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Abstract

The osteogenic capacity of synthetic bone substitutes is will be highly stimulated by a
well-established functional vascularized network. Cobalt (Co) ions are known that can generate a
hypoxia-like response and stimulates the production of kinds of angiogenic factors. Herein, we
investigated the mechanism of cobalt-doped bioactive borosilicate (36B,0;, 22Ca0O, 18SiO,, 8MgO,
8K,0, 6Na,0, 2P,0;; mol%) glass scaffolds for bone tissues repairing and blood vessel formation in
the critical-sized cranial defect site of rats and their effects on the hBMSCs in vitro were researched.
The scaffolds can control release Co®* ions and convert into hydroxyapatite soaking in simulative
body fluids (SBF). The fabircated scaffolds without cytotoxic strongly improves HIF-1a generation,
VEGF protein secretion, ALP activity and upregulates the expression of osteoblast and angiogenic
relative genes in hBMSCs. Eight weeks after implantation, the bioactive glass scaffolds with 3wt %
CoO remarkablely enhance bone regeneration and blood vascularized network at the defective site.
In conclusion, as a graft material for bone defects, low-oxygen simulated cobalt-doped bioactive
glass scaffold is promising.

Key words: bioactive glass scaffolds, cobalt ions, hypoxia-like response, bone regeneration, blood vascularized
network

Introduction

Nowadays, repairing critical-sized defects recently, for providing the requisite three-

caused by tumor resection and congenital skeletal
abnormalities is still a challenge in orthopedic surgery.
Although the allogenetic and autologous bone
implants are widely used, they suffer many limita-
tions such as donor site morbidity, risk of disease
transmission and high cost.[!

So, the synthetic implants drew many attentions

dimensional (3D) architecture to serve as a scaffold, a
microenvironment for cell phenotype maintenance,
and the indispensable osteogenic capacity for bone
regeneration.l?IBl4l However, only limited success has
been achieved so far in healing large bone defects
using synthetic biomaterials. In general, vasculariza-
tion and new bone ingrowth are often limited to the
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periphery of the implants.Pll?l In order to improve in
vivo the performance of synthetic biomaterials, the
development of 3D scaffolds with enhanced
angiogenic and osteogenic capacity is receiving
considerable attention. [”]

It is well-known that the osteogenic capacity of
implanted scaffolds is signally dependent on the
formation of vascularized network because newly
formed blood vessels provide oxygen and nutrients,
facilitate metabolic waste removal and deliver
renewable progenitor cells.ll°l previously, it has been
shown that a low oxygen (hypoxic) microenviron-
ment can promote tissue development and repair via
progenitor cell recruitment, differentiation and blood
vessel formation.01112l HIF-1a is a protein that
stimulates the expression of a variety of angiogenic
factors such as vascular endothelial growth factor
(VEGF), stromal-derived factor 1 (SDF-1), basic
fibroblast growth factor (bFGF) and transforming
growth factor beta (TGF-[).[31 14115161 Hypoxia can
stabilize HIF-la expression by the application
of prolyl hydroxylase enzyme (PHD) inhibitors such
as desferrioxamine (DFO), L-mimosine (L-mim),
dimethyloxalylglycine (DMOG), and Co?* ions.
[17][18][19][20]

As the only PHD inhibitor in ionic form, Co?*
ions have been shown to activate the HIF-1a pathway
to promote a hypoxia-like response and to affect the
angiogenesis with osteogenesis, which would be of
great interest for applications in bone tissue
engineering.[10122l Compared to genetic engineering or
recombinant proteins methods for improving
angiogenesis, the use of Co?* ions has several
advantages such as low cost, long-term stability with
low regulatory burden and potentially greater safety.
Cobalt can be incorporated into bioactive glass in the
manufacture process, when the fabricated glass
degrades it can control release then doped ions at a
therapeutically appropriate rate. Consequently, the
very capacity to stimulate angiogenesis can be
combined with the well-known osteogenic capacity of
bioactive glasses.

