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ABSTRACT

Objective: To evaluate a new biodegradable copolymer calcium sulfate/poly amino acid (CS/PAA) as a graft substitute for the
repair of the surgically created cancellous bone defects in rabbits and its biological properties in vivo.

Materials and Methods: Cancellous bone defects were created by drilling holes in the unilateral lateral aspect of the femoral
condyle of New Zealand white rabbits. Three groups were assigned: Group A rabbits were grafted with 80% CS/PAA and
group B rabbits were grafted with 95% CS/PAA as two treatment groups; group C was sham-operation control group. To study
the osteogenic capability in vivo, specimens were harvested at 4, 8, 12, and 16 weeks after implantation and were evaluated
by gross assessment, X-ray, histological examination, and histomorphometry. In order to identify the molecular mechanism of
bone defect repair, the expression of bone morphogenetic protein-2 (BMP-2) and vascular endothelial growth factor (VEGF) was
detected using Western blot at 4 weeks.

Results: Group A and group B showed more vigorous and rapid repair leading to regeneration of cancellous bone than
sham-operation control group on gross observation, radiology, and histomorphometry. There was no significant difference between
groups A and B. Morphological observation and histological examination showed that the copolymers degraded in sync with the
new bone formation process. The expression of BMP-2 and VEGF in implantation groups was higher than that in control group
by western blot.

Conclusion: These findings demonstrated that the novel biodegradable copolymers can repair large areas of cancellous bone
defects. With its controllable degradation rate, it suggests that CS/PAA may be a series of useful therapeutic substitute for bone
defects.
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INTRODUCTION and other issues resulting from bone transplantation are
still unsolved, which leads to a variety of complications.?

one defect repair has been a problem of common  Synthetic bone biomaterials could partly overcome the
Binterest of the clinical, biological, materials science, ~ disadvantage of autologous and bone allograft and
tissue engineering, and other fields. Generally, = be used in clinic widely. Among the various types of
defects are grafted with autogenous bone, allogeneic ~ biomaterials, synthetic biodegradable polymers are of
(species) bone, and synthetic materials to promote bone most interest for clinical use as bone substitutes and

repair.! However, the sources of autogenous bone grafts scaffolds because of degradability, biological safety,
and biocompatibility.®4 For example, Matsushita et al.’

developed a new biodegradable graft substitute, which
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Calcium sulfate based composite of poly amino acid (CS/
PAA) is one of the most suitable biomaterials which could
promote the bone defect repair and has the following
features: Adjustable degradation rate, good osteoconduction,
is a nontoxic catabolite, and is easy to prepare. An earlier
study showed that poly amino acid was a prospective
biodegradable biomaterial with excellent biocompatibility
which could be used in clinical applications.!? A lot of
experimental and clinical studies have confirmed the
application of calcium sulfate as a scaffold material in bone
tissue engineering.’*!> Poly amino acid in simulated body
fluid (SBF) or phosphate buffer solution (PBS) can be
hydrolyzed into small molecular weight amino acid, and
CaS04 in SBF or PBS can be hydrolyzed into calcium ions
and sulfate ions, both of which are totally nontoxic to the
human body. In the present study, we established a series
of biodegradable copolymer-calcium sulfate/poly amino acid
graft substitute and investigated its potential and mechanism
for bone defect repair. We employed gross assessment, X-ray
examination, histopathology of biopsy, histomorphometry,
and Western blot to evaluate the role of this material in bone
defect repair and identify the potentiality of application and
feasibility in clinical practice. Our data strongly suggest that
this novel composite is a promising and ideal biomaterial for
bone repair and reconstruction.

