1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

> % NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

o NATIG,

Published in final edited form as:
Acta Biomater. 2014 December ; 10(12): 5021-5033. doi:10.1016/j.actbio.2014.08.028.

Novel osteoinductive photo-cross-linkable chitosan-lactide-
fibrinogen hydrogels enhance bone regeneration in critical size
segmental bone defects

Sungwoo Kim?!, Katherine Bedigrew?, Teja Guda3, William J. Maloney?!, Sangwon Park?,
Joseph C. Wenke?, and Yunzhi Peter Yang!®

1Department of Orthopedic Surgery, Stanford University, Stanford, CA

2Extremity Trauma & Regenerative Medicine Task Area, US Army Institute of Surgical Research,
San Antonio, TX

3Department of Craniomaxillofacial Regenerative Medicine, Dental and Trauma Research
Detachment, United States Army Institute of Surgical Research, Fort Sam Houston, TX

4Department of Prosthodontics, Dental Science Research Institute and BK21 Project, School of
Dentistry, Chonnam National University, Gwangju, Republic of Korea

SDepartment of Materials Science and Engineering, Stanford University, Stanford, CA

Abstract

The purpose of this study was to develop and characterize a novel photo-cross-linkable chitosan-
lactide-fibrinogen (CLF) hydrogel and evaluate the efficacy of bone morphogenetic protein-2
(BMP-2) containing CLF hydrogel for osteogenesis in vitro and in vivo. We synthesized the CLF
hydrogels and characterized their chemical structure, degradation rate, compressive modulus, and
in vitro BMP-2 release kinetics. We evaluated bioactivities of the BMP-2 containing CLF
hydrogels (0, 50, 100, and 500 ng/ml) in vitro using W-20-17 preosteoblast mouse bone marrow
stromal cells and C2C12 mouse myoblast cells. The effect of BMP-2 containing CLF gels (0, 0.5,
1, 2, and 5ug) on bone formation was evaluated using rat critical size segmental bone defects for 4
weeks. FTIR spectra and SEM images showed chemical and structural changes by addition of
fibrinogen into chitosan-lactide copolymer. Incorporation of fibrinogen molecules significantly
increased compressive modulus of the hydrogels. In vitro BMP-2 release study showed initial
burst releases from the CLF hydrogels followed by sustained releases, regardless of the
concentration of the BMP-2 over 4 weeks. Cells in all groups were viable in the presence of the
hydrogels regardless of BMP-2 doses, indicating non-cytotoxicity of hydrogels. Alkaline
phosphate activity and mineralization of cells exhibited dose dependence on BMP-2 containing
CLF hydrogels. Radiographs, microcomputed tomography, and histology confirmed that the
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BMP-2 containing CLF hydrogels prompted neo-osteogenesis and accelerated healing of the
defects in a dose-dependent manner. Thus the CLF hydrogel is a promising delivery system of
growth factors for bone regeneration.
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1. Introduction

Bone morphogenetic protein-2 (BMP-2) is a potent osteoinductive factor and plays an
important role in bone regeneration by stimulating endochondral ossification via
chemotaxis, migration, proliferation and osteogenic differentiation of mesenchymal stem
cells [1-4]. However, BMP-2 administered in the form of a buffer solution has a short
biological half-life, rapid clearance, potential harmful side effects, and is very costly in
systematic delivery [2, 5-6]. Improved efficacy of BMP-2 induced bone formation can be
achieved by using biodegradable delivery systems to overcome the limitations
aforementioned [2, 7]. BMP-2 in combination with an absorbable collagen sponge (ACS) is
the FDA-approved device for clinical applications including lumbar spine fusion, open tibial
fractures, and sinus augmentation [4, 7-9]. However, the concerns about side effects
associated with a rapid burst release and the risk of immunogenic responses have
necessitated new delivery strategies that enable a controlled and sustained release of BMP-2
at the physiologically relevant dose to enhance therapeutic outcome [10-14]. The ideal
delivery system should maintain the structural integrity of the defects, spatially and
temporally present bioactivity to guide surrounding cells, and gradually degrade
corresponding to the rate of tissue regeneration [15-16].

In this regard, hydrogels have been broadly studied for delivery of growth factors to
facilitate tissue integration and regeneration, as well as restoring the function of a damaged
tissue [13-16]. Recent studies have demonstrated that introduction of growth factor binding
ligands to polymer-based delivery systems can maintain bioactivities of the growth factors
over extended periods of time and allow cell-mediated proteolysis to transiently release the
bound growth factors [12, 16-17]. The growth factor binding ligands enhance the strength of
interactions between growth factors and the materials, leading to improved tissue
regeneration [15-17]. The choice of growth factor binding protein depends on its affinity to
specific growth factor in the specific target of interest. For example, BMP-2 binds to the
components of the extracellular matrix (ECM) by interaction with heparan-sulfate
proteoglycans [12, 18]. The basic N-terminal domains of BMP-2, including arginine, lysine,
and histidines, are key components of the heparin-binding sites [18-20]. Therefore, the
heparin-binding affinity can be used to enhance controlled release of BMP-2 in response to
cell-mediated enzymatic activity during bone healing [17-23].

Herein, we present a photo-cross-linkable chitosan-lactide-fibrinogen (CLF) hydrogel as a
carrier for delivery of BMP-2 and evaluated the delivery efficacy of BMP-2 containing CLF
hydrogels on osteogenesis in vitro and in vivo. This CLF hydrogel was developed based on
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our previous work on a chitosan-lactide (CL) hydrogel by addition of fibrinogen [24].
Fibrinogen contains a heparin-binding domain, which was used to improve BMP-2 binding
affinity [21, 25]. Fibrinogen has been extensively studied for human use in a number of
clinical applications such as a tissue sealant, growth factor delivery, and a tissue engineered
scaffold [21-22, 26]. Fibrinogen has proteolytically degradable sites and adhesive ligands
for cell surface integrins [10, 17, 26]. Our CLF hydrogel was designated to contain tunable
mechanical properties, hydrolytically degradable amide and ester linkages, and excellent
protein binding affinities. The cross-linked hydrogel networks are formed by a radical
polymerization upon application of ultraviolet (UV) light. The properties of the CLF
hydrogels, such as swellability, stiffness, and degradability, can be readily adjusted by
changing ratios of chitosan to lactide and cross-linking density via UV exposure time. In this
regard, we have optimized the CLF hydrogels for sustained delivery of BMP-2 over several
weeks to promote new bone formation.

