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Adipose-Derived Stem Cells and BMP-2 Delivery
in Chitosan-Based 3D Constructs
to Enhance Bone Regeneration
in a Rat Mandibular Defect Model
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Reconstructing segmental mandiblular defects remains a challenge in the clinic. Tissue engineering strategies
provide an alternative option to resolve this problem. The objective of the present study was to determine the
effects of adipose-derived stem cells (ASCs) and bone morphogenetic proteins-2 (BMP-2) in three-dimensional
(3D) scaffolds on mandibular repair in a small animal model. Noggin expression levels in ASCs were down-
regulated by a lentiviral short hairpin RNA strategy to enhance ASC osteogenesis (ASCs™¢~). Chitosan (CH)
and chondroitin sulfate (CS), natural polysaccharides, were fabricated into 3D porous scaffolds, which were
further modified with apatite coatings for enhanced cellular responses and efficient delivery of BMP-2. The
efficacy of 3D apatite-coated CH/CS scaffolds supplemented with ASCs™°2~ and BMP-2 were evaluated in a
rat critical-sized mandibular defect model. After 8 weeks postimplantation, the scaffolds treated with ASCs™%~
and BMP-2 significantly promoted rat mandibular regeneration as demonstrated by micro-computerized to-
mography, histology, and immunohistochemistry, compared with the groups treated with ASCs™°¢~ or BMP-2
alone. These results suggest that our combinatorial strategy of ASCsN°¢~+BMP-2 in 3D apatite micro-
environments can significantly promote mandibular regeneration, and these may provide a potential tissue
engineering approach to repair large bony defects.

Introduction factors, and/or progenitor cells such as mesenchymal stem

cells (MSCs).”

SEGMENTAL MANDIBULAR DEFECTS often result from
trauma, infection, dysfunction skeletal development, or
secondary treatment of various pathologies such as tumor
resection, and severely affect oral functions such as eating
and communicating.'-> The primary reconstructive repair for
mandibular defects requires a free vascularized bone graft.
However, this approach requires lengthy surgeries carrying
high rates of perioperative complications, such as donor site
morbidity.® An alternative reconstruction strategy is needed
to circumvent associated complications and morbidity as-
sociated with standard therapy.* Recently, tissue engineer-
ing has been exploited as a promising strategy to treat bone
defects, utilizing three-dimensional (3D) scaffolds, growth

Cell-based bone tissue engineering strategies are thought
to be an attractive option to improve bone repair.* MSCs
from bone marrow, and adipose and synovial tissue, retain
their properties of self-renewal and differentiation into
various cell lineages.®™® In particular, MSCs isolated from
adipose tissue are easily harvested, high proliferative, can
differentiate into multiple lineages, and are considered
excellent candidates for bone regeneration.””'" However,
adipose-derived stem cells (ASCs) alone have enjoyed only
limited successes in large rat femoral bone defects.'>'*
Human recombinant bone morphogenetic proteins-2 (BMP-2)
is a potent osteoinductive factor that has been used with
ASCs to enhance bone regeneration.'” However, high BMP-2
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doses, are clinically required for effective bone growth, and
such supraphysiological doses may cause serious side ef-
fects (e.g., cancer risk).

We recently developed chitosan (CH)-based composite
scaffolds that promote osteogenic differentiation of MSCs
and protein delivery in a controlled manner with biomimetic
apatite on their surfaces.'® CH is a naturally derived poly-
saccharide that has been %pplied to many pharmaceutical and
biomedical applications.'”"” In addition to biocompatibility,
CH retains degradation characteristics via enzymatic hydro-
lysis in vivo.2° Chondroitin sulfate (CS) has been incorporated
into CH scaffolds to improve their mechanical properties
and biological responses (e.g., cell-material interactions).'®
Furthermore, biomimetic apatite was successfully intro-
duced onto various biomaterial surfaces, such as poly(lactic-
co-glycolic acid) (PLGA), tricalcium phosphate (TCP), and
CH, for promoting osteogenic activities of progenitor cells
and releasing loaded proteins with a reduced initial burst.*'~*

