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Abstract

To validate the feasibility of two types of bioactive glass that contains spherical and radical spherical nano-sized particles in
promoting bone repair, we hypothesize that radical spherical nano-sized particles have higher bone repair effectiveness than
spherical one due to the physicochemical properties. We rigorously compared the physicochemical properties and
bioactivities of these two types of bioactive glass. Specifically, we measured the size, surface morphology, concentration of
ionic-dissolution products, bioactivity, and biological effects of two groups of bioactive glass on rat bone marrow
mesenchymal stem cells (rBMSCs) and evaluate their effect on proliferation and osteogenic differentiation of rBMSCs
in vitro. We observed that spherical nano-bioactive glass (SNBG) was spherical with smooth boundary, while the radial
spherical nano-bioactive glass (RSNBG) had radial pore on the surface of particle boundary. When the two materials were
immersed in simulated body fluid for 24 h, RSNBG produced more and denser hydroxyapatite carbonate than SNBG. The
concentration of Ca and Si ions in RSNBG 24 h extract is higher than that of SNBG, while the concentration of P ions is
lower. Proliferation, alkaline phosphatase (ALP) activity, intracellular Ca ion concentrations defined as the number of
mineralized nodules produced, and the expression of osteogenic genes were significantly higher in rBMSCs co-cultured with
50 ug/mL. RSNBG than SNBG. Overall, these results validated our hypothesis that RSNBG can provide better benefit than
SNBG for inducing proliferation and osteogenic differentiation in rBMSCs, in turn suggested the feasibility of this RSNBG
in further studies and utilization toward the ends of improved bone repair effectiveness.
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Effective repair and reconstruction of craniomaxillofacial
bone defects caused by tumor, trauma, or periodontal dis-
ease is a major challenge in maxillofacial surgery and
dentistry [1]. Autografts, allografts, and biomaterials have
been most commonly used to repair and reconstruct these
bone defects [2, 3]. However, due to limited supply and
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plastic restriction, autologous bone grafts drew significant
concern for repair bulk bone defects.

Because of the risk of tissue rejection and disease
transmission, the clinical applications of allografts are also
remarkably limited. In this case, research has begun to focus
on the use of biomaterials as a surrogate approach in
orthopedic repair procedures. As a result, various types of
biomaterials have been developed that have potential being
utilized in bone defects repair, such as ceramics, polymers,
composite materials, etc [4]. Particularly, bioactive glass,
which is a type of bioceramics, has become a promising
bone graft material because of its good biocompatibility,
bone conduction, and bone induction [5, 6]. In the late
1960s, Hench produced the first generation of bioactive
glass, Bioglass 45S5, composed of 46.1 mol% SiO,,
22.4 mol% Na,O, 26.9 mol% CaO, and 2.6 mol% P,Os [7],
which binds firmly to bone tissue [8]. In 1985, bioactive
glass was clinically applied in orthopedics and stomatology.
The success in both manufacturing and clinical application
encouraging extensive studies on bioactive glass [9], aims
to further understand the mechanism behind its capability in
facilitating bone defect repair as well as optimize the design
for higher defect repair effectiveness.

Of note, when inserted into a bone defect, bioactive glass
has the unique ability to bond host bone and stimulate the
growth of new bone [10, 11]. Underlying mechanisms of
bone growth include the induction of biological reactions at
the interface of the bioactive glass and bone-forming cells
and within those cells, to promote proliferation and differ-
entiation [12, 13]. Concomitantly, bioactive glass is a
degradable material. Ionic-dissolution products released
from the bioactive glass create a local environment con-
ducive to cell aggregation, proliferation, and differentiation,
and can promote the expression of osteoblasts-related genes
[12, 13]. When bioactive glass is exposed to biological
fluid, there is an initial dissolution stage followed by the
formation of a hydroxyl carbonate apatite (HCA) layer on
its surface [8]. The HCA layer is similar to the mineral
phase in bone and can bond to collagen fibers [14, 15].