MATERIALS AND METHODS

Material composition

CS/PAA was provided by the Sichuan National Nano
Technology Co. Ltd., Province Chengdu, Sichuan. Two
specifications of materials included 80% CS/PAA and 95%
CS/PAA according to the proportion of calcium sulfate. The
poly amino acid was composed of 6 g alanine, 7 g benzene
alanine, 1 g glycine, 108 g 6-aminocaproic acid, 6 g proline,
and 2 g lysine. Raw materials [appropriate proportion of
calcium sulfate and poly amino acid] were dissolved together
in water and were dehydrated at 150°C-160°C temperature.
Using inert gas for protection, the raw materials were
processed with a pre-polymerization reaction at 220°C in a
molten state for 3 hours and then polymerization reaction at
230°C for 3 hours. By in situ polymer composite technology,
poly amino acid and calcium sulfate were used as the
composite materials without any catalyst and other additives.
The composite materials were ground into powder less than
120 mesh after cooling down by nitrogen, reconciled into
a paste with water (1:1), and then processed into granules
(d=2.5mm, h=2.5mm) [Figure 1a]. The materials were
sterilized by radiation for reserve at last.

Degradation studies in vitro
PBS (pH=7.4) was used as the medium. Ninety-six
samples (48 each in groups A and B) were processed into

granules (d=10 mm, h=10 mm) for study of degradation
in vitro. Each specimen was placed separately in a sealed
vial and immersed in about 5 ml PBS solution. All the
sealed vials were kept in a shaking incubator at 37°C and
the PBS solution was changed every week. At 1, 2, 3, 4,
5, and 6 weeks, the specimens were removed, rinsed with
deionized water, and dried to a constant weight in vacuum
for weight loss ratio measurement. The weight loss ratio was
measured according to the equation:

Weight lost=[(W0—-W1)/W0]x100%,

where W0 and W1 are the weights of the specimen before
and after the hydrolytic degradation, respectively.

Animals and implantation

The “Principles of laboratory animal care” (NIH publication
No. 85-23, revised 1985) were followed, as well as specific
national laws (e.g. the current version of the German Law
on the Protection of Animals) where applicable.

Seventy two New Zealand white male rabbits (3 months
of age, 2.0-2.5 kg body weight, from Experimental
Animal Center of Sichuan University) were included in
the study. Premedication with intraperitoneal injection of
10% chloral hydrate anesthesia at a dose of 2.5 mL/kg
was given. After the skin preparation, a cancellous bone
defect area (diameter=0.5 cm, depth=1.0 cm) was drilled
using a 5-mm-diameter trephine across the lateral aspect
of the femoral condyle. The defect was placed within
the epiphysis, avoiding communication with the knee
joint cavity [Figures 1b and c]. Intramuscular injection of
antibiotics (Cefazolin, 100 mg/kg) was given immediately
after surgery and on the first day post operation.

Bone defect was grafted with the following materials: 80%
CS/PAA (group A, n=24) and 95% CS/PAA (group B,
n=24). Control group (group C, n=24) was under the
same operation, but was not implanted with any material.
Animals were euthanized at 4, 8, 12, and 16 weeks. Six
animals were allocated to each group at each time point for
gross observation, X-ray analysis, histological examination,
histomorphometry, and Western blot testing.

Gross assessment

The animals were euthanized at each time point, and the
specimens were collected by cutting down from about 5 cm
above the femoral condyle and were cleaned of connective
tissue and fat for observation. We collected information
including inflammation, material degradation, and bone defect
repair for gross evaluation. Then, the specimens were prepared
for X-ray. The evaluation was made by two professional clinical
orthopedists who were blinded to the study.
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Figure 1: The materials and rabbit model with bone defect: (a) materials; (b) model of rabbit femoral condyle bone defect; (c) defects were

grafted by CS/PAA

X-ray analysis

At the end of 4, 8, 12, and 16 weeks, the animals
were euthanized and the specimens were analyzed by
conventional radiography at the Radiology Section of
West China Second Hospital of Sichuan University, and
completed by AGFA computed radiography system
(Computer Radiography, ADC-SOLO; ADC25.0). The
exposure conditions were: 50 kV, 55 mA, exposure time
0.3 sec. X-ray images were assessed by two trained
radiologists who were blinded to the study.