A number of previous studies demonstrated that reduction
of noggin, identified as a BMP signaling inhibitory protein,
can significantly enhance ostGO%enic differentiation of
MSCs both in vitro and in vivo.?*>® In addition, co-delivery
of noggin siRNA and BMP-2 synergistically increased os-
teogenic differentiation of ASCs in vitro.”® These data
suggest that cellular therapy in combination with manipu-
lating BMP signaling antagonists (e.g., noggin) and agonists
(e.g., BMP-2), as well as appropriate carriers can have
synergistic (or additive) effects on bone regeneration in
challenging healing environments. Our recent study re-
vealed that controlled BMP-2 delivery can be achieved by
apatite-coated CH-based scaffolds, and BMP-2-loaded
scaffolds enhance noggin-suppressed ASC osteogenesis
in vitro.”> Furthermore, we have successfully established a
novel small animal-model with a mandibular critical-sized
defect (CSD) that will not heal spontaneously.'-

In the present study, we evaluated bone regeneration in a
rat mandibular CSD model using 3D CH/CS scaffolds in
combination with noggin-suppressed ASCs and BMP-2.
Noggin was downregulated in ASCs by transducing lenti-
virus particles with short hairpin RNA (shRNA) targeting
noggin (ASCs"°¢7). The scaffolds composed of CH, CS,
and apatite on their surfaces were fabricated to slowly re-
lease BMP-2. The in vivo osteogenic capacity of BMP-2-
loaded scaffolds seeded with ASCs™°2~ was evaluated in a
rat mandibular defect.

Materials and Methods

CH (Mw 255,000, 75%-85% deacetylated), CS sodium
salt (Mw 50,000, 260% type A) from bovine trachea Col-
lagenase I, and pentasodium tripolyphosphate (TPP) were
purchased from Sigma-Aldrich (St. Louis, MO). BMP-2 and
ELISA assay kit were purchased from R&D Systems
(Minneapolis, MN). Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), penicillin/streptomycin
(P/S), Live/Dead assay, alamarBlue assay kit, and Alexa
fluor-488 goat anti-rabbit IgG antibody were purchased from
Life Technologies (Grand Island, NY). C57/BL mice and
athymic nude rats were purchased from Charles River La-
boratories (Wilmington, MA). Lentiviral particles contain-
ing shRNA targeting noggin were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA).
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Cell harvest

ASCs were isolated from inguinal fat pads in C57BL/6
mice at age of 4-8 weeks according to methods previously
described.” Briefly, adipose tissues were collected and wa-
shed in sterilized phosphate-buffered saline (PBS), cut into
small pieces and digested with collagenase type I with a
concentration of 0.1% for 2h. Cells from the digested so-
lution were obtained by centrifugation at 1200 rpm for
5 min, and then resuspended in complete medium containing
DMEM, 10% FBS, and 100 U/mL P/S. The resuspended
cells were seeded onto tissue culture flasks. The cells at
passage 4 were used for the experiments.

Cells transfection

Cells were infected using lentiviral particles containing
shRNA targeting noggin according to manufacturer’s pro-
tocols. Briefly, ASCs at passage 4 were seeded onto six-well
culture plates. When cells arrived at 50% confluence after
24h the growth medium was changed into medium con-
taining lentiviral particles with 8 pg/mL of polybrene. Stable
cell clones expressing shRNA were selected using puro-
mycin dihydrochloride.

Preparation of CH-based scaffold

The methods for preparing CH-based scaffolds were de-
scribed previously.'® Briefly, CH solution (4.5% w/v) in
acetic acid (1 N) was mixed with CS solution (9% w/v) at a
ratio of 2:1 (v/v) to obtain CH/CS mixture solution (3% CH/
3% CS). The mixed solution was poured into a Petri dish
with 2 mm thickness, frozen at —80°C, and then lyophilized
in a freeze dryer (Labconco, Kansas City, MO). The ob-
tained CH/CS scaffolds were neutralized by immersing
them into NaOH (1 N) for 1 h, and further cross-linked with
TPP solution (5% w/v) for 30 min. The cross-linked scaf-
folds were then washed with ddH,O, sterilized by immers-
ing them into 70% ethanol for 30 min, and lyophilized.
Finally, the obtained scaffolds were cut into a dimension of
55 mm for further studies.

