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a b s t r a c t

Introduction: This study aimed to examine the bone-forming ability of medium-cross-linked recombi-
nant collagen peptide (mRCP) particles developedbased on human collagen type I, contains an arginyl-
glycyl-aspartic acid-rich motif, fabricated as bone filling material, compared to that of the autologous
bone graft.
Methods: Calvarial bone defects were created in immunodeficient rats though a surgical procedure. The
rats were divided into 2 groups: mRCP graft and tibia bone graft (bone graft). The bone formation po-
tential of mRCP was evaluated by micro-computed tomography and hematoxylin-eosin staining at 1, 2, 3,
and 4 weeks after surgery, and the data were analyzed and compared to those of the bone graft.
Results: The axial volume-rendered images demonstrated considerable bony bridging with the mRCP
graft, but there was no significant difference in the bone volume and bone mineral density between the
mRCP graft and bone graft at 4 weeks. The peripheral new bone density was significantly higher than the
central new bone density and the bottom side score was significantly higher than the top side score at
early stage in the regenerated bone within the bone defects.
Conclusion: These results indicate that mRCP has a high potential of recruiting osteogenic cells, com-
parable to that of autologous bone chips.
© 2020, 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/).
mRCP, medium-cross-linked
arrow derived mesenchymal
BMD, bone mineral density;
n; ALP, alkaline phosphatase;
ard deviation; DHT, dehydo-

Anatomy, School of Dentistry,
Chikusa-ku, Nagoya, Aichi

y, School of Dentistry, Aichi
u, Nagoya, Aichi, 464-8650,

a).
se Society for Regenerative

ative Medicine. Production and ho
1. Introduction

An alveolar cleft is a bone developmental defect in the alveolar
process of the maxilla [1]. Its repair allows restoring maxillary bone
continuity, inducing tooth eruption, improving orthodontic treat-
ment outcome, and reconstituting the nasal cavity floor [2e4].
Alveolar cleft repair is frequently performed using cancellous
autologous bone harvested from the iliac crest [2,4,5]. This pro-
cedure has several drawbacks associated with harvesting (e.g.,
chronic pain, infection, scar formation, hematoma, and nerve
injury). Recently, various types of bone substitutes are being used
for alveolar cleft repair [6e9]. However, use of bone substitutes has
not shown superiority compared with autologous bone grafts
[10,11]. Therefore, searching for novel bone substitutes is still
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necessary for improving the clinical outcome in the surgical repair
of alveolar cleft.

A three-dimensional bone substitute used for bone regeneration
must be biodegradable, porous, and cytophilic. A porous bone
substitute can retain cells within the defect site as well as function
as a substrate for tissue ingrowth and vascularization. An ideal
porous bone substitute should be biocompatible, non-
inflammatory, non-immunogenic, and bioresorbable to be
replaced with a matched biodegradation rate [12e16].

Because collagen type I is a major component of bone, collagen
type I-based bone substitutes possess the requisite hemostatic
properties, low antigenicity, and appropriate mechanical charac-
teristics, and can promote cell and tissue attachment and growth
[17]. However, conventional collagen scaffolds are obtained from
xenogeneic tissues such as bovine and porcine tissues, which may
increase the risk of unknown pathogens [18e24]. Hence, new
collagen-based bone substitutes are needed to overcome the dis-
advantages of the collagen substrate source.

Recently, gene recombination technology has been introduced
to counter the problem of xenogeneic materials [25,26]. A recom-
binant collagen peptide (RCP) designed using human collagen type
I (a I chain), is commercially available from Fujifilm as Cellnest®;
this RCP produced by a fermentation process using genetically
modified yeast [27,28]. The collagen type I antigenic site has been
removed from the RCP to reduce immunogenicity after implanta-
tion. Therefore, it poses no risk of infection from diseases such as
bovine spongiform encephalopathy [22e24]. Further, as it can be
manufactured massively, it is considered as a reproducible and
consistent approach for bone regeneration.