Azevedo, et al. have found that the released
trend of Co?* ions was dependent on its Co content,
indicating the potential for controlled delivery of Co
ions within therapeutically active doses.l] Hoppe et
al. fabricated Co-containing 1393 bioactive glass-
based scaffolds and revealed that the compressive
strength of scaffolds > 2 MPa as well as excellent in
vitro  bioactivity.’ll Wu et al. showed that
incorporating Co into bioactive glass could activate
the proliferation, VEGF secretion, and upregulate the
expression of bone-related gene of BMSCs. However,
they did not investigate whether the Co-containing
scaffolds could induce a hypoxia function in large

bone defects in vivo.[?2

In previous studies, we informed that
borosilicate bioactive scaffolds possessed containable
percent conversion to hydroxyapatite (HA) and
offered an amazing transmission system for inorganic
ions in treating bone defects.[?l[24] In this study, we
manufacture porous 3D scaffolds by doping Co
(0.5-3.0 wt% CoO) into rooted borosilicate bioactive
scaffolds and we have evaluated the effects of the Co
on vascular formation, bone repairing and the
responses of hBMSCs in rat calvarial defects in vitro
and vivo. The responses of hBMSCs cultured on the
scaffolds, include cell adhesion, proliferation, VEGF
secretion, ALP activity, HIF-1a expression, and the
expression levels of osteogenesis and angiogenesis
relative genes. Additionally, micro-ct and immuno-
histochemical and histological methods are applied to
analyze the angiogenesis and bone regeneration of the
calvarial defects in rats 8 weeks after implantation.

Experimental section

Synthesis and characterization of the
as-prepared Co-BG scaffolds

The primary borosilicate glass (designated BG)
was comprised of a borosilicate composition (36B.0s,
22Ca0, 185i0,, 8MgO, 8K>0O, 6NaO, 2P,Os; mol%)
and the glass scaffolds composed of BG and BG
mingled with 0.5, 1.0 and 3.0 wt% CoO (designated
0.5Co-BG; 1Co-BG, and 3Co-BG, respectively) were
generated via using traditional melting and casting
methods. Additionally, the scaffolds applied in this
study were created by a foam replication technique.[?]
The morphology of the above obtained scaffolds was
characterized by field-emission scanning electron
microscopy (FESEM) with a SU8020 (Hitachi, Japan).
XRD (X-ray diffraction, Rigaku, Tokyo, Japan) were
used to represent a glass powder and the existence of
any crystal phases. Mechanical testing machine
(CMY6104 SANS) was applied to testify the
compressing force of cylindrical scaffolds, at a
cross-head speed of 0.5 mm/min and a 1kN load cell.

Degradation of as-prepared scaffolds

The bioactivity performance, degradation
process and mineralization of these foregoing
as-prepared scaffolds were determined by soaking in
SBF (simulated body fluid). A ratio of 0.1 g to 10 ml
for as-fabricated scaffolds immersion in SBF solution
was applied to estimate the sample degradation
process by monitor the relative weight loss changing
of immersion between BG and Co-BG sample and pH
value changing of SBF immersion. The contrastive
concentration of dissolved ions controlled-release
from BG and Co-BG scaffolds in SBF, such as silicate
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and Ca ions, was tested by ICP-AES (inductively-
coupled plasma atomic emission spectroscopy). At
long last, the superficial HA formationon of these
scaffolds was characterized through FESEM and XRD.

Cellular evaluations of Co-BG scaffolds in vitro

We isolated and cultured human bone marrow
mesenchymal stem cells (hBMSCs) using previously
described experimental methods.[2l The bone marrow
suspension was then removed with a 70mm cell
strainer, the initial cell viability was determined by
trypan blue exclusion and the number of cells was
measured by a hematometer. Cell culture in
Durbeck's modified Eagle’s medium (DMEM)
(GIBCO; Invitrogen Pty Ltd. Australia) supplemented
with 10% fetal calf serum (FCS)(In Vitro Technologies,
Australia) with 5% CO; at 37°C in a humidified
atmosphere. The medium was changed after 48 hours
and thereafter every 3 days. Based on previous
research 4-7 generations of cells were used for
subsequent cellular experiments.[?’]

