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Abstract

The repair and regeneration of loaded segmental bone defects is a challenge for both materials and
biomedical science communities. Our recent work demonstrated the capability of bioactive glass
in supporting bone healing and defect bridging using a rabbit femur segmental defect model
without growth factors or bone marrow stromal cells (BMSCs). Here in the current work, a
comprehensive in vitro evaluation of bioactive silicate (13-93) and borosilicate (2B6Sr) glass
scaffolds was conducted to provide further understanding of their biological performances and to
establish a correlation between in vitro and in vivo behaviors. In vitro evaluation using a murine
MC3T3-EL1 cell line confirmed the capability of both scaffolds to support cell attachment, VEGF
formation, stimulate mineral deposition and osteoblast marker gene expression. In particular,
borosilicate (2B6Sr) glass showed a better capability in supporting the mineralization and gene
expression than silicate (13-93) glass, consistent with a faster bone healing ability in vivo. The
current in vitro results, combined with our previous in vivo findings, provide a strong basis for the
further translational evaluation of bioactive glass scaffolds and for potential preclinical practice.
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1. Introduction

There has been increasing interest in using bioactive glasses for the repair of both hard and
soft tissues due to their unique combination of excellent bioactivity, controllable degradation
and ease in forming into desired shapes[1-3]. Most of literature work, however, focuses on
the use of bioactive glass in contained non-loaded sites due to the lack of sufficient
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mechanical strength[4]. Considerable efforts have been devoted to the development of
porous scaffolds as bone replacement materials for tissue engineering applications [4—6].
Recent reports on the fabrication of highly strong and porous glass scaffolds using rapid
prototyping technique such as direct ink writing have paved the way for their use in loaded
sites[7-9]. Bioactive glass scaffolds based on 13-93 and 6P53B compositions have
demonstrated mechanical strength comparable to human cortical bone while having
interconnected channels composed of rectangular pores with a width of 200 pm [7, 10]. This
new type of scaffold is a promising candidate for the regeneration of segmental bone defects.

Our recent in vivo work using silicate and borosilicate glass scaffolds reveals that bioactive
glass scaffolds can serve as a robust bridge to heal segmental bone defect in a rabbit femur
model [11]. Both glass scaffolds demonstrate a similar performance as autologous bone graft
(ABG) in supporting new bone and blood vessel formation. It’s interesting to note that
borosilicate glass scaffolds showed a much better capability in promoting angiogenesis than
silicate glass or even ABG at three months post implantation [11], suggesting their different
biological performances at an early stage. In vitro study, on the other hand, serves as a fast,
effective means to evaluate the performances of bioactive materials including bioactive
glasses [12-14].

The present work focuses on a comprehensive in vitro evaluation of bioactive borosilicate
2B6Sr and silicate 13-93 glass scaffolds at an early stage (up to 21 days) using a murine
MC3T3-E1 cell line. It is expected that the in vitro findings will shine new light on the in
vivo outcomes from the same group of materials.

2. Materials and methods

2.1. Preparations and characteristics of glass scaffolds

2.1.1 Direct-write assembly of glass scaffolds—Bioactive 2B6Sr (composition in
wt%: 15.5 SiO5, 5.4 Nay0, 10.8 K,0, 1.2 MgO, 17.8 Ca0, 4.1 P,0s, 36.2 B,03, 9.0 SrO)
and 13-93 glasses (composition in wt%: 53.0 SiO,, 6.0 Na,0, 12.0 K,0, 5.0 Mg0, 20.0
Ca0, 4.0 P»0s) were purchased from SEM-COM Co. (Toledo, OH). A direct ink writing
technique was used to produce scaffolds of desired dimensions, as described in details
elsewhere [9]. Briefly, the inks were prepared by mixing glass particles of a Dgg = 1.2um in
a Pluronic® F-127 solution (20 wt% F-127 in di-water) at 0°C. For both glass inks, a 40 vol
% solids loading was used to achieve a comparable green body density after printing. A
robotic deposition device (RoboCAD 3.0, 3-D Inks, Stillwater, OK) was used to extrude the
inks through a 250 pum nozzle (EFD precision tips, EFD, East Providence, RI) to produce
periodic scaffolds with a spacing of 250 um between nearest filament. After extrusion, the
scaffolds were dried in air for 24 hours and then heated at 1 °C/min to 600 °C to decompose
the organic polymers before sintering at 620 °C for 2 hour (2B6Sr glass) or 700 °C for 1
hour (13-93 glass).

