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Investigation of Bone Regeneration Efficacy of New Bovine
Bone Minerals in a Canine Mandibular Critical Defect Model

Sung-Jin Park, Md. Mahbubur Rahman, Jaebum Lee, Suk-Woong Kang, and Sokho Kim*

This study aims to investigate the bone regeneration effect of bovine
hydroxyapatite-processed biomaterials Bone-XB and S1-XB in a beagle
mandibular defect model. A total of four saddle-type critical sizes

(15 mm X 10 mm) bone defects are created in each dog: two defects in the left
mandible and two defects in the right mandible. The defect control (DC)
group is kept unfilled, and the other three defects are filled with three different
biomaterials as follows: positive control Bio-Oss (Bio-Oss group), Bone-XB
(XB group), and S1-XB (S1-XB group). Bone regeneration is evaluated by
radiography, micro-computed tomography, and histological analysis. It is
revealed that Bone-XB and S1-XB significantly increase newly formed bone,
defect filling percentage, and bone healing score compared to the DC group,
which is confirmed by bone microstructure augmentation (bone volume/total
volume, trabecular number, and trabecular thickness). Interestingly, no
significant differences are observed between the Bone-XB, S1-XB, and Bio-Oss
groups. It is suggested that Bone-XB or S1-XB stimulates bone regeneration
demonstrated by the increase in newly formed bone and bone microstructure,
thereby improving bone defect filling, which is equivalent to the Bio-Oss.
Therefore, bovine hydroxyapatite-processed Bone-XB or S1-XB can be
considered effective biomaterials for correcting critical-size bone defects or
fractures.

1. Introduction

engineering in all applicable areas.'"!
Among the diseases for which regenera-
tive medicine can be applied, bone loss,
fractures, and their resulting clinical man-
agement significantly impact health, social,
and economic burdens. Over 20 million
people worldwide are affected by bone tis-
sue loss annually, and 5 million people re-
quire orthopedic surgical corrections, with
60% bone grafting to correct bone defect
sites.[*]

Bone grafting is widely used in or-
thopedics for extensive bone defects in
acute extremity fractures and delayed union
and non-union after treatment. Further-
more, appropriate bone grafting is essen-
tial for various diseases and surgical pro-
cedures, such as spinal fusion, arthro-
plasty, osteomyelitis, and bone tumors. Al-
though the bone graft material conditions
should satisfy the effects of osteogenesis,
osteoinduction, and osteoconduction. Au-
tologous bone grafting is still considered
the most useful bone graft among var-
ious bone grafting methods because of
these three effects.>*] However, other bone

graft methods should be considered since autograft has disadvan-

tages, such as limited supply and donor site complications.

Regenerative medicine for the regeneration of damaged tis-
sues has made advances with the application of biomedical

Allografts are also widely challenging to use because of dis-
ease transmission, the risk of infection, and immune response
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problems. Therefore, porous bone mineral substitutes in ortho-
pedics have recently increased. Furthermore, osteosynthesis can
be induced in these bones through theoretical mechanisms.!
In addition to these compositional components, morphological
characteristics that promote bone healing and facilitate their ap-
plication at the treatment site are also important. Notably, bone
graft materials of powder, particle, chip, block, and gel types are
used.l®] However, because the shape and size of the bone defects
are different, it is difficult to apply them uniformly. Therefore,
the importance of customized bone graft material has emerged
because of the inconvenience and inapplicability of bone graft
procedures.

Unlike long bone fractures, maxillofacial bone fractures oc-
cur due to automobile accidents, bicycle accidents, fall injuries,
gunshot wounds, or various traumatic injuries.[”®] Large defects
usually occur in the maxillofacial bone following these injuries,
whereas the mandible is mostly affected. The prevalence of fa-
cial fractures was reportedly 15% in the pediatric population and
~8% in children aged 12 years.[®%] Furthermore, extensive bone
resections are required for correction when severe pathological
conditions occur in skeletal diseases such as osteosarcoma, os-
teomalacia, osteoporosis, osteomyelitis, avascular necrosis, and
congenital disabilities.') However, bone resections may also cre-
ate critical bone defects. Adult periodontitis is the most common
dental disease in the world. As periodontal disease progresses,
alveolar bone loss can threaten systemic health due to decreased
chewing ability and nutrient intake.[!!] In addition, periodontal
disease, tumor resection of the mandible, atrophy of the alveolar
ridge following tooth loss, and congenital disabilities may neces-
sitate mandibular reconstruction.*12]

Although physiologically, bone regenerates within 6-8 weeks
following injury to restore its pre-injury status, bone substitutes
are required in large bone fractures or defect repair.

