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Constructing the interconnected porous biomaterials scaffolds with osteogenesis and

angiogenesis capacity is extremely important for efficient bone tissue engineering.

Herein, we fabricated a bioactive micro-nano composite scaffolds with excellent in

vitro osteogenesis and angiogenesis capacity, based on poly (lactic-co-glycolic acid)

(PLGA) incorporated with micro-nano bioactive glass (MNBG). The results showed that

the addition of MNBG enlarged the pore size, increased the compressive modulus

(4 times improvement), enhanced the physiological stability and apatite-forming ability

of porous PLGA scaffolds. The in vitro studies indicated that the PLGA-MNBG

porous scaffold could enhance the mouse bone mesenchymal stem cells (mBMSCs)

attachment, proliferation, and promote the expression of osteogenesis marker (ALP).

Additionally, PLGA-MNBG could also support the attachment and proliferation of human

umbilical vein endothelial cells (HUVECs), and significantly enhanced the expression

of angiogenesis marker (CD31) of HUVECs. The as-prepared bioactive PLGA-MNBG

nanocomposites scaffolds with good osteogenesis and angiogenesis probably have a

promising application for bone tissue regeneration.

Keywords: bioactive glass, micro-nano particles, nanocomposites scaffolds, bone regeneration, osteogenesis

INTRODUCTION

Bone defects, caused by breaks, tumors, and traumas, bring great pressure to public health, and
become an urgent problem to be resolved (Li et al., 2018a; Zheng et al., 2018). In recent years,
bone tissue engineering scaffolds play a more and more important role in bone repair field due
to the growing market demand (Xu et al., 2016; Zhao et al., 2018a), due to the drawbacks in
autologous and allograft bone graft (Zhang et al., 2017). Bone scaffolds should have the ability
to mobilize cells to reach the lesion place after implanted, until the regenerated tissue is enough
stabilized to support the native bone. Thus, the scaffolds need to serve as extracellular matrices
(ECMs) temporarily to provided structural support and facilitate cells survival, attachment,
proliferation, and differentiation, with the final objectives of generating functional bone tissue
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(Rath et al., 2012; Do et al., 2015; Raeisdasteh et al., 2017; Martins
et al., 2018). Unfortunately, the bone repair scaffolds still have
many problems, such as the lack of biological activity of bonding
with nature bone and angiogenetic ability (Li et al., 2018b). In
fact, based on the bionics principle and the previous reports
about complex architecture of bone tissue, three-dimensional
(3D) scaffolds with porous structure and functional inorganic
particle are considered to be one of a promising means to resolve
above problems and achieve the purpose of bone tissue repair (Lei
et al., 2012; Chen and Liu, 2016; Chen et al., 2016).

As we all know, the bone matrix is composed of inorganic
substance (mainly nanoscale hydroxyapatite) and organic
substance (mainly type I collagen) (Yi et al., 2018). Especially, the
bioactive nanocomposites biomaterials mimicking the structure
of native tissues have shown promising application in tissue
regeneration (Xi et al., 2018; Li et al., 2019; Wang et al., 2019). To
mimic the composition of bone, constructing composite scaffolds
with organic and inorganic component will be meaningful for
bone repair (Lei et al., 2018; Martins et al., 2018). Among the
biodegradable polymers, PLGA is a suitable synthetic biomaterial
and it is widely used in tissue engineering field owing to its
biocompatibility, tailored biodegradation rate (depending on
the molecular weight and copolymer ratio) to match those
of the tissues. Meanwhile, it can construct high porosity and
interconnected pores of 3D structure, which is crucial for ideal
scaffolds and cell behaviors (Gentile et al., 2014; Lei et al., 2018).

However, the pure PLGA scaffold has a low mechanical
property, poor bone-bonding bioactivity and osteogenic activity
(Bose et al., 2012; Zhou et al., 2014; Li et al., 2016). To solve
the problem above, many functional inorganic particles such as
silica, beta-TCP and hydroxyapatite have been incorporated into
PLGA, which dramatically improved the mechanical property
and osteogenesis performance (Boccaccini et al., 2010). However,
the inorganic nanoparticles-incorporated PLGA scaffolds still
show low bone-bonding activity and angiogenesis ability. Micro-
nano bioactive glass (MNBG) as a kind of bioactive biodegradable
biomaterial (Hu et al., 2013; Xue et al., 2019), has a good ability
of mineralization forming into hydroxyapatite and excellent
biological activity (Rahaman et al., 2011; Bachar et al., 2016).
Furthermore, the ions (Si4+ and Ca2+) released from MNBG
have therapeutic functions, which can stimulate cell proliferation
and the expression of osteogenesis and angiogenesis related
genes, eventually to facilitate osseointegration (Xynos et al., 2001;
Gorustovich et al., 2010; Gerhardt et al., 2011; Hoppe et al., 2011;
Cong et al., 2015; Zhang et al., 2016; Dashnyam et al., 2017; Mao
et al., 2017; Kargozar et al., 2018). As a result, PLGA compound
with MNBG (to be 3D scaffold) not only complement each other
but facilitated bone repair performance as well. In fact, PLGA/BG
scaffolds have been prepared in previous studies (Zhou et al.,
2014; Cui et al., 2017; Kim et al., 2017). However, the composite
scaffold they prepared with an irregular and sharp pore structure
which was not conducive to cell growth and migration. The poor
bonding between organic and inorganic was also affected the ion
release and mechanical properties of the scaffold, in the end,
resulted to the poor bone repair.

Herein, we aim to employ the phase separation method
to fabricate porous PLGA-MNBG nanocomposite scaffold

and investigate their physiochemical/biological properties.
The morphology, physicochemical properties and in vitro
biocompatibility of the PLGA-MNBG composite scaffolds were
investigated in detail (Qian et al., 2014). We hypothesize that
the addition of MNBG might be effective in enhancing the
mechanical properties, osteogenic activity and angiogenesis of
PLGA scaffolds in vitro.

MATERIALS AND METHODS

Materials
Dodecyl amine (DDA, sigma) was used as the mesopore
template, calcium nitrate tetrahydrate (CN; Ca(NO3)2·4H2O),
absolute ethanol (anhydrous, 99.8%, C2H5OH), tetraethyl
orthosilicate (TEOS; Si(OCH3)4), and triethylphosphate (TEP)
were purchased from Guangzhou to fabricate the micro-nano
bioactive glass. Poly (lactic-co-glycolic) acid (PLGA, lactic:
glycolic molar ratio =50:50, Mn: ∼8.8 × 104 g/mol, Jinan,
Shandong) was used as a matrix for 3D scaffold. 1, 4-
Dioxane (C4H8O2, Tianjin) were used as solvent and pore
forming materials.