Square plates (6 mm x 6 mm x 2 mm) of scaffolds samples were prepared for cell culture by
sectioning and surface grinding the sintered scaffolds. All of the scaffolds were washed 3
times with deionized water and ethanol, and were dry-heat sterilized prior to experiments.
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2.1.2. Microstructural measurements—Scanning electron microscopy, SEM
(Hitachi S-4300, Tokyo, Japan), was used to observe the microstructure of the scaffolds.
Archimedes method was used to measure the porosity of the sintered glass scaffolds.
Additionally, 3-D perspective of the scaffolds was obtained using synchrotron X-ray micro-
computed tomography (SR micro-CT), which was conducted at the Advanced Light Source
(ALS-LBNL, Berkeley, CA) with 22 keVV monochromatic X-rays and a 4.4 ym voxel size
(resolution). The images were reconstructed using Octopus and the 3-D structural view was
realized using Avizo™.

2.1.3. Mechanical properties testing—Cubical blocks (3 mm x 3 mm x 3 mm) were
measured for compressive strength at room temperature using a servo-hydraulic testing
machine (MTS810, MTS Systems, Eden Prairie, MN) at a cross-head speed of 0.5 mm/min
with a load cell of 500 Ib. At least 20 samples were tested to evaluate their mechanical
reliability using a Weibull distribution.

The Weibull modulus in each type of scaffolds was determined according to ASTM C1239-
07 by fitting the strength data with the equation [15]:

1 o
InIn( )= mln(—)
1- Pf %

where Pris the probability of failure at a stress o, o, the Weibull scale parameter determined
from the intercept of the fit to the data and / the Weibull modulus. The value oy is also the
stress at which the probability of failure is 63%. Prwas evaluated using the equation:

i—0.5
Pf— -

where nis the total number of specimens and /the specimen rank in ascending order of
failure stress.

2.2. Invitro evaluation of cell growth and function on glass scaffolds

2.2.1. Cell culture and attachment assay—The established MC3T3-E1 line of
murine pre-osteoblastic cells was obtained from ATCC and cultured in a-MEM medium
supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 pg/ml streptomycin
sulfate (Gibco, BRL, USA) in a humidified 5% CO» balanced-air incubator at 37 °C, with
the medium being changed every other day. The scaffolds were seeded with 1.0x10°
MC3T3-E1 cells suspended in 100 pl of complete medium, and incubated for 4 h to permit
cell attachment. The cell seeded scaffolds were then transferred to a 24-well plate containing
2 ml of complete medium per well. The control group consisted of the same number of cells
seeded in wells containing 2 ml of a-MEM medium. At culture intervals of 3, 7 and 14 days,
glass scaffolds with attached cells were removed, rinsed twice with warm phosphate-
buffered saline (PBS), and soaked overnight in 2.5% glutaraldehyde in PBS. The fixed
samples were then rinsed with PBS three times and dehydrated with a graded tetra butyl
alcohol series. The samples were allowed to dry in air for 12 h at room temperature, sputter-
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coated with Au/Pd, and then observed using SEM (Quanta 200 FEG, FEI Co., The
Netherlands) at 5 kV accelerating voltage.

