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Abstract

Background: In the field of tissue engineering, there is currently increasing interest in new biomedical
materials with high osteogenic ability and comparable mechanical function to repair bone defects.
Three-dimensional (3-D) bioactive borosilicate glass (BG) scaffolds exhibit uniform interconnected
macro-pores, high porosity and high compressive strength. In this study, we fabricated 3-D BG scaffolds
by the 3D printing technique, then coated the surface of the 3-D BG scaffolds with mesoporous bioactive
glass (MBG) (BG-MBG scaffold).

Methods: The biocompatibility of the BG-MBG scaffolds was evaluated by assessing biodegradability, cell
proliferation, alkaline phosphatase (ALP) activity and by quantitative reverse transcription polymerase
chain reaction (QRT-PCR) analysis of osteogenic gene expression with human bone marrow stromal cells
(hBMSCs). Moreover, the BG-MBG scaffolds were used to repair rat femoral defects and their
performance was evaluated using microcomputed tomography (micro-CT), fluorescence labeling,
histological analysis and immunohistochemical (IHC) analysis.

Results: The results showed that the BG-MBG scaffolds possessed ordered nearly 4nm meso-pores and
regular macro-pores, as well as good biodegradability, and that they stimulated the proliferation and
osteogenic differentiation of hBMSCs. In in vivo studies, the result of micro-CT reconstructed images
(BG-9M group, 0.63 + 0.02 g/cm3 and BG group 0.13 * 0.02 g/cm3? ) and van Gieson staining (BG-9M
groups, 62.67 + 3.39% and BG group, 12.33 + 2.58%) showed that the BG-MBG scaffolds could
significantly enhance new bone formation in both inner and peripheral scaffolds in defects, in and in
without the presence of growth factors or stem cells (P < 0.05).

Conclusions: It is believed from these results that the BG-MBG scaffolds possess excellent
osteoinductive and osteogenic properties which will make them appealing candidates for bone defect
repair. The novelty of our research is to provide a new material to treat bone defects in clinic.

Key words: Borosilicate bioactive glass, Mesoporous bioactive glass, 3D printing scaffold, Bioactive coating,
Osteogenesis

Introduction

In recent years, although there has been great trauma, severe infection, tumor resection and
demand for bone reconstruction of defects caused by ~ congenital skeletal abnormalities [1], it remains a
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major challenge in orthopedic surgery. The
autologous bone graft with optimal biological
properties is still the gold standard treatment;
however, this is associated with significant problems,
such as limited supply and donor-site morbidity [2].
The bone tissue engineering approach has provided
an alternative method of bone regeneration [3-5], and
3-dimensional (3-D) printed scaffolds have been
extensively studied for the use in tissue engineering
[6]. Using this method, the 3-D scaffolds provide a
template for seeded cells to stimulate cell proliferation
and differentiation, meanwhile providing an
interconnected pore structure to allow nutrients to
penetrate into the scaffolds, resulting in the
regeneration of bone defects [7, 8].

Recently, there has been increasing interest in
the use of borosilicate bioactive glasses (BG) as
scaffold materials for bone repairing [9-11], due to
their faster absorption rate compared to silicate
glasses. The structure and chemistry of BG can be
tailored by changing their composition or their
thermal or environmental processing history [12-15].
Jia et al. demonstrated that bioactive glass scaffolds
possessed exceptional mechanical properties and
excellent osteogenic and angiogenic properties,
making them good candidates for large load-bearing
applications [7]. Compared with non-mesoporous
bioactive glass, mesoporous bioactive glass (MBG)
has significantly better effects on bone regeneration
[16-18]. The MBG scaffolds are similar to the porous
structure of subchondral bone, because of their highly
inter-connected large pores (300-500 pm) and
well-ordered mesoporous structure (5 nm). Conseq-
uently, MBG scaffolds promote greatly-enhanced
attachment, spreading and proliferation of cells,
resulting in high bioactivity and degradation
properties, due to the improved nano-pore volume
and surface area [19-21]. Several studies on MBG
composite scaffolds used for the repair of bone defects
have been reported. For example, Wu et al. showed
that a composite of multifunctional nano-diamond
and PLGA materials had good mechanical properties
and increased mineralization [19]. Another recent
study showed that an MBG-coated poly L-lactic acid
(PLLA) composite scaffold promoted cellular
response, and had a remarkable ability to take up and
release gentamicin sulfate [22]. Yang et al. reported
that doped-PHBHHx composite scaffolds improved
bioactivity and promoted the attachment and
proliferation of hMSCs [22]. However, most of the
composite scaffolds have low compressive strength,
limiting their application in the repair of load-bearing
bone defects.