In addition to no risk of infection, the RCP has several features as
a bone substitute. First, the RCP is biodegradable and bio-
absorbable; thus, it does not remain in the body. Second, the RCP
contains 12 arginyl-glycyl-aspartic acid (RGD) motifs in a single
molecule [29]. The RGD peptide is identified in extracellular matrix
proteins such as vitronectin, fibronectin, and thrombospondin, as
the minimal sequence required for recognition by cell membrane
integrins [30e32]. The RGD motif is also found on chondrocytes,
bone marrow-derived mesenchymal stem cells (BMSCs), and sy-
novial MSCs [33e35]. RGD contributes to cell adhesion and osteo-
blastic differentiation [27e29,36]. Therefore, the RGD motif has
been widely used to modify the surface of biomaterials for
improved cell adhesion through augmented integrin interaction
[37e39]. Re'em et al. further reported that the RGD peptide
immobilized in alginate scaffolds facilitated chondrogenesis of
BMSCs by promoting cell adhesion and proliferation [40,41]. These
findings suggest that the RCP containing multiple RGD is expected
to enhance cellular activities through integrin receptors.

Third, RCP materials have good biocompatibility as cellular
scaffolds. Pawelec et al. showed that human MSCs could proliferate
Fig. 1. (A) Gross appearance of medium-cross-linked recombinant collagen peptide (mRCP)
of an mRCP particle. Scale bar represents 50 mm.
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and differentiate on RCP materials [29]. A BMSC-RCP combination
sponge construct was found to promote functional recovery post-
implantation onto the ipsilateral intact neocortex for ischemic
stroke [42]. When constructs of RCP sponge and MSCs were sub-
cutaneously implanted into mice, MSCs were found to accelerate
angiogenesis in the graft [27]. Mashiko et al. also showed that the
RCP sponges could enhance the function of human adipose-derived
stem cells in wound healing [43]. Our previous studies have
demonstrated that RCP blocks can stimulate osteogenesis. New
appositional bone formation is observed within RCP blocks upon
grafting into an artificial created large bone defect at the inferior
border of the rat mandible [44]. These results suggested that RCP
materials can innovate bone regeneration therapy for alveolar cleft
repair; however, the RCP block shape is not compatible with the
large bone defect size of human alveolar cleft.

Finally, RCP has an extremely uniform molecular weight distri-
bution of approximately 51 kD and is flexible; thus, it can be
formulated into various forms, such as gels, sponges, granules, and
porous particles. Formulation of porous particles was thus selected
to examine the bone formation potential of RCP in this study
because it is easy to implant the particles to the depth of the
alveolar cleft in clinical settings.

Collagen-based materials also require an appropriate cross-
linking density for controlling their property because cross-
linking affects cellular activities [45e50]. To determine the
optimal cross-linked RCP, three types of RCP particles with similar
pore sizes were examined in our previous study. Micro-computed
tomography (CT) and histological analyses indicated that the me-
dium cross-linked RCP (mRCP) particles created a better environ-
ment prone to generate bone tissue compared to low or high cross-
linked RCP particles (in submission). The present study aimed to
determinewhether themRCP has a superior potential to regenerate
bone compared to the autologous bone graft as a gold standard in a
calvarial bone defect of critical size, based on micro-CT and histo-
logical analyses.

2. Materials and methods

2.1. Animals and housing

All experiments were performed using 9-week-old healthymale
T cell-deficient rats with a bodyweight of 200e250 g (Chubu
Kagaku Shizai, Nagoya, Japan). All the rats were kept at an animal
experimentation laboratory at the Animal Research Center of Aichi
Gakuin University, under standardized temperature and humidity
with a 12-h day/night cycle. The study protocol was approved by
the Animal Research Committee of the School of Dentistry, Aichi
Gakuin University (approval No. AGUD412). Animal care and the
experimental procedures were conducted in accordance with the
particles with granular shape (B) A field-emission electron probe microanalyzer image



Y. Akiyama, M. Ito, T. Toriumi et al. Regenerative Therapy 16 (2021) 12e22
Regulations on Animal Experimentation at the School of Dentistry,
Aichi Gakuin University.
2.2. Preparation of medium cross-linked recombinant collagen
peptide (mRCP)

