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Background: Salvianolic acid B has been proven as an effective drug to promote osteogen-
esis and angiogenesis which could be beneficial for bone repair.

Purpose: The objective of this study was to construct a salvianolic acid B-loaded chitosan/
hydroxyapatite (Sal B-CS/HA) bone scaffold with controlled release and effective bioactivity.
Methods: The characteristics, controlled release behavior and bioactivity of Sal B-CS/HA scaffold
were evaluated in vitro. The bone repair effect was evaluated in the rabbit radius defect model.
Results: The results showed that chemical and physical characteristics of salvianolic acid B and
chitosan/hydroxyapatite (CS/HA) material did not obviously change after the drug loading
procedure; the drug release of salvianolic acid B was stable and continuous from the Sal B-
CS/HA scaffold for 8 weeks in vitro; the biocompatibility of the Sal B-CS/HA was favorable by
evaluation of cell morphology and proliferation; the osteogenic and angiogenic bioactivities of
the Sal B-CS/HA scaffold were proved to be effective by in vivo and in vitro tests.
Conclusion: Our results suggest that this salvianolic acid B-loaded bone scaffold has
potential to be used for bone defect repair with both osteogenic and angiogenic bioactivities.
Keywords: angiogenesis, bone tissue engineering, controlled release, drug-loaded bone
scaffold, osteogenesis, salvianolic acid B

Introduction

The repair of large bone defect remains a great challenge and the bone tissue
engineering represents one of the most promising methods for solving this
problem.' The implantation of biomaterials which can load bioactive agents and
release the agents locally in the defect area is proven as an effective approach.>
However, the cells seeded on the scaffold can only get the oxygen and nutrients
from the scaffold surface with a distance of 200 um.* So, the interior of the scaffold
lacks blood vessel network and the bone formation is limited by the vascularization
of the scaffold after grafted into the body.” Therefore, to get large size of tissue-
engineered bone grafts (TEBG), the drug-loaded scaffold should load the agents
which have the ability of promoting osteogenesis and vascularization.

Salvianolic acid B (molecular formula: C3H30014, molecular weight: 718.62) is
one of the most effective organic acids extracted from salvia miltiorrhiza. And,
salvianolic acid B has the angiogenic bioactivity of protecting the vascular endothe-
lium cells and promoting the proliferation of vascular endothelium cells.® Recent
studies suggest that salvianolic acid B can also promote the osteoblasts proliferation
and osteogenesis.” ' But there was little report about the salvianolic acid B-loaded
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scaffold with satisfying release behavior and good bioac-
tivity. So, we tried to construct a drug-loaded scaffold with
the controlled release of salvianolic acid B to utilize its
osteogenic and angiogenic bioactivities.

The ideal drug-loaded bone scaffold should have
good biocompatibility and good release behavior.'*!?
Hydroxyapatite (HA) is a natural component of bone
and has been used widely for bone scaffold.'*'> To
overcome the brittleness of HA, chitosan (CS) has
been used to combine with HA for its excellent biocom-
patibility and biodegradability.'®'” CS is also consid-
ered as an ideal drug vehicle to be widely used in
drug delivery system.'®'” In our previous study, the
chitosan/hydroxyapatite (CS/HA) scaffold combined the
advantages of both CS and HA is proved to be a
promising bone scaffold and drug release system.>’

In this study, we developed a salvianolic acid B-loaded
chitosan/hydroxyapatite (Sal B-CS/HA) scaffold which
could release the salvianolic acid B steadily and durably.
And, the scaffold characteristics, controlled release beha-
vior and bioactivity were evaluated in vitro. The bone
defect repair effect was evaluated in vivo. We hypothe-
sized the incorporation of salvianolic acid B could pro-
mote the effect of chitosan/hydroxyapatite scaffold on the
repair of segmental bone defect through the osteogenesis
and angiogenesis effect of salvianolic acid B.