In this study, we prepared synthetic biomedical
materials based on borosilicate bioactive glass (BG)

and coated the surface of the BG scaffold with MBG
by the dip-coating method. We hypothesized that the
complex scaffolds with both macro- and meso-pores
may have greatly improved osteogenic properties,
and have excellent bioactivity, as well as achieving a
comparable mechanical function to bone, making
them suitable for the repair of bone defects.

Materials and methods

Fabrication of bioactive borosilicate glass (BG)
scaffolds

The parent borosilicate bioactive glass (named
BG, with a composition 6Na>O, 8K>O, 2MgO, 65rO,
22Ca0, 36B203, 18510, 2P>0s; mol. %) was the same as
used in our previous studies [7]. BG scaffolds were
fabricated using a robotic deposition device (Robo
CAD 3.0, 3D Inks, Stillwater, OK, USA) according to a
previously-reported method [1]. Cylinder models
were loaded onto the 3-D robocasting software, and
scaffolds were printed layer-by-layer through the
extrusion of the paste similar to making noodles.
After extrusion, scaffolds were dried in air for 24 h
and then heated at 1 °C min™to 600 °C to decompose
the organic polymers before sintering at 620 °C for 2 h.

Preparation of MBG-coated bioactive glass
(BG-MBG) composite scaffolds

The MBG precursor solution was prepared using
nonionic block copolymer EO20PO70EO20 (P123)
according to a previous report [22]. Briefly, P123 (4.0
g), tetraethyl orthosilicate (TEOS, 6.7 g), Ca(NOs)2
4H,0 (1.4 g), triethyl phosphate (TEP, 0.73 g), and 0.5
M HCI (1.0 g) were dissolved in ethanol (60 g) and
stirred at room temperature for 1 day. Then the
sintered bioactive glass scaffolds were immersed into
the solution for 10 min. After they were transferred to
a Petri dish, the excess solution was removed by
centrifugation for 10 min at a speed of 1000 rpm and
some of the ethanol was allowed to evaporate slowly
at room temperature for 24 h. This coating procedure
was repeated 3, 6, or 9 times, and the resulting
scaffolds were named 3-MBG-BG (BG-3M), 6-MBG-
BG (BG-6M), and 9-MBG-BG (BG-9M) respectively.
When completely dried, the samples were extracted
with anhydrous ethanol at 80°C for 24 h, in which 1
vol.% HCI (37 wt.%) was added, and the ethanol was
changed every 8 h to extract as much P123 as possible.

Characterization of scaffolds

The mesoporous structure of MBG was confir-
med using transmission electron microscopy (TEM)
with a JEM-2010 electron microscope operated at an
acceleration voltage of 200 kV, and N> adsorption-
desorption isotherms were obtained on a Micromerit-
ics Tristar 3020 at -196°C under continuous adsorption
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conditions. The microstructure of BG-MBG composite
scaffolds was observed by scanning electron
microscopy (SEM, Hitachi S5-4300, Tokyo, Japan).

Compressive strengths of the BG-MBG compo-
site scaffolds were measured by uniaxial testing using
a servo-hydraulic testing machine (MTS810, MTS
Systems, Eden Prairie, MN, USA). Cubic blocks (3 mm
x 3 mm x 3 mm) for mechanical testing were cut from
the sintered cylinders of scaffolds and then subjected
to surface grinding to eliminate the edge effects and
obtain parallel testing surfaces. The specimens were
compressed in the direction parallel to the pore
channels at a cross-head speed of 0.5 mm min-. At
least 20 specimens of each type of scaffold were tested
to obtain statically reliable values.

Bioactivity analysis

Five samples of each type of scaffold were
soaked in 50 mL simulated body fluid (SBF) solution
in a rotated bathe at a temperature of 37°C with
shaking at 100 rpm. After 7 days, the specimens were
removed, gently rinsed with distilled water, and dried
overnight at a temperature of 60°C. The samples were
then sputter-coated with gold, and the existence and
morphology of the apatite formed on the material
surface were observed using an environmental
scanning electron microscope (ESEM, FEI Quanta 250,
FEI, Hillsboro, OR, USA).