The RCP from human type I collagen a chain was prepared as
described previously (FUJIFILM, Tokyo, Japan) [27e29,36,42e44].
After freeze-drying the RCP solution, porous RCP sponge blocks
were cross-linked using a heat-dependent dehydration condensa-
tion reaction for 4.75 h, and were then crushed into particles to
produce the mRCP (Fig. 1). The average diameter of the mRCP
particle was approximately 1000 mm ranged from 1058 to 1133 mm.
2.3. Preparation of autologous bone chips

Autologous bones chips were taken from the tibia of T cell-
deficient rats (9-week old). A 10-mm skin incision was made
along the inferior border of the tibia, and the muscle and perios-
teum flap were elevated (Fig. 2A). Cortical and cancellous bone
were collected from the tibia and then mixed (Fig. 2B); the mixed
bone chips were cut into small pieces (0.5e1 mm) using an
osteotome (Fig. 2C). These small pieces of tibial bone were imme-
diately implanted into the bone defect in the same rats as in the
autologous bone graft method.
Fig. 2. (A) Gross appearance of the tibia in a T cell-deficient rat (B) Both cortical and cancello
chips were cut into small pieces (0.5e1 mm) using an osteotome.

Fig. 3. (A) A 5-mm diameter bone defect made with a trephine bar in the left calvaria bone
The elevated periosteum was sutured to cover the defect with mRCP.
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2.4. Surgical procedure

The rats were anesthetized with 3.0% isoflurane (Mylan, Can-
onsburg, Pennsylvania, USA) in 30% oxygen and 70% nitrous oxide
using a face mask and were allowed to breathe spontaneously. The
head area was disinfected, a square skin incision was performed on
the periosteum, and the flap was gently turned over. The calvaria
bone was exposed by flapping the periosteum and a standardized
trans-osseous defect with an outer diameter of 5mmwas created in
the exposed bone using a 5.0 mm trephine bar (Meisinger, Neuss,
Germany) operating at 1500 rpm/min or less under continuous
saline irrigation in each rat. Extreme care was exercised to avoid
injury to the superior sagittal sinus and dura mater (Fig. 3A). Sub-
sequently, the defects were sufficiently filled with following: (1)
group 1: 3 mg of mRCP (n¼ 5) as the mRCP graft (Fig. 3B); (2) group
2: 200 mg of tibia bone (n¼ 5) as the bone graft in one defect each;
(3) group 3: no RCP were grafted in the defect as the control group.
The ablated periosteum was then repositioned and the wounds
were sutured using Vicryl 4e0 (Ethicon Inc., GA, USA) (Fig. 3C).
2.5. Micro computed tomography (micro-CT) imaging and analysis

The two groups were evaluated for the total volume of newly
formed bone and the bone mineral density (BMD) of newly formed
bone by micro-CT analysis. Initially, in vivo x-ray micro-CT (Cosmo
Scan GX; Rigaku Corporation, Tokyo, Japan) was used for imaging as
us bone were collected from the tibia for the autologous bone graft (C) The mixed bone

of a T cell-deficient rat (B) Three-milligram of mRCP were placed in the bone defect (C)



Fig. 4. (A) The level of new bone formation was calculated based on the defect width
and the bone fill measurements in the central area and peripheral area of both sides (B)
The level of newly formed bone was calculated based on the defect width and the bone
fill measurements in the bottom side (dura matter side) and the top side (periosteal
side).
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described previously [44,51e54]. The exposure parameters were
18 s, 90 kV, and 100 mA. The isotropic voxel size was 45 mm. Micro-
CT images were obtained from each rat before the surgery and at 1,
2, 3, and 4 weeks after surgery.

