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ARTICLE INFO ABSTRACT

Keywords: In this study, bulk borosilicate glasses and 3D scaffolds (processed by the burn-off technique and by robocasting)
Borosilicate bioactive glasses were synthesized to investigate the impact of the manufacturing method, glass composition and preincubation
Scaffolds

time on in vitro dissolution and cell response. The studied compositions are based on commercial bioactive glass
S53P4 (BonAlive) where 12.5% SiO, has been replaced by B0 (labelled B12.5), and part of the CaO is replaced
with MgO and SrO (labelled B12.5-Mg-Sr). First, the impact of the processing and glass composition, on the
dissolution rate, was assessed. As expected, scaffolds were found to exhibit faster dissolution, due to the
increased surface area, when compared to the bulk glass. Furthermore, the 3D printed scaffolds were found to
dissolve faster than the burn-off scaffolds. Moreover, scaffolds made from B12.5-Mg-Sr glass composition
exhibited slower ion release and precipitation of calcium phosphate (CaP) layer, when compared to B12.5, due to
the stabilizing effect of Mg and Sr. Finally, dynamic condition produces lower ion releases that static condition
and could be more optimal for in vitro cell growth. Secondly, in culture with murine MC3T3-E1 cells, it was
shown that 3 days preincubation would be optimal to decrease the burst of ions that is known to lead to cell
death. However, it was found that MC3T3-E1 survived and proliferated only in presence of B12.5-Mg-Sr scaf-
folds. Finally, it was shown that despite scaffolds having different porosities, they had no significant difference on
human adipose-derived stem cells (hADSCs) survival. This manuscript brings new information on 1) the impact
of material design (porosity) and composition on dissolution kinetic sand reactivity, 2) the impact of static vs
dynamic testing on in-vitro dissolution and 3) the impact of materials’ pre-incubation on cell behavior.

In vitro dissolution
3D printing
Human cells

1. Introduction

Current BAG bone substitutes are limited to powders, granules, and
putties. No porous 3D scaffolds are currently commercialized. Indeed,
commercial silicate BAG e.g., S53P4 demonstrate crystallization ten-
dencies during sintering, thus inhibiting the processing of porous
construct [1-4]. For 3D scaffold to be osteoconductive, large pores
(50-500 pum) and highly interconnected porosity (> 50 um) with overall
porosity over 50% are needed to allow tissue infiltration and regener-
ation [5,6]. Additionally, it is crucial for proper bone repair that scaffold
would provide mechanical support, with properties close to the natural
bone [5,7].

To overcome the high crystallization tendency of traditional silicate

* Corresponding author.
E-mail address: agata.szczodra@tuni.fi (A. Szczodra).
1 Shared authorship.

https://doi.org/10.1016/j.mtcomm.2023.105984

bioactive glasses, borosilicate glasses were developed [4,8]. High boron
content was found efficient in producing glasses with fast and more
complete conversion into hydroxyapatite and with thermal properties
allowing sintering into 3D scaffolds without crystallization [9,10,4,8].
However, high porosity of porous scaffolds, and fast dissolution of bo-
rosilicate glasses lead to extensive ion release, in vitro, often resulting in
cells death [11,12]. However, this is not a problem in vivo where ions
get constantly flushed away [4,13]. Consequently, it is difficult to
evaluate the true potential of borosilicate 3D porous scaffolds as bone
replacement based on in vitro studies. Thus, understanding how
different parameters can affect ion release and dissolution rate, would
allow for better control over their final performance in vitro and easier
translation into in vivo and clinical studies.
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Table 1
Nominal glass composition (%).
Glass mol%
Si0y B;03 CaO Na,O P,0s MgO SrO
B12.5 47.12 6.73 21.77 22.66 1.72 0 0
B12.5-Mg-Sr 47.12 6.73 6.77 22.66 1.72 5 10

To gain better understanding on the impact of borosilicate glass
composition and porosity on the in-vitro dissolution and cell behaviour,
two borosilicate glasses based on the S53P4 composition were devel-
oped; B12.5: 47.12 Si02-6.73 B303-21.77 Ca0-22.66 Nay0-1.72 P305
(mol%) and B12.5-Mg-Sr: 47.12 Si02-6.73 B203-6.77 Ca0-22.66
Nap0-1.72 P20s5-5 Mg0O-10 SrO (mol%). In the study by Tainio et al. the
initial characterization of B12.5 glasses modified, where Mg and/or Sr
where partially substituted for Ca, has been done [14]. Based on the
results, the B12.5 and B12.5-Mg-Sr glass compositions, with respectively
fastest and slowest dissolution rate, were chosen for this study. The idea
was 1) to assess which aqueous solution better mimics the dis-
solution/reaction of bioactive glasses in culture medium, 2) to assess if
an increased pre-incubation time can decrease the initial burst release,
of a fast degrading bioactive glass, while maintaining a significant
release of therapeutic ions, 3) to better understand the changes in ion
release when the dissolution is in dynamic rather than static, 4) to study
the impact of scaffolds structure on the release of ions, and 5) assess the
impact of ions release and pre-incubation time on cell behavior.

Generally, the replacement of CaO with SrO and/or MgO has stabi-
lizing effect on borate network and helps to reduce the dissolution rate
of the glass [14]. Moreover, substitution of SrO and/or MgO for CaO
increases the hot forming domain in S53P4, thus allows better sinter-
ability with suppressed crystallization tendencies [15,16]. Additionally,
SrO has been shown to stimulate an osteogenic response from hBMSCs
[17,18] and MC3T3-E1 (J. [19]; [20]. Furthermore, Sr was reported to
promote the proliferation and differentiation of osteoblasts [21-23].
Magnesium is also essential for bone development and homeostasis, and
it has been shown to stimulate osteogenesis in human osteoblasts [24,
25]. Furthermore, addition of MgO and SrO in the composition of the
glass promotes bone repair and remodeling [26-28].

Moreover, due to improved thermal properties, these glass compo-
sitions were used to produce 3D porous scaffolds using the porogen
burn-off or 3D printing (robocasting) manufacturing methods. Porogen
burn-off is a relatively easy technique that does not require advanced or
expensive equipment. The porogen burn-off also allows fabrication of
scaffolds with high porosity (>90%) and macropores having dimension
up to 500 um [29,30]. However, this technique usually leads to low pore
interconnectivity with, often, interconnection too small to favour cell
migration. [29,31]. 3D printing technique allows a precise control over
the object structures such as the interconnectivity, shape, orientation,
and pore size which can be customized through a ‘layer-by-layer’
manufacturing [29,32,33]. Computer-aided-design (CAD) is used and
allows the development of fully interconnected porous networks that
cannot be easily built using conventional techniques.