Preparation of Micro-Nano Bioactive
Glass Particles
MNBG (60% SiO2, 36% CaO, and 4% P2O5) were produced by
sol-gel method combined with DDA as template. In brief, DDA
was first dissolved in deionized water and absolute ethanol with
magnetic stirring at 40◦C. Then TEOS, TEP, and CN solution
were sequentially added to the above solution drop-wise by
injector pump (0.5mL/min) in proportion. After 3 h, stop stirring
and let the resultant solution stand overnight for the precipitation
of the white gel. The white precipitate was collected, rinsed and
then freeze-drying for 48 h. Finally, the dried gel was sintered at
650◦C for 3 h to obtain the MNBG particles.

Preparation of Scaffolds
Pure PLGA scaffold (0% MNBG) and different composition of
PLGA-MNBG composite scaffolds (10, 20, 30, and 40% MNBG)
with porous structure were prepared. In brief, 1 g of PLGA was
dissolved in 10mL of 1, 4-dioxane to produce control group (0%
MNBG) with porous structure. For the PLGA-MNBG composite
scaffolds with different composition, different amount of MNBG
[10, 20, 30 and 40% w/ws (ws: solid content was constant as 10%
w/v)] were well dispersed within the solvent and then followed
by the addition of PLGA. The mixture slurry was poured into a
polytetrafluoroethylene (PTFE) mold, and then frozen at −20◦C
overnight and lyophilized for 3 days.

Properties of PLGA-MNBG
Composite Scaffold
The morphology of MNBG was investigated by field emission
scanning electronmicroscope (SEM,Merlin Carl Zeiss Jena). The
X-ray diffraction analyzer (XRD, Bruker D8, Netherlands) at a
scanning speed of 2◦/min and 2θ from 10 to 70◦ was used to
detect the phase composition of MNBG. The microstructure of
obtained scaffolds was observed by SEM (FEI Quanta 25, USA)
with energy dispersive spectroscopy (EDS). Fourier transform
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infrared spectroscopy (FTIR; Vector 33, Bruker, GER) were used
to detect the chemical bond of the scaffold in the range of
400–2,000 cm−1 with 4 cm−1 resolution averaging 50 scans.
The compressive mechanical properties of the scaffolds were
performed by uniaxial compression tests using a universal
testing machine (Instron 5967, USA) and the experiments were
performed at room temperature with a cross-head speed of 1
mm/min and a load cell of 5.0 kN. Five testing samples for each
group and were made into cylinders with a diameter of 8mm and
a height of 9 mm.

The degradation property of composite scaffolds were
detected by immersing 30mg samples in 30ml of simulated body
fluid (SBF) with an initial pH of 7.4 at 37◦C, and stirred at
100 rpm. At every time points (3, 7, 14, 21, 28 d), collected the
scaffolds and rinsed with water, then dried prior to weigh. The
remaining weight was expressed using the following equation:

Remaining weight(%) = Wd/Wo× 100%

Wd is the weight after degradation. Wo is the original weight of
the scaffold.

The Apatite formation property of composite scaffolds were
detected by immersing 30mg samples in 30ml of simulated body
fluid (SBF) with an initial pH of 7.4 at 37◦C, and stirred at 100
rpm. After 3 and 7 days incubation, collected the scaffolds and
dried prior to detect the phase composition by X-ray diffraction
analyzer (XRD, Bruker D8, Netherlands) at a scanning speed of
2◦/min and 2θ from 10 to 70◦.

In vitro Cellular Evaluation of
Composite Scaffold
Cell Culture
Mouse bone mesenchymal stem cells (mBMSCs) were cultured
in DMEM with 10% fetal bovine serum and 1% penicillin-
streptomycin (P/S) and were used to investigate the cell behaviors
on the porous scaffold. Human umbilical vein endothelial cells
(HUVECs, purchased from ScienCell, USA) was used to analysis
angiogenesis performance of cells on the scaffold. HUVECs were
cultured in endothelial cell medium (ECM, ScienCell, USA) with
5% FBS, 1% penicillin-streptomycin (P/S) and 1% endothelial
cell growth supplement/heparin kit (ECGS/H, Promocell). The
scaffold (2mm height and 8mm diameter) were placed into the
48-well plates, sterilized by immersing in 75% ethanol overnight
and washed with PBS for three times by 30min interval. 4 × 104

mBMSCs were seeded onto each scaffold and 5 × 104 HUVECs
were seeded onto each scaffold. All plates were placed in the
37◦C humidified with 5% CO2 incubator and refreshed culture
medium every 2 days until harvest.

Cell Attachment
For cell attachment testing, the scaffolds were harvested at 3
days and washed with phosphate-buffered saline (PBS) for twice,
fixed with 2.5% glutaraldehyde at 4◦C for 4 h. Then the scaffolds
were immersed into gradient ethanol (30, 50, 70, 80, 90, 95, and
100% v/v) for 10min dehydration in sequence, dried in air and
observed by SEM (FEI Quanta 25, USA).

Cell Viability and Proliferation
The cell viability cultured on composite scaffold at day 1 and 5
was evaluated using a calcein-AM/PI double stain kit (Bio Vision,
USA). The cell-seeded scaffolds were rinsed with PBS and added
with the mixture solution of 1µM calcein-AM and 3µM PI.
After 30min incubation, the morphology of stained cells was
observed by a confocal laser scanning microscopy (CLSM, Leica
SP8, Germany).

The Cell Counting kit-8 (CCK-8, Dojindo, Japan) was used
to evaluate the proliferation of mBMSCs on the scaffolds. In
brief, the scaffolds were harvested at 1, 4, 7 days and transferred
to a new 48-plates, then working solution (1:9 ratio of CCK-8
solution: medium) was add to each well and incubated at 37◦C,
5% CO2 for 1 h in dark. The optical density (OD) value was
detected at 450 nm using a micro-plate reader (Thermo 3001,
USA). Five samples for each group.

Alkaline Phosphate (ALP) Activity
The ALP activity was cell differentiation marker of osteoblastic
at the early stage. In order to evaluate the early osteogenic
differentiation ability of mBMSCs seeded on the scaffolds, the
ALP expression was quantified at 7 and 14 days by Alkaline
Phosphatase Assay Kit (Beyotime, China). That is, the harvested
scaffolds were transferred to a new 48-well plate, washed with
PBS three times and added RIPA Lysis Buffer (Beyotime, China)
to extract ALP. After centrifugation and collecting supernatant,
20 µL samples, 30 µL buffer solution and 50 µL chromogenic
substrate was added to a 96-well plate in sequence, mixed and 100
µL stop buffer were used to stop the reaction, then measured the
ALP activity at 405 nm using a micro-plate reader. Five scaffolds
for each test group.

Angiogenesis of Endothelial Cells
The angiogenesis effect was evaluated by cell viability and
immunofluorescent staining of CD31 of HUVECs. The cell
viability was detected as the mBMSCs at day 1, 4, and 7.
Immunofluorescent staining of CD31 was evaluated after 3
days culturing. In brief, the cells on scaffold were first fixed
30min with 4% paraformaldehyde and washed with PBS. Then
permeabilized 10min with 0.1% Triton X-100 and washed with
PBS. After that, blocking with bovine serum albumin (BSA)
for 1 h and using primary antibody of CD31 (1:100 dilution;
abcam, USA) to incubate at 4◦C overnight. After washing with
PBS, goat anti-mouse immunoglobulin G H&L (1:1000 dilution;
abcam, USA) was used to incubate for 1 h. At last, the nuclei of
HUVECs were stained with DAPI (Beyotime). The stained cells
were observed by a confocal laser scanning microscopy (CLSM,
Leica SP8, Germany).