The bone volume was measured in the regions of interest (ROIs)
fromvoxel images using the bone volume-measuring software, 3 by
4 viewer 2011 (Kitasenjyu Radist Dental Clinic i-View Image Center,
Tokyo, Japan). The ROI size was 2.5 mm (radius) � 2.5 mm
(radius) � 3.14 � 0.7 mm (depth) which covered the entire defect
area created with the trephine bar. The increased bone volume in
individual rats was calculated by subtracting the value of bone
Fig. 5. Micro-CT images of the calvarial bone in the coronal plane at 1, 2, 3, and 4 weeks
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volume in the ROI measured before surgery from the subsequent
values measured at 1, 2, 3, and 4 weeks after surgery.

The BMD of newly formed bone was measured at 4 weeks after
surgery in two groups and was compared with the neighboring
native calvaria bone. BMD values were measured to plot the cali-
bration curve of the bone mineral content obtained by scanning a
hydroxyapatite phantom (No.0802e08, RATOC, Tokyo, Japan) using
the software, 3 by 4 viewer 2011 (Kitasenjyu Radist Dental Clinic i-
View Image Center).
2.6. Tissue preparation

The animals were sacrificed in a carbon dioxide bath at 1, 2, 3,
and 4 weeks after surgery. Histologic samples were harvested
including implanted sites. The samples were fixed in 4% para-
formaldehyde in phosphate buffered saline for 24 h, decalcified in
10% ethylenediaminetetraacetic acid disodium salt (Muto Pure
Chemicals, Tokyo, Japan) for 8 weeks, dehydrated through a graded
series of ethanol solutions, and then embedded in paraffin. The
specimens were prepared as horizontal-plane sections (5 mm thick)
using a microtome (Leica RM2165, Nussloch, Germany), and the
paraffin sections were stained with hematoxylin and eosin (H&E)
for optical microscopy. Using an optical microscope, the sections
were evaluated for bone formation and integration of the recon-
structed areas into the neighboring native calvaria bone.

Osteoblasts and osteoclasts within the implanted area were
further visualized by histological sections independently stained
with alkaline phosphatase (ALP) and tartrate-resistant acid phos-
phatase (TRAP) (Septsapie, Tokyo, Japan). In addition, the total
number of TRAP positive cells was counted at 1, 2, 3, and 4 weeks
after surgery (n ¼ 3). However, the cells existing on the surface of
newly formed bone continuously with neighboring native calvaria
bone were not counted when counting the TRAP positive cells in
the implanted area.
after implantation (AeD) mRCP grafts (EeH) Autologous bone grafts (I ~ J) No graft.



Fig. 6. Axial volume-rendered images of the calvaria bone were obtained from 3D reconstructed micro-CT images at 1, 2, 3, and 4 weeks after implantation (AeD) mRCP grafts
(EeH) Autologous bone grafts (I ~ L) No graft. Hyd: Hydroxyapatite phantom.
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2.7. Histomorphometry analysis

For histomorphometry analysis, an image analysis software
(ImageJ software, National Institutes of Health, Bethesda, MD, USA)
were used to calculate the newly formed bone area within the
created bone defect area (5.0 mm � 0.7 mm) of each whole his-
tological section, and statistical results were obtained from 3
different images at 1, 2, 3, and 4 weeks after surgery. These sections
were scored via histological scoring analysis to evaluate the level of
the following aspects: entire newly formed bone area, initial bone
formation level, bone union level (based on new bone bridging
Table 1
Measurement of bone mineral density (BMD) by micro-CT analyses.
The BMD was measured in the mRCP graft (n ¼ 5), the autologous
bone graft (n ¼ 5) at 4 weeks after implantation, and compared with
the neighboring native calvaria bone (n ¼ 1). mRCP: medium-cross-
linked recombinant peptide.

BMD (mg/cm3)

mRCP graft 540.1 ± 11.2
autologous bone graft 532.2 ± 14.2
native calvaria bone 544.6
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between the newly formed bone and host bone). The level of initial
bone formation was calculated based on the defect width and the
bone fill measurements in the peripheral area (1.25 mm� 0.7 mm)
of both the sides (1.25 mm � 0.7 mm � 2) and the central area
Fig. 7. Micro-CT analysis of the calvarial bone defect at 1, 2, 3, and 4 weeks after
surgery. The graph shows the total bone volume of newly formed bone in the mRCP
grafts, autologous bone grafts, and no graft. **P < 0.01, *P < 0.05. The bars and error
bars in the graph represent the mean and standard deviation (SD), respectively (n ¼ 5).