However, several limitations still need to be addressed
before bioactive glass being widely utilized in clinical
practice. Most notably, the bone repair effectiveness still
needs further improvement, which can at least partly attri-
bute to the size and morphologies of the glass particles [15].
Studies have demonstrated the bioactive glass with nano-
sized particles exhibits better biological performance than
bioactive glass with micron-sized particles that are currently
used [16], and the mechanism behind which can be attrib-
uted to the much larger specific surface area possessed by
nanoscale bioactive glass than traditional bioactive glass
[17]. On the one hand, the large specific surface area pro-
vides more surface adsorption sites, rendering the nano-
bioactive glass higher biological activity than the
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conventional ones [18, 19]. On the other hand, the large
specific surface area facilitates the degradation of nanoscale
bioactive glass [20], and the Ca, Si, and P ions released
resulted from the degradation in turn promote the formation
of HCA and tissue bonding [21, 22].

Compared with irregularly shaped particles, bioactive
glass with spherical particles exhibits superior biological
activity and increased osteogenic potential due to regular
shape and better flow property [23]. Wang et al. demon-
strated that the spherical bioactive glass (molar composi-
tion: 58% Si0,, 33% CaO, 9% P,0s) can strongly promote
the osteoblast differentiation [24]. Build on this foundation,
we hypothesize that further increase in the surface area
could improve osteogenic potential of bioactive glass.
Aiming to proof of this concept, we incorporate “radial”
spherical particles into bioactive glass, which has proven
having higher specific surface area than spherical particles
by Li et al [25]. The physical and chemical properties of two
novel spherical and radioactive globular nano-bioactive
glasses provided by Chen et al. were characterized, the
effects of the two materials on the proliferation and osteo-
genic differentiation of rat bone marrow mesenchymal stem
cells d(BMSCs) were evaluated to explore the feasibility and
advantages of using them as bone biomaterials for repairing
bone defects.

2 Materials and methods
2.1 Synthesis of bioactive glass

Bioactive glass was kindly provided by the Xiaofeng Chen
project group of the South China University of Technology.
Spherical nano-bioactive glass (SNBG) (90 mol% SiO,, 6 mol
% CaO, and 4mol% P,0s) and radial spherical nano-
bioactive glass (RSNBG) (60 mol% SiO,, 36 mol% CaO, and
4 mol% P,0s) were prepared using the sol-gel method [26].

2.2 Characterization of bioactive glass
2.2.1 Size of bioactive glass particles

The size of the bioactive glass particles was measured using
a Laser particle size analyzer (NANO-ZS, Malvern,
Worcestershire, UK).

2.2.2 Morphology of bioactive glass particles

The surface morphology of the bioactive glass was
observed using a scanning electron microscope (SEM,
Ultra Plus, Zeiss, Jena, Germany) and a transmission
electron microscope (TEM, JEM-200CX, JEOL, Tokyo,
Japan).
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2.2.3 Bioactive glass extraction

Bioactive glass extracts were prepared by incubating
bioactive glass in 1 mg/mL a-Minimum Essential Medium
(«-MEM, Gibco, Gaithersburg, USA) on a thermostatic
shaker (150 rpm/h) at 37 °C for 24 h. Samples were cen-
trifuged and the supernatant was filtered using a 0.22 pm
pore size filter (Millipore, Billerica, USA). Extracts were
evaluated with inductively coupled plasma-optical emission
spectroscopy (ICP-OES, iCAP 7400, Thermo, Waltham,
USA) to determine Si, Ca, and P ion concentrations.

2.2.4 Bioactivity of bioactive glass in vitro

The bioactivity (bonding-bone ability) of the bioactive glass
was indirectly evaluated in vitro by determining the ability
of the glass to induce HCA formation on its surface [26].
Bioactive glass was incubated in 1 mg/mL simulated body
fluid (SBF, pH 7.4), which has the same composition as
human plasma. The mixtures were placed on a thermostatic
shaker (150 rpm/h) at 37 °C for 24 h, centrifuged, and then
the precipitate was collected, washed three times with
acetone and distilled water, and placed at 65 °C for 48 h to
dry. Newly formed HCA on the bioactive glass surface was
observed by SEM and Fourier Transform Infrared spectro-
scopy (FTIR, SpectrumGX, PerkinElmer, Waltham, USA).