Statistical Analysis
All experiments were performed in triplicate. Data were
expressed as mean ± standard deviation (SD). A one-way
analysis of variance (ANOVA) was used to analyse differences
between the experimental groups. The statistically significant was
considered at the ∗p< 0.05, ∗∗p< 0.01, or ∗∗∗p< 0.001. Statistical
analysis was performed using Graph Pad Prism 5 software.
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RESULTS AND DISCUSSION

Characterizations of the MNBG Particles
and PLGA-MNBG Scaffolds
The monodisperse MNBG spheres were successfully prepared by

a sol-gel method combined with DDA as template and detected

by the SEM image (Figure 1A) with an average diameter about
440 nm (Figure S1). The EDS graph showed the existence of

Si, Ca and P in MNBG (Figure 1B). The XRD analysis showed

a diffuse peak at ∼23◦ (2θ), which was the characteristic of

glassy state, indicating the representative amorphous structure
of MNBG (Figure 1C) which could contribute to the ion release
(Figure S2). From the N2 adsorption-desorption isotherm curve
(Figure 1D), it was seen that the curve was consistent with the
type IV adsorption-desorption curve, and the hysteresis loop was
type H3 which was the characteristics of mesoporous structure.
The pore size distribution diagram indicated that most of the
pores in MNBG were between 2 and 10 nm and the average
pore size was 2.5 nm, and the smaller mesoporous structure was
probably the slit pores formed by the continuous accumulation
of nano particles.

The composite scaffolds (0, 10, 20, 30, 40% MNBG, w/w)
were prepared by freeze-drying technique, the structure and
pore size of composite scaffolds were detected by SEM. The
image (Figure 2A) showed that the scaffolds possessed highly
interconnected porous structure, MNBG was well dispersed in
the PLGA matrix and the incorporated MNBG could enlarge
the pore size obviously (Figure 2B). The average pore size of
composite scaffolds of 0% MNBG group was 58.0 ± 15.64µm,
10, 20, 30, 40% MNBG groups was 120.27 ± 35.58, 120.60
± 45.40, 109.77 ± 33.51, and 68.74 ± 19.68µm, respectively
(Figure 2B), indicating the significant increase of pore size at
10% and 20%MNBG (100–300µm). The improved pore size was
probably due to that the MNBG could weaken the intertwined
PLGA chains and limited the movement of polymer chains
to a certain extent to make it larger ice crystal and resulted
larger pore size. Whereas, when the MNBG incorporation was
up to 40% w/w, the effect of PLGA wrapping on MNBG
makes the wall of the scaffold thickened, thus resulting in
the reduction of the pore diameter of the scaffold. In fact,
the increased pores size was more helpful to the survival and
metabolism of cell (Laschke et al., 2006; Wu et al., 2013). In
addition, the FTIR graph (Figure S3) of MNBG and PLGA-
MNBG composite scaffolds showed the infrared absorption band
is the typical asymmetric stretching vibration peak of Si-O-
Si in bioactive glass, the symmetric stretching vibration peak
of Si-O and the curved vibration peak of Si-O-Si at 1,090,
800, and 475 cm−1 in the graph of MNBG (Li et al., 2018).
While the graph of PLGA-MNBG at 3,000, 1,456, 1,759, and
1,200 cm−1 showed the saturated hydrocarbon bonds, ester
carbonyl and ester ether bond of PLGA. Meanwhile, the EDS
mapping of PLGA-MNBG scaffolds (Figure S4) detected the
distribution of Si from MNBG. The results showed that the Si
in 0% MNBG group (without MNBG) was not detected and
the MNBG-incorporated groups appeared uniformly Si element
signals, suggesting the uniform distribution of MNBG in the
PLGA-MNBG scaffolds.

Mechanical Property of PLGA-MNBG
Composite Scaffolds
The mechanical performance of composite scaffolds were
evaluated by uniaxial compression testing, The results
(Figures 3A,B) showed that the stress increased with the
incorporated amount of MNBG, the compressive modulus of
scaffolds increased as well until the MNBG incorporation was up
to 40%w/w. The compressive modulus of 0% MNBG group was
0.61± 0.09 MPa, 10, 20, 30, and 40%MNBG groups were 1.49±
0.05, 2.01± 0.02, 2.46± 0.13 and 1.13± 0.058MPa, respectively.
The compressive modulus of scaffolds with MNBG groups were
approximately 2.4-, 3.3-, 4.0-, and 1.85- folds, respectively, >0%
MNBG group. The improvement of the compressive modulus of
composite scaffolds was resulted from the existence of bioactive
glass particles which inhibit the movement of PLGA molecules
chain. At the same time, the improvement of the compressive
modulus were meaningful for scaffold to match well with nature
bone after implanting (Raeisdasteh et al., 2017).

Biodegradation Property and
Apatite-Forming Activity of PLGA-MNBG
Scaffolds
The physiological stability of composite scaffolds is essential
for bone repair after implanting, as degradation rate should
match with the bone in-growth rate and improve subsequent
remodeling to achieve the functional recovery (Levengood and
Zhang, 2014). The mass loss measurement in SBF showed that
all groups of scaffolds were well-resistance to hydrolysis until
28 days (Figure 4A). At day 3, the weight of scaffolds had a
little big drop because of the und MNBG particles which had
run off the scaffold surface. As prolonged the immersion time,
0, 10, and 20% MNBG groups had slight weight change and
even had a observably weight increase after 28 days immersing,
while with the increase of MNBG (30% MNBG, 40% MNBG
groups), it was continuous declination though the remaining
weight (%) is still higher than 80%. This effect could be explained
by the balance between degradation and apatite-forming (Guo
et al., 2017). When the amount of MNBG was <30% w/w, it
could be integrated with PLGA firmly and the apatite formed
simultaneous with MNBG and PLGA degradation would be
inhibited. Instead, when higher than 30% (w/w), MNBG loss
greatly and could not form apatite masking with resulted
continuous decrease of weight (Varila et al., 2012).

Hydroxyapatite (HA) is generated on the surface of bioactive
glass when it contact with SBF through interfacial and cell-
mediated reactions (Kaur et al., 2014). This apatite layer mimics
the chemical and crystallographic characteristics of bone, which
allows it to chemically bond to host bone, thus the apatite-
forming ability is a crucial parameter for bone repair. The XRD
patterns (Figures 4B,C) showed the crystalline phase change
of the scaffolds after soaking in SBF for 3 and 7 days. The
sharp diffraction peaks appeared at 26, 32, 39, 46, 49, and
53◦(2θ) was the crystal face of (002), (211), (310), (222), (213),
and (004) belonged to HA characteristic peaks (Zhao et al.,
2016). In addition, the quantitative analysis by EDS (Tables 1,
2) showed that the scaffold without MNBG had little Ca and
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FIGURE 1 | Characterizations of MNBG. (A) SEM image indicating the morphology of MNBG with uniform monodisperse sphere. (B) EDS spectra showing the

existence of Si, Ca and P. (C) XRD pattern demonstrating the representative amorphous state of MNBG. (D) The N2 adsorption-desorption isotherms and pore size

distributions of MNBG.

