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Abstract The purpose is to study the in vivo bioactivity of
this scaffold and verify its ability to simulate the char-
acteristics of cancellous bone. Twenty-four adult New
Zealand white rabbits were divided into three groups. Bone
defects above the femoral condylar of both sides were
created. A newly designed bioactive nanoparticle—gelatin
composite scaffold was implanted to the experimental side,
while the control side was left without implantation. The
repair of bone defect was monitored by X-ray examination,
gross observation, Micro-CT examination and histological
observation of the area of bone defect 4, 8 and 12 weeks
after surgery. There was void of new bone tissue in
medullary cavity in the bone defect area of the control side.
In the experimental side, the composite scaffold displayed
excellent  biodegradability, Dbioactivity and cyto-
compatibility. With the time laps, new bone tissue grew
from the edge to center as revealed by both Micro-CT
image and staining biopsy, which complies with the
“creeping substitution” process. The mechanical properties
of the newly designed bioactive nanoparticle—gelatin com-
posite scaffold and the 3-D structure of new bone tissue are
comparable to the surrounding cancellous bones. This
newly developed bioactive nanoparticle—gelatin composite
scaffold possesses good biocompatibility and in vivo
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osteogenic capability for bone defect repair. It may be a
promising artificial bone grafts.

1 Introduction

At present, bone defects caused by trauma, tumor, infection
and fusion operation are common clinical issue, the repair
of them is still challenging [1]. Since Jobi Meekren trans-
planted a portion of a dog’s skull into a defect in one of the
cranial bones of a soldier in 1862 [2], bone transplant
technology has been used for more than 150 years. Current
natural bone substitutes include autografts, allografts and
xenografts. Although autologous bone grafting is con-
sidered as the golden standard for bone transplantation, it
has the risk of postoperative complications at the donor site
and the disadvantage of inadequate supplies, which sig-
nificantly limites its application. Allograft procedures, on
the other hand, may lead to immunological rejection
(especially for the grafting of large bone fragments) and
also may have ethic concerns [3-5].

Nowadays, bone substitutes have become important
materials for treating bone defects and are in high demand.
The development of new artificial bone substitution mate-
rials has become an important topic both in medical and
materials science societies. The general requirements for
bone substitution materials are: good biological compat-
ibility, appropriate mechanical properties, micro-porous
structure allowing the in-growth of new bone tissue, syn-
chronized absorption rate with the new bone growth rate
and easiness of being processed into the required size and
shape [6]. Currently, there are many bone graft substitute
materials such as inorganic materials [hydroxyapatite (HA),
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bioactive glass, etc.] and biodegradable polymers [poly-
(lactic acid) (PLA), poly lactic-co-glycolic acid (PLGA),
gelatin, etc.] [7, 8]. However, due to the mechanical or
bioactivity defects, there still lacks a “perfect” bone grafting
material, which can meet all the above requirements.

Traditionally, researches on bone grafting materials
mainly focus on three aspects: three dimensional structure,
cell adhesion and biocompatibility. Recent, development of
tissue engineering technology has allowed the induction of
cell differentiation, proliferation, and implantation on bio-
logical materials, composite material have thus attracting
more and more attention. Besides the conventional micron-
sized particles, nano-sized bioactive particles (nBP) were
also used to composite with polymers, with the expectation
for better mechanical performances [9, 10]. In our previous
work, bioactive particles (BP) with controllable sizes and
narrow size distribution were synthesized [11] and used as
fillers to form composite scaffolds with gelatin [12]. It was
found that these scaffold showed good in vitro bioactivity
and mechanical properties comparable to cancellous bones;
they also showed good cyto-compatibility, where cells
could adhere, spread, and proliferate very well [12]. We
therefore speculate that it may be a promising artificial bone
grafting material, however, its in vivo performance needs to
be evaluated first.

A critical-sized bone defect (CSD) is defined as a defect
which cannot heal spontaneously during the lifetime of the
animal [3], which only heals with the aid of proper bone
substitutes. CSD is considered as the best model to evaluate
bone substitution materials. Skull defect model and the
distal femoral defect model are the most commonly used
CSD.