Finally, an effect of manufacturing method and glass composition on
static/dynamic in vitro dissolution in TRIS and SBF was studied by
Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-OES)
and SEM. The effect of glass composition and preincubation time in TRIS
and aMEM culture medium on murine MC3T3-E1 cell response was also
investigated. Lastly, effect of manufacturing method on hADSCs cell
behaviour was examined. Moreover, scaffolds mechanical properties
were investigated as well as their microstructure analyzed by micro-
computed tomography (uCT).

The goal of this study was to show that the control over the glass
composition, preincubation time and manufacturing method can pre-
vent excessive ion release from borosilicate 3D porous scaffolds and
consequently improve bioactivity and cell viability. Moreover, we
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introduced borosilicate 3D scaffolds with different porosities as a suit-
able candidate for bone tissue engineering. The studied scaffolds are
promising as bone grafts that promote, support, and direct the new bone
growth. Moreover, 3D printed scaffolds could allow manufacturing of
custom-made implants with tailored porosity.

2. Materials and methods
2.1. Preparation of bioactive glass powders

B12.5 and B12.5-Mg-Sr were prepared from analytical grade
(NapCOs, NH4H2P04, (CaHPO4)(2(H20)), CaCO3, MgO, SrCOs, H3BO3
(Sigma Aldrich, St Louis, MO, USA), and Belgian quartz sand. The 60 g
batches of B12.5 and B12.5-Mg-Sr were melted for 30 min at 1300 °C in
a platinum crucible in LHT 02/17 LB Speed electric furnace (Naber-
therm GmbH, Lilienthal, Germany) in air atmosphere. The batch was
heated from room temperature to 800 °C using 10 °C/min heating rate
and kept at 800 °C for 15 min to allow evaporation of volatile CO2. Then
the temperature was raised from 800 °C to 1300 °C using 10 °C/min
heating rate and kept at 1300 °C for 30 min to homogenize the glass
melt. The molten glasses were casted and then annealed for at least 6 h at
450 °C in electric muffle furnace (Nabertherm L 3/12). After annealing,
glasses at room temperature were crushed, milled in a planetary ball mill
(Fritsch GmbH, Idar-Oberstein, Germany), and sieved into less than 38
um particles with sieves (Gilson Company, Inc., Ohio, USA). The nom-
inal oxide compositions of the glasses are given in Table 1.

2.2. Scaffold manufacturing

Burn-off scaffolds were made by pressing mixture of glass powder
and porogen inside a cylindrical mold. The ammonium bicarbonate,
NH4HCOj3 (Sigma-Aldrich, 99.5%, CAS No. 1066-33-7), was used as the
porogen (70 vol%) and mixed with glass (30 vol%). The porogen is
assumed to fully evaporate during the sintering, leaving pores behind.

3D printed scaffolds were made by robocasting using 3Dn-Tabletop
printer (nScrypt Inc., Orlando, Florida, USA), and controlled via the
Machine Tool 3.0 system software.

Firstly, the Pluronic solution, which acts as the binder, was made by
mixing the Pluronic 127 (Sigma-Aldrich, CAS No. 9003-11-6) and
distilled water in the ratio of 25:75 wt% respectively, in an ice bath,
until the solution turned clear. The solution was then stored at 4 °C.

Secondly, the ink was made by mixing glass powder and Pluronic
solution in the ratio of 30:70 wt% respectively, using Vibrofix VF1
electrical shaker (IKA®-Labortechnic, Staufen, Germany) at 2500 rpm.
Mixing was done in intervals of 30 s mixing and then 30 s cooling in the
ice bath. The mixing-cooling cycles were repeated at least 5 times until
the ink was homogenous and no bubbles could be visually seen. The ink
was loaded into Optimum® 3cc printing cartridge (Nordson EFD, Bed-
fordshire, England) and left for 1 h at room temperature to achieve right
viscosity for 3D printing.

Finally, the cartridge was attached to the 3D printer and ink extruded
through the SmoothFlow Tapered Tips with tip diameter of 0.41 mm
(Nordson EFD Optimum® SmoothFlow™, Westlake, Ohio, USA) onto
the acrylic sheets (Folex AG, Seewen, Switzerland). The material feed
was set to 18.0-22.0 psi, to maintain a continuous flow during move-
ment of the tip. After drying at room temperature for at least 24 h to
reduce the risk of collapse, scaffolds were ready for sintering.

For cellular experiments, the burn-off scaffolds and 3D printed
scaffolds were compared to the bulk of these same glasses. Bulk scaffolds
were made by pressing the glass powder into a cylindrical mold with
diameter and height of 5 mm. The compacted pellets were placed onto a
ceramic plate for the sintering.

Bulk, burn-off and 3D printed scaffolds were sintered for 1 h at be-
tween 540 and 545 °C (Nabertherm LT 9/11/SKM electric muffle
furnace) in an air atmosphere. Sintering allows fusing of glass particles,
but also removes the porogen and binder from scaffolds. The sintering
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Fig. 1. 3D structure of scaffolds produced via 1) burn-off, 2) 3D printing of a a) B12.5, b) B12.5-Mg-Sr compositions.

Table 2
Average sizes of scaffolds used for static in vitro dissolution in TRIS and SBF.
Burn-off 3D printed
Type of Bottom diameter Height Bottom diameter Height
scaffolds (mm) (mm) (mm) (mm)
B12.5 14.37 £ 0.16 4.3 9.82 +£0.17 4.45
+0.3 + 0.08
B12.5-Mg-Sr 12.59 + 0.28 4 8.41 £ 0.26 3.83
+0.39 +0.11

process had three phases: 1) from room temperature to 300 °C at 1 °C/
min, 2) from 300 °C to the sintering temperature at 5 °C/min and 3)
staying at the sintering temperature for 1 h. Multistep, slow sintering is
done to avoid sudden shrinkage which might cause cracking of the
scaffolds. Sintered scaffolds were taken out after furnace cools down to
room temperature and stored in a desiccator. Figure S1, presents the
images of the produced scaffolds, post-sintering.

2.3. Material characterization

2.3.1. Porosity measurements

The estimation of the scaffolds’ porosity was performed assuming
that scaffolds are cylinder-shaped. The porosity was estimated using the
following equation:

Porosity = (1—p/p,) x 100% 1)

where the py was the bulk density, and p was the apparent density
(scaffolds mass divided by scaffold volume) of each scaffold. The po-
rosities were obtained from at least 50 parallel samples per each glass
composition and type and expressed as mean =+ standard deviation (SD).

2.3.2. Micro-computed tomography (uCT)

Micro-computed tomography (uCT) was utilized to gain information
about the scaffold 3D structures and these are shown in Fig. 1. Mea-
surements were conducted with MicroXCT-400 (Carl Zeiss X-ray

Microscopy, Inc., Pleasanton, California, USA) by having 80 kV tube
voltage and 0.4x objective. The resulting pixel size was 16.7 um. Scaf-
fold structures were constructed from the obtained data with ImageJ
software combined with 3D Viewer plugin. Images show that scaffolds
produced via porogen burn-off had randomly sized and located round
pores. 3D printed scaffolds were comprised of parallel filaments with
constant spacing making interconnected porosity.

