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Purpose: The purpose of this study was to investigate the effect of bone-like hydroxyapatite/
polyamino acid (BHA/PAA) in the osteogenesis and reconstruction of long segmental bone
defects.

Methods: In vitro, MG63 cells were cultured with BHA/PAA. The osteoinductive activity of
the BHA/PAA material was evaluated using inverted microscopy, scanning electron microscopy,
MTT proliferation assay, and the determination of alkaline phosphatase activity and Ca** content.
In vivo, the radial bone defect was made in 20 New Zealand White rabbits, and then these ani-
mal were randomly divided into two groups (n=10), the experimental group (with BHA/PAA)
and the control group (without BHA/PAA). Postoperatively, the osteogenesis effect of BHA/
PAA was evaluated through X-ray, hematoxylin—eosin staining, observation of the gross bone
specimen, immunohistochemistry, and fluorescent confocal scanning microscopy.

Results: In vitro, BHA/PAA promoted the adhesion, growth, and calcium nodule formation of
MG63 cells, and it had good osteogenesis activity. In vivo, with BHA/PAA material degrada-
tion and absorption, the new bone gradually formed, and the bone defect gradually recovered
in the experimental group. In the control group, a limited bone formation was found at the bone
broken ends, and the bone defect was obviously visible.

Conclusion: In vitro and in vivo, we confirmed that BHA/PAA was effective in inducing
osteogenesis and reconstructing a long segmental bone defect.

Keywords: BHA/PAA, osteogenesis induction, reconstruction, bone defect

Introduction

With the development of municipal construction and an increase in the number of motor
vehicles, the incidences of complex fractures, bone defects, and bone nonunions due to
the high-energy trauma of motor vehicle accidents are increasing. The treatment of large
segmental bone defects is still an unresolved clinical challenge to orthopedic surgeons.
For the treatment of a bone defect, the best choice is an autologous bone graft, which
is the gold standard.! However, there are many disadvantages. It complicates a trauma
surgery and increases the patient’s pain. Furthermore, sources for the graft are limited,
and there are complications when taking bone from its original site, which greatly limits
its application.” Although the allograft bone graft and the xenograft bone graft overcome
the shortcomings of autogenous bone grafts, they come from a different immune source,
and a rejection reaction and the potential spreading of disease are significant possibilities.'
Furthermore, in the process of processing the graft, the bone cell activity and the osteogenic
inducer factor may inactivate, decreasing the capacity of osteogenic induction, which
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also limits their application. To overcome these shortcomings,
considerable research has focused on bone-like materials, which
have good biological compatibility and biological activity, are
biodegradable, induce osteogenesis, and have physicochemi-
cal properties similar to natural bone. There is no undesired
immunological response and risk of infection. Finally, they
are easy to process and are low cost. With the advance of
biological tissue engineering and the development of forging
technology, many bone graft materials have been developed,
which have good biocompatibility, are biodegradable, and are
capable of osteogenesis. Examples include hydroxyapatite
(HA), nano-hydroxyapatite (n-HA), calcium phosphate, and
artificial polymers. HA is the main component of bone and
has good biocompatibility and osteogenic activity. It is widely
being used as an alternative material in bone tissue repair.*®
Bone-like hydroxyapatite (BHA), being similar to normal
bone structure, is carbonated n-HA, and its activity is stronger
and its degradation is faster than HA. It has good performance
with regard to degradation and biological compatibility, does
not elicit an immune response, and has a higher biological
activity.®® It is also easier to combine with the host bone and
to induce new bone formation when it is implanted in the body.
The molecular structure of polyamino acid (PAA) is similar
to collagen protein, and PAA has good biocompatibility and
biodegradability,’ as well as good mechanical properties and
processability. BHA/PAA combines the good mechanical prop-
erties of PAA with the ability of BHA to induce osteogenesis
and bone conduction. One can also adjust the proportion of the
two in order to adjust the speed of its degradation, which gives
it great potential for a bone repair material.