Biomimetic apatite coating process

Apatite coating solution was prepared following the
methods previously described with some modifications.***!
Briefly, simulated body fluids 1 (SBF 1) were prepared by
sequentially dissolving CaCl,, MgCl,-6H,0, NaHCO3 and
K,;HPO,-3H,0 into ddH,0. The solution was adjusted to pH
6.0 and then Na,SO,, KCl, and NaCl were added. The final
solution was adjusted to pH 6.5. Mg®* and HCO;~ free SBF
(SBF 2) was prepared by subsequently dissolving NaCl,
CaCl,, and K,HPO,-3H,0 into ddH,O and the solution was
adjusted to pH 6.4. The obtained scaffolds were subjected to
glow discharge argon plasma etching (Harrick Scientific,
Ossining, NY). The etched scaffolds were incubated in SBF 1
for 24 h and then changed to SBF 2 for another 24 h at 37°C.
The apatite-coated scaffolds were washed with ddH,O to
remove excess ions and lyophilized prior to further studies.

Scanning electron microscopy

The internal morphology of noncoated and coated CH/CS
scaffold was examined by scanning electron microscopy
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(SEM; Nova Nano SEM 230/FEI, Hillsboro, OR). The
cross-sectioned samples were mounted on aluminum stubs
and sputter-coated with gold at 20 mA under 70 mTorr for
50s.

Cell proliferation

ASCsN8™ at passage 8 were seeded onto CH-based
scaffolds at a concentration of 3x10° cells/mL. The cell/
scaffold constructs were cultured in complete DMEM me-
dium containing 10% FBS in 5% CO, humidified incubators
for up to 21 days. To observe proliferation of the cells
cultured on the scaffolds, the cell/scaffold constructs were
washed once with PBS and stained with Live/Dead staining
kit at 37°C for 20 min. Stained samples were observed under
a fluorescence microscope (Olympus, Lake Success, NY) at
different time points. Proliferation of cells on the scaffolds
was measured using the alamarBlue assay kit. The cell/
scaffold constructs at different time points were collected,
washed once with PBS, and incubated with sterile alamar-
Blue solution for 3 h at 37°C. AlamarBlue fluorescence was
assayed at 535nm (excitation) and 600 nm (emission) in
plate reader. The experiments were performed in triplicate.

In vitro release of BMP-2

BMP-2 release profile in CH-based scaffolds in vitro was
measured using ELISA assay kit. Briefly, 2.5 ng of BMP-2
in 10 pLL PBS with 0.2% bovine serum albumin (BSA) were
dropped onto scaffolds at a final concentration of 50 pg/mL.
The scaffolds were dried for 15 min under laminar flow and
further lyophilized in a freeze dryer for 3h. The BMP-2
loaded scaffolds were incubated in 1 mL of 10 mM PBS (pH
7.4) at 37°C. The whole incubating solution was removed
and replaced with 1 mL fresh solution at predetermined time
points over a span of 28 days. The amount of released
protein in the supernatant was assayed according to the
manufacturer’s protocol. The experiment was performed in
triplicate, and the amount of protein was released as a per-
centage of the initial amount of protein loaded.

Rat mandibular defect model

All animals’ care and use applied for institutional regu-
lations established and approved by the Animal Research
Committee at the University of California, Los Angeles, an
AALAC-accredited facility. This study was carried out in
strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animal of the National
Institutes of Health.

The critical-size mandible defect (5x5mm) in athymic
nude rats was created according to procedures as previously
described.! All animals received general anesthesia by in-
halational of isoflurane. After hairs on the ventral surface of
mandible were shaved, the animals were then prepped and
draped according to a sterile manner. An incision overlying
and paralleling the left mandible were made using a size #15
blade. The inferior border of the mandible was exposed
after deepening down through subcutaneous tissues. The
mandible body was further exposed by dissecting the pter-
ygomasseteric sling using electrocautery. The lingual and
buccal surfaces of the mandible in a supraperiosteal plane
were indentified by bluntly elevating musculature. After
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TABLE 1. TREATMENT GROUPS
Scaffold ~ BMP-2 dose Cell