2.3 Biological effects of bioactive glass on rBMSCs
in vitro

2.3.1 Cell culture

OriCell Sprague-Dawley (SD) rBMSCs (Passage [P] 2),
OriCell SD rBMSCs growth medium, and OriCell SD
rBMSCs osteogenic differentiation medium were purchased
from Cyagen Biosciences (Guangzhou, China). rBMSCs
were cultured in a 5% CO, incubator at 37 °C. Adherent
cells were passaged at approximately 80% confluence. P
3-5 cells were used in subsequent experiments. Culture
medium was changed every 2-3 days.

For cell proliferation assays, IBMSCs were seeded at 2 x
10° cells/well in a 96-well plate and cultured in OriCell SD
rBMSCs growth medium. For cell cycle analysis, BMSCs
were seeded at 2x 10* cells/well in a 24-well plate and
cultured in OriCell SD rBMSCs growth medium. After the
cells were attached, 30, 50, 80, and 100 ug/mL bioactive
glass was added to the growth medium.

For osteogenic differentiation analyses, tBMSCs were
seeded at 2 x 10* cells/well in OriCell SD rBMSCs osteo-
genic differentiation medium in 24-well plates. After the
cells were attached, 50 pg/mL bioactive glass was added to
the osteogenic differentiation medium. Cells were incubated
with bioactive glass for up to 21 days, depending on the

assay. Culture medium without bioactive glass was used as
a blank control.

2.3.2 Cell proliferation assay

rBMSCs proliferation was determined using the Cell
Counting Kit-8§ (CCK-8, Beyotime, Shanghai, China).
rBMSCs were incubated with bioactive glass for 7 days. On
days 0, 1, 3, 5, and 7 of culture the number of BMSCs was
detected using the CCK-8 according to the manufacturer’s
instructions. Briefly, the original culture medium was dis-
carded, and 100 pL of fresh complete medium containing
10% kit medium was added to each well. After incubation
in the dark at 37 °C for 2 h, the medium was aspirated and
absorbance was measured at 450 nm using a microplate
reader (Spectra Max190, Molecular Device LLC,
Sunnyvale, USA).

2.3.3 Cell cycle analysis

Cell cycle analysis was conducted using flow cytometry.
rBMSCs were incubated with bioactive glass for 7 days. On
days 3 and 7 of culture the cells were digested, precipitated
by centrifugation, washed twice with phosphate-buffered
saline (PBS), and fixed in 75% ethanol at 4 °C for 24 h.
Samples were centrifuged to obtain a precipitate, which was
washed three times with PBS. 100mL 10% propidium
iodide (Sigma, St.Louis, USA) was added and samples were
incubated on ice for ~30 min. Flow cytometry (FACSCali-
bur, Becton Dickinson, San Jose, USA) and Cell Quest
software were used to identify cells in various stages of the
cell cycle.

2.3.4 Alkaline phosphatase (ALP) staining and activity assay

For ALP staining, rBMSCs were stained with the 5-bromo-
4-chloro-3-indolyl phosphate/nitroblue tetrazolium chloride
(BCIP/NBT) ALP Color Development Kit (Beyotime Bio-
technology, Shanghai, China) according to the manu-
facturer’s instructions. Briefly, -BMSCs were fixed with 4%
paraformaldehyde for 30 min and washed with PBS three
times. IBMSCs were stained with BCIP/NBT reagents and
washed with distilled water three times before observation.

