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Abstract Background/purpose: Bone morphogenetic protein-9 (BMP-9) has demonstrated
multiple advantages in promoting osteogenesis. Our previous findings have indicated that
the use of an absorbable collagen membrane (ACM) as a carrier for growth factors is effective
in stimulating bone regeneration. The objective of this study was to assess the synergistic
impact of BMP-9 incorporated into ACM (ACM/BMP-9) on bone formation within rat mandibular
bone defects.
Materials and methods: Circular bone defects of critical size were surgically induced on both
sides of the rat mandibular bone, with subsequent random allocation into distinct groups: con-
trol, ACM alone, and ACM loaded with low (0.5 mg) or high (2.0 mg) concentrations of BMP-9. We
conducted real-time in vivo micro-computerized tomography scans at the baseline and at 2, 4,
and 6 weeks, and measured the volume of newly formed bone (NFB), bone mineral density
(BMD) of NFB, and the closure percentage of the NFB area. Histological and histomorphometric
analyses were performed at 6 weeks.
Results: Real-time assessment revealed notably higher levels of bone volume, BMD, and
closure percentage in the NFB area for the groups treated with ACM/BMP-9 compared to the
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control and ACM groups. Within the high concentration of BMP-9 group, the volume and BMD of
NFB exhibited a significant increase at 6 weeks compared to baseline. Histological examination
confirmed the existence of osteoblasts, osteocytes, and blood vessels within the NFB.
Conclusion: Considering the limitations of this research, the real-time evaluation finding indi-
cates that ACM/BMP-9 effectively promotes bone formation in critical-size mandibular defects
in rats.
ª 2024 Association for Dental Sciences of the Republic of China. Publishing services 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/).
Introduction

Insufficient bone volume at the implant site may cause
notable clinical complications and needs to be augmented
before the placement of the implant.1 To attain effective
bone tissue repair, clinicians frequently employ guided
bone regeneration (GBR).2 This technique is extensively
utilized in dental implant procedures to enhance the
available bone for supporting the implant. Additionally,
GBR can manage bone deficiencies resulting from peri-
odontal disease or traumatic injuries. GBR is a surgical
procedure designed to promote the growth of new bone
tissue in areas where bone loss has occurred due to trauma
or periodontal disease.3

The barrier membrane serves as a protective barrier,
inhibiting the infiltration of soft tissue like fibroblasts,
while facilitating the migration of bone cells into the site
and form new bone. The objective is to block and prevent
the rapid movement of epithelial cells and fibroblasts to-
ward the defect site by inserting a membrane between the
hard tissue and the soft tissue.4 Five primary criteria have
been established to delineate favorable attributes of the
membrane employed in GBR therapy. These criteria
encompass biocompatibility, occlusive properties, ease of
clinical handling, space maintenance, and possessing suf-
ficient mechanical properties.5 Biodegradable barrier
membranes derived from natural sources, like collagen,
chitosan, gelatin, silk, are crafted for medical applications.
These materials are intentionally designed to be absorbed
naturally within the patient’s body over time, promoting
the gradual replacement of the implanted membrane with
the patient’s own tissue during the recovery period.6

Collagen has become a focal point in GBR applications.
Biologically, it plays a vital role in the extracellular ma-
trix, serving as a structural scaffold that facilitates cell
attachment and proliferation. In GBR applications,
collagen has the capability to stimulate cell adhesion and
growth, improving tissue regeneration and the bone for-
mation. Moreover, collagen can serve as a carrier for
diverse bioactive substances like growth factors, intensi-
fying the process of bone regeneration.7 In terms of ma-
terial attributes, collagen exhibits favorable qualities for
GBR, including biocompatibility, biodegradability, and
minimal immunogenicity.8 Collagen-based carriers are
increasingly prevalent in clinical and translational
research.9,10 Nevertheless, to achieve optimal clinical
results, modifications are necessary for this material.
These adjustments aim to enhance healing speed and
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ensure a higher quantity and quality of the regenerated
bone. Hence, the latest advancements incorporate the
utilization of membranes created through tissue engi-
neering, a concept previously introduced by Sam and Pil-
lai.11 These advanced membranes not only function as
barriers but also have the capability to release specific
agents, such as antibiotics, growth factors, and adhesion
factors, in a controlled manner at the site of the wound.
This approach aims to enhance and regulate the natural
wound healing process more efficiently. Indeed, in this
generation, there is a synergistic use of resorbable
membranes and growth factors to accelerate cell migra-
tion, proliferation, differentiation, and the deposition of
extracellular matrix. This synergy results in quicker and
more effective tissue regeneration.12,13 Additionally, this
approach allows for a controlled release of growth fac-
tors, reducing the necessary dosage and minimizing po-
tential side effects. These growth factors can be
integrated into the membrane matrix during
manufacturing or applied to the membrane surface post-
fabrication.14 The application of absorbable collagen
membranes (ACMs) with incorporated growth factors
around bone defects contributes to enhanced healing of
osseous defects in GBR sites.