Fig. 8. Histological analysis of the rat calvaria bone. Coronal plane sections were stained with hematoxylin and eosin (H&E) at 1 (A), 2 (B), 3 (C), and 4 (D) weeks after mRCPs were
grafted into the calvarial bone defect (E) Staining of autologous bone grafted into the calvarial bone defect, sectioned in the coronal plane at 4 weeks after implantation (F) Higher
magnification of the framed area in E (G) Staining of no graft group into the calvarial bone defect, sectioned in the coronal plane at 4 weeks after surgery (H) High magnification of
the framed are in G. Scale bars represent 1 mm (AeE) or 100 mm (F). The arrows indicate the boundary between the implanted site and the native calvarial bone.
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(2.5mm� 0.7mm) (Fig. 4A). The level of bone unionwas calculated
based on the defect width and the bone fill measurements in the
bottom side (dura matter side, 5.0 mm� 0.35 mm) and the top side
(periosteal side, 5.0 mm � 0.35 mm) (Fig. 4B).
2.8. Statistical analysis

Data are expressed as the mean and standard deviation (SD) for
each group. Statistical analysis was performed using Excel Statis-
tical File software (ystat2008. xls; Igakutosyosyuppan, Tokyo,
Fig. 9. Newly formed bone areas in bone defects (5.0 mm � 0.7 mm) are measured
using ImageJ software at 1, 2, 3, and 4weeks after implantation in the mRCP grafts and
at 4weeks after implantation in the autologous bone grafts. **P < 0.01, *P < 0.05. The
graphs show the mean with SD (n ¼ 3).
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Japan). One-way analysis of variance with a TukeyeKramer post-
hoc test was used for intergroup comparisons. P < 0.05 was
considered statistically significant.

3. Results

3.1. Clinical results

The operative procedures were well-tolerated by all rats. No
visible complications such as wound dehiscence, severe inflam-
mation, or swelling were observed in any of the rats; the animals
showed no weight reduction throughout the experimental period.

Macroscopic observation of the implanted area at 4 weeks
showed hard tissue covering the bone defect and no differences in
the appearance of hard tissue between both groups. Furthermore,
therewas no adhesion formed between the newly formed bone and
the cerebral dura mater of the brain surface up to 4 weeks and the
RCP fragments were smoothly detachable from the dura mater at 1
and 2 weeks after implantation.

3.2. Micro-CT measurements

To monitor the bone formation potential of mRCP compared to
that of autologous bone graft up to 4 weeks after implantation,
serial micro-CT analysis was performed (Fig. 5). The images of the
coronal plane showed that the implanted mRCPs were visible as a
faint white structure in the bone defect at 1 week (Fig. 5A). The
radio-opaque area in the bone defect was gradually increased with
the repair time from 1 to 4weeks (Fig. 5AeD). At 3weeks, themRCP
graft revealed high density covering almost the entire area of the



Fig. 10. Newly formed bone areas in the peripheral regions of both sides were
compared with that in the central region for 4 weeks after mRCP grafting. The bone
areas of the peripheral bone defect on both sides (1.25 mm � 0.7 mm � 2) and the
central bone defect (2.5 mm � 0.7 mm) were measured for the entire calvarial bone
defect using ImageJ software at 1 (A), 2 (B), 3 (C), and 4 (D) weeks after implantation.
**P < 0.01, *P < 0.05. The graph shows the mean with SD (n ¼ 3).