On days 5 and 7 of osteogenic induction, tBMSCs were
lysed on ice with 0.5% Triton X-100 for 30 min, and
supernatants were collected for determination of ALP
activity and total cell protein content. The ALP Assay kit
(Jiancheng Bioengineering Institute, Nanjing, China) and the
BCA Protein Assay Kit (Leagene Biotechnology, Beijing,
China) were used to determine ALP activity and total cell
protein content, respectively. Both assays were performed
according to the manufacturer’s instructions. ALP activity
was standardized to total cellular protein content.

@ Springer
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2.3.5 Matrix mineralization

Matrix mineralization was assessed using alizarin red
staining. tBMSCs were incubated with bioactive glass for
21 days. On days 14 and 21 of culture cells were fixed in
4% paraformaldehyde for 10 min and stained with 1% ali-
zarin red staining (Leagene Biotechnology, Beijing, China)
at 37 °C for 5 min. Microscopy was used to observe ran-
domly selected fields of view (n =5) and capture images of
calcium nodules. Calcium deposits were semiquantified by
the addition of 500 uL. of 100 mM cetylpyridinium chloride
(Sigma, St. Louis, USA) to each well at 37 °C for 30 min.
Absorbance of the solution was measured at 562 nm using a
microplate reader.

2.3.6 Real-time polymerase chain reaction (RT-PCR)

Expression of rBMSCs differentiation and mineralization
markers was measured by RT-PCR. rBMSCs were incu-
bated with bioactive glass for 14 days. On days 7 and 14 of
culture total cellular RNA was extracted with a Trizol
reagent (Invitrogen, Carlsbad, USA) and reverse transcribed
(Promega, Madison, USA) to cDNA. RT-PCR was per-
formed using a Faststart Universal SYBR Green PCR
Master mix kit (Roche, Indianapolis, USA) and an ABI7300
thermocycler (Applied Biosystems Inc., Foster City, USA).
The reaction conditions were: 95 °C for 30s; 40 cycles of
95 °C for 10's and 60 °C for 31s; 95 °C for 15, 60 °C for
60s, and 95°C for 15s. Primers were synthesized by
Wuhan Google Biotechnology Co., Ltd. GAPDH was
selected as an internal control. Primer sequences are shown
in Table 1. The 2724 method was used to calculate rela-
tive gene expression levels.

2.3.7 Western blot

Western Blot was performed to examine the protein levels
of osteogenic markers (Runx2, COL1, and OSX). GAPDH
was used as internal reference. On days 7 and 14 of
osteogenic induction, rBMSCs were washed three times
with the PBS and RIPA lysis buffer (EnoGene, Nanjing,
China) and 1% phenylmethanesulfonyl fluoride (PMSF,
EnoGene, Nanjing, China) was added. After ultrasonically
shaken for 30s, the supernatant was collected by cen-
trifugation at 12000 rpm for 10 min. The total protein

concentration of cells was determined using the BCA
method. Sample buffer was added to the protein and boiled
for 10 min before sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) electrophoresis. Equal
amounts of protein were loaded onto 10% SDS-PAGE gel
and transferred onto a polyvinylidene difluoride membrane.
The membrane was placed in Tris-buffered saline with
0.1% Tween-20 (TBST) (Biosharp, Hefei, China) contain-
ing 5% (w/v) skimmed milk powder (BBI Life Sciences
Corporation, Shanghai, China) for 2 h. After incubating the
membrane with diluted primary antibody (Abcam, Cam-
bridge, UK) at 4 °C overnight, the membrane was washed
three times with TBST and incubated in the diluted horse-
radish peroxidase-labeled secondary antibody (Abcam,
Cambridge, UK) for 1 h at room temperature. After washing
the membrane, the proteins were detected by chemilumi-
nescence gel imaging system (Tanon 5200, Tanon, Shang-
hai, China). Western blot results were analyzed using the
ImageJ (NIH, Bethesda, USA).

2.4 Statistical analysis

Quantitative data were expressed as mean =+ standard
deviation. Between-group differences were determined
using one-way ANOVA. Statistical analysis was conducted
using SPSS v.19.0 software (IBM Corporation, Armonk,
USA). P<0.05 was considered significant.