The SBF solutions used to soak the samples were
collected to determine the ion concentrations of B and
Si by inductively coupled plasma atomic emission
spectroscopy (Optima 2100 DV, Perkin Elmer,
Waltham, MA, USA). The change in pH values of the
solution, as well as the weight losses of the dried
scaffolds were examined to check the degradation
properties of the samples. All data were derived from
the average of five replicate samples.

Cell attachment and proliferation

Human bone marrow stromal cells (hBMSCs)
were obtained from four donors who provided
written informed consents. Briefly, marrow of the
femoral midshaft was extracted and then suspended
in minimum essential medium alpha (a-MEM)
containing 10% fetal bovine serum (FBS, Hyclone,
Logan, UT, USA), 100 U/mL of penicillin and 100
mg/L of streptomycin (Hyclone). Subsequently, the
non-adherent cells were discarded, and when the
adherent cells reached 80-90% confluence they were
passaged and became passage one (P1) cells. P3 cells
were used for experiments.

To examine cellular morphology, 1 x 10> cells
were seeded onto each scaffold in wells of a 24-well
plate and incubated for 7 days, and then the samples
were removed from the culture wells, rinsed with

phosphate buffered saline (PBS) and fixed with 2.5%
glutaraldehyde in PBS for 1 h. The fixative was
removed by washing with buffer containing 4% (w/v)
sucrose in PBS and post-fixed in 1% osmium tetroxide
in PBS followed by sequential dehydration in graded
ethanol (50%, 70%, 90%, 95%, 100%) and hexamethyl
disilazane. The specimens were coated with gold and
the morphological characteristics of the attached cells
were observed using SEM.

To measure cell proliferation, 1 x 105 cells were
seeded onto each scaffold in a 24-well plate and
allowed to adhere to the scaffolds for 3 h. Medium
was then added and the cells were incubated in
humidified culture conditions. The proliferation of
hBMSCs cultured on scaffolds was determined using
the Cell Counting Kit-8 assay (CCK-8; Dojindo
Molecular Technologies Inc.,, Kumamoto, Japan).
Briefly, hBMSCs were cultured on scaffolds at an
initial density of 10* cells per scaffold for 1, 3 and 7
days. Subsequently, 360 pL of culture medium and 40
uL of CCK-8 solution were added to each well at each
time point and incubated at 37°C for another 4 h. At
the end of the incubation, 100 pL of solution was
removed from each well and transferred to a fresh
96-well plate. The light absorbance of these samples
was measured at 450 nm with a microplate reader
(Bio-Rad 680, Bio-Rad, Hercules, CA, USA). All the
results are presented as the optical density (OD)
values minus the absorbance of blank wells.

Osteogenic differentiation of hRBMSCs

To investigate osteogenic potential, 1 x 10° cells
were seeded onto each scaffold and cultured in a
24-well plate for 7 or 14 days to assess alkaline
phosphatase (ALP) activity. At the predetermined
time point, culture medium was decanted and the cell
layer washed gently three times with PBS followed by
washing once in cold 50 mM Tris buffer, and then
cells were lysed in 200 pL of 0.2% Triton X-100.

Lysates were sonicated after being centrifuged at
14,000 rpm for 15 min at 4°C. Then 50 pL of
supernatant was mixed with 150 uL. working solution
according to the manufacturer’s protocol (Beyotime
Institute of Biotechnology, Jiangsu, China). The conv-
ersion of p-nitrophenyl phosphate into p-nitrophenol
in the presence of ALP was determined by measuring
the absorbance at 405 nm with a microplate reader
(Bio-Rad 680). The ALP activity was calculated from a
standard curve after normalizing to the total protein
content, which was determined by a Micro-BCA
protein assay kit (Pierce, Rockford, IL, USA) at 570 nm
with a microplate reader (Bio-Rad 680). The results
are expressed in pM of p-nitrophenol produced per
min per mg of protein.