2.3.3. X-ray powder diffraction (XRD)

To evaluate if the 3D printed and porogen burn-off glass scaffolds
stayed amorphous after sintering they were grounded to fine powder in a
mortar and analyzed with a X-ray diffractometer (XRD). Measurements
were conducted in the 10-60° 20 diffraction angle range with Mini-
Flex™ (Rikagu, Tokyo, Japan).

2.3.4. Mechanical properties

Scaffolds produced via porogen burn-off had shrunk inhomoge-
neously during sintering. Thus, their top and bottom surfaces were
ground flat with grit P800 SiC paper in Ethanol (96%, VWR Chemicals,
CAS No. 64-17-5). Ground samples were dried overnight in a type B
8133 drying oven (Termaks, Bergen, Norway) at 37 °C.

For measurements burn-off and 3D printed scaffolds with diameter
d~ 11-14 mm and height h~ 5-6 mm were used. Compression testing
was conducted with Instron 4411 mechanical tester (Instron, Massa-
chusetts, USA) by using a 0.5 mm/min deformation speed. 5 kN load cell
was used for glass scaffolds. Highest compression values were taken
from individual measurements to describe the compressive strength of
glass scaffolds. The measurements were obtained from three parallel
samples for each scaffold type and glass composition and expressed as
mean =+ standard deviation (SD).

2.3.5. Physico-chemical characterization

To study the dissolution behavior of the scaffolds and their bioac-
tivity, they were immersed in in Tris(hydroxymethyl)aminomethane
(TRIS) and Simulated Body Fluid (SBF), respectively. The average sizes
of the scaffolds used for this characterization step are presented Table 2.
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Fig. 2. Picture of the flow-through system. A) is the intact system: 1-reactor, 2-water bath, 3-bottle of SBF, 4-pump, 5-outflow; B is inner structure of reactor; C is a

scaffold adjusted by a Teflon ring; D is a scaffold loaded into chamber.

2.3.6. Fourier transformation infrared spectroscopy (FTIR)

Sintered B12.5 and B12.5-Mg-Sr glass scaffolds were crushed into
powders. FTIR measurements were conducted with a Spectrum One
FTIR Spectrophotometer (PerkinElmer Inc., Massachusetts, USA) using
the attenuated total reflectance (ATR) mode. 8 scan accumulations were
performed in the 650-4000 cm ™! wavenumber range with a 4 cm™!
resolution. The spectra were baseline corrected and normalized to the
peak with the highest intensity.

2.3.7. Dissolution in TRIS in static conditions

Dissolution of the scaffolds in TRIS was done to test the ions leaching,
while the risk of ionic supersaturation was limited [34]. TRIS solution
(50 mM) was prepared by mixing ultrapure TRIS (Sigma Aldrich, St
Louis, MO, USA) and TRIS-HCI (Sigma Aldrich, St Louis, MO, USA) in
pure water. The pH of the solution was adjusted to 7.4 at 37 °C. The
solution was not refreshed over the course of the immersion test.

Burn-off and 3D printed scaffolds made from B12.5 and B12.5-Mg-Sr
glass compositions were immersed in TRIS solution for up to 2 weeks in
an incubator at 37 °C (Orbital incubator SI600, Stuart) with an orbital
speed of 100 rpm. The volume of TRIS was calculated to maintain a
mass/volume ratio constant at 20 mg/ml. At each timepoint (6, 24, 48,
72, 168, and 336 h), the pH of the immersion solution was measured at
37 °C using a S47-K SevenMultiTM pH-meter (Mettler-Toledo LLC,
Ohio, USA). The ionic concentration was studied by Inductively Coupled
Plasma - Optical Emission Spectroscopy (ICP-OES). After drying the
samples 48 h at 37 °C, the mass loss ratio was calculated following the
equation:

Massloss = (W — W,)/WO * 100 2

Where the Wy is the original mass before immersion, and W, is the dry
mass after each time of immersion.

This study was conducted on three parallel samples and two parallel
blank samples, and the results are presented as mean =+ SD.

2.3.8. Dissolution in SBF in static conditions
The samples in vitro bioactivity, related to the formation of HA and

the change in ionic concentration, was studied in SBF, developed by
Kokubo et al. and prepared following the methodology from the stan-
dard ISO/FDIS 23317. During the experiment, the solution was not
refreshed to observe the precipitation of CaP.

Burn-off and 3D printed scaffolds made from B12.5 and B12.5-Mg-Sr
glass compositions were immersed in SBF in the same way as TRIS im-
mersion. The volume of SBF was calculated to maintain a mass/volume
ratio constant at 20 mg/ml. At each timepoint (6, 24, 48, 72, 168, and
336 h), the pH of the solution was measured at 37 °C, the mass loss was
calculated, and the ionic concentration was studied. This study was
conducted on three parallel samples and two parallel blank samples, and
the results are presented as mean + SD.

2.3.9. Scanning electron microscope (SEM)

To assess the bioactivity and HA layer formation, SEM/EDX imaging
was used to analyze scaffolds after 336 h of static immersion in SBF. For
SEM analysis, the scaffold pieces were mounted in epoxy resin and
polished with Struers Tegramin-30 automatic polishing machine up to
1 um diamond suspension. Samples were carbon coated prior to anal-
ysis. Magnification of 250x, 15kV acceleration voltage and back-
scattered electrons were used for imaging. Thicknesses of the surface
layers were obtained via image analysis with ImageJ from 10 different
spots and the results are presented as mean + SD.

2.3.10. Dissolution in SBF in dynamic conditions

The dynamic dissolution of burn-off and 3D printed scaffolds made
from B12.5 and B12.5-Mg-Sr glass compositions, was evaluated in SBF
with a flow-through system. Each scaffold was loaded separately in a
home-made reactor, which was connected to the bottle of SBF solution
on one end (inlet) and the outlet to tubes to collect the fluid. There was a
detachable Teflon ring to adjust the cross-section of the reactor to match
the size of the different type of scaffolds. The experiment for each sample
was performed with SBF at 37 °C and at 0.4 ml/min flow rate for 74 h.
At each timepoint, the pH of the outflow solution was measured, the
outflow tube was removed and replaced with new container. For first
three days the solution was collected 8 times per day during an 8-hour
window. On the last day, the solution was collected 3 times during a
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Table 3
Average porosity of scaffolds.

Porosity (%)

Type of scaffolds Bulk Burn-off 3D printed

B12.5 30.85 + 8.53 725+ 1.4 69.68 + 3.19

B12.5-Mg-Sr 15.17 +7.38 60.4 £ 2.75 51.79 + 5.77
Table 4

Average width and length of pores found in 3D printed scaffolds. Measured by
optical microscope.