3 Results
3.1 Characterization of bioactive glass

3.1.1 Morphology and size distribution of bioactive glass
particles

SEM and TEM micrographs demonstrated that the bioactive
glass consists of nanoparticles with a regular spherical
shape and good dispersibility both in SNBG (Fig. 1a, ¢) and
RSNBG (Fig. 1b, d). Furthermore, the bioactive glass par-
ticles in RSNBG had fine branch-like structures on the
surface. The particle size distribution was uniform in both
SNBG and RSNBG. The average particle size of SNBG
and RSNBG was 592.3 nm (Fig. la, inset) and 890.8 nm
(Fig. 1b, inset), respectively.

Table 1 Primers for RT-PCR

analysis Gene Forward primer (5-3") Reverse primer (3-5")
Runx2 CCCAACTTCCTGTGCTCCGT GCTCCGGCCTACAAATCTCAG
Coll AGAGGCATAAAGGGTCATCGTG AGACCGTTGAGTCCATCTTTGC
Osx CTGGGAAAAGGAGGCACAAAGA GGGGAAAGGGTGGGTAGTCATT
GAPDH CTGGAGAAACCTGCCAAGTATG GGTGGAAGAATGGGAGTTGCT
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Fig. 1 Morphology and size
distribution of bioactive glass
particles. SEM images of the
surface morphology of SNBG
(a) and RSNBG (b). Particle size
distribution of SNBG (a, inset)
and RSNBG (b, inset). TEM
images of the surface
morphology of SNBG (c) and
RSNBG (d) (arrow represents
fine branch-like structures)

Table 2 Concentrations of Si, Ca, and P ions in the bioactive glass
extracts

Si (mg/L) Ca (mg/L) P (mg/L)
a-MEM 0.00 +£0.00 73.24 +0.81 35.34 +0.60
SNBG 28.16 £0.40%* 98.08 + 0.54* 24.75 +0.28%*
RSNBG  158.05 +1.90%%**  117.91 £0.62%**  14.47 +(.75%**
n=3
*P<0.05, versus blank control group; **P<0.05, RSNBG

versus SNBG

3.1.2 ICP-OES analysis

We further tested and compared the concentration of dif-
ferent ions in extracts of both SNBG and RSNBG, mean-
while quantitatively compared with cell culture medium
(«-MEM). RSNBG extract contained a higher concentration
of Si and Ca ions and a lower concentration of P ions
compared with SNBG extract (P <0.05) (Table 2). SNBG
extract contained higher concentrations of Si and Ca ions
than «-MEM but a lower concentration of P ions (P < 0.05).

3.1.3 Bioactivity of bioactive glass

The bioactivity of bone biomaterials can be indirectly
evaluated by the ability to induce apatite formation on their
surfaces in vitro [27]. After incubation in SBF for 24 h, the
surface morphology of SNBG (Fig. 2a) and RSNBG
(Fig. 2¢) changed. A large number of compact plate-like

deposits appeared on the surface of RSNBG, in contrast
fewer deposits appeared on the surface of SNBG.

The FTIR spectra of SNBG and RSNBG (Fig. 2b, d) were
similar before incubation in SBF, showing characteristic
absorption bands of the following Si—-O-Si bonds: 1060 cm ™

(asymmetric stretching vibration), 798 em™ ! (symmetric

stretching vibration), and 480 cm™! (bending vibration) [28].
New absorption bands attributed to bending vibrations of P-O
(960 cmfl) and C-O (875 cmfl) bonds are in presence on the
spectra of RSNBG but in absence on that of SNBG after
incubation in SBF, indicating the formation of HCA on the
surface of RSNBG but not SNBG. These data indicate that
RSNBG has better bioactivity in vitro compared with SNBG
after mineralizing for 24 h.