Group volume (uL) (ug) number
Blank scaffold 50 0 0
BMP-2 50 2.5 0
ASCsNoe~ 50 0 250,000
BMP-2 + ASCsN°e~ 50 2.5 250,000

ASC, adipose-derived stem cell; BMP-2, bone morphogenetic
proteins-2.

measuring 5SX5mm square of mandible defect using a
sterilized pen, a 1-mm high-speed cutting burr setting as
3000 rpm, with copious irrigation, was used to remove bone
tissue posterior to the incisor and contiguous with the infe-
rior border of the mandible. Hemostasis was attained with
electrocautery, and the appropriate size scaffold was placed
into the defect using resorbable sutures. The pterygo-
masseteric sling was then reapproximated using the same
resorbable suture and the skin was closed using nonresorb-
able suture. The experiments were divided into four groups
(Table 1). Specifically, apatite-coated CH-based scaffolds
(5x5x2mm) were fabricated as described in the scaffold
preparation above. For BMP-2-loaded scaffolds, 2.5 g of
BMP-2 was adsorbed onto fabricated scaffolds at a fi-
nal concentration of 50 pg/mL and scaffolds were further
lyophilized on a freeze drier for 3 h. Scaffolds were seeded
with 2.5x 10> ASCsN°¢~ 12h before implantation. Blank
scaffolds were regarded as control group (n=minimum of
four rats per group). After surgery, all animals were allowed
to recover on warm sheet and then transferred to the vivar-
ium for postoperative care. To get operative treatment, all
animals received analgesia with subcutaneous injections of
buprenorphine with concentration of 0.1 mg/kg for up to 3
days. To prevent potential infection, all animals also received
drinking water including trimethoprim-sulfamethoxazole
for up to 7 days.

3D micro-computerized tomography scanning

After 8 weeks postimplantation, all animals were sacri-
ficed and left mandibles were harvested for analysis. The
extracted mandibles were fixed in 4% formaldehyde for 48 h
at room temperature with gentle shaking. The fixed samples
were rinsed with PBS and then stored with 70% ethanol
at 4°C prior to imaging using the high-resolution micro-
computerized tomography machine (WCT40; Scanco USA,
Inc., Southeastern, PA). The data from the pCT was collected
at 50 kVp and 160 pA. Visualization and reconstruction of
the data were attained using Dolphin 3D software (Dolphin
Imaging & Management Solutions, Chatsworth, CA). Vo-
lume analysis of new bone formation was performed using
CTAn (Skyscan, Kontich, Belgium). Volume analysis of
the specimens included investigations of two volumes and
one ratio: bone volume (BV), total volume (TV), and bone
volume/total volume (BV/TV). The TV was set as the
volume of the original surgical defect that measured
2.5x5x5mm and was the same across all samples. BV/TV
represents the percentage of defect that was healed by new
bone tissue.
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Histological evaluation

The fixed samples were decalcified under 10% ethyle-
nediaminetetraacetic acid (EDTA) solution under shaking
for 3 weeks. The EDTA solution was replaced once every
week. Decalcified samples were embedded in paraffin and
cut into sections at thickness of 5pm. The deparaffinzed
sections were stained with hematoxylin and eosin (H&E),
Sirius red, and Masson’s trichrome solution, respectively.
Picrosirius red staining solution with a concentration of 0.2%
was used to assess collagen expression. Masson’s trichrome
staining was performed to examine new bone formation.
Immunofluorescent staining for osteocalcin (OCN) expres-
sion was performed for evaluating active bone forma-
tion. The samples were dewaxed and rehydrated, blocked
by 2% BSA solution, and then incubated with monoclonal
antibodies to OCN (Santa Cruz Biotechnology). A second-
ary antibody of Alexa fluro-488 goat anti-rabbit IgG was
used to develop color. The images for the samples were
taken by microscope (Olympus). The collagen and OCN
expression was further quantified by image analysis of pi-
crosirus red staining and OCN immuonostaining samples
using Imagel software (NIH, Bethesda, MD) as previously
described.*?

Statistical analysis

Statistical analysis was performed using one way analysis
of variances (ANOVA), followed by the Tukey’s post hoc
test. p-Value <0.05 was considered statistically significant.