Type of scaffolds Width (um) Length (um)
B12.5 3D printed 280 +£70 290 + 60
B12.5-Mg-Sr 3D printed 192 + 46 208 + 57

-
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I 3D printed

-
N [« [ee] o
1 1 1 1

Compressive strength (MPa)
N

o
I

B12.5

B12.5-Mg5-Sr10

Fig. 3. Compressive strength at failure.

3-hour time window. The whole set-up is shown in Fig. 2. The analyses
were conducted once on each sample and blank sample.

2.3.11. ICP analysis

The immersion solutions collected from static and dynamic in vitro
dissolution in TRIS and SBF were diluted 10 times in 1 M high purity
nitric acid for ion analysis. ICP-OES (Agilent technologies 5110, Santa
Clara, CA, USA) was employed to quantify P> (A = 213.618 nm), Ca>"
(A = 422.673 nm), Mg®* ( = 285.213 nm), Si** (. = 250.690 nm), B®*
(. = 249.772 nm), Sr*" (A = 421.552 nm), and Na* (% = 588.995 nm)
ion concentrations in the immersion solutions.

2.4. Effect of preincubation in TRIS and aMEM

Bulk, burn-off and 3D printed scaffolds with diameter d~ 4.5 mm
and height h~ 4.5 mm, were immersed in TRIS and a-Minimum Essen-
tial Media (a-MEM) to investigate which preincubation time affects the
ion release from the scaffolds.

One scaffold per each composition, scaffold type and timepoint, was
immersed in TRIS solution for up to 6 days at 37 °C in incubator with an
orbital speed of 100 rpm. The TRIS was refreshed at days 2 and 4 to
mimic the changing of cell culture media. At each timepoint (day 1, 2, 4
and 6) and before refreshing, the samples for ICP measurement were
collected and diluted 10 times in 1 M high purity nitric acid. Moreover,
at each timepoint the pH of preincubation solution was measured.
Because some samples were refreshed, the ICP and pH measurements of
TRIS solution were conducted on one to three parallel samples and on
one to three parallel blank samples, and the results are presented as
mean =+ SD.

Each scaffold, after immersion in TRIS, was immersed in a-Minimum
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Essential Media (a-MEM) (Gibco, Life Technologies, Carlsbad, CA, USA)
containing glutamine supplemented with 1% penicillin/streptomycin
(Gibco, Life Technologies, Carlsbad, CA, USA). After 24 h, preincubation
solution was collected and diluted 10 times in 1 M high purity nitric
acid. The ICP measurement of a-MEM were conducted once on each
sample and once on blank sample.

Ion concentrations in collected TRIS and a-MEM preincubation so-
lutions were measured as described in ICP analysis section. Scaffolds
were removed from immersion solution, rinsed with ethanol and dried
for 24 h before their mass was weighted. The volume of TRIS and a-MEM
used for preincubation was calculated to maintain a mass/V ratio con-
stant at 10 mg/ml.

2.5. Cell analysis with MC3T3-E1 and hADSCs

2.5.1. MC3T3-E1 and hADSCs expansion

Murine calvarial pre-osteoblastic MC3T3-E1 cells subclone four
(ATCC, Manassas, VA, USA) were cultured in a-Minimum Essential
Media (Gibco, Life Technologies, Carlsbad, CA, USA) containing gluta-
mine supplemented with 10% Fetal Bovine Serum (FBS, Biosera, Mar-
ikina, Philippines) and 1% penicillin/streptomycin (Gibco, Life
Technologies, Carlsbad, CA, USA). These, cells were used for initial
evaluation and to develop a methodology.

Human ADSCs were isolated from subcutaneous abdominal tissue
sample obtained from a female donor (age 49 years, BMI 21.4) at the
Tampere University Hospital Department of Plastic Surgery with the
donor’s written informed consent and processed under ethical approval
of the Ethics Committee of the Expert Responsibility area of Tampere
University Hospital (R15161). The cells were isolated as described
previously [35]. These cells, show greater translational potential which
make them more clinically relevant compared to animal derived cells.

The mesenchymal origin of ADSCs was confirmed by surface marker
expression analysis with flow cytometry [36] and ability of adipogenic
and osteogenic differentiation [37] by Oil Red O and Alizarin Red
staining, respectively. The cells were characterized as MSCs due to
positive expression of CD73 (97%), CD90 (99%), and CD105 (99%), and
low or negative expression of CD14 (1%), CD19 (0.6%), CD45 (2.6%),
CD34 (8%) and HLA-DR (0.9%) [38,39] as well as accumulation of lipid
droplets by Oil Red O and mineralized matrix deposition by Alizarin Red
staining.

Human adipose-derived stem cells (hADSCs) were cultured in
a-Minimum Essential Media (a-MEM) (Gibco, Life Technologies, Carls-
bad, CA, USA) without nucleosides supplemented with 5% human serum
(Serana Europe, Germany GmbH) and 1% penicillin/streptomycin
(Gibco, Life Technologies, Carlsbad, CA, USA).

Both types of cells were cultured at 37 °C in a humidified atmosphere
of 5% CO5 balanced 95% air in incubator (Thermo Scientific forma steri-
cycle i160 CO3) until they reached over 80% confluence.

2.5.2. Preincubation of scaffolds before cell culturing

For this part of experiment scaffolds with average diameter of with
height h= 4.2 + 0.4 mm and diameter d= 4.4 £+ 0.3 mm were used.

For cell tests with MC3T3-E1 cells, bulk B12.5 and B12.5-Mg-Sr
scaffolds, were preincubated for either 1 or 6 days in TRIS always fol-
lowed by 24 h in «MEM in incubator at 37 °C.

For cell test with hADSCs, bulk, burn-off and 3D printed scaffolds
made from B12.5-Mg-Sr glass composition were preincubated for 2 days
in TRIS and followed by 24 h in aMEM in incubator at 37 °C. For this
test, only B12.5-Mg-Sr glass was studied. Each condition (bulk, burn-off,
3D printed) was studied in triplicate. Then, scaffolds were preincubated
for 2 days in TRIS, followed by 24 h in «MEM in incubator at 37 °C. The
volume of TRIS and o-MEM used for preincubation was calculated to
maintain a mass/V ratio constant at 10 mg/ml. All scaffolds were ster-
ilized for 3 h at 200 °C before preincubation.
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2.5.3. Live/dead assay

Live/dead assay was used to detect cell viability in the proximity of
the scaffolds and their dissolution by-products. Firstly, preincubated
scaffolds were placed into 48 well plates (Thermo Scientific). For
experiment with MC3T3-E1, 20.000 cells, passage 26-27 were seeded in
550 pl of a-MEM culture medium (containing glutamine, 10% FBS, 1%
P/S) and cultured in contact with scaffolds for 24 h.

For cell experiments with hADSCs, 25.000 cells, passage 4 were
seeded in 1 ml of a-MEM culture medium (no glutamine, 5% human
serum, 1% P/S) and cultured in contact with scaffolds for 1, 3 and 7
days.