This study used BHA/PAA as the bone graft material for
the reconstruction of a radial bone defect in rabbits. Using in
vitro and in vivo studies, it was evaluated for its osteoinductive
activity and its ability to effectively reconstruct a bone defect.
These findings provide a new approach for the clinical treat-
ment and reconstruction of large segmental bone defects.

Materials and methods

Preparation of materials

Materials were prepared using the standard atmospheric
pressure solution method.!® The cylindrical-shaped BHA/
PAA materials were prepared with a size of 15x5x5 mm?
and a weight of 620.5018.54 mg. Using the same method,
the wafer-shaped materials were prepared with a diameter of
8 mm, a thickness of 1 mm, and a weight 100.48+1.45 mg.
The aperture of the two materials was 100-500 um. Materials
were provided by the National Nano-material Company of
Sichuan University, and the physical and chemical properties
of the materials were detected by the Material Analysis and

Testing Center of Sichuan University. The aforementioned
materials were disinfected when they were prepared.

In vitro experiment

Osteoblast-like MG63 cell culture and identification
Approximately —70°C frozen human osteogenesis-like MG63
cells (provided by Sichuan University Analysis Testing
Centre) were thawed in a 37°C water bath, with rapid rewarm-
ing and melting, washed with 1640 culture liquid, and cen-
trifuged three times at 1,000 rpm, every 5 minutes. No ethics
statement was required from the institutional review board
for the use of this cell line. They were then formulated at a
cell concentration of approximately 1x10*mL, inoculated
in culture flasks, and 1640 culture solution (containing 10%
fetal bovine serum, FBS) was added. Under standard condi-
tions (37°C, 5% CO,, 95% air), MG63 cells were cultured,
and the culture fluid was replaced every other day. When the
MG63 cells grew in a single layer and the adherent growth of
MG63 cells was more than 80% in culture flask, cells were
passaged. The experimental cells were cultured in the loga-
rithmic growth of the third-generation cells. Using an inverted
microscope, the morphology of MG63 cells was observed to
be spindle and polygonal, with an obvious nucleolus. After
2 days of culturing MG63 cells, we stained them with alizarin
red and looked for red-stained calcium nodule formations. If
formations were observed, it was confirmed that the MG63
cells were osteoblast-like cells and had good osteogenic activ-
ity, and these cells were used as the experimental cells.

The determination of osteogenic ability

The BHA/PAA wafer materials, washed three times with phos-
phate buffer solution (PBS), were placed in a 24-well culture
plate in a total of nine holes. No material was designated as the
control group. Approximately 1 mL of 1640 culture solution
was used to soak the BHA/PA A material for 12 hours, and then
the culture solution was washed off. Osteoblast-like MG63 cells
(concentration 3x10%mL) were inoculated in each well (1 mL/
well) under the standard conditions, and the culture solution
was replaced every other day. MG63 cell morphology, adhe-
sion, and growth were observed on the culture plate using an
inverted microscope. Meanwhile, on culture day 7, three wafer
materials and slides were taken from the experimental group
and the control group, respectively, and processed as follows:
2% glutaraldehyde fixation, ethanol dehydration, substitution,
critical point drying, and gold spraying. Finally, under the
conditions of high vacuum and 15.0 kV, and using a scanning
electron microscope (SEM), MG63 cells were evaluated for
adhesion, growth, and the formation of calcium nodules on the
material and slide surface.
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MTT cell proliferation assay

The processing of the BHA/PAA wafer materials, the culturing
of MG63 cells, and the dividing groups were the same as for the
previous experiment, while the only difference was that there
was no slide in the control group. Three wells were selected in
each group on culture day 2, 5, and 7. Approximately 40 UL
MTT liquid was added per well under a constant temperature
of 37°C and allowed incubated for 4 hours. Then, the culture
was terminated, and the 1640 and MTT mixture solution in
each well was removed. Approximately 450 uL dimethyl
sulfoxide (DMSO) per well was added, slightly shaken for
5-10 minutes, and then placed at 37°C for 30 minutes. Using
a porous plate analyzer (HTS7000 plus type) at 570 nm wave-
length, the optical density (OD) was determined for each well,
and the average OD value of cell proliferation was calculated
in each group at different time points.