In the present study, we established a distal femoral bone
defect model and implanted the bioactive nanoparticle—
gelatin composite scaffold s into the defect sites to evaluate
their in vivo performance over a period of 3 months. The
purpose is to study the in vivo bioactivity of this scaffold
and verify its ability to simulate the characteristics of can-
cellous bone.

2 Materials and methods
2.1 Implant

The bioactive nanoparticle—gelatin composite scaffold used
in this experiment is provided by Institute of Chemistry,
Chinese Academy of Sciences. The preparation process is
briefly described as the following. BPs with mean diameters
of 14 nm (BP-14) were dispersed in water at a concentration
of 20 wt%. Gelatin solution (20 wt%) (Type A from porcine
skin, Sigma-Aldrich) were mixed with BP dispersion under
stirring at 40 °C for 8 h. The mixtures were casted into
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Fig. 1 Three dimensional sketch map of BP-14/gel scaffolds

Fig. 2 The gross appearance of BP-14/gel scaffolds

polyethylene molds and aged for 24 h, followed by freezing
for 8 h. The frozen samples were then stored at —54 °C for
3h, and freeze-dried for 3 days. The freeze dried samples
were then soaked in glutaraldehyde—water solution (1 wt%)
for 24 h to form cross-linked scaffolds, which were further
soaked in water for 48 h, with water changes every 8 h, to
remove residual glutaraldehyde. Finally, porous composite
scaffolds were obtained by freeze-drying for another 3 days.
The optical microstructure and gross appearance of BP-14/
gel scaffolds is shown in Figs. 1 and 2.

2.2 Animals and surgical procedures

All animal procedures were approved and conducted in
accordance with the Approval local (Peking University
Third Hospital) animal care committee and national guide-
lines. Twenty-four adult New Zealand white rabbits were
randomly divided into three groups.

Three groups of animals were euthanized at 4, 8 and
12 weeks post-operation, respectively.
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Fig. 3 Surgical site on the distal femoral of rabbit showing a circular
defect filled with scaffolds

Rabbits were anaesthetized using pentobarbital sodium
20 mg/kg intramuscularly. Once the animal had reached a
deep plane of anaesthesia, its lower right leg was shaved
with mechanical clippers and the area cleared of fur by the
application of a depilatory cream. The leg was cleaned with
moist gauze and sterilized using three consecutive washes
of tincture of iodine, followed by 70% ethanol. Sub-
cutaneous injection of 1% lidocaine was administered for
palliative pain prevention.

During the surgical procedure, a 2.0 cm full-thickness
skin incision was made longitudinally above the lateral
femoral condylar, and a needle was inserted into the joint
space. Then a cavity of 5.5 mm in diameter was drilled at
the center of the distal femur consecutively with different
size of Kirschner wire and reaming bur, which is located
about 8 mm above the knee joint. The cavity orientation was
perpendicular to the longitudinal and sagittal axis of the
femur. The defect site was gently cleared of blood and bone
fragments with the aid of suction and tissue moist was kept
by saline irrigation. After sterilizing with ethylene oxide
gas, the 5.0 mm composite scaffolds were implanted into
the cavities (Fig. 3) in the experimental side; in the control
side, nothing was implanted. Then the fascia and skin were
sutured. In post-operation, animals received topical appli-
cation of 0.2% chloramphenicol antibiotic solution to the
sutured skin to prevent contamination of the operated site
followed by an intramuscular administration of penicillin G
sodium (40wlIU/d, 5 days). Rabbtis were housed in well
ventilated rooms and were given access to food and water.

2.3 Observation index
2.3.1 Radiological examination

To evaluate bone formation and union, standardized
anterior—posterior (A—P) and lateral radiographs were taken

postoperatively on the first day and 4, 8 and 12 weeks after
operation. An ultra-high definition film, 70 kV and 50 mA,
with a constant X-ray-to object-to film distance of 90 cm
were used.

2.3.2 Gross observation

Rabbits were sacrificed for gross observation 4, 8 and
12 weeks after surgery. Healing signs of the femur were
observed.

2.3.3 Micro-computer tomography examination

At 4, 8 and 12 weeks after surgery, eight rabbits from each
group were sacrificed. The specimens of each group were
prepared for micro-CT scan (Siemense Inveon PET/CT).
Along the long axis of the specimen, a 13.6 pm resolution
scan was acquired in a consecutive micro-CT imager (500 kV,
500 pA), which included the defects of the implant site and
peripheral area as a region of interest (ROI). New bone for-
mation was visualized and analyzed by the Inveon research
workplace (Siemens Medical Solutions, USA).