In this study, we first synthesized the photo-cross-linkable CLF hydrogels and characterized
their chemical structure, compressive modulus, degradation rate, and in vitro BMP-2 release
kinetics. Then, we examined bioactivities of the CLF hydrogel mediated BMP-2 using
W-20-17 preosteoblast mouse bone marrow stromal cells and C2C12 mouse myoblast cells
invitro. The delivery efficacy of BMP-2 was evaluated by measuring cytotoxicity, alkaline
phosphatase (ALP) activity, and mineralization according to different doses (0, 50, 100, or
500 ng/ml). In addition, we investigated the new bone formation in a critically sized rat
femoral defect by implanting the CLF hydrogels loaded with BMP-2 (0, 0.5, 1, 2, and 5ug)
for 4 weeks. This study has demonstrated that the photo-cross-linkable CLF hydrogel can
effectively deliver BMP-2 to regulate cell response and enhance osteogenesis both in vitro
and in vivo.

2. Materials and Methods

2.1. Materials

Chitosan (= 310 kDa, 75% or greater degree of deacetylation) and methacrylic anhydride
were purchased from Sigma-Aldrich (St Louis, MO). D,L-Lactide was purchased from
Ortec (Piedmont, SC). Human fibrinogen was obtained from Enzyme Research Labs (South
Bend, IN). Human bone morphogenetic protein-2 (BMP-2) was obtained from Medtronic
(Minneapolis, MN). All other chemicals were reagent grade and were used as received. UV
light source (Omnicure S2000) was purchased from Lumen Dynamics Group Inc (Ontario,
Canada).

2.2. Synthesis of CLF hydrogels

A 1 % (w/v) chitosan solution was prepared by stirring powdered chitosan in 0.75% (v/v)
aqueous acetic acid at room temperature overnight. The insoluble particles in the chitosan
solution were removed by filtration. An aqueous solution of lactic acid was prepared by
dissolving powdered D,L-Lactide in DMSO (dimethyl sulfoxide) at 80°C. The mass ratio of
chitosan to lactide was 8:1. The mixture of chitosan and lactide was stirred using a magnet
stirrer for 1 hour at 80 °C. Tin (1) 2-ethylhexanoate and triethylamine (TEA) were added
dropwise. The mixture was reacted at 80 °C with magnetic stirring for 20 hours in nitrogen
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atmosphere. The mixture was dialyzed in distilled water using dialysis tubing (molecular
weight cut off: 14,000) for 1day. 2.5 % (w/v) methacrylic anhydride was added into the
dialyzed mixture dropwise, and the reaction was continued for 8 hours at 60 °C. The mixture
was dialyzed in distilled water using dialysis tubing (molecular weight cut off: 14,000) for 7
days. The obtained solution was then freeze-dried for 2-3 days and stored at —20°C until
use. For the CLF hydrogel formulation, the freeze-dried samples were reconstituted as a 2.5
% (w/v) in distilled water. The prepolymer solution was mixed with fibrinogen (3.6 mg/ml)
at 4 °C overnight. The photoinitiator (Irgacure 2959, CIBA Chemicals) was dissolved
completely into distilled water at 70°C. The photoinitiator solution was sterile-filtered
through a 0.22 um filter and then added to the prepolymer solutions to make a final
concentration of 0.5 % (w/v). The prepolymer solutions were then exposed to 6.9 m\W/cm?
UV light to allow for free radical polymerization by photo-cross-linking.

2.3. Characterization of CLF hydrogels

2.3.1. Fourier transform infrared spectroscopy (FTIR) spectra—In order to
investigate chemical structure of prepolymer solutions, including CL and CLF, FTIR spectra
were obtained using a Bruker Vertex 70 FTIR spectrometer coupled to a PC with analysis
software. Samples were placed in the holder directly in the IR laser beam. All spectra were
recorded by transmittance mode (40 times scanning, 800-4000 cm™1).

2.3.2. Scanning electron microscopy (SEM)—The internal microstructures of the CL
and CLF hydrogels were investigated by SEM. The effect of fibrinogen on the
morphological change of the CL hydrogels was observed. The hydrogel samples were
incubated into PBS (pH 7.4) at 37°C for 1 day and lyophilized overnight (Freezone,
LABCONCOQ). The samples were sputter-coated with gold and examined under a scanning
electron microscope (Hitachi S-3400N VP SEM) operated at 10 kV voltages.

2.3.3. Mechanical testing—Unconfined compression tests were performed to determine
the mechanical properties of the CL and CLF hydrogels using an Instron 5944 materials
testing system (Instron Corporation, Norwood, MA) fitted with a 10 N load cell (Interface
Inc., Scottsdale, Az). The prepolymer solution was pipetted into a cylindrical Teflon mold
and exposed to 6.9 mW/cm?2 UV light for 200s. The diameter (~6 mm) and thickness (~3
mm) of the samples were measured using digital calipers and the material testing system’s
position read-out, respectively. Before each test, a preload of approximately 2 mN was
applied. The upper platen was then lowered at a rate of 1% strain/sec to a maximum strain of
30%. Load and displacement data were recorded at 100 Hz. The compressive modulus was
determined for strain ranges of 10-20% from linear curve fits of the stress-strain curve. All
tests were conducted in PBS solution at room temperature.

2.3.4. In vitro degradation characteristics—In vitro degradation behavior of the
hydrogels was investigated by comparing CL hydrogels with CLF according to different
pHs and enzymatic activities. The swelling behavior or degradation profile of the hydrogels
was determined by measuring the wet remaining ratio of the hydrogels in phosphate-
buffered saline (PBS) solution. The hydrogels were surface dried and weighed (W). Then
the hydrogels were placed into PBS (pH 7.4), PBS (pH 4), or 1mg/ml collagenase A
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containing PBS (pH 7.4) at 37°C. At designated time points over a period of 4 weeks, the
samples were taken out and weighed again (W;). The wet weight remaining ratio was
calculated as follow: Wet weight remaining ratio (%) = W1/Wy x 100%

2.4. In vitro BMP-2 release study

To study the release kinetics of BMP-2 from the CLF hydrogels, two different
concentrations of BMP-2 were directly loaded into the CLF hydrogels formulation (10
ng/ml and 100 ng/ml). Briefly, BMP-2 was mixed with prepolymer solution to form a
homogenous solution, and then they were preserved at 4°C overnight prior to the
experiment. The mixture was then pipetted into a cylindrical Teflon mold and exposed to 6.9
mW/cm?2 UV light. The hydrogels with diameter of 6 mm and thickness of 3 mm were
prepared. Each sample was placed in a container with 1 ml of PBS (pH 7.4) and incubated at
37°C for 28 days. At designated time points, 150 pl aliquots of the release medium were
sampled and the same amount of fresh PBS (pH 7.4) was added into each container. In the
collected fractions, the cumulative amount and percentage of BMP-2 from the CLF
hydrogels were determined as a function of time by a BMP-2 ELISA kit (R&D systems,
MN). The optical density of each well was determined using a microplate reader at 450 nm
with a correction setting of 540 nm (TECAN Infinite F50).