Histological and histomorphometric assessment

The specimens were collected immediately after X-ray
and fixed in 10% formaldehyde for histological and
histomorphometric assessment. Then, they were embedded
in methylmethacrylate after dehydration in graded series of
ethanol. Nondecalcified, 5-um-thick longitudinal sections were
made using microtome (Leica, SM 2500E). All the samples
were stained with hematoxylin and eosin for observing the
status of the implants and the cellular response of the hot
bone, or stained with improved special Masson trichrome for
histomorphometric assessment. The histologic sections were
photographed using a Nikon Microphot microscope (Nikon,
eclipse e600) attached with a digital color camera (Nikon,
dxm 1200). Then, the digital images were processed using a
semi-automatic digital image analysis system (OsteoMeasure;
OsteoMetrics, Inc., Decatur, USA). All the measurements
were performed in the five different transverse sections of
each sample. The newly grown bone quality was measured
according to the principle and methodology approved by
American Society of Bone and Mineral Research (ASBMR).1¢
The static parameters measured included bone volume (BV/
TV, %) in order to quantify the amount of newly formed bone.

Lysate preparation and Western blotting

At 4 weeks after surgery, the implant region was dissected
immediately after X-ray test, and the part of each tissue
sample was isolated, weighed, and ground into powder
in liquid nitrogen. The tissue powder was homogenized in

pre-cooled radioimmunoprecipitation assay (RIPA) (200 wl
per 100 mg tissue) and the total protein was extracted by
protein extraction kit (Biovision, CA, USA). The protein
concentration was determined using Micro BCA protein
assay kit (PIERCE 23227). Equal amounts of proteins were
separated by sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinylidene
difluoride membranes (Millipore, Poll). The membranes
were incubated with primary antibodies against BMP2
(Abcam ab6285) and vascular endothelial growth factor
(VEGEF,; Santa sc-365578). Antibody binding was revealed
by incubation with horseradish peroxidase-conjugated
secondary antibodies (1:20,000; PIERCE, Rockford, USA)
and an ECL detection system (PIERCE, USA). Signals were
quantified using NIH Imaged 1.63 Software.

Statistical analysis

All experimental results were expressed as means=standard
deviation. Differences were considered significant for
P<0.05. Differences in histomorphometric related trait
value among groups were assessed by chi-square test at
each time point. One-way analysis of variance (ANOVA)
was used to determine the differences in BMP-2 and VEGF
expression between groups at 4 weeks.

ResuLTs

In vitro degradation rate

The results showed that materials degraded dramatically
in the first 2-3 weeks; 80% CS/PAA degraded 50.93% at
the end of 3 weeks while 95% CS/PAA degraded 58.86%.
The degradation rate slowed down and became smooth.
At the end of 6 weeks, 80% CS/PAA degraded 63.27%
while 95% CS/PAA degraded 74.66%. As we reduced
the proportion of calcium sulfate in the copolymer, the
degradation rate decreased [Figure 2].

Gross assessment
None of the animals died during the study. The specimens did
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Figure 2: The graph showing comparision of degradation rate of 80%
CS/PAA and 95% CS/PAA in vitro

not show any evidence of tissue infection and inflammation
on gross observation [Figures 3a and b]. The materials got
incorporated intimately with the surrounding host bone.
The boundary between the materials and adjacent host
bone became indistinct with time. In the control group, the
specimens did not totally heal at the end of the experiment.
At the early stage of bone repair, the area of defect was filled
by blood clot (4 weeks after operation) and fibrous soft tissue
(8 weeks after operation). At later stage of bone repair, partial
new bone was observed and most of the defect was still filled
by fibrous soft tissue [Figure 3c]. In the implantation groups,
defects and materials were no longer visible on macroscopic
examination at 16 weeks after the operation. Biomaterials
were partly degraded at 4 weeks after operation. Half of
6 in group B (95% CS/PAA) and lof 6 in group A (80%
CS/PAA) were totally degraded at 12 weeks after operation.
Specimens in the implantation groups revealed a substantial
fill of repair tissue in bone defect regions with only a slight
depression at the defect site visible at 12 weeks after the
operation, while one specimen (1/6) in both the implantation
groups got absolutely repaired. All the specimens in both the
implantation groups showed complete repair of bone defect
at 16 weeks after the operation [Figure 3d—f].