The detection of alkaline phosphatase (ALP) activity
and Ca*" content

The processing of the BHA/PA A wafer materials, the cultur-
ing of MG63 cells, and the dividing groups were the same
as for the previous experiment, while the only difference
was that there was no slide in the control group. On cell
culture days 2, 5, and 7, the materials from three wells were
taken from experiment group and washed three times with
PBS. MG63 cells were removed from the materials, and the
adhesive and unadhesive MG63 cells from the culture plate
wells were collected. Then, MG63 cells were digested with
0.25% trypsin for 5 minutes, and the digestion was termi-
nated with 1640 culture fluid. MG63 cells were collected
by centrifugation, and the supernatant was removed. MG63
cells were centrifuged three times to terminate the trypsin
effect. Adding 100 uL PBS to the tube, the cell suspension
was dissociated, sealed with EP tube, and placed in a—70°C
freezer. Then, MG63 cells were rapidly frozen and thawed
three times to rupture the osteoblast-like cell, forming an
MG63 cell-freeze-thawing solution. The freeze-thawing solu-
tion (at 4°C) was centrifuged at 15,000 rpm for 15 minutes,
and the supernatant was moved into a new test tube; this
now becoming the test sample. The ALP activity and Ca*
content was determined by the enzyme label, according to the
manufacturer’s protocol. The experiment was repeated three
times in each group, and the mean value was taken.

In vivo

The construction and treatment of an animal model
of a radial bone defect

In our study, the animal model of a radial defect was con-
structed in 20 New Zealand White rabbits that were 4 months

old and weighed 2.5-3.0 kg (2.73 kg on average). All surgical
procedures were approved by the Animal Care Committee
of Chongqing Medical University, Chongqing, People’s
Republic of China. New Zealand White rabbits, bred and
observed for 5 days, were put on the operating table and
given pentobarbital (30 mg/kg) anesthesia intravenously. The
right forearm, from elbow joint to wrist joint, was shaved and
disinfected with polypovidone iodine solution. In the middle
radius, an approximately 3 cm longitudinal incision was
made to expose the radial diaphyseal, and an approximately
15 mm long radial cut was made with a micro-oscillating saw
to create the radial defect. Then, the animals were randomly
divided into two groups (n=10): the experimental group
(treated with material with the size of 15x5x5 mm? BHA/
PAA) and the control group (without material). Finally, the
wounds were washed with saline and closed with sutures
layer by layer. Postoperatively, animals were kept in indi-
vidual cages, fed a routine diet, were free to move about, and
injected with penicillin 50 U/kg intramuscularly three times
per day for 3 consecutive days, to prevent infection.

Imaging examination

Preoperatively, on day 1 and at 4, 8, and 12 weeks, positive
lateral X-ray film (exposure conditions: 42 kV, 100 mA/s,
1.2 m) of the rabbit right forearm was taken. To ensure that
the imaging results were true and reliable, two radiologists
independently evaluated the radiographs in a double-blind
manner. Images were evaluated for BHA/PAA materials
degradation and absorption, new bone formation, bone con-
nection, and bone defect recovery using the Lane and Sandhu
scoring system'' (Table 1).

Table | Lane and Sandhu modified radiation scoring system

Bone formation
No evidence of bone formation
Bone formation occupying 25% of bone defects
Bone formation occupying 50% of bone defects
Bone formation occupying 75% of bone defects

A W PN — O

Bone formation occupying 100% of bone defects
Union (proximal and distal separately)

o

Nonunion

Possible union |

Radiographic union 2
Reconstruction

No evidence of reconstruction 0

Bone marrow cavity reconstruction |

N

Cortical reconstruction
Possible total score per class

Bone formation

Proximal union

Distal union

Reconstruction

— N NN D

Maximum score
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Gross observation of bone specimen

Postoperatively, at 12 weeks, three rabbits were sacrificed in
each group, their forearm muscle was completely removed,
and the length of the whole radius was exposed. They were
then observed for the degradation of the BHA/PAA materi-
als, the formation of new bone, the bone connection, and the
recovery of the bone defect.

