-
tion of osteoclast activation in the late stages of the healing period.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Alveolar cleft is a skeletal defect resulting from disturbances
during the development of the primary palate. Justification for
alveolar cleft repair is based not only on aesthetic value, but also on
achievingmaxillary arch stabilization, tooth eruption, closure of the
nasolabial fistula, and speech improvement [1,2]. Bone grafting is
the most common method for alveolar cleft repair, and autologous
bone from the iliac crest is the preferred bone graft material
because it is osteoinductive, osteoconductive, and biomechanically
stable, serves as a niche for incoming cells and blood vessels, and
provides growth factors for the differentiation of stem cells to
osteogenic cells [3]. Yet, the invasiveness of the harvesting pro-
cedure and operative complications such as donor site morbidity,
including possible scarring, pain, and cutaneous nerve injury, have
prompted researchers to design new artificial bone substitutes
[4e6]. However, incorporating all the favorable attributes of
autologous bone into the design of a bone graft material represents
a major challenge in tissue engineering.

Therefore, researchers have focused their efforts on developing
bone graft materials based on the major components of the body,
such as collagen-based materials. Collagen is one of the most
abundant proteins in the organism, and type I collagen is the main
protein in the extracellular matrix (ECM) of bones [7]. Collagen-
based materials have shown merits in regenerative medicine, as
demonstrated by their osteoconductive and osteoinductive prop-
erties, low antigenicity, biodegradability, and ability to promote cell
adhesion, proliferation, and differentiation [8,9]. Nevertheless, the
animal-derived origins of these materials cast doubt on their safety
owing to potential disease transmission [10].

To overcome these issues, researchers have developed a collagen
type I-based recombinant protein (RCP), commercially available as
Cellnest® (FUJIFILM), derived from the Pichia pastoris yeast. This
innovative design is based on the human alpha-1 sequence (a 1
chain) andpossesses 12 arginyl-glycyl-aspartic acid (RGD)motifs in a
singlemolecule, allowing for improvedosteoinduction, angiogenesis,
and biodegradation [11e14], thus satisfying the requirements of an
ideal bone graft without the risk of disease transmission [15]. Several
animal studies have described the fundamental characteristics of RCP
as a promising graft material, demonstrating its efficiency as a plat-
form for cellular implantation, angiogenic stimulation, cell recruit-
ment, and bone formation [14,16,17].

We have previously performed a series of preclinical studies to
gain insights into the characteristics of RCP and its suitability as a
bone graft material for alveolar clefts. We first demonstrated an
enhanced bone-regenerative effect when using block-shaped RCP
as a scaffold in combinationwith lipid-free dedifferentiated cells in
rat critical-size mandibular defects [18]. Considering that the cross-
linking of collagen-based materials affects their structural and
mechanical properties [19] (i.e., biodegradation rate and water
absorption), we evaluated the appropriate cross-linking density for
the bone-forming potential of RCP as a standalone graft material in
particle form. Among low, medium, and high cross-linking,
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medium cross-linked (mRCP) presented the greatest bone-forming
potential in a rat palatine fissure model [11].

Therefore, we then used mRCP in a rat critical-size calvarial
defect to compare its performance against autologous bone from
the rat tibia and showed that mRCP induced comparable levels of
bone formation to autologous bone [20]. Our latest report showed
the effects of different pore sizes on the bone-forming potential of
mRCP. Because pore size affects cellular activities such as cell
penetration, migration, survival, and differentiation [21], to further
optimize the use of mRCP as a bone graft material, we analyzed the
effect of different interconnected pore sizes of mRCP in a rat
critical-size calvarial defect model. The results showed that the
optimal pore size of mRCP for inducing bone formation ranged
between 100 and 300 mm [22]. Taken together, these studies not
only show the bone-regenerative potential of mRCP, but also its
versatility to fit the needs of the desired application.

The above-mentioned reports all showed a positive effect of
mRCP on bone regeneration, as evidenced by the histological
findings of newly formed bone and verified by the presence of
osteoblasts and osteoclasts, which are critical for bone remodeling
[23]. However, these studies were conducted over a 4-week period.
A bone graft material should provide sufficient mechanical support
until new bone formation occurs [24]. In particular, for alveolar cleft
repairs that require subsequent orthodontic treatment, orthodontic
movement is initiated at an average of three months after bone
grafting [25,26]. Moreover, we are yet to assess the osteogenic
inducing ability of mRCP over a longer period. Hence, questions
remain regarding the validity of mRCP as a bone graft material for
the alveolar cleft. Therefore, in the present study, we aimed to
examine the bone-forming potential, osteogenic inducing ability,
and biodegradation of mRCP over an extended period of 12 weeks
to further evaluate mRCP as a bone graft material using a rat
critical-size calvarial defect model. Additionally, we compared its
performance with that of the commercially available bone substi-
tute Cytrans®, composed of carbonate apatite (CO3Ap) [27,28].