2.5. In vitro bioactivities

2.5.1. Cell culture—Two different cell lines, W-20-17 preosteoblast mouse bone marrow
stromal cells and C2C12 mouse myoblast cells, were purchased from ATCC (Manassas,
VA). They were grown and maintained in DMEM media with 10% FBS, 1% antibiotic/
antimycotic mixture, 5ml of L-glutamine (200mM), and sodium pyruvate. The cells were
cultured in an incubator supplied with 5% CO, at 37°C. The culture medium was changed
every 3 days.

2.5.2. Cytotoxicity of hydrogels—The cytotoxicity of the CLF hydrogels was
quantitatively examined by an indirect cell culture. The hydrogels were loaded with different
concentrations of BMP-2 (0, 50, 100, or 500 ng/ml) as described above and placed into cell
culture inserts (BD BioCoat™ Control Cell Culture inserts). Two different cell lines
(W-20-17 and C2C12) were used. The cells were seeded at a density of 30,000 cells/well in
the bottom of 24-well plates and the hydrogels were placed into the upper chamber with
culture medium. After 1 and 3 days of the incubation, the number of viable cells was
determined quantitatively using a MTS assay according to the manufacturer’s instructions.
The light absorbance at 490 nm was recorded using a micro plate reader (TECAN Infinite
F50). Before the assay, the cellular morphology was observed qualitatively using a Zeiss
Axiovert 200 microscope (Carl Zeiss Microimaging, Thornwood, NY). Photomicrographs of
cells were processed using a software (Zeiss, AxioVision).

2.5.3. Dose effects of BMP-2 on alkaline phosphatase (ALP) activities in cells
—In order to investigate the effect of different concentrations of BMP-2 on the presence of
ALP, the W-20-17 and C2C12 cell lines were cultured in the DMEM media containing the
CLF hydrogels. Cells were seeded in the bottom of 24-well plates at a density of 60,000
cells/well. The hydrogels loaded with BMP-2 (0, 50, 100, or 500 ng/ml) were placed into the
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inserts and added into the 24-well plates. After 7 days of the incubation, the cell layers were
washed twice with PBS (pH 7.4) and then lysed with 1 ml of 0.2% Triton X-100 by three
freeze-thaw cycles, which consisted of freezing at —80 °C for 30 minutes immediately
followed by thawing at 37 °C for 15 minutes. Cell response to BMP-2 released from the
hydrogels was determined by ALP activity and by double stranded DNA (dsDNA). In brief,
50 pl aliquots of the cell lysates were sampled and added to 50 pl of working reagent in a
96-well assay plate. The working regent contains equal parts (1:1:1) of 1.5M 2-amino-2-
methyl-1-propanol (Sigma), 20 mM p-nitrophenyl phosphate (Sigma), and 1 mM
magnesium chloride. The samples then were incubated for 1 hour at 37°C. After incubation,
the reaction was stopped with 100 pul of 1N sodium hydroxide on ice. ALP activity was
determined from the absorbance using a standard curve prepared from p-nitrophenol stock
standard (Sigma). The absorbance was measured at 492 nm using a microplate reader
(TECAN Infinite F50). For dsDNA, 50 pl aliquots of the cell lysates were added in a 96-
well assay plate. Each 50 pl of a 1:200 dilution of picogreen (Invitrogen) was added to each
well and incubated for 5 min in the dark. The assay plate was read at 485 nm excitation and
528 nm emissions using a BioTek FLx800 plate reader. The dsDNA content was calculated
using a standard curve made by a provided dsDNA standard sample. The ALP specific
activity of cells was then calculated by normalizing to dSDNA. ALP activity was expressed
as nmol/ng.

2.5.4. Alizarin Red S staining for calcium mineralization—Calcium mineral content
within the cell layers was determined qualitatively and quantitatively by Alizarin Red S
staining (AR-S). Cells were seeded in 24-well plates at a density of 30,000 cells/well and
incubated in DMEM for 1 day, and then the culture medium was changed to osteogenic
media containing 10% FBS, 10 mM B-glycerophosphate, 10 nM dexamethasone, and 50
mg/ml ascorbic acid. The hydrogels were loaded with different concentrations of BMP-2 (0,
50, 100, or 500 ng/ml). The hydrogels loaded with BMP-2 were placed into the inserts and
added into the well plates. At the end of each time point (10 and 21 days of incubation), the
cell layers were washed with PBS (pH 7.4) twice and fixed in ice-cold 50 % ethanol at 4 °C
for 30 minutes. After washing with distilled water, they were completely dried at room
temperature and stained by adding 1 ml of 1% Alizarin Red S (10 mg/ml) at room
temperature for 45 minutes. The cell layers were then washed with distilled water five times
and dried completely. Stained cell layers were photographed using a Zeiss Axiovert 200
microscope (Carl Zeiss Microimaging, Thornwood, NY). Quantitative calcium mineral
contents were measured by a de-staining procedure using an extraction solvent containing a
mixture of 10 % acetic acid and methanol at room temperature for 30 minutes. 200 pL
aliquots of alizarin red S extracts were then added in a 96-well assay plate. The Alizarin Red
S concentrations of the samples and standard was determined at the absorbance at 405 nm
(TECAN Infinite F50) and expressed as pg/ml.