The detection of pathology and
immunohistochemistry

Postoperatively, at 12 weeks, three rabbits were sacrificed in
each group, and bone tissue samples were collected. Samples
were processed as described. The samples were fixed in 10%
formalin, decalcified, embedded in paraffin, and cut into
5 um thick sections for hematoxylin—eosin (HE) staining
and for labeling the collagen fibers for immunohistochem-
istry. To ensure that the results were true and reliable, two
pathologists independently evaluated the results in a double-
blind manner to understand the formation of new bone and
collagen fibers.

In vivo osteogenesis confocal scanning microscopy
After 12 weeks of treatment, two rabbits were sacrificed in
each group (these rabbits were intramuscularly injected with
0.5% calcium calcein solution at a dosage of 5 mg/kg 1 week
earlier). After taking samples of bone tissue and making hard
tissue slices, these slices were observed for the formation of
new bone using a confocal laser scanning microscope.

Statistical analysis

The results of the experimental data were processed via
SPSS 18.0 statistical software (SPSS Inc., Chicago, IL,
USA) and expressed as the mean + standard deviation
(x £ SD). The differences between groups were analyzed
using Student’s #-test, and P-values <0.05 were considered
to be statistically significant.

Results

In vitro experiments

The observation of MG63 cells cultured with
materials

MG63 cells were cultured with BHA/PAA materials at
different growth times were observed using an inverted
microscope. We observed that around the material, osteo-
blast-like MG63 cells grew well in the experiment group
compared with the control group, and the difference was
significant (Figure 1). With time, the number of cells and
nuclei increased, and some cells had two to three nuclei,
which showed that the materials had good biocompatibility
and osteogenic induction ability.

The determination of osteogenic ability

MG63 cells cultured with materials for 7 days were evalu-
ated using a SEM. MG63 cells exhibited good adhesion and
growth on the material surface and contacted each other to
take on a network structure. Calcium nodules of varying sizes
formed on the material surface in the experiment group; the

Figure | MG63 cells were cultivated in vitro for 5 days.

Notes: Inverted microscopy observation (x100): a large amount of MG63 cells grew around the material in the experimental group, and the cell number was significantly
fewer in the control group; the red arrow — BHA/PAA material, the white arrow — MG63 cell. (A) Experimental group; (B) control group.

Abbreviation: BHA/PAA, bone-like hydroxyapatite/polyamino acid.
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15.0 Kv x1.0 K 30 pm

Figure 2 MG63 cells cultured for 7 days observed by SEM (x1,000).

15.0 Kv x1.0 K 30 fim,

Notes: (A) In the experimental group, MG63 cells grew well, and lots of calcium nodules formed on the materials surface. (B) In the control group, very few calcium nodules

formed on the slide surface.

Abbreviations: Ca, calcium nodule; C, MG63 cell; SEM, scanning electron microscope.

formed ones were very few and were not obvious on the slide
surface in the control group (Figure 2).

MTT cell proliferation assay

Within the first 3 days of culture, the growth of the MG63
cells was rapid. At days 4-5, the growth began to plateau and
the growth reached a peak on the 5th day. Then it began to
decline. Therefore, we chose the logarithmic growth period
(day 2), the growth peak period (day 5), and the growth
decreasing period (day 7) as the observation points. The
cell proliferation of MG63 cells was detected in both the
experimental group and control group using the MTT method
(Table 2 and Figure 3). There was a significant difference in
the experimental group compared with the control group at
each time point (P<<0.05).

The ALP activity assay

ALP, an enzyme secreted by osteoblasts, is a specific marker
of osteoblast differentiation. At different time points, by
comparison, ALP activity of the experimental group was
different from the control group (P<<0.05). ALP activity of

Table 2 MTT cell proliferation assay (x + SD, n=3)

Group 2d 5d 7d
Control group 0.2597+0.0850  1.1222+0.4284 1.8746+0.5032
Experimental group 0.5285+0.0946° 3.2618+0.6183* 4.8462+0.8026°

Note: Significant difference (P<<0.05) was found between the experimental group®
and control group at each time point.
Abbreviations: SD, standard deviation; d, days.