FIGURE 2 | Characterizations of PLGA-MNBG scaffold. (A) SEM image showing the porous structure of composite scaffolds. (B) Pores diameter distribution of

different composition of PLGA-MNBG scaffolds.
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FIGURE 3 | Mechanical property evaluation of PLGA-MNBG composite scaffolds. (A) Compressive stress-strain curve as various content of MNBG. (B) Compressive

modulus of composite scaffolds depended on MNBG concentration (*p < 0.05, **p < 0.01, ***p < 0.001 compare to 0% MNBG).

FIGURE 4 | Biodegradation and apatite-forming ability of composite scaffolds in SBF. (A) Mass loss behaviors of scaffolds in SBF during 28 days immersing.

(B,C) XRD patterns of scaffolds after soaking in SBF for 3 days (B) and 7 days (C). (D–F) Ions release curves of scaffolds for (D) Si; (E) Ca; (F) P after soaking in SBF

for 3 and 7 days.

the Ca/P ratio in PLGA-MNBG scaffolds after mineralization
were among 1.1–1.8, which were similar to the theoretical Ca/P
ratio (1.67) of hydroxyapatite (Xu et al., 2010), suggesting the
formation of HA. The 0% MNBG group did not show any
mineralization peaks even at day 7 and the apatite-forming rate
was dependent on the concentration of MNBG, as the amount
of MNBG increased and the mineralization time extended, there
appeared more diffraction peaks and became more remarkable.
However, the 20% MNBG and 30% MNBG groups showed more

completed diffraction peaks than 10% MNBG and 40% MNBG
groups, indicating their better apatite-forming ability, which was
in accordance with the degradation rate accelerated with the
increase of MNBG. In summary, the incorporation of MNBG
dramatically improved the mineralization performance.

The ion release in scaffolds was detected at day 3 and 7 after
soaking in SBF (Figure 4). The results showed that 0% MNBG
group had little changes in ion concentration, 10%MNBG group
showed the same trend as 0%MNBG, because the less MNBGwas
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TABLE 1 | The ratio of Ca to P after scaffolds immersion in SBF for 3 days.

Ca(%) P (%) Ca/P

0% MNBG 2.64 97.1 0.02

10% MNBG 8.1 2.14 3.78

20% MNBG 19.75 10 1.97

30% MNBG 59.62 36.52 1.63

40% MNBG 56.85 31.0 1.83

TABLE 2 | The ratio of Ca to P after scaffolds immersion in SBF for 7 days.

Ca(%) P (%) Ca/P

0% MNBG 1.54 98.4 0.01

10% MNBG 10.97 7.08 1.54

20% MNBG 16.41 13 1.26

30% MNBG 31.5 22.77 1.38

40% MNBG 48.51 41.03 1.18

better wrapped in PLGA. Scaffolds with 20, 30, and 40% MNBG
showed that the Si (Figure 4D) and Ca (Figure 4E) concentration
had a sharp raise after 3 days, while the P concentration
(Figure 4F) showed a trend of continuous decline. It could be
explained that because of the contact between SBF and MNBG
in the scaffold, the H+ in SBF will be replaced and the soluble
Si-OH will be formed on the surface of MNBG (Martínez et al.,
2000; Hesaraki et al., 2010). In this process, Ca ions will be
largely dissolved from the surface of MNBG, resulting in a sharp
increase in the concentration of Ca ions in SBF. In addition, the
mutual substitution of H+ and Ca2+ leaded to the continuous
increase of the pH of SBF, thus accelerating the generation of Si-
OH and the depolymerization of silica network in MNBG. The P
concentration decreased significantly in this process, which was
the result of low initial P amount and constant consumption of
P during the formation of apatite, while the initial amount of
Si and Ca was large and the dissolution rate was higher than
the consumption rate of apatite formation, reflecting the increase
of concentration as a whole. As the extension of mineralization
time, the amount of apatite formed kept increasing, and the
consumption of Ca and P also increased, so their concentration
in SBF showed a trend of continuous decline.

In vitro Biocompatibility and Osteogenesis
Cell attachment and viability on the implants is a crucial factor
for promoting osseointegration. Here, BMSCs were chose to be
used for investigating the cell biocompatibility of scaffolds, due
to their good record in bone regeneration (Yu et al., 2017). The
morphology and adhesion properties of mBMSCs cultured on
the scaffold at day 3 were detected by SEM (Figure 5A). The
SEM images revealed that cells had adhered with well-spread
morphology on all groups of scaffolds surface with extended
pseudopod (even cross over the pores), and scaffolds withMNBG
had larger spread area. Thus, the incorporation of MNBG could
promote cell spreading. The mBMSCs viability cultured on the
scaffold surface was evaluated by Live-Dead fluorescence staining
under CLSM at day 1 and day 5 (Figures 5B,C). The images

showed that almost all cells were live (green fluorescence), only
few dead cells (red fluorescence), the cells were growing and
spreading around the porous structure and the density of live
cells were higher with the culture time, indicating good cellular
activities of scaffolds. Among the MNBG incorporated groups,
10% MNBG and 20% MNBG groups showed significantly better
cell viability than high concentration groups at day 1 as compared
to 0% MNBG, because MNBG could release abundant Si4+ and
Ca2+ ions and generate alkaline environment which affected the
cell behavior in the early culturing (Zheng et al., 2018). As a
whole, the incorporation of MNBG could significantly enhance
the mBMSCs attachment on PLGA scaffolds. The proliferation
of mBMSCs cultured on the composite scaffold were quantified
by CCK-8 assay at day 1, 4, and 7 (Figure 6A). The OD value
suggested the cell number and cell activity on the scaffolds. The
results showed that cells were significantly increased for various
groups as the culture times (Figure 6A). As compared to 0%
MNBG (PLGA), the 10% MNBG group significantly improved
the cell viability and proliferation at day 4 and day 7.

The earlier marker of osteogenic differentiation is signified
by ALP activity and it plays an important role in evaluating
osteogenesis effects in vitro and in vivo for implants (Thakur
et al., 2016). The ALP activity of mBMSCs on the scaffold was
quantified at day 7 and 14 (Figure 6B). The result indicated
that the significant improvement of MNBG groups for ALP
expression than 0% MNBG group at day 14, which was probably
attributed to the Si, Ca ions release from the MNBG through
activating the MAPK signal path (Mao et al., 2017). However,
30% MNBG group showed a very low (lower than 0% MNBG
group) ALP activity at day 14, which may be due to the excess
MNBG in scaffold inducing an alkaline micro-environment
which could interference mBMSCs differentiation and decrease
the ALP expression (Shen et al., 2012; Siqueira et al., 2017). The
40% MNBG group still own higher ALP activity was probably
because of the lots of loss from the scaffolds which resulted
in the decreased MNBG concentration. As a word, the low
concentration of MNBG in scaffolds could significantly promote
ALP expression of mBMSCs.