Fig. 11. Newly formed bone areas on the bottom side were compared with those on
the top sides for 4 weeks after mRCP grafting. Bone areas of the bottom side and top
side (5.0 mm � 0.35 mm) for the entire calvarial bone defect (5.0 mm � 0.7 mm) were
measured using ImageJ software at 1 (A), 2 (B), 3 (C), and 4 (D) weeks after implan-
tation. **P < 0.01, *P < 0.05. The graphs show the mean with SD (n ¼ 3).
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defect (Fig. 5C). Notably, the boundary between the regenerated
area and peripheral native bone was indistinct in the mRCP graft at
4 weeks (Fig. 5D). On the contrary, the bony bridging area in the
bone graft covered over half of the defect at 4 weeks (Fig. 5H). The
thickness and color of the newly formed bone in the mRCP grafts
was almost the same as those of the neighboring natural bone
(Fig. 5D). However, no new bone formation was apparent in any
samples from the negative control group at 4 weeks after surgery.

To further determine the bone formation level in the bone
defect, axial volume-rendered images were obtained from 3D
reconstructed micro-CT images. The images allowed visualization
of considerable bony bridging at the bone defect area in the mRCP
graft at 4 weeks, consistent with the images of the coronal plane
(Fig. 6AeD). In the bone graft, the grafted bone chip covering the
entire defect was observed at 1 week (Fig. 6E). No completed bone
bridge structures had formed, and the bone structure based on
several fragments was visualized in the implanted area at 4 weeks
(Fig. 6H).

Since the newly formed bone was visualized in the bone de-
fects from both groups using micro-CT, bone volume and BMD in
the RCP graft were compared to those of the bone graft. There was
no significant difference in the bone volume between two groups
at 4 weeks, even though it was significantly less than that of the
bone graft from 1 to 3 weeks after implantation (Fig. 7). BMD was
measured at the point of the highest radiopacity in the newly
formed bone in two groups at 4 weeks after implantation and in
the neighboring native bone. No significant difference was
observed in the BMD among the two groups and the native bone
(Table 1).
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3.3. Histological analysis of newly formed bones

Regenerated tissues within the bone defect were further visu-
alized by histological assessment of sections stained with H&E in
both groups at 1, 2, 3, and 4weeks after implantation. The boundary
between the implanted area and the neighboring native bone was
easily identified in the histological images (Fig. 8AeE). The pink
color of dense tissues indicated the bone that could be easily
distinguished from the loose fibrous tissues and the implanted
mRCP particles (Fig. 8AeF). Both groups showed bone formation
indicated by the pink stained structure inside the gap, throughout
the experimental period, except for the result from 1 week in the
mRCP graft. The presence of a lot of mRCP particles was confirmed
in the implanted area at 1 week (Fig. 8A). The newly formed bone
area was measured from the histological sections using ImageJ
software (NIH). There was no significant difference in the newly
formed bone area within the entire implanted area between the
two groups at 4 weeks (Fig. 9) in accordance with the micro-CT
analysis (Fig. 7).

At 2 weeks, the newly formed bonewith pink-stained structures
was observed as a combination of the peripheral new bone and
central new bone (Fig. 8B) in accordance with the micro-CT images
in the coronal plane. The initial bone formation level was then
measured in the two peripheral sides (right and left) neighboring
the native bone and in the central regionwithin the implanted area.
The total bone area in the both peripheral sides was greater than
that of the central region with a significant difference for up to 3
weeks, but no difference at 4 weeks (Fig. 10).

At 3 weeks the newly formed bone area with pink-stained
structure in the dura matter (bottom) side was more distin-
guished than that on the periosteal (top) side. The bone union level



Fig. 12. Histological analysis of high-magnification images of the mRCP grafts (A) Hematoxylin and eosin (H&E) stained section of the mRCP graft at 1 week. Scale bars represent
100 mm (B) No osteoclasts were stained with tartrate-resistant acid phosphatase (TRAP) at 1 week. The image shows the boxed area on the right side in A. Scale bars represent 50 mm
(C) No osteoblasts were stained with alkaline phosphatase (ALP) at 1 week after implantation. The image shows the boxed area on the left side in A. Scale bars represent 50 mm (D)
H&E stained section of mRCP graft at 2 weeks. Scale bars represent 100 mm (E) Osteoclasts were stained with TRAP at 2 weeks. The image shows the boxed area on the left side in D.
Scale bars represent 50 mm (F) Osteoblasts were stained with ALP at 2 weeks. The image shows the boxed area on right side in D. Scale bars represent 50 mm. Arrowhead and arrows
indicate osteoclast and osteoblasts, respectively.
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was the compared in both sides of the mRCP graft. The bone
bridging area in the dura matter side was significantly larger than
that on the periosteal side for up to 3 weeks, but was not signifi-
cantly different at 4 weeks (Fig. 11).

