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ABSTRACT

Background: The repair of segmental mandibular defects remains challenging in the clinic. Previous studies have shown that
cryopreserved bone-derived osteoblasts (CBOs) have good proliferation and osteogenicity. However, whether these cells
can be used in the repair of segmental mandibular defects is largely unknown.

Purpose: In this study, we applied CBOs combined with beta-tricalcium phosphate (3-TCP) to repair a segmental man-
dibular defect in canines and thus established the feasibility of using this type of tissue-bank cell for the repair of large bone
defects in the future.

Material and Methods: Sixteen segmental mandibular defects in 16 animals were made on the right side. Sequential
radiographs, computer tomography, polychrome fluorescent labeling, immunohistochemical staining, and histological
analysis were used to evaluate the effects of tissue-engineered bone for segmental mandibular defects.

Results: Our results demonstrated that CBOs combined with B-TCP promoted bone mineralization and deposition at the
early stage, and bony union was achieved in the CBO and fresh bone-derived osteoblast (FBO) groups. However, nonunion
and minimal callus were present in the B-TCP group. Furthermore, there was a large amount of newly formed bone in the
CBO and FBO groups and in the autogenous bone group. Additionally, osteocalcin immunohistochemistry showed
intensive osteocalcin immunoreactivity in the bone matrix of the CBO and FBO groups.

Conclusions: These data indicate that CBOs implanted in a scaffold can promote new bone formation, and this tissue-
engineered bone can repair critically sized segmental mandibular defects in canines. The use of CBOs combined with
B-TCP may be an effective approach for the reconstruction of segmental mandibular defects in the clinic.
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operation time, limited autograft quantity, and donor
site. morbidity.” One possibility for addressing these
disadvantages is to generate bioartificial bone tissues
through tissue engineering.*”> Among seeded cells, arti-
ficially created materials, and physiologically active sub-
stances in tissue engineering, seeded cells have become
an integral part of this strategy.*’

In the past decades, researchers have explored a
variety of cells, including bone marrow mesenchymal
stem cells, adipose-derived stem cells, and muscle-derived
stem cells, for tissue regeneration in animal and cli-
nical studies.*'* Although the characteristics of fresh
tissue-derived cells have been studied in detail, frozen
bone-derived cells are still poorly understood.””'* The
viability of osteoblasts in bone tissue was reported to
be maintained by slow cooling with a cryoprotectant
and rapid thawing.'>'® Therefore, the transplantation of
cryopreserved bone-derived osteoblasts (CBOs) may hold
promise for eventual application in bone regeneration.

In previous studies, we isolated living CBOs from
banked tissue and demonstrated that CBOs could be
acquired easily, with a good proliferative activity and an
osteogenic phenotype. Our group has shown that CBOs
could be used as a new cell source for tissue engineering
and regenerative medicine because they meet generally
accepted standards as seeded cells."” However, whether
these cells can be applied in the reconstruction of seg-
mental mandibular defects in a large animal model is
still largely unknown.

Beta-tricalcium phosphate (B-TCP) is a synthetic
and biodegradable ceramic material with good bio-
compatibility and osteoconductivity that has been
commonly used in various applications in oral and max-
illofacial surgery, such as alveolar ridge augmentation,
sinus floor augmentation, and benign bone tumor
filling.'®*" In this study, we designed a protocol to apply
CBOs combined with B-TCP to repair segmental man-
dibular defects in a canine model. We monitored the
bone mineralization and deposition of the CBOs in
large-volume bone regeneration and thus established
the feasibility of using this type of tissue-bank cell for
clinical applications in the future.

MATERIALS AND METHODS
Ethics Statement

The Ethics Committee for Animal Research at the
Ninth People’s Hospital affiliated with Shanghai Jiao
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Tong University approved all the experimental protocols
involving the use of dogs.

Animals

In this study, 16 male beagle dogs in a healthy condition,
aged 12 to 18 months old with an average weight of
12.5 kg, were obtained from the Laboratory Animal
Center of Shanghai Jiao Tong University.