In vitro Biocompatibility and Angiogenesis
Studies of HUVECs
The angiogenesis capacity of biomaterials was rather important
for enhancing their bone regeneration applications. Here,
we investigated the effect of PLGA-MNBG scaffolds on the
angiogenesis of HUVECs. HUVECs viability cultured on the
scaffold surface was evaluated by Live-Dead fluorescence staining
under CLSM at day 1, 4, and 7 (Figure 7). The images
showed that the cells lived well on the scaffold surface (green
fluorescence), only few dead cells (red fluorescence) on the
scaffold was observed with MNBG incorporated. The density
of live cells was higher with the culture time. For pure PLGA
scaffold, though it had cells proliferation on its surface, there
were also much more dead cells compared to composite scaffold
with MNBG, this might be due to the acid environment resulted
from PLGA degradation (Kido et al., 2017). As a whole, HUVECs
could survive well on the composite scaffold with MNBG, it
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FIGURE 5 | Cell attachment and cell viability evaluation on scaffolds. (A) SEM images showing the mBMSCs attachment and spreading at day 1 (Red row in SEM

images). (B,C) Cell viability detected by Live-Dead assay suggesting the good cell viability on the surface of scaffolds at (B) day 1 and (C) day 5. Green represents

living cells and red represents dead cells.

FIGURE 6 | Proliferation and ALP activity analysis of mBMSCs on PLGA-MNBG scaffolds. (A) CCK-8 assay indicating the cell proliferation at day 1, 4 and 7. (B) ALP

activity test cells after incubated on various scaffolds for 7 and 14 days. (*p < 0.05, **p < 0.01, ***p < 0.001 compare to 0% MNBG).

revealed that the MNBG had the potential to promote cell
survival and angiogenesis (Dashnyam et al., 2017).

The further in vitro angiogenesis of HUVECs affected

by scaffolds was performed through investigating the

protein expression by immunofluorescence staining of
CD31 (transmembrane protein) which is expressed in early
vascular development (Gao et al., 2017; Zhao et al., 2018b).
The immunofluorescence assay image at day 3 (Figure 8)
showed that a large amount of CD31 positive staining in
scaffold with MNBG was observed (green), little could be

found in 0% MNBG group, suggesting that the MNBG groups
expressed higher levels of CD31. These results indicated
the MNBG could significantly promote the expression of
angiogenesis marker (CD31) andmight have meaningful effect in
bone regeneration.

CONCLUSIONS

In summary, we fabricated the porous PLGA-MNBG
nanocomposite scaffolds with excellent in vitro osteogenesis
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FIGURE 7 | HUVECs viability evaluation cultured on PLGA-MNBG scaffolds with various MNBG concentrations detected by Live-Dead assay at day 1, 4, and 7.

Green represents living cells and red represents dead cells.

FIGURE 8 | Expression of CD31 in HUVECs by an immunofluorescence assay. Immunostaining images of CD31 (green) and DAPI (blue) for different scaffolds.
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and angiogenesis performance through a simple phase
separation method. The mechanical property and pore
diameter of PLGA-MNBG scaffold was significantly improved
due to the incorporation of MNBG particles. In addition,
the in vitro cell experiments demonstrated that PLGA-
MNBG scaffolds significantly enhanced the mBMSCs
attachment, proliferation, and osteogenic differentiation at
a low MNBG concentration. Furthermore, the functional
MNBG particles also significantly enhanced the in vitro
angiogenesis (CD 31 expression) for HUVECs. This study
shows that PLGA-MNBG is a potential promising porous
scaffolds with high bioactivity for enhanced bone repair
and regeneration.

AUTHOR CONTRIBUTIONS

TT wrote the manuscript. WX, WG, and GW collected the
literature. LZ and GM provided general idea. BL, ZL, and

XC edited the manuscript. All authors read and approved the
final manuscript.

FUNDING

This work was supported by the Joint Funds of the National
Natural Science Foundation of China (No. U1501245), the
National Natural Science Foundation of China (No. 51672088,
51702060, 51872224), the Health Care Collaborative Innovation
Major Project of Guangzhou (201604020008), the Science
and Technology Innovation Team Project of Foshan (No.
2015IT100062).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2019.00186/full#supplementary-material

REFERENCES

Bachar, A., Mercier, C., Tricoteaux, A., Leriche, A., Follet, C., and Hampshire, S.

(2016). Bioactive oxynitride glasses: synthesis, structure and properties. J. Eur.

Ceram. Soc. 36, 2869–2881. doi: 10.1016/j.jeurceramsoc.2015.12.017

Boccaccini, A. R., Erol, M., Stark, W. J., Mohn, D., Hong, Z., and

Mano, J. F., (2010). Polymer/bioactive glass nanocomposites for

biomedical applications: a review. Comp. Sci. Technol. 70, 1764–1776.

doi: 10.1016/j.compscitech.2010.06.002

Bose, S., Roy, M., and Bandyopadhyay, A. (2012). Recent advances in

bone tissue engineering scaffolds. Trends Biotechnol. 30, 546–554.

doi: 10.1016/j.tibtech.2012.07.005

Chen, F., Song, Z., Gao, L., Hong, H., and Liu, C. (2016). Hierarchically

macroporous/mesoporous POC composite scaffolds with IBU-loaded hollow

SiO2microspheres for repairing infected bone defects. J. Mater. Chem. B 4,

4198–4205. doi: 10.1039/C6TB00435K

Chen, F. M., and Liu, X. (2016). Advancing biomaterials of human

origin for tissue engineering. Prog. Polym. Sci. 53, 86–168.

doi: 10.1016/j.progpolymsci.2015.02.004

Cong, M., Xiaofeng, C., Guohou, M., and Cai, L. (2015). Angiogenesis

stimulated by novel nanoscale bioactive glasses. Biomed. Mater. 10:025005.

doi: 10.1088/1748-6041/10/2/025005

Cui, N., Qian, J., Wang, J., Ji, C., Xu, W., and Wang, H. (2017).

Preparation, physicochemical properties and biocompatibility of

PBLG/PLGA/bioglass composite scaffolds. Mater. Sci. Eng. C 71, 118–124.

doi: 10.1016/j.msec.2016.09.085

Dashnyam, K., Jin, G. Z., Kim, J. H., Perez, R., Jang, J. H., and Kim, H. W.