2. Materials and methods

2.1. Bone graft materials

mRCP (FUJIFILM, Tokyo, Japan) from human type I collagen a
chain was prepared as previously described [17,29e32]. Briefly, a
10 wt % RCP solution was gelled and freeze-dried to form porous
sponge blocks which were crushed into particles and cross-linked
via a heat-dependent dehydration condensation reaction for
4.75 h. ThemRCP particles had an average diameter of 1000 mm [20].
Cytrans® granules, herein referred to as CA, were purchased fromGC
Corporation (Tokyo, Japan) and had an average diameter of 1356 mm.

2.2. Animals

Nine-week-old healthy male Sprague-Dawley rats with body
weights of 260e300 g were used in this study (Japan SLC, Inc.
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Nagoya, Japan). The rats were housed in an animal experimentation
laboratory and fed a standard diet at the Animal Research Center of
the Aichi Gakuin University. The study protocol was approved by
the Animal Care and Use Committee of the School of Dentistry,
Aichi Gakuin University (Approval No. AGUD412). All animal
handling and surgical procedures were performed in accordance
with the Regulations on Animal Experimentation of the School of
Dentistry, Aichi Gakuin University.
2.3. Surgical procedure

The rats were anesthetized by inhalation of 3.0% isoflurane
(Mylan, Canonsburg, Pennsylvania, USA) in 70% nitrous oxide and
30% oxygen with a face mask. The dorsal portion of the head was
shaved and disinfected with povidone-iodine solution. To achieve
local anesthesia, 2% lidocaine (AstraZeneca, Osaka, Japan) was
administered to the calvarial subcutaneous tissue, and an incision
was made into the calvarial skin, followed by a square incision on
the periosteum, and then a periosteal flap was elevated to expose
the calvarial bone. A critical-size bone defect with a diameter of
5 mm was created using a 5.0 mm trephine bur (Meisinger, Neuss,
Germany) operating at 1500 rpm or less under continuous saline
irrigation of the exposed bone. The defect was filled with either
3 mg mRCP (mRCP group, n ¼ 5) (Fig. 1AeC), 18 mg CA (CA group,
n ¼ 5) (Fig. 1DeF), or left untreated (control group, n ¼ 5). After
implantation, the periosteal flap was repositioned and the wounds
were closed using 4e0 Vicryl sutures (Ethicon Inc., GA, USA).
2.4. Micro-computed tomography (m-CT) analysis of bone
regeneration

To evaluate the volumeandbonemineral density (BMD)of newly
formed bone in each group and the neighboring calvaria in vivo X-
ray m-CT (Cosmo Scan GX; Rigaku Corporation, Tokyo, Japan) was
used for imaging analysis as described previously [18,20,22,33,34].
Briefly, the exposure parameters were 18 s, 90 kV, and 100 mA and
the isotropic voxel size was 45 mm. m-CT images were obtained on
the day of surgery and 4, 8, and 12weeks after surgery. Bone volume
Fig. 1. Macroscopic appearance of the critical-size calvarial bone defect before and after imp
with a trephine bur. The defects were filled with 3 mg mRCP (B) or 18 mg CA (E). Defects aft
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was measured in the regions of interest (ROIs) from voxel images
using the 3 by 4 viewer 2019 software (Kitasenjyu Radist Dental
Clinic i-View Image Center, Tokyo, Japan). The ROI size was 2.5 mm
(radius) � 2.5 mm (radius) � 3.14 � 0.8 mm (depth) which covered
the entire defect area. The software compared the ROIs from week
0 (immediately after surgery) to the ROIs from 4, 8 and 12 weeks
after surgery and obtained values corresponding to new bone,
native calvarial bone and the new bone/native calvarial bone over-
lapping area. Bone volume was calculated by the addition of the
values corresponding to the new bone and the new bone/native
calvarial bone overlapping area.

In addition, since CA granules have a CO3Ap composition [27],
the CA granules resembled natural calvarial bone in the m-CT im-
ages, thus for the CA group, we also measured the bone volume
including the CA granules. This was defined as the total bone vol-
ume, and was calculated as the sum of the values corresponding to
the new bone, natural calvarial bone, and new bone/natural cal-
varial bone overlapping region.