In this context, we offer a thorough examination that
specifically concentrates on assessing the effectiveness of
collagen barrier membranes coupled with growth factors.
These growth factors encompass growth/differentiation
factor 5, stromal cell-derived factor-1, osteogenic protein-
1, and fibroblast growth factor-2, of our previous stud-
ies.15e18 We’ve introduced novel applications employing
ACMs containing growth factors with dual functions: pre-
venting the migration of soft tissue growth to maintain
space for bone and enhancing the healing of bone. This
effort aims to further improve clinical outcomes, encom-
passing the healing phase, quality, and quantity of newly
formed bone. Additionally, we have explored new potential
growth factors to enhance the efficacy of bone
regeneration.

Through adenovirus transfection experiments
comparing various bone morphogenetic proteins (BMPs), it
was found that BMP-9 exhibits superior osteogenic po-
tential compared to clinically approved BMP-2 and BMP-
7.19 Intriguingly, rhBMP-9 combined with an absorbable
collagen sponge (ACS) demonstrated greater osteogenic
potential than surgical control or ACS alone. This combi-
nation also resulted in new bone formation with reduced
adipose tissues compared to rhBMP-2/ACS in rat critical-
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sized calvaria bone defects.20 Additionally, recent in vitro
research indicated that rhBMP-9 can enhance osteoblast
differentiation, leading to increased alkaline phosphatase
production and alizarin red staining even at doses 20
times lower than rhBMP-2 and rhBMP-7.21 Consequently,
rhBMP-9 might serve as an effective alternative to rhBMP-
2, inducing bone formation at lower doses and potentially
reducing secondary side effects and treatment costs.22

In our pursuit of enhanced clinical outcomes and the
identification of novel growth factors for effective bone
regeneration, we devised a novel regenerative unit that
integrates an absorbable collagen membrane containing
BMP-9 (ACM/BMP-9) for bone regeneration. However, there
is a lack of data regarding the application of ACM/BMP-9 for
critically-sized circular bone defects in vivo. Additionally,
the accurate real-time assessment of physical parameters,
such as the volume and mineral density of newly formed
bone (NFB) at specific intervals, offers comprehensive in-
sights into bone dynamics and the duration required for
osseous healing in bone defects. Remarkably, there are no
documented studies on real-time variations in NFB volumes
and mineral densities utilizing ACM/BMP-9 in standardized
mandibular defect treatments within live animal models.
Consequently, the present study aimed to explore the ef-
ficacy of ACM/BMP-9 on promoting bone regeneration in rat
mandibular bone defects through real-time in vivo micro-
computed tomography (micro-CT) and conventional histo-
logical evaluation.
Material and methods

Preparation of absorbable collagen membranes
containing bone morphogenetic protein-9

A commercially available ACM (BioMend�; Hakuho, Tokyo,
Japan) consisting of cross-linked bovine type I collagen was
utilized for in vitro (size: 5 mm � 7.5 mm) and in vivo (size:
5 mm � 15 mm) studies. Prior to initiating the experiment,
the ACMs were loaded with a carrier-free recombinant rat
BMP-9 solution (R&D Systems, Minneapolis, MN, USA) at low
(0.5 mg, L) or high (2.0 mg, H) concentration.
Release kinetics of bone morphogenetic protein-9
from the absorbable collagen membranes using
enzyme-linked immunosorbent assay (ELISA)

The release kinetics of BMP-9 from ACMs were assessed
in vitro at 37 �C within 2 ml of phosphate-buffered saline
(PBS, pH 7.2; Fujifilm Wako Co., Osaka, Japan) over a
duration of 2 weeks. At scheduled intervals, 2 ml of PBS
containing FGF-2 was extracted and replaced with an equal
volume of fresh PBS on days 2, 4, 6, 10, and 14. Samples
were preserved at �20 �C until the time of testing. All
collected samples were underwent centrifugation and
filtration to eliminate free-floating impurities before being
quantitatively analyzed using a rat BMP-9 ELISA kit (R&D
Systems, Minneapolis, MN, USA) at the end of the experi-
ment. The presented data represent findings from a sin-
gular experiment (n Z 3) replicated twice.
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Study animals