Bone graft materials and membranes are commonly used in
bone regeneration. Bone mineral grafts provide space and al-
low the growth of new bone, and the membrane contains the
powdered bone graft material and preserves its shape.l’! For
ideal bone formation, it is crucial to shape the bone graft ma-
terial to the desired contour and maintain the createshape un-
til the bone grows into the graft material. Currently, most of
the existing bone graft materials in the market are powder-type
bone minerals with poor shape retention.['}] Consequently, a
titanium-reinforced membrane was introduced to preserve the
shape of the graft. However, the application of membranes is
a very technique-sensitive procedure that requires an advanced
level of training. Therefore, an easily moldable bone graft ma-
terial is what the market needs for the simple application of
bone grafts. Recently, a bone graft material was developed to
maintain its shape using various biocompatible additives.[®l This
study used new moldable bone graft materials made of bovine
hydroxyapatite-processed biomaterials, Bone-XB and S1-XB. Fur-
thermore, Bio-Oss, which is widely used for bone regeneration,
was used as a positive control for the comparative evaluation of
equivalence.

Bone-XB is a bovine-derived bone graft material. Its pH is sim-
ilar to that of body fluids, it has high blood permeability, and it
enables rapid new bone formation without an inflammatory reac-
tion. S1-XB is a natural bone graft material derived from bovine
sources. Sticky bones can be created using saline alone without
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the need for blood. Bone-XB and S1-XB have similar physico-
chemical characteristics that represent high porosity, which pro-
motes new bone formation due to advanced blood circulation.
Furthermore, S1-XB has enforced osteoblast differentiation and
cell adhesion due to the addition of bioactive substances that are
distributed around the granule. The present study aimed to in-
vestigate whether a new bone graft material such as Bone-XB and
S1-XB can maintain its shape and allow bone formation similar
to the existing bone graft material, Bio-Oss.

2. Experimental Section

2.1. Bone Substitute

Two types of biomaterials, Bone-XB (Lot No.: XB200103P4001,
MedPark Co., Ltd, Busan, Republic of Korea) and S1-XB (Lot
No.: XBP191118P4001, MedPark Co., Ltd, Busan, Republic of Ko-
rea), were porous biocompatible bone grafts used in filling and
augmentation of bony voids, periodontal, oral, and maxillofacial
surgery. Both materials were provided as porous granules ~0.2—
1.0 mm in size. The first was made of natural bovine hydroxya-
patite, removing organic components, and the latter was made
of a mixture of natural bovine hydroxyapatite and biocompati-
ble hydrogels. These biomaterials’ efficacy was compared to that
of another popular biomaterial, Bio-Oss (Geistlich Pharma AG,
Wolhusen, Switzerland).

2.2. Animals and Management

In this study, 15 healthy mature male beagles (Canis lupus fami-
laris) dogs (40 weeks old; body weight 12.00-15.00 kg) were
used, which were purchased from Saeronbio Inc. (Uiwang-si,
Gyeonggi-do, Republic of Korea). They were housed separately
in stainless steel cages (W 895 x L 795 X H 765 mm) in an en-
vironmentally controlled room (temperature: 23 + 3 °C, relative
humidity: 55 + 15%, ventilation frequency: 10-20 times per h,
light cycle: 8 am-8 pm, illumination: 150-300 Lux). Food and
sterilized water were available ad libitum. Two-week acclimation
period was maintained before the experimental procedures. All
experimental protocols were approved by the committee on the
Care of Laboratory Animal Resources, HLB bioStep, Korea (cer-
tificate number:20-KQ-003).