BMD was calculated by comparing the measurements to a
calibration curve of the bone mineral content obtained by scanning
a hydroxyapatite phantom (No.0802-08, RATOC, Tokyo, 13 Japan)
using the 3 by 4 viewer 2019 software.
2.5. Histological analysis

The rats were euthanized in a carbon dioxide bath 4, 8, and 12
weeks after surgery. The implant site and surrounding tissues were
harvested and fixed in 4% neutral buffered paraformaldehyde for
24 h at 4 �C. Tissue specimens were decalcified in 10% ethyl-
enediaminetetraacetic acid disodium salt (Muto Pure Chemicals,
Tokyo, Japan) for 8 weeks, dehydrated through a graded series of
ethanol solutions, and embedded in paraffin. Subsequently, 5 mm
thick coronal plane sections were prepared with a microtome
(Leica RM2165; Leica Microsystems, Nussloch, Germany) and
stained with hematoxylin and eosin (H&E) (Septsapie, Tokyo,
Japan) to evaluate bone formation areas and their integration into
the neighboring native calvarial bone under optical microscopy. To
confirm the presence of osteoclasts at the defect site, sections were
lantation with bone graft materials. (A and D) 5 mm diameter critical size defects made
er the periosteal flap were repositioned and sutured in the (C) mRCP and (F) CA groups.
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stained using a tartrate-resistant acid phosphatase (TRAP) staining
kit (294-67001, Wako, Japan) following the manufacturer's in-
structions. TRAP-positive cells with more than 2 nuclei were
counted as osteoclasts. Osteoblasts were detected using an alkaline
phosphatase (ALP) staining kit (294-67001, Wako, Japan), and the
ALP-positive area based on the entire area of the defect was
calculated using the image analysis software ImageJ (National In-
stitutes of Health, Bethesda, MD, United States).

2.6. Histomorphometric analysis

Histomorphometric analysis of the newly formed bone area
within the bone defect (5.0 mm � 0.8 mm) of each group was
performed using the ImageJ software. Briefly, for each time point
(4, 8, and 12 weeks after surgery), three specimens per group
were analyzed to measure the following: bone area in the entire
defect area, newly formed bone at different locations in the
defect site, bone union level (based on new bone bridging be-
tween the newly formed bone and host bone), and amount of
residual implanted material. The level of newly formed bone was
calculated based on the defect width and the bone fill measure-
ments in the peripheral area (1.25 mm � 0.8 mm) on both sides
(1.25 mm � 0.8 mm � 2) and the central area (2.5 mm � 0.8 mm)
(Fig. 2A). The level of bone union was calculated based on the
defect width and the bone fill measurements on the top side
(periosteal side, 5.0 mm � 0.4 mm) and the bottom side (dura
mater, 5.0 mm � 0.4 mm) (Fig. 2B).

Additionally, as was done with the total bone volume mea-
surement, for the CA group, an additional measurement was per-
formed in which the CA granules were included. This was defined
as the total newly formed bone area in the entire defect.

To compare the resorption rate between the two bone graft
materials, the amount of residual mRCP and CA at 12 weeks after
implantation was measured and analyzed using ImageJ software.
Fig. 2. Diagram of the critical-size bone defect in rat calvaria and histomorphometric
analyses. (A) The amount of newly formed bone was calculated based on the defect
width and the bone fill measurements in the peripheral area (1.25 mm � 0.8 mm) of
both the sides (1.25 mm � 0.8 mm � 2) and the central area (2.5 mm � 0.8 mm). (B)
The level of newly formed bone was calculated based on the defect width and the bone
fill measurements on the top side (periosteum side, 5.0 mm � 0.4 mm) and the bottom
side (dura mater side, 5.0 mm � 0.4 mm).
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2.7. Statistical analyses

Data are expressed as mean ± standard deviation (SD) for each
group. Statistical analysis was performed using the GraphPad Prism
9 software (GraphPad Inc., La Jolla, CA, USA). One-way analysis of
variance (ANOVA) with Tukey's multiple comparison test was used
for intergroup comparisons. P was set at < 0.05.

3. Results

3.1. m-CT analysis of hard tissue formation in the critical-size defects

To visualize and quantify the degree of hard tissue formation in
the implant groups, m-CT analysis was performed at 0, 4, 8, and 12
weeks after surgery (Fig. 3). Two-dimensional images in the coronal
plane, as well as 3D reconstructed m-CT images in the axial plane of
the implant site were obtained. The mRCP group showed that 4
weeks after surgery, bone formation had taken place based on the
radiopacity and considerable bone bridging seen in the defect area,
with an increase in radiopacity intensity and bone bridging at 8
weeks, showing a continuous radiopaque area that covered the
entire defect at 12 weeks after surgery and the radiopacity was
comparable to that of the adjacent natural bone, this increase in
size was also confirmed in the corresponding 3D reconstructed m-
CT images (Fig. 3A). In the CA group, from the day of surgery, the
defect site exhibited a radiopaque area corresponding to the CA
granules that appeared arranged as a compact network. At 4 weeks
after surgery, the size of the radiopaque area around the edges of
the defect increased, and was displayed as a small amount of new
bone that filled the space between the granules in the 3D recon-
structed m-CT images. While at 12 weeks after surgery, this radi-
opaque area showed a more uniform appearance between the
granules and slight increase in the size of the new bone (Fig. 3B). No
new bone formation was apparent in the samples from the control
group, even after 12 weeks of surgery, with only a slight increase in
the radiopaque area bordering the defect edges, these findings
were consistent with the 3D reconstructed m-CT images (Fig. 3C). To
quantify the change in the bone volume at the defect site over time,
the specialized 3 by 4 viewer 2019 software (Kitasenju Radist
Dental Clinic i-View Image Center, Tokyo, Japan) was used. The data
showed that the bone volume in the mRCP group increased,
showing a significant difference at 8 and 12 weeks compared to
that at 4 weeks after surgery (Fig. 3D). The amount of bone volume
in the mRCP group was significantly higher than that of the CA and
control groups at 4, 8, and 12 weeks after surgery. In the CA group,
there was a significant difference in the increase in bone volume
between 4 and 12 weeks after surgery. The bone volume in the CA
group was significantly greater than that in the control group at 4,
8, and 12 weeks after surgery. In the control group, a significant
increase in bone volume was detected at 12 weeks after surgery
compared to 4 and 8 weeks after surgery (Fig. 3D). The total bone
volume in the CA group was greater than that of the control and
mRCP groups at 4 weeks after surgery. However, the total bone
volume in the CA group did not change significantly during the
study period. Noticeably, at 12 weeks after surgery, the total bone
volume in the CA group and the mRCP group was comparable
(Fig. 3E).