2.6. In vivo study

2.6.1. Animals and surgery—All animal experiments were performed in accordance
with the protocol approved by the Institutional Animal Care and Use Committee. There
were five experimental groups with increasing doses of BMP-2 included in the CLF gel (0
ug, 0.5 ug, 1 ug, 2 pug and 5 ug). The procedure for creation of a critical-sized femoral defect
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in Sprague-Dawley rat has been previously described [27]. Briefly, unilateral critical sized,
6mm segmental defects were created in the right femur of 30 adult, male Sprague-Dawley
rats. The rats weight ranged from 354 t0382 grams (Harlan Laboratories). The right
hindlimb was shaved and prepared for surgery in an aseptic fashion. A longitudinal incision
was made inline with the femoral diaphysis and carried down to the bone. Once the femur
was exposed, a polyacetyl plate (27mm longx4 mm widex4 mm thick) was fixed to the
lateral aspect of the femur and held in place with 6 bicortical, threaded wires. A 6mm
segment of bone was then removed for the mid-diaphyseal region of the femur using a
reciprocating saw to make the osteotomies. The wound was irrigated and dried. The CLF gel
was then placed into the defect (Fig. 1a). The wound was then closed with suture and
staples. Post-surgery, the animals were allowed full activity in their cages. They were
survived for 4 weeks post-surgery and then were euthanized. The right femurs were then
harvested with the plate fixation intact. The soft tissue around each femur was removed;
specific care was taken not to disturb the defect site. The femurs were stored in 10% neutral
buffered formalin.

2.6.2. X-ray radiograph—2-dimensional radiographic imaging was performed using a
Faxitron x-ray system (Faxitron X-ray Corporation [Model: MX-20], Tucson, Arizona; time
15s, 35 kV). It was used to confirm appropriate position of the plate and wires immediately
post-operatively (Fig. 1b) and to evaluate bone growth from week 0 to week 4. At week 4
the sample was considered to have bridging bone if there was continuous bone at both of the
proximal and both of the distal junctions between the cortex and the defect.

2.6.3. Microcomputed tomography (micro CT) analysis—The samples underwent
ex vivo micro CT scans at 4 weeks using a VivaCT 40 (Scanco Medical, Brittisellen
Switzerland). It was set at 55 kV source voltage, 145 PA source current, and a resolution of
21 microns. The images were reconstructed using NRecon software (Bruker Biospin Corp,
Billerica, MA). The region of interest (ROI) included the entire 6 mm defect. The threshold
was set at 876 mg/cm? (corresponding to 73 on a scale of 0-255) to define mineralized
tissue across all samples in the study [28]. CTAn software (Skyscan, Bruker Biospin Corp,
Billerica, MA) was used to analyze the images.

2.6.4. Histological staining—After uCT analysis at 4 weeks of implantation, the femoral
segmental defect specimens were taken for histological staining. The samples were fixed
with 10% neutral buffered formalin (NBF), decalcified in 10% Ethylene Diamine
Tetraacetic Acid (EDTA), dehydrated in graded ethanol solutions (70%-100%), and
embedded in paraffin. Serial sections of the samples (4 um thick) were stained with
Hematoxylin & Eosin (H&E).

2.9. Statistical analysis

All data are presented as mean + standard deviation. Presence of significant outliers in the
data set was identified by using the Grubb’s test (Graphpad Software Inc, La Jolla, CA).
Significant differences were analyzed by one-way ANOVA test, the Kruskal-Wallis test for
ANOVA on ranks or Fisher’s exact test for categorical data (SigmaPlot 12.0, Systat
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Software Inc, San Jose, CA). The differences in groups and experimental time points at any
time were considered significant if p<0.05.

3. Results
3.1. Characterization of CLF hydrogels

3.1.1. FTIR spectra—Changes in the chemical structure after incorporation of fibrinogen
were confirmed by FTIR spectra (Fig. 2). The spectrum of the CL exhibited characteristic
peaks of both chitosan and lactide which were attributed to the C=0 stretching vibrations of
amide | at 1620 cm™1, the N-H bending vibrations of amide 11 at 1548 and 1589 cm™1, and
the C-N bending of the amine groups at 1261 cm™L. The peaks at 1031 cm™1 and 1074 cm™,
representative of the C-O-C bending of the chitosan, were observed. The peaks at 1379,
1409, and 1460 cm~1 were the characteristic band of CHz symmetrical deformation. The
absorption at 1741, 1784, and 1820 cm™1 are probably attributed to C=0 stretching
vibrations owing to the overlapping of the peaks from N-acetyl groups in the chitosan and
the ester that coupled the chitosan and lactide.

Compared to the IR spectrum of CL, the intensity of amide | in CLF was enhanced at 1631
cm™1 after incorporation of fibrinogen [29-30]. It is the major spectral feature in native
fibrinogen. The peaks ascribed to the N-H bending vibrations of amide Il were also
enhanced and shifted to 1548 cm~1 from 1589 cm™1, indicating that the amount of amide
group increased in the copolymer. The complex bands of amide 111 were observed at 1330
cm™1 attributable to coupling of side chains and hydrogen bonding of the fibrinogen with
hydroxyl or amino groups in the structure of copolymer. The CLF signal intensity of the
CH3 mode at 1409 cm™1 increased with the fibrinogen molecules due to increased content of
amino acids. This evidence suggests that fibrinogen can react with the chitosan-lactide
copolymer.

3.1.2. SEM observations—Figure 2 shows representative SEM images of the cross-
section for lyophilized CL and CLF hydrogels. All hydrogels showed homogeneous and
microporous structures throughout the cross-section. The CL hydrogel (Fig. 3a and 3c)
exhibited relatively smooth and flat surfaces formed by the combination of chitosan and
lactide. Figure 3b and 3d show protein aggregation on the surface of the CLF hydrogel. This
aggregation of the protein molecules is due to the formation of intermolecular hydrogen
bonds between hydroxyl and amino groups of chitosan-lactide copolymer and fibrinogen
molecules [29].

3.1.3. Mechanical testing—The effect of UV exposure times on compressive modulus of
the CLF hydrogels was determined (Fig. 4a). The compressive moduli of the CLF hydrogels
increased with increasing UV cross-linking time. CLF hydrogels possessed 4.4 + 1.2, 14.4 +
2.0,157+0.9,29.9+0.7,29.2 £ 1.5, and 31.7 + 0.9 kPa of compressive modulus at 50s,
100s, 150s, 200s, 250s, and 300s of UV exposure time, respectively. 200s of UV exposure
appeared to almost reach maximal strength of the CLF hydrogels, even though there was
still a significant difference between 200s and 300s. It is worth mentioning that some
structural failures were observed in the hydrogels at 300s of UV irradiation for strain range
of 20-30%, indicating the decreased flexibility and increased stiffness of the hydrogels at a
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longer UV exposure time. In addition, the average compressive modulus (Fig. 4b) for CLF
hydrogels at 200s of UV exposure time was 29.9 + 0.7 kPa, which was significantly greater
than the modulus for CL hydrogels at 22.7 £ 1.7 kPa (p<0.05). The results showed that
addition of fibrinogen molecules increased the compressive modulus of the hydrogels.