Results
Scaffold morphology

The CH/CS composite scaffolds were created as de-
scribed in our previous studies (Fig. 1).'® Apatite coating of
the obtained CH/CS scaffolds were achieved by immersing

FIG. 1. Scanning electron microscopy
images of chitosan (CH)/chondroitin sulfate
(CS) scaffolds before (a, ¢) and after (b, d)
apatite coating: (a, b) low magnification.
Scale bar=200 pm; (¢, d) high magnifica-
tion. Scale bar=10 um.
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scaffolds into SBFs. The apatite coating created on the
scaffolds exhibited plate-like morphology (Fig. 1d), while
uncoated CH/CS scaffolds have little evidence of this mor-
phology with smooth surfaces (Fig. 1c). The CH/CS scaf-
folds showed the pore size range from 100 to 150 pm with
interconnected porous structures, and the apatite coating did
not significantly changed the pore size of the scaffolds.

Cell proliferation on scaffolds

To evaluate the feasibility of CH/CS scaffolds to support
cellular proliferation, ASCs™°¢~ were seeded on the scaf-
folds and observed by Live/Dead staining (Fig. 2). At day 1,
cells remained round morphology on the scaffolds without
expansion and they expanded in all groups up to day 21
(Fig. 2a). ASCs™°¢~ cultured on apatite-coated CH/CS
scaffolds appeared to spread greater than cells loaded on
uncoated scaffolds at day 21. Proliferation of seeded ASCs™°2~
on scaffolds was further studied by an alamarBlue assay
(Fig. 2b).

Although there was a trend that the cells proliferated
slightly greater on the apatite-coated scaffolds than uncoated
scaffolds, there were no statistical differences in cellular
proliferation between apatite-coated scaffolds and uncoated
scaffolds (Fig. 2b).

Release of BMP-2 from scaffolds

To determine whether apatite coating can reduce initial
burst of BMP-2, apatite-coated and uncoated CH/CS
scaffolds were loaded with BMP-2 (2.5 pg/scaffold) and
the release kinetics of BMP-2 from scaffolds was deter-
mined by incubating the scaffolds in PBS. Approximately
35% of initially loaded BMP-2 was released from uncoated
scaffold at day 1, while apatite coating significantly re-
duced the initial burst release of BMP-2 (~18% at day 1)
(Fig. 3).
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Critical-sized marginal mandibular defects (5X5mm)
were created in rat mandible (Fig. 4a). The construct of
ASCsN°2~ and apatite-coated CH/CS scaffold releasing
BMP-2 were successfully placed in the created defects
(Fig. 4b). During the 8-week period, no infection was de-
tected in all animals. Gross histology of the mandible after
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FIG. 3. In vitro release of bone morphogenetic proteins-2
(BMP-2) from noncoated (CH/CS) and apatite-coated (Ap-
CH/CS) scaffolds evaluated by ELISA assay. Color images
available online at www .liebertpub.com/tea

Day 21

FIG. 2. (a) Live/dead fluorescent staining
of noggin short hairpin RNA treated adi-
pose-derived stem cells (ASCs™°¢ ™) seeded
on noncoated (CH/CS) and apatite-coated
(Ap-CH/CS) scaffolds after 1, 7, and 21 days
in culture. Scale bar =500 um. (b) Alamar-
Blue assay showing proliferation of ASCsN&~
seeded on CH/CS and Ap-CH/CS scaffolds.
Color images available online at www
Jiebertpub.com/tea
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sacrifice revealed that the mandibular defects in cell/scaffold
group were completely covered by soft tissues and well
integrated with the surrounding native mandible (Fig. 4e, ).
The defect sites in blank scaffold or BMP-2 carrier alone,
however, were morphologically distinct from the surrounding
mandible with scaffold-like tissues exposed (Fig. 4c, d).