Materials And Methods
Preparation Of Scaffolds

Salvianolic acid B (molecular formula: C3H30016, mole-
cular weight: 718.62, standard quality) was purchased
from the Sima-Lab Company (Tianjin, China); CS (mole-
cular weight =2.5 x10°, degree of deacetylation >90.0%,
viscosity >100cps, biomedical grade) was purchased from
the Pioneer Biotech Company (Xi’an, China). At first, 2g
chitosan was weighed and added into 100mL 2% (v/v)
acetic acid, and the CS solution was stirred for 20mins.
Then, 36mg salvianolic acid B was dissolved in ImL
ethanol and added to chitosan solution and stirred for
2hrs. Then, Ca(NOs), and KH,PO, (Ca/P=1.67) were
added slowly to prepare the Sal B-CS/HA precursor
solution (final mass ratio of CS/HA was 1/2). Then, the
precursor solution was homogenized for 4hrs by vigorous
stirring and centrifuged for 10mins to remove the air
bubbles. The solution was poured into a plastic mold
(4.0mm in diameter, 20mm in length) and placed at 4°C
for 2hrs and —10°C for 3hrs, then the solution was

freeze-dried for 24hrs. After they were fully dried, Sal
B-CS/HA scaffolds were soaked in 2% (wt/v) NaOH for
2hrs and rinsed with distilled water for several times.
After that, scaffolds were freeze-dried again, then both
ends of the scaffold were truncated for 2.5mm. Finally,
each Sal B-CS/HA scaffold contained 10 'mol salviano-
lic acid B. We also prepared the CS/HA scaffolds in the
same method without salvianolic acid B as the control
group. All scaffolds were sterilized with 20kGy °°Co and
stored in vacuum packages at room temperature before
subsequent use.

Characterization Of Scaffolds

The Microstructure And Phase Of The Scaffolds
The microstructure of Sal B-CS/HA scaffolds was exam-
ined by scanning electron microscopy and HE staining.
Infrared absorption spectra of salvianolic acid B, CS/HA
and salvianolic acid B-CS/HA were recorded by Fourier
transform infrared spectroscopy in the 4000-400cm '
range. One scaffold from each group was grinded into
powder and dried at 50°C over 24hrs. Potassium bromide
was baked in agate mortar under the infrared light for 3hrs

before the test.

The Density, Pore Size And Porosity

The density of scaffold was evaluated with the methods
described by Fan et al.° Pore diameter was estimated from
SEM microphages. The pore size was estimated using a
minimum of 30 pores from different places of the cross-
section of the scaffolds as decrypted by previous report.”!
Three different cross-sections of each scaffold were used to
estimate pore size. The porosity was measured by the method
of liquid displacement as following: the volume (V,) and
weight (W) of the sample were measured. Then, the sample
was immersed into ethanol for 5 mins until it was saturated
by ethanol. The sample was weighted again and noted as W;.
The porosity of the sample was calculated according to the
formula: porosity (%) = (W1-W)/(qVo)*x100 (q represents
the density of the ethanol). The reported data were the
average of five samples.

Elasticity Modulus

Elasticity modulus of the samples was tested with a uni-
versal testing machine (ELF 3220 seires2, Bose Co., USA)
at room temperature and humidity. The elasticity modulus
was calculated as the slope of the initial linear section of
the stress—strain curve. The reported data were the average
of five samples.
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In Vitro Release Behavior

The release behavior of salvianolic acid B from Sa B-CS/
HA scaffolds was measured by high-performance liquid
chromatography (HPLC, Waters Co., Milford, USA). Sa
B-CS/HA scaffolds were soaked in SmL PBS with the pH
7.4 and shaken gently at the speed of 10 rpm. At the time
pointof1,3,7, 14,28, 42 and 56 days, the PBS solution was
collected and freeze dried into powder, and then 300uL
methanol was added into the powder and homogeneously
mixed. And, then the solution was filtered by millipore
filtration (pore size=22pum). The salvianolic acid B standard
solutions were made with the concentrations of Spg/mL,
10pg/mL, 20pug/mL, 50pg/mL and 100pg/mL, and mea-
sured by HPLC to get the standard concentration—absor-
bency curve. The concentration of salvianolic acid B
released from the scaffold sample at each time point was
calculated according to standard curve and the percentage
of released salvianolic acid B was accumulated.