3.1.4. In vitro degradation characteristics—To understand the influence of different
pHs and enzymatic activities on the degradation behaviors, the wet remaining ratios of CL
and CLF hydrogels were examined after incubating them in PBS (pH 7.4), PBS (pH 4), or
1mg/ml collagenase A containing PBS (pH 7.4) at 37°C (Fig. 5). In the PBS (pH 7.4)
medium, the wet weight remaining ratio of the CL hydrogels was similar to that of the CLF
hydrogels for a 4-week incubation. The shape of both hydrogels was well maintained, and
the wet weight remaining ratio slowly decreased to 83.82% for the CL and 83.62% for the
CLF after 4 weeks incubation, respectively. In the PBS (pH 4) medium, both hydrogels
showed significant increases in wet weight remaining ratio after 1 day of the incubation
(p<0.05), indicating the acidic condition induced the absorption of a greater amount of
water. In the 1 mg/ml collagenase A containing PBS solution, the wet weight remaining
ratios significantly decreased to 78.4% for the CL and 78.9% for the CLF after 1 day of the
incubation (p<0.05) and then slowly decreased over a 4-week period. The result
demonstrated that the swelling and degradation behaviors of the chitosan-lactide hydrogels
were influenced by pHs and enzymatic activities.

3.2. In vitro release study of BMP-2

The invitro release behaviors of BMP-2 from the CLF hydrogels were interpreted by the
cumulative amount and percentage of the BMP-2 as a function of time. Figure 6a and 6b
show the cumulative release of the BMP-2 from the CLF hydrogels. The CLF hydrogels
containing a higher concentration (100 ng/ml) of BMP-2 released significantly greater
amounts compared with the gels containing a lower concentration (10 ng/ml) for a 4-week
period. The CLF hydrogels containing a higher concentration (100 ng/ml) of BMP-2 showed
an initial burst release of 24% of the total amount within 1 day followed by a slow release of
71% of the total amount over the 4-week incubation. Similarly, the CLF hydrogels
containing a lower concentration (10 ng/ml) of BMP-2 exhibited initial burst release of 35%
of the total amount within 1 day and sustained release of 60% of the total amount over the 4-
week incubation. However, there was no significant difference in the release profiles by
percentages for the hydrogels with the higher or lower amounts of BMP-2. The result
demonstrated initial burst releases of the BMP-2 from the CLF hydrogels followed by
sustained releases, regardless of the concentration of the protein.

3.3. In vitro bioactivities

3.3.1. Cytotoxicity of CLF hydrogels—The cytotoxicity of the hydrogels was
examined by a MTS assay using the W-20-17 and C2C12 cells, and the changes in the cell
morphology were observed by a microscope for 3 days of incubation. As shown in Figure 7,
there were significant increases in metabolic activity of W-20-17 and C2C12 cells after 3
days of culture (p<0.05). Cells in all the groups showed significantly higher metabolic
activity and were highly confluent at day 3 than day 1 (p<0.05), indicating the non-
cytotoxicity of the hydrogels. However, there was no significant difference between the
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groups for 3 days of incubation. The result demonstrated that different concentration of
BMP-2 did not significantly affect cell growth and proliferation. Consistent with a MTS
assay, the microscopic imaging shows cells in all the groups significantly proliferated for 3
days of culture (Fig. 7c and 7d), suggesting cells were viable in the presence of the
hydrogels regardless of BMP-2 incorporation.

3.3.2. ALP production in response to BMP-2—ALP specific activity was assessed as
an early indicator of the osteoblastic lineage to study the effect of BMP-2 on osteoblast
differentiation. W-20-17 and C2C12 cells were cultured with the CLF hydrogels containing
different concentrations of BMP-2, and their ALP specific activities were determined by
normalizing the ALP amount to the dsDNA content per sample at day 7. Figure 8a shows
ALP specific activity of the W-20-17 treated with different concentration of BMP-2.
Significant differences in ALP specific activity were observed among the various
concentration of BMP-2. At 7 days of cell culture, the W-20-17 treated with BMP-2 via the
CLF hydrogel expressed significantly higher ALP activity (p<0.05) compared with the
hydrogel alone (0 ng/ml of BMP-2). ALP specific activity of the W-20-17 was significantly
increased with the BMP-2 loaded CLF hydrogels in a concentration-dependent manner
(p<0.05). As shown in Figure 8b, the highest ALP expression in the C2C12 cells was also
found in the CLF hydrogels containing 500 ng/ml of BMP-2 during 7 days of cell culture.
The C2C12 exhibited the lowest ALP expression in the group that did not contain BMP-2
(p<0.05). However, there was no significant difference between the hydrogels containing 50
ng/ml and 100 ng/ml BMP-2. Both the W-20-17 and C2C12 cells expressed significantly
higher ALP activities in response to a higher concentration of BMP-2.

3.3.3. Mineralization stained by Alizarin Red S—The dose effect of BMP-2 on
mineralization and nodule formation in W-20-17 and C2C12 cells was investigated by
staining with a 1% Alizarin Red S. Quantitative levels of calcium mineral content were
measured by a destaining procedure. In the cultures of the W-20-17 (Fig. 9a), the CLF
hydrogel without BMP-2 showed no positive Alizarin Red S staining for 21 days, suggesting
that the W-20-17 cells did not differentiate into a mineralized phenotype without BMP-2
supplementation for 21 days. However, in the presence of BMP-2, significant Alizarin Red
S staining was apparent in cultures treated with the CLF hydrogels containing BMP-2 in a
dose- and time-dependent manner (p<0.05). The highest calcium accumulation occurred in
cultures treated with the CLF hydrogels containing 500ng/ml of BMP-2 at 21 days.