(2017). Promoting angiogenesis with mesoporous microcarriers through a

synergistic action of delivered silicon ion andVEGF. Biomaterials 116, 145–157.

doi: 10.1016/j.biomaterials.2016.11.053

Do, A. V., Khorsand, B., Geary, S. M., and Salem, A. K. (2015). 3D printing

of scaffolds for tissue regeneration applications. Adv. Healthc. Mater. 4,

1742–1762. doi: 10.1002/adhm.201500168

Gao, W., Jin, W., Li, Y., Li, W., Wang, C., Lin, C., et al. (2017). A highly

bioactive bone extracellular matrix-biomimetic nanofibrous system with rapid

angiogenesis promotes diabetic wound healing. J. Mater. Chem. B 5, 7285–7296.

doi: 10.1039/C7TB01484H

Gentile, P., Chiono, V., Carmagnola, I., and Hatton, P. V. (2014). An

overview of poly(lactic-co-glycolic) acid (PLGA)-based biomaterials for bone

tissue engineering. Int. J. Mol. Sci. 15, 3640–3659. doi: 10.3390/ijms150

33640

Gerhardt, L. C., Widdows, K. L., Erol, M. M., Burch, C. W., Sanz-

Herrera, J. A., Ochoa, I., et al. (2011). The pro-angiogenic

properties of multi-functional bioactive glass composite scaffolds.

Biomaterials 32, 4096–4108. doi: 10.1016/j.biomaterials.2011.

02.032

Gorustovich, A. A., Roether, J. A., and Boccaccini, A. , R. (2010). Effect of bioactive

glasses on angiogenesis: a review of in vitro and in vivo evidences. Tissue Eng.

Part B Rev. 16, 199–207. doi: 10.1089/ten.teb.2009.0416

Guo, W., Zhao, F., Wang, Y., Tang, J., and Chen, X. (2017). Characterization of

the mechanical behaviors and bioactivity of tetrapod ZnO whiskers reinforced

bioactive glass/gelatin composite scaffolds. J. Mech. Behav. Biomed. Mater. 68,

8–15. doi: 10.1016/j.jmbbm.2017.01.032

Hesaraki, S., Gholami, M., Vazehrad, S., and Shahrabi, S. (2010). The effect of Sr

concentration on bioactivity and biocompatibility of sol–gel derived glasses

based on CaO–SrO–SiO–PO quaternary system.Mater. Sci. Eng. C 30, 383–390.

doi: 10.1016/j.msec.2009.12.001

Hoppe, A., Guldal, N. S., and Boccaccini, A. R. (2011). A review of the biological

response to ionic dissolution products from bioactive glasses and glass-

ceramics. Biomaterials 32, 2757–2774. doi: 10.1016/j.biomaterials.2011.01.004

Hu, Q., Chen, X., Zhao, N., and Li, Y. (2013). Facile synthesis and in vitro

bioactivity of monodispersed mesoporous bioactive glass sub-micron spheres.

Mater. Lett. 106, 452–455. doi: 10.1016/j.matlet.2013.04.075

Kargozar, S., Baino, F., Hamzehlou, S., Hill, R. G., and Mozafari, M. (2018).

Bioactive glasses: sprouting angiogenesis in tissue engineering. Trends

Biotechnol. 36, 430–444. doi: 10.1016/j.tibtech.2017.12.003

Kaur, G., Pandey, O. P., Singh, K., Homa, D., Scott, B., and Pickrell, G.

(2014). A review of bioactive glasses: their structure, properties, fabrication

and apatite formation. J. Biomed. Mater. Res. Part A 102, 254–274.

doi: 10.1002/jbm.a.34690

Kido, H. W., Brassolatti, P., Tim, C. R., Gabbai-Armelin, P. R., Magri, A.

M., Fernandes, K. R. et al. (2017). Porous poly (D,L-lactide-co-glycolide)

acid/biosilicate((R)) composite scaffolds for bone tissue engineering. J. Biomed.

Mater. Res. Part B 105, 63–71. doi: 10.1002/jbm.b.33536

Kim, J. J., El-Fiqi, A., and Kim, H. W. (2017). Synergetic cues of bioactive

nanoparticles and nanofibrous structure in bone scaffolds to stimulate

osteogenesis and angiogenesis. ACS Appl. Mater. Interfaces 9, 2059–2073.

doi: 10.1021/acsami.6b12089

Laschke, M. W., Harder, Y., Amon, M., Martin, I., Farhadi, J., Ring, A., et al.

(2006). Angiogenesis in tissue engineering: Breathing life into constructed

tissue substitutes. Tissue Eng. 12, 2093–2104. doi: 10.1089/ten.2006.12.2093

Lei, B., Guo, B., Rambhia, K. J., and Ma, P. X. (2018). Hybrid polymer biomaterials

for bone tissue regeneration. Front. Med. doi: 10.1007/s11684-018-0664-6.

[Epub ahead of print].

Lei, B., Shin, K. H., Noh, D. Y., Jo, N. H, Koh, Y. H., Choi, W. Y et al. (2012).

Nanofibrous gelatin-silica hybrid scaffolds mimicking the native extracellular

matrix (ECM) using thermally induced phase separation. J. Mater. Chem. 22,

14133–14140. doi: 10.1039/c2jm31290e

Frontiers in Chemistry | www.frontiersin.org 10 March 2019 | Volume 7 | Article 186

https://www.frontiersin.org/articles/10.3389/fchem.2019.00186/full#supplementary-material
https://doi.org/10.1016/j.jeurceramsoc.2015.12.017
https://doi.org/10.1016/j.compscitech.2010.06.002
https://doi.org/10.1016/j.tibtech.2012.07.005
https://doi.org/10.1039/C6TB00435K
https://doi.org/10.1016/j.progpolymsci.2015.02.004
https://doi.org/10.1088/1748-6041/10/2/025005
https://doi.org/10.1016/j.msec.2016.09.085
https://doi.org/10.1016/j.biomaterials.2016.11.053
https://doi.org/10.1002/adhm.201500168
https://doi.org/10.1039/C7TB01484H
https://doi.org/10.3390/ijms15033640
https://doi.org/10.1016/j.biomaterials.2011.02.032
https://doi.org/10.1089/ten.teb.2009.0416
https://doi.org/10.1016/j.jmbbm.2017.01.032
https://doi.org/10.1016/j.msec.2009.12.001
https://doi.org/10.1016/j.biomaterials.2011.01.004
https://doi.org/10.1016/j.matlet.2013.04.075
https://doi.org/10.1016/j.tibtech.2017.12.003
https://doi.org/10.1002/jbm.a.34690
https://doi.org/10.1002/jbm.b.33536
https://doi.org/10.1021/acsami.6b12089
https://doi.org/10.1089/ten.2006.12.2093
https://doi.org/10.1007/s11684-018-0664-6
https://doi.org/10.1039/c2jm31290e
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Tian et al. MNBG for Promoting Osteogenesis and Angiogenesis

Levengood, S. L., and Zhang, M. (2014). Chitosan-based scaffolds for bone tissue

engineering. J. Mater. Chem. B 2, 3161–3184. doi: 10.1039/c4tb00027g

Li, F., Wang, M., Pi, G., and Lei, B. (2018). Europium doped monodispersed

bioactive glass nanoparticles regulate the osteogenic differentiation of human

marrow mesenchymal stem cells. J. Biomed. Nanotechnol. 14, 756–764.