This study utilized ten male Fischer 344jcl rats at 10 weeks
of age, each weighing 250 � 20 g. The rats were acclimated
to the laboratory conditions for 7 days at a temperature of
23e24 �C, humidity of 55%, and 12-h darkelight cycles.
Housed in pairs in a specific pathogen-free environment,
the rats had access to standard commercial food and tap
water ad libitum. The research protocol received approval
from the local animal ethics committee in accordance with
the Guidelines for Animal Experiments of Nihon University
(AP19DEN013-2, AP22DEN022-1).
Surgical protocol

Prior to surgery, the rats were lightly anesthetized by
inhaling isoflurane with O2 and subsequently underwent
deep anesthesia through intraperitoneal (i.p.) administra-
tion of a mixture comprising 0.15 mg/kg dexmedetomidine
hydrochloride (Fujifilm Wako Co., Osaka, Japan), 2.0 mg/kg
midazolam (Astellas Pharma Inc., Tokyo, Japan), and
2.5 mg/kg butorphanol tartrate (Meiji Seika Pharma Co.,
Tokyo, Japan). The anesthetic doses were precisely
adjusted according to the animal’s weight to minimize
potential adverse reactions associated with general anes-
thesia. To control bleeding and enhance anesthesia, an
intraperitoneal injection of 500 ml of a 1:80,000 dilution of
lidocaine (Xylocaine; Astra Zeneca, Osaka, Japan) was
administered. The surgical area was shaved and cleaned
with 70% ethanol (Fujifilm Wako Co., Osaka, Japan) before
surgical incision.

A sterile No. 15 surgical blade (Feather Co., Osaka,
Japan) was utilized to make an incision in the skin. The
incision extended through the entire thickness of the
muscle around the mandibular angle and the underlying
periosteum. Subsequently, the skin and periosteum were
excised to expose the mandibular bone. After identifying
anatomical landmarks, experimental mandibular bone de-
fects were created on both sides using a 4.0 mm diameter
bone trephine bur (Dentech, Tokyo, Japan) mounted on a
rotary handpiece and irrigated with 0.9% saline solution
(Fujifilm Wako Co., Osaka, Japan).

In the groups treated with a membrane, we applied a
barrier membrane to cover the defect on both the buccal
and lingual sides (Fig. 1). Following the surgical procedure,
the muscle and skin layers were repositioned and sutured
closed using 5-0 resorbable sutures (Alfresa Pharma Co.,
Osaka, Japan). All animals were monitored until they
recovered from anesthesia, at which point they were
returned to their cages. A soft commercial diet was pro-
vided for the first 7 days postoperatively, followed by a
regular diet until euthanization.

The mandibular defects in the rats were randomly
allocated to one of four experimental groups, each con-
sisting of 5 rats: (1) control group, receiving no treatment;
(2) ACM group, where the defect was covered with ACM
alone; (3) L-BMP-9 group, involving the coverage of the
defect with ACM containing 0.5 mg BMP-9; and (4) H-BMP-9
group, where the defect was covered with ACM containing
2.0 mg BMP-9.



Figure 1 Surgical protocol. (a) After making an incision on the mandibular ramus, we created a full-thickness flap and reflection
to expose the mandibular angle site. (b) An experimental defect of 4 mm diameter was created by using a trephine drill on the right
side of the mandible ramus. (c) Placement of an inner resorbable collagen membrane between the mandibular bone and the
underlying periosteum. (d) Placement of a resorbable collagen membrane completely over the circular bone defect at the
mandibular angle.
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Real-time in vivo micro-computed tomography
evaluation

The micro-CT scanning protocol comprised an initial scan
conducted immediately after surgery, followed by subse-
quent scans at 2, 4, and 6 weeks postoperatively. Three-
dimensional (3D) isosurface rendering and image construc-
tion were carried out using i-View software (Kitasenjyu
Radist Dental Clinic; i-View Image Center, Tokyo, Japan) in
accordance with the manufacturer’s guidelines. Represen-
tative sections were extracted from the vertical view after
3D reconstruction. Microstructural properties of bone were
quantified using the standard resolution mode. The R_mCT2
system (Rigaku, Tokyo, Japan) was employed for micro-CT
assessment of new bone formation within the defect re-
gion. The CT settings were as follows: pixel matrix,
480 � 480; voxel size, 30 � 30 � 30 mm; slice thickness,
120 mm; tube voltage, 90 kV; tube current, 100 mA; and
exposure time, 17 s. The region of interest was selected
around the newly formed bone (NFB), and the bone volume
(BV) and bone mineral density (BMD) of the NFB within the
circular defects were automatically acquired and measured
from voxel images using BV-measurement software
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(Kitasenjyu Radist Dental Clinic; i-View Image Center,
Tokyo, Japan). The volumes of new bone formation (NBV)
were measured in cubic millimeters (mm3), and their BMD
was measured in grams per cubic millimeter (mg/cm3).
Micro-CT imaging was conducted regularly from the base-
line to 6 weeks after surgery.