2.3. Teeth Extraction

After 8 h of fasting, the animals were anesthetized with a com-
bination of Rompun (Bayer Korea, Seoul, Korea) and Zoletil (Vir-
bac; Carros, France). Briefly, Zoletil (Tiletamine/zolazepam) pow-
der (50 mg) and Rompun (Xylazine 2%, 5 mL) was mixed, and
0.1 mL kg~! was injected intravenously. Isoflurane (0.5-5%) in
0, (100%) was used to maintain anesthesia.l'* In addition, bupi-
vacaine (0.5-1 mlL) was injected locally into the inferior alve-
olar/mandible for local anesthesia before surgery. NaCl (0.9%)
in saline (10 mL kg~! h™') intravenously throughout the surgi-
cal procedure.™ Cephalosporin (5 mg kg™ IM) and tramadol
(3 mg kg1, SC) were administered before surgery. The animal
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was placed in left lateral recumbency, and scaling was performed
before extraction. A surgical incision was made along the first
premolar and the first molar to create a single gingival flap to
the depth of the alveolar bone on the buccal aspect, followed by
the use of freer elevators to complete the exposure of the alveolar
bone. Subsequently, the crowns of the second, third, and fourth
premolars were sectioned into two pieces and the first molar
into three pieces owing to its three-rooted nature from the furca-
tion via a high-speed burr. Subsequently, alveolotomy via a high-
speed bur was performed to expose the periodontal ligament, and
the sectioned crown/root segments were carefully extracted at
the right site. Finally, the flap was closed without tension using
synthetic monofilament absorbable suture material. Similarly, all
procedures were performed on the left side to extract the first mo-
lar, first, second, third, and fourth premolar teeth. Cephalosporin
and tramadol were continued seven days postoperatively. All an-
imals were kept for eight weeks for extraction site recovery, and
mandibular defects were created during the second surgery.

2.4. Critical Size Defects

The critical-size defect was selected following the study by Hunt
et al.1®) Anesthesia and premedication for surgical preparation
were administered in the first surgery. Subsequently, an inci-
sion was made to create a gingival flap on the buccal and lingual
gingiva at the extraction site. Next, freer elevators were used to
completely elevate the gingiva from the alveolar bone. To create
a saddle-type defect, 15 mm mesiodistally X 10 mm apicocoro-
nally lines were confirmed. Subsequently, a reciprocating mini
saw was used to create the desired block, which was carefully
removed from the alveolar bone using a luxator. Similarly, the
second defect was made 10 mm away from the first defect on
the same side. Therefore, four defects were created in each ani-
mal: two defects in the left mandible and two defects in the right
mandible.

In each animal out of four defects, one defect was kept empty
as the defect control group (DC), and the other three defects were
filled with three different biomaterials: positive control group that
were filled by Bio-Oss (Bio-Oss), Bone-XB-filled group (XB), and
S1-XB-filled group (S1-XB). The filling graft materials were al-
tered among sites in subsequent animals. Therefore, the total
sample size for each group was 15. Considering the scientific
sample number reported previously,['®] the fewest number of an-
imals possible, consistent with the study objectives, was used.

Subsequently, the gingival flaps were closed, without tension,
carefully using absorbable monofilament suture material. Fol-
lowing surgery, the surgical site was checked carefully once daily
for three days and then once per week until the end of the exper-
iment to confirm any abnormalities, such as signs of infection,
inflammation, bleeding, or general integrity. The dogs were fed a
soft diet for two weeks after the surgical procedure, and no abnor-
mal signs or deaths were observed during the entire experimental
period.

2.5. Sample Collection and Dental X-Ray

Following the second surgical procedure, the animals (five
dogs in each group) were euthanized using potassium chloride
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(2 mEq kg1, IV) under general anesthesia at 4, 8, and 12 weeks.
Bone defects of mandibles and 2 mm surrounding tissues, mem-
brane, and adjacent hard tissue were harvested as a single unit
for photography and radiography and then fixed in 10% neutral
buffered formalin.

Radiographs were obtained using dental portable X-ray equip-
ment (ADX4000, DEXCOWIN Co., Ltd., Seoul, Korea) to evalu-
ate the degree of bone defect healing and interpreted by scoring
methods (0-5) as described previously:'’! 0, no visible new bone
formation; 1, minimal new disorganized bone; 2, disorganized
new bone bridging graft to host at both ends; 3, organized new
bone of cortical density bridging at both ends; 4, loss of graft-host
distinction; and 5, significant new bone and graft remodeling.