Cryopreservation and Cell Culture

Bone fragments were acquired, processed, and stored as
described previously."” Briefly, bone fragments (diam-
eter 1-1.5 mm) were acquired from the mandible in
adult beagle dogs and transferred into 1.5 mL cryotubes
containing cryoprotectant, which were first stored in
a refrigerator at —80°C for 30 minutes. Then the tubes
were placed in storage at —196°C in liquid nitrogen. The
frozen bone chips were thawed and incubated with stan-
dard Dulbecco’s modified Eagle’s medium containing
10% (v/v) fetal bovine serum (Hyclone, Logan, UT,
USA) after a prescribed 3 months of cryopreservation.
The cell culture method was performed in accordance
with a previous report.” The medium was replaced
every 3 to 4 days until cell density reached 70% to 80%
confluence. After the first passage, the following three
supplements were added: 100 nM dexamethasone,
0.05 mM ascorbic acid 2-phosphate, and 10 mM beta-
glycerophosphate. The cells were then incubated con-
tinuously at 37°C in a humidified atmosphere of 95% air
and 5% CO,. Cells at passages 2 to 3 were used for the
experiments that follow. Each experiment was repeated
four times. The study protocol is shown in Figure 1. Cell
proliferation was assessed by flow cytometric analysis
using propidium iodide according to the manufac-
turer’s instructions on a FACSCalibur device (Becton,
Dickinson and Co., Franklin Lakes, NJ, USA).

Alkaline Phosphatase and Alizarin Red S
Calcium Nodule Staining

To evaluate the level of mineralization, alkaline phos-
phatase activity and alizarin red S calcium nodule stain-
ing were evaluated according to previous reports.*' >
The alkaline phosphatase activity of the CBOs was
evaluated after they were cultured for 14 days. The cells
were fixed for 10 minutes at 4°C and incubated with a
mixture of naphthol AS-MX phosphate and fast blue
BB salt (alkaline phosphatase kit, Honggiao, Shanghai,

China). Areas stained purple were designated as positive.
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Figure 1 Schematic diagram showing the application of cryopreserved bone-derived osteoblasts (CBOs) for bone regeneration,
which included bone harvest, cryopreservation of dog bone fragments, CBO isolation and expansion, and osteogenic evaluation in

vitro and in vivo.

Calcium nodules were stained by culturing the cells with
10 mg/L alizarin red S (Sigma Aldrich, St. Louis, MO,
USA) for 5 to 7 days before observation under a fluores-
cence microscope (Leica DM1RB, Leica Microsystems,
Wetzlar, Germany).

Reverse Transcription-Polymerase
Chain Reaction

Based on a previous report, the transcription of osteo-
genic genes, including collagen I (Col I), osteocalcin
(OCN),
(BSP), was detected by reverse transcription-polymerase
chain reaction (RT-PCR).** Highly purified gene-
specific primers for Col I, OCN, OPN, BSP, and a
calibrator reference gene (beta-actin) were synthesized

osteopontin (OPN), and bone sialoprotein

commercially (Shengong Co. Ltd., Shanghai, China),
and the specific primers were as follows: beta-actin,
sense 5-CCTGTGGCATCCACGAAACT-3" and anti-
sense 5-GAAGCATTTGCGGTGGACGA-3" (product
size 307 bp); Col I, sense 5-CCAAGAAGAAGACAT
CCCACC-3" and antisense 5-CAGATCACGTCATC
GCACAA-3" (product size 135bp); OCN, sense
5-TCACAGACCCAGACAGAACCG-3" and antisense

5’-AGCCCAGAGTCCAGGTAGCG-3" (product size

207 bp); OPN, sense 5-CACTGACATTCCAGCAAC-3’
and antisense 5-ATCTTCCATACTCGCACT-3" (pro-
duct size 190 bp); BSP, sense 5-TGGCTCTAAGACA
ACACTC-3" and antisense 5-TGTGCCCTTTATAGT
AGCT-3’ (product size 245 bp).