3D uCT analysis

The pCT analysis revealed significantly increased bone
formation in the defects implanted with ASCs™°¢~ + BMP-2
when compared with control (blank scaffold) or defects
implanted with ASCs"°¢~ or BMP-2 alone (Fig. 5). As
expected, the defects that were left empty demonstrated no
healing up to 8 weeks (data not shown). In particular, there
appeared to be more bone formation bridging the defect area
implanted with ASCs™°¢~ +BMP-2 (Fig. 5d) compared
with the control group (Fig. 5a). To quantitate the extent of
bone formation, the volume of new bone tissue was inves-
tigated on postmortem pCT images. Analysis of mandibular
defects demonstrated the percentage of new bone formation
in the group of ASCs™°¢~ + BMP-2 delivery was elevated
up to 50% greater as compared to that in ASCs™°¢~ or
BMP-2 delivery alone (Fig. 5e). In addition, no significant
difference in new bone formation was observed between
BMP-2 alone and cell carrier alone, however, each respec-
tive treatment group had significantly greater new bone
formation (~100% more BV) compared with the control
group (Fig. 5e).
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FIG. 4. Mandibular defect model.
(a) The critical-sized defect

(5% 5mm) was created in the left
mandible of a rat. (b) Ap-CH/CS
scaffold loaded with BMP-2,
ASCs™*®~, or BMP-2+ ASCs"¢~
was placed into the defect. Photo-
graphs of sacrifice mandibular defects
treated with Ap-CH/CS scaffold (c),
Ap-CH/CS scaffold loaded with
BMP-2 (d), ASCsN°¢™ (e), or
BMP-2+ASCs"*¢~ (f) at 8 weeks
postsurgery. Color images available
online at www .liebertpub.com/tea

Histological analysis

Histological evaluation of new bone formation was con-
sistent with pCT findings (Fig. 6). H&E staining at higher
magnifications (20xand 40x) revealed a large matured
bone formation throughout the mandibular defect area
treated with ASCs"°¢~ + BMP-2 delivery, while no obvious
bone formation was found in other groups (Fig. 6). Bone-
like tissues were observed in the groups of BMP-2 or
ASCsN°~ alone, which were infiltrated by osteoblast-like
cells (Fig. 6¢). The regenerated bone tissue was further
confirmed with Masson’s trichrome staining (Fig. 7a).
Masson’s trichrome staining revealed the presence of ma-
ture bone tissues in the group of ASCsN°¢~ + BMP-2 de-
livery. Osteoid matrix was observed in the groups of BMP-2
or cell carrier alone, while control groups exhibited fibrous-
like tissue with minimal bone formation. Picrosirus red
staining was used to examine collagen expression (Fig. 7b, c).
Increased collagen deposition was noted in the group of
ASCsN°2~ £ BMP-2 delivery, compared with the control
group. To further verify bone formation, we performed
immunofluorence staining for OCN, marker for mature bone
formation (Fig. 7d). More intense OCN staining was ob-
served in the group of ASCs™°¢~ + BMP-2 delivery com-
pared with the groups of BMP-2 or cell carrier alone, while
OCN expression was scarcely found in the control group.
The extent of collagen and OCN expression was further
quantitated by image analysis of picrosirus red staining and
OCN immuostaining (Fig. 8). Collagen expression in the
group of ASCsN°~ + BMP-2 increased up to 12 times,
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compared with the control group (Fig. 8a). OCN expression
significantly elevated up to 66 times in the combination
group of ASCs™°!” +BMP-2 when compared with the
control group, while there were 30 times increase in BMP-2
or ASCsN°¢~ alone (Fig. 8b). Quantitation also demon-
strated that the combination group had significantly greater
expression of the bone markers (i.e., collagen and OCN
expression) compared with ASCsN°¢~ or BMP-2 delivery
alone.

Discussion

Human segmental mandibular defects can influence pa-
tient’s quality of life, which varies with how these defects
are reconstructed. Free vascularized bone grafts are con-
sidered the gold standard for reconstructing large and
complex mandibular defects.*® However, surgery for free
flap transfer is usually associated with high perioperative
complication rates, where donor-site morbidity occurs in
30%—40% of patients. These and other complications can
occur in more than 60% of elderly patients. Therefore, al-
ternative approaches to treat mandibular defects include
tissue engineering strategies.>*

Small animal models of large mandibular discontinuity
defects were not well established and these studies have
been done in relatively small through-and-through defects of
the mandible because of limited surgical access.’>*® Re-
cently, our lab established a nonhealing critical-size mar-
ginal mandibular defect in a rat model.'~ The model created
in present study represents clinically relevant mandibular
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FIG. 5. Micro-computed tomogra-
phy images of mandibular defects
treated with Ap-CH/CS scaffold (a),
Ap-CH/CS scaffold loaded with BMP-
2 (b), ASCs™°¢~ (¢), or BMP-

2+ ASCsN°2~ (d) at 8 weeks post-
surgery. (e) Quantification of bone
volume/total volume (BV/TV) in
mandibular defects.*p <0.05.