2.6. Micro-Computed Tomography

Micro-computed tomography (CT) of the collected samples was
performed using Scanco Viva CT 80 (Scanco Medical AG,
Bassersdorf, Switzerland) according to the manufacturer’s in-
structions. To quantify bone volume/total volume (BV/TV) [%],
trabecular number (Tb.N) (1 mm), trabecular thickness (Tb.Th)
(mm), and trabecular separation (Tb.Sp) (mm), samples were
scanned at an isotropic voxel size of 40 um (45 kVp energy, 177 yA
intensity, 40 mm FOV/diameter, and 180 ms integration time).
The selection of the scan energy and voxel size (scanning incre-
ment) was based on optimizing the scanning time and tissue de-
tail and minimizing the exposure to radiation according to the
manufacturer’s instructions. Bone volume/total volume(BV/TV),
Trabecular number(Td.N), Trabecular thickness(Tb.Th), Trabecu-
lar separation(Tb.Sp) had been evaluated. Each parameter was
analyzed from the 3D reconstructions of the micro-CT scans
generated by the imaging software (Evaluation program V6.6,
SCANCO Medical, Swiss).

2.7. Histopathological Examination

A non-decalcification method was performed with Goldner’s
trichrome stain (for histomorphometry) and hematoxylin and
eosin (H&E) staining (for histopathological examination). Six
orofacial step sections of each block with a thickness of ~200 um
were obtained using a diamond saw blade in the buccolingual
plane. The sections were then polished to ~50-80 pm using a spe-
cial grinding machine. Three sections from each block (mesial,
center, and distal) were stained using the H&E method, and the
three remaining sections were stained by Goldner’s trichrome
method.

The area stained with Goldner’s trichrome stain for histo-
morphometric examination was analyzed. Newly formed bone,
residual material, fibrous tissue formation, existing bone, void
space, and defect filling were evaluated using a modified tech-
nique, as previously described.!'®] the rectangular area of interest
(AOI) was defined as follows: 1) Apico-coronal (maximum size
of the apico-coronal length in all samples; #9 Animal, Left Distal-
second slide): 21 217.634 pm; 2) Mesio-distal (maximum mesio-
distal length in all samples; #15 Animal, Right Mesial-first slide):
12 879.331 pym. The results were calculated using the following
formula: Area of interest (um?) = 21 217.634 um (maximum size
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Figure 1. Radiographic evaluation of bone healing.

of apico-coronal length in all samples) x12 879.331 ym (maxi-
mum size of mesiodistal length in all samples). The equal maxi-
mum size of the AOI in all samples was defined as apico-coronal
and mesio-distal. In addition, an image analyzer (Zen 3.1, Carl
Zeiss, Germany) was used for the histomorphometric examina-
tion. Lastly, defect filling was calculated as the sum of the newly
formed bone, residual material, and fibrous tissue formation.

2.8. Statistical Analysis

The results were analyzed by parametric (One-way ANOVA) or
non-parametric multiple comparison procedure (Kruskal-Wallis
test). When the result of ANOVA was significant, Dunnett’s mul-
tiple comparisons test (parametric) or Dunn’s multiple compar-
isons test (non-parametric) were applied for the comparison be-
tween control group and test article administered group each
necropsy points. All statistical analysis was performed using
Prism 7.04 (GraphPad Software Inc., San Diego, CA, USA), and
if p-value is <0.05, the result was considered statistically signif-
icant. Data were represented as mean + standard deviation as
applicable.

3. Results

3.1. Radiography Evaluation

The bone defect healing scores of the Bio-Oss, XB, and S1-XB
groups were significantly higher (p < 0.05) than those of the

Adv. Healthcare Mater. 2023, 2202942

2202942 (4 of 10)

Weeks 8 Weeks 12

. . g 4\

o
. 8 . s
. 3
=
£ |
® 2
@
2 |
o 1
c
| . ol @ ogl-

Blo-Os XB S1XB DC  BioOs XB S1-XB

DC group after 4, 8, and 12 weeks. However, no statistically sig-
nificant differences between the bone defect healing scores of
the Bio-Oss, XB, and S1-XB groups were observed (p > 0.999;
Figure 1). Overall, in the Bio-Oss, XB, and S1-XB groups, it was
observed that new bone formation started at 4th week, mineral
bone bridge formation at 8th week, and bone bridge formation at
both ends at 12th week.