In Vitro Bioactivity

Cell And Medium Preparation

MC3T3-E1 cells were purchased from the Cell Bank of the
Shanghai Institute of Life Sciences (ATCC CRL-2594,
Chinese Academy of Sciences, Shanghai, People’s
Republic of China) and cultured in DMEM/F12 medium
supplemented with 10% FBS. HUVECs were purchased
from the Cell Bank of the Shanghai Institute of Life
(ATCC CRL-1730, Chinese Academy of
Sciences, Shanghai, People’s Republic of China) and cul-

Sciences

tured in high glucose DMEM medium supplemented with
10% FBS. All the cells used in the following experiments
were between 5th and 8th passage. 1.5g sterilized Sal B-CS/
HA scaffolds were cut into discs with 4.0mm in diameter
and Smm in thickness, then soaked in 15 mL DMEM/F12 or
high glucose DMEM medium at 37°C for 72 hrs. Then,
solid material was removed by millipore filtration (pore size
= 22um) and the medium was collected as the conditional
cell medium (Sal B-CS/HA group). By the same method,
1.5g sterilized CS/HA scaffolds without salvianolic acid B
were also soaked for 72hrs and the medium was collected as
the normal medium (CS/HA group).

Cell Morphology In Scaffolds

MC3T3-El1 cells were seeded onto scaffolds with a density
of 1x10°/mL. After 5 days, samples were fixed by 2.5%
glutaraldehyde and coated with gold. Cell morphology on
the surface of scaffold was observed by the method of
scanning electron microscopy (SEM).

Cell Proliferation

The proliferation of MC3T3-El cells was evaluated by
CCKS8 method. MC3T3-E1 cells were seeded in 96-well
plate with 2000 cells in each well, and incubated in vitro at
37°C in a humidified atmosphere with 5% CO,. After 1
day, the medium in Sal B-CS/HA group was replaced by
100uL conditional medium, while the CS/HA group chan-
ged with normal medium. At 3 and 5 days, 10uL. CCK8
was added into the well and the absorbance (OD) was
detected at 450 nm in a microplate reader (Infinite 200
PRO, TECAN, Switzerland).
HUVECs was also evaluated by the same method after 1

The proliferation of

and 3 days.

Alkaline Phosphatase (ALP) Activity

MC3T3-El cells were seeded in 6-well plates at a density
of 1x10%well. The cells in Sal B-CS/HA group were
cultured with the conditioned medium and the cells in
CS/HA group were cultured with normal medium. After
7 and 14days, cells were lysed in 500 pL deionized water
and homogenized by ultrasound at 4°C. ALP activity and
total protein content in cell lysates were measured and
quantified using an alkaline phosphatase activity kit
(Jiancheng Bioengineering Institute, China) and a micro-
BCA Assay kit (Thermo Inc, USA). ALP activity was
normalized for the corresponding total protein concentra-
tion (U/g).

Vascular Endothelial Growth Factor (VEGF) Activity
HUVECs were seeded in 6-well plates at a density of 1x10%/
well, and cells in Sal B-CS/HA group were cultured with
conditioned medium and the cells in CS/HA group were
cultured with normal medium for 3days. At 1day and 3days
after the seeding, the secretory components of medium were
detected. The medium was collected with a sterile container
and centrifuged at the speed of 3000r/m for 20mins. Then,
the supernatant was collected and VEGF concentrations in
the supernatant were quantified by the VEGF ELISA assay
kit (RD Biosciences Inc, USA).

In Vivo Tests

Animal Grouping And Surgery

All experiments were in compliance with the Guide for the
Care and Use of Laboratory Animals of the National
Institutes of Health. The protocol was approved by the
Animal Care and Experimental Ethics Committee of Air
Force Medical University. All efforts were made to mini-
mize animal suffering and sacrifice.
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Forty rabbits were randomly divided into two groups
with 20 rabbits in each group. For all rabbits, a long-
itudinal incision was made at the radius of the anterior
limb to expose the radius under general anesthesia
(Figure 1A). Then, a radius osteotomy of 1.5 cm length
was performed in the middle shaft of the radius and the
ulna was retained to avoid the fracture of limb
(Figure 1B). The Sa B-CS/HA scaffolds or CS/HA scaf-
folds were imbedded into the defect sites (Figure 1C). All
incisions were closed using nonabsorbable sutures, and
400,000 U of penicillin was administrated daily by intra-
muscular injection for 3 days (Figure 1D).

CS/HA

HE

Figure | HE staining and SEM micrographs of CS/HA (left) and Sa B-CS/HA (right).
Notes: HE x40, bar 250 um; SEM %300, bar 100 pum.

