
ORIGINAL RESEARCH
published: 26 April 2019

doi: 10.3389/fchem.2019.00283

Frontiers in Chemistry | www.frontiersin.org 1 April 2019 | Volume 7 | Article 283

Edited by:

Tianyou Zhai,

Huazhong University of Science and

Technology, China

Reviewed by:

Wei Luo,

Donghua University, China

Min Zhou,

Zhejiang University, China

*Correspondence:

Haobo Pan

hb.pan@siat.ac.cn

Xiaofeng Chen

chenxf@scut.edu.cn

Specialty section:

This article was submitted to

Nanoscience,

a section of the journal

Frontiers in Chemistry

Received: 07 December 2018

Accepted: 08 April 2019

Published: 26 April 2019

Citation:

Wang Y, Pan H and Chen X (2019)

The Preparation of Hollow

Mesoporous Bioglass Nanoparticles

With Excellent Drug Delivery Capacity

for Bone Tissue Regeneration.

Front. Chem. 7:283.

doi: 10.3389/fchem.2019.00283

The Preparation of Hollow
Mesoporous Bioglass Nanoparticles
With Excellent Drug Delivery
Capacity for Bone Tissue
Regeneration

Yudong Wang 1,2,3, Haobo Pan 1* and Xiaofeng Chen 2,3*

1 Research Center for Human Tissue and Organs Degeneration, Institute Biomedical and Biotechnology, Shenzhen Institutes

of Advanced Technology, Chinese Academy of Sciences, Shenzhen, China, 2 School of Materials Science and Engineering,

South China University of Technology, Guangzhou, China, 3National Engineering Research Center for Tissue Restoration and

Reconstruction, Guangzhou, China

In this work, hollow mesoporous bioglass (HMBG) nanoparticles were prepared in

a hexadecyl trimethyl ammonium bromide (CTAB)-cyclonexane-ethanol-water (O/W)

emulsion system. The HMBG nanoparticles possessed higher drug storage ability and

stable drug release behavior which resulted from HMBG’s unique mesoporous structure.

The mesoporous structure could be modulated by adjusting the concentration of CTAB.

The specific surface area and drug loading efficiency was as high as 749.619 m2g−1

and 55.1%. Besides, in vivo experiments demonstrated that the HMBG nanoparticles

could promote the bone tissue regeneration and the drug-loading HMBG nanoparticles

possessed better repair capability. The unique structure and properties might make the

HMBG nanoparticles good candidates as drug carriers and repair materials for bone

tissue regeneration.
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INTRODUCTION

In 1969, Larry L. Hench invented 45S5 Bioglass R© (46.1 mol% SiO2, 26.9 mol% CaO, 24.4
mol% Na2O, and 2.5 mol% P2O5), which had been widely used in clinical bone repair (Hench,
1991; Jones, 2001). Bioglass possessed good osteoconductive, osteoproductive, and osteoinductive
properties because of its chemical reactions occurring on the material surface (Hench and
Polak, 2002; Jones, 2013). The released ions from bioglass contributed to a highly active apatite
layer, up-regulation of osteogenic gene expression and stimulation of osteoblast proliferation
and differentiation (Hench et al., 1998; Jones et al., 2001). Along with the development
of sol-gel fabrication and the application of the organic template, BG particles of different
shapes and sizes were prepared, which demonstrated better osteogenic property compared
with the traditional melt-derived 45S5 bioglass (Hench and West, 1990; Lei et al., 2011;
Hu et al., 2014; Wang et al., 2017).

However, the sole osteogenic capability of bioglass cannot satisfy all the clinical demand when
treating some osteal symptoms (Fenton et al., 2018; Khan and Tanaka, 2018; Pugliese et al., 2018).
For example, the partial chronic inflammation would retard the bone tissue regeneration in the
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FIGURE 3 | The drug release behavior of IBU-HMBG nanoparticles (A) and the magnifying image between 60h and 180h (B).

FIGURE 4 | The TEM images of HMBG nanoparticles.

FIGURE 5 | SEM micrographs of HMBG after soaking in SBF for 12h (a), 1d (b), 3d (c) and 5d (d).

the HMBG nanoparticles was demonstrated by XRD analysis
(Figure 6A). Before soaking, only one small wide peak at around
24◦ was detected, indicating the amorphous nature of HMBG.

After soaking, new peaks were observed at 2θ =26◦(002),
32◦(211), 39◦(310), 46◦(222), 49◦(213), and 53◦(004), which
corresponded to the crystallinity of HA (JCPDS 09-0432)
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FIGURE 6 | XRD patterns (A) and FT-IR spectra (B) of HMBG after soaking in SBF for different times.

FIGURE 7 | (A) FM images of MG-63 cells co-culturing with HMBG nanoparticles for 1 and 3 day. (B) Cell proliferation co-culturing with HMBGs particles at different

culture times. *Statistically significant, p < 0.05 vs. control.

FIGURE 8 | (A) ALP staining and (B) ALP activity expression of MG-63 cells after co-culturing with HMBG nanoparticles for 7 and 14 days. *Statistically significant, p

< 0.05 vs. control.