We next measured the BMD in the mRCP and CA groups at 4, 8,
and 12 weeks after surgery and compared it to the BMD of the
native calvarial bone. Our results showed that the mRCP group had
a significantly lower BMD than the native calvarial bone after 4 and
8 weeks, although at 12 weeks, the BMD in the mRCP group was
comparable to that of the native calvarial bone. However, there was
no significant difference in BMD between the CA group and the
native calvarial bone group at any time point after surgery (Table 1).



Fig. 3. Representative coronal and axial plane images of m-CT and 3D reconstructed m-CT analysis of the calvarial bone defects in the (A) mRCP (B) CA and (C) control groups at 0, 4, 8,
and 12 weeks after implantation. Amount of bone volume (D) and total bone volume (E) in the calvarial bone defects at 4, 8, and 12 weeks after implantation with bone graft
materials assessed by m-CT. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. The columns and error bars in the graphs represent the mean and standard deviation (SD),
respectively (n ¼ 5 per group).
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3.2. Histological analysis of newly formed bone

We continued our assessment of the newly formed bone using
H&E staining, which allowed us to distinguish the newly formed
bone from grafted materials and their integration into the host
tissue. In our previous studies [20,22], H&E staining showed that
newly formed bone was characterized by pink-stained structures,
and the remnant mRCP particles were stained violet. Low- and
high-magnification images of the mRCP group revealed that newly
formed bone was apparent at 4 weeks after implantation, as shown
by the abundant bony tissue islands in the network of remnant
Table 1
Bone mineral density (BMD) in the implant site assessed by m-CT analyses. The BMD was
calvaria bone (n ¼ 5) at 4, 8, and 12 weeks after implantation. *P < 0.05, ****P < 0.0001

BMD (mg/cm3)

Group 4 weeks

mRCP (n ¼ 5) 474 ± 7****
CA (n ¼ 5) 558 ± 2
Native calvarial bone (n ¼ 5) 568 ± 8

BMD: bone mineral density, mRCP: medium-cross-linked recombinant collagen peptide
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mRCP stained in violet. Although the boundary with the peripheral
bone could be distinguished, some newly formed bone fragments
had fused with peripheral bone (Fig. 4A). At 8 weeks, the regen-
erated bone fragments were larger and began to resemble lamellar
structures that contained vessels and osteocyte-like cells, with a
decrease in the remnant mRCP surrounding the bone fragments
(Fig. 4B). At 12weeks, the newly formed bone structures had grown
considerably and were more evident in the periphery and bottom
sides of the defect, with the borderline between the native and
regenerated bone almost indistinguishable. A substantial amount
of resorption of the mRCP particles was also observed (Fig. 4C). In
measured in the mRCP group, CA group, and compared with the neighboring native
.

8 weeks 12 weeks

542 ± 8* 588 ± 1
543 ± 2 550 ± 2
572 ± 1 579 ± 9

, CA: carbonate apatite.



Fig. 4. Representative histological images at low ( � 20) and high ( � 400) magnification (enlarged view of boxed area) of H&E-stained sections of the critical-sized bone defects of
the (AeC) mRCP, (DeF) CA, and (GeI) control groups at 4, 8, and 12 weeks after surgery. Scale bars represent 300 mm and 100 mm in the enlarged boxed area. The arrows indicate the
boundary between the implanted site and the native calvaria bone. The pink-stained structures in the defect indicate newly formed bone. Scale bars represent 300 mm and 100 mm
(enlarged boxed area).
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the CA group, the CA particles were seen as light pink or white
spaces in the H&E images. Four weeks after implantation, the CA
group showed large particles surrounded by fibrous connective
tissue (Fig. 4D). By 8 weeks, pink-stained structures had formed
around the CA fragments, which appeared to show some signs of
degradation, as noted by the resorption cavities in the border of the
CA fragments (Fig. 4E). Twelve weeks after transplantation, the
pink-stained newly formed bone grew considerably to form
lamellar structures that appeared to have replaced some of the CA
particles that had been resorbed, being more prominent on the
bottom side of the defect (Fig. 4F). In the control group, only a small
amount of new bone formation was observed towards the end of
the study period (Fig. 4GeI).