CT-Based Bone Analysis

The implanted limbs of animals were scanned by CT
machine in cross-sectional manner at 6 and 12 weeks.
The three-dimensional reconstruction was performed with
a standardize segmentation parameter. The three-dimen-
sional reconstructive images of samples were generated
by machine built-in software to assess osseous tissue
fusion between two processes.

Histology And Immunohistochemistry
Five animals of each group were collected randomly and
sacrificed to collect the bone graft at 6 and 12 weeks.

Sa B-CS/HA
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Specimens were fixed in 4% buffered paraformaldehyde,
decalcified in 50 mM ethylene diaminetetraacetic acid
(EDTA), serially dehydrated, infiltrated in isoamyl alcohol,
embedded in paraffin, and sectioned into 4-um thickness.
Twenty sections were made for each sample with 10 being
for staining with haematoxylin and eosin (HE). The degree
of bone regeneration was calculated as percent area of new
bone within the bone graft and measured using the image
analysis software (Image-Pro Plus 6.0, USA). The mean
percentage of new bone area was calculated and compared
between groups. The other 10 sections of each sample
were used for immunostaining. The sections were then
incubated in one of the primary antibodies (anti-CD34
1:100, Wuhan Boster Biological Technology Ltd., China)
for 2 hrs and incubated in second antibodies for 20 mins at
room temperature. Then, they were further processed
using SABC (Wuhan
Biological Technology Ltd.) according to the manufac-

immunostaining kit Boster
turer’s instruction. Known CD34 expression slides were
used as positive controls and PBS was replaced with
primary antibodies as negative control. The number of
new blood vessels at the implantation site was determined
by analyzing the sections immunostained with anti-CD34
antibodies and the total number of vessels on complete
implant sections was recorded with Image-Pro Plus
software.

Statistical Analysis

Statistical analyses were performed using SPSS software,
version 12.0 (SPSS Inc, USA). The data were presented as
the mean =+ standard deviation. Statistical analysis between
two samples was compared by Student’s #-test. P<0.05 was
considered statistically significant.

Results And Discussion

Characterization Of Scaffolds

According to the results of HE staining and SEM, CS/HA
scaffold had interconnected porous structure and the dia-
meter of the pores was about 100-300pm. The pore size of
Sa B-CS/HA scaffold was similar at 85-290um. Similar
porous structure was observed for both scaffolds, implying
that salvianolic acid B loading procedure did not obviously
alter the microstructure of the scaffold (Figure 2).

FTIR spectra of pure salvianolic acid B, CS/HA and Sa
B-CS/HA were compared. The characteristic peaks of salvia-
nolic acid B appeared at 1680 and 1560 cm™'. The character-
istic peaks of CS/HA were at 3390cm ™', 1650 cm ™' and 1400

cm . When salvianolic acid B was loaded into the CS/HA,
all the characteristic peaks of salvianolic acid B were still
appeared in the curve at 1680 and 1560 cm ', and the
characteristic peaks of CS/HA were also still appeared. So,
the salvianolic acid B did not get any chemical change when
it was loaded onto CS/HA (Figure 3).

The porosity of CS/HA scaffold without loading salviano-
lic acid B was 86.3+1.2%, and the density was 86.4+1.2 kg/m®.
After loading the drug, the porosity of the Sa B-CS/HA scaf-
fold was decreased to 83.3+0.8kg/m> and the density was
increased to 94.2+1.6kg/m>. The elastic modulus was also
decreased from 34.3£3.7kP to 25.2+2.9kP after loading the
drug (Table 1).

In Vitro Controlled Release Behavior

The release behavior of Sa B-CS/HA scaffold was inves-
tigated by HPLC examination. The concentration of sal-
vianolic acid B was calculated based on standard curve
and demonstrated as the accumulated percentage. As our
result showed the release of salvianolic acid B was durable
for more than 56 days and about 35% drug released from
the scaffold after 56 days. And, the release of salvianolic
acid B at the early phase from day 1 to day 14 was
relatively rapid with approximately 10% to 22% drugs
released. From day 28 to day 56, the release of salvianolic
acid B was slow down and maintained steady with
approximately 30% to 35% drug released (Figure 4).