(Ostomel et al., 2006). The FT-IR spectra of the samples,
before and after soaking in SBF, were summarized in Figure 6B.
Before soaking, the spectrum of HMBG showed characteristic
absorption bands corresponding to Si-O-Si bonding at 1060
cm−1 (stretch vibration), 798 cm−1 (bending vibration), and
480 cm−1 (bending vibration). After soaking in SBF, a
double band at 562 cm−1 and 603 cm−1, corresponding
to the P-O bending vibrations of the phosphate group in
a crystalline environment could be observed. The presence
of absorption bands of the phosphate group at 968, 603,
and 562 cm−1 demonstrated the deposition of HA on the
surface of HMBG nanoparticles (Notingher et al., 2003). It
was evident that the HMBG nanoparticles possessed good

apatite-forming ability based on the analysis of SEM, XRD,
and FT-IR.

Cell Biocompatibility and Differentiation
As could be seen from the FM images in Figure 7A, it was evident
that MG-63 cells could spread well and exhibit good viability
in all groups after being cultured for 1 day. With the increase
in culturing time, the quantities of the live cells of all samples
obviously increased, and few dead cells were detected in 500
µg/ml group.

Cell proliferation co-culturing with HMBG nanoparticles
was evaluated using the CCK-8 test during 7 culturing days.
As shown in Figure 7B, it was obvious that cells presented
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FIGURE 9 | HandE and Masson’s trichrome staining of HMBG and IBU-HMBG samples after 4 weeks. NB, new bone tissue; yellow circle, inflammation tissue.

FIGURE 10 | Micro-CT evaluation of bone regeneration in the rat tibia defects with implantation of HMBG and IBU-HMBG samples after 4 weeks.

stable proliferation ability in all groups as the culture time
increased. Cells in 500µg/ml group showed slightly higher
proliferation ability than 50, 100µg/ml and the control group at
the culture time of 3 days. Up to 7 days, MG-63 cells displayed
significantly higher proliferation ability on 100 and 500µg/ml
groups, compared to the control. The results suggested that
HMBG nanoparticles possessed good biocompatibility and could
promote MG-63 cell proliferation greatly.

Cell differentiation is one of the key processes for bone
regeneration. It is known that ALP activity is an obvious
osteogenic mark indicating cell differentiation ability. To
investigate the effects of HMBG concentration on osteogenic
differentiation of MG-63 cells, the ALP staining was performed
on the 7 and 14th day after culturing with HMBG particles
of different concentrations. As shown in Figure 8A, ALP
staining results indicated that 50 and 100µg/ml groups had
higher osteogenic differentiation ability compared with the
control group at the very initial stage (7 days), and then
further promoted the differentiation process when the culture
time prolonged to 14 days. In the 500µg/ml group, the
high concentration of HMBG had caused cell death partially

after 7 days while HMBG nanoparticles could still promote
the osteogenic differentiation after 14 days. Similar trends
could be detected in the quantitative assessment of osteogenic
differentiation as shown in Figure 8B. HMBG nanoparticles
of the 100 and 500µg/ml groups demonstrated significantly
higher differentiation ability compared with the control group
after 14 days. Based on the data above, we found that HMBG
nanoparticles could induce the osteogenic differentiation of MG-
63 cells prominently.

In vivo Osteogenesis Ability of
HMBG/IBU-HMBG Nanoparticles
HMBG and IBU-HMBG samples were implanted into the bone
defects to evaluate the osteogenesis ability by the method
of H&E and Masson’s trichrome staining. As illustrated in
Figure 9, new bone (NB) tissue was formed in both the HMBG
group and IBU-HMBG group after 4 weeks’ implantation.
By comparison, H&E staining revealed that more new bone
tissue was formed in the IBU-HMBG nanoparticles group
and more inflammatory cells were found in the HMBG
group, which proved the anti-inflammation of IBU-HMBG
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samples. It was also demonstrated by the Masson’s trichrome
staining that IBU-HMBG could promote osteogenesis and greatly
relieve inflammation. Figure 10 showed the three-dimensional
reconstructed images and sagittal section images of rat tibia with
implantation of HMBG and IBU-HMBG composite for 4 weeks.
Both groups demonstrated favorable bone remodeling ability and
more new bone was found in the IBU-HMBG group.

Combining the data above, HMBG nanoparticles could
promote osteogenesis while the drug-loading sample IBU-
HMBG nanoparticles could better facilitate bone regeneration
and alleviate local inflammation at the same time.

CONCLUSIONS

Bioglass nanoparticles with hollow mesporous structure were
prepared by combining the micro-emulsion fabrication and sol-
gel technology. CTAB played an important role in modulating
the interior mesoporous structure, morphology, and dispersity
of HMBG nanoparticles. HMBG nanoparticles possessed higher
drug loading and sustained drug release ability because of their
special hollow structure and penetrative mesopores on the shell.
HMBG nanoparticles loaded with ibuprofen demonstrated better
bone tissue regenerative ability in vivo and the novel structure
and property of HMBG nanoparticles might turn them into good
candidates as drug carriers for bone tissue regeneration.
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