The expression levels of osteogenesis-related
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genes (runt-related transcription factor 2 (RUNX-2),
osteocalcin (OCN), and collagen type I (COL1)) were
measured using quantitative reverse transcription
polymerase chain reaction (qRT-PCR) analysis.
Typically, the cells were seeded at a density of 2 x 10*
cells per scaffold, cultured for 3 or 7 days, then
harvested using Trizol Reagent (Invitrogen Carlsbad,
CA, USA) to extract the RNA. The obtained RNA was
reverse-transcribed into complementary DNA
(cDNA) using a Revert Aid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, Waltham,
MA, USA) and qRT-PCR analysis was performed on
an ABI Prism 7300 Thermal Cycler (Applied
Biosystems, Foster City, CA, USA) using SYBR Green
detection reagent. The relative expression of the genes
of interest was normalized against the housekeeping
gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). All samples were assayed in triplicate and
independent experiments were performed three
times. The relative expression was calculated using
the formula: 2-44Ct,

Animal experiments

All rats were provided with sterilized food and
water and housed in a barrier facility under a 12-hour
light/dark cycle.

All surgical procedures were conducted under
general anesthesia, and postoperative analgesic care
was ensured with tramadol. All efforts were made to
minimize animal suffering and distress. The animals
were anesthetized by intraperitoneal injection of
chloral hydrate (4%, 9 mL/kg body weight) and all
operations were performed under sterile conditions.
Twenty-four rats were randomly allocated into the
following groups: (1) BG (n = 6), (2) BG-3M (n = 6), (3)
BG-6M (n = 6) and (4) BG-9M (n = 6).

For the surgical procedure as previously
described [23], femoral cylindrical defects were
created, which were standardized at 3 mm in
diameter, penetrated internally approximately 3 mm
in length, and lay above the distal epiphyseal growth
plate. At 8 weeks after operation, the rats were
sacrificed and femurs were harvested and fixed in a
4% paraformaldehyde solution buffered with 0.1 M
phosphate solution (pH = 7.2) before further analysis.

Microcomputed tomography (micro-CT)

All the harvested specimens were examined on a
micro-CT system (mCT-80, Scanco Medical AG,
Bassersdorf, Switzerland) to evaluate new bone
formation within the defect region. Briefly, the
undecalcified samples were scanned at 18 pm
resolution. After 3-D reconstruction, bone mineral
density (BMD) and bone volume fraction (BV/TV) in
defect regions were used to evaluate new bone

formation using its auxiliary software [24].

Sequential fluorescent labeling

At 2, 4 and 6 weeks after operation the SD rats
were intraperitoneally injected with tetracycline (TE,
25 mg/kg of body weight), alizarin red (AL, 30
mg/kg of body weight) and calcein (CA, 20 mg/kg of
body weight), respectively. Then the mineralized
tissue was observed by the trichromatic sequential
fluorescent labeling method [25].

Histological analysis

One part of each specimen was dehydrated in
ascending concentrations of alcohols from 70% to
100%, and then embedded in polymethylmethacrylate
(PMMA). After hardening, the sagittal sections of the
specimens were cut into 150-200 pm thick slices using
a microtome (Leica Microsystems Ltd.,, Wetzlar,
Germany), and then glued onto a plastic support to
polish to a final thickness of approximately 50 pm.
First, the sections were examined by confocal laser
scanning microscopy (CLSM) (Leica) to examine
fluorescent labeling, then new bone formation and
mineralization were quantified at six locations of the
defect site. The mean value of the six measurements
was calculated to obtain average values for each
group. Next, the sections were stained with van
Gieson’s picrofuchsin to evaluate new bone format-
ion, with the red area representing new bone
formation [26]. The area of new bone formation was
evaluated quantitatively in six randomly-selected
sections by Image Pro 5.0 (Media Cybernetics,
Rockville, MD, USA).

Immunohistochemical (IHC) analysis

The remaining parts of each specimen were
decalcified for approximately 2 weeks, then
dehydrated through gradient alcohols, embedded in
paraffin, and sectioned into 5 pm thick sections. Then
IHC staining of osteocalcin (OCN) was performed to
evaluate osteogenesis in the specimens [27].

Statistical analysis

All the above data are presented as mean +
standard deviation (SD). Differences between groups
were calculated by one-way analysis of variance
(ANOVA) and Student-Newman-Keuls post-hoc
tests. The statistical analysis was conducted using
SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). The
difference was considered significant when P < 0.05.