In Vitro Bioactivity
The morphology of MC3T3-E1l cells on the scaffold is
shown in Figure 5. There were no obvious differences of
cell morphology between the CS/HA and Sa B-CS/HA
group. The cells on both kinds of scaffolds spread very
well and stretched out pseudopods to closely hold on the
surfaces of scaffolds or others cells after 5 days culture.

The proliferation of MC3T3-El cells cultured in the Sa
B-CS/HA conditional medium was promoted compared
with the control group at 3 and 5 days. The differences
were significant at each time point between two groups
(P<0.05) (Figure 6). The proliferation of HUVECs was
also promoted in the conditional medium compared with
the control group at 1 and 3 days. The differences were
significant at each time point between two groups (P<0.05)
(Figure 7).

ALP activity expressed by the MC3T3-E1 cells after 7
and 14days of culture is shown in Figure 8. ALP activity
of the cells in Sa B-CS/HA group cultured with the
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Figure 2 FTIR spectra of pure salvianolic acid B (A), CS/HA (B) and Sa B-CS/HA (C).

conditional medium was significantly higher than in CS/
HA group at each time point (P<0.05).

VEGEF activity secreted by HUVECs after 1 and 3 days
of culture is shown in Figure 9. VEGF of the cells in Sa B-
CS/HA group cultured with the conditional medium was
significantly higher than in the CS/HA group at day 3
(P<0.05).

In Vivo Tests
CT examinations were performed to evaluate the develop-
ment of bone regeneration within the defects (Figure 10).

1050 900 750 600 450
1fem

After 6 weeks in Groups CS/HA, the area of bone defect
was still visually observed without obvious bone formation.
While the bony callus began to be absorbed in Group Sa B-
CS/HA with less bone defect area indicating better bony
formation. After 12 weeks, Group Sa B-CS/HA exhibited
significant bone formation and most of the defect area was
filled with whole bone cortex while the bone defect was still
obvious in Group CS/HA (Figure 10A). After 6 weeks,
results show that bone volume ratio (BV/TV) was signifi-
cantly higher in Group Sa B-CS/HA compared with control
group (29.6% vs 16.2% in BV/TV, p < 0.05, Figure 10B).
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Figure 3 Release behavior of salvianolic acid B from Sa B-CS/HA scaffold in vitro
for 8 weeks.

After 12 weeks, although new forming bone was increased
in Groups CS/HA, it was still much lower than the bone
volume in Group Sa B-CS/HA (45.5% vs 74.4% in BV/TV,
p < 0.05, Figure 10B).

As shown in Figure 11A, callus was obvious in the
specimens at 6 weeks in both Groups. There was a differ-
ence between the two groups with more callus masses
absorbed in Group Sa B-CS/HA. After 12 weeks, although
bone cortex began to form in Group CS/HA, the process
proceeded slowly. Group Sa B-CS/HA led to a better result
with complete bone cortex regeneration. After 6 and 12
weeks, the percentage of bone formation in the initial
defect site in Group CS/HA was higher than in Group Sa
B-CS/HA. These results are summarized in Figure 11 and
the percentage of bone formation in the grafts was much
higher in Group Sa B-CS/HA (p < 0.05) (Figure 11B),
which was consistent with the 3D results of CT analysis.

As shown in Figure 12A, CD34 was found expressed
in vascular endothelial cell, with significant increases in

Table | Morphology And Mechanical Properties

Group N [ Density Porosity Elastic Modulus
(kg/m?) (%) (kPa)

CS/HA 86.4+1.2 86.3%1.2 34337

Sa B-CS/HA 94.2%1.6% 83.3x0.8* | 25.2#2.9*

Note: *P<0.05.

both the size and area of vessels in Group Sa B-CS/HA
compared with Group CS/HA (p < 0.05) (Figure 12B).

Discussion

The implantation of biomaterials which can efficiently
release bioactive agents at the location of bone defect is
regarded as a good method to repair large bone defect.”
Among these bioactive agents, growth factors such as
(BMPs) and vascular
endothelial growth factor (VEGF) have been extensively

bone morphogenetic proteins

studied.”>** However, the high cost and rapid degradation
limit their widespread use in the clinic. Besides, the effect
of the osteogenesis is influenced by the situation of
angiogenesis.>**> So, there is an urgent to develop some
alternative agents with both osteogenesis and angiogenesis
to get better effect of bone formation. Salvianolic acid B is
a drug that has been proven to have the bioactivities of
both angiogenesis and osteogenesis.”'° So, we chose this
drug in our experiment to be loaded in the bone scaffold.
As our result showed the osteoblast cultured in the condi-
tional medium with salvianolic acid B had better cell
proliferation and alkaline phosphatase activity compared
with the normal medium. The HUVECs cultured in the
conditional medium with salvianolic acid B also had better
cell proliferation and vascular endothelial growth factor
activity compared with the normal medium. Our results
were consistent with the previous reports and further
proved the good bioactivities of angiogenesis and osteo-
genesis of the salvianolic acid B in vitro.