At 4 weeks a large fraction of the implantedmRCP particles were
resorbed and a large amount of the pink-stained structure was
observed within the implanted area (Fig. 9D). Several bone seg-
ments were observedwithin the implanted area in the bone graft at
4 weeks (Fig. 8E). The segments included the cells within the bone
lacunae, whereas some bone lacunae showed the ventricle in the
same bone segment (Fig. 8F). No new formed bone tissue was
recognized in the defect area from the negative control group
(Fig. 8G and H).

TRAP/ALP staining was performed to confirm the activity of
osteoblasts and osteoclasts within the implanted area in the mRCP
graft (Figs. 11 and 12). At 1 week, no staining of osteoblasts and
osteoclasts was observed in the mRCP graft (Fig. 12 AeC). At 2
weeks, small bone segments were observed partly, and osteoclasts
and osteoblasts were recognized on the surface of the newly
formed bone (Fig. 12DeF). The number of bone segments were
19
gradually increased from 2 weeks to 3 weeks (Figs. 12C and 13A)
and the size of the bone segment was increased from 3 weeks to 4
weeks (Fig. 13A and D). To determine the level of bone metabolism
during the regeneration period, the number of osteoclasts was
counted in the implanted area for up to 4 weeks in the mRCP graft.
Although no osteoclasts were observed at 1 week, the osteoclast
number gradually increased as follows; 18 cells at 2 weeks, 57 cells
at 3 weeks, and 73 cells at 4 weeks in respective specimens.
4. Discussion

This study aimed to clarify whether mRCP particles have bone
formation potential comparable to that of autologous bone chips
under comparable healing regions in rat calvaria bone. To our
knowledge, this is first report showing that mRCP particles exhibit
good osteoconductive properties, with high new bone formation
potential, and a high degree of direct bone apposition in the cal-
varial bone defect.

To date, a series of studies have been conducted on RCP mate-
rials at various facilities [27,43,55]. The mechanical properties and



Fig. 13. Histological analysis of high-magnification images of the mRCP grafts (A) H&E stained section of mRCP graft at 3 weeks. Scale bars represent 100 mm (B) Osteoclasts were
stained with TRAP at 3 weeks. The image shows the boxed area on the left side in A. Scale bars represent 50 mm (C) Osteoblasts were stained with ALP at 3 weeks. The image shows
the boxed area on the right side in A. Scale bars represent 50 mm (D) H&E stained section of mRCP graft at 4 weeks. Scale bars represent 100 mm (E) Osteoclasts were stained with
TRAP at 4 weeks. The image shows the boxed area at the lower side in D. Scale bars represent 50 mm (F) Osteoblasts were stained with ALP at 4 weeks. The image shows the boxed
area on the upper side in D. Scale bars represent 50 mm. Arrowhead and arrows indicate osteoclasts and osteoblasts, respectively.
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biodegradation rate of the bone substitutes influences the quantity
and quality of newly formed bone [56]. Cross-linking of collagen-
based biomaterials helps improve the mechanical properties of
materials toward degradation. Cross-linking agents affect the cross-
link density and stiffness of collagen-based materials, and their
resistance to cell-mediated contraction has been demonstrated
previously [57]. Three cross-linking methods, dehydothermal
treatment (DHT), hexamethylene diiscocyanate, and genipin
[29,58,59] were examined to choose the appropriate cross-linking
method for producing the RCP materials used in this study. Based
on the results, DHT was applied to optimize the mechanical prop-
erties of RCP materials [56,60].