Results

Characterization of MBG and BG-MBG
composite scaffolds

As indicated by the analysis of TEM micro-

http://www.ijbs.com



Int. . Biol. Sci. 2018, Vol. 14

475

graphs in Fig. 1B, the MBG powder contains
highly-ordered mesoporous channels. Fig. 1A shows
the N2 adsorption-desorption isotherm of MBG
powder, corresponding to pore size distributions in
the powder. The results exhibited the type IV
isotherm, suggesting the mesoporous structure of
MBG powder. Fig. 1A also shows the pore size
distribution curve of MBG, which was calculated from
the desorption branches using the BJH model. The
peak pore size is 3.94 nm. The results of SEM
micrographs showed that the pore structure of the
BG-MBG composite scaffold was quite uniform, and
provided sufficient space for a large number of cells,
allowing cell adhesion and ingrowth. Subtle morpho-
logical variations before and after surface-doping
were observed at higher magnifications of SEM
micrographs on the cross-section of the scaffold (Fig.
1C). The unitary BG scaffold had smooth walls. After
MBG-dip-coating, the macroporous structure remain-
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ed the same in all composite scaffolds, but the surface
morphology and topography became rougher with
each round of coating. A dense layer of MBG particle
aggregates on the surface of the macropores was
observed in the BG-MBG composite scaffold.

To quantify the effect of the MBG coating on the
mechanical properties of the BG-MBG scaffolds, the
compressive strength of the samples was measured.
The maximum compressive strength of the four
groups of scaffolds was around 32 MPa, and the MBG
coating did not obviously influence the scaffold’s
compressive strength (Fig. 1E). In the initial degradat-
ion phase, the compressive strength of scaffold will be
strong enough for weight loading, and in final phase
scaffold will degrade and compressive strength
degrade largely [42]. The reason of compressive
strength has no significance difference might be the
micro-coating layer is not thick enough to change the
macro mechanical performance statistically.
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Figure 1. Characterization of MBG and BG-MBG composite scaffolds. (A) N2 adsorption—desorption isotherms and corresponding pore size distributions
of MBG, (B) TEM image of the mesopore surface in MBG, (C) SEM image showing the cross section of BG-MBG scaffolds after coating with MBG, G: glass, M: MBG,
P: polymer. (D) optical images of the four scaffold groups. (E)Compressive strength comparison of the four groups of BG and BG-MBG scaffolds(n=20).
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Figure 2. Apatite mineralization ability and bioactivity analysis of BG-MBG composite scaffolds. (A) SEM images (A1-B4) of BG-MBG scaffolds before
being immersed in SBF, SEM images (C1-D4) of the four groups of scaffolds after being immersed in SBF for 7days. (B) The change in the pH value and (C) weight loss
for the four groups of bioactive glass scaffolds, (D) cumulative amount of B ions and Si ions (E) released from the scaffolds into SBF(n=5).

. . . L. . using simulated body fluid (SBF). Surface
Degradation and apatite mineralization ability morphologies of BG-MBG scaffolds were character-

of BG-MBG scaffolds rized to evaluate apatite formation after being
A study of in vitro bioactivity was carried out  immersed for 7 days in SBF, as shown in Fig. 2A.
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No obvious differences were evident on the
surface of BG scaffolds after immersion in SBF for 7
days (Fig. 2A.C1-D1). However, after immersion of
BG-MBG for the same duration, an obvious difference
of a hydroxyapatite layer could be observed on all the
surfaces, compared to the relatively smooth surface
before SBF immersion (Fig. 2A.A2-B4). With
increasing content of MBG, the apatite crystalline
aggregates became much denser. The flower-like
particles that covered the surfaces of the BG-9M
scaffolds (Fig. 2A.C4-D4) were bigger and more
uniform than those that covered BG-3M (Fig.
2A.C2-D2) or BG-6M (Fig. 2A.C3-D3). Our results
showed that coating of MBG onto the surface of BG
scaffolds significantly enhanced their bioability in
SBF, compared to BG scaffolds. Similar results were
observed by Lin who studied poly (dl-lactide-co-
glycolide) (PLGA) and MBG composites [24].

As shown in Fig. 2B, the pH values of the
scaffolds soaked in SBF solution were changed. With
increasing mass ratios of MBG, the pH values of
immersed SBF solutions decreased, and showed little
further decrease at the high mass ratio of MBG,
indicating that the pH of the SBF did not decrease

Figure 3. Cell attachment of BG-MBG composite scaffolds. SEM images showing the attachment of
hBMSCs onto each of the four types of BG and BG-MBG scaffold after culturing for 7 days, A: BG, B: BG-3M,

C: BG-6M, D: BG-9M (x5000).

linearly with increasing MBG. In addition, as shown
in Fig. 2C, MBG could be used to tune the degradation
rates of BG-MBG scaffolds, since the degradation rates
of the scaffolds reduced with the increase of MBG. It is
established that MBG-coating reduces the sudden
release of B ions as shown in Fig 2D, and then
alleviates the instant toxicity of B ions. As a result, the
release of Si ions increased with the increasing mass of
coated MBG (Fig. 2E).

