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Abstract
Objectives/Hypothesis—Advances in bone repair have focused on the minimally-invasive
delivery of tissue-engineered bone (TEB). A promising injectable biopolymer of chitosan and
inorganic phosphates was seeded with mesenchymal stem cells (MSCs) and a bone growth factor
(BMP-2), and evaluated in a rat calvarial critical size defect (CSD). Green fluorescent protein
(GFP)-labeled MSCs are used to evaluate patterns of cell viability and proliferation.

Study Design—Prospective, controlled trial in an animal model.

Methods—In 30 male rats, 8-mm calvarial CSDs were created, and divided into five groups of
six animals each. In the experimental groups, the defects were injected with either chitosan gel, gel
loaded with MSCs (0.3 × 106 cells/defect), gel loaded with BMP-2 (2 µg/defect), or gel loaded
with both MSC and BMP-2. In the control group, the defect was left untreated. At 4 weeks, in
vivo microcomputed tomography (micro-CT) analysis was performed. At 8 weeks, calvarial
specimens were examined by micro-CT, histology, and immunohistochemistry.

Results—New areas of bone growth were seen in the defects of all treated animals. Micro-CT
analysis revealed a significant (P < .001) time-dependent increase in the regeneration of bone
volume and bone area in defects treated with gel/MSC/BMP-2 as compared to all other groups.
Histological analysis confirmed this difference. GFP–labeled TEB was detected within the areas
of new bone, indicating cell viability and contribution to new bone growth by the injected MSC.

Conclusions—This study demonstrates that an injectable form of TEB using a chitosan gel,
MSC, and BMP-2 can enhance bone formation in a rat calvarial CSD.
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INTRODUCTION
The repair of craniofacial bony defects is surgically challenging due to the delicate and
complex anatomy of the craniofacial skeleton. Autografts, allografts, and synthetic bone
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substitutes have been used with variable success, each having distinct disadvantages that
limit their clinical application. One focus of craniofacial reconstructive research has been the
use of tissue-engineered bone (TEB) as a promising alternative to implantable materials. The
ideal TEB would allow regeneration and integration of bone in a minimal span of time. It
would be nonreactive, nonimmunogenic, easily delivered, and produce long-lasting
structural bone. One strategy in the development of TEB is the use of a biodegradable
polymer as a temporary three-dimensional scaffold to allow for the delivery of bioactive
materials and progenitor cells to participate in organized bone regeneration.1–3

A variety of natural and synthetic biomaterials have been used to mimic extracellular matrix
and serve as scaffolds for new tissue formation. The majority of cell-based therapies have
employed solid, implantable constructs that are preformed and require an open procedure for
delivery of TEB.4–6 The ability to produce TEB with an injectable polymer would provide
tremendous potential as a minimally invasive way to repair or recontour craniofacial defects
that offers several key advantages over implanted polymer scaffolds. A fluid material can
fill any shaped defect, may incorporate various growth factors, need not contain residual
solvents, such as those in preformed scaffolds, and does not require an open surgical
procedure for placement.

Bone morphogenetic proteins (BMP) are known to have the ability to stimulate
differentiation of uncommitted mesenchymal stem cells (MSCs) along the osteogenic
lineage and enhance the function of differentiated osteoblasts.7 The first indication of their
existence was the ability of demineralized bone matrix to produce ectopic bone when
implanted in vivo.8 Since that time, over 20 BMPs have been discovered. They are
multifactorial and belong to the transforming growth factor superfamily of growth factors.
As such, they are implicated in multiple developmental processes and are critical for bone
regeneration.

One member of this growth factor family, BMP-2, has been shown to accelerate bone
healing in a number of animal models.7 BMP-2 has a short half-life in vivo and requires a
suitable carrier matrix, such as a biopolymer gel, to maintain significant activity in vivo.9

A promising biopolymer made of chitosan, a natural biopolymer derived from crustacean
exoskeleton, has been the focus of current biomedical research for its many interesting
clinical applications. An injectable thermogelling solution made of chitosan and inorganic
phosphates that is cytocompatible with osteoprogenitor cells was recently developed at our
institution. It can deliver bioactive materials effectively and forms a gel at physiologic
temperatures.10 The unique properties of this chitosan biopolymer hold potential as a
practical and effective carrier matrix for the delivery of TEB.

In this study, TEB was generated by a thermogelling chitosan solution seeded with MSC and
BMP-2 delivered by in vivo injection to critical size rat calvarial defects. Radiographic,
histologic, and immunohistochemical analysis were used to evaluate bone regeneration.