doi: 10.1166/jbn.2018.2504

Li, J., Xu, Q., Teng, B., Yu, C., Li, J., Song, L., et al. (2016). Investigation of

angiogenesis in bioactive 3-dimensional poly(d,l-lactide-co-glycolide)/nano-

hydroxyapatite scaffolds by in vivo multiphoton microscopy in

murine calvarial critical bone defect. Acta Biomater. 42, 389–399.

doi: 10.1016/j.actbio.2016.06.024

Li, Y., Guo, Y., Ge, J., Ma, P. X., and Lei, B. (2018a). In situ silica nanoparticles-

reinforced biodegradable poly(citrate-siloxane) hybrid elastomers with

multifunctional properties for simultaneous bioimaging and bone tissue

regeneration.Appl. Mater. Today. 10, 153–163. doi: 10.1016/j.apmt.2017.11.007

Li, Y., Guo, Y., Niu, W., Chen, M., Xue, Y., Ge, J., et al. (2018b). Biodegradable

multifunctional bioactive glass-based nanocomposites elastomers with

controlled biomineralization activity, real-time bioimaging tracking

and decreased inflammatory response. ACS Appl. Mater. Interfaces 10,

17722–17731. doi: 10.1021/acsami.8b04856

Li, Y., Li, N., Ge, J., Xue, Y., Niu,W., Chen, M., et al. (2019). Biodegradable thermal

imaging-tracked ultralong nanowire-reinforced conductive nanocomposites

elastomers with intrinsical efficient antibacterial and anticancer activity

for enhanced biomedical application potential. Biomaterials 201, 68–76.

doi: 10.1016/j.biomaterials.2019.02.013

Mao, L., Xia, L., Chang, J., Liu, J., Jiang, L., Wu, C., et al. (2017). The synergistic

effects of Sr and Si bioactive ions on osteogenesis, osteoclastogenesis and

angiogenesis for osteoporotic bone regeneration. Acta Biomater. 61, 217–232.

doi: 10.1016/j.actbio.2017.08.015

Martínez, A., A., Izquierdobarba, I., and Valletregí, M. (2000). Bioactivity

of a CaO–SiO2 binary glasses system. Chem. Mater. 12, 3080–3088.

doi: 10.1021/cm001107o

Martins, C., Sousa, F., Araújo, F., and Sarmento, B. (2018). Functionalizing PLGA

and PLGA derivatives for drug delivery and tissue regeneration applications.

Adv. Healthc. Mater. 7:1701035. doi: 10.1002/adhm.201701035

Qian, J., Xu, W., Yong, X., Jin, X., and Zhang, W. (2014). Fabrication and in vitro

biocompatibility of biomorphic PLGA/nHA composite scaffolds for bone tissue

engineering.Mater. Sci. Eng. C 36, 95–101. doi: 10.1016/j.msec.2013.11.047

Raeisdasteh, H. V., Davaran, S., Ramazani, A., and Salehi, R. (2017). Design and

fabrication of porous biodegradable scaffolds: a strategy for tissue engineering.

J. Biomater. Sci. Polym. Ed. 28, 1–47. doi: 10.1080/09205063.2017.1354674

Rahaman, M. N., Day, D. E., Bal, B. S., Fu, Q., Jung, S. B., Bonewald, L. F.,

et al. (2011). Bioactive glass in tissue engineering. Acta Biomater. 7, 2355–2373.

doi: 10.1016/j.actbio.2011.03.016

Rath, S. N., Arkudas, A., Lam, C. X., Olkowski, R., Polykandroitis, E.,

Chróscicka, A., et al. (2012). Development of a pre-vascularized 3D scaffold-

hydrogel composite graft using an arterio-venous loop for tissue engineering

applications. J. Biomater. Appl. 27, 277–289. doi: 10.1177/0885328211402243

Shen, Y., Liu, W., Wen, C., Pan, H., Wang, T., Darvell, B. W., et al. (2012). Bone

regeneration: importance of local pH—strontium-doped borosilicate scaffold.

J. Mater. Chem. 22:8662. doi: 10.1039/c2jm16141a

Siqueira, R. L., Maurmann, N., Burguêz, D., Pereira, D. P., Ans, R., Peitl, O., et al.

(2017). Bioactive gel-glasses with distinctly different compositions: bioactivity,

viability of stem cells and antibiofilm effect against Streptococcus mutans.

Mater. Sci. Eng. C 76:233. doi: 10.1016/j.msec.2017.03.056

Thakur, T., Xavier, J. R., Cross, L., Jaiswal, M. K., Mondragon, E., Kaunas, R., et al.

(2016). Photocrosslinkable and elastomeric hydrogels for bone regeneration. J.

Biomed. Mater. Res. Part A 104:879. doi: 10.1002/jbm.a.35621

Varila, L., Fagerlund, S., Lehtonen, T., Tuominen, J., and Hupa, L. (2012). Surface

reactions of bioactive glasses in buffered solutions. J. Eur. Ceram. Soc. 32,

2757–2763. doi: 10.1016/j.jeurceramsoc.2012.01.025

Wang, C., Wang, M., Xu, T., Zhang, X., Lin, C., Gao, W., et al. (2019). Engineering

bioactive self-healing antibacterial exosomes hydrogel for promoting chronic

diabetic wound healing and complete skin regeneration. Theranostics 9, 65–76.

doi: 10.7150/thno.29766

Wu, C., Zhou, Y., Chang, J., and Xiao, Y. (2013). Delivery of dimethyloxallyl

glycine in mesoporous bioactive glass scaffolds to improve angiogenesis

and osteogenesis of human bone marrow stromal cells. Acta Biomater. 9,

9159–9168. doi: 10.1016/j.actbio.2013.06.026

Xi, Y., Ge, J., Guo, Y., Lei, B., and Ma, P. , X. (2018). Biomimetic elastomeric

polypeptide-based nanofibrous matrix for overcoming multidrug-resistant

bacteria and enhancing full-thickness wound healing/skin regeneration. ACS

Nano. 12, 10772–10784. doi: 10.1021/acsnano.8b01152

Xu, M., Zhai, D., Xia, L. G., Li, H., Chen, S. Y., Fang, B., et al. (2016).

Hierarchical bioceramic scaffolds with 3D-plotted macropores and mussel-

inspired surface nanolayers for stimulating osteogenesis. Nanoscale 8,

13790–13803. doi: 10.1039/C6NR01952H

Xu, Z., Neoh, K. G., and Kishen, A. (2010). A biomimetic strategy to form calcium

phosphate crystals on type I collagen substrate. Mater. Sci. Eng. C-Mater. Biol.