MG63 cells increased with the extension of culture time,
and ALP activity increased more significantly in the experi-
mental group than compared to the control group (Table 3
and Figure 4).

Determination of calcium content

As shown in Table 4 and Figure 5, in the experimental
group and the control group, the Ca?* content of MG63 cells
increased with the increasing culture time. At each time point,
Ca?* content was significantly different (P<<0.05) between
the experimental group and the control group.

6 *
Il Experimental group
EE Control group

N
|

N
|

OD value (570 nm)

Days

Figure 3 The result of MTT proliferation assay of MG63 culture with BHA/PAA material.
Notes: The experimental group (¥) versus the control group was significantly different
(P<0.05).

Abbreviations: BHA/PAA, bone-like hydroxyapatite/polyamino acid; OD, optical
density.
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Table 3 The ALP activity of MG63 cell at different culture periods
(x £SD, n=3, U/mL)

Table 4 Ca* content at different time points (X £ SD, n=3, imol/mL)

Group 2d 5d 7d

Group 2d 5d 7d
Control group 0.3114+0.0543  2.1225+0.4664 3.7235+0.6454
Experimental group  0.6446+0.1286° 4.9525+0.8673* 7.2644+1.2255

Note: Significant difference (P<<0.05) was found between the experimental group®
and control group at each time point.
Abbreviations: SD, standard deviation; ALP, alkaline phosphatase; d, days.

In vivo experiment

The observation of the experimental animals during
the postoperative period

During the course of treatment, no animals died. Postopera-
tive 1 week, animals suffered from limb hanging, lameness,
poor spirit, eating less, and coarse hair. After 1 week, there
was a gradual recovery, and there was no significant dif-
ference in the experimental group compared to the control

group.

The observation of the gross bone specimen
Approximately 12 weeks after surgery, experimental animals
were sacrificed, and bone specimens were taken for gross
observation. The implanted BHA/PA A materials completely
fused with the host bone in the experimental group, and the
material was covered with new bone, implicating a bone
defect restoration. In the control group (no implanting mate-
rial), a small amount of new bone formed at the broken bone
ends; there was sclerosis around the edges, and bone defects
were still present (Figure 6).

Radiological examination
Postoperatively, on day 1 and at 4, 8, and 12 weeks, radiologi-
cal examination revealed that, in the experimental group, the

10
— Il Experimental group *
_EI 8 Control group
=
2
> 67 *
=
=
o 41
(]
5
< *

Days

Figure 4 The result of ALP determination assay of MGé63 at different time points.
Notes: The experimental group (*) versus the control group was significantly different
(P<<0.05).

Abbreviation: ALP, alkaline phosphatase.

Control group 0.0346+0.0128 0.1448+0.0443 0.2873+0.0636

Experimental group 0.0714+0.0194° 0.3966+0.0754* 0.5874+0.1075°

Note: Significant difference (P<<0.05) was found between the experimental group*
and control group at each time point.
Abbreviations: SD, standard deviation; d, days.

BHA/PAA material gradually degraded and was absorbed.
Furthermore, trabecular bone and new bone formation was
observed, and the radius recovered its normal structure. Much
of the material had degraded and was absorbed, and was
barely visible. In the control group, only a small amount of
new bone had formed at the broken bone ends; there was also
marginal sclerosis, and bone defects were visible. According
to the Lane and Sandhu scoring system,!' the total score was
7-10 in the experimental group and 1-3 in the control group
(Table 5 and Figure 7).

Histopathology and Immunohistochemistry assay

After treatment of the radial defect for 12 weeks, the bone
tissue lesions were stained by HE. Much of material was
degraded and absorbed, and new bone and cartilage formed
in the experimental group. New bone and cartilage did not
form in the control group, and massive fibrous tissue formed
in the bone defect site (Figure 8). The bone tissue lesions were
sliced and immunohistochemistry was performed against
collagen I fibers. Collagen I fibers were visible and largely
formed a weave-like structure in the experimental group. The
formation of collagen I fibers was not clear or only a very
small amount was formed in the control group. According
to the Takikita et al'> semiquantitatively immunoreactive
scoring (IRS) system, (the intensity of immunostaining as

0.8
) I Experimental group *
g sz Control group
° 06_
£
5 *
€ 0.4+
[
b
c
o
O 0.2
&
©
(&)
0.0

Days

Figure 5 The result of the experiment studying calcium concentration of MG63
cells at different time points.