MATERIALS AND METHODS
Overview

MSC from the bone marrow of adult green fluorescent protein (GFP)-labeled rats were
harvested and cultured in osteogenic medium. A mixture of MSC, BMP-2, and chitosan gel
was injected into critical size defects (CSDs) created in the calvaria of adult rats. The animal
protocol was reviewed and approved by the University of Virginia Animal Care and Use
Committee. All animals were housed and received veterinary care in the vivarium at the
University of Virginia. At 4 weeks, in vivo microcomputed tomography (micro-CT) scans
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were obtained of the calvarial defects. At 8 weeks, the calvaria were harvested and ex vivo
high-resolution micro-CT scans were obtained of the defects. The defects were analyzed for
histological and immunohistochemical properties.

Harvest of Mesenchymal Stem Cells
Sprague-Dawley rats, 6–8 months old, previously engineered to express a single copy of
enhanced green fluorescent protein (GFP), were sacrificed by intracardiac lidocaine
injection. The purpose of harvesting labeled cells from this animal line was to then implant
them into wild type Sprague-Dawley rats not expressing GFP to follow the fate of the
implanted cells. In a sterile fashion, the femurs were dissected free from the surrounding soft
tissue, severed at midshaft, and centrifuged (10,000 rpm) to extract the bone marrow
containing MSCs. The cells were maintained in culture as previously described.11 Briefly,
MSCs were maintained in a medium of Dulbecco’s Modified Eagle’s Medium (DMEM)
with high glucose and containing 10% fetal bovine serum, 1 µg/mL gentamicin, 2 mmol/L
glutamine, 1 mmol/L nonessential amino acid (Life Technologies, Gaithersburg, MD),
insulin, transferrin, and selenium (Collaborative Biomedical Products, Bedford, MA). Cells
were cultured in 100-mm culture dishes in a humidified, mixed environment of 5%
CO2/95% air at 37°C. Second-passage cells were displaced off the cell culture plates via
trypsin digestion and placed in DMEM at a concentration of 12.5 × 105 cells/30 µL DMEM.

Synthesis of Chitosan Construct
Chitosan from crab shells (minimum 85% deacetylation) and ammonium hydrogen
phosphate (AHP) were procured from Sigma (St. Louis, MO). As previously described,10

chitosan was dissolved in 0.5% acetic acid solution (~2.8%) under magnetic stirring for 48
hours at room temperature. The resulting solution (pH ~5.6) was filtered and stored at 4°C.
The viscosity of the solution was found to be 5,300 cps when measured at a shear rate of 4
s−1 (Brookfield DV-IIþ Pro Viscometer; Brookfield Engineering Laboratories, Inc.,
Middleboro, MA). Chitosan (5 mL) was aliquoted into a glass vial and magnetically stirred
in an ice bath. AHP solution (60% in water, pH ~8.6) was slowly added to the chilled
chitosan solution. The pH of the resulting mixture was found to be in the range of 7 to 7.2.

Delivery of Chitosan/BMP/MSC Construct
Thirty adult male Sprague-Dawley rat retired breeders (400–550 g) were randomly assigned
to five different experimental groups: control, gel only, BMP/gel, MSC/gel, and BMP/MSC/
gel. Animals were intraperitoneally anesthetized using 4.5 mg/100 g Nembutal. The head
was shaved, sterilized with Betadine and 70% ethanol, and mounted onto a stereotactic
restraint. An incision was made midline from the supraorbital glabella to the occiput. This
incision was taken through the periosteum, which was elevated from the underlying bone
and retracted laterally. A bone-cutting burr was used to create 8-mm calvarial defects to the
level of the dura and sigmoid sinus. Sterile saline solution was used to keep membranes
moist and to thoroughly remove bone debris. After the osseous defect was created, a 1-mL
syringe with a 19-gauge needle loaded with 300 µL of biopolymer construct (chitosan-AHP
solution with or without MSC or BMP) was delivered into the center of the defect. In cell-
treated groups, 0.3 × 106 MSC pellet was resuspended in chitosan solution to a total volume
of 300 µL loaded in a syringe and injected into the defect. For those groups treated with
BMP, 4 µg of growth factor (500 µg/mL) was added to chitosan solution to a total of 300 µL
and injected into the defect. The periosteum was then closed with 6-0 nylon around the
needle exiting from the distal portion of the incision. Then entire volume of construct was
then injected into the defect. The skin was closed with 4-0 absorbable suture. Both
antibiotics and analgesics were administered for 1 week following surgery.
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Microcomputed Tomography Analysis
Bone formation in animals was followed over an 8-week time course. A quantitative
microcomputed tomography specimen imaging scanner (Scanco, Bassersdorf, Switzerland)
was used to assess new bone formation in the defect at 4 weeks in vivo and 8 weeks ex vivo.
At 4 weeks, all animals were anesthetized by intraperitoneal injection of 4.5 mg/100 g
Nembutal and imaged utilizing a low-resolution 45 kVp scan. All animals were sacrificed at
8 weeks and ex vivo scans of each specimen were obtained utilizing a high-resolution 45
kVp scan. Following reconstruction of the 2-dimensional (2D) slices, an appropriate
threshold matching the original grayscale images was chosen. Contour lines were drawn
around the defect area to appropriately select a circular defect void volume of 8 mm × 1
mm, taking care to exclude neighboring native bone. Three-dimensional (3D) images were
created from 2D slices, and the bone volume within the selected circular defect was
calculated using the 3D evaluation program. Bone void volume, threshold (160), and scan
parameters (support = 4; width = 1.2) were kept constant throughout the entire study. In
addition, micro-CT–based morphometric analyses of defects were used to determine the area
within the defect covered by new bone formation, using Image-Pro Plus version 5.0 (Media
Cybernetics, Carlsbad, CA).