3.3. Histomorphometric analysis of the critical-size defects

To accurately assess the process of bone formation, we used
H&E-stained sections to measure the amount of newly formed
bone at the following sites: the entire defect, the peripheral sides
(left and right) compared to the central side of the defect, and the
top (periosteal side) compared to the bottom (dura mater side) of
the defect, as previously described [20,22]. Our previous report
showed the bone forming potential of mRCP at 4 weeks after
Fig. 5. Histomorphometric analysis of the newly formed bone area (A) and total newly form
and 12 weeks after implantation. Newly formed bone and total newly formed bone areas in t
***P < 0.001 and ****P < 0.0001. The columns and error bars in the graph represent the m
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surgery [20]. In this study, we observed that there was a signifi-
cantly greater amount of newly formed bone at 8 and 12 weeks
than at 4 weeks after implantation (Fig. 5A). The amount of newly
formed bone in the mRCP group was significantly greater than that
in the CA and control groups at every time point. Although the
amount of newly formed bone in the CA group significantly
increased over time, it was only significantly greater to that of the
control group at 4 weeks after surgery (Fig. 5A).

In contrast, when measuring the amount of total newly formed
bone in the entire defect, it was found that the amount of total
newly formed bone in the CA group was significantly greater than
that of the mRCP and control groups at 4 and 8 weeks after surgery.
However, at 12 weeks after surgery, the amount of total newly
formed bone in the CA group was comparable to that of the mRCP
group (Fig. 5B).

When comparing the newly formed bone between the peripheral
sides and the center of the defect site, mRCP showed a greater
amount of bone formation in the periphery of the defect at all time
points observed (Fig. 6A). In the CA group, there was no significant
difference in the amount of newly formed bone between the central
and peripheral areas at 4, 8, and 12 weeks after surgery (Fig. 6B). The
bone formed at the bottom side (dura mater) of the defect was
significantly larger than that at the top side (periosteal side) in the
ed bone area (B) in the entire bone defect in the mRCP, CA, and control groups at 4, 8,
he entire defect (5.0 mm � 0.8 mm) were measured using ImageJ. *P < 0.05, **P < 0.01,
ean and SD (n ¼ 3), respectively. ns: not significant.



Fig. 6. Newly formed bone areas at different locations in the defect site of the implanted groups at 4, 8 and 12 weeks after surgery. The newly formed bone in the peripheral areas
on both sides (1.25 mm � 0.8 mm � 1.25 mm) were compared with the central area (5.0 mm � 0.8 mm) of the bone defect in the (A) mRCP, (B) CA, and (C) control groups. Newly
formed bone in the top side (5.0 mm � 0.4 mm) and the bottom side (5.0 mm � 0.4 mm) of the entire bone defect in the mRCP (D), CA (E), and (F) control groups. The newly formed
bone areas were measured using ImageJ. *P < 0.05, **P < 0.01, and ***P < 0.001. The columns and error bars in the graph represent the mean and SD (n ¼ 3), respectively.
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mRCP group at 4 and 12weeks after implantation and after 12weeks
in the CA group (Fig. 6D and E). The control group did not show
significant differences in the amount of bone formation at defect
sites throughout the experimental period (Fig. 6C and F).
Fig. 7. Comparison of the newly formed bone areas between the three groups at differe
(2.5 mm � 0.8 mm), (B) peripheral area on both sides (1.25 mm � 0.8 mm � 2), (C) top s
measured from the entire calvarial bone defect using ImageJ. *P < 0.05, **P < 0.01, ***P < 0
and SD (n ¼ 3), respectively. ns: not significant.
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A direct comparison of the newly formed bone at different sites
of the defect among the groups showed that the mRCP group had
significantly more newly formed bone at the central area compared
to that of the CA and control groups at every observed time point,
nt locations in the defect site at 4, 8, and 12 weeks after surgery. (A) central area
ide (5.0 mm � 0.4 mm), and (D) bottom side (5.0 mm � 0.4 mm) of the defect were
.001, and ****P < 0.0001. The columns and error bars in the graph represent the mean
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Fig. 9. Detection of osteoclasts in the critical-size bone defect of the mRCP, CA and
control groups after 4, 8, and 12 weeks. High-magnification ( � 600) images of tartrate-
resistant acid phosphatase (TRAP)-stained sections of the (AeC) mRCP, (DeF) CA, and
(GeI) control groups. Scale bars represent 10 mm. Arrows indicate osteoclasts. (J)
Quantification of TRAP-positive cells at 4, 8, and 12 weeks after implantation with bone
graft materials. ***P < 0.001 and ****P < 0.0001. Asterisks indicate CA granules. The
columns and error bars in the graph represent the mean and SD (n ¼ 3), respectively.
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while the CA group had significantly more newly formed bone
compared to the control group at 8 and 12 weeks after surgery
(Fig. 7A). In the peripheral area, the mRCP group had significantly
more newly formed bone compared to the control group at 4, 8, and
12 weeks after surgery and to the CA group at 4 and 8 weeks after
surgery (Fig. 7B). There were no significant differences in the levels
of bone formation between the CA and control groups (Fig. 7B). The
similar tendencies in the amount of newly formed bone between
each group were observed at the top side (periosteal side) (Fig. 7C)
and at the bottom side (dura mater side) of the defect (Fig. 7D).