To be used as an ideal bone scaffold, the drug-loaded
scaffolds for drug delivery should have good release
behavior.'® They should control the drug release and main-
tain the local drug concentration steady and durable. The
drug loading procedure should not significantly affect the
characterization of the scaffold. As our result showed the
release of salvianolic acid B was durable for more than 56
days in vitro. The release rate of salvianolic acid B was
fast at the beginning 30 days with almost 30% drug release
and then the release rate was slow down with less than
10% drug release for next 26 days. In our previous study,
the CS/HA scaffold was proven to be a feasible drug-
loaded system to load icariin.?® And by the same method,
this drug-loaded system was further proved to be feasible
to load the salvianolic acid B.

After loading the salvianolic acid B, our result showed
that salvianolic acid B got no obvious chemical change
when it was loaded onto CS/HA and the microstructure of
the scaffold was not significantly changed. After loading
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Figure 4 Surface morphology of MC3T3-E| cells cultured in CS/HA (left) and Sa B-CS/HA scaffolds (right).
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Figure 5 Proliferation of MC3T3-El cells in CS/HA and Sa B-CS/HA groups at 3
and 5 days.

Notes: Values represent the mean of 3 times in each group (mean * SD). *Significant
difference between the values of Sa B-CS/HA group and CS/HA group (P<0.05).

the salvianolic acid B, the porosity of scaffold was slightly
decreased, and the density of the scaffolds was slightly
increased. The elastic modulus was also affected after
loading the drug. Although different stiffness of material
has an influence on the differentiation of stem cells, this
mild change of elastic modulus was acceptable and still
under the range of suitable stiffness which could induce
the osteogenic differentiation.”® And, these mild changes
of the scaffold after drug loading would not significantly

0.6+
B3 CS/HA
E3 SaB-CS/HA =T
S 04-
g
c
©
-2
(]
2 0.2
<
0.0- :

Incubation time

Figure 6 Proliferation of HUVEC in CS/HA and Sa B-CS/HA groups at | and 3
days..

Notes: Values represent the mean of 3 times in each group (mean * SD).
*Significant difference between the values of Sa B-CS/HA group and CS/HA group
(P<0.05).

influence their use in non-weight-bearing area as a bone
repair scaffold.

Besides controlled drug release behavior, the bone
scaffold should also have good biocompatibility and
bioactivity.'> As our result showed the morphology of
MC3T3-El cells on the Sa B-CS/HA scaffold was good
and not obviously different from that of CS/HA scaffold.
For the study of in vitro bioactivity, we used the extract of
the scaffolds to get the conditional medium. And, the
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Figure 7 ALP activity of MC3T3-El cells cultured in CS/HA and Sa B-CS/HA
groups at 7 and 14 days.

Notes: Values represent the mean of 3 times in each group (mean * SD). *Significant
difference between the values of Sa B-CS/HA group and CS/HA group (P<0.05).
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Figure 8 VEGF activity of HUVEC cultured in CS/HA and Sa B-CS/HA groups at |
and 3 days..

Notes: Values represent the mean of 3 times in each group (mean % SD).
*Significant difference between the values of Sa B-CS/HA group and CS/HA group
(P<0.05).

conditional medium extracted from the Sa B-CS/HA scaf-
fold could promote the cell proliferation of both MC3T3-
El1 and HUVECs significantly. The alkaline phosphatase
activity and vascular endothelial growth factor activity
were also increased in the Sa B-CS/HA group compared
with the CS/HA group. The biocompatibility and bioactiv-
ity of this Sa B-CS/HA were proven to be favorable by our
in vitro results.