Notes: The experimental group (¥) versus the control group was significantly different
(P<0.05).
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Figure 6 The bone specimen |2 weeks after treatment.

Notes: In the perioperative photographs, (A) the control group and (B) the experimental group, with the BHA/PAA. After treatment for |2 weeks, (C) in the control group,
bone defects still existed, there was marginal sclerosis, and the broken end was connected through the fiber; (D) in the experimental group, the BHA/PAA material was not
visible, and new bone had formed, implicating that the bone defect was restored. Black arrow — bone defect edge, green arrow — fibrous tissue, and red arrow — new bone.
Abbreviation: BHA/PAA, bone-like hydroxyapatite/polyamino acid.

0 [no immunostaining], 1 [weak immunostaining], Calcium calcein fluorescence labeling

2 [moderate immunostaining], and 3 [strong immunostain-  After treatment of the radial defect for 12 weeks, bone
ing]), the total score was 3 in the experimental group and  specimen sections were observed under laser confocal scan-
0-1 in the control group (Figure 9). ning microscopy using 0.5% calcium calcein labeling, and

Table 5 Modified Lane and Sandhu radiological scoring of bone formation, union, and remodeling (postoperatively)

Time Experimental group Control group
Formation Union Reconstruction Formation Union Reconstruction
0d 0 0 0 0 0 0
4 wk | | 0 | 0 0
8 wk 2-3° 2 12 1-2 0 0
12 wk 34 22 1-22 1-2 0 0-1
Note: Significant difference (P<<0.05) was found between the experimental group® and control group at each time point.
Abbreviations: d, days; wk, weeks.
Drug Design, Development and Therapy 2015:9 submit your manuscript 6503

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Yan and Jiang Dove

Figure 7 Imaging examination at day | and 4, 8, and 12 weeks.
Notes: (A-D) In the control group, no new bone formation, and the bone defect was not restored. With the extension of time, the broken end gradually hardened. At

12 weeks, the broken ends sclerosed and closed. (E-H) In the experimental group, the material gradually degraded and was absorbed, and there was new bone formation.
At 12 weeks, much of the material had degraded and was absorbed, and was only faintly visible with bone defect recovery.

Figure 8 After 12 weeks, bone tissue pathology was evaluated using HE staining (x100).
Notes: (A) Experimental group: much of the material has degraded and been absorbed, and there is new bone formation. (B) Control group: there is a great deal of fibrous

tissue in the bone defect site. The red arrow — new trabecular bone, the black arrow — chondrocytes and cartilage matrix, the white arrow — materials, the green arrow —
bone marrow cavity, the blue arrow — fibrous tissue, and the yellow arrow — broken bone ends.
Abbreviation: HE, hematoxylin—eosin.
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Figure 9 At |12 weeks after treatment, immunohistochemical examination of collagen | fibers at the lesion (x200).
Notes: (A) Implanting group: a great deal of collagen fibers formed around the material. (B) Control group: collagen fiber formation was not notable.

Abbreviations: F, collagen | fiber; M, material.

a strong green fluorescence was present in the material in
the experimental group. Scattered, fuzzy fluorescence was
observed in the control group. According to the Takikita et al'?
semiquantitatively IRS system, the total score was 3 in the

experimental group and 1 in the control group (Figure 10).

Discussion

Long segmental bone defects, especially those greater than
15 mm, have difficulty healing, and their treatment is very
difficult for orthopedic surgeons in the clinical setting.
Autologous bone grafts are the gold standard for the treatment

Figure 10 After 12 weeks, lesion bone tissue was evaluated via fluorescent confocal scanning (x200).
Notes: (A) In the BHA/PAA material group, there is strong fluorescence in the material. (B) In control group, there was scattered, fuzzy fluorescence.