The scaffolds with seeded hBMSCs incubated in
DMEM supplemented with 10% FBS, 100 pg/mL of
streptomycin, and 100 U/mL of penicillin at 37°C in a
comfortable environment of 5% CO, For the
morphology, the scaffolds with hBMSCs attached was
covered with gold layer and observed by FESEM at
the acceleration voltage of 15kV. The proliferation of
the cultured hBMSCs was evaluated by CCK-8, and
for testing the absorbance value at 450 nm. The results
were about the optical density of the aliquots minus
the absorbance of the blank wells. Meanwhile, the
differentiation of the hBMSCs was determined by
testing the ALP activity that was measured on days 7
and 14 after seeding 1x105 hBMSCs on each scaffold of
a group (n = 3), and the deserved results were tested
via the absorbance at 405 nm.

The relative expression of representative osteo-
genesis and angiogenic related genes, including
VEGF, SDF-1, bFGF, and bone morphgenetic
protein-2 (BMP-2), in hBMSCs were also investigated
using qRT-PCR. The cells were seeded at a density of
2 x 104 cells/well, cultured for 7 or 14 days and
harvested using TRIzol Reagent to extract the
RNA. The achieved RNAs were reversely transcribed
into complementary DNA (cDNA) using RevertAid
First Strand ¢cDNA Synthesis Kit and the qRT-PCR
analysis was performed on an ABI Prism 7300
Thermal Cycler using SYBR Green detection
reagent. Against the housekeeping gene GAPDH, the
relative expression of the genes of interest was
normalized. The VEGF secretion of the hBMSCs were
tested by enzyme-linked immunosorbent (ELISA)
assays, and the HIF-1a protein was analyzed by the
western blot test.

The capacity of osteogenesis and angiogenic of
Co-BG scaffold in vivo

The animal treatment procedures were carried
out according to the guidelines approved by the
Shanghai Jiao Tong University Ethics Committee.
Thirty-six male Sprague Dawley rats (Three months
old; 250-300 g) were used to fabricate rat calvarial
defects models. Thereinto, unfilled defects were used
as control groups, 3Co-BG scaffolds and undoped BG
scaffolds with 1.5-2 mm in height and 5 mm in
diameter, the positive, negative groups, respectively.
After 8 weeks of post operation, the rats were
sacrificed after surgery.

A Micro-CT scanner (Skyscan 1176, Kontich,
Belgium) was used to reconstruct images using
software, and by which, the relative bone volume
fraction (BV/TV) and the bone mineral density (BMD)
were affirmed. The Van Gieson’s picrofuchsin
staining was applied to analyze the formative
evaluation of new bone tissue. Histological staining
observation image was examined by Image Pro
Plus™ (Media Cybernetics, Silver Springs, MD). To
obtain new bone formation and mineralization rate,
we were put to death in 8 weeks of polychrome
sequential fluorescent labeling in rats, 2 weeks, 4
weeks and 6 weeks after surgery, after the ether
anesthesia to the animals and intraperitoneal injection
of fluorescent composed of 30 mg/kg alizarin red
(AL) (Sigma, USA), 25 mg/kg tetracycline (TE), and
20 mg/kg calcein (CA) (Sigma, USA).

To evaluate blood vessel formation at 8 weeks
post-surgery, the rats were perfused with Microfil
(Microfil MV-122; Flow Tech, Carver, MA) after
euthanasia. When they were decalcified in 10%
ethylenediaminetetraacetic acid (EDTA; Sinopharm
Chemical Reagent Co. Ltd) for 2 weeks, the calvarial
samples were embedded in paraffin and sectioned at 5
pm at the central area of the defect. Immunohisto-
chemistry and immunofluorescence staining for CD31
(ab24590, 1:200; Abcam) and osteocalcin (OCN,
ab13420, 1:100; Abcam) were then performed in the
sections from each group.

Statistical analysis

All data were expressed as means + standard
deviation (SD) and were analyzed using one-way
ANOVA for independent sample. The criteria for
statistical significance were *p < 0.05.