For both live/dead experiments, the positive control used was the
Tissue Culture Polystyrene (TCPS) 48-wellplate seeded with cells,
without scaffold.

At each timepoint, the cell culture media was collected and diluted
10 times in ultrapure water for ICP analysis. ICP measurements were
conducted on three parallel samples and one blank sample and
expressed as mean + standard deviation (SD).

Next, wells with scaffolds were rinsed using Dulbecco’s Phosphate
Buffered Saline, DPBS (Gibco, Life Technologies, Carlsbad, CA, USA)
heated to 37 °C. The staining solution was prepared according to the
Live & Dead Kit (Live/Dead Cell Double Staining Kit, SSIGMA-ALDRICH,
04511), added to the wells and incubated for 30 mins at room temper-
ature. Viable and necrotic MC3T3-E1 and ASCs cells were stained with
1% (v/v) of Calcein AM and 0,5% (v/v) Ethidium homodimer-1 solu-
tion. Finally, wells with scaffolds were rinsed with DPBS and cells were
observed under the fluorescence microscope Olympus IX51 (Olympus

Corporation, Japan).
3. Results and discussion
3.1. Characterization of the materials

3.1.1. Porosity

3D scaffolds with large pores (50-500 um) and porosity between
50% and 90% are necessary for scaffold to be osteoconductive and allow
tissue infiltration and regeneration crucial for proper bone tissue engi-
neering [5,7]. Also, it is crucial that the scaffolds remain amorphous
post-sintering. Table 3 present the overall porosity of the produced
scaffolds (Eq.1) while Figure S2, presents the XRD diffraction pattern of
the scaffold post sintering. From XRD analysis it is clear that no
noticeable diffraction peaks can be noticed, indicating that the scaffolds
remain amorphous. Regardless of the technique used, the porosities of
B12.5 scaffolds were higher than that of B12.5-Mg-Sr scaffolds. This
could be explained by enhanced sinterability of B12.5-Mg-Sr BAGs
caused by addition of Mg and Sr [14,16]. Moreover, the porogen
burn-off method can produce scaffolds with higher porosity compared to
those produced by the 3D printing method, depending on design. While
the ratio between glass particles and porogen was tailored to obtain
similar porosity between the two techniques, one might expect that the
size distribution and interconnection between pores will be lower in the
case of the burn-off scaffolds when compared to scaffolds obtained by
robocasting [29]. Most importantly, the scaffolds had porosity over 50%
which is in line with the recommendation for tissue and cell migration
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inside the construct [4].

The sizes of pores in the 3D printing scaffolds are reported in the
Table 4 and are all above the 100 pm required for the migration of
MC3T3-E1 and mesenchymal stem cells, which have sizes between 20
and 50 um and 13-30 um, respectively. [40,41]. The pore sizes of
scaffolds produced by porogen burn-off are quite inhomogeneous,
ranging from micropores to pores of few millimeters.

Overall, scaffolds made from B12.5 and B12.5-Mg-Sr glass compo-
sitions meet the porosity and pore size required in bone tissue engi-
neering. 3D printed scaffolds offer better pore size homogeneity when
compared to those obtained by porogen burn-off. Moreover, inter-
connective porosity, as found in the 3D printed scaffolds, is known to
permit cell migration inside of the scaffolds, diffusion of nutrients and
removal of waste from the scaffold [42].

3.1.2. Mechanical properties

The mechanical properties of the implant should mimic the me-
chanical properties of the natural tissue. The compressive strengths of
B12.5 scaffolds produced by the burn-off method and 3D printing were
1.5 £+ 0.2 and 2.5 £+ 0.7 MPa, respectively, as seen in the Fig. 3. Signif-
icantly higher values were obtained with B12.5-Mg-Sr composition, 8.9
+ 2.4 and 6.1 + 1.8 MPa for scaffolds produced by burn-off and 3D
printing, respectively. Addition of Mg to the glass composition lowers
the glass viscosity which, consequently, improves the sintering proper-
ties and improves scaffolds strength [43,44]. Addition of Sr widen the
sintering temperature window, which allows sintering at higher

temperature above Tg. Moreover, the strength is greatly affected by the
porosity. Thus, the increase in strength can also be linked to the lower
porosities of B12.5-Mg-Sr scaffolds, as seen in Table 3 [9]. Summarizing,
the strengths of sintered glass scaffolds were mostly within the
2-12 MPa strength of trabecular bone [45]. It has been reported that hip
stems are subjected to 3-11 MPa loading and tibial bones to approxi-
mately 4 MPa stresses [46,47].

3.1.3. Static in vitro dissolution in TRIS and SBF

To study the effect of static in vitro dissolution and bioactivity,
scaffolds were incubated in TRIS and SBF solution for up to 14 days. In
vitro dissolution tests performed in TRIS aimed to assess the ions
released from the glass during dissolution. In SBF, the ability of the
released ions to saturate the solution, thus leading to the precipitation of
HA, is being studied. Change in pH, mass loss and ion concentrations
were investigated.

Fig. 2 presents the pH of TRIS and SBF solutions as a function of the
incubation time for both glass compositions, manufactured into 3D
printed and burn-off scaffolds. For all scaffold types and compositions,
there is a rise in pH with increasing immersion time followed by stabi-
lization around the 7th day (Fig. 4a-b). The initial increase in pH is
related to the ion release of silicate and borosilicate glasses, as already
shown in previous studies [14,15]. The stabilization in pH can be
attributed to the solution becoming saturated with ions and subsequent
formation of the HA layer [48]. The pH profile is similar in both TRIS
and SBF. Immersion of B12.5 glass composition results in higher pH
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compared to B12.5-Mg-Sr in both solutions. The rise of pH is also more
significant in 3D printed scaffolds than in burn-off scaffolds. The pH of
the solution in all groups of scaffolds can increase to, or even exceed,
pH= 8 after 7 days. This indicates that the scaffold dissolution is rapid
and, if not carefully controlled, may be toxic for cells [49]. These results
are also indicative of a faster dissolution of B12.5 scaffolds, resulting in
rise of ions and consequently higher pH levels. B12.5-Mg-Sr scaffolds
dissolve slower due to the stabilizing effect of Mg and Sr on glass
network [15,16]. Substitution of SrO and MgO for CaO results in in-
crease in BOj at the expense of BO4 units [14]. Consequently, changing
the ratio between bridging and non-bridging oxygen leading to stabili-
zation of the borate network.

When compared, despite their overall porosity being similar (Ta-
bles 2), 3D printed scaffolds produce higher pH levels than burn-off
scaffolds. It can be explained by a more interconnected porosity for
the 3D printed scaffolds resulting in higher surface area in contact with
the immersion solution.