Abbreviation: BHA/PAA, bone-like hydroxyapatite/polyamino acid.
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of large, long segmental bone defects,' but there is a limited
amount of source material, and taking samples is painful for
the patient, which limits its application.? Although allografts
and xenografts are widely used, they elicit an immune
response and can potentially spread disease.'* During pro-
cessing, their mechanical strength is decreased, and therefore,
these factors greatly limit their scope of application. With the
development of tissue engineering and forging technology,
there are many composite artificial bone transplant materials,
which have a good biocompatibility, degradability, absorb-
ability, strong osteoinductive activity, mechanical strength,
and easy processing molding properties, which overcome
autogenous bone and allogenic bone defects.

This experiment used BHA/PAA as the bone filling mate-
rial in the treatment of a rabbit radial bone defect. Through
in vitro and in vivo experiments, it was evaluated for its
biological biocompatibility and osteoinductive activity. BHA
is carbonated HA that has been specially processed, and its
composition and structure are similar to natural bone. This is
due to the CO?~ substitution of PO}~ or OH™ into the structure
of HA, which causes HA lattice distortion and produces a
great deal of defect and incomplete crystallization. There-
fore, its activity is stronger, and it is more easily degraded
and absorbed than HA. Furthermore, it has good biological
compatibility and safety, and does not elicit an immune
response. This retains the original biological compatibility,
biological activity, and bone induction effects of HA,** and
greatly improves the surface activity and the degradation
and absorbability.” In vivo, Na*, K*, CO%"in BHA exchange
with Ca**, OH", HPO?", PO} in body fluid through BHA
degradation, and then BHA unites with the host bone through
hydrogen bonding as a whole. Therefore, BHA provides an
excellent physiological scaffold for new bone formation
and regeneration, and it gradually degrades during the bone
healing process until it is completely replaced by autologous
tissue. The material has a natural porous structure with a large
internal surface area, which is conducive to the growth and
formation of new vessels.!>! It increases the ability of the
local tissue blood supply and defends against inflammation,
which is beneficial to the adhesion, growth, and prolifera-
tion of bone cells and bone marrow stem cells and new bone
tissue formation on the material.”>!® Pure BHA, the same as
HA, is not conducive to processing and plasticity. When it
combines with PAA, its toughness and mechanical proper-
ties are enhanced, which has a good role in supporting bone
defects. The molecular structure of PAA is similar to the
collagen I molecular structure, with good biocompatibility
and biodegradability,’ and its degradation product provides

glycine, proline, and hydroxyproline, which promote the
formation of collagen I fibers. Collagen I fibers are a scaf-
fold for bone formation by attracting calcium deposition, to
promote the new bone formation.

In vitro, the osteogenic induction activity of BHA/PAA was
evaluated using an inverted microscope, SEM, MTT prolifera-
tion experiment, ALP activity, and calcium content assay.

The osteogenic MG63 cell strain was cultivated with
BHA/PAA. Using an inverted microscope, we observed
that the adhesion and growth of MG63 cells was significant
around the material. With the extension of time, the cell
number significantly increased, the nuclei grew, the nucleoli
increased, and the nuclei divided. The cell adhesion and
growth was significantly different in the experimental group
compared to the control group (Figure 1). At the same time,
a large degree of cell adhesion and growth were observed
on the material surface. A large number of calcium nodules
formed as observed by SEM detection (Figure 2). BHA/PAA
has a good biological compatibility because it is a polar poly-
mer, containing a large number of -OH, -NH_, and -COOH
groups. These polar groups can promote the adhesion of
organic components (laminin) on the material surface and
promote the colonization of bone cells on the material.!”
The porous network structure and surface roughness of
BHA/PAA is beneficial to promote osteoblast adhesion,
colonization, growth, proliferation, and promote the forma-
tion of new bone.'®2° The MTT proliferation experiment
reflected cell proliferation in vitro (Table 2 and Figure 3).
The experimental results showed that the osteoblast-like
MG63 cell number increased with the extension of culture
time in the experimental group and control group. Through
statistical analysis, the cell proliferation was significantly
different between the experimental group and the control
group at each time point (P<<0.05).