2.3.4 Histopathological examination

The lower limbs of each rabbit were harvested and dissected
so that they were free of soft tissue. Sections containing the
defect area were cut with a slow-speed saw. The specimens
were fixed with a 10% neutral formalin solution for 48 to
72h. Each specimen was demineralized for hematoxylin
and eosin (H&E) staining. The specimens were decalcified
with 10% EDTA, and embedded in paraffin followed with
H&E staining. Sagittal sections (5 pm-thick, four sections,
with two sections from the central region and another two
sections from the interface between the graft and the defect)
were H&E stained. Parts of these specimens were prepared
for immune-histochemistry analysis, which mainly focuses
on the in-growth of blood vessel, using vascular endothelial
growth factor (VEGF) as the marker.

2.4 Statistical analysis

Statistical analyses were conducted using SPSS 17.0 (SPSS
Inc., USA). Continuous, normally distributed variables were
expressed as means + standard deviation, a one-way
ANOVA was used to compare differences in groups, and
the LSD method was used to compare differences between
groups. The difference was regarded as statistically sig-
nificant when P < 0.05. All statistical tests were two-tailed.
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Fig. 4 Post-operative radiographs of each side. With the time extension, the density has further increased, and the experimental side density is
higher than the control side. 1 control side; 2 experimental side; a 1 day, b 4 weeks, ¢ 8 weeks, and d 12 weeks

3 Results
3.1 Radiological examination

Standardized A-P and lateral radiographs were taken
postoperatively on the first day and 4, 8, and 12 weeks after
operation. The bilateral distal femoral bone defects were
visible on the first day post-operation, and the composite
scaffold is radiolucent. Local density had increased 4 weeks
post-operative at the defect area with ground glass tissue
formation, and density of the experimental side is higher
than the control side; with the time extension, the density
has further increased 8 and 12 weeks post-operative in each
side. The x-ray images were shown in Fig. 4.

3.2 Gross observation

All the animals tolerated the procedure well, the wound
healed without obvious redness, infection and poor healing.
Soft tissue was cleaned up for gross observation after spe-
cimens harvested.

3.2.1 The control side

The original bone defects were still visible 4 weeks post-

operative, with the time extension, the defect area gradually
healed. Cortex bone healed completely 12weeks
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postoperative. There is no new bone tissue formation in the
medullary cavity when the distal femoral was slit.

3.2.2 The experimental side

The original bone defects were also visible 4 weeks post-
operative and the composite scaffold exposed. When the
distal femoral was slit, the composite scaffold contacted
well with the surrounding tissue, without envelope and
inflammatory liquid concentration. The original bone defect
was mostly filled with new bone 8 weeks postoperative, the
area of the composite scaffold surface shrunk, the scaffold
color was similar with the surrounding tissue and could not
be distinguished. The bone defect area was completely filled
with new bone tissue, the scaffold integrated well into the
medullary cavity, the hardness of composite scaffold area
were higher than the surrounding tissue, but close to normal
distal femur cancellous bone.

3.3 Micro-computer tomography

The area of new bone tissue on the experimental side is
much larger than the control side analyzed by the Inveon
research workplace. The new bone tissue grown from the
edge to the center and gradually replaced the implant
scaffold. The Micro-CT scan images of each side were
shown in Figs. 5 and 6. The bone defect area was set as the
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Fig. 5 Micro-CT images of the
control side. There was void of
new bone tissue in the bone
defect area at all the time points.
1, 2, 3: 4, 8, 12 weeks,
respectively; a axial
reconstruction; b sagittal
reconstruction

Fig. 6 Micro-CT images of the experimental side. With the time respectively; a axial reconstruction; b sagittal reconstruction; ¢ coronal
extension, the new bone tissue grown from the edge to the center and reconstruction; d three dimensional reconstruction
gradually replaced the implant scaffold. 1, 2, 3: 4, 8, 12 weeks,
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Table 1 Dates measured by the
Inveon research workplace

BV/TV

BSA/BV (1/mm)

TbTh (mm)

TbN (1/mm)