Cellular responses to BG-MBG scaffolds

hBMSCs were cultured with scaffolds to
investigate the cell compatibility of fabricated
BG-MBG scaffolds. The attachment and morphology
of cells on scaffolds were observed by SEM (Fig. 3).
After being cultured for 7 days, hBMSCs attached to
the surface of the pore struts in scaffolds, showing
well-spread morphology. As determined by CCK-8
proliferation assay (Fig. 4A), all BG and BG-MBG
scaffolds supported cell proliferation well; however,
the proliferation rates of BG-MBG scaffolds were
significantly higher than those of BG scaffolds at days
3 and 7 (P < 0.05), and the BG-9M group showed the
best rate when compared to the others at days 3 and 7
(P < 0.05). ALP activity of cells cultured on scaffolds
for 7 and 14 days is shown in Fig.
4B. Similar to the cell proliferation
results, cells on the BG-MBG
scaffolds exhibited a significant
enhancement of ALP activity
compared to those on the BG
scaffolds (P < 0.05). Cell differen-
tiation of hBMSCs on BG and
BG-MBG scaffolds was further
evaluated by osteogenic potential,
determined by expression of the
osteogenic markers ALP, OCN and
RUNX-2 at 7 and 14 days (Fig.
4C-E). The expression of these
osteogenic-related  genes  was
upregulated in cells grown on
BG-MBG scaffolds compared to BG
scaffolds (P < 0.05), indicating that
the BG-MBG scaffolds could
promote osteogenic differentiation.

Analysis of bone regeneration
in femoral defects

Micro-CT measurement

Three-dimensional micro-CT
reconstructed images show the
morphology of the newly-formed
bone (Fig. 5A1-D1). In the sagittal
view (Fig. 5A2-D2), more newly-

formed bone was observed in
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BG-9M scaffold groups than in other groups.
Quantitative analysis of the newly-formed bone was
performed by the image analysis system. The local
BMD was markedly higher in the BG-9M scaffold
group (0.63 + 0.02 g/cm?) than that in the BG scaffold
group (0.13 + 0.02 g/cm?3), the BG-3M scaffold group
(0.23 £ 0.02 g/cm?) or the BG-6M scaffold group (0.35
t 0.03 g/cmd) (P<0.05) (Fig. 5E). Moreover, the
differences in BV/TV between these groups showed
the same pattern (Fig. 5F). The results indicate that
BG-MBG scaffolds can significantly improve bone
regeneration and that BMD increases with the
increasing content of MBG.

Fluorochrome labeling and histomorphometric
analysis

Fluorescent labeling analysis was performed at 8
weeks. As shown in Fig. 6, new bone formation and
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Figure 4. Cellular responses to BG-MBG composite scaffolds. (A) Quantitative analysis of the proliferation of hBMSCs cultured on the four BG and BG-MBG
scaffold groups for 1, 3 and 7 days. (B) ALP activity of hBMSCs cultured for 7 and 14 days on the four BG and BG-MBG scaffold groups. The qRT-PCR analysis of the
osteogenic genes ALP (C), RUNX2 (D) and OCN (E) expressed by hBMSCs cultured for 7 and 14 days on the four BG and BG-MBG scaffold groups (*indicates

significant differences when compared to BG, P < 0.05,(n=20)).
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Figure 5. The results of micro-CT analysis. Representative 3D reconstruction of superficial (A1-D1) and sagittal images (A2—D2) of bone defects at 8 weeks
after implantation of BG and BG-MBG scaffolds, (E) Morphometric analysis of bone mineral density (BMD) and (F) bone volume/total volume (BV/TV) by micro-CT
for each group at 8 weeks (*indicates significant differences when compared to BG scaffolds, P< 0.05, (n = 6) ).

Histological and immunohistochemical analysis

Consistent with the above results, the
histological analysis of van Gieson staining of undec-
alcified specimens showed extensive new formation
of bone in the defect areas (Fig. 7), and bone regen-
eration was markedly increased in the BG-9M scaffold
groups (62.67 = 3.39%), with the new bone formation
area significantly greater than that in the BG scaffold
(12.33 = 2.58%), BG-3M scaffold (22 + 3.46%) and
BG-6M scaffold groups (33 £ 2.45%) (P < 0.05).