Having observed that mRCP clearly promoted bone generation
beyond four weeks, as we previously reported [20,22], we next
sought to understand how its physical properties changed over this
longer period of observation. Since biodegradability is a funda-
mental desirable feature of any bone graft material [4,35,36], we
measured the amount of residual mRCP at 4, 8, and 12 weeks after
implantation. As shown in Fig. 8, therewas a prominent decrease in
the residual mRCP over time, which was significantly decreased at
12 weeks compared to that at 4 weeks after surgery (Fig. 8AeC and
G). The resorption of CA granules was modest, as shown by the
appearance of irregular edges and resorption cavities in the gran-
ules compared to the straight borders at 4 weeks, although at 12
weeks, a significantly greater amount of residual material was
observed compared tomRCP (Fig. 8DeF and G). This is in agreement
with previous reports on CA granules and their resorption, inwhich
the material was observed even after 24 weeks of implantation in
other animal models [37].

The significant levels of newly formed bone generated by mRCP
together with its significant resorption in vivo led us to further
investigate its stimulating effect on bone remodeling by observing
osteoclast and odontoblastic activity compared to that of CA and
control groups. Therefore, TRAP staining was performed to confirm
the presence of osteoclasts in the defect site. Osteoblasts were
detected by ALP staining, and the ALP-positive area based on the
entire defect area was calculated at 4, 8, and 12 weeks after im-
plantation. In the mRCP group the number of osteoclasts was
higher at 8 weeks after implantation than at 4 and 12 weeks
(Fig. 9AeC and J). The number of osteoclasts in the mRCP group was
significantly higher than that of the CA and control groups at 4, 8,
and 12 weeks after surgery. In the CA and control groups, the
number of osteoclasts did not change significantly during the study
period and there was no statistical difference between both groups
(Fig. 9DeI and J). ALP staining in themRCP group showed osteoblast
activity throughout the study period (Fig. 10AeC); however, no
significant differences were found in the ALP-positive area between
4, 8, and 12 weeks after implantation (Fig. 10J Notably, the ALP-
positive area in the mRCP group was significantly greater than
that of the CA and control groups at 4 and 8 weeks after surgery
(Fig.10J). The ALP-positive area in the CA and control groups did not
change significantly during the observed time points and showed
no statistical difference between them (Fig. 10DeI and J).

4. Discussion

In this study, we evaluated the bone-regenerative potential of
mRCP over a 12-week implantation period to validate mRCP as a
suitable material for bone regeneration and to compare it with a
commercially available artificial bone substitute. Our results
showed that mRCP promoted bone formation through significant
osteoclast activation during the late stages of healing.
Fig. 8. Residual mRCP (AeC) and CA (DeF) in the implanted site after 4, 8 and 12 weeks of
(n ¼ 3) of the amount of residual mRCP and CA after 4, 8, and 12 weeks of surgery measured
The columns and error bars in the graph represent the mean and SD (n ¼ 3), respectively.
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We have previously shown the bone-forming potential of mRCP
after 4 weeks of implantation in a rat critical-size calvarial defect
model [20,22], In this study, mRCP showed levels of bone formation
4 weeks after implantation consistent with our previous findings;
however, at 12 weeks after implantation, there was a substantial
increase in both the bone volume and newly formed bone as
assessed by m-CT and histological analysis, respectively.

Previous reports from our laboratory and others have docu-
mented the bone-regenerative potential of collagen-based bio-
materials in rat calvarial defects. However, to the best of our
knowledge, the osteogenic induction activity of mRCP has not been
examined in detail. Therefore, we focused on evaluating the
biodegradability and osteogenic-inducing ability of mRCP at 4-
weekly intervals over an extended period. The rationale behind
the longer evaluation period compared with our previous studies
stems from the fact that a steady biodegradation rate of the bone
graft is highly desirable [12,38e40]. This balance has been shown to
offer a stable surface for bone healing and enable bone regeneration
to progress continuously at later stages of the healing process [41].
In case of large bone defects that require longer healing times, such
surgery ( � 200). Scale bar represents 100 mm. (G) The graph shows the means and SD
by ImageJ. *P < 0.05, **P < 0.01, and ***P < 0.001. Asterisks indicate residual bone graft.