Histological analysis

At the conclusion of the 6-week observation period
following the defect operation, all animals were humanely
euthanized using carbon dioxide. The mandibular ramus
was removed and preserved in a 10% neutral-buffered
formalin solution (Fujifilm Wako Co., Osaka, Japan). After
14 days of fixation, histopathological examination was
conducted on all mandibular defect sites. The samples
were dissected and subjected to a 5-day decalcification
process in K-CX (Falma, Tokyo, Japan). Following decalci-
fication, the samples were dehydrated with graded
ethanol, defatted in xylene (Fujifilm Wako Co., Osaka,
Japan), and embedded in paraffin. Microtome cutting pro-
duced 5-mm sections of the embedded tissues. These sec-
tions were stained with hematoxylin and eosin for
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histological assessment. Image capture was performed
using a polarizing microscope (Eclipse LV100POL; Nikon
Instech Co., Ltd., Tokyo, Japan), and the histology sections
were examined at the Department of Pathology, Nihon
University School of Dentistry.

Histomorphometric analysis

The assessment of NFB within the defects in each group
involved the use of micro-CT images and histological sec-
tions. In micro-CT analysis, the measurement of new bone
areas was accomplished by quantifying the number of pixels
representing hard tissues within the boundaries of the NFB.
Additionally, the defect closure rate, determined by
measuring the area within the circular bone defect edges,
was expressed as a percentage of the square of the overall
defect. The new bone ratio in each of the measured areas
described above was quantified using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

Statistical analysis

Each value is expressed as the mean � standard error
(S.E.M). To assess differences in NBV, BMD, and the defect
closure rate within and between groups, a two-way analysis
of variance (ANOVA) was employed. A significance level of
0.05 was set for all statistical comparisons. Post-hoc anal-
ysis using Tukey’s method was conducted to identify pairs
of groups exhibiting statistical differences. Statistical ana-
lyses were carried out using GraphPad Prism 5 software
(GraphPad Inc., La Jolla, CA, USA), with P values below 0.05
considered significant for all analyses.

Results

In vitro release profile of bone morphogenetic
protein-9 from absorbable collagen membranes

Fig. 2 shows the kinetic release of BMP-9 in vitro. In this
experiment, a combined device was prepared by adding
0.5 mg or 2.0 mg of BMP-9 to ACM. ACM containing BMP-9
exhibited a sustained release profile for the two different
effective doses (0.5 or 2.0 mg) during the 1- to 14-day
Figure 2 Recombinant rat bone morphogenetic protein (BMP)-9
containing BMP-9.
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period. The cumulative release of BMP-9 from ACM
reached approximately 100% within 6 days, followed by a
gradual decrease.

In vivo effect of absorbable collagen membranes/
bone morphogenetic protein-9 on bone
regeneration

Representative images from the micro-CT scan of the
mandibular defects in rats from baseline to 6 weeks are
shown in Fig. 3A. Based on the structural morphology of the
defects, we inferred that the isolated islands of particu-
lates in the defects were NFB. Examination of the ACM/
BMP-9 groups indicated that bone formation in the BMP-9-
treated defects was higher than that in the control or
ACM groups. However, the NFB in the H-BMP-9 group was
higher than that in the L-BMP-9 group. Moreover, new bone
filled the defects at 6 weeks after surgery in the H-BMP-9
group. These observations are consistent with the quanti-
tative results shown in Figs. 3B and 4.