X-ray analysis

After 4 weeks of operation, X-ray analysis demonstrated
high levels of bone formation in defects grafted with 80%
CS/PAA and 95% CS/PAA, obvious high-density spots of
regions were observed, and the defect margins became
irregular. In the control group, bone defect did not show
any appreciable bone formation and the defect margins
were smooth. At 8 weeks after the operation, in groups A
and B, the representative radiographs revealed signs of
bone repairing, while bone defect was clearly visible in
the control group. At 12 weeks after surgery, most of the
regions with bone defects could not be observed in groups
A and B and one specimen of both the treatment groups

»
| i

e

Figure 3: Gross observation after surgery: (a and b) group A (80%
CS/PAA) and group B (95% CS/PAA), 7 days after implantation;
(c) specimen of group C (control group) at 16 weeks; (d) specimen of
group B (95% CS/PAA) at 16 weeks; (e and f) specimen of group A
(80% CS/PAA) at 16 weeks

even showed completely repaired bone defect, while the
defect was still visible in the control group. At 16 weeks
after surgery, the boundary between the newly formed and
normal bone almost disappeared and the bone defects were
totally repaired in groups A and B. Whereas in the control
group there was only a small amount of new bone formed
in the defects and the cavity in bone defect region was still
visible in all specimens at 16 weeks [Figure 4]. There was
no significant difference between groups A and B in bone
repair at each time point after the operation.

Histological and histomorphometric findings

Minimal inflammation was observed in all specimens as was
also observed in gross morphology. Histological evidence
further supported the X-ray findings [Figure 5]. At 4 weeks
after the operation, the materials had started to degrade,
newly formed collagen tissue was found around the fragment
materials and juvenile osseous ingrowth was visible in both
groups A and B, and osteocytes were obviously observed within
the bone matrix. Control group showed sparse osteogenesis
and the defective region was filled with blood clot. At 8 weeks
after the operation, the bone ingrowth was accelerated;
primarily developing woven bone, fibrous connective tissue,
and the rest of the materials were observed in the implanted
groups; osteoblast differentiation and juvenile vascularization
were also visible; and newly formed trabecula bone became
more compact. At 12 weeks after the operation, the implanted
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95%CS/PAA

80%CS/PAA

Control

Figure 4: X-ray images according to the three groups and time points
(a, b, c at 4 weeks and d, e, f at 16 weeks) are presented here.
Demonstrate the differences in the cacellous bone defect repair of each
group, with group A(80% CS/PAA) and group B(95% CS/PAA) show
more vigorous and rapid repair than group C(control group)

groups showed a notable amount of guided bone formation
with osteoblasts presented in the trabecula compared to the
control group. The materials induced increased osteogenesis
with the newly formed bone filling the cancellous bone
defective region. Three of six materials in group B degraded
completely while degradation in group A was delayed by
approximately 2-3 weeks. At 16 weeks after the operation,
representative images demonstrated the regenerated bone
with typical structure of matured bone in the defective region
in both implantation groups, and all materials were absolutely
degraded. In the control group, the defect was partially filled
with new trabecula bone and most of the region of defect was
filled by fibrous tissue.

Bone volume (BV/TV, %) is an indicator of the amount
and quantity of the new bone formation. Figure 6 shows
the histomorphometric measurements of defect region of
each group from 4 to 16 weeks. BV/TV values increased
from 4 to 16 weeks in all the groups. The value of BV/TV of
groups A and B was significantly higher than in the control
group at each time point after the operation (P<0.05). As
for groups A and B, there was no significant difference in
8, 12, and 16 weeks, but a significant difference was found
4 weeks after the operation.

Expression of BMP-2 and VEGF

During the natural process of bone defect healing, BMP-2
and VEGF are generally expressed at a high level in the early
stage. In the present study, the expression of BMP-2 and
VEGEF in both treatment groups was upregulated compared
with control group (P<0.01) at 4 weeks [Figure 7]. Between
groups A and B, there was no significant difference in the
expression of BMP-2 and VEGF (P>0.05).