Our in vivo experiments further demonstrated the good
efficacy of Sa B-CS/HA scaffold for bone defect repairing.
Both CT and histological evaluation suggested that the Sa
B-CS/HA scaffold can enhance bone regeneration. The
formation of new cortex was observed via inspection of
Group Sa B-CS/HA (6 and 12 weeks). The formation of
the new bone was increased as shown by CT and histology
analysis with the time and the Group Sa B-CS/HA had
better osteogenesis effect. Further analysis using the CD34
immunostaining indicated that Sa B-CS/HA scaffold also
had better angiogenesis in vivo. Our results were similar to
other reports about Sa B-loaded scaffold used for bone
regeneration.””?® And, there evidences proved that the Sa
B-loaded scaffold had the good efficacy for bone defect
repairing with both angiogenesis and osteogenesis effect.

However, there are some other limitations in our study.
Despite Sa B-CS/HA scaffold had significant effect on
bone formation compared with that of pure CS/HA scaf-
fold, but no blank group or autograft group was used for
comparison. Actually, the 1.5cm length of radius bone
defect in rabbit was the acknowledged critical defect size
that could not self-repair,”® so the blank group was not
used in our study. And, autograft was still the golden
standard for bone defect repair, however, we just used
the pure CS/HA scaffold without loading drug as the

)

-

/"’,;.‘_,

scaffold

Figure 9 Surgery process of the rabbit model.

Notes: (A) Longitudinal incision was made at the radius of the anterior limb to expose the radius under general anesthesia. (B) A radius osteotomy of 1.5 cm length was
performed in the middle shaft of the radius and the ulna was retained to avoid the fracture of limb. (C) The Sa B-CS/HA scaffolds or CS/HA scaffolds were imbedded into

the defect site. (D) All incisions were closed using nonabsorbable sutures.
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Figure 10 CT images and analysis of new bone formation.
Notes: (A) After 6 weeks and 12 weeks, Group Sa B-CS/HA exhibited significant bone formation and most of the defect area was filled with whole bone cortex

while the bone defect was still obvious in Group CS/HA. (B) Bone volume ratio (BV/TV) was significantly higher in Group Sa B-CS/HA compared with control group
(p<0.05).
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Figure 11 Histological images and histomorphometric analysis of bone formation.

Notes: (A) Histological micrographs of sections upon HE staining. After 6 and 12 weeks, although bone cortex began to form in Group CS/HA, the process proceeded slowly. Group
Sa B-CS/HA led to a better result with complete bone cortex regeneration. (B) Histomorphometric analysis. After 6 weeks, the percentage of bone formation in the initial defect site in
Group CS/HA was higher than in Group Sa B-CS/HA. the percentage of bone formation was significantly higher in Group Sa B-CS/HA compared with Group CS/HA (p<0.05).
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Figure 12 Results of immunohistochemistry conducted at decalcified samples.
Notes: (A) Representative images of immunohistochemical staining of CD34. (B) CD34 was found expressed in vascular endothelial cell, with significant increases in both
the size and area of vessels in Group Sa B-CS/HA compared with Group CS/HA (p<0.05).
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control group. In our next study, we will add autograft
group as the positive group to study more details. Second,
further study still needs to be tested if higher or lower
concentration of Sa B incorporation had better angiogen-
esis and osteogenesis effect. Third, further study on larger
animal such as sheep or pig is necessary to validate the
findings of the present study. Lastly, the scaffold materials
tested in this study did not degrade completely in week 12.
The presence of residual scaffold materials might interfere
with the measurement of new bone formation at week 6
and 12, and a longer study duration still needs further
study. Nevertheless, our results shed light onto the loading
of Sa B as effect agent to current bone scaffold with the
angiogenesis and osteogenesis effect.

Conclusions

Our study showed that this Sa B-CS/HA scaffold was a
promising bone scaffold which could release the salviano-
lic acid B durably and steadily. The properties of salvia-
nolic acid B and CS/HA were not significantly changed in
the scaffold developed during the production. The drug
release from this Sa B-CS/HA scaffold could last for more
than 56 days. The osteogenic and angiogenic bioactivities
of the Sal B-CS/HA scaffold were proved to be effective
by in vivo and in vitro tests. In summary, our results
suggested that this salvianolic acid B-loaded bone scaffold
has the potential to be used for bone defect repair with
better osteogenic and angiogenic bioactivities.
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