The micro-CT analysis results revealed an increase in
NBV within the mandibular defects throughout the study
period in all groups (Figs. 3B and 4 and Table 1). At 6 weeks,
the highest NBV was observed in the H-BMP-9 group
(19.93 � 2.66 mm3), followed by the L-FGF-2
(17.75 � 5.34 mm3), RCM alone (9.37 � 2.01 mm3), and
control groups (8.10 � 1.55 mm3). The NBV in the BMP-9-
treated groups was significantly higher than that in the
control group throughout the study, with higher bone for-
mation in the H-BMP-9 group than that in the L-BMP-9 group
(Fig. 4). In addition, there was a significant increase in the
NBV from baseline at 6 weeks in the H-BMP-9 groups
(P < 0.01), and as early as 2 weeks in the BMP-9 treated
groups (P < 0.05). During weeks 2 and 4, the NBVs in the
BMP-9-treated groups were significantly higher than those
in the control and RCM groups (P < 0.05). The highest in-
crease in NBV occurred within the first 2 weeks in all the
test groups. Table 2 illustrates the rate of increase in NBVs.
The BMD of the NFB increased from baseline to 6 weeks in
both the control and test groups (Figs. 3B and 4 and Table
1). At 6 weeks, the H-BMP-9 group had the highest BMD
(400.53 � 62.49 mg/mm3), followed by L-BMP-9
(303.53 � 96.53 mg/mm3), RCM (257.53 � 8.79 mg/mm3),
and control groups (102.53 � 1.08 mg/mm3). We observed
release profile of the absorbable collagen membrane (ACM)



Figure 3 (A) A series of reconstructed in vivo real-time micro-CT representative images of new bone formation in rat mandibular
defects at baseline, 2, 4, and 6 weeks after surgical procedures in four groups: control, absorbable collagen membrane (ACM)
alone, ACM containing a low dose of 0.5 mg of bone morphogenetic protein (BMP)-9 (L-BMP-9), and ACM containing a high dose of
2.0 mg of BMP-9 (H-BMP-9). The black color shows non-mineralized defects. (B) The quantitative micro-CT analysis of new bone
formation, (a) bone volume (mm3), (b) new bone density (mg/cm3), and (c) the percentage of new bone area (%) in rat mandible
defects treated with absorbable collagen membrane (ACM)/bone morphogenetic protein (BMP)-9 throughout the experimental
period. Four groups were compared: Control, ACM alone, ACM containing 0.5 mg BMP-9 (L-BMP-9), and ACM containing 2.0 mg BMP-9
(H-BMP-9). *P < 0.05 and **P < 0.01.
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significant increases in BMD of NFB compared with baseline
by week 2 in all groups. Similar to NBV, the highest increase
in BMD of NFB among the groups occurred within the first 2
weeks after surgery (Table 2). The H-BMP-9 group increased
rapidly between weeks 4 and 6, leading to statistically
significant differences compared to the baseline values
(p < 0.01). At 6 weeks, the new bone area fraction for the
ACM/BMP-9 groups significantly increased compared to the
control and RCM groups (P < 0.05, and P < 0.01, respec-
tively). Moreover, the H-BMP-9 group had the highest
amount of new bone area fraction (75.33% � 3.78%), which
was approximately 2.5-fold higher than that in the ACM
group (30.35% � 3.22%) (P < 0.01). Moreover, the ACM/BMP-
9 groups had significantly higher new bone area fractions
than that the control group (P < 0.01). Furthermore, the
ratio in the H-BMP-9 group was markedly higher than that in
the L-BMP-9 group at 4 and 6 weeks (P < 0.05; Fig. 3B and
Table 1).

Histological findings

Histological evaluations of the experimental groups were
performed to assess the osteogenic status of the
2119
regenerated tissue within the defect sites. No adverse tis-
sue reactions were observed. In the ACM/BMP-9 groups,
mature new bone was integrated with the host bone at the
marginal aspect of the defect. Notably, in the images of H-
BMP-9, mature new bone developed, and bone marrow
cavity-like morphology was observed in the marginal aspect
of the defects. The mature new bone was significantly
higher in the ACM/BMP-9 groups than in the ACM and con-
trol groups. Furthermore, in the BMP-9 treated groups,
osteoblasts, osteocytes and blood vessels were found
within the NFB (Fig. 5).
Discussion

The primary objective of this investigation was to examine
the impact of ACM and BMP-9 combined on bone formation
within rat mandibular bone defects. The study hypothe-
sized that the application of ACM/BMP-9 would facilitate
the regeneration of bone tissue in standardized mandibular
defects of rats. Notably, this study is pioneering in its
approach by conducting real-time in vivo micro-CT analysis
to evaluate the efficacy of ACM/BMP-9, ACM alone, and a



Figure 4 This figure summarizing each group by observation period. The quantitative micro-CT analysis of new bone formation,
(a) bone volume (mm3), (b) new bone density (mg/cm3), and (c) the percentage of new bone area (%) in rat mandible defects
treated with absorbable collagen membrane (ACM)/bone morphogenetic protein (BMP)-9 throughout the experimental period. Four
groups were compared: Control, ACM alone, ACM containing 0.5 mg BMP-9 (L-BMP-9), and ACM containing 2.0 mg BMP-9 (H-BMP-9).
*P < 0.05 and **P < 0.01.
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control group in GBR surrounding mandibular osseous de-
fects at 6 weeks post-surgery.