Results

Characterization of Co-BG scaffolds

FESEM analysis demonstrated that the
Co-doped BG and simple BG scaffolds had no
observable difference in micro-texture (Fig.1 Al, Bl,
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Cl and D1). The Co-doped scaffolds showed a
stepped-up purple color when the doped amount was
increased. The porosity of as-fabricated scaffolds was
around 80 *+ 3% and pores size were about 200-500
pm. Regrettably, the mechanical behavior of these
scaffolds was decreased with Co-doped amount
increase, from 3.3 + 0.4 MPa to 2.4 + 0.3 MPa for BG to
3Co-BG scaffolds (Fig. 2C), while these data still
luckily keep in the range of reported value for human
trabecular bone,[?8] which means the scaffolds could
also bear the body weight.

Degradation capacity of as-prepared Co-BG
scaffolds

High magnification FESEM images revealed a
smooth surface of the scaffolds, while a particulate
microstructure change was caught after immersion
(Fig. 1). In the meantime, the element analysis of these
particle is equivalent to 1.67 of stoichiometric HA
from EDS results. The XRD of the synthetic scaffolds
showed a broad band, indicating a typical amorphous
glass (Fig. 2A) for the as-prepared scaffolds. However,
the data of the soaked scaffolds implied a peak

corresponding to reference HA, proving the
transformation of bioactive glass to HA (Fig. 2B).

During the degradation process, the basic glass
scaffold could release some ions and entail some
variation on the soaking medium. The weight loss of
the scaffolds changed rapidly in the first 14 days and
kept a nearly constant value later (Fig. 2D). At 8
weeks, after the immersion process, the final weight
loss was 44 + 2%, 38 +3%, 35 + 3% and 32 =+ 3% for the
BG and Co-BG scaffolds. The accumlated amount of
Co?* ions in the SBF also increased rapidly during the
first 14 days and reached a nearly almost steady value
thereafter, except for the 3Co-BG scaffolds for which
the release of Co?* ions continued until the experi-
ments were stoped at 8 weeks (Fig. 2E). These results
exhibited that the cumulative amount of released Co?*
increased as the raising doping amount of Co. The
highest amount of Co released, at the first day, is 4.7,
7.0, 21.1 ppm and the final accumulated amount of
Co?* ions released was 44% (14.4 ppm), 37% (23.8
ppm) and 36% (70.7 ppm) of the total doping amount,
for the 0.5Co0-BG, 1Co-BG and 3Co-BG scaffolds.

IR
Energy bt

Figure 1. Optical images and FESEM images for the BG (Al, A2), 0.5Co-BG (BI, B2), 1Co-BG (Cl1, C2) and 3Co-BG (D1, D2) scaffolds before soaking in SBF; SEM
images for the BG (A3), 0.5Co-BG (B3), 1Co-BG (C3) and 3Co-BG (D3) scaffolds after soaking in SBF for 90 days; EDS analysis for the BG (A4), 0.5Co-BG (B4),
1Co-BG (C4) and 3Co-BG (D4) scaffolds after soaking in SBF for 90 days. Magnification: X100 for Al, BI, C1, D1; x40,000 for A3, B3, C3 and D3, A4, B4, C4 and D4.
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Cell responses of hBMSCs on Co-BG scaffolds

From the FESEM images, we can easily find that
cultured hBMSCs can spread well on the surfaces of
four groups of scaffolds for 72 h (Fig. 3). Also, the
morphology and prominent filopodia of the hBMSCs
were clearly observed by these images. Cell prolifera-
tion increasing conspicuously of hBMSCs was found
in most treatment groups in Fig. 4. The proliferation of
hBMSCs on 0.5Co-BG and 1Co-BG scaffolds showed
no obvious difference from that of the BG scaffolds, in
spite of the cell proliferation on the 3Co-BG scaffolds

that was lower than that on BG scaffolds at day 7.