80%CS/PAA
x40

80%CS/PAA 95%CS/PAA  95%CS/PAA
x40

x200

HE
4 weeks
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16 weeks =2

Figure 5: Histological micrographs of specimens from each group at 4 and
16 weeks after surgery: (a and b) 80% CS/PAA,Hand E, x40 and Hand E,
%200, 4 weeks; (c and d) 95% CS/PAA, H and E, x40 and H and E, x200,
4 weeks; (e and f) 80% CS/PAA, Masson x40 and Masson x200, 4 weeks;
(g and h) 95% CS/PAA, Masson x40 and Masson x200, 4 weeks; (i and
j) 80% CS/PAA, H and E, x40 and H and E, x200, 16 weeks; (k and I)
95% CS/PAA, H and E, x40 and H and E, x200, 16 weeks; (m and n)
80% CS/PAA, Masson x40 and Masson x200, 16 weeks; (0 and p) 95%
CS/PAA, Masson x40 and Masson x200, 16 weeks

DiscussioN

Bone defect caused by trauma, infection, tumor resection,
and congenital diseases has been a common clinical
orthopedic problem. Current treatments include bone
grafting by autologous bone graft, allograft, or xenograft
bone transplantation, and using other biomedical
materials.!” Although autogenous bone graft treatment
is satisfactory, its clinical use is still limited due to the
donor and recipient site complications.!® Allogeneic or
xenogeneic bone grafts show rejection and may cause
spread of viral diseases such as hepatitis and HIV. Tissue
engineering and other techniques such as masquelet
have gained a lot of interest among the scientists and
surgeons, but until now, they have not been widely used in
clinical applications.!® Therefore, development of artificial
biomaterials suitable for bone defect repair is an important
subject in the field of medicine and materials science.?%-??
Calcium sulfate is widely used as a graft material in clinical
subjects. It has been proved previously that calcium sulfate
has good compatibility with human tissue and an excellent
biodegradability.?®?* However, its clinical applications
are limited by its disadvantage of rapid degradation and
brittleness.?> For overcoming the drawbacks of mineral
bone graft substitutes, several composite materials
with natural and synthetic biodegradable polymers
have been tested. D’'Ayala et al. synthesized a new
calcium sulfate based composite containing alginate
and N-succinyl-chitosan as polymeric components and
demonstrated it to be suitable for biomedical applications
and easy to use for the clinicians.?
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Calcium sulfate/poly(amino acid) is a series of copolymers
which have excellent properties such as controllable
degradation rate, good osteoconduction, and good
biocompatibility. It is well known that if the graft substitute
degraded over quickly or too slowly, it becomes unfit for
bone defect repair. The best degradation pattern is that of
a graft substitute that degrades in accordance with the new
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Figure 6: A bar diagram showing newly formed bone volume to total
volume ratio (BV/TV, %) of each group, evaluating the quantity of new
bone formation. The bone volume (BV/TV, %) of both the implantation
groups is greater than that of group C (control group) at 4, 8, 12, and
16 weeks after surgery (*P<0.05, **P<0.01, ***P<0.001). The BV/TV
showed no significant difference between group A (80% CS/PAA)
and group B (95% CS/PAA) (P>0.05) at each time point except at
4 weeks(*P<0.05)