IHC analysis

The osteogenic marker OCN was detected by
immunohistochemical staining of decalcified femurs
(Fig. 8). There was virtually no obvious positive
staining for OCN in the BG scaffold group, but
positive brown staining for OCN was apparent in the
BG-MBG groups, and obvious positive staining was
found in the BG-9M scaffold groups. The analysis of
bone regeneration in femoral defects indicated that
BG-MBG scaffolds can significantly improve bone
regeneration, which increases in line with the
increasing content of MBG, results which were
consistent with the previous micro-CT results.

Discussion

In this study, we have successfully fabricated
novel MBG-coated 3-D printed scaffolds. Bioactive
borosilicate glasses (BG) with certain compositions
were used as scaffold materials and fabricated into
3-D constructs. BG was chosen because of its excellent
workability, and then MBG was coated onto the
surface of the scaffolds. Using this system, users can
precisely control the structure of the scaffolds, as well
as the pore size and morphology of the scaffolds by
the 3-D printing technique. A scaffold can be
produced with symmetrical macroporous struts and
mesoporous interfaces, when 3-D printing and surface
coating are used together, since the P123, a template
agent gave the ordered mesopores in the coatings.
Macroporous-mesoporous composite scaffolds tend
to have excellent pore interconnectivity to give cells
opportunities for attachment, migration and affinity,
and provide a platform for transportation of nutrients
and metabolic waste and bone ingrowth into scaffolds
[22]. After MBG-coating, the macroporous structure
had not been changed in any of the composite
scaffolds, but the surface morphology and
topography became rougher with increasing rounds
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of coating. A dense layer of MBG particles aggregated = implantation [15, 28]. Our results of compressive
on the surface of the BG-9M scaffolds. strength measurements demonstrated that the

Higher strength is essential for scaffolds used for =~ mechanical performance of BG-MBG scaffolds was
implantation into femoral defects, to ensure higher  obviously superior to that of HA or B-TCP ceramic
survival rates and help carry the load after constructs [43] (Fig. 1E).
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Figure 6. Fluorochrome labeling analysis. The images (Al-D1) in yellow represent labeling with tetracycline (TE), the images (A2—-D2) in red represent alizarin
red (AL), and the images (A3-D3) in green represent calcein (CA) indicating bone formation and mineralization at 2, 4 and 6 weeks after operation, respectively.
(A4-D4): merged images of the three fluorochromes, (A5-D5): merged images of the three fluorochromes together with a bright field confocal laser microscope
image; (E) The percentage of TE, AL and CA staining for each group assessed at week 8 after implantation by histomorphometric analysis. (*indicates significant
differences when compared to BG scaffolds, P < 0.05, (n = 6), Scale bar: 200 um).
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Figure 7. Histological analysis. The un-decalcified specimens were sectioned and stained with van Gieson’s picrofuchsin. The area of newly-formed bone is shown
in red. (A) The percentage of new bone area was assessed at 8 weeks after implantation by histomorphometric analysis (*40) (*indicates significant differences when

compared to BG scaffolds, P< 0.05, (n = 6)).
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Figure 8. Immunohistochemical analysis. OCN was used to evaluate osteogenesis in femoral specimens after implantation of scaffolds. The brown color

represents positive staining of OCN (x200).

The degradation and apatite mineralization
ability of biomaterials in SBF is useful for invest-
igating the bone bioactivity of this type of materials in
vivo [29]. Furthermore, the apatite that forms on the
surface of biomaterials possesses the capacity to
improve the adsorption of proteins, such as
osteonectin, fibronectin and vitronectin, and enhance
osteoblastic activity, including cell attachment,
proliferation and differentiation [30]. In this study, an
apatite layer could be observed deposited on the
surfaces of BG-MBG scaffolds after soaking in SBF for
3 days. The results indicated that BG-MBG scaffolds
had good apatite-forming bioactivity with increasing
levels of MBG. A previous study demonstrated that a