Angiogenesis/osteogenesis related genes
expression and VEGF secretion of hBMSCs on
Co-BG scaffolds

As shown in Fig. 4, the 0.5Co-BG, 1Co-BG and
3Co-BG scaffolds significantly enhanced VEGF
protein secretion of the hBMSCs. At the same time,
HIF-1a expression of the hBMSCs incubated on the
Co-doped glass scaffolds also increased with
increased Co content.
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Figure 2. XRD diffraction patterns of BG, 0.5Co-BG, 1Co-BG and 3Co-BG scaffolds before and after soaking in SBF for 90 days. For comparison, the patterns of the
as-fabricated BG scaffold and a reference hydroxyapatite (JCPDS 72-1243) are also shown(A,B). The mechanical behavior of BG, 0.5Co-BG, 1Co-BG and 3Co-BG
scaffolds (C). Weight loss of the four groups of bioactive glass scaffolds shown and (D) the cumulative amount of Co2*ions release from the glass into SBF as a function

of immersion time of the scaffolds in SBF(E).

Figure 3. FESEM images of the attachment of hBMSCs on the BG (A), 0.5Co-BG (B), 1Co-BG (C) and 3Co-BG (D) scaffolds after incubation for 3 days.
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Figure 4. (A) Quantitative analysis of the proliferation of hBMSCs cultured on the BG, 0.5Co-BG, 1Co-BG and 3Co-BG scaffolds shown for 1, 3 and 7 days. Mean
SD; n = 3. *Significant difference when compared to BG (p<0.05). (B) ALP activity of hBMSCs cultured for 7 and 14 days on the BG, 0.5Co-BG, 1Co-BG and 3Co-BG
scaffolds shown. Mean SD; n = 3. *Significant difference when compared to BG (p<0.05). (C) The effect of Co contents in the scaffolds on VEGF secretion of hBMSCs.
Mean SD; n = 3. *Significant difference when compared to BG (p<0.05). (D) HIF-1a expression of hBMSCs on the BG, 0.5Co-BG, 1Co-BG and 3Co-BG scaffolds by

western blotting.

The angiogenesis/ osteogenesis related genes, for
example, bFGF, VEGF, SDF-1, BMP-2 and RUNX2,
expression of the cultured hBMSCs were increased at
both incubation periods (Fig. 5). All these angiogene-
sis/osteogenesis related genes were upregulated as
the increase Co doping amount. These results showed
that the addition of Co in BG can promote the osteo-
genic differentiation and angiogenesis of hBMSCs,
and the 3Co-BG scaffolds had the strongest ability to
help angiogenesis and osteogenic differentiation.

Characterization of blood formation in vivo

The reconstructed Micro-CT image (Fig. 6A)
showed that the vascular density, number and area of
the 3Co-BG scaffolds were much higher than that of
BG or unfilled defects (Fig. 6, B and C) when the
bioactive glass scaffolds or blank scaffolds were
implanted in the calvarial defect of rats.

Immunofluorescence staining and immunohis-
tochemistry for CD31 were used to detect the
neovascularization in the defect area. And the blood
vessels were oval structure or typically round and red
or positive CD31 stain. The number of blood vessels at
the implantation defect of the 3Co-BG scaffolds was
greater than that at the BG scaffolds or the unfilled

defects (Fig. 7A, B, C, G, H and I), which was
consistent with the above Micro-CT data.

Evaluation of new bone tissues regeneration in
vivo

The Micro-CT results exhibited that the number
of new tissues on the defects of the 3Co-BG scaffolds
was greater than that on the unfilled defects or on the
BG scaffolds (Fig. 8A, top and bottom view). Also, the
gap between host bone and the edge of BG scaffolds
was evident. Similarly, the new regeneration tissue
amount of 3Co-BG scaffolds were higher than that of
BG scaffolds (Fig. 8A, lateral view). Moreover, the
new bone regeneration of 3Co-BG samples was
significantly better than that of BG samples by BMD
and BV/TV data (Fig. 8B, C).

The new bone mineralization and formation
amount of scaffolds were demonstrated in Fig.9A, and
the histological morphology of unfilled defects was
determined by quantitative polychrome sequential
fluorescent labeling tetracycline. Percent tetracycline
labeling of 3Co-BG (2.7 £ 0.5%) were markedly greater
than BG group (1.8 £ 0.3%), in turn, further greater
than untreated defects (0.6 £ 0.2%) at 2 week. In the 4
week, the alizarin red label (red, Fig. 9, column 2)
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shown at BG, 3Co-BG and unfilled defects was 2.6 +
0.6%,49 + 08% and 1.0 £ 02% severally. The
difference between two comparisons among these
samples was statistically significant (p < 0.05), and the
results went similar trend at week 6 and 8.