2.2.2. MTT assay—To evaluate the metabolically active MC3T3-E1 cells on and within
the porous scaffolds, a MTT assay was conducted to determine cell proliferation. At
designated time of 1, 3 and 7 days, the cell-seeded scaffolds and control wells were placed in
400 pl serum-free medium containing 100 pg of the tetrazolium salt MTT (Sigma, USA,;
5mg/ml) for the last 4 h of incubation to permit visualization of metabolically active cells.
After the incubation, the scaffolds were briefly rinsed in warm PBS and blotted dry. The
insoluble purple formazan, a product of mitochondrial MTT metabolism, was extracted from
the scaffolds with 1.0 ml ethanol and measured spectrophotometrically for optical density
(OD) values at 490 nm in microplate reader (Bio-Tek, USA).

2.2.3. Measurement of VEGF production and ALP activity—In vitro protein
levels of VEGF secreted by MC3T3-E1 cells seeded on glass scaffolds during a 24-h period
was quantified in conditioned medium at 1, 3, 7 and 14 days using ELISA kit
(antibodiesonline, Aachen, Germany), according to the manufacturer’s instructions. Cells
cultured on culture plate without glass scaffolds were used as control.

ALP activity was measured to assess the effects of glass scaffolds on osteogenesis capacity
of MC3T3-E1. After osteogenic induction culture (Gibco BRL, USA), cell-seeded scaffolds
were removed at 7 and 14 days and rinsed twice with warm PBS. Cells were lysed twice
using freeze-thaw cycle at —80/37°C with 500 ul of 1 % Triton X-100 in PBS. The total
amount of protein in lysates recovered from the cell-seeded scaffolds was measured using a
Micro BCA Protein Assay Kit (Thermo Fisher, USA), following the manufacturer’s
instructions. ALP activity was determined at 405 nm in microplate reader (Bio-Tek, USA)
using 0.5 M 2-amino-2-methyl-1-propanol (AMP) buffer containing 50 mM p-nitropheny!l
phosphate (p-NPP) (Sigma-Aldrich, USA) as the substrate. The ALP values were
normalized against protein concentration.

2.2.4. Mineralized bone-like tissue observation—To assess the ability of the glass
scaffolds to support mineralization of MC3T3-EL1 cells, the cell-seeded scaffolds were
cultured in osteogenic induction medium. The medium was changed every 2 days. After
incubating for 14 and 21 days, the medium was replaced by tetracycline solution (50 pg/ml)
and incubated for 30 min, followed by washing with PBS, and the cells were fixed in 95%
ethanol. The mineral deposition was observed using a fluorescent microscope (Leica DMI
6000B, Germany). The area of the mineral deposition was calculated using the image
analysis software (Image-Pro Plus, Germany) and was expressed as the percentage of each
measurable area in a randomly selected field.

2.2.5. RNA isolation and real-time PCR analyses—To further analyze the
differentiation of MC3T3-EL1 cells on the scaffolds, RT-PCR was used to assess mMRNA
expression of osteogenic gene markers. After incubating 7, 14 and 21 days in osteogenic
induction medium, the cell-seeded scaffolds and control cells were washed twice with warm
PBS. Total cellular RNA was extracted using RNAiso Plus (Takara Bio, Japan), following
the instructions provided. Complementary DNA was synthesized using PrimeScrip RT
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Reagent Kit (Takara Bio, Japan) on a PTC-200 Peltier Thermal Cycler PCR machine (Bio-
Rad, USA). RT-PCR was then performed using a quantitative real-time amplification system
(LightCycler 480, Switzerland) with SYBR-Green Premix Ex Taq Il (Takara Bio, Japan).
The conditions for RT-PCR were 40 cycles at 95 °C for 10 s, 60 °C for 20 s and 72 °C for
20s. GAPDH was used as the internal control. The primers sequences for RT-PCR were
synthesized commercially (Shengong, Co. Ltd. Shanghai, China) as follows:

1) GAPDH fwd 5’ ATGGGGAAGGTGAAGGTCG 3’, GAPDH rev 5’
GGGGTCATTGATGGCAACAATA 3, 2) Core binding factor | (CBFA1) fwd

5’ CGCATTCCTCATCCCAGTAT3”, CBFAL rev 5’ GGTGGCAGTGTCATCATCTG3’, 3) Bone
sialoprotein (BSP) fwd 5’ GAGCCAGGACT GCCGAAAGGAA 3°, BSP rev
5’CCGTTGTCTCCTCCGCTGCTGC3’, 4) Alkaline phosphatase (ALP) fwd
5’GCCCTCTCCAAGACATATAS’, ALP rev 5’CCATGATCACGTCGATATCC3’, 5) Collagen type |
(COL I) fwd 5’ GAGGCATAAAGGGTCATCGTGG 3’, COL | rev 5’
CATTAGGCGCAGGAAGGTCAG3’, 6) Osteocalcin (OCN) fwd 5’ CAGCTTGGT GCACACCTAGCS’,
OCN rev 5’ AGGGTTAAGCTCACACTGCTCC3’ .

PCR products were then electrophoresed on a 1.2% agarose gel and visualized by ethidium
bromide fluorostaining. The density of bands was determined using densitometry and Gel-
Pro analyzer software.

2.4, Statistical analysis

Statistical analysis was performed using Statistical Package for the Social Sciences, \ersion
11.0 for Windows (SigmaStat, SPSS Science, Chicago, IL). Data were collected from at
least triplicate parallel samples in vitro or six samples in vivo. The results were reported as
the mean + standard deviation (SD). Values were considered to be significant when p < 0.05.

3. Results

3.1. Bioactive glass scaffolds

Figure 1 shows the structure of 13-93 glass scaffold fabricated using a direct-ink-writing
technique. Micro-CT and SEM images demonstrate the presence of a well-defined
hierarchical structure in the scaffold. The 2B6Sr glass scaffold (not shown here) has a
similar microstructure as 13-93 in order to eliminate the structural impact on their biological
performances. Both scaffolds have an open porosity > 50 with large square pores (200 um)
and small rectangular pores (40 — 60 um x 150 um. The compressive strength and the elastic
modulus measured parallel to the pore channels were 80.4 MPa and 4.7 GPa for 13-93 glass
scaffolds, 35.6 MPa and 1.6 GPa for 2B6Sr glass scaffolds, respectively. Glass scaffolds
used in this study had strength values at least five to 10 times those of HA or p-TCP ceramic
constructs reported in literature [9].

The distribution of compressive strength values of both 13-93 and 2B6Sr glass scaffolds
exhibited a low scatter (Figure 2). Weibull modulus (/) of 6.0 and 4.3 for 13-93 and 2B6Sr
scaffolds, respectively, were determined from the plot of /n/-/n(1-p)] versus Inc.
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In vitro evaluation

3.2.1. Cell morphology—Both types of glass scaffolds demonstrated excellent
capability in supporting the growth and attachment of the MC3T3, a murine pre-osteoblastic
cell line. Cellular attachment and interaction within glass scaffolds were observed by SEM
(Figure 3). Small clusters of cells could be seen attaching to the surface of both glass
scaffolds at low density after culturing for three days, indicative of favorable
cytocompatibility (Figure 3 a1, b1). Numerous cell projections along the walls of the
scaffolds were observed, suggesting firm cell attachment to the scaffolds. The morphology
of cells grown on 2B6Sr glass scaffolds was generally similar to that on 13-93 glass
scaffolds. The cells density increased with incubation time and, after seven days, the cells
grew along and covered the pore walls of the scaffolds, reaching confluence with abundant
fibril networks of extracellular matrix deposited on the scaffolds and contacting with
adjacent cells (Figure 3 a2, b2). The surface and the interior of the scaffolds were almost
completely covered with cells, aggregating with other cells via multiple extensions of
pseudopodia after 14 days (Figure 3 a3, b3).