In our current research, we established that the ACM/
BMP-9 group exhibited a substantial increase in new bone
2120
formation, demonstrating greater efficacy in closing bone
defects and expanding the area of newly formed bone, in
comparison to both the control group and the ACM alone
group. Additionally, the H-BMP-9 group displayed the most



Table 1 Volume, mineral density, and percentage of area parameters for newly formed bone in four groups at different data
collection periods.

Test groups
(n Z 5 per group)

Data collection
period (weeks)

Newly formed bone [mean (SD)]

Volume (mm3) Mineral density (mg/mm3) Area (%)

control 0 ー ー ー
2 4.31 (0.81) 97.91 (0.95) 5.88 (1.42)
4 7.35 (0.77)c 100.77 (0.98) 11.01 (1.51)
6 8.10 (1.55)c 102.53 (1.08) 21.35 (1.88)c

RCM 0 ー ー ー
2 6.27 (1.22) 187.91 (8.32)a 7.88 (1.21)
4 7.26 (0.99) 238.77 (8.57)a,c 24.01 (2.47)
6 9.37 (2.01)c 257.53 (8.79)a,c,e 30.35 (3.22)c

L-BMP-9 0 ー ー ー
2 10.36 (1.88)a 201.91 (11.66)a 11.84 (2.43)a

4 16.25 (3.19)a,c 271.77 (42.95)a,c 39.79 (2.78)b

6 17.75 (5.34)a,d 303.53 (96.53)a,d 55.46 (3.14)b,d,f

H-BMP-9 0 ー e ー
2 12.83 (5.20)a 212.91 (60.9)a 20.44 (1.88)a

4 16.26 (3.89)a,c 308.77 (65.68)b,d 48.29 (2.74)b

6 19.93 (2.66)b,d 400.53 (62.49)b,d,f 75.33 (3.78)b,d,f

ACM Z Absorbable collagen membrane; L-BMP-9 Z ACM containing 0.5 mg of bone morphogenetic protein-9 (BMP-9); H-BMP-9 Z ACM
containing 2.0 mg of BMP-9; SD Z Standard deviation.

a Statistically significant increase compared with baseline (P < 0.05).
b Statistically significant increase compared with baseline (P < 0.01).
c Statistically significant increase compared with 2 weeks (P < 0.05).
d Statistically significant increase compared with 2 weeks (P < 0.01).
e Statistically significant increase compared with 4 weeks (P < 0.05).
f Statistically significant increase compared with 4 weeks (P < 0.01).

Table 2 Mean rates of change in volume, mineral density, and the percentage of area parameters for newly formed bone in
four groups at different data collection periods.

Test groups
(n Z 5 per group)

Data collection
period (weeks)

Newly formed bone

Rate of increase in
volume (mm3/week)

Rate of increase in
mineral density
(mg/mm3/week)

Percentage of
area (%/week)

control 0e2 4.31 97.91 5.88

2e4 3.04 2.86 5.13

4e6 0.75 1.76 10.34

RCM 0e2 6.27 187.91 7.88

2e4 1.99 50.86 16.13

4e6 2.11 18.76 6.34

L-BMP-9 0e2 10.36 201.91 11.84

2e4 5.89 69.86 27.95

4e6 1.50 31.76 15.67

H-BMP-9 0e2 12.83 212.91 20.44

2e4 3.43 95.86 27.85

4e6 3.67 91.76 27.04

ACM Z Absorbable collagen membrane; L-BMP-9 Z ACM containing 0.5 mg of bone morphogenetic protein-9 (BMP-9); H-BMP-9 Z ACM
containing 2.0 mg of BMP-9; SD Z Standard deviation.
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significant closure of defects among all experimental
groups. These findings partially corroborate earlier studies
indicating that the use of rhBMP-2 with a collagen mem-
brane expedited bone formation in rat calvaria defect
models.23
2121
However, an increasing number of recent studies have
suggested that the clinical application of rhBMP-2 for bone
regeneration can lead to adverse effects such as tissue
inflammation/swelling24,25 and bone resorption26 in human
subjects. Consequently, there is a growing demand for the