BVITV (%)
@
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defects often created in tumor ablation surgery. We chose
this small animal model for its positive financial benefits and
ethical implications. However, further standardization of the
rat mandible model is necessary besides defect size because
the bone healing process can be influenced by many other
factors such as rat strain, age, anatomical location, surgical
technique, and evaluation method/period.*’

In the present study, we utilized a tissue engineering
approach to repair mandibular bone defects. In particular,
CH/CS scaffolds supplemented with BMP-2 and ASCs™°%~
enhanced bone regeneration in rat mandibular CSD. We
previously developed a biomimetic process to create apa-
tite layers on various biomaterial surfaces (e.g., PLGA,
TCP, and CH) and our biomimetic processing strategy re-
sulted in the uniform coating of hydroxyapatite crystalline
plates.'®*¥253% The created apatite was similar in structure
to carbonated hydroxyl apatite pre3pared under a similar
biomimetic process in other studies®® " but exhibited dif-
ferent apatite morphology with large plate-like structures.
The detailed characterization of the apatite has been de-
scribed in our previous study.*' Our present study revealed
that apatite coating on CS/CH scaffolds significantly re-

BMP2 + ASCs Nog-

duced the excessive initial BMP-2 burst release, possibly
due to increased electrostatic interaction between positively
charged molecules and negatively charged binding sites on
the apatite-coated surface.”® Other studies have indicated
that BMP-2 adsorbs on the hydroxyapatite surfaces through
electrostatic forces (between the negatively charged car-
boxylic groups of BMP-2 and the positively charged Ca
sites on hydroxyapatites) and water-bridged hydrogen
bonds.**** We also speculate that increased surface area
from the plate-like morphology of the apatite coating may
play a role in reducing initial BMP-2 burst release by in-
creasing retention capacity of the protein. A previous study
reported a high correlation between the specific surface area
of hydroxyapatite and the adsorbed amount of protein and
release kinetics.** It was also previously demonstrated that
crystallinity, solubility, and surface texture of hydroxyapa-
tite can influence the protein adsorption and release kinet-
ics.**> The final apatite structures can be modulated to
achieve the controlled release of protein by regulating var-
ious coating process parameters such as ionic strength, pH,
and concentration of crystal growth inhibitors in SBF
solution.*'*® Therefore, reducing the initial burst may
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FIG. 6. Hematoxylin-eosin staining of bone formation in mandibular defects treated with Ap-CH/CS scaffold (Blank),
Ap-CH/CS scaffold loaded with BMP-2, ASCs™¢~, or BMP-2+ ASCs™°¢~ at 8 weeks postsurgery. Dashed lines indicate

approximate margin of defect. Areas within the black boxes are magnified below. Original magnifications: 40X (a);
200 (b); 400% (c). Color images available online at www.liebertpub.com/tea
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FIG. 7. Histological analysis of bone formation in mandibular defects treated with Ap-CH/CS scaffold (Blank), Ap-CH/
CS scaffold loaded with BMP-2, ASCs™¢~, or BMP-2+ASCs"°¢ " at 8 weeks postsurgery by Masson’s trichrome staining

(a) and sirius red (SR) staining at bright filed (b) and polarized light (¢). (d) Osteocalcin (OCN) immmuofluorescent staining
of defect sites. Color images available online at www.liebertpub.com/tea
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FIG. 8. Relative expression of collagen

BMP2+ ASCsNog-

(a) and OCN (b) determined by image
analysis of sirius red staining and OCN
immunofluorescent staining samples.