Van Gieson's staining analysis indicated similar
bone regeneration trend which was in line with the
previous data of fluorescence labeling and Micro-CT.
New bone formation was abundant around the
3Co-BG scaffolds, but relatively low on the BG
scaffolds, with the least new bone formation in the
unfilled defects (Fig. 10A). The new bone area was 48
*5%,24 £ 6% and 4 + 3% orderly in 3Co-BG, BG and
unfilled defects (Fig. 10B). The differences among the
groups were statistically significant (p<0.05).

Immunofluorescence analysis at the unfilled
defects revealed nearly no staining of OCN (Fig. 7
D,E,F ] K and L) at week 8. In contrast, some of the
OCN positive staining was discovered on BG
scaffolds, while a large number of OCN positive
staining was found around the 3Co-BG scaffolds.
These results indicated that 3Co-BG scaffolds were
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scaffolds in vivo.

Discussion

During the repairing process of large bone
defects using synthetic biomaterials, angiogenesis and
neovascularization are critical processes.*! The
controlled release of inorganic ions from synthetic
implants have drawn growing interest as an novel
approach for healing of tissue defects.3 31l In this
study, the effects of Co?* ion release from borosilicate
bioactive glass scaffolds on the response of hBMSCs in
vitro and in rat calvarial defects in wvivo were
evaluated. Results revealed that the Co-doped
scaffolds enhanced the proliferation, VEGF secretion,
HIF-1a expression, ALP expression and activity of
osteogenic and osteogenic genes of the hBMSCs. The
released Co?* ions can induce a hypoxia-like response,
significantly promoting the regeneration of new bone
tissue and the formation of new blood vessel
formation in vivo. By stimulating both angiogenesis
and osteogenesis, these hypoxia-mimicking scaffolds
could provide promising implants for regeneration.
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(BV/TV) in the defects implanted with the scaffolds and in the unfilled defects. Mean SD; n =3. *Significant difference between groups (p<0.05).
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Figure 9. New bone formation and mineralization, determined histomorphometrically by fluorochrome-labeling analysis, in rat calvarial defects implanted with the
BG and the 3Co-BG scaffolds and in the unfilled defects (control). (A) Column | (yellow) shows tetracycline at week 2; column 2 (red) shows alizarin red at week 4;
column 3 (green) shows calcein at week 6; column 4 represents merged images of the three fluorochromes for the same group, and column 5 represents merged
images from a plain microscope. (B) The percent fluorochrome area in the defects implanted with the scaffolds and the unfilled defects. Mean SD; n =3. *Significant
difference between groups (p<0.05).
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Figure 10. (A) Transmitted light images of Van Gieson picrofuchsin-stained
sections of rat calvarial defects implanted with BG and 3Co-BG scaffolds and the
unfilled defects (control) at 8 weeks post-implantation. New bone appears red
whereas the scaffold appears black. (B) Percent new bone area in the defects
implanted with the scaffolds and in the unfilled defects. Mean SD; n =3.
*Significant difference between groups (p<0.05).

Additionally, the Co-doped BG scaffolds had a
porosity of 80 + 3% used in the present study,
interconnected pores of size 200-500pm. The
microstructural are benifit for oxygen and nutrient
transport, attachment, migration and proliferation of
bone-forming cells, vascularization and bone in
growth.®2The scaffolds showed a sustained and
controllable release ability in vitro. Rather, a concern is
that high concentrations of Co can cause toxicity to
cells in vitro and pathologies in vivo.[3334 B3IThus, this
controlled release materials is very suitable for
vascularized bone regeneration in tissue engineering
applications.

For the cell responds results, Co-BG scaffolds can
well support the proliferation of hBMSCs (Fig. 3).
Quantitation of hBMSCs proliferation using the
CCK-8 assay showed no dramatically significant
differences among groups at the incubation times
used (1, 3 and 7 days) with the hBMSCs proliferation
of 3Co-BG scaffolds which was inconspicuously lower

only at day 7.