Immunohistochemical Staining for
Osteocalcin and Osteopontin

Immunohistochemical staining was used to determine
the protein expression of OCN and OPN in CBOs and
fresh bone-derived osteoblasts (FBOs). As previously
reported,'” the cells were seeded and grown on cover
glass for 4 days and then incubated with mixed pri-
mary antibodies (mouse polyclonal antibodies against
OCN or rabbit polyclonal antibodies against OPN;
Abcam, Cambridge, UK) at a dilution of 1:100. Then,
green fluorescent-labeled goat anti-mouse and red
fluorescent-labeled goat anti-rabbit secondary antibod-
ies (Invitrogen, CA, USA) were applied. The slides were
observed using a confocal laser scanning microscope,
and three-dimensional structures were reconstructed
from a series of fluorescent images after the nuclei were
stained with Hoechst 33342.



Preparation of CBOs/B-TCP Constructs

B-TCP scaffolds (Shanghai Bio-Lu Biomaterials Co.
Ltd., Shanghai, China) were molded into cuboids
(30 mm X 7 mm x 10 mm) and sterilized with epoxy
ethane before use. For cell seeding, the CBOs were
detached from the culture dishes, centrifuged to remove
the supernatant, and then resuspended in culture
medium without serum at a density of 2 x 107 cells/mL.
Cells in suspension were slowly added to 3-TCP cuboids
until reaching saturation (0.6 mL of cell suspension).
After incubation for an additional 4 hours, the CBO/B-
TCP constructs were implanted in vivo.

Surgical Procedure

Animals were anesthetized through an intramuscular
injection of ketamine (10 mg/kg) and xylazine (4 mg/
kg), and the bilateral maxillary and mandibular premo-
lar and molar teeth as well as the mandibular canine
were extracted 4 months before the transplantation
surgeries. Sixteen segmental mandibular defects in 16
animals were made on the right side and randomly
repaired according to the following four groups: Group
A (CBOs/B-TCP, n=4), Group B (FBOs/B-TCP, n=4),
Group C (resected autogenous mandibular segments,
n=4), and Group D (B-TCP alone, n=4). In Groups
A and B, the CBOs and FBOs were acquired from
cryopreserved/fresh autogenous bone.

Under general anesthesia, the inferior mandibular
border was exposed through a submandibular skin inci-
sion. The mandibular periosteum was carefully dissected
and removed. After adjustment of the titanium plate
and titanium mesh, a segmental mandibular defect with
a length of 30 mm was made at the midportion of the
mandible. The neurovascular bundle was ligated. Then,
the titanium plate and titanium mesh were secured in
place with titanium screws. The bone defect was filled
with CBOs/B-TCP, FBOs/B-TCP, resected autologous
mandibular segments, or B-TCP alone. The incisions
were closed with 3-0 silk suture. The titanium plates and
titanium mesh were removed 11 months after the
surgery. All animals were maintained on a soft diet during
the study and sacrificed at 12 months after the surgery.

Sequential Fluorescent Labeling

Sequential fluorescent labeling permitted a more
detailed analysis of sequential information regarding the
accretion and direction of bone formation, as well as an
assessment of the time course of new bone formation
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and mineralization. At 2, 4, 7, and 11 months after the
operation, the animals were intraperitoneally adminis-
tered 25 mg/kg tetracycline hydrochloride (TE; Sigma),
30 mg/kg alizarin red S (AL), 20 mg/kg calcein (CA;
Sigma), and 30 mg/kg calcein blue (CB; Tokyo Chemical
Industry, Toyko, Japan), respectively.

Radiographic Observation

To evaluate scaffold degradation and new bone forma-
tion and mineralization at 1, 5, and 11 months post-
operation, mandibular radiographs were obtained using
a dental x-ray machine (Trophy, Marne La Vallee Cedex
2, France) from a distance of 7 cm (230 V, 8 mA) with
an exposure time of 0.28 seconds. Maxillofacial CT
images were also obtained by multislice spiral CT (GE
Lightspeed Ultra 16, General Electric, Milwaukee, W1,
USA) at 3 days before sacrifice.