Appl. 30, 822–826. doi: 10.1016/j.msec.2010.03.014

Xue, Y., Zhang, Z., Niu, W., Chen, M., Wang, M., Guo, Y., et al. (2019). Enhanced

physiological stability and long-term toxicity/biodegradation in vitro/in vivo of

monodispersed glycerolphosphate-functionalized bioactive glass nanoparticles.

Part. Part. Syst. Charact. doi: 10.1002/ppsc.201800507. [Epub ahead of print].

Xynos, I. D., Edgar, A. J., Buttery, L. D., Hench, L. L., and Polak,

J. M. (2001). Gene-expression profiling of human osteoblasts

following treatment with the ionic products of Bioglass 45S5

dissolution. J. Biomed. Mater. Res. Part B Appl. Biomater. 55, 151–157.

doi: 10.1002/1097-4636(200105)55:2<151::AID-JBM1001>3.0.CO;2-D

Yi, G., Yumeng, X., Wen, N., Mi, C., Min, W., Ma, P. X., et al. (2018).

Monodispersed bioactive glass nanoparticles enhance the osteogenic

differentiation of adipose-derived stem cells through activating TGF-

Beta/Smad3 signaling pathway. Part. Part. Syst. Charact. 35:1800087.

doi: 10.1002/ppsc.201800087

Yu, M., Lei, B., Gao, C., Yan, J., and Ma, P. , X. (2017). Optimizing surface-

engineered ultra-small gold nanoparticles for highly efficient miRNA delivery

to enhance osteogenic differentiation of bone mesenchymal stromal cells.Nano

Res. 10, 49–63. doi: 10.1007/s12274-016-1265-9

Zhang, J., Jia, J., Kim, J. P., Shen, H., Yang, F., Zhang, Q., et al.

(2017). Ionic colloidal molding as a biomimetic scaffolding strategy for

uniform bone tissue regeneration. Adv. Mater. Weinheim. 29:1605546.

doi: 10.1002/adma.201605546

Zhang, W., Zhao, F. J., Huang, D. Q., Fu, X. L., Li, X., and Chen, X. , F. (2016).

Strontium-substituted submicrometer bioactive glasses modulate macrophage

responses for improved bone regeneration. ACS Appl. Mater. Interfaces 8,

30747–30758. doi: 10.1021/acsami.6b10378

Zhao, F., Lei, B., Li, X., Mo, Y., Wang, R., Chen, D., et al. (2018b). Promoting

in vivo early angiogenesis with sub-micrometer strontium-contained bioactive

microspheres through modulating macrophage phenotypes. Biomaterials 178,

36–47. doi: 10.1016/j.biomaterials.2018.06.004

Zhao, F., Xie, W., Zhang, W., Fu, X., Gao, W., Lei, B, et al. (2018a). 3D

printing nanoscale bioactive glass scaffolds enhance osteoblast migration and

extramembranous osteogenesis through stimulating immunomodulation. Adv.

Healthc. Mater. 7:1800361. doi: 10.1002/adhm.201800361

Zhao, F. J., Zhang, W., Fu, X. L., Xie, W. H., and Chen, X. , F. (2016). Fabrication

and characterization of bioactive glass/alginate composite scaffolds by a self-

crosslinking processing for bone regeneration. RSC Adv. 6, 91201–91208.

doi: 10.1039/C6RA18309C

Zheng, J., Zhao, F., Zhang, W., Mo, Y., Zeng, L., Li, X., et al. (2018).

Sequentially-crosslinked biomimetic bioactive glass/gelatin methacryloyl

composites hydrogels for bone regeneration. Mater. Sci. Eng. C 89, 119–127.

doi: 10.1016/j.msec.2018.03.029

Zhou, P., Cheng, X., Xia, Y., Wang, P., Zou, K., Xu, S., et al. (2014).

Organic/inorganic composite membranes based on poly(L-lactic-co-glycolic

acid) and mesoporous silica for effective bone tissue engineering. ACS Appl.

Mater. Interfaces 6, 20895–20903. doi: 10.1021/am505493j

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Tian, Xie, Gao, Wang, Zeng, Miao, Lei, Lin and Chen. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Chemistry | www.frontiersin.org 11 March 2019 | Volume 7 | Article 186

https://doi.org/10.1039/c4tb00027g
https://doi.org/10.1166/jbn.2018.2504
https://doi.org/10.1016/j.actbio.2016.06.024
https://doi.org/10.1016/j.apmt.2017.11.007
https://doi.org/10.1021/acsami.8b04856
https://doi.org/10.1016/j.biomaterials.2019.02.013
https://doi.org/10.1016/j.actbio.2017.08.015
https://doi.org/10.1021/cm001107o
https://doi.org/10.1002/adhm.201701035
https://doi.org/10.1016/j.msec.2013.11.047
https://doi.org/10.1080/09205063.2017.1354674
https://doi.org/10.1016/j.actbio.2011.03.016
https://doi.org/10.1177/0885328211402243
https://doi.org/10.1039/c2jm16141a
https://doi.org/10.1016/j.msec.2017.03.056
https://doi.org/10.1002/jbm.a.35621
https://doi.org/10.1016/j.jeurceramsoc.2012.01.025
https://doi.org/10.7150/thno.29766
https://doi.org/10.1016/j.actbio.2013.06.026
https://doi.org/10.1021/acsnano.8b01152
https://doi.org/10.1039/C6NR01952H
https://doi.org/10.1016/j.msec.2010.03.014
https://doi.org/10.1002/ppsc.201800507
https://doi.org/10.1002/1097-4636(200105)55:2<151::AID-JBM1001>3.0.CO;2-D
https://doi.org/10.1002/ppsc.201800087
https://doi.org/10.1007/s12274-016-1265-9
https://doi.org/10.1002/adma.201605546
https://doi.org/10.1021/acsami.6b10378
https://doi.org/10.1016/j.biomaterials.2018.06.004
https://doi.org/10.1002/adhm.201800361
https://doi.org/10.1039/C6RA18309C
https://doi.org/10.1016/j.msec.2018.03.029
https://doi.org/10.1021/am505493j
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Micro-Nano Bioactive Glass Particles Incorporated Porous Scaffold for Promoting Osteogenesis and Angiogenesis in vitro
	Introduction
	Materials and Methods
	Materials
	Preparation of Micro-Nano Bioactive Glass Particles
	Preparation of Scaffolds
	Properties of PLGA-MNBG Composite Scaffold
	In vitro Cellular Evaluation of Composite Scaffold
	Cell Culture
	Cell Attachment
	Cell Viability and Proliferation
	Alkaline Phosphate (ALP) Activity
	Angiogenesis of Endothelial Cells

	Statistical Analysis

	Results and Discussion
	Characterizations of the MNBG Particles and PLGA-MNBG Scaffolds
	Mechanical Property of PLGA-MNBG Composite Scaffolds
	Biodegradation Property and Apatite-Forming Activity of PLGA-MNBG Scaffolds
	In vitro Biocompatibility and Osteogenesis
	In vitro Biocompatibility and Angiogenesis Studies of HUVECs

	Conclusions
	Author Contributions
	Funding
	Supplementary Material
	References