Fig. 10. Histological analysis of high-magnification ( � 600) images of alkaline phos-
phatase (ALP)-stained sections of the critical-size bone defect in the mRCP, CA and
control groups after 4, 8, and 12 weeks. ALP-stained sections in the (AeC) mRCP, (DeF)
CA, and (GeI) control groups. Scale bars represent 10 mm. Arrows indicate osteoblasts.
(J) The ALP positive area was calculated at 4, 8, and 12 weeks after implantation with
bone graft materials using ImageJ software. *P < 0.05. Asterisks indicate CA granules.
The columns and error bars in the graph represent the mean and SD (n ¼ 3),
respectively.
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as alveolar clefts, the bone graft must sufficiently resist initial
degradation [12]. Moreover, clinical investigations of alveolar cleft
repair by bone grafts initiate orthodontic movement 12 weeks after
grafting when adequate bone density is achieved, and bone graft
resorption is not complete [42,43]. Eight weeks after implantation,
we observed a significant reduction in the remnantmRCP as well as
an increase in newly formed bone, suggesting that sufficient ma-
terial remained to offer a suitable substrate for bone remodeling to
take place at later stages of the evaluation period, albeit at a
different rate than CA. In this study, we usedmedium-crosslink RCP,
which may explain the resistance of RCP to degradation. This may
be attributed to the heat-mediated cross-linking of the RGD chains,
which optimizes biodegradation activity [12] and helps to maintain
other essential properties of collagen-based biomaterials [44e49].
Therefore, this study provides useful information on the progress of
biodegradation of mRCP particles at weekly intervals.

The authors considered CA as a suitable reference bone graft
material due to its design oriented to dental and maxillofacial
surgeries [27], usage in clinical investigations, and commercial
availability [28]. Additionally, in animal models of bone defects
implanted with CA for 12 weeks, CA had undergone a degree of
resorption and replacement by bone but still largely remained at
the implant site [27,37]. This property is attributed to the CO3Ap
composition of CA, resembling natural bone, and its remodeling
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rate [27], serving as a substitute for bone while promoting new
bone formation. Therefore, when measuring the total bone volume
and the total newly formed bone by m-CT and histomorphometric
analysis, respectively, the CA granules were included in both
measurements. Although the baseline levels of the total bone vol-
ume and total newly formed bone in the CA group were high, there
were no changes in these measurements during the 12-week
observation period. This is likely due to the large amount of re-
sidual CA and the slow rate of new bone formation relative tomRCP.

The structure of CAmay have also had a role in these findings. In
this study we used a commercial version of CA granules that con-
tains no pores, while in another study, investigators performed
experiments with self-manufactured CO3Ap granules with pores
and examined bone formation in rabbit calvarial defects [50].
Although their study did not show a significant difference in the
resorption of pore-containing CO3Ap granules and commercially
available CA without pores, there was a tendency for the former to
showmature bone formation inside the pores, that could lead to an
increase in total bone formation over time. In the future, we might
need to compare the effectiveness of mRCP and CO3Ap granules
with pores for bone-forming potential.

For physiological bone remodeling to take place, osteoclasts and
osteoblasts must synchronize bone resorption and formation. Os-
teoclasts play a pivotal role in maintaining this balance by
recruiting osteoblast progenitors or by directly stimulating osteo-
blast formation through their secreted products. This process also
occurs in the healing of bone defects, a feature that has been well-
exploited in the design of collagen-based bone graft materials
[51,52]. The modulation of osteoclast activity by collagen-based
biomaterials occurs through interactions with osteoclast signaling
molecules and receptors. Co-stimulation of the receptor activator of
the nuclear factor kB/RANK ligand/osteoprotegerin axis and
osteoclast-associated receptor (OSCAR) leads to osteoclast activa-
tion. Specifically, collagen I, II, and III found in the bone extracellular
matrix (ECM) are ligands for OSCAR [53]. Similar to our previous
investigations [11,20,22], mRCP particles elicited osteoclast activa-
tion at the implant site, as evidenced by the detection of TRAP-
positive cells at 4 weeks after implantation. However, in the cur-
rent study, we found a higher number of osteoclasts at 8 weeks
after implantation compared to that at 4 and 12 weeks. This coin-
cided with the time of the greatest degradation of the material and
occurred several weeks before the peak of new bone formation (at
12 weeks). Therefore, this suggests that sufficient mRCP particles
remained to orchestrate the differentiation of osteogenic pro-
genitors at late stages in the observation period, which also coin-
cided with the greatest increase in newly formed bone and that
resorption of mRCP occurs before new bone formation. This is in
agreement with the findings of other investigators who showed
that biomaterial degradation mediated in part through osteoclasts
precedes peak bone formation [54].