3.2.2. Cell proliferation and differentiation on glass scaffolds—Quantitative
evaluation of the two glass scaffolds to support cell proliferation, differentiation,
mineralization and angiogenesis was conducted using MTT, ALP, tetracycline fluorescence
labeling and VEGF assays, respectively. MTT assay demonstrates a linear increase in the
OD values with incubation time (Figure 4a). The OD values from both scaffolds were
significantly higher than those of cells control after 3 days (p<0.05), evidence of an
increasing number of cells grown in both glass scaffolds. A higher OD value was also
observed from 2B6Sr scaffold than from 13-93 scaffold after 7 days of culture (p<0.05),
indicating a better capability of the former in supporting cell proliferation (Figure 4a).

ALP activity of MC3T3-EL1 cells seeded on the two glass scaffolds increased significantly
with incubation time (Figure 4b), suggesting their ability to promote cell differentiation.
ALP levels measured from both scaffolds were significantly higher than those of control
cells without scaffolds at both time points. Higher ALP levels were also observed from
2B6Sr scaffolds than that of 13-93 scaffolds at day 14 (p<0.05) (Figure 4b).

Consistent with the findings from ALP assay, significant increase in the area percentage of
mineral deposition on the surface of the scaffolds was observed after osteogenic induction
culture from day 14 to 21 (Figure 4c). The values measured from both scaffolds were
significantly higher than those of control cells at both time points, and the value was also
significantly higher for 2B6Sr scaffolds compared with 13-93 scaffolds at 21 days (p<0.05)
(Figure 4c and 5a-c).

The ability of the two scaffolds to promote angiogenesis was assessed using a VEGF assay,
as shown in Figure 4d. VEGF production in conditioned medium increased significantly in
both scaffolds groups till 7 days and the values of glass scaffolds were significantly higher
than that of control cells after 7 days (p<0.05). At 14 days, the VEGF value of 2B6Sr
scaffolds was also significantly higher than that of 13-93 scaffolds group (p<0.05) (Figure
4d).
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3.2.3. RNA isolation and Real-time PCR analyses—The results of RT-PCR
analyses for osteogenic gene markers (Figure 6) showed that the expression levels of key
osteogenic transcripts for CBFA I, ALP and OCN increased in cells seeded on both glass
scaffolds from 7 to 21 days. Especially for ALP and OCN, it showed sustained marked
upregulation in cells seeded on 2B6Sr glass scaffolds, but moderate upregulation in 13-93
glass scaffolds. The mRNA for all osteogenic gene markers at all time intervals, with the
exception of CBFA | and ALP at 7 days, were higher in 2B6Sr group than 13-93 group, and
both scaffolds groups were higher than those of control cells. The transcripts of BSP and
COL I showed an initial high expression at 7 days especially in 2B6Sr glass scaffolds, and
thereafter downregulation till 21 days in all groups.

4. Discussion

This study investigated the cellular response to two types of glass scaffolds with comparable
structure but of different glass compositions. In vitro cell culture using MC3T3 cells
confirmed the ability of both 13-93 and 2B6Sr glass scaffolds in promoting cell attachment,
proliferation, differentiation and mineralization (Figure 3-6). This is in general agreement
with previous studies [12, 13], indicating the excellent bioactivity of both glasses. The
present work also revealed that a Sr-containing borosilicate 2B6Sr glass performed similar
to or better than silicate 13-93 glass, which is different from the literature reports that borate
or borosilicate glass showed less capability in supporting in vitro cell culture than silicate
glass using an MC3T3-E1 or osteogenic MLO-5 cell line [16, 17]. Significantly higher
values of MTT, ALP and mineralized area were observed from 2B6Sr than from 13-93
scaffolds at designated time points, suggesting the released strontium could result in
improved proliferation and mineralization of MC3T3-EL1 cells. This was further supported
by the higher expression levels of key osteogenic gene markers detected from RT-PCR
analyses.