3.2 Biological effects of bioactive glass on rBMSCs
in vitro

3.2.1 Cell proliferation assay and cell cycle analysis

To determine the optimal concentration of bioactive glass
that facilitates the growth of rBMSCs, we incubated cells
with different concentrations of SNBG or RSNBG, and
found only 50 ug/mL. SNBG or RSNBG significantly pro-
moted the proliferation of rBMSCs within 7 days (P <0.05)
(Fig. 3a—c). Therefore, 50 pg/mL bioactive glass was used
in subsequent experiments. In addition, proliferation of
rBMSCs incubated with 50 ug/mL. RSNBG was observed
significantly greater compared with those incubated with

@ Springer
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Fig. 2 Bioactivity of bioactive
glass in vitro. SEM images of
SNBG (a) and RSNBG (c¢) after
incubating in SBF for 24 h.
FTIR spectra of SNBG (b) and
RSNBG (d) before and after
incubating in SBF for 24 h
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Fig. 3 CCK-8 analysis of rBMSCs proliferation. Growth curves of
rBMSCs incubated with different concentrations of SNBG (a) and
RSNBG (b) as determined by the CCK-8. ¢ OD values of rBMSCs
incubated with 50 ug/mL. SNBG and 50 ug/mL RSNBG compared

50 pg/mL SNBG, which preliminarily validated the higher
bioactivity of RSNBG over SNBG.

On days 3 and 7 of culture, the proliferation indices
(S% + Go/M%) of IBMSCs incubated with 50 ug/mL. SNBG
(24.98£0.62% at 3 days; 5.65+0.38% at 7 days) or
RSNBG (28.18 £ 1.37% at 3 days; 6.52+0.39% at 7 days)
were significantly higher compared with the control group
(19.07 £0.15% at 3 days; 4.49 +0.24% at 7 days) (P <0.05)
(Fig. 4a, b). The proliferation index of rBMSCs incubated with
RSNBG was significantly higher compared with the pro-
liferation index of rBMSCs incubated with SNBG (P < 0.05).
Flow cytometry analyses were consistent with findings from
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Culture time(days)

with untreated rBMSCs at days 1, 3, 5, and 7. Control, not incubated
with bioactive glass; SNBG, incubated with SNBG; RSNBG, incu-
bated with RSNBG. (n=3; *P<0.05, versus blank control group;
#P <0.05, RSNBG versus SNBG)

the CCK-8 assay. These data further validated that 50 pg/mL
RSNBG is optimal for inducing rBMSCs proliferation.

3.2.2 ALP staining

On day 5 of culture, ALP activity was significantly increased
in tBMSCs incubated with 50 pg/mL RSNBG compared
with rBMSCs incubated with 50 ug/mL SNBG or the control
group (Fig. 5). On day 7 of culture, no difference was found
in ALP activity of rtBMSCs incubated with RSNBG and
SNBG, incubated both of which were significantly higher
than the control group (P <0.05).
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Fig. 5 Analysis of ALP staining a
and activity of rBMSCs. (a)
ALP staining 5 and 7 days after
osteogenic induction. (b) ALP
activity 5 and 7 days after
osteogenic induction. Control,
not incubated with bioactive
glass; SNBG, incubated with
SNBG; RSNBG, incubated with
RSNBG. (n=3; "P<0.05,
versus blank control group; *P <
0.05, RSNBG versus SNBG)

5 days

7 days

3.2.3 Matrix mineralization

On days 14 and 21 of culture, alizarin red staining revealed
the presence of mineralized nodules in rBMSCs (Fig. 6a).
Compared with the control group, the extracellular matrix
of tBMSCs incubated with SNBG or RSNBG was more
mineralized, and the higher density and larger area of red
calcium nodule mass deposition were observed in the gross
and microscopic images. The calcium nodule density in
rBMSCs incubated with 50 ug/mL RSNBG was higher than
SNBG.