Histological Analysis
Following micro-CT scanning, each sample was decalcified in 10%
ethylenediaminetetraacetic acid (EDTA) (Richard Scientific, Kalamazoo, MI) for 2 weeks at
room temperature on a rotating rocker. Following decalcification, samples were dehydrated
overnight. Samples were then cut along the coronal plane at the midline of the defect and
embedded in paraffin. Sections at 7 µm each were mounted onto individual slides, and
stained with hematoxylin and eosin. Representative samples were evaluated for new bone
formation, bone architecture, and inflammatory markers.

Immunohistochemical Analysis
Paraffin-embedded decalcified bone sections were processed for immunohistochemistry
using a primary rabbit anti-GFP antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and a
goat anti-rabbit antibody conjugated to avidin-biotin and developed with peroxidase using
the manufacturer’s protocols (Vector Laboratories, Burlingame, CA). Primary antibody was
diluted 1:100 and secondary 1:500 in 5% goat serum. Peroxidase activity was visualized
with diaminobenzidine (Sigma, St. Louis, MO). Images were acquired using an inverted
microscope (model BX51; Olympus, Tokyo, Japan) equipped with a digital camera (model
DP70; Olympus) using Adobe Photoshop software (Adobe, San Jose, CA).

Statistical Analysis
GraphPad Prism (GraphPad Software, La Jolla, CA) was used to perform a 1-way analysis
of variance test to measure statistical significance when comparing experimental groups.
Significance was asserted at P < .05.

RESULTS
Bone Healing in a Rat Cranial CSD

Evaluation of the osteogenic potential of the TEB construct was performed at distinct time
points over an 8-week period. The TEB, composed of chitosan and a combination of either
BMP and/or MSC, was placed into critical size defects and subjected to micro-CT analysis.
This analysis was performed in vivo at 4 weeks and ex vivo at the end of the experiment (8
weeks). Micro-CT–guided morphometric analyses quantified the area within the defect
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covered by new bone formation. This quantification accompanied the qualitative data
regarding the location of new regenerating bone.

Figure 1 demonstrates representative samples of each of the five groups as assessed by
micro-CT at 4 and 8 weeks. Aside from the control (untreated) group, each group
consistently demonstrates greater density of bone regeneration at 8 weeks when compared to
4 weeks. Additionally, this volume appears to increase linearly, with the amount of bone
present at the first time point virtually doubling at the second time point.

Qualitative analysis also shows an increase in bone with the addition of BMP and/or MSC
when compared to the control or gel-only groups. The combination of BMP and MSC
appears to act synergistically to produce continual healing over the study period. Although
the MSC/gel group appears to regenerate bone better than the BMP/gel group, the addition
of both produces a construct that regenerates more bone at 4 weeks than all other groups at 8
weeks.

Another salient visual result is the location of bone formation. Although minimal bone
regeneration occurs in the control and gel groups, this sparse bone was localized to the
periphery of the defect. This pattern of bone formation was also observed in the BMP/gel
group. The remaining two groups containing MSC displayed central and peripheral healing.
This pattern was more pronounced in the BMP/MSC/gel group, but also was true of the
MSC/gel group.