As the two types of glass scaffolds exhibit a comparable microstructure and porosity, their
different in vitro performances are likely due to the different glass chemistry. The release of
soluble Si, Ca, P, and Na ions as a result of glass surface reaction and degradation is reported
to give rise to the osteoinductive and osteogenic properties in bioactive glass[1, 2, 18]. The
2B6Sr composition is substations of two-thirds of SiO, with B,O3 and three quarters of
MgO with SrO in 13-93 composition while keeping the rest oxides the same. As a trace
element in the human body, Sr is reported to accumulate in bone and replace calcium in
metabolic process[19], and to stimulate cell proliferation and differentiation[20-24]. Both
B,03 and SrO have been reported to stimulate bone ingrowth in recent studies [20-26]. The
addition of B,O3 was also reported to increase glass degradation rate as confirmed by
previous studies[27, 28]. A combination of fast ion release and the presence of Sr ions are
believed to account for a better in vitro performance in 2B6Sr than in 13-93 glass scaffolds,
which implies its better capability in supporting in vivo bone regeneration. This echoes their
in vivo behaviors with more blood vessels formed in 2B6Sr at an early stage [11], strong
evidence that glass compositions have a drastic impact on their in vitro and in vivo
functions.
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5. Conclusions

Silicate 13-93 and borosilicate 2B6Sr glass scaffolds with precisely controlled 3-D
architecture and outstanding mechanical strength were produced using a direct-ink-writing
technique. Both glass scaffolds demonstrate excellent capability in supporting the MC3T3-
E1 cells proliferation, mineral deposition and high expression of key osteogenic gene
markers in vitro. It’s worth noting that borosilicate glass demonstrated better in vitro
performance than silicate glass for the period of study (up to 21 days). The encouraging
results from this work pave the way to the further evaluation of bioactive glass scaffolds for
the reconstruction of large bone defects in both large animal models and pre-clinical
practice.
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Figure 1.
Bioactive glass scaffolds used in the present work. (a) A 3-D view of a 13-93 glass scaffold

using synchrotron X-ray tomography; SEM images showing: (b) top and (c) side views of a
13-93 glass scaffold. Scale bar: Imm in (a); 500 um in both (b) and (c).
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2B6Sr glass scaffolds (b).
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Figure 3.
SEM micrographs of 2B6Sr (a) and 13-93 (b) glass scaffolds after seeding with MC3T3-E1

cells for 3 days (al and b1), 1 week (a2 and b2) and 2 weeks (a3 and b3), showing the cells
attaching and spreading along the struts and pores up to reaching confluence with adjacent
cells (500xfor a and b; 3000xfor insets).
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Quantitative analysis of MC3T3-EL1 cells cultured on 2B6Sr and 13-93 glass scaffolds at
designate time points for proliferation by MTT assay (a) and VEGF production (b), ALP
activity (c) and mineral deposition (d) after osteogenic induction culture. * indicates

statistically significance compared with cells control (p<0.05); T indicates statistically

significance compared with themselves at 1 day (p<0.05); 1 indicates statistically
significance compared with themselves at 3 days (p<0.05); # indicates statistically
significance compared with themselves at 7 days (p<0.05); A indicates statistically

significance comparedwith themselves at 14 days (p<0.05); B indicates statistically
significance between 13-93 and 2B6Sr group (p<0.05).
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Figure5.
Tetracycline fluorescence microphotographs of mineral deposition of MC3T3-E1 cells after

culturing on surface of 2B6Sr (al and a2), 13-93 (b1 and b2) scaffolds and on bottom of
culture dish (c1 and c2) at 14 and 21 days, respectively.
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Figure6.
Osteogenic marker gene expression of MC3T3-EL1 cells cultured on both glass scaffolds in

osteogenic induction medium for 7, 14 and 21 days, respectively.
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