Fig. 4c-d presents the mass loss (Eq.2) as a function of the incubation
time for both glass compositions manufactured into 3D printed and
burn-off scaffolds. The mass loss is observed for all scaffolds indicating
that degradation occurred. Mass loss is significantly higher for B12.5
than for B12.5-Mg-Sr scaffolds. This agrees with in vitro dissolution test
performed by Tainio et al., showing that substitution of CaO with SrO
and/or MgO have stabilizing effect on borate network and help to
decrease the dissolution rate [14]. Results also implies that the impact of
composition is dominant over the scaffold preparation techniques.
Moreover, 3D printed scaffolds tend to have larger mass loss compared

to burn-off scaffolds. This is also in accordance with pH data and is most
probably related to the higher surface area of the 3D printed scaffolds.
The ion concentrations in TRIS and SBF after static in vitro dissolution
were analyzed using ICP-OES. Si and B are backbone of the glass
network and thus their release profiles inform about the glass dissolution
trend. The release profiles of B and Si are quite identical in both SBF and
TRIS solutions (Fig. 5).

For all scaffold types and compositions, there is a linear increase in
Si*t and B%* ion release until 7th day after which it stabilizes signifi-
cantly. Highest Si** and B3* ion release is observed from B12.5 glass
scaffolds. Moreover, the ion release is higher from 3D printed scaffolds
compared to the burn-off scaffolds. These observations are in agreement
with pH results and further confirm faster dissolution of B12.5 glass
composition as well as faster dissolution of the 3D printed scaffolds.

The Ca and P release profiles (Fig. 6) are important as they give in-
formation about precipitation of HA-like layer, which is often seen as a
first sign of bioactivity [50]. The release profile of Ca in TRIS and SBF is
characterized by linear increase until 7th day, after which the release
slows down (Fig. 6a-b).

Ca release in both TRIS and SBF is higher from B12.5 compared to
B12.5-Mg-Sr scaffolds. It could be caused by significantly more Ca in
B12.5 glass network. Moreover, the Ca release is highest for 3D printed
scaffolds compared to the burn-off scaffolds. Although, this difference
was not always significant.

In TRIS, the P> ion concentrations remains stable for the B12.5
scaffolds (Fig. 6¢). However, it rises with increasing immersion time for
the B12.5-Mg-Sr scaffolds. These results can be explained by
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simultaneous release and precipitation of phosphorus. Differences in P>
ion release between 3D printed scaffolds and burn-off scaffolds in TRIS
are not significant.

In SBF, simultaneous dissolution and precipitation of P, results in
overall P consumption (Fig. 6d). This consumption reaches a plateau
after day 7th. Moreover, P release for B12.5 groups were significantly

lower. This can be linked to a slower HA precipitation when Ca is
replaced with Mg and/or Sr containing silicate bioactive glasses as dis-
cussed in [15,16]. Finally, the P consumption, from the SBF, appears to
be faster for the scaffolds produced by burn-off scaffolds. This con-
sumption of P indicates precipitation of Ca-P layer, which is an indica-
tion of the scaffolds’ bioactivity [50].

B12.5 glass composition does not contain MgO so as expected Mg
was only released from B12.5-Mg-Sr glass composition in TRIS (Fig. 7a).
In SBF, Mg concentration decreases significantly for B12.5 glass
composition and raises slowly for B12.5-Mg-Sr composition over the
course of the immersion in SBF (Fig. 7b). Burn-off scaffolds releases
slightly less Mg?" ions than 3D printed scaffolds in TRIS. However, in
SBF the Mg concentration is smaller for 3D printed scaffolds. The slow
release, and the decrease in some cases, of Mg concentration could be
indicative that part of the Mg is consumed and incorporated into the
reactive layer [16].

Finally, as expected from the glass composition, the Sr concentration
remains null in the solution containing the B12.5 glass, whereas it rises
with increasing immersion time for the scaffolds made from the B12.5-
Mg-Sr glass composition (Fig. 7c-d). Burn-off scaffolds releases slightly
more ions compared to 3D printed scaffolds. From past research, it is
highly probable that part of the strontium is also incorporated in the
reactive layer [15].

Summarizing, ICP results are in agreement with pH results and
further confirm faster dissolution of B12.5 glass composition as well as
faster dissolution of 3D printed scaffolds. This results are in accordance
with previous reports, where slower dissolution rate and HA
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precipitation was observed with Mg and Sr containing silicate bioactive
glasses [15,16].

Moreover, bioactivity of all scaffolds is indicated by HA precipita-
tion, which is faster for B12.5 than for B12.5-Mg-Sr scaffolds. Finally,
based on release profiles it seems that ions releases stabilize after 7th
day. These results also agree with previous studies done with B12.5 and
B12.5-Mg-Sr glass compositions [14].

3.1.4. Dynamic in vitro dissolution in in SBF
To investigate the effect of dynamic in vitro dissolution on scaffolds

10

degradation and bioactivity, scaffolds were incubated in SBF solution for
up to 72 h. Change in pH and ion concentrations were investigated.
Fig. 8 presents the pH change in SBF as a function of the incubation time
for both glass compositions, B12.5 and B12.5-Mg-Sr, manufactured into
3D printed and burn-off scaffolds. For all scaffolds, there is a drastic
increase in pH after the first hour for all scaffolds and then the pH goes
rapidly down and stabilizes after 7 h. The increase in pH is more pro-
nounced for the B12.5 glass composition. No significant difference is
seen between the B12.5-Mg-Sr scaffolds produced by either of the uti-
lized techniques. The pH values in the dynamic conditions remain stable
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Fig. 10. SEM images of scaffolds after 336 h of immersion in SBF at 250x magnifications. SEM images of (a,c) B12.5 and (b,d) B12.5-Mg-Sr scaffolds produced via (a,
b) burn-off and (c,d) 3D printing methods.
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in the range of 7.4-7.5 for all the scaffolds. Only a burst of ions is seen
within the first 6 h. These pH values are appropriate for the culture of
cells.

The ion concentrations in SBF after dynamic in vitro dissolution were
analyzed using ICP-OES (Fig. 9). The release profiles of Si and B scaffolds
are characterized by initial burst of ions reaching its peak after 1 h. Ion
concentrations decrease and stabilize after 7 h (Fig. 9a-b). This disso-
lution behavior is characteristic of dynamic condition and has been re-
ported before [51]. The burst ion release is more significant for B12.5
scaffolds compared to B12.5-Mg-Sr scaffolds. Highest Si** ion release
from B12.5 is observed from burn-off scaffolds, and with B12.5-Mg-Sr
scaffolds from 3D printed scaffolds, respectively.

With B12.5-Mg-Sr composition, no significant difference between
dissolution of the burn-off and 3D printed scaffolds is observed. The
increased pH and Si release for the burn-off scaffold is unexpected based
on the higher surface area of the 3D printed scaffolds. However, such
discrepancy can be due to the ability of the liquid to flow through the
various samples [29]. Indeed, the smaller pore size and lower inter-
connectivity between pores in the burn-off scaffolds could also lead to
longer liquid reminiscence time in contact with the sample, thus leading
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to more extended degradation. This is of particular interest and to keep
in mind in future investigation of scaffolds in a dynamic context.