Sample Preparation and
Immunohistochemical Staining

The specimens were bisected in the mesiodistal direc-
tion, cut into buccal and lingual halves, and then fixed in
10% buftered formalin (pH 7.4). One half was decalci-
fied, embedded in paraffin, sectioned at 4 um, and pro-
cessed for immunohistochemical staining. The other
half was embedded in polymethylmethacrylate and sec-
tioned at 150 wm using a microtome (Leica Biosystems,
Nussloch, Germany); the sections were subsequently
ground and polished to a final thickness of approxi-
mately 70 um. Fluorescent labeling was then observed
using confocal scanning laser microscopy.

The expression of OCN in decalcified specimens
was evaluated using immunohistochemistry. Briefly,
the slides were deparaffinized through a series of xylene
baths and rehydrated using graded concentrations
of ethanol. Then, endogenous peroxidase was inacti-
vated by treatment with 3% hydrogen peroxide for 10
minutes. To restore antigenicity, tissue sections were
incubated with 0.1% trypsinase for 30 minutes at
37°C, followed by incubation with 1% (v/v) bovine
serum albumin for 30 minutes at room temperature.
The slides were then incubated with a mouse mono-
clonal antibody against OCN, followed by incubation
with a goat anti-mouse secondary antibody for 30
minutes at room temperature. Staining was performed
using diaminobenzidine substrate (Boster Co. Ltd.,
Wubhan, China). The sections were counterstained with
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hematoxylin, dehydrated through a series of alcohols
and xylene, and then mounted with mounting medium.

Histological Analysis

Bone mineralization and deposition at different
time points could be detected through fluorescent
labeling under a confocal laser scanning microscope.
The excitation/emission wavelengths of each of the
fluorescent molecules were as follows: 405/580 nm (TE,
yellow), 488/517 nm (CA, green), 543/617 nm (AL, red),
and 405/435 nm (CB, blue).?* A three-dimensional fluo-
rescent structure was reconstructed using a series of
fluorescent images for TE, AL, CA, and CB, and the
images for the four fluorescent labels were merged to
reflect the mineralization of the regenerated bone. The
images were evaluated separately for yellow (TE), red
(AL), green (CA), and blue (CB).” The data obtained
in the four-color fluorescent staining represented
bone regeneration and mineralization at 2, 4, 7, and 11
months, respectively.

Finally, the sections were stained with Van Gieson’s
picrofuchsin for histologic observation. Measurement
of the undecalcified specimens was performed using
ImagePro Plus 6.0 (Media Cybernetics, Silver Spring,
MD, USA). Three randomly selected sections from serial
sections collected from each sample were analyzed. The
proportion of newly formed bone within the segmental
mandibular defect was calculated at low magnification
(x1.25).

Statistical Analysis

Statistically significant differences (p <.05) among the
groups were determined by ANOVA and Student-
Newman-Keuls post hoc analysis or the Kruskal-Wallis
nonparametric procedure followed by the Mann-Whitney
U test for multiple comparisons based on the normal
distribution and equal variance assumption tests. All
statistical analyses were conducted using the SAS 6.12 sta-
tistical software package (SAS Institute, Cary, NC, USA).
All data are presented as the mean + standard deviation.

RESULTS

Cell Culture

Approximately 5 to 9 days after the initial plating of the
bone fragments, CBO outgrowth was observed, and the
cells then proliferated quickly to reach confluence in
another 4 to 5 days (Figure 2A). After subculture, the

cells showed a polygonal or a dendritic morphology and
were used for further studies. Flow cytometry demon-
strated that the percentage of cells existing in the G0/G1
phases and that existing in the S/G2/M phases were
83.85 1+ 5.34% and 14.15%2.06% (n = 4), respectively,
which suggested that the CBOs maintained a viable state
and proliferated well (Figure 2B).