Quantification of bone regeneration via morphometric analysis confirms qualitative
conclusions. As can be seen in Figure 2, a significant difference exists in each group
between the quantity of bone regenerated at 4 and 8 weeks (except for the defect-only
control group). No statistically significant difference was found between the gel alone,
BMP/gel, and MSC/gel groups, either at the 4 week or 8 week time points. This is in stark
contrast to the BMP/MSC/gel group, which had significant bony healing at 4 and 8 weeks.
The amount of bone healing seen at 4 weeks for this group exceeded the regeneration
present at 8 weeks for any other group. The analysis also revealed quantitatively that the
amount of bone created at the end of 8 weeks was approximately three times more in the
group that received both BMP and MSC as compared to all other groups (Fig. 3). This again
confirms the synergistic effect seen qualitatively.

Histologic and Immunohistochemical Analysis
Histologic assessment of the osteogenic potential of TEB was performed at the experimental
end. Hematoxylin and eosin-stained sections were analyzed with light microscopy at various
levels of magnification yielding information on the quality and histologic characteristics of
bone regeneration, implanted chitosan gel, and surrounding cell infiltrate.

At the end of the experimental period, residual gel was seen within all defects after 8 weeks.
The gel alone group had a minimal amount of bone formation, but did contain large amounts
of unresorbed gel. In the other groups, the majority of gel was resorbed and the remainder
was seen in many areas to be mixed with blood and fibrin. A greater degree of gel resorption
was observed in the BMP/gel group, as compared with gel-alone or either cell-treated group
(MSC/gel, BMP/MSC/gel). In the two cell-treated groups, chitosan gel is found at the
interphase of newly formed immature bone (Fig. 4). Although large areas of the gel in the
cell-treated groups were devoid of cells, areas of new bone formation where characterized
by incorporation of osteoprogenitor cells within the gel (Fig. 4).

Islands of bone formation histologically correspond well to micro-CT data obtained. Bone
was seen in all groups of treated animals, with a thin layer of bone almost completely
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covering the defect of the BMP/MSC/gel group. This bone appeared to be present both in
the periphery and the center, as opposed to other groups. The BMP/gel group additionally
had a much more vigorous cellular response at the bone-defect interface, as evidenced by the
multiple spindle shaped cells with a high nucleus:cytoplasmic ratio (Fig. 4).

Utilization of specifically labeled MSC allowed for the unique opportunity to determine the
presence or absence of surviving progeny within the defects. Immunohistochemical staining
for GFP-localized viable MSC was shown using a brown colorimetric reaction (Fig. 5).
Defects containing BMP/MSC/gel constructs were seen histologically to contain the largest
number of GFP-positive cells. These cells were present within the osteoid and along newly
forming bone, indicating the MSCs had converted to osteoblasts and were secreting bone.
The specificity of the stain can also be appreciated as defects containing BMP/gel did not
contain any background staining (Fig. 5).

DISCUSSION
The clinical challenge encountered in the reconstruction of craniofacial bony defects has
prompted multiple modalities to repair these defects. These include autografts, allografts,
and tissue-engineered constructs. All modalities have inherent disadvantages; clinical
knowledge and experience dictate their use. Autografts use tissue from the patient to
reconstruct defects at a distant location, but this can be complicated by donor-site morbidity,
infection, and an extra incision with concomitant pain. Allografts overcome some of these
problems, but can also be a source of infectious vector transmission, poor incorporation, and
extrusion. 12,13 Tissue-engineered constructs are becoming more common, but do not
contain purified cells and usually consist of growth factor(s) contained within a carrier.

In this study, elements known to be relevant for inducing and accelerating bony growth were
placed into a gel with unique properties. The goal is to use a gel with osteoconductive and
osteoinductive properties that would have clinical advantages over current treatment
modalities. The base carrier, chitosan gel, is a well-characterized biomaterial derived from
the exoskeleton of crustaceans. Its most common use in humans involves hemostasis in
battlefield injuries.14 Although not clinically osteoconductive, it can serve as an adequate
carrier for cells and growth factors.15,16 Here we confirm previous results and demonstrate
that chitosan gel alone does not promote significantly greater healing than the control group
(Fig. 2).

The base chitosan gel was augmented with BMP-2 and/or MSC to evaluate bony healing.
These both have been individually shown to augment bone formation. As stated before,
BMP-2 is a member of the multifunctional transforming growth factor superfamily, most
commonly associated with bone formation and regeneration.9

The MSC utilized in this study are among the best characterized adult stem cells present
within the mammalian organism.17 These cells are relatively uncommitted cells derived
from a fibroblastic, tissue culture plastic adherent, nonhematopoietic cell population residing
in bone marrow. They have the capacity to express markers of other tissue types, including
muscle, 17 nerve,18 fat,19 and cartilage.20 Implantation of the cells has the potential to
enhance healing of bone,21,22 cartilage,23 and tendon,24,25 as seen in other studies.