The degree of DHT treatment also affects the degradation rate
and is a key factor in determining the bone regeneration activity.
Materials with a lower cross-link density are shown to be bio-
degraded rapidly whereas a higher cross-link density can resist
biodegradation for a longer time. To determine the optimal cross-
link density, three different densities of RCP particles with similar
pore sizes and porosity were prepared in our previous study. Based
on our in vivo results, mRCP were chosen for this study (in sub-
mission). The pore size of mRCP particles was approximately
20
100 mm and their porosity was approximately 80%. If the pores are
too small, cell migration is limited and if pores are too large, there is
a decrease in the surface area limiting the cell adhesion and me-
chanical properties [61]. The porous bone substitutes used for long
bone repair usually have a pore size of 200e350 mm; however, the
scaffolds used in long bone repair are not suitable for alveolar cleft
bone repair [62]. A previous study on alveolar bone defects showed
that the optimal pore size is 130 mm and that resulting the regen-
erative performances were quite desirable according to the in vivo
experiments [62].

Although some studies suggest that a 5-mm diameter calvarial
bone defect is not a critical-size defect (CSD) in rats, several studies
have reported that a full-thickness 5-mm diameter defect is a CSD in
rat calvaria [63,64]. Based on the information from previous studies,
a unilateral 5-mm full thickness defectwas created in the non-suture
associated right parietal bone in this study. The results from micro-
CT were quantified and presented as the average fraction healing of
the original defect size. In our study, there was no significant dif-
ference according to the two dynamic parameters of bone volume
and BMD in the newly formed bone between the mRCP and autol-
ogous bone grafts at 4 weeks post-surgery. Consistent withmicro-CT
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analysis, histological analysis showed that mRCP-engrafted defects
showed marked bone regeneration at 4 weeks post-surgery. Taken
together, the qualitative and quantitative histomorphometric anal-
ysis revealed that the bone formation potential of mRCP was com-
parable to that of the autologous bone graft. In addition, the results
suggested that mRCP particles possess a proper balance between
porosity and mechanical properties. The balance between bone
formation and particle degradationmay also be almost matched, but
further study is needed for confirmation.

Regenerated bone within the calvarial bone defects represented
a combination of central and peripheral new bone tissues in the
RCP graft. The peripheral new bone density was significantly
greater than the central new bone density at 2 and 3 weeks. In
addition, the histomorphometry results showed that the bottom
side (dura matter side) scores were significantly higher than those
of the top side (periosteal side) at 1, 2, and 3 weeks. Furthermore,
bone bridging was observed in the bottom side over the entire
defect above the duramater at 4 weeks. These results are consistent
with the previous research outcome [62]. WhenmRCPwere grafted
into the calvarial bone defect, they came into contact with three
main kinds of host tissue, the diplo€e layer in calvaria, dura mater,
and periosteum [65e67]. A previous study showed that osteogenic
potential from the calvarial diplo€e layer was demonstrated when
the defects were protected from soft-tissue prolapse at both the
dural and pericranial surface [65]. Our results thus indicate that
bone production in the peripheral areamay be subject to the strong
osteogenic influence of the calvarial diplo€e layer. Furthermore, the
diplo€e layer in calvaria may have an abundant nutritional and stem
cell supply. However, dura mater cells have long been recognized to
play a significant role in the intramembranous ossification of the
calvaria [65,68]. A previous study showed significantly decreased
mineralization rates in cranial bone grafts that were not in contact
with the dura mater [68]; further, if new bone formation was
reduced dramatically in the absence of either the dura or the
periosteum adjacent to the calvaria defect [65e67]. Taken together,
our results suggest that the dura mater appears to be the primary
source of central new bone and that the dura mater pathway is
more influential than the periosteum pathway. However, further
studies are needed to clarify these points.

5. Conclusion

In conclusion, this study demonstrates that mRCP could be
useful for alveolar cleft repair in the clinical setting because mRCP
has a high potential of recruiting osteogenic cells, comparable to
that of autologous bone chips.
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