Quasi-quantification of intracellular Ca ion concentrations
demonstrated that rBMSCs incubated with both SNBG or
RSNBG were significantly higher compared with the control
group (Fig. 6b); incubated with RSNBG was also sig-
nificantly higher than SNBG (P <0.05). The trends were
consistent in 14 and 21 days post incubation with both types
of bioactive glass. In addition, the quasi-quantitative deter-
mination of calcium nodules content that in agreement with
the results of alizarin red staining demonstrated the strong
tendency of rBMSCs osteo-differentiation induced by both
bioactive glass, especially the RSNBG.
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*3k
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(U/gprotein)
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3.2.4 RT-PCR

On days 7 and 14 of culture, osteogenic gene (Runx2, Coll,
Osx) expression in rBMSCs incubated with 50 pg/mL
RSNBG or SNBG was significantly higher compared with
the control group (P<0.05) (Fig. 7). Osteogenic gene
expression was also higher in rBMSCs incubated with
50 pg/mL RSNBG compared with the rBMSCs incubated
with 50 ug/mL SNBG (P < 0.05).

3.2.5 Western blot analysis

On days 7 and 14 of culture, the expression of relative
proteins (Runx2, COL1, and OSX) presented the similar
tendency with relative genes. The expression of relative
proteins (Runx2, COL1, and OSX) in rBMSCs incubated
with 50 yg/mL RSNBG or SNBG was significantly higher
compared with the control group (P <0.05) (Fig. 8). The
expression of relative proteins (Runx2, COL1, and OSX)
was also higher in rBMSCs incubated with 50 pg/mL
RSNBG compared with the rBMSCs incubated with 50 pg/
mL SNBG (P <0.05).
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Fig. 6 Alizarin red staining and semi-quantitative analysis of calcium
deposits. a Alizarin red staining of mineralized nodules after 14 and
21 days of osteogenic-inducing culture. b Semi-quantification of cal-

cium deposits of tBMSCs incubated with and without bioactive glass.
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Fig. 7 RT-PCR analysis of osteogenic genes expression levels of rBMSCs at days 7 and 14 of culture. Control, not incubated with bioactive glass;
SNBG, incubated with SNBG; RSNBG, incubated with RSNBG. (n = 3; *P < 0.05, versus blank control group; #P <0.05, RSNBG versus SNBG)

4 Discussion

As the third-generation biomaterials, bioactive glass owns
strong bone conductivity and osteoinductivity [24], and
therefore has been extensively applied clinically aiming
for bone tissue repair and engineering [29]. In recent
years, researches have demonstrated the merits of nano-
bioactive glass, for example larger specific surface area,
better bioactivity and more potent in guiding osteoblasts
adhesion over traditional bioactive glass [30, 31]. Parti-
cularly, in the family of bioactive glass, the spherical
bioactive glass has emerged as a promising one since its
advantages regard bioactivity and osteogenic potential
over conventional irregular shape ones [23]. Since the
merits of spherical bioactive glass and considering the
unique physical and chemical properties of RSNBGs, we
hypothesize that the radial one possesses even higher than

@ Springer

SNBGs whose superior bone conductivity and osteoin-
ductivity have already been experimentally demonstrated.
Build on this foundation, this study rigorously compares
the effects of two different nano-bioactive glasses, namely
SNBG and RSNBG on proliferation and osteogenic dif-
ferentiation of rBMSCs in vitro, and discussed the feasi-
bility and advantages of their application in clinical bone
defect repair.

First, the surface of RSNBG produced larger and denser
HCA than the SNBG after soaked in the SBF for 24 h,
demonstrating therefore the higher biological activity of
RSNBG over SNBG. Especially the SEM results showed
that a small amount of sediment appeared on the surface of
a few SNBG particles. In addition, no obvious new vibra-
tion bands were found when compared with the FTIR
results of SNBG before and after mineralization. These
results suggested that the mineralization degree of SNBG is
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Fig. 8 Western blot analysis and densitometry analysis. Western blot
analysis of the expression of relative proteins level (Runx2, COL1, and
OSX) after 7 and 14 days of osteogenic-inducing culture (a). Densi-
tometry analysis of each band was performed and calculated using