*p <0.05. Color images available online
at www.liebertpub.com/tea
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prevent adverse side effects such as heterotopic ossification
and/or noggin expression resulting from excessive exoge-
nous BMP-2 at the site.'®*” These data also suggest that
apatite coating on CS/CH scaffolds resulted in favorable
cellular interactions (e.g., cell spreading and differentiation)
of ASCsN°¢~ on the scaffolds (Fig. 2). Clinical application of
ASCs in bone tissue repair possesses several advantages over
the use of bone marrow-derived MSCs because of their
abundant availability and easy accessibility without painful
isolation procedures.47 Furthermore, BMP-2 stimulated os-
teogenic differentiation of ASCs. In our previous study,
BMP-2 treatment (from 10 to 100 ng/mL) dose-dependently
enhanced ALP expression and mineralization in ASCs,
which was further increased in noggin-suppressed cells
(ASCsNe7) % The level of osteogenic differentiation in
ASCs treated with BMP-2 (100 ng/mL) was comparable to
that of ASCs™°¢™ treated with 10-fold less BMP-2 (10 ng/mL).
These results suggest that suppression of noggin expression in
ASCs and simultaneous delivery of BMP-2 in a sustained
manner would significantly improve bone formation by in-
creasing BMP activity while reducing dose requirements.

One of the notable findings in this study, as evidenced by
histology, was that scaffold degradation may be accelerated
by released BMP-2, and thus, provide more space for bone
regeneration in the defect. It is possible to assume that
BMP-2 released from the carrier may initially attract pre-
cursor cells (macrophages and monocytes), which are os-
teoclast precursors that may explain accelerated scaffold
degradation with BMP-2 containing groups.***°

Since 50 pg/mL BMP-2 dose successfull?/ regenerated rat
calvarial defects in our previous study,’® the same final
concentration of 50 pg/mL was tested in this rat CSD
mandibular model. When standardized for the 5X5-mm
mandibular defect volume, this corresponds to a total dose

BMP2+ ASCsNog:

of 2.5 ng. Previous BMP-2 studies for rat mandibular de-
fects applied 10pg BMP-2 to 2-5mm diameter defects
with ~30% bone healing at 4-8 weeks.”'% Other studies
used higher BMP-2 dose of 1 mg in a primate model with
20mm diameter mandible defects and observed minimal
bone formation at 16 weeks.”> Although the results derived
from this study will establish the standard for our comple-
mentary bone formation strategy of ASCs“°¢~ +BMP-2
delivery, the effect of BMPs is highly species-specific and
the obtained results in rodent models are not necessarily
predictive of outcomes in humans. Additional large animal
studies are needed for the clinical translation.

Although the current study highlighted the potential of
apatite-coated CH-based scaffolds delivering BMP-2 and
ASCsN°€~ to maximize bone regeneration in the challeng-
ing and stringent rat CSD mandibular model, it is also
beneficial to use MSCs with noggin suppression in combi-
nation with apatite microenvironments derived from this
study, without the addition of exogenous growth factors.
This strategy would significantly lower costs and potential
adverse effects of current BMP therapeutics. Moreover,
MSC:s are known to elicit immunosuppressive influence that
is crucial for preventing graft rejection and inflammation.>*
Hence, the current 3D construct containing MSCs is an ef-
fective tissue engineering strategy for bone regeneration.

Overall, the combination of apatite-coated CH/CS scaf-
fold, ASCs™°¢~ and BMP-2 delivery enhanced bone repair
in a rat mandibular defect model compared with the treat-
ment of BMP-2 delivery or ASCs™°¢~ alone.

Conclusion

CH and CS, naturally occurring polysaccharides, were
fabricated into 3D porous scaffolds. Biomimetic apatite
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coating promoted robust cell spreading throughout the sur-
face and significantly reduced initial BMP-2 burst release.
Bone regeneration in a rat mandibular CSD was maximized
when the apatite-coated CH/CS construct was implanted
into the defects in combination with ASCs"°¢~ and BMP-2.
The combinatorial strategy of 3D CH-based tissue con-
structs, ASCs™°¢~, and BMP-2 provides a promising tissue
engineering strategy to promote mandibular regeneration,
which will benefit patients with improvements to their
quality of life.
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