Alkaline Phosphatase and Alizarin Red S
Calcium Nodule Staining

After two weeks of culture in osteogenic medium, alka-
line phosphatase expression of the CBOs was revealed
by purple to dark red granules observed under light
microscopy. Mineralized calcium nodules stained by
alizarin red S were observed in the expanded cells, which
showed red fluorescence under a fluorescence micro-
scope (Figure 2C and D). These results suggested that
the CBOs had good osteogenic potential after in vitro
amplification.

Expression of Osteogenic Genes

RT-PCR demonstrated transcription of Col I, OCN,
OPN, and BSP in the CBOs (Figure 2E). OCN and OPN
protein expression was also confirmed by fluorescent
immunohistochemistry in CBOs (Figure 2F) at levels
comparable to those in FBOs (Figure 2G). All of the
results above indicated that the CBOs maintained a defi-
nite osteoblastic phenotype after bone cryopreservation.

General Observations and
Radiographic Analyses

All animals survived the surgical procedure with slight
edema 4 to 6 days after the surgery and recovered rapidly
from surgery with no indication of infection or other
complications.

Using radiographs taken regularly, we monitored
bone formation and remodeling at 1, 5, and 11 months
post-operation. Though bone regeneration is hard to
detect in radiographs because of the radiopacity of the
scaffold and bone blocks and the scattering from the
titanium mesh, it can still be used to preliminarily evalu-
ate new bone formation. Representative radiographs of
each group are shown in Figure 3 (arrows show the gaps
between the graft and the original bone). At 1 month
post-operation, the implants in Groups A, B, and D were
radiopaque because of the presence of the B-TCP scaf-
fold itself. There were gaps between the implants and
host bones. At 5 months after surgery, in Groups A and
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Figure 2 Cryopreserved bone-derived osteoblasts (CBOs) were cultured and displayed the typical dendritic, polygonal shape (A);
scale bar = 40 um. The cellular cycle demonstrated that the CBOs maintained a viable state and proliferated well (B). Alkaline
phosphatase-positive staining, as shown by cells stained with purple to dark red granules (C); scale bar = 40 um. Alizarin red S
staining of mineralized calcium nodules was visible under a fluorescence microscope (D). Expression of osteogenic genes (collagen I
[Col 1], osteocalcin [OCN], ostepontin [OPN], and bone sialoprotein [BSP]) was observed in the CBOs (E). Three-dimensional
reconstruction images of OCN (green) and OPN (red) fluorescence immunohistochemistry of CBOs (F) and fresh bone-derived

osteoblasts (G); scale bar =4 um.

B, radiopacity was observed in the gaps, and the
implants and host bones were integrally connected. The
interfaces between the implants and host bones were
difficult to distinguish. However, in Group D, which
received B-TCP alone, the degradation was evident,
based on the appearance of a radiotranslucent area
around the implant, and the gap increased at this time
point. At 11 months post-operation, the radiopacity of

the newly formed bone was highly increased, and bony
union was achieved in Groups A and B. No difference
was found between the CBO and FBO groups. In con-
trast, in Group D, the scaffold material had largely
degraded, and bone nonunion was observed, with only
minimal calluses detected.

In Group C, a radiolucent zone at the gap was
still obvious at 1 month post-operation. At 5 months
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Figure 3 Radiographs of Groups A (A), B (B), C (C), and D (D) obtained at 1, 5, and 11 months post-operation. At 1 month
post-operation, the implants in Groups A, B, C and D were radiopaque, and there were gaps between the implants and host bones
(column 1). At 5 months after surgery in Groups A, B, and C, radiopacity was observed in the gaps, and the implants and host
bones were integrally connected (A-C, column 2). In Group D, the degree of degradation was evident based on the appearance of a
radiotranslucent area around the implant, and the gap increased at this time point (D2). At 11 months post-operation, bony union
was achieved in Groups A, B, and C (A—C, column 3). In Group D, the beta-tricalcium phosphate was largely degraded, and bone
nonunion with only a minimal callus was detected (D3). Arrows show the gaps between the graft and the original bone.

post-operation, the gap could no longer be easily dis-
criminated on the radiographs because of new bone
formation. At 11 months post-operation, the implant
appeared smoother and more radiopaque, which indi-
cates that new bone formation and remodeling was still
occurring.