Radiographs were obtained to evaluate the degree of bone de-
fect healing and interpreted by scoring methods (0-5): 0, no vis-
ible new bone formation; 1, minimal new disorganized bone; 2,
disorganized new bone bridging graft to host at both ends; 3, or-
ganized new bone of cortical density bridging at both ends; 4, loss
of graft-host distinction; and 5, significant new bone and graft re-
modeling. Data are represented as means + SD, n =5, p-values
are calculated using one-way ANOVA with Prism 7.04, *p < 0.05,
“p < 0.01, and “p < 0.001. Defect control group, DC; positive
control group which were filled by Bio-Oss, Bio-Oss; Bone-XB-
filled group, XB; S1-XB-filled group, S1-XB

3.2. Micro-Computed Tomography Evaluation

Bone regeneration was statistically significant in the treated
groups at all time points of sample collection (4, 8, and 12 weeks)
but insignificant in the DC group (Figure 2). The percentage of
BV/TV in Bio-Oss, XB, and S1-XB groups was significantly higher
than that of the DC group (p < 0.05) at all experimental sam-
ple collection time points (4, 8, and 12 weeks). There were no
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Figure 2. Representative micro-computed tomography showing bone formation after 4, 8, and 12 weeks healing.

statistically significant differences between the BV/TV levels of
the Bio-Oss group and that of the XB and S1-XB groups (p = 0.998
and p = 0.999, respectively). The amounts of Tb.N and Tb.Th in
the treated groups were also higher after 4 weeks but significantly
higher after 8 and 12 weeks. In addition, the amount of Tb.Sp was
significantly lower in all treated groups (Bio-Oss, XB, and S1-XB)
after 4, 8, and 12 weeks (Table 1).

Calibration length is 5.0 mm. defect control group, DC; posi-
tive control group that were filled by Bio-Oss, Bio-Oss; Bone-XB-
filled group, XB; S1-XB-filled group, S1-XB
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3.3. Histopathological Examination Analysis

As shown in Figure 3, varying amounts of the defect filling ef-
fect with new bone formation were found in the defect after 4
weeks, which were characterized by more intense red staining.
In addition, 12 weeks after surgery, there was a further signif-
icant increase in bone volume at the superior site (p < 0.05).
Furthermore, newly formed bone, existing bone (%), residual
material (%), and fibrous tissue formation histomorphometry
were evaluated by Goldner’s trichrome method. The defect filling
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Table 1. Evaluation of bone healing by micro-computed tomography analysis. Measurements of BV/TV, Tb.N, Tb.Th, and Tb.Sp of mandible trabecular
bone after 4, 8, and 12 weeks post-treatment. Data are represented as means + SD, n = 5, p-values are calculated using one-way ANOVA with Prism
7.04, “p < 0.05, “p < 0.01, and “*p < 0.001. Bone volume/total volume, BV/TV; trabecular number, Tb.N; trabecular thickness, Tb.Th; trabecular
separation, Tb.Sp; standard deviation, SD; defect control group, DC; positive control group which were filled by Bio-Oss, Bio-Oss; Bone-XB-filled group,
XB; S1-XB-filled group, S1-XB.