ALP is synthesized and secreted by osteoblasts. It is a
good response to the differentiation and function of osteo-
blasts. When ALP is highly expressed, it shows high activity,
which is beneficial to the synthesis of collagen fibers, the
formation of calcium nodules, and the maturation of bone
mineralization.” 2 ALP level increases with the differentia-
tion and maturation of osteoblasts, as an early marker of
osteogenic differentiation.?* With the prolongation of culture
time, the experimental study showed that the ALP activity
increased at each time point and was significantly higher
in the experimental group compared to the control group
(Table 3 and Figure 4; P<<0.05). Ca*" is an important regula-
tor of cellular physiological responses. Ca?* can reflect the
cellular functional state, which affects chemotaxis, adhesion,
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differentiation, maturation, and the cellular response to vari-
ous growth factors and hormones. Ca** is closely related to
the differentiation, maturation, collagen fiber formation,
and new bone calcification of osteoblasts.” In this experi-
ment, the results of the Ca*" content and ALP activity were
consistent. The MG63 cells’ Ca? content was significantly
increased in the experimental group compared to the control
group (P<<0.05), with the prolongation of culture time, and
at each time point (Table 4 and Figure 5).

The in vitro experiments proved that BHA/PAA com-
posite materials promoted the differentiation and matura-
tion of osteoblast-like cells and promoted the formation of
calcium nodules, indicating a good ability to induce bone
formation.

We used an in vivo model to evaluate the degradation and
absorption properties, as well as the osteogenic capability of
BHA/PAA composite materials, using a gross bone specimen
examination, imaging, pathology, immunohistochemistry,
and confocal laser scanning microscopy.

For the imaging evaluation, the radial defect was treated
in the experimental group with a BHA/PAA-implanted. At
12 weeks, the material was vaguely visible, and much of the
material was degraded and absorbed. The radial defect had
almost recovered to normal, and the bone defect was recon-
structed. In the control group, the bone defect still existed
at 12 weeks, and the broken end of the bone defect was
hardened, and the medullary cavity was closed (Figure 7).
After 12 weeks of treatment, HE staining of the lesion bone
tissue showed that much of the material was degraded and
absorbed in the experimental group, and new trabecular
bone and cartilage had formed. In the control group, there
was a great deal of fibrous tissue formation and no new
bone formation (Figure 8). After 12 weeks of treatment,
immunohistochemical examination of collagen I fibers
showed that a great deal of collagen fibers formed in the
experimental group, with a weave-like structure around the
BHA/PAA material. In the control group, no or only a small
amount of collagen I fibers formed (Figure 9). Collagen I
fiber is a scaffold of calcium salt deposition on the new
bone, and it is mainly secreted by osteoblasts. Many studies
have shown that collagen I fibers are an important index
that reflects bone formation and play an important role in
osteoblast adhesion, differentiation, maturation, and calcium
nodule formation.?

Approximately 12 weeks after surgery, slices were made
from the bone tissue lesion, labeled with 0.5% calcium cal-
cein, and observed using a confocal laser scanning micro-
scope. A strong green fluorescent signal was detected in the

BHA/PAA materials from the experimental group. Only
scattered, fuzzy fluorescent spots were detected in the control
group (Figure 10). Because calcium calcein has a special
affinity to osteoblast cells, it will display a green fluorescence
under a laser scanning confocal microscope. By detecting the
intensity of calcium calcein fluorescence, one can estimate
the degree of new bone mineralization and formation. A high
fluorescent labeling rate indicates new bone formation.

The results of these in vivo experiments indicate that a
BHA/PAA composite material has good biological activity
and osteogenic induction ability. Furthermore, it can promote
new bone formation, reconstruct a bone defect, and is capable
of being degraded and absorbed.

Conclusion

In this study, using in vitro and in vivo models, we showed
that a BHA/PAA composite material has good biological
compatibility, is secure, is degradable and resorbable, and
is capable of osteogenic induction. Furthermore, it recon-
structed and recovered a radial defect in a rabbit model.
Therefore, BHA/PAA is a good bone graft substitute material,
and it is worth exploring in future research and popularizing
in the clinical setting.
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