In the C2C12 cultures (Fig. 9b), calcium mineral formation in all groups significantly
increased at day 21 compared with day 10 (p<0.05). In the CLF hydrogels without BMP-2,
calcium deposition increased in a time dependent manner, but there was very little staining
with a small number of mineralized bone nodules at day 21 formed along with the cell layer.
The highest calcium accumulation was observed in cultures treated with the hydrogels
containing 500ng/ml of BMP-2 at 21 days.

3.4. In vivo study

3.4.1 X-ray radiographs—All 30 rats survived the full length of the study. Figure 10
shows representative x-ray radiographs at week 2 and 4. Bridging bone across the defect was
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not evident in any of the femurs in the 0 ug BMP-2 CLF hydrogel group and only one of the
femurs in the 0.5 ug BMP-2 group. There was a trend toward an increased rate of bridging in
the 1 pg, 2 pg and 5ug groups (4 femurs bridged in each group) compared to the 0 pg and
0.5 ug groups (p = 0.06 and p = 0.24 respectively).

3.4.2 Micro CT scan and analysis—Figure 11 shows the representative Micro CT scan
(Fig. 11a) and analysis (Fig. 11b). Micro CT analysis of the samples demonstrated a dose
response with an increase in the amount of bone volume (BV) with increasing amounts of
BMP-2 in the CLF hydrogel. It was found that the BV regenerated was significantly greater
at the 5 ug BMP-2 dose compared to the group with no BMP-2 (p<0.05). The largest
interval increase in bone volume was seen with the increase of BMP-2 from 0.5 pg to 1 pg
(52% increase), and 1 to 2 ug (35% increase) BMP-2 in the CLF hydrogel.

3.4.3. Histological staining—To further investigate BMP-mediated bone formation,
histological imaging of longitudinal cross-sections of samples was taken at 4 weeks after
surgery. Figure 12 exhibits the robust new bone formation induced by the BMP-2 containing
CLF hydrogels in the critical size bone defects, including osteoblasts, osteocytes embedded
in newly deposited bone matrix, multinucleated osteoclast-like cells, and blood vessels. The
CLF hydrogels were partially degraded, but could still be detected within and around the
defects.

The CLF hydrogel alone group exhibited massive infiltration of cells, but very little new
bone formation. Few newly formed bones were observed in the proximity of segment ends
of native bone (Fig. 12a). However, extensive new bone formation was clearly observed in
the periphery of the CLF hydrogels containing BMP-2 corresponding to cortical shell of
long bone, and started to bridge the longitudinal bone gaps with the increasing doses of
BMP-2, which were consistent with the radiographic and UCT results. More specifically, in
the CLF hydrogels (0.5 ug BMP-2), H&E staining revealed a bony structure with the
capping of the segment ends that extended beyond the defect. The extent of trabecular bone
in the CLF hydrogel group (0.5 ug BMP-2) was moderately more than that in the CLF
hydrogel alone, without a bone defect bridging. On the other hand, in the defects implanted
with the CLF hydrogels with increasing amounts of BMP-2 (1, 2, and 5ug), more
pronounced bone formation was observed, including bone bridges and trabecular bony
structures that were filled with newly formed bone marrow cellularity. As shown in Figure
12D, at a higher magnification, osteocytes were embedded in a new bone, and osteoblasts
lined along the new bone surface inside the defect region.

Discussion

In the present study, we have developed and characterized a hydrogel platform system for
the delivery of BMP-2 and validated its effectiveness by repairing critical size rat femoral
defects. The CLF hydrogels were synthesized by reacting D,L-lactide onto chitosan,
followed by incorporation of fibrinogen. The prepolymer solution of the CLF hydrogel
forms photo-cross-linkable copolymer networks via a radical polymerization upon
application of UV light. In our hydrogel systems, the hydrophilic chitosan backbone
molecules and hydrophobic polylactide side chains can form the copolymer networks with
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both hydrophobic and hydrophilic components, which can be suitable for delivery of variety
of drugs regardless of wettability. Furthermore, amide or ester linkages for the branched
PLA chains can function as plasticizers internally in the rigid main chain of chitosan [31—
32], providing the mechanical flexibility and elasticity of the hydrogel [24]. Another
significant advantage of the CLF hydrogel system is that growth factor binding ligands such
as fibrinogen can be easily incorporated into the prepolymer solution due to the hydrophilic
nature of chitosan. The heparin-binding domains of fibrinogen can bind a wide range of
growth factors including BMP-2 and potentially promotes tissue repair when incorporated
within a synthetic matrix [20-23, 33].

In this study, the chemical and structural changes were observed by FTIR spectra and SEM
images. The CL hydrogels were formed by the interactions between carbonyl groups of the
lactide, and hydroxyl and amine groups of the chitosan. With addition of fibrinogen,
homogeneous protein aggregation was observed on the surface of the CLF hydrogel,
resulting from the interaction between residues of the fibrinogen and hydroxyl or amino
groups in the CL copolymer [29-30]. As a result, the changes in the chemical and structural
properties influenced mechanical properties, degradation behaviors, and BMP-2 release
kinetics. The compressive moduli of the CLF hydrogels suggested that a longer UV
exposure time reinforced microstructure of the hydrogels due to increased degree of cross-
linking. However, some structural failures were observed in the hydrogels for strain range of
20-30% at 300s of UV irradiation. This indicated that there is a suitable range of stiffness
and elasticity of the hydrogels at appropriate UV exposure time for possible clinical
applications. Addition of fibrinogen molecules also increased the elasticity of the co-
polymer networks, due to the effect of intermolecular hydrogen bonds between hydroxyl and
amino groups of chitosan-lactide copolymer and fibrinogen molecules [22-23]. This result
was consistent with Jiang et al.’s report that the presence of fibrin increased stiffness of
porous PEG hydrogels relative to control porous hydrogels, and the compressive modulus of
the hydrogels increased with the concentration of the fibrinogen [22]. In the in vivo study,
the CLF hydrogels using 200s of UV was selected because the CLF hydrogels were
mechanically sufficient to be press-fitted into the critical size segmental defects in femur
while remaining structural integrity and stabilizing interface, potentially enhancing bone
bridging and regeneration as a promising synthetic bone substitute [1, 33].