TbSp (mm)

analysis software

4w 0.1193 +£0.0143  13.5991 + 1.1468
8w 0.2130+£0.0433  10.7045 +1.2738
12w 0.2821+0.0431  9.8358 +2.2293
P 0.000 0.001

0.1480 £ 0.0127
0.1890 + 0.0205
0.2137 +£0.0541
0.000

0.8068 +0.0734
1.1201 £ 0.1435
1.3557 £0.2229
0.000

1.1003 £0.1140
0.7180 £ 0.1410
0.5391 +£0.0731
0.001

Fig. 7 Histological section of
experimental side with H&E
staining. 1, 2, 3: 4, 8, 12 weeks,
respectively; a 5x; b 10x; ¢
40x; Scale bar 100 pm

ROI, which is 5 mm in diameter and parallel to the scaffold.
Inveon research workplace analysis software was used to
measure the relative bone volume (bone volume/tissue
volume, BV/TV), bone surface area/bone volume (BSA/
BYV), trabecular thickness (TbTh), trabecular number (TbN)
and the trabecular spacing (TbSp) of the experimental side
4, 8 and 12 weeks postoperative, respectively. SPSS 17.0
was used to compare the difference among groups. There
were statistically significant differences among different
time point all of the five indexes. With the time extension,
the relative bone volume, TbTh and TbN gradually
increased, while the BSA/BV and TbSp reduced. The dates
were shown in Table 1.

There were statistically significant differences among
different time point all of the five indexes. The relative bone
volume, TbTh and TbN gradually increased, while the
BSA/BV and TbSp reduced, P<0.05. BV/TV bone
volume/tissue volume; BSA/BV bone surface area/bone

@ Springer

volume; TbTh trabecular thickness; TbN trabecular number
and TbSp trabecular spacing.

3.4 Histopathological examination

Histological section of experimental side with H&E staining
were shown in Fig. 7. Composite scaffold maintained its
original form 4 weeks postoperative with some inflamma-
tory reaction. Macrophages, mesenchymal cells and fibro-
blasts were seen in the pore at the host bone-scaffold
junction. A large number of cells invaded into the central
part of the composite scaffold 8 weeks postoperative, and
the scaffold had been partly degraded. Osteoblast and bone
matrix can be seen at the high magnification field. The
scaffold had been completely degraded 12 weeks post-
operative, cartilage matrix calcification and woven bone
formation can been seen. And there were a large number of
active osteoblasts surrounded the newly formed trabecular
structure.
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4 Discussion

Bone defect is a common orthopedic diseases, which may
lead to limb deformities, dysfunction and other complica-
tions if improperly handled. Research on the bone substitute
materials in the clinical treatment of bone defects have
become a hot topic. There are some disadvantages of the
bone substitute materials. The fatigue strength of bio-glass
is low, and the high stiffness and brittleness makes it dif-
ficult to molding and fixation. On the other hand, the
degradation products of synthetic polymer materials can
lead to inflammation and is not conducive to cell growth
with low cell affinity. Therefore, the present osteoconduc-
tive material study focused on the composite materials,
which obtain the advantage of both parts [13]. In our pre-
vious work, we have successfully combined bioactive
nanoparticle and gelatin to form composite scaffolds, which
are bioactive and with mechanical properties comparable to
cancellous bones.

Experimental models of bone regeneration using critical
defects with no spontaneous regeneration have been used to
analyze different substances with osteoinductive properties,
which are specifically able to induce the differentiation of
osteoprogenitor cells into osteoblasts and induce bone for-
mation [14, 15]. The purpose is to study the in vivo
bioactivity of the scaffold we designed and verify its ability
to simulate the characteristics of cancellous bone. We chose
the supra-condylar area for a low demand for mechanical
strength, and there is no normal cancellous bone, but red
bone marrow with a large amount of osteo-progenitor cells,
which can induce gather of osteoblasts and new bone for-
mation [16]. We have found that cells could adhere, spread,
and proliferate very well in the composite scaffolds. We
used the Inveon research workplace to measure the relative
bone volume in both the distal femoral area and the bone
defect area, which is implanted by the composite scaffold.
We had found that the BV/TV of normal distal femur
cancellous bone area were 0.2634-0.2926, and the average
BV/TV of the experimental side 12 weeks postoperative
was 0.2821, there was no significant difference between the
two parts. From this point of view, this new scaffold may
have the ability to simulate the formation of new bone,
which has a similar three dimensional structure as the nor-
mal cancellous bone.