bone formation.?” As for the special position and size of
bone defects, there was a specified demand on the property
and degradation rate of material. In our previous study, we
found that 80% CA/PAA and 95% CA/PAA were suitable for
defect repair of cancellous bone. In the present study, the
degradation experiment in vitro showed that the biomaterial
degraded rapidly in the first couple of weeks mainly because
degradation mainly involved the dissolved inorganic
surface of the material at this stage; then the degradation
rate decreased and became smooth because later the
degradation mainly constituted the graded hydrolysis of
the long-chain molecules, which would take much more
time. The whole degradation process of the material
was corresponding with the degradation pattern that we
hypothesized. Therefore, we can control the degradation
rate by regulating the proportion of calcium sulfate in the
material. Poly amino acid showed a strong biological activity
compared with other biomaterials; its catabolites are amino
acids, H,0, or other small molecules which are safe for the
body. As a graft substitute, the amino group can increase the
mutual affinity that helps the cells adhere to the materials
tightly.?®2° The composite biomaterial of calcium sulfate/
amino acid polymer, incorporating the merits of both, is
supposed to provide a source of quality inorganic calcium
and amino acids for tissue repair. Therefore, with good bone
conductivity, biodegradability, and good biocompatibility,
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80%CS/PAA  95%CS/PAA
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Figure 7: Western blot analyses of the expression of the osteogenic growth factor bone morphogenetic protein-2 (BMP-2) and angiogenic growth
factor vascular endothelial growth factor (VEGF). There was a significant difference between the two implantation groups and the control group

(**P<0.01)
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it has great potential value in the clinical orthopedic use.

In the present study, we further demonstrated that these
porous biomaterials show a good performance in bone
formation and have excellent biocompatibility in vivo. Based
on our data and the information from previous studies, there
are three properties of CA/PAA indicating that it is suitable
for bone defect repair. The first property is absorption. In the
previous studies, many synthetic biomaterials showed good
osteoconduction and biocompatibility for bone defect repair.
However, the degradation rates of most of the materials were
uncontrollable.?32 In this study, CA/PAA has been found
to have an advantage of controllable degradation rate by
regulation of the proportion of the CS. Test of degradation
rate in vivo showed that both the materials could be
degraded dramatically in 6 weeks, which corresponded
with the procedure of new bone formation. Degradation of
biological material provides a space for new bone growth,
and also catabolites of amino acids and calcium can supply
the bone matrix for new bone formation. All these contribute
to bone repair. The second property is biocompatibility.
Gross observation and histological evidence demonstrated
that CS/PAA and its catabolites are totally nontoxic, and have
good biocompatibility and affinity with bone tissues and
cells. The third one is osteoconduction and osteoinduction.
Vascular and osteoblasts can ingrow into materials from
surrounding tissue because porous materials provide a rough
interface and adequate space. X-ray and histological results
showed that bone defects were totally repaired at 16 weeks
in the implantation groups while the cavity of bone defect
region was still visible in sham-operated control group; this
indicated that CS/PAA enhanced bone healing in cancellous
defect.

Furthermore, our results showed that the expression of
BMP-2 and VEGF was upregulated in the CS/PAA groups
compared to that in the control group. It is well known that
BMPs, including BMP-2, BMP-4, and BMP-7, have been
used to induce bone formation and to repair bone defects.
BMP-2 is mainly used to induce differentiation of osteogenic
mesenchymal cells into osteoblasts and chondrocytes
and produce new bone.?* VEGE, the best-characterized
angiogenic factor, plays an important role in bone growth
and fracture healing via the endochondral ossification
pathway.?* VEGF can participate in the metabolism of
bone formation through paracrine pathway.® In addition,
VEGEF can also act on osteoblasts to express flt-1 receptor
which can increase the mobility and differentiation function
of osteoblast. This suggests that CS/PAA promoting bone
repair is involved in BMP and VEGF signal pathway.

In conclusion, CS/PAA is a potential therapeutic substitute
for bone defects. Our study indicates that CS/PAA has a

specific property of controllable degradation rate in vitro
and promotes the healing of critical size bone defects
in vivo. With features of controllable degradation rate,
good osteoconduction, and histocompatibility, CS/PAA is
suitable as a resorbable material able to induce bone repair
in critical size defects.

REFERENCES

1. Akita S, Fukui M, Nakagawa H, Fujii T, Akino K. Cranial bone
defect healing is accelerated by mesenchymal stem cells
induced by coadministration of bone morphogenetic protein-2
and basic fibroblast growth factor. Wound Repair Regen
2004;12:252-9.