To determine the three-dimensional structure of
the repaired mandibles, three-dimensional CT images
from each group are presented in Figure 4. In Groups
A, B, and C, bony union and complete continuity of
the mandibular body were observed (Figure 4A—C).
However, in the group that received B-TCP alone,
the mandible presented a discontinuous appearance
(Figure 4D).

Based on the sequential radiographs and three-
dimensional CT images presented above, we were able to
clearly monitor the degradation of the material in the
bone defect area as well as new bone formation and
remodeling. In Group D, because of the lack of seeded
cells, the degradation of B-TCP was faster than that of
the tissue-engineered bone.

Histomorphometrical Analysis of
Fluorochrome Labeling
Using the technique of sequential fluorescent label-
ing, we clearly observed the mineralizing deposition
process in the implanted grafts at each time point. As
shown in Figure 5, the volume of fluorescent labeling
with TE, CA, AL, and CB represented the bone miner-
alization and deposition at 2, 4, 7, and 11 months,
respectively.

At 2 months, the volume of TE labeling (yellow)
in Groups A and B was 4.72 £ 1.29% and 4.46 + 0.95%,
respectively, which was less than that of Group C
(8.24£1.59%) but more than that of Group D
(0.82 +0.24%) (Figure 5A-D). There were significant
differences between Group C and Group A and between
Group C and Group B (p<.05), but no difference
between Group A and Group B (p > .05) (Figure 5E).

At 4 months, the volume of CA labeling (green)
was 3.26+0.54%, 3.41+0.89%, 3.8410.61%, and
1.03 £ 0.20% for Groups A, B, C, and D, respectively
(Figure 5A-D). There were significant differences
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Figure 4 Three-dimensional reconstruction images of treated mandibles at 12 months post-operation. A smooth surface on the
reparative tissue and continuity of the mandibles were found in Groups A, B, and C. The bone defect still existed in Group D.

between Groups A, B, and C and Group D (p > .05), but
no significant differences among Groups A, B, and C
(p>.05) (Figure 5E). At 7 and 11 months, the volume of
AL labeling (red) and CB labeling (blue) was not signifi-
cantly different among the four groups (Figure 5A-C
and E).

Taken together, these data indicate that CBOs and
FBOs promote bone mineralization and deposition in
tissue-engineered bone and that there was no difference
between the CBOs and FBOs. The two tissue-engineered
constructs remained inferior to autologous bone
transplantation in Group C at 2 months but caught up
at 4 months.

Histological Findings

To verify the findings above, the histology of the repaired
defects at 12 months post-operation was determined
in non-decalcified specimens. The fraction of newly
formed bone area was 62.731+12.28% and 68.83 %
14.52% in Groups A and B, respectively, which was com-
parable with that of Group C (64.77 + 17.75%). No sig-
nificant difference was found among these three groups
(p>.05). However, in Group D, only a small amount
of bone formation was observed (Figure 6A-D). There
were significant differences between Groups A, B, and
C and Group D (p<.05) (Figure 6E). Immunohisto-
chemical staining also showed that the expression of
OCN in Groups A, B, and C was consistent with that in
Group D (Figure 7A-D).

DISCUSSION

The present study demonstrated that critically sized seg-
mental defects of the canine mandible could be repaired
by CBOs administered with biodegradable 3-TCP and
that the scaffold alone was not sufficient to repair such
a large mandibular defect. No difference was found
between CBOs and FBOs in promoting bone mineral-
ization and deposition. These results indicate that
tissue-banked CBOs may represent an accessible source
of cells for large-volume bone regeneration.