Figure 5 Light microscopic images (�4e40) show regenerated bone at 6 weeks after applying of absorbable collagen membrane
(ACM)/bone morphogenetic protein (BMP)-9 at rat mandibular bone defects. NFB at the periphery of a mandibular defect was
observed in BMP-9 treated groups. In addition, in the ACM containing 2.0 mg BMP-9 (H-BMP-9) group, mature lamella bone was seen
and the defect tended to coalesce with the NFB. ACM containing 0.5 mg BMP-9 (L-BMP-9) group showed similar effects with the
newly formed mature bone. The specimens were stained with hematoxylin and eosin (HE). Scale burs indicate 100 mm and 50 mm in
low- and high-magnification images, respectively. HB: host bone, NB: Newly formed bone, F: fibrous tissue, Ob: Osteoblast, O:
Osteocyte, BV: Blood vessel. Representative histological sections of ACM/BMP-9 treatment groups at high magnification (40�)
showing NB, Ob, O, and BV.
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development of bone regenerative therapies that are more
predictable, efficient, and safe, with minimal to no com-
plications. In recent times, there has been a growing in-
terest in utilizing rhBMP-9 as a potential growth factor for
bone regeneration, primarily because it exhibits unique
properties distinct from rhBMP-2. Studies suggest that
rhBMP-9 could be employed effectively at reduced doses
compared to other BMPs.27e30

Research indicates that BMP-9 plays a crucial role in
various physiological functions, such as neuronal develop-
ment,31 adipocyte differentiation,32 chondrogenesis,33
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regulation of glucose levels,34 and promotion of
angiogenesis.35

Furthermore, it is currently recognized that BMP-9 ac-
tivates new bone formation through a different mechanism
compared to BMP-2 and exhibits complete resistance to
noggin, a well-known BMP antagonist.28e30 In terms of its
osteoinductive properties, several studies utilizing adeno-
viruses expressing BMP-9 have shown its potential to stim-
ulate substantial and mature ectopic bone formation.36e38

Additionally, earlier findings suggest that combining
collagen membranes with rhBMP-9 notably enhances
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osteogenic differentiation of ST2 stromal bone marrow cells
compared to rhBMP-2.39 In the previous study, it was
revealed that BMP-2 or BMP-7 combined with heparinized
collagen membrane significantly induced new bone forma-
tion in rat calvarial defects.40 BMP-2-releasing collagen
membranes promote osteogenesis as demonstrated through
osteoblast differentiation in vitro and facilitate new bone
formation at 4 weeks in a mouse model.41 However, there
are currently no studies comparing a novel device incor-
porating BMP-9 and other BMPs as a career in ACM under the
same conditions. The future research on this topic will
further establish evidence of the effectiveness of BMP-9.
Our findings demonstrate that BMP-9 exhibited osteoin-
ductive properties when combined with ACM, which served
as an effective vehicle for sustained delivery. Analysis using
micro-CT revealed uniform distribution of new bone for-
mation within the standardized mandibular defects as early
as two weeks in the ACM/BMP-9 groups, whereas such for-
mation was limited to the peripheries of the circular bone
defects in the control and ACM groups. Additionally, our
study unveiled a progressive increase in new bone forma-
tion, BMD, and percentage of new bone area within the
standardized mandibular defects in the ACM/BMP-9 groups.
These improvements in bone regeneration were observed in
the BMP-9-treated groups with increasing concentrations of
BMP-9. Real-time micro-CT images depicted radiopaque
areas in the L-BMP-9 group with less bone formation within
the defects compared to the H-BMP-9 group. Similar vol-
umes of new bone formation were noted between the two
groups at two weeks, followed by a rapid increase until six
weeks in the H-BMP-9 group. Moreover, there were simi-
larities in BMD between the L-BMP-9 and H-BMP-9 groups.
Furthermore, the ACM/BMP-9-treated groups exhibited
significantly enhanced bone regeneration within the
mandibular defects compared to the control and ACM
groups. These findings suggest that ACM/BMP-9 promotes
new bone formation in rat mandibular defects during the
early postoperative phase.