Muscolo DL, Ayerza MA, Aponte-Tinao LA. Massive allograft use
in orthopedic oncology. Orthop Clin North Am 2006;37:65-74.
Holzwarth JM, Ma PX. Biomimetic nanofibrous scaffolds for
bone tissue engineering. Biomaterials 2011;32:9622-9.

Lee SH, Shin H. Matrices and scaffolds for delivery of bioactive
molecules in bone and cartilage tissue engineering. Adv Drug
Deliv Rev 2007;59:339-59.

Matsushita N, Terai H, Okada T, Nozaki K, Inoue H,
Miyamoto S, et al. Accelerated repair of a bone defect with a
synthetic biodegradable bone-inducing implant. J Orthop Sci
2006;11:505-11.

Gorna K, Gogolewski S. Novel biodegradable polyurethanes for
medical applications. In: Agrawal CM, Parr JE, Lin ST, editors.
Synthetic Bioresorbable Polymers for Implants, ASTM STP 1396.
West Conshohocken, PA: ASTM; 2000. p. 39-57.

Gorna K, Gogolewski S. In vitro degradation of novel
medical biodegradable aliphatic polyurethanes based
on epsilon-caprolactone and Pluronics (R) with various
hydrophilicities. Polym Degrad Stab 2002;75:113-22.

Ip WY, Gogolewski S. Clinical application of resorbable
polymers in guided bone regeneration. Macromol Symp
2007;253:139-46.

Winn SR, Hu Y, Sfeir C, Hollinger JO. Gene therapy approaches
for modulating bone regeneration. Adv Drug Deliv Rev
2000;42:121-38.

Vacanti CA, Bonassar LJ. An overview of tissue engineered bone.
Clin Orthop Relat Res 1999;367(Suppl): S375-81.

Fei Z, Hu Y, Wu D, Wu H, Lu R, Bai J, et al. Preparation and
property of a novel bone graft composite consisting of rhBMP-2
loaded PLGA microspheres and calcium phosphate cement.
J Mater Sci Mater Med 2008;19:1109-16.

Barrera DA, Zylstra E, Lansbury PT, Langer R. Synthesis and
RGD peptide modification of a new biodegradable copolymer:
Poly(lactic acid-colysine). ] Am Chem Soc 1993;115:11010-1.

. Gitelis S, Piasecki P, Turner T, Haqqard W, Charters J, Urban R.
Use of a calcium sulfate-based bone graft substitute for benign
bone lesions. Orthopedics 2001;24:162-6.

Kelly CM, Wilkins RM. Treatment of benign bone lesions with
an injectable calcium sulfate-based bone graft substitute.
Orthopedics2004;27(1 suppl):131-5.

. Kelly CM, Wilkins RM, Gitelis S, Hartjen C, Watson JT, Kim PT.
The use of a surgical grade calcium sulfate as a bone graft
substitute: Results of a multicenter trial. Clin Orthop Relat Res
2001;382:42-50.

Parfitt AM, Drezner MK, Gliorieux FH, Kanis JA, Malluche H,
Meunier PJ, et al. Bone histomorphometry: Standardization

10.

11.

12.

16.

Indian Journal of Orthopaedics | May 2012 | Vol. 46 | Issue 3

272



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Yang, et al.: Evaluation of biodegradable graft substitute in rabbit bone defect model

of nomenclature, symbols and units. ] Bone Miner Res
1987;2:595-610.

Russell JL, Block JE. Clinical utility of demineralized bone matrix
for osseous defects, arthrodesis, and reconstruction: Impact of
processing techniques and study methodology. Orthopedics
1999;22:524-33.

Yoshikawa T, Ohgushi H. Autogenous cultured bone graft-bone
reconstruction using tissue engineering approach. Ann Chir
Gynaecol 1999;88:186-92.

Giannoudis PV, Faour O, Goff T, Kanakaris N, Dimitriou R.
Masquelet technique for the treatment of bone defects:
Tips-tricks and future directions. Injury 2011;42:591-8.
Constantino PD, Friedman CD. Synthetic bone graft substitutes.
Otolaryngol Clin North Am 1994;27:1037-74.