too weak, even if there is, to be detected through FTIR, so
no new vibration band was shown in the FTIR spectrum.
Previous studies showed that proliferation and differ-
entiation of osteoblasts are promoted by bioactive glass
containing high concentrations of Si and Ca ions, a low
concentration of P ions, and an appropriate CaO/SiO, ratio
[32, 33]. In this study, the concentrations of Si and Ca ions
were higher and the concentration of P ion was lower in the
RSNBG extract compared with the SNBG extract. Our
experimental data are in agreement with this finding, in
which RSNBG showed higher efficiency on promoting cell
proliferation and differentiation. However, the specific
concentration and mechanism of these ions affecting cell
proliferation and cell cycle remain to be elucidated [13].

SNBG RSNBG Control SNBG RSNBG

GAPDH expression as a control (b). Control, not incubated with
bioactive glass; SNBG, incubated with SNBG; RSNBG, incubated
with RSNBG. (n = 3; *P <0.05, versus blank control group; #P<0.05,
RSNBG versus SNBG)

Runx2, Coll, and Osx are osteogenesis-associated genes.
Runx2, an essential transcription factor, regulates different
stages of osteoblast differentiation and skeletal development
[34]. Coll, produced by osteoblasts, is the main organic
component of the bone matrix that later is being mineralized
[35], and therefore is an important indicator of the osteo-
genic function of osteoblasts [36]. Osx is an early stage
markers for osteoblast differentiation [37]. The current study
revealed that rBMSCs incubated with RSNBG had sig-
nificantly higher Runx2, Coll, and Osx mRNA levels and
protein levels on days 7 and 14 compared with the rBMSCs
incubated with SNBG and the control group (P <0.05).
Also, osteogenic gene expression and protein levels were
also higher in rBMSCs incubated with 50 ug/mL SNBG

@ Springer
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compared with the control group (P <0.05). The results of
RT-PCR and western blot further indicated that both SNBG
and RSNBG can promote the differentiation of rBMSCs into
osteoblasts and the mineralization of extracellular matrix.

Our experimental data also supports RSNBG had stron-
ger osteogenic effects than SNBG through characterization
of specific osteogenesis markers. In vitro, rBMSCs incu-
bated with RSNBG exhibited higher ALP activity in early
osteogenesis and produced more mineralized nodules in late
osteogenesis (P <0.05). We infer the better osteogenic
effects compared with SNBG might be attributed to several
unique properties of RSNBG. First, TEM results showed
that RSNBG particles had fine branch-like structures with a
radial channel surface, which increased the surface area and
allowed faster ion release into the dissolution product and
higher apatite forming bioactivity of RSNBG than SNBG
[38, 39]. The large surface area of RSNBG can thereby
provide an increased amount of protein binding sites on the
surface of the material and results in enhanced protein
adsorption [40]. Previous studies have shown that proteins
adsorbed on the surface of materials promote the early
interaction between materials and cells, providing the
materials with higher bioactivity in the manner of activating
the crosstalk between integrin expressed on cells and
ligands attached on the surface of materials [36]. In the
scenario of bone regeneration, this ligand that results higher
osteogenic properties largely, or even exclusively, terms the
HCA, a ligand that plays a key role in regulating osteo-
genesis. Increasing the absorption of which can provide an
environment for adhesion and differentiation of bone pro-
genitor cells, secretion of the bone matrix, and mineraliza-
tion [1, 26]. After incubating in SBF, the HCA layer on the
surface of SNBG was denser and more abundant than that
of RSNBG.

5 Conclusion

In conclusion, SNBG and RSNBG both exhibit good bio-
compatibility due to the unique physicochemical properties,
which significantly induced proliferation and osteogenic dif-
ferentiation of rBMSCs. In particular, our data demonstrated,
compared with SNBG, RSNBG is of higher efficiency in
inducing osteogenic differentiation and mineralization in
rBMSCs. Future studies should focus on the osteogenesis
testing of SNBG and RSNBG in vivo to further evaluate its
feasibility for clinical bone defect repair and reconstruction.
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