These cells are not located solely in the hematopoietic niche. Adult stem cells have been
identified in fat,26 muscle,27 dura,28 and other locations. All appear to be fibroblastic cells
capable of displaying gene products of tissues derived from mesoderm, ectoderm, and
interestingly, endoderm. Future studies will likely incorporate the other adult stem cells for
contrast and comparison with marrow mesenchymal cells.
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The model used for this study was the critical size rat calvarial defect.29 The critical size
defect is a model independently validated for each and every defect and animal. It represents
the smallest size defect that will heal less than 10% over the lifetime of the animal. Using
this model, the difference, however small, is directly related to the implant material and not
to the innate regenerative capacity of the study animal.

The coverage of the defect with bone was not an unexpected event, especially with the
addition of cells and a growth factor accelerant. The result that was unexpected, however,
was the near equivalency of bone healing between the BMP/gel and MSC/gel groups. A
priori conjecture as to the relative levels of bone healing between the two groups could lead
to conclusions that are logically sound, but ultimately wrong. The BMP group increased the
amount of bone formation at the periphery of the defect, whereas the MSCs provided a
supply of cells and elaborated factors that created bone closer to the center. At the end of 8
weeks, both of these groups provided a nonsignificant increase in bone healing above gel
alone.

Addition of both BMP and MSC to the defect site acted in a greater than additive fashion to
enhance bone healing. Many explanations can be formulated for this result. BMP likely
enhanced peripheral bone formation, but also provided a factor known to convert MSC to
osteoblasts. The MSCs also generate growth factors responsible for angiogenesis. Thus,
before the MSC conversion to osteoblasts, it is likely that the signals required for
angiogenesis were present and ready to revascularize the nascent island of bone.

A major limitation to regeneration of bone is the relative lack of a vascular supply. A
diffusion barrier exists beyond which cells are unable to obtain nutrients via plasmatic
imbibition. This problem is exacerbated in bone, where formation of osteoid can lead to
death of the cells producing and encasing themselves in osteoid. Thus, much of the bone that
is produced has a limited diameter directly related to the size at which the cells cannot
support themselves through diffusion.

Histologic analysis complemented the micro-CT findings of bone formation within defects.
Cross-sectional analysis of the defects demonstrated a greater amount of bone growth
centrally in those defects containing MSC than those without MSC. The addition of BMP
increased the cellularity at the bone defect junction, likely due to its proliferative effect on
osteoblasts.

In addition to bone formation, the model used allowed identification of implanted cells or
their progeny. The MSC were derived from a rat line constitutively expressing GFP. The
detection of GFP via fluorescent microscopy was not viable in this system secondary to the
background fluorescence of bone and the diminishment of signal due to fixation and
decalcification. Immunohistochemistry directed at GFP clearly demonstrated cytoplasmic
staining present within cells encased in osteoid, presumably osteoblasts. This finding further
supports the inference that MSCs convert to osteoblasts due to the action of BMP-2.

CONCLUSION
This set of studies demonstrates the viability of a cell/growth factor/carrier construct in the
minimally invasive delivery of a bone forming construct. Delivery of this construct was
simple and produced bone detectable histologically and by computed tomography. Clinically
this combination could be easily produced and delivered operatively or in a minimally
invasive clinical setting for the treatment of bony deficits. Future experiments will utilize
other adult stem cells and growth factor combinations that will enhance angiogenesis and
osteogenesis.
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Fig. 1.
Micro-CT analysis of cranial defects stratified by groups over the study period. MBP = bone
morphogenetic proteins; MSC = mesenchymal stem cells.
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Fig. 2.
Percent bone regeneration by area within defects as measured by micro-CT at 4 and 8
weeks. Note the increase in bone regenerated over the study time period. *P < .05. MBP =
bone morphogenetic proteins; MSC = mesenchymal stem cells.
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Fig. 3.
Calculations of bone volume at 8 weeks within each study group. *P < .05. MBP = bone
morphogenetic proteins; MSC = mesenchymal stem cells.
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Fig. 4.
Hematoxylin and eosin staining of calvarial histologic sections after 8 weeks. Representative
sections from each study group shown. MBP = bone morphogenetic proteins. [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 5.
Immunohistochemistry for green fluorescent protein within mesenchymal stem cells (MSC)
implanted into defects. Note lack of staining in defects containing no cells. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com.]
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