Swelling behavior and degradation profile of both CL and CLF hydrogels were affected by
pHs and enzymatic activities in medium and/or microenvironment. We used neutral and
acidic pHs to mimic physiological and fresh bony fracture trauma conditions [34]. Acidic
condition resulted in significantly greater swelling of both hydrogels compared to neutral pH
environment. This is because the acidic condition increased the mobility of the hydrogel
chains. Consequently, the hydrogel increased its ability to absorb water. An addition of
collagenase into PBS significantly accelerated the degradation of both CL and CLF
hydrogels within 1 day of the incubation, but the overall degradation rates were slow. This is
because the collagenase, a member of the matrix metalloproteinase (MMP) family,
proteolyzes plasma proteins such as fibrinogen [35], but not specifically on the chitosan
backbones. Generally, the fraction of N-acetylglucosamine (NAG) units in chitosan
contributes to its enzymatic hydrolysis [36]. Previously, we have demonstrated that the

Acta Biomater. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kim et al.

Page 13

presence of lysozyme significantly accelerated degradation rates of the CL hydrogels
compared with those in absence of lysozyme [24]. The enzymatic degradation rate of the
hydrogels was tunable regarding composition and the degree of cross-linking of the
hydrogels, as well as the medium/microenvironment which the hydrogels are in contact
with.

In order to study the dose effect of BMP-2 on bone formation, we incorporated different
doses of BMP-2 into the CLF hydrogels and investigated BMP-2 release kinetics in vitro.
Our invitro release study demonstrated initial burst releases of the BMP-2 from the CLF
hydrogels followed by sustained releases regardless of the concentration of the BMP-2. The
initial burst release is mainly due to rapid release of BMP-2 absorbed on the surface of the
hydrogel and diffusion via swelling [37-39]. The sustained release is regulated by
intermolecular interactions between the proteins and hydrogels, as well as degradation
behaviors [38, 40]. In our previous study, we found that a higher degree of cross-linking via
a longer UV irradiation significantly reduced the initial burst release and extended the
release periods of BSA from the chitosan-lactide hydrogels [24].

We first evaluated the in vitro cytotoxicity of hydrogels loaded with BMP-2 by observing
the changes in cell metabolic activity and cell morphology. The W-20-17 cell line was
selected because it has been used for an ASTM (F2131) standard test for in vitro biological
activity of BMP-2 [41-42]. The C2C12 was also selected because BMP-2 can induce
transdifferentiation of C2C12 myoblasts into osteoblasts [43, 44]. Both W-20-17 and C2C12
cells were viable in the presence of the hydrogels regardless of BMP-2 doses, indicating the
non-cytotoxicity of the hydrogels. Furthermore, we investigated the dose effect of BMP-2
on osteoblast differentiation and mineralization. The greater ALP activity of both W-20-17
and C2C12 cells was observed in the presence of the CLF hydrogels containing the highest
dose (500 ng/ml) of BMP-2 at day 7. It is most likely that the CLF hydrogels with BMP-2
(500 ng/ml) released greater amounts of BMP-2 than the others at the time period. Similarly,
significantly greater amount of mineralization and nodule formation in both W-20-17 and
C2C12 cells were apparent in cultures treated with the CLF hydrogels containing BMP-2 in
a dose- and time-dependent manner (p<0.05). It is worth noting that cell responses to
BMP-2 are highly variable depending on cell types and different phases of phenotype
maturation.

Our in vivo results also demonstrated that BMP-2 loaded into the CLF hydrogels enhanced
neo-osteogenesis and accelerated healing of the bone defects in a dose-dependent manner.
Addition of high dose of BMP-2 (1, 2, and 5ug) to the CLF hydrogels prompted
considerably more bone formation than the CLF hydrogel alone or containing low
concentration of BMP-2 (0.5ug), indicating successful and effective CLF hydrogel-mediated
delivery of BMP-2 to the defect site. In fact, the bone volume regenerated at the 5 pg dose of
BMP-2 was significantly greater than that regenerated with the CLF hydrogel alone. In
addition, we did not observe any inflammatory response nor any adverse side effect
inducing abnormal bone structure and cellularity in the range of BMP-2 doses we used. In
nature, inflammation is inherent part of wound healing and tissue regeneration [45, 46, 47].
The intensity of the inflammatory responses could be mitigated by manipulating chemical
composition and degradation of the biomaterials [45, 47]. We have demonstrated that
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adjustment of the ratios of chitosan to lactide modulated degradation rates, protein
adsorption, and release kinetics of chitosan-lactide copolymer [24]. In addition, Santos et al.
revealed pro-inflammatory and pro-healing roles of fibrinogen in chitosan scaffolds. The
fibrinogen incorporation showed enhanced bone formation and stimulated angiogenesis even
though it elicited immune response [47]. Peled et al. also demonstrated that PEGylated
fibrinogen material can promote the healing of bone defects and sustained release of
fibrinogen fragments induce bone regeneration at the injury site [48]. As such, the use of
fibrinogen molecules can be more effective when combined with appropriate biomaterials
which provide structural support and maintain biological functionality compared to
conventional fibrin mediated bone applications. In this regard, incorporation of fibrinogen
molecules into the CL hydrogels could reduce a risk of inflammation and enhance bone
healing in combination of appropriate dose of BMP-2.

Previous studies have reported that BMP-2 can induce adverse side effects such as cyst-like
bone formation and significant soft tissue swelling when treated with high doses [11, 13,
49]. Janette et al. reported that high doses of BMP-2 (11.25, 22.5, and 45 ug) loaded into
PLGA scaffolds induced structurally abnormal bone and inflammation in a rat femoral
segmental defect model, whereas normal trabecular architecture and bone marrow cellularity
were observed with BMP-2 (2.25 pg) [5]. This low dose result was consistent with our
finding in normal bone formation (0-5 pg). The adverse outcome of higher doses of BMP-2
is most likely due to a threshold of BMP-2 for enhancing bone healing. The excessive dose
of BMP-2 may induce excessive inflammation and lead to rather lower quality of bone
formation. Therefore, it is important to use physiologically relevant dose of BMP-2 for
specific species and a delivery system that allows a controlled and sustained release for high
quality of bone formation [5, 45]. As the goal of this study was to evaluate dose effect and
establish a suitable dose of BMP-2 using our newly developed hydrogels in a rat femoral
segmental defect model for 4 weeks. In future research, we will investigate the effect of a
controlled and sustained release of BMP-2 from the CLF hydrogel in a rat femoral
segmental defect model for a long term in comparison with a commercially available
collagen sponge.