DC Bio-Oss XB S1-XB
BV/TV [%] Week 4 1.00 + 0.01 39.21 +6.05° 37.75 +7.36" 40.40 + 9.22"
Week 8 2.05 + 1.79 46.31 + 8.89™ 48.11+ 10,91 32.16 + 4.10°
Week 12 2.03 +0.82 40.08 +2.28" 3237 +11.22° 47.62 + 7.97°
Tb.N [1/mm] Week 4 0.03 + 0.00 0.34 +0.08 0.28 + 0.06 0.37 +0.06
Week 8 0.03 + 0.02 0.28 + 0.05* 0.22 +0.04™ 0.22 +0.03"
Week 12 0.03 +0.01 0.26 + 0.03™ 0.22 +0.05™ 0.23 +0.03"
Tb.Th [mm] Week 4 0.38 +0.00 1.37+0.35 1.65 + 0.45 1.15 +0.28
Week 8 0.41+0.15 1.69 + 0.22" 2.03 +0.36" 1.49 + 0.09"
Week 12 0.59 +0.10 1.69 + 0.25" 1.41+0.31 2.15 +0.33"
Tb.Sp [mm] Week 4 37.46 +0.11 2.28 +0.63" 2.64 +0.65" 1.79 + 043
Week 8 145.28 + 58.53 3.03 + 1.60™ 3.22 4+ 1.54™ 3.51+0.73"
Week 12 42.16 + 9.95 2.47 £ 030" 4.45 + 1.65™ 2.57 +0.66™
4 Weeks 8 Weeks 12 Weeks
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Figure 3. Evaluation of bone healing by histomorphometry analysis. All histopathological images are 10X magnification. Data are represented as
means + SD, n = 5, p-values are calculated using one-way ANOVA with Prism 7.04, “p < 0.05, “p < 0.07, and ““p < 0.001. defect control group,
DC; positive control group which were filled by Bio-Oss, Bio-Oss; Bone-XB-filled group, XB; S1-XB-filled group, S1-XB.
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Figure 4. Evaluation of bone healing by Golder’s trichrome stain histomorphometry analysis. All histopathological images are 10X magnification. defect
control group, DC; positive control group which were filled by Bio-Oss, Bio-Oss; Bone-XB-filled group, XB; S1-XB-filled group, S1-XB. Newly formed bone,

N; Existing bone, E; Residual material, R.

percentages were significantly higher in the Bio-Oss, XB, and S1-
XB groups than in the DC group. Therefore, the Bio-Oss, XB,
and S1-XB groups showed an improvement in bone defect heal-
ing and defect filling evaluated by histomorphometry compared
to the DC group. In addition, the effect of improving bone defect
healing and defect filling in the XB and S1-XB groups evaluated
by histomorphometry did not show a significant difference com-
pared to the Bio-Oss group (Figures 3 and 4 and Table 2), indicat-
ing similar bone regeneration effects. In these figures, we labeled
3 part of the region like newly formed bone as N, existing bone
as E, and residual material as R. High magnification images (50x
and 100x) are also confirmed in Figures S2 and S3 (Supporting
Information).

4, Discussion

Canine bone and humans have several similarities, such as bone
density, composition (bone organic, inorganic, and water frac-
tions), weight, osteon remodeling activity, and epiphyseal fusion
after maturity.(*l Therefore, preclinical bone healing studies on
canine species are popular and scientifically accurate.?*-22] This
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study used a critical-size mandibular bone defect model in Bea-
gle to investigate the bone regeneration effects of the Bone-XB
and S1-XB biomaterials compared with Bio-Oss. It was observed
that Bone-XB and S1-XB were therapeutically effective as Bio-Oss
to regenerate bone in a known critical-size bone defect model,
which was confirmed by radiography, micro-CT, and histopatho-
logical results.

A major surgical challenge in preclinical studies is developing
critical-size bone defects due to physiological auto-regeneration.
In addition, no specific research has confirmed the exact size of
critical-size bone defects in canine mandibular defect models.
However, some published articles are available for different sizes
and types of defects in canine mandibular bone defect models.
For example, bone defects of rectangular 10.0 X 5.0 X 5.0 mm
in size, 7-10 mm mesiodistally, 6-8 mm apicocoronally, “‘box-
type,”” 4 x 5 mm (width X height), one wall intrabony, mesiodistal
width: 5 mm x depth: 4 mm; buccolingual width: 3 mm, a circu-
lar, 8 mm wide bone defect.[?**] Furthermore, a bone defect is
considered a critical-size bone defect when new bone formation
could not heal more than 10% during the animal’s lifetime.!?]
Huh et al. reported that ~15 mm canine mandibular defects

© 2023 Wiley-VCH GmbH
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Table 2. Evaluation of bone healing by Goldner’s trichrome stain histomorphometry analysis. Data are represented as means + SD, n =5, p-values are

calculated using one-way ANOVA with Prism 7.04, “p < 0.05, “p < 0.01, and

Fkk

p < 0.001. Defect control group, DC; positive control group that were

filled by Bio-Oss, Bio-Oss; Bone-XB-filled group, XB; S1-XB-filled group, S1-XB.