The significant increase in osteoclasts at 8 weeks could also be a
result of the RGD motifs contained in mRCP, which are responsible
in large part for cellular attachment and induction of osteogenic
differentiation [11e14]. The RGD sequence can bind to a wide
spectrum of adhesion receptors called integrins related to bone
remodeling, including avb3 integrins, which are highly expressed
in osteoclasts, and integrins involved in MSC differentiation into
osteoblasts, such as a5b1 and a2b1. Moreover, studies have shown
that the RGD motif aids in wound healing and angiogenesis, sug-
gesting that this sequence provides the framework of cells neces-
sary for new bone formation at defect sites [55e59]. Although we
expected to find an increase in the number of osteoblasts over time,
we did not detect a significant change in the ALP area at the
observed time points; instead, we detected osteoblasts at all time
points with a tendency to decrease at 12 weeks, although this was
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not statistically significant. This suggests that osteoclast prolifera-
tion, in part, leads to osteoblast activation to form new bone at
these stages of healing. The significantly lower number of osteo-
clasts and osteoblasts in the CA group reflect the smaller amount of
newly formed bone relative to that of the mRCP group. The dis-
crepancies in the osteogenic potential in our study may be attrib-
uted to previously described characteristics of the CA granules
used, including its solid dense structure and its slower biodegra-
dation relative to mRCP, limiting the space for subsequent osteo-
genesis. In fact, CA resorption is only carried out by osteoclasts, and
its resorption can vary depending on the specific composition of CA
[60]. For instance, the honeycomb block composition of CA had
faster resorption and mature bone formation rates than hydroxy-
apatite and b-tricalcium phosphate [61]. Atsuta I. et al. reported
that CA had lower osteoinductivity than autologous bone, and that
the combination of both materials lead to an increased number of
osteoclasts and osteoblasts, together with greater amount of bone
formation compared to CA alone [62]. Under the current experi-
mental conditions, the evidence showed that mRCP had greater
osteoinductive potential than that of CA, indicating that mRCP is a
versatile bone graft material with inherent properties to facilitate
the recruitment of osteogenic cells.

To help explain the primary source of these osteogenic pro-
genitor cells, we performed histomorphometric analysis at the
implant site by dividing the defect into subsections and comparing
new bone growth between these. In accordance with our recent
reports [20,22], at 4 weeks after implantation, larger areas of new
bone formation were observed in the periphery and bottom areas
of the defect, which correspond to the diplo€e and dura mater re-
gions, respectively. This was not surprising as it has been shown
that the diplo€e provides progenitor cells and nutrients, whereas the
dura mater plays a pivotal role in intramembranous calcification
[63e65]. However, it should be noted that this tendency was
detected over a longer period than that in previous reports. This
suggests that the mRCP can recruit a steady flow of cells from the
dura mater and diplo€e over an extended period.

Our findings also indicated that mRCP promoted greater amount
of bone formation than the CA and control groups in the central,
diplo€e, dura mater and periosteal sides of the rat calvarial defect.
Alveolar bone grafting involves gingival and palatal mucoperiosteal
flaps and their closure after placement of the bone graft, creating a
space where the walls made from periosteum and denuded bone
are in contact with the graft material [66]. Within the structure of
the periosteum lies osteoblasts and osteoprogenitor cells that
contribute to the bone repair process [67,68]. This source of oste-
ogenic cells may be critical for successful bone repair in the alveolar
cleft and we showed that mRCP had a greater osteogenic response
than CA and controls in a timely manner, implying it has potential
for human alveolar cleft repair.

In human alveolar cleft repair, 12 weeks after graft surgery, bone
structure and alveolar height stabilizes, and subsequent therapy is
recommended [43]. Therefore, mRCP may repair bone defects and
provide enough bone structure at a time when prosthetic implant
or orthodontic movement is required in the clinical setting. Added
to the lack of risk of contaminationwith the use of mRCP, this shows
the feasibility of mRCP for human alveolar cleft repair.

In conclusion, this study validated the usefulness of mRCP as a
bone graft material over an extended period and showed thatmRCP
can induce greater de novo bone formation compared to the clini-
cally approved and commercially available bone graft material CA.
Furthermore, even when CA granules were included in the mea-
surements, mRCP showed comparable levels of bone formation at
the end of the healing period. This suggests that mRCP is well-
suited to induce osteogenic cell differentiation in a timely
manner and could be a promising therapy for the human alveolar
525
cleft. Further work is necessary to verify the precise osteogenic
signaling events elicited by mRCP particles, and whether the same
osteoclast and osteoblast kinetics are observed in other defect
models, such as the palatine fissure model [33].
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