high surface area of MBG materials induced high
chemical reactivity, and thereby resulted in good
bone-forming bioactivity of MBG materials [1].
Moreover, B and Si ions are reported to give rise to
both intracellular and extracellular responses at the
interface of the glass with its cellular environment
[31]. Faster in wvitro degradation of borosilicate
compared to silicate glasses has also been reported
[32-34], suggesting a faster ion release rate along with
glass degradation. As shown in Fig. 2D-E, there were
obvious characteristic peaks of B and Si elements after
SBF immersion. Although the fast release of ions from
borosilicate glasses has been reported, reflected in an
decrease in pH of the solution in vitro, this decrease
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did not impact the biological performance of these
glasses in a dynamic in vivo system [34, 35]. The
results of our study are consistent with the above
reports, and the results showed that with the
increasing MBG, the degradation rates of scaffolds
were slowed down. A thick coating would lead to a
lower degradation rate of the scaffold with reduced
ion release and exchange.

Generally, the proliferation and differentiation of
cells are the important steps that occur before bone
mineralization, and the fundamental processes of cell
proliferation, differentiation and function are
governed by the interaction of cells with their
substrate [20, 22]. In this study, cell proliferation, ALP
activity and osteogenic gene expression of hBMSCs
cultured on BG-MBG scaffolds were investigated. The
results showed that BG-MBG scaffolds stimulated the
proliferation, ALP activity and osteogenesis-related
gene expression of hBMSCs, increasing all these
attributes with the increasing mass of MBG. We
believe that the silica components, together with the
roughness of the BG-MBG composite scaffolds might
have contributed to these results. The results show
that MBG has a higher surface area (Fig. 1A-B), and
most researchers believe that this may promote cell
growth, proliferation and differentiation, consistent
with the results of several previous studies [19].
Previous studies also reported that the compositions
of bioceramics could affect the biological response of
cells due to the dissolution of ions from bioceramics
[36, 37]. Studies reported that the released Ca, P and Si
ions from bioactive glasses and more stable pH
environments can stimulate the metabolic activity,
proliferation and differentiation of osteoblasts [7, 38].
In this study, compared to the BG scaffolds, BG-MBG
scaffolds released ions and stabilized the surrounding
pH, creating a better microenvironment for osteoge-
nesis, which may contribute to the enhanced
adhesion, proliferation and differentiation of hBMSCs
on BG-MBG scaffolds.

The role of BG-MBG scaffolds in bone
regeneration in vivo was determined by testing their
ability to repair femoral cylindrical defects in a rat
model. Micro-CT quantitative analysis showed that
the BG-MBG scaffolds could significantly improve
osteogenesis in a calvarial defect model, but the
BG-9M scaffolds were more effective. The BG-MBG
scaffolds significantly enhanced new bone formation,
with the efficacy increasing with increasing
concentration of MBG. Histological analysis also
showed that there was little newly-formed bone in the
defect areas in the BG scaffold groups, whereas the
BG-MBG scaffold groups significantly promoted bone
formation, and in the BG-9M scaffolds, the new bone
covered most of the defect areas, and the results were

consistent with the micro-CT findings. OCN is a
common marker used in studies of osteogenic
differentiation [39-41], and the results of immuno-
histochemical staining showed that there was only a
small amount of positive staining for OCN in the
defect areas of the BG scaffold group, but more
positive staining for OCN in the BG-MBG scaffolds
which increased with increasing MBG concentration.
MBG has been shown to enhance bone-forming
bioactivity, degradation and drug delivery ability [1,
5], therefore, we coated MBG onto the BG scaffolds to
create a bioactive material that stimulated bone
regeneration. Although the osteogenic effects of
BG-MBG scaffolds are effective, the underlying
biological mechanisms are not understood, we will
study the underlying biological mechanisms in future
studies.

In order to apply to clinical as soon as possible,
once getting the approval of relevant departments, we
will immediately carry out the clinical trial to
transplant materials to bone defects by surgical
operation.

Conclusions

In summary, BG-MBG scaffolds have been
successfully fabricated by a 3-D printing technique.
The results showed that BG-MBG scaffolds possessed
ordered mesopores and regular macropores, as well
as exhibiting good biodegradability and stimulating
hBMSC proliferation and osteogenic differentiation.
In in vivo studies, the results showed that BG-MBG
scaffolds could significantly enhance new bone
formation in both inner and peripheral scaffolds in
defects without the presence of growth factors or stem
cells. Therefore, BG-MBG scaffolds demonstrated
excellent osteoinductive and osteogenic properties
and will be appealing candidates for bone defect
repair.
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