Cell survival in tissue banking has been a subject
of controversy in the literature, with many investigators
believing that most cells in all cryopreserved grafts
die.****® However, other studies have reported that
under certain circumstances, cryopreservation tech-
niques can maintain osteoblast viability in frozen
bone.””” In this study, we isolated osteoblasts from
bone that had been cryopreserved for 3 months and
confirmed that the CBOs had an osteogenic phenotype
according to alkaline phosphatase, alizarin red S calcium
nodule staining, RT-PCR, and immunohistochemistry
in vitro. In addition, we also successfully repaired a seg-
mental mandibular defect using CBOs combined with
B-TCP. In this respect, the use of CBOs in bone regen-
eration may broaden the application of the current
cryopreserved grafts in tissue banking.

It has been reported that postoperative radiographs
are able to show radiopacity changes in transplanted
grafts, and thus x-ray examination may be an effective
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Figure 5 Three-dimensional reconstruction images of fluorescent labeling. Fluorescent labeling of tetracycline hydrochloride

(TE, yellow) in Groups A, B, C, and D at 2 months is shown in A-D. There were significant differences among the groups receiving
tissue-engineered bone (Groups A and B), autogenous bone (Group C), and beta-tricalcium phosphate alone (Group D) (p <.05),
but no difference was observed between Groups A and B (p >.05). A significant difference was also found between the
tissue-engineered bones and autogenous bone. At 4 months, the fluorescent labeling of calcein (CA, green) was not significantly
different among Groups A, B, and C. There was a significant difference between Group D and Groups A, B, and C (A-D). At 7 and
11 months, the fluorescent labeling of alizarin red S (AL, red) and calcein blue (CB, blue) was not significantly different among the
four groups (A-D); scale bar = 30 um. The graph demonstrates the volume analysis of each fluorescent label in the four groups (E).

*p <.05.

method to evaluate new bone formation in the bone
defect area.”™! In the current study, we monitored new
bone mineralization and deposition through periodic
radiographs. At 1 month after surgery, in Groups A, B,
and C, there was no obvious new bone formation in

the segmental bone defect. The interfaces between the
implants and bone ends were clear. At 5 months post-
operation, the radiopacity in the implants began to be
obvious in Groups A, B, and C, and the granular texture
of the implants in Groups A and B became blurred, with
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Figure 6 Non-decalcified samples of the repaired mandible at 12 months post-operation. The macroscopic view of the repaired area
in each group is shown: Group A (A), Group B (B), Group C (C), and Group D (D). Detail views of the inside area (solid frame;
A2, B2, C2) were obtained at high magnification (scale bar = 1,000 um). In Groups A and B, bone defects were repaired with a large
amount of newly formed bone together with some nondegraded beta-tricalcium phosphate particles at the interfacial and inside
areas (Al and BI; arrow shows lamellar bone, LB; A2 and B2, arrow shows the scaffold, SC). In Group C, bony union also occurred
at the interfacial and inside areas (C1 and C2). In Group D, minimal new bone was found at the inside area, and the bone defect

was not repaired (D1 and D2). There were significant differences between Groups A, B, and C and Group D. The graph showed the
analysis of newly formed bone area in the four groups (E). *p <.05.

the gaps between the implants and bone ends disappear- ~ and distinct radiolucent areas were obvious around the
ing. These results indicate that bone mineralization and ~ implant. At 11 months post-operation, in Groups A, B,
deposition occurred inside the implants in the three  and C, continuity of the mandible was achieved, and
groups. In comparison, in Group D, the amount of  the implants appeared smoother and more radiopaque.
B-TCP decreased dramatically because of degradation, = These findings are also consistent with the results
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Figure 7 Osteocalcin immunohistochemistry of new bone formation in Groups A (A), B (B), C (C), and D (D) at 12 months
post-operation (scale bar = 150 um). The expression of osteocalcin in Groups A, B and C displayed intensive osteocalcin staining in
the bone matrix, which was consistent with that of Group D (arrow shows osteocalcin staining, OC).

reported in our previous studies and the studies of other
groups.””