DC Bio-Oss XB S1-XB
Newly formed bone Weeks 4 1.49 + 0.49 3.66 +0.97 4.78 +1.24 3.22+0.72
[%] Weeks 8 2.39 +0.41 5.99 + 0.66 7.66 + 2.07" 6.49 + 1.15
Weeks 12 2.69 + 0.55 6.97 +0.78" 5.70 + 1.08 7.31+ 1.52°
Existing bone [%] Weeks 4 11.18 + 2.42 11.30 + 1.84 12.72 +2.03 11.89 + 0.94
Weeks 8 12.57 + 2.70 14.52 + 2.36 12.90 + 2.40 10.97 + 1.52
Weeks 12 10.73 + 0.85 9.14 + 1.21 8.58 + 1.55 9.56 +0.73
Residual material [%)] Weeks 4 00 + 0.00 5.14 + 0.83" 4.47 +1.20" 4.44 + 1.55"
Weeks 8 00 + 0.00 5.89 + 1.09" 7.16 + 1.63™ 4.41 + 1.40
Weeks 12 00 + 0.00 455+0.23 3.82 +1.27 469+ 1.18
Fibrous tissue Weeks 4 7.04 + 1.09 19.22 + 1.70™ 18.95 + 3.08™ 20.45 +2.37%
formation [%] Weeks 8 12.37 + 1.42 21.04 +3.07 2237 +3.97 18.46 +3.15
Weeks 12 12.78 + 2.03 18.27 +2.74 19.96 + 3.84 19.84 +2.03
Void space [%)] Weeks 4 0.16 + 0.16 0.12 +£0.07 0.09 + 0.04 0.17 + 0.04
Weeks 8 0.12 +0.09 0.24 +0.07 0.16 + 0.04 0.26 +0.11
Weks 12 0.56 + 0.30 0.01+0.01 0.12 +0.12 0.19+0.14
Defect filling [%] Weeks 4 8.54 +0.84 28.02 + 2817 28.20 +3.92° 28.11+3.33"
Weeks 8 14.77 + 1.46 3291 +4.11° 37.19 + 6.23" 29.35 +3.22
Weks 12 15.47 + 1.82 29.79 + 2.86" 26.47 +5.33 31.84 +3.39

induced a limited new bone formation after 6 months of de-
fect induction, though the bone defect/fracture healed within 6-
8 weeks.”®] A 15 mm (length, mesiodistally) x 10 mm (depth,
apicocoronally) saddle-type defect was selected as the critical size
defect, and the body weight of the animals used in this study was
approximately half the weight used in a previous study.*! The
study’s relative mandibular bone defect size was larger than that
reported by Hunt et al., and one site per animal was assigned as
a negative control (DC group).[*’]

In the present study, we confirmed whether new biomaterials
such as Bone-XB and XB-S1 have potential ability of bone forma-
tion instead of Bio-Oss that is used for bone regeneration, com-
mercially. Bio-Oss is a bone substitute material that is widely used
in dental and orthopedic surgeries to support bone regeneration.
It is composed of a natural mineral called hydroxyapatite, which
is the main component of human bone. Geistlich Bio-Oss is crys-
talline hydroxyapatite with no detectable impurities referring to
the product details. Its micromorphology is shown in Figure S1
(Supporting Information). Scanning electron microscope (SEM)
images of test materials. Bone-XB is a bovine-derived bone graft
material. Its pH is similar to that of body fluids, it has high
blood permeability and enables rapid new bone formation with-
out an inflammatory reaction. As a result of the porosimeter test,
it was confirmed that it has a high porosity of 70% or more. The
high porosity facilitates blood circulation and promotes new bone
formation. Macro-pore and micro-pore were confirmed through
SEM images (5000 images of Figure S1, Supporting Informa-
tion) that promote the influx and differentiation of osteoblasts
to increase new bone formation. S1-XB is a natural bone graft
material also derived from bovine sources. Sticky bone can be
created using saline solution alone without the need for blood
collection. It has a sticky and moldable property that allows for
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shaping, and it has excellent fixation so that it does not scatter
during irrigation. Bone-XB and S1-XB have similar physicochem-
ical characteristics that represent high porosity, which promotes
new bone formation due to advanced blood circulation. Macro-
pore and micro-pore were also confirmed through SEM images
(5000x images of Figure S1, Supporting Information). Further-
more, S1-XB is expected that enforced osteoblast differentiation
and cell adhesion due to the addition of bioactive substances that
are distributed around the granule (Figure S1, Supporting Infor-
mation). It is strategically important to add special bioactive sub-
stances to increase the success potential of biomaterials.