Ca%* ion concentration levels are highest for B12.5, and P> ion
concentrations are highest for B12.5-Mg-Sr scaffolds (Fig. 9c-d). Ion
release profiles of Ca®* from B12.5 scaffolds are characterized by initial
burst of ions during the first hour of immersion, followed by strong
decrease and stabilization after 7 h. For B12.5-Mg-Sr glass, Ca®" ion
release profiles are mostly stable from the beginning of the immersion.
Ion release profiles of P* is characterized by initial consumption of ions
during first hours of immersion, followed by increase and stabilization
after 7 h. Burn-off scaffolds produce higher Ca?" ion concentration
levels than 3D printed scaffolds. However, 3D printed scaffolds produce
higher P> ion concertation levels than burn-off scaffolds.

As expected, Mg?" and Sr** ion release is highest for B12.5-Mg-Sr
scaffolds, since B12.5 glass composition does not contain these ele-
ments. Mg release (Fig. 9e) was not found to be stable, which could be
explain by simultaneous release and precipitation of Ca-P reactive layer
that can also include Mg [16]. Sr release profile is characterized by
initial burst of ions, followed by strong decrease after 1 h and stabili-
zation after 7 h (Fig. 9f). most likely due to the incorporation of Sr into
the reactive layer. Moreover, 3D printed scaffolds release more Sr?* jons
that burn-off scaffolds.

Generally, ion concentrations are notably lower during dynamic in
vitro dissolution compared (Fig. 9) to static in vitro dissolution
(Figs. 5-7). This is in accordance with previous research reporting that
dynamic conditions can help to avoid a rapid and drastic fluctuation of
pH [51,49,52]. The initial burst release of ions is significantly higher for
B12.5 compared to B12.5-Mg-Sr glass composition. After burst release,
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ion releases stabilize and are lower than in static condition. Moreover,
dynamic conditions resemble human body environment more accurately
than the static ones, as in physiological conditions fluids are constantly
washed away [49]. In this respect, dynamic conditions could be more
optimal for in vitro cell growth. Finally, consumption of Ca and P from
immersion solution indicate, as seen in Fig. 6, that formation of most
likely HA layer takes place.

3.1.5. SEM

SEM imaging was used to analyze scaffolds after 336 h of static im-
mersion in SBF. The sintered scaffolds had high levels of internal
microporosity (Fig. 10a, c¢) showing loose particles suggesting insuffi-
cient sintering of B12.5. Moreover, internal microporosity of B12.5-
Mg5-Sr10 scaffolds seems to be more compact indicating Mg and Sr
ability to promote sintering.

In all SEM images a bright layer appears at the surface of the grains
exposed to the solution. This bright layer was found to be rich in calcium
and phosphorus and was earlier found to be assigned to the precipitation
of a reactive layer [9]. Elemental compositions of unreacted glass and
formed surface layers for scaffolds produced via porogen burn-off and
robocasting were analyzed and are presented in Table S3.

Furthermore, the FTIR spectra of the glass scaffolds pre and post-
immersion were recorded and are reported in Figure S4. FTIR spectra
confirm the precipitation of a reactive layer. The change in the molec-
ular vibration is indicative of the typical dissolution of the glass network
and precipitation of reactive layer within the HA domain.
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3.2. Cell analysis

3.2.1. Effect of preincubation on ion release

To investigate the effect of preincubation on ions release profiles,
scaffolds were preincubated for up to 6 days in TRIS, following addi-
tional 24 h in «MEM. The pH levels of TRIS during preincubation are
presented in Fig. 11.

There is an increase in pH for all scaffolds until 2 days except for bulk
and 3D printed B12.5-Mg-Sr, where the increase stopped at 1 day. This
indicates that the scaffold dissolution in TRIS is rapid. Then, the pH
slightly decreased and stabilized. The pH peak of TRIS solution with the
scaffolds is reached at pH> 8 for B12.5 and pH> 7.7 for B12.5-Mg-Sr
scaffolds. Slower increase of pH with B12.5-Mg-Sr glass composition
can be explained by stabilizing effect of Mg and Sr consequently,
resulting in a slower dissolution rate of B12.5-Mg-Sr scaffolds and thus
smaller pH levels.

For B12.5 glass composition, the pH rise was most pronounced for
the burn-off scaffolds. For B12.5-Mg-Sr composition the pH rise was
most pronounced for 3D printed scaffold. For both glass compositions,
bulk scaffolds produced lower pH rise compared to other scaffold types.
The difference between bulk, burn-off and 3D printed scaffolds could be
explained by their different porosities (Table 3&4). Dissolution of scaf-
folds with higher porosity and consequently surface area, result in
higher ion and pH levels and thus, dissolution of more porous and more
reactive B12.5 scaffolds can result in higher pH levels compared to less
porous/reactive B12.5-Mg-Sr scaffolds. Furthermore, 3D printed and
burn-off scaffolds with higher porosity compared to bulk scaffolds also
produced higher pH levels during dissolution. The ion concentrations in
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TRIS and aMEM after preincubation test were analyzed using ICP-OES
(Fig. 12). The ICP results for Si and B were in accordance with
measured pH levels; ion concentrations expressed higher for B12.5 than
for B12.5-Mg-Sr scaffolds in TRIS and aMEM.

The release profiles of Si and B in TRIS were increasing linearly
(Fig. 12a, ¢). Highest Si*" and B3* ion concentrations in TRIS were
observed for B12.5 burn-off scaffolds, and lowest for B12.5-Mg-Sr bulk
scaffolds.

In aMEM,, the highest ion concentrations were observed for burn-off
and 3D printed B12.5 scaffolds, and lowest for B12.5-Mg-Sr bulk scaf-
folds (Fig. 12b, d). Most importantly, after 2nd day of total pre-
incubation time, Si** and B3" ion concentrations in «MEM decrease and
stabilize at day 3.

Ca" ion concentrations were highest for B12.5 composition when
compared with B12.5-Mg-Sr scaffolds in TRIS, but lowest in «MEM
(Fig. 13a-b).

P> ion concentrations were highest for B12.5-Mg-Sr scaffolds
compared with B12.5 scaffolds in both TRIS and aMEM (Fig. 13c-d). The
release profiles of Ca and P in TRIS increased linearly (Fig. 13a-c). Most
importantly, after 48 h of total preincubation time, Ca%" and P* ion
concentrations in «aMEM decrease and stabilize at day 3 (Fig. 13b-d).
Moreover, highest Ca2t and P% ion concentrations in TRIS and «MEM
are observed for burn-off and bulk scaffolds, respectively.