The technique of fluorescent labeling may be useful
for monitoring bone mineralization and deposition in
the implant.”’*>* According to different colors of fluores-
cent staining, we calculated the amount of new bone
deposition at specific time points. At 2 months after
surgery, in Groups A and B, which received implanted
seeded cells, the volume of TE staining was higher than
that of Group D but still lower than that of Group C,
possibly because the autogenous bone provided a
large number of osteoblasts and cytokines and a natural
structure, which therefore improved the speed of bone
mineralization at the early stage, whereas the migration
of native osteoblasts only without any transplanted cells
in the group that received B-TCP produced less bone
mineralization.”” We did not observe any differences
between Groups A and B at this time point. In compari-
son, because of the lack of seeded cells, the volume of
fluorescent labeling in Group D was much less than that
in Groups A, B, and C at 2 months post-operation. At 4
months, though higher bone mineralization was seen in
Group C at 2 months, the volume of fluorescent labeling
was comparable with the patterns seen in Groups A and
B. No significant differences were found in the volume
of AL or CB among the four groups with long-term

observation. These results indicate that CBOs and FBOs
had a similar ability to promote osteogenesis and that
the use of tissue-engineered bone enhanced the speed of
bone mineralization and deposition.

As shown in the non-decalcified specimens, woven
bone formation was observed more frequently in the
center of the tissue-engineered bone; at the edge of the
implant, lamellar bone was more common, which is
consistent with findings reported from other groups.*
The structure of the regenerated bones may be related
to mechanical forces in the oral cavity.”” To further
determine the characteristics of the implanted grafts in
Groups A, B, and C, we evaluated the expression of OCN
in the three groups. OCN has been reported to play an
important role in bone formation and remodeling
processes, and thus its expression could be used to assess
the properties of the tissue-engineered bone.”® We found
that OCN expression was consistent in Groups A, B, and
C, which indicates that the characteristics of these bones
were similar and also suggests that the tissue-engineered
bones still underwent bone remodeling.”® As the regen-
erated bones had not been completely remodeled into a
normal mandible, long-term follow-up was still needed
to determine whether the engineered bones in Groups A
and B could be remodeled into a normal mandibular
structure.



With respect to bone regeneration, some groups
have reported that the scaffold can achieve bone recon-
struction without seeding of osteogenic cells."””* Based
on three-dimensional CT images, we found that bony
union was achieved in Group A, implanted with CBOs,
and Group B, implanted with FBOs, but that nonunion
and minimal callus occurred in Group D. We therefore
propose that only small defects, and not large defects,
could be repaired with the scaffold alone.* In small
defects, native cells could migrate into the scaffold to
generate new tissues and achieve bony union. In large
defects, however, the migration rate of native cells
was not high to match the degradation of the scaffold.
B-TCP
achieved a delayed and less effective mineralization in

Accordingly, osteoconductive alone only
the segmental mandibular defect region in Group D.”
The data also confirm that seeded cells implanted in a
scaffold could promote new bone formation.***

In this experiment, we provide direct evidence for
the application of CBOs combined with scaffolds for
bone regeneration in a preclinical evaluation. Moreover,
through the fabrication of tissue-engineered bone using
CBOs combined with a large volume of customized scaf-
fold, we avoided the limitations of bone tissue banking
resources and the limitations of the cryopreserved bone
shape for bone regeneration. Because the use of cells
derived from frozen tissue may prevent age-related
decreases in cell functionality,'” we may still be able to
regenerate a large volume of bone when the regenerative
potential of the body has decreased with aging.

In summary, this study demonstrated that CBOs
combined with B-TCP could promote bone mineraliza-
tion and deposition, that tissue-engineered bone could
repair critically sized mandibular defects in a large
animal model, and that there was no significant differ-
ence between CBOs and FBOs in promoting osteogen-
esis in vivo. Furthermore, the results above also suggest
that CBOs may be a reliable cell source for bone tissue
regeneration. The application of CBOs was an effective
approach for the clinical reconstruction of segmental

mandibular defects.
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