The Co-doped bioactive glass scaffolds revealed
the ability to significantly enhance the ALP activity
and osteogenic gene (RUNX2 and BMP-2) expression
of the hBMSCs during the fourteen-day incubation
period (Fig. 5 and 6). Additionally, the Co-doped
scaffolds induced a significant hypoxic cascade, inclu-
ding increased VEGF protein secretion, HIF-1a and
angiogenic gene (VEGF, bFGF and SDF-1) expression
of the hBMSCs cultured on the scaffolds. VEGF, a
identified key regulator for angiogensis[12Ii3¢l371 can
affect endothelial cells by stimulating their liberation,
migration, proliferation and, eventually, the
formation of tubular structures.3¥ HIF-1a can initiate
the expression of kinds of angiogenic genes associated
with bone tissue development and regenera-
tion.[BIM4II3IAlthough oxygen is present in normoxic
conditions, Co?* jons can deactivate HIF-specific
PHD, leading to the stabilization of HIF-1a and, thus,
to mimicking the hypoxia condition. [l

The 3Co-BG scaffolds exhibited the capacity to
significantly enhance the regeneration of new bone
tissue and the formation of new blood vessel
formation compared BG scaffolds. As it reported that
hypoxia plays an key role in improving angiogenesis
and osteogenesis by activating the HIF-la pathway
and manipulating the behavior of MSCs, including
their migration, proliferation, differentiation and
growth factor secretion.l0l [12I 0] Rosova’et al
suggested that pre-culturing MSCs in hypoxic
conditions increased their potential to migrate and to
regenerate tissue.*llOkuyama et al. found that
VEGFR1 expression was upregulated by HIF-1a after
culturing MSCs in hypoxic conditions.[*l Also, MSCs
have been reported to facilitate implant vasculari-
zation by producing a variety of growth factors under
hypoxic conditions.*3l Previous studies also showed
that pharmacologic stimulation of HIF-1a activity by
the application of Co?* ions was capable of inducing a
hypoxic cascade of MSCs and induced a robust
angiogenic response that was coupled to a subsequent
osteogenic response. 101 [201 (3]

In the present study, the hypoxic-like condition
created by released Co? in wvivo hypothetically
motivated HIF-la proteins to bind to HIF-13. The
very binding could further initiate the transcription of
some hypoxia-sensitive genes, then in treturn, these
genes receptors could induce the higher expression of
osteogenesis and angiogenesis relative genes.[#4 [45]
Briefly, with the increased concentration of Co?* ions,
the more expression of HIF-1a (Fig. 4), ALP (Fig. 5),
VEGEF, bFGF, SDF-1, RUNX2 and BMP-2 (Fig. 6) were
characterized from protein and gene perspective.
Meanwhile, the new well-reconstructed blood vessels
(Fig. 7) and the new bone regeneration, formation and
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mineralization (Fig. 9, 10 and 11). In the end, the high
expression osteogenesis genes could further promote
the secretion of VEGF, which in turn stimulates
angiogenesis.[l#7l So, these highly co-expressed
osteogenesis and angiogenesis relative factors promo-
ted cell ossification.[48] 491 In conclusion, Co2+ ion, a
inhibitor of PHD, promotes the regeneration of blood
vessels and bone via activating HIF-1a and related
genes.

Conclusions

Porous scaffolds of BG scaffolds doped with
0.5-3.0 wt% CoO released Co?* ions and converted to
hydroxyapatite when soaked in SBF in vitro. The
cumulative amount of Co?* ijons released was
dependent on the amount of CoO in the as-prepared
glasses, which indicates the ability to control the Co?*
ion release at therapeutically acceptable levels. At the
concentrations used, the Co in the scaffolds was not
cytotoxic and it notably promoted VEGF protein
secretion, HIF-la expression, ALP expression of
osteogenic and angiogenic genes of hBMSCs in vitro.
The 3Co-BG scaffolds significantly enhanced blood
vessel formation and bone regeneration in rat calvar-
ial defects at 8 weeks post-implantation. Together, the
results show that the biomaterial implantation of
controlled and sustained release of Co?* ions is a
promising strategy to stimulate neovascularization in
the repairing of osseous defects.
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