It was observed that new bone formation started at 4th week,
mineral bone bridge formation at 8th week, and bone bridge for-
mation at both ends at 12th week in the Bio-Oss, XB, and S1-
XB groups. In addition, 12 weeks after surgery, radiographic im-
ages showed that the bone healing score in the DC group was
near “0”. Consistently, defect filling in the DC group was signifi-
cantly lower than in the treated groups. Therefore, it can be con-
cluded that the mandibular bone defect in this study was critical-
sized. In contrast, Bone-XB and S1-XB significantly increased the
newly formed bone, defect filling percentage, and bone healing
score compared to the DC group, which was further confirmed
by bone microstructure augmentation. It was demonstrated that
healing after implantation of our candidate materials was time-
dependent, and that the bone bridge should recover for 12 weeks
before implant placement.

Micro-CT imaging was performed to quantify bone regenera-
tion since it accurately evaluates the bone quality and allows a 3D
micro-architecture analysis of the bone.2!l This method can read-
ily differentiate between newly formed and existing bone.[?32]
Moreover, bone structure and mass are necessary to evaluate
bone quality.!l The common parameters of cancellous bone are

© 2023 Wiley-VCH GmbH
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BV/TV, Tb.N, Tb.Th, and Tb.Sp, which are the trabecular struc-
tural properties and micro-architectural properties of bone.!?’]
They reflect bone micro-volume, trabecular bone number, thick-
ness, spacing, and trabecular network. Our results revealed the
levels of BV/TV, Tb.N, and Tb.Th in Bone-XB and S1-XB were
higher than in the DC group during the experimental periods
(4, 8, and 12 weeks), whereas the Tb.Sp levels of Bio-Oss, Bone-
XB, and S1-XB groups were lower than those in the DC group.
According to the radiography results, micro-CT showed that Bio-
Oss, Bone-XB, and S1-XB implants improved bone microstruc-
ture components in the defect sites compared to the DC group.

Histopathological examination by H&E staining was per-
formed, and the results support the previous observations that
the Bone-XB and S1-XB implants significantly increased the de-
fect filling compared with the DC group. In addition, Golder’s
trichrome staining was further performed to confirm histo-
morphometric changes. Goldner’s trichrome is an excellent
stain for identifying cellular components and differentiating
newly formed bone matrices from mature ones and calcified
cartilage.[?®] The results of this staining method further con-
firmed that Bone-XB and S1-XB significantly improved newly
formed bone and defect filling percentages compared with the
DC group and were similar to those of the Bio-Oss group.

In this experiment, the powder- and dough-type bones pro-
duced similar results; however, this may be because both walls of
the saddle defect support the surgical site. Moreover, the dough-
type bone was much easier to form during application surgery
and maintained good shape after surgery. Therefore, dough-type
S1-XB may be a suitable graft material for defects with insuffi-
cient surrounding support.

5. Conclusion

In summary, the results of radiography, micro-CT, and histolog-
ical analysis showed that Bone-XB or S1-XB effectively regen-
erated bone, indicated by the increase in newly formed bone
and bone microstructure (BV/TV, Tb.N, and Tb.Th), thereby im-
proving bone defect filling in the beagle mandibular critical de-
fect model and equivalent to the Bio-Oss. Therefore, the bovine-
derived biomaterial Bone-XB or S1-XB could be considered an
effective biomaterial for correcting critical-size bone defects or
fractures in the mandible and large bone defects.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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