An essential requirement for an artificial material to bond
to living bone is the formation of a biologically active bone-
like apatite layer on its surface in a body environment [17].
The new bone is assembled through the orderly deposition
of apatite minerals within the collagen matrix [18, 19]. We
have found that this composite scaffold has the suitable
surface area for the induction of new bone formation, which
is good for ion exchange reaction and the formation of
hydroxyl apatite layer interface. Moghadam et al. [20]

indicated that only the decalcified bone matrix had the
ability of bone induction and speculated that calcium salt
related to BMP release. There was visible high-density
material deposition around the composite scaffold 4 weeks
postoperative both in the x-ray and the Micro-CT image,
though there was no mature bone tissue in the corre-
sponding H&E staining biopsy yet, we therefore speculated
that the composite scaffold could induce the formation of
hydroxyl carbonate apatite layer in the early stage after
implantation. Micro-CT image showed that the hydroxyl
carbonate apatite deposited more with the time extension,
and there was visible formation of bone matrix in the H&E
staining biopsy 8 weeks postoperative, which induced the
formation of new bone tissue inside the scaffold further. By
the time of 12 weeks, we had seen obvious trabecular bone
structure formation in the H&E staining biopsy.

Osteogenesis showed a trend of “creeping substitution”
process. At present, most of the bone ossification process in
artificial material begun at the peripheral area and crawled
to the center gradually, at the early stage, there was no new
bone formation in the center of the implant [21]. The micro-
CT image showed that the new bone tissue grown from the
edge to the center and gradually replaced the implant
scaffold with the time extension, and the 3-D reconstruction
fully displayed the new bone tissue formation in the center
of the scaffold. In the H&E staining biopsy, we also saw the
cells invade from the edge to the center, which character-
ized the “creeping substitution” process. The porosity of this
scaffold provided a good space for the cell metabolism and
nutrient exchange, and is beneficial to the in-growth of
granulation tissue and the crawl substitution of original
trabecular bone.

This scaffold is a good medium for cell adhesion and
with appropriate BP particle size and pore spacing, avoiding
the sedimentation of big particles in the scaffolds and
facilitate bone formation [22]. The gelatin is a kind of
natural biodegradable protein molecules and has good bio-
compatibility without tissue rejection, and is an natural
organic material to simulate bone tissue. Moreover, fibrin
glue has no inhibitory effect on cell differentiation, pro-
liferation and morphology [23]. And the movement of
osteoblasts along the compound scaffold network resulted
in bone remodeling much earlier than usual. In the H&E
staining biopsy 4 weeks postoperative, there was visible
cells invade the scaffold pore in the peripheral area, and cell
proliferation was more and more with the time extended.
All the process, there was no obvious inflammatory liquid
concentration. Good biocompatibility, and the ability to
promote cell adhesion, proliferation are the advantages of
this new scaffold.

If there is no proper blood supply inside the scaffold,
neither the bone conduction nor induction is able to com-
plete. Rayner [24] indicated that vascularization of the
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material is necessary for bone formation in the 1980s. The
pore sizes of the composite scaffolds were in the range of 50
to 300 pm, which is suitable for cell adhesion and growth as
well as blood vessels growth [25, 26]. The expression of
vascular endothelial growth factor (VEGF) is to promote
blood vessel formation condition, which provides new bone
with adequate blood supply [27]. In biopsy of the experi-
mental side, VEGF antibody detection displayed a lot of tan
particles deposition in the cytoplasm, which indirectly
reflect the in-growth of new blood vessels to the scaffold.

5 Conclusion

Proper bone substitute materials should have good bio-
compatibility and mechanical properties, and have a micro-
porous structure, which is beneficial to the new born in-
growth. In this experiment, cells could adhere, spread, and
proliferate very well in the newly designed bioactive
nanoparticle—gelatin composite scaffold. This scaffold
showed good biodegradability, bioactivity and cyto-
compatibility. It induced new bone formation well when it
is implanted. And the mechanical properties of the scaffold
and the 3-D structure of new bone tissue are comparable to
cancellous bones. We speculate it may be a promising
artificial bone grafts.
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