Green D, Walsh D, Mann S, Oreffo RO. The potential of
biomimesis in bone tissue engineering: Lessons from the design
and synthesis of invertebrate skeletons. Bone 2002;30:810-5.
Burg KJ, Porter S, Kellam JF. Biomaterial developments for bone
tissue engineering. Biomaterials 2000;21:2347-59.

Walsh WR, Morberg P, YuY, Yang JL, Haggard W, Sheat PC, et al.
Response of a calcium sulphate bone graft substitute in a confined
cancellous defect. Clin Orthop Relat Res 2003;406:228-36.
Pecora G, Andreana S, Margarone JE 3", Covani U, Sottosanti
JS. Bone regeneration with a calcium sulfate barrier. Oral Surg
Oral Med Oral Pathol Oral Radiol Endod 1997;84:424-9.
Doadrio JC, Arcos D, Cabanas MV, Vallet-Regi M. Calcium
sulphate-based cements containing cephalexin. Biomaterials
2004;25:2629-35.

D’Ayala GG, De Rosa A, Laurienzo P, Malinconico M.
Development of a new calcium sulphate-based composite
using alginate and chemically modified chitosan for bone
regeneration. ] Biomed Mater Res A 2007;81:811-20.
Schroeder JE, Mosheiff R. Tissue engineering approaches for
bone repair: Concepts and evidence. Injury 2011;42:609-13.
Chang KY, Cheng LW, Ho GH, Huang YP, Lee YD. Fabrication
and characterization of poly(y-glutamicacid)-graft-chondroitin

29.

30.

31.

32.

33.

34.

35.

sulfate/polycaprolactone porous scaffolds for cartilage tissue
engineering. Acta Biomater 2009;5:1937-47.

Lee CT, Huang CP, Lee YD. Biomimetic porous scaffolds
made from poly(L-lactide)-g-chondroitin sulfate blend
with poly(L-lactide) for cartilage tissue engineering.
Biomacromolecules 2006;7:2200-9.

De Biase P, Campanacci DA, Beltrami G, Scoccianti G,
Ciampalini L, Pecchioli O, et al. Scaffolds combined with stem
cells and growth factors in healing of pseudotumoral lesions of
bone. Int J Immunopathol Pharmacol 2011;24(1 Suppl 2):11-5.
Yuan H, Fernandes H, Habibovic P, de Boer ], Barradas AM,
de Ruiter A, et al.Osteoinductive ceramics as a synthetic
alternative to autologous bone grafting. Proc Natl Acad Sci U
S A2010;107:13614-9.

Athanasiou VT, Papachristou DJ, Panagopoulos A, Saridis A,
Scopa CD, Megas P. Histological comparison of autograft,
allograft-DBM, xenograft, and synthetic grafts in a trabecular
bone defect: An experimental study in rabbits. Med Sci Monit
2010;16: BR24-31.

Xiao C, Zhou H, Ge S, Tang T, Hou H, Luo M, et al. Repair
of orbital wall defects using biocoral scaffolds combined
with bone marrow stem cells enhanced by human bone
morphogenetic protein-2 in a canine model. Int ] Mol Med
2010;26:517-25.

Miyagi Y, Chiu LL, Cimini M, Weisel RD, Radisic M, Li RK.
Biodegradable collagen patch with covalently immobilized
VEGF for myocardial repair. Biomaterials 2011;32:1280-90.
Matsumoto Y, Okada Y, Fukushi J, Kamura S, Fujiwara T, Lida K,
et al. Role of the VEGF-FIt-1-FAK pathway in the pathogenesis
of osteoclastic bone destruction of giant cell tumors of bone.
J Orthop Surg Res 2010;5:85.

How to cite this article: Yang X, Li Y, Huang Q, Yang J, Shen B,
Pei F. Evaluation of a biodegradable graft substitute in rabbit bone
defect model. Indian J Orthop 2012;46:266-73.

Source of Support: Nil, Conflict of Interest: None.

273

Indian Journal of Orthopaedics | May 2012 | Vol. 46 | Issue 3