Conclusions

We have shown in the present study that our photo-cross-linkable CLF hydrogel can
effectively deliver BMP-2 to regulate cell response and enhance osteogenesis both in vitro
and in vivo. Incorporation of fibrinogen molecules affected structural and mechanical
properties as well as degradation profiles of the hydrogels. The BMP-2 containing CLF
hydrogels exhibited an initial burst release followed by a sustained release of BMP-2 over 4
weeks, and enhanced neo-osteogenesis and accelerated healing of the bone defect in a dose-
dependent manner. However, it is worth noting that combination of physiologically
acceptable dose of BMP-2 and its controlled and sustained release can improve quality of
bone formation and avoid adverse side effects associated with high dose.
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Figure 1.
(a) Digital micrograph of a critically sized rat femoral defect after placement of a CLF

hydrogel (dotted circles). (b) Representative radiograph of the bone defects with
implantation of CLF hydrogels immediately post-operatively.
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Figure 2.

FTIR spectra of prepolymer solution of chitosan-lactide (CL) and chitosan-lactide-

fibrinogen (CLF).
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Figure 3.

SEgM micrographs of cross-section for lyophilized (a) CL hydrogel; (b) CLF hydrogels; (c)
high magnification of CL; (d) high magnification of CLF. Samples were incubated at 37°C
for 1day and lypholized overnight before the examination under a scanning electron
microscope (FEI XL30 Sirion SEM) operated at 5 kV voltages.
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Compressive modulus of hydrogels according to (a) different UV exposure times on the

CLF hydrogel; (b) the presence of fibrinogen. Unconfined compression tests were

performed using an Instron 5944 materials testing system fitted with a 10 N load cell. The
compressive modulus was determined for strain ranges of 10-20% from linear curve fits of
the stress-strain curve. Each value represents the mean + SD (n = 3). * denotes significant
difference between groups at same UV exposure time (p<0.05).
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Figure 5.
In vitro degradation of hydrogels in (a) PBS (pH 7.4); (b) PBS (pH 4); (c) PBS (pH 7.4)

containing collagenase A (1mg/ml) at 37°C for 28 days. The degradation profile of the
hydrogels was determined by measuring the wet remaining ratio of the hydrogels at each
time point. Each value represents the mean £ SD (n = 3).
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Figure 6.
In vitro cumulative release profiles of BMP-2 from CLF hydrogels over a 4-week period.

The cumulative release (a) amount and (b) percentage of BMP-2 from the CLF hydrogels
were determined as a function of time by a BMP-2 immunoassay at 450 nm. Concentration
of BMP-2 was 10 or 100 ng/ml. Each value represents the mean + SD (n = 3 per each

group).
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Figure 7.
Cytotoxicity of CLF hydrogels containing different concentrations of BMP-2 (0, 50, 100, or

500 ng/ml) using W-20-17 preosteoblast mouse bone marrow stromal cells and C2C12
mouse myoblast cells. (a) Viability of W-20-17 via an MTS assay; (b) Viability of C2C12
via an MTS assay; (c) Photomicrographs of the morphology of W-20-17; (d)
Photomicrographs of the morphology of C2C12. The cells were seeded at a density of
30,000 cells/well in the bottom of 24-well plates and the hydrogels were placed into the
upper chamber with culture medium. After incubation for 1 and 3 days, the number of viable
cells was determined qualitatively and quantitatively. (MAG = x10). Each value represents
the mean £ SD (n = 3). * denotes significant difference compared with 1 day of culture

(p<0.05).
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Figure 8.
Dose effect of BMP-2 released from the CLF hydrogels on induction of alkaline

phosphatase (ALP) activity in (a) W-20-17 and (b) C2C12 cells. Different concentrations of
BMP-2 (0, 50, 100, or 500 ng/ml) were loaded into the CLF hydrogels. The ALP activity
was determined at 7 days of cultures and normalized for the dSDNA content. ALP activity is
expressed as nmol/ng. Each value represents the mean + SD (n = 3 per each group). *
denotes significant difference compared with 7 days of culture of each group (p<0.05).
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Figure 9.
Dose effect of BMP-2 released from the CLF hydrogels on calcium mineral deposition in (a)

W-20-17 and (b) C2C12 cells. Different concentrations of BMP-2 (0, 50, 100, or 500 ng/ml)
were loaded into the CLF hydrogels. The presence of mineral within the cell layers was
stained with Alizarin Red S (AR-S) staining solution at day 10 and 21. The red color areas
and nodules demonstrate AR-S positive staining for calcium mineral in the cell layers (MAG
= x10).The calcium mineral contents were also quantitatively determined from Alizarin Red
S staining extracts from the cell layers at day 10 and 21. Destained Alizarin Red S
concentrations were determined at the absorbance of 405 nm and expressed as pg/ml. Each
value represents the mean + SD (h = 3 per each group). Each value represents the mean +
SD (n = 3). * denotes significant difference between groups at same time point (p<0.05). **
denotes significant difference in the same group at different time point (p<0.05).

Acta Biomater. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Kim et al. Page 32

1ug

:

2ug
-
O\ ; :
Figure 10.

Representative radiographs of the bone defects with implantation of CLF hydrogels
containing different concentrations of BMP-2 (0, 0.5, 1, 2, or 5ug) taken at 2 and 4 weeks.
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Figure 11.
(a) Representative micro-computed tomography images of the bone defects implanted with

CLF hydrogel containing different concentrations of BMP-2 (0, 0.5, 1, 2, or 5ug) at 4 weeks.
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(b) Quantification of regenerated bone volume within the bone defects. * denotes significant
difference compared to the control CLF hydrogel groups with 0 ug BMP-2 (p<0.05).
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Figure 12.
Representative histological sections of the rat critical size femoral defects treated with CLF

hydrogels containing different concentrations of BMP-2 (0, 0.5, 1, 2, or 5ug). The
histological cross-sections were taken from the bone defect 4 weeks after surgery and
stained with hematoxylin and eosin (H&E). (a) Representative low (x10) and (b) high
magnification (x200) views of H&E show the extent of cellular infiltration and bone
formation. The approximate boundary of the defect was denoted by the dashed lines. High
magnification view was denoted by the red box. H, hydrogel; HB, host bone; NB, new bone;
BM, bone marrow; O, osteoclasts; Ob, osteoblasts; Oc, osteocytes; BV, blood vessel.
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