The groups with ACM implants exhibited higher levels of
new bone formation compared to the control group at both
4 and 6 weeks. These results suggest that the ACM utilized
in this study effectively maintained the space within the
surgically created bone defects, preventing their collapse.
Moreover, the slow-biodegradation properties of the ACM,
which was a cross-linked collagen carrier, provided an
additional advantage by preventing rapid material degra-
dation. Prior research by Rothamel et al. demonstrated
that the biodegradation of cross-linked collagen mem-
branes is notably slower when compared to non-cross-
linked membranes.42 Additionally, Shiozaki et al. reported
the presence of remnants of collagen sponge at 4 weeks
post-surgery in their rat calvarial study investigating rhBMP-
4 with the same cross-linked collagen sponge.43 Our previ-
ously reported in vitro results investigating the cytotoxicity
of ACM indicated that since ACM did not affect cell viability,
it is considered to be a biocompatible material.16,17

Furthermore, in this study, bone closure in the BMP-9-
treated groups reached the desired volume, surpassing
both the ACM alone and control groups. This suggests that
ACM did not interfere with the osteoinductive potential of
the combined device. Notably, there were no indications of
a foreign body reaction detected throughout the in vivo
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study. These findings, in conjunction with our results,
indicate that rhBMP-9 has the capability to adsorb ACM and
that ACM serves as a carrier for BMP protein. Further in-
vestigations examining the binding and releasing kinetics of
BMP-9 are essential to gain a better understanding of the
delivery mechanisms of ACM. Additionally, in vitro and
in vivo studies utilizing different carrier systems and
observation periods are required to clarify these inquiries.

Recent reports have highlighted the potential for high
doses of rhBMP-2 in clinical use to lead to various adverse
effects such as tissue inflammation/swelling25,44 and bone
resorption.26 Consequently, there is a pressing need for the
development of bone regenerative therapies that are more
predictable, effective, and safe. A comparative study
evaluating the application of BMP-2, -4, and -7 (each at 2.5
mg/site) in rat calvarial defects found no significant dif-
ferences in their bone regenerative potential. In our cur-
rent study, ACM combined with either 0.5 or 2.0 mg/site of
rhBMP-9 significantly accelerated new bone formation
compared to ACM alone. Gaihre et al. showed that the
chitosan microparticles coated with rhBMP-9 (0.5 mg or
1.5 mg) could enhance newly formed bone in a critical-sized
rat cranial defect at 8 weeks after surgery.45 BMP-9 (2.5 mg)
with absorbable collagen sponge (BMP-9/ACS) was tested
in vivo to determine the biological response in a rat cal-
varial critical-size defect at 2 and 8 weeks. The BMP-9/ACS
groups significantly induced new bone formation compared
to the control and ACS alone groups at 8 weeks post-sur-
gery.20 Another study showed that rhBMP-9 (1.0 mg)/ACS
has a potential to induce bone formation in rat calvarial
bone defects at 8 weeks.46 In our present experiment,
0.5 mg or 2.0 mg of rhBMP-9 was applied and considered to
be adequate. This suggests that even at lower doses,
rhBMP-9 exhibits potent osteoinductive activity. It is spec-
ulated that the mechanisms underlying BMP-9-mediated
osteoinduction differ from those of other BMPs.47 For
instance, Leblanc et al. demonstrated that BMP-9 induces
heterotrophic ossification only in damaged skeletal muscle,
whereas BMP-2 can induce it in both damaged and un-
damaged muscle.27 Moreover, BMP-9 possesses unique
characteristics such as a non-inhibitory effect on bone
formation36 and resistance to noggin inhibition.28e30 These
findings suggest the possibility of using reduced dosages of
rhBMP-9 to minimize future clinical complications and that
the clinical outcomes of rhBMP-9 may differ from those of
other BMPs in bone healing/regenerative therapy. Further
investigation is warranted to elucidate the bone healing/
regenerative potential of rhBMP-9 compared to other BMPs,
particularly rhBMP-2, under similar in vivo conditions (such
as species and age of animals, defect size, carrier/scaffold,
and observation period). The accumulating evidence
regarding BMP-9 may open up a wide range of possibilities
for utilizing rhBMP-9 in bone healing/regenerative proced-
ures in both dental and medical fields.

Within the constraints of this study, we propose that
ACM/BMP-9 could be effective in stimulating bone regen-
eration in critical size mandibular defects in rats. Further
investigations are warranted to confirm the effects of BMP-
9 on bone regeneration in larger animal models, with po-
tential implications for clinical use in humans.

This study demonstrates significantly improved qualita-
tive and quantitative bone regeneration in standardized rat
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mandibular bone defects using a novel combination of ACM/
BMP-9. The inclusion of BMP-9 notably boosted bone for-
mation six weeks after application, leading to enhanced
bone regeneration and complete closure of defects when
incorporated at an appropriate concentration within ACMs.
These findings underscore the clinical relevance of this
study, spanning applications from osseous defect regener-
ation to ridge augmentation and dental implantation,
ensuring sufficient alveolar bone quantity.
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