Consumption of Ca and P in aMEM, indicate that precipitation of Ca-
P rich layer precipitate already after 2 days of total preincubation time.
The precipitation was faster for B12.5 scaffolds due to their faster
dissolution [14] and consequently faster oversaturation of cMEM with
ions.
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Mg?" and Sr?* ion concentrations, as expected from glass composi-
tions, were highest for B12.5-Mg-Sr composition in both preincubation
solutions. B12.5 scaffolds do not produce any Mg+ and Sr?* ion release
(Fig. 14). Only in «MEM consumption of Mg from B12.5 scaffolds is
observed (Fig. 14b). This consumption could be related to precipitation
of reactive layer with incorporated Mg.

Mg?* and Sr?" ion release from B12.5-Mg-Sr scaffolds in TRIS were
increasing linearly (Fig. 14a, ¢). In oMEM, Mg and Sr?* ion release
stabilized after 2 days of total preincubation (Fig. 14b, d). Highest Mg?*
and Sr?* ion release in TRIS was observed for 3D printed scaffolds. In
aMEM, highest Mg?" and Sr* ion release was observed from bulk and
3D printed scaffolds, respectively.

In conclusion, ICP results tend to indicate that after 2 days of pre-
incubation (1 day in TRIS and 1 day in aMEM) still exhibit significant
ion release. At 3 days of total preincubation (2 days in TRIS and 1 day in
aMEM) the ion release exhibits a plateau most likely related to the
precipitation of hydroxyapatite. Therefore, it was concluded that 3 days
of total preincubation is optimal to control the excess ion release. This is
in accordance with literature review by Ciraldo et al., in which it was
suggested that highly porous BAG scaffolds, with more than 21 wt% of
NayO should be preincubated for more than 72 h before static cell cul-
ture [49].

3.2.2. Effect of glass composition on cell survival and ion release

MC3T3-E1 cells were used for initial evaluation of the impact of the
glass composition on cell survival. For this experiment, bulk scaffolds
were preincubated for 2 or 7 days in TRIS always followed by 24 h in
oMEM.

on.
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Fig. 15 shows MC3T3-E1 cell viability images after 24 h of culture
with B12.5 and B12.5-Mg-Sr bulk scaffolds. These scaffolds were pre-
incubated two or seven days before culture. There were significantly
more live cells in the bottom of wells with B12.5-Mg-Sr scaffolds
compared to B12.5 after the pre-incubations (Fig. 15a-d). In fact, cell
survival around B12.5-Mg-Sr glass scaffolds is comparable to cell sur-
vival in the control. Cell survival at the top of the scaffolds (Fig. 15A-D),
was better with B12.5-Mg-Sr glass composition. Longer preincubation
slightly improved cell survival with B12.5 glass composition. The effect
of longer preincubation time on cell survival at the top of B12.5-Mg-Sr
scaffolds did not seem significant.

Better cell survival with B12.5-Mg-Sr scaffolds could be due to sta-
bilizing properties of Mg and Sr. It is expected that, less stabilized B12.5
glass dissolves faster, causing a rise in pH to levels that would be toxic
for the cells. This ion release can be further decreased by longer pre-
incubation of 7 days in TRIS.

Longer preincubation led to a better cell survival with B12.5 scaf-
folds but still not comparable to the control. Moreover, even after longer
preincubation, B12.5-Mg-Sr glass still seemed less toxic for the cells than
B12.5. The effect of preincubation time was not significant for B12.5-
Mg-Sr glass composition, because shorter preincubation already pre-
vented toxic ion burst released while maintaining an ion release of
interest.

Cell survival at the top of the bulk scaffolds (Fig. 15A-D), is better
with B12.5-Mg-Sr glass composition. Longer preincubation slightly
improve cell survival with B12.5 glass composition. The effect of longer
preincubation time on cell survival at the top of B12.5-Mg-Sr scaffolds is
not significant.
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Fig. 15. Fluorescent images of MC3T3-E1 cells after 24 h of culture in tMEM culture medium. Images A-D show the top of the bulk scaffolds. Images a-f show the
bottom of the wellplate. Viable (green) and necrotic (red) cells were stained with Calcein AM and Ethidium homodimer-1 respectively. Scale bar 100 pym.

The ion concentrations in aMEM after culture with cells were
analyzed using ICP-OES (Fig. 16). Si** ion concentrations increased for
both glass compositions and were higher than in the cell culture media
(positive control; cells growing without scaffold presence). Longer pre-
incubation time of 7 days resulted in smaller ion concentrations for both
glass compositions.

However, this decrease is significant only for B12.5 scaffolds. In
scaffolds preincubated for 2 days, B12.5-Mg-Sr glass composition pro-
duced slightly smaller Si** ion release. There is no difference between
ion release from scaffolds preincubated for 7 days.

B3 ion concentrations increased for both glass compositions and
were significantly higher than in control cell culture media, which does
not initially contain boron. Most importantly, even after both pre-
incubation times, B12.5 scaffolds produce significantly larger B3+ ion
release, whereas longer preincubation time of 7 days resulted in sig-
nificant decrease in B>' ion concentrations for B12.5 scaffolds. For
B12.5-Mg-Sr scaffolds, no difference in ion release between different
preincubation times were observed. It has been reported that B con-
centrations above 0.65 mmol were shown to decrease the growth and
proliferation rate of bone marrow cells (BMSc) [53]. Similar results were
reported by Brown et al. where B concentrations of 1.5 mmol in the
culture medium inhibits cell proliferation [11]. In our study, the
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non-cumulative B concentration for B12.5 scaffolds were around 26 and
17 after 2 and 7 days of total preincubation time, respectively. The
non-cumulative B concentration for B12.5-Mg-Sr bulk scaffolds were
around 3.2 and 2.4 after 2 and 7 days of total preincubation time,
respectively. This could explain why B12.5 scaffolds were more cyto-
toxic compared to B12.5-Mg-Sr scaffolds.

Ca?" ion concentrations decreased with both glass composition
scaffolds, and concentrations were smaller than in control cell culture
media. Notably, for both preincubation times, B12.5 scaffolds produce
significantly smaller Ca2* ion concentrations. Longer preincubation
time of 7 days results in larger ion concentrations for B12.5 scaffolds.
Different preincubation times have no significant impact of Ca®* ion
release from B12.5-Mg-Sr scaffolds.

P% ion concentrations can be seen to decrease for B12.5-Mg-Sr and
increase B12.5 scaffolds, respectively. Longer preincubation time of 7
days resulted in decrease of P> ion release from B12.5 scaffolds, while
different preincubation times had no significant impact of P> ion release
from B12.5-Mg-Sr scaffolds.

ICP results indicate that Ca consumption is faster with cell cultures in
the presence of B12.5 scaffolds. Most probably, due to higher dissolution
rate of B12.5, culture medium could be oversaturated with Ca faster,
leading to faster precipitation of CaP compared to B12.5-Mg-Sr
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scaffolds. Moreover, content of Ca in B12.5 is significantly larger than in
B12.5-Mg-Sr glass composition. However, P seems to be consumed
slower with B12.5 than B12.5-Mg-Sr scaffolds. This could be due to P
release from B12.5 being significantