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The treatment of bone defects in an ischemic environment is a huge challenge. Improving

angiogenesis, which is regulated by angiogenic growth factors such as vascular endothelial growth

factor (VEGF), may have the potential to enhance bone regeneration. This study was conducted to

investigate whether VEGF-loaded biomimetic scaffolds could improve angiogenesis and

osteogenesis in an ischemic limb. The biomimetic hydroxyapatite–collagen scaffold (HC scaffold)

was fabricated by adopting the freeze-drying approach. In the HC-VEGF group, VEGF was

incorporated into HC scaffolds. The cytocompatibility of the HC scaffold was evaluated by CCK-8

testing. The release profile of VEGF from the HC-VEGF scaffold was detected by using VEGF ELISA

kits. The femoral artery of Sprague-Dawley rats was resected to induce an ischemic environment.

HC scaffolds with or without VEGF were implanted into intramuscular pockets in the ischemic limb.

Eight weeks after implantation, samples were retrieved for histological and immunohistochemical

analysis. The HC scaffolds showed good cytocompatibility according to the results of a CCK-8 test.

In vitro, an initial burst release (�80%) of VEGF was detected during the first 3 days. Angiogenesis

and osteogenesis were significantly enhanced in the HC-VEGF group, compared to the control

group of HC scaffolds without VEGF. This study provided a very promising approach to enhance

angiogenesis and osteogenesis in an ischemic environment by incorporating VEGF into biomimetic

bone scaffolds.
1. Introduction

Bone tissue is highly vascularized from the marrow cavity to the
periosteum.1,2 Since oxygen diffusion is limited to 200 mm from
the nearest capillary, successful bone regeneration relies on the
establishment of local microcirculation.2–4 Previous studies
have illuminated that the modulation of angiogenesis could
markedly inuence bone formation.5–7 Inhibiting angiogenesis
is detrimental to bone regeneration5,8 and improving
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vascularization is benecial for bone formation.5,6 Currently, it
is realized that the preservation and reconstruction of blood
supply is a key factor in fracture healing.

Unfortunately, in some pathological conditions, such as
trauma, diabetes and arterial occlusion, blood perfusion is
severely impaired in the affected limbs.9–11 Inadequate blood
supply is a huge challenge for the successful treatment of bone
fractures or defects.9,12,13 It was reported that the delayed- and
non-union rate were three times higher in patients with
concomitant arteries disruption than those without vascular
injury.13 An in vivo study by Lu et al. indicated that ischemic
insult could lead to a delayed- or non-union.9 Thus, exploring
effective approach to enhance bone regeneration in an ischemic
environment is of great signicance, and stimulating angio-
genesis may have the potential to improve bone formation in
this condition. A variety of strategies have been developed to
improve vascularization, which is called therapeutic angiogen-
esis, in peripheral ischemic diseases.14–16 The delivery of
angiogenic growth factors is a classical approach, since vascu-
larization is regulated by these cytokines.4,17 Among them,
vascular endothelial growth factor (VEGF) is a key mediator in
angiogenesis. It has been proven to be effective to increase
blood perfusion and stimulate angiogenesis in skeletal muscle
RSC Adv., 2017, 7, 4253–4259 | 4253
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tissues of the ischemic limb.15,16 However, whether VEGF
released from biomimetic bone scaffolds could improve
angiogenesis and osteogenesis in an ischemic limb is still
unknown.

In this study VEGF was incorporated into biomimetic
hydroxyapatite–collagen scaffolds (HC scaffolds) to investigate
its ability to enhance angiogenesis and osteogenesis in an
ischemic environment. HC scaffold was adopted due to its
biodegradable, biocompatible, osteoconductive and osteoin-
ductive properties.18–20 An ischemic model of femoral artery
resection was used in this study, which has been demonstrated
to be able to signicantly reduce blood supply in affected
limbs.9,12,21,22 Hypothesis of this study is that the release of VEGF
from HC scaffold can enhance angiogenesis and osteogenesis
in an ischemic environment.

2. Experimental
2.1 Scaffold fabrication

Collagen was extracted from bovine tendon and prepared
using an enzyme digestion method. Briey, bovine tendon
was cleaned of fascia and muscle tissues and freeze-dried for
48 h. The dried bovine tendon was cut into small pieces and
treated with distilled water using the method of homogenate
extraction for 2–3 times, followed by centrifugation at
5000 rpm for 15 min. The precipitation was suspended in 1.5 L
acetic acid solution (0.5 M) containing 2 mg trypsin (Sigma,
USA) and incubated at 4 �C for 24 h. Sodium chloride (2.4 mol
L�1) was added to the mixed solution, followed by centrifu-
gation at 5000 rpm for 15 min. The precipitation was re-
dissolved in 0.5 M acetic acid. The above steps were
repeated 3 times for purifying collagen. Collagen acetic acid
solution was then dialyzed for 72 h using dialysis tube
(molecular weight cut off ¼ 30 kDa) (Sigma). Disodium
hydrogen phosphate solution (Na2HPO4; 0.2 M) and phos-
phate buffer saline (PBS; 1�) were selected as dialysis buffer.
Dialyzed collagen was freeze-dried for 48 h and saved in 4 �C
freezer for the following experiment.

The hydroxyapatite–collagen scaffold was fabricated by
adopting the freeze-drying approach. The extracted collagen
was swollen in 0.5 M acetic acid to a concentration of 40 mg
mL�1, followed by constant stirring for 24 h with a homoge-
nizer. Aer the collagen was mixed thoroughly, hydroxyapa-
tite powder (Shanghai Jinsui Biotechnology Co., Ltd.,
Shanghai, China) was added into slurry with constant stirring
for 24 hours. During the process of stirring, 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC)/
N-hydroxysuccinimide (NHS) (50 mM, 50 mM) were added to
the slurry as crosslink agent. VEGF (4 mg, Beijing Wishbio-
technology Co., Ltd., Beijing, China) was added in the
composite scaffold group (HC-VEGF scaffold group). The
nal ratio of HA was adjusted to 70%. Then, the slurry was
injected into the cylindrical molds with diameter of 4 mm
and length of 15 mm (Ø4 � 15) aer degassing treatment. A
constant pressure of 10 MPa for 2 hours was applied on the
material to improve its mechanical strength. Finally, mate-
rials were refrigerated at �70 �C overnight, and lyophilized at
4254 | RSC Adv., 2017, 7, 4253–4259
�40 �C for 48 h. Cylindrical HC and HC-VEGF scaffold
(diameter: 4 mm) was cut into 5 mm in height for further
experimental assessment. The morphology and microstruc-
tures of scaffolds were evaluated by scanning electron
microscopy (SEM, S-2400; Hitachi, Japan), aer sputter-
coated with gold.

2.2 Preparation of scaffold extracts

HC scaffolds were sterilized under UV light for 2 h and washed
with sterile PBS three times. Scaffold extracts were prepared
according to a standard procedure (ISO 10993-5). Briey, HC
scaffolds were immersed in a-MEM medium (Gibco, Grand
Island, NY, USA) containing 10% fetal bovine serum (FBS,
Invitrogen, Carlsbad, USA) and 1% penicillin/streptomycin at
37 �C for 24 h. The supernatant was collected and sterilized by
ltering with a 0.22 mm lter for further evaluating the cyto-
compatibility of scaffolds.

2.3 Cell viability

MC3T3-E1 cells (Institute of Basic Medical Sciences, Peking
Union Medical College and Chinese Academy of Medical
Sciences, Beijing, China) were seeded in a 96-well plate (5000
cells per well) and cultured in a-MEM medium supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin
under 5% CO2 at 37 �C. Twenty four hours later, cells were
treated with HC scaffold extracts or fresh a-MEM medium for
further assessment. Aer 1, 3 and 5 days of culture, the super-
natant was replaced with a-MEMmedium containing 10% CCK-
8 solution (Dojindo Molecular Technologies Inc., Tokyo, Japan).
Aer incubated at 37 �C for 2 h, the absorbance of supernatant
was measured at 450 nm.

2.4 Release kinetics of VEGF in vitro

Cylindrical HC-VEGF scaffolds (n ¼ 3) were placed in 1 mL of
PBS and incubated at 37 �C. At day 1, 3, 7, 14, 21, and 28, the
supernatant was withdrawn and renewed with fresh PBS
respectively. The collected supernatant was stored at �80 �C
until nal test. Release kinetics of VEGF from HC-VEGF scaf-
folds was examined by using VEGF ELISA Kits (abcam, Cam-
bridge, UK), according to the manufacturers' instructions.

2.5 Surgical procedures

Male Sprague-Dawley rats (SD rats: 250–300 g) were used for
animal experiments. All procedures were approved by the
animal care committee of Peking Union Medical College
Hospital. All experiments were performed in compliance with
the Regulations for the Administration of Affairs Concerning
Experimental Animals in China. SD rats were anesthetized with
10% chloral hydrate (0.3 mL/100 g) by intraperitoneal injection
and received unilateral operation to the le hindlimb. The
hindlimb ischemia model was established by resecting femoral
artery as described previously.9,22,23 Briey, a medial incision
was made in the le thigh. The entire femoral artery from the
inguinal ligament to saphenous/popliteal bifurcation was
ligated, dissected and resected. HC (control group, n ¼ 5) or
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 SEM images of hydroxyapatite–collagen scaffold. Morphology andmicrostructures of HC scaffolds observed at differentmagnification (A/
B) and HC-VEGF scaffolds (C).
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HC-VEGF (experiment group, n ¼ 5) scaffolds were implanted
into intramuscular pockets created by blunt dissection in the
le thigh. The wound was closed with 3–0 sutures. Animals were
allowed to move freely aer surgery.
2.6 Samples harvest and preparation of tissue sections

Implants were harvested at 8 weeks aer implantation. The
harvested samples were xed in 4% formaldehyde solution,
decalcied in EDTA, dehydrated in a graded series of ethanol,
embedded in paraffin, and sectioned at 4 mm of thickness.
2.7 Histological analysis

The sections were stained with hematoxylin and eosin (HE) and
Masson's trichrome staining. The Masson's trichrome staining
was used to identify the newly formed bone tissue. Three
sections from each samples were selected for histomorpho-
metric analysis. For each section, ve regions of interest (ROI)
including the center and the outer 1/3 radius at 3, 6, 9, and 12
o'clock (100� magnication) were evaluated to calculate the
percentage of bone area (bone area/total area). Quantication of
new bone area was conducted by using Image J soware
(National Institutes of Health, Bethesda). The mean percentage
of bone area of each sample was calculated with all selected
sections, which was then compared between HC scaffold and
HC-VEGF scaffold groups.
Fig. 2 Proliferation of MC3T3-E1 cells treated with HC scaffold
extracts or a-MEM medium. The proliferation of cells evaluated by
CCK8 test was comparable between two tested groups after 1 and 3
days of culture. The OD value of cells treated with HC scaffold extracts
was significantly higher than that in the control group after 5 days of
culture (P < 0.05).
2.8 Immunohistochemical analysis

Immunohistochemistry staining was conducted with anti-
CD31 antibodies to identify the microvessels in the samples
as described previously.24 Expression of osteocalcin, a marker
of bone formation, was also evaluated by immunohistochem-
istry staining aer rupture of membranes and xation of the
sections. Firstly, endogenous peroxidase was blocked with 3%
hydrogen peroxide before the treatment with 3% BSA for
30 min. Aer incubating with goat anti-mouse CD31 primary
antibody (1 : 100, Wuhan Goodbio-technology Co., Ltd.,
Wuhan, China) or primary antibody against osteocalcin
(Wuhan Goodbio-technology Co., Ltd., Wuhan, China) over-
night at 4 �C, slides were further incubated with secondary
antibody (Dako, Denmark) for 50 min. Then, 3,30-dia-
minobenzidine was used as a chromogenic agent. Counter-
staining was conducted with hematoxylin. Finally, the sections
were dehydrated and coverslipped. The number of vessels in
This journal is © The Royal Society of Chemistry 2017
the above mentioned ve ROI (200� magnication) was
recorded with Image J soware and presented as vessel density
(vessels per mm2).
2.9 Statistical analysis

SPSS soware (version 20.0, Chicago, Illinois, USA) was used for
statistical analysis. Student's t-test was used to analyze the
differences between groups. Statistically signicant was dened
as p < 0.05. Data was expressed as mean � standard deviation
(SD).
3. Results and discussion
3.1 Characteristics and biocompatibility of HC scaffold

Bone, as a natural composite material, mainly consists of collagen
and hydroxyapatite.25 Apatite increases its strength and collagen
keeps its toughness. HC scaffolds, similar to the natural bone in
composition and microstructure, were widely investigated due to
its biomimetic properties of bone tissue.25,26 The morphology and
microstructures of HC scaffolds were evaluated by SEM. The
scaffolds showed porous structures and intertwined assembly of
brous microstructures (Fig. 1A and B), which was similar to the
biomimetic hydroxyapatite–collagen scaffolds described in
previous studies.20,25,26 The porous structures and brous micro-
structures are benecial for cell and bone ingrowth. The addition
of VEGF did not obviously change the morphology or micro-
structures of scaffolds (Fig. 1C). In the evaluation of
RSC Adv., 2017, 7, 4253–4259 | 4255

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra25294j


Fig. 3 Cumulative release of VEGF fromHC-VEGF scaffolds (n¼ 3). An
initial burst release (�80%) of VEGF was detected during the first 3
days.
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biocompatibility of HC scaffolds, CCK8 test was used to detect the
viability of MC3T3-E1 cells treated with HC scaffold extracts or a-
MEMmedium. The proliferation of cells was comparable between
two tested groups aer 1 and 3 days of culture. The OD value of
cells treated withHC scaffold extracts was signicantly higher than
that in the control group aer 5 days (P < 0.05) (Fig. 2). CCK8 assay
indicated that the HC scaffolds had good cytocompatibility.
Fig. 4 Hematoxylin and eosin (A, B) and Masson's trichrome staining (
(magnification 100�). HE staining: HC-VEGF group (B) showed faster
representative undegraded scaffolds, marked with red arrows). Masso
enhanced, compared to HC group (C) (blue area representative newly fo

4256 | RSC Adv., 2017, 7, 4253–4259
3.2 Release kinetics of VEGF in vitro

The effective delivery manner of VEGF in a composite scaffold
was previously reported in the study of Kempen et al.27 Their
results showed that the initial burst release of VEGF within the
rst 3 days was effective to enhance vascularization and bone
formation induced by BMP-2.27 In this study, VEGF ELISA kit
was used to quantify the VEGF released fromHC-VEGF scaffolds
(n¼ 3) at the selected time points. According to the procedure of
scaffold fabrication, the total amount of VEGF added in each
HC-VEGF scaffold was 1.33 mg. In vitro, the composite scaffolds
also showed an initial burst release (�80%) of VEGF during the
rst 3 days, and the released VEGF was nearly undetectable aer
7 days (Fig. 3). A total amount of 82.71% of VEGF was released in
this observation period. The release of VEGF in the early stage
can induce the establishment of local microcirculation, which
is required for cell survival and bone regeneration.
3.3 Angiogenesis and osteogenesis in an ischemic
environment

Blood supply plays a vital role in bone regeneration.7,28 It
supplies oxygen, nutrients, growth factors and chemokines that
is required for bone formation, and removes waste products
that is detrimental to bone regeneration.7,29 Inhibition of
C, D) of implanted HC scaffolds (A, C) and HC-VEGF scaffolds (B, D)
degradation and more tissue ingrowth than HC group (A) (grey area
n's trichrome staining: bone formation in HC-VEGF group (D) was
rmed bone tissue).

This journal is © The Royal Society of Chemistry 2017
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angiogenesis has been proven to be adverse to bone regenera-
tion.30,31 Fang et al.31 demonstrated that application of angio-
genic inhibitor TNP-470 could block osteogenesis and result in
brous nonunion. Similarly, the administration of VEGF-
specic antagonist was also detrimental to angiogenesis and
BMP4 induced bone regeneration.5 Improving blood supply has
been demonstrated to be benecial for bone formation.5,6 For
instance, transplantation of vascular bundle into bone substi-
tute scaffold could enhance bone formation in ectopic and
orthotopic sites.24,32–34 Unfortunately, some pathologic condi-
tions, such as vascular injury, diabetes and arterial occlusion,
may result in limb ischemia,9–11 which is a huge challenge for
the successful treatment of bone fractures or defects in clin-
ical.9,13 The incidence of impaired bone healing was reported to
be as high as 46% in fractures accompanied with vascular
injuries.9,13 That is signicantly higher than the reported 10%
non-union rate in general fractures.35–37 To investigate bone
regeneration under ischemic environment, an ischemic model
of femoral artery resection, which has been veried by many
studies,9,12,21,22 was adopted in the present study. Blood supply
and perfusion were signicantly decreased aer the resection of
femoral artery.9,12,38 Lu et al.9 showed that the resection of
femoral artery severely reduced blood supply for the affected
limb and created a persistent ischemic environment at the
fracture site in a mouse model. Furthermore, the ischemic
Fig. 6 Immunohistochemistry staining of bone formation marker. The e
that in HC group (A) (undegraded scaffolds marked with red arrows).

Fig. 5 Quantitative analysis of the percentage of bone area in HC and
HC-VEGF groups (n ¼ 5). The percentage of bone area in HC-VEGF
group (10.68%) was significantly increased than that in HC group
(4.32%) (P < 0.05).

This journal is © The Royal Society of Chemistry 2017
insult nally resulted in a delayed or non-union in the fracture
sites.9

A lots of strategies, such as growth factors delivery, stem cell
transplantation, and vascular gras, have been adopted to
promote vascularized bone regeneration in bone tissue engi-
neering.4,7,39 Among them, growth factors delivery is a classical
and promising approach.4,7 VEGF, as a key mediator of angio-
genesis, is one of the most investigated pro-angiogenic factors
and has been proven to be able to improve vascularization and
blood perfusion of skeletal muscle in the ischemic models.15,16

Tsurumi et al.16 reported that intramuscular injection of VEGF
plasmid DNA could signicantly increase the collateral vessels
and capillaries in the treatment of acute limb ischemia. The
expression of VEGF could also stimulate angiogenesis and
improve blood supply in the ischemic lower limb secondary to
diabetics.15 Improving blood perfusion may have the potential
to enhance bone formation in an ischemic limb. For instance,
the application of static magnetic eld enhanced femoral bone
formation due to improved blood supply in an ischemic rat
model.21 The present study further investigated that whether
VEGF-released from biomimetic HC scaffolds could improve
angiogenesis and osteogenesis in an ischemic environment.

Aer resection of femoral artery of SD rats, HC and HC-VEGF
scaffolds were implanted into intramuscular pockets created by
blunt dissection in the le thigh. Eight weeks later, implants
were retrieved for further assessment of bone formation by
histological analysis and vascularization by immunohisto-
chemical analysis. Results of HE staining showed faster degra-
dation and more tissue ingrowth in HC-VEGF scaffolds than in
HC scaffold (Fig. 4). According to Masson's trichrome staining
and quantitative analysis results, the percentage of bone area in
HC-VEGF group was signicantly increased than that in HC
group (10.68% vs. 4.32%, n ¼ 5, P < 0.05) (Fig. 5). In immuno-
histochemistry staining of bone formation marker, the expres-
sion of osteocalcin in HC-VEGF group was also much higher
than that in HC group (Fig. 6), which further conrmed the
results of Masson's trichrome staining. The effect of VEGF on
angiogenesis in HC scaffolds was investigated by immunohis-
tochemistry staining with anti-CD31 antibodies. The vessel
sections were dened as a brown-yellow area with a recogniz-
able lumen when observed by light microscopy (Fig. 7). The
number of CD31 positive stained capillary vessels in HC-VEGF
xpression of osteocalcin in HC-VEGF group (B) was much higher than

RSC Adv., 2017, 7, 4253–4259 | 4257
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Fig. 8 Vessels density in HC and HC-VEGF scaffolds at 8 weeks after
implanted. The numbers of CD31 positive stained capillary vessels in
HC-VEGF group (90.69 mm�2) were significantly more than those in
HC group (54.30 mm�2) (P < 0.05).

Fig. 7 Immunohistochemical analysis of angiogenesis. HC-VEGF group (B) showed more vascular invasion than HC group (A). The vessel
sections were shown as a brown-yellow area with a recognizable lumen. Representative vessel sections were marked with red arrows.
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group (90.69 mm�2) was signicantly larger than that in HC
group (54.30 mm�2) (Fig. 8). The release of VEGF signicantly
enhanced vascular invasion of HC scaffolds (P < 0.05). The
results were consistent with the study of Kaigler et al.,40 which
indicated that VEGF incorporated into PLGA scaffolds had the
potential to increase vascularization and bone formation in an
irradiated calvarial defect model.40

The relationship between vascularization and bone regenera-
tion has been well-established. Enhanced neovascularization can
be more effective to improve the supply of oxygen and nutrients
and eliminate the waste products in the bone regeneration sites. In
the present study, bone formation in HC-VEGF group was signif-
icantly enhanced compared to the HC group. The enhanced bone
formation may be partly attribute to the improved angiogenesis in
HC-VEGF scaffold. Besides, VEGF was reported to be able to
directly and indirectly enhance bone formation.27,41 It can increase
vascular permeability and facilitate the recruitment of osteopro-
genitor cells, which will indirectly enhance bone regeneration.27,41

VEGF can also directly attract mesenchymal stem cells (MSCs) and
promote their osteogenic differentiation.27,41 The accurate mecha-
nisms need to be further investigated in the future studies.
4. Conclusions

The treatment of bone fractures and defects in an ischemic
environment is a huge challenge in clinical. The investigation
4258 | RSC Adv., 2017, 7, 4253–4259
and understanding on this issue are insufficient. This study
provided a very promising approach to enhance angiogenesis
and osteogenesis in an ischemic environment by incorporating
VEGF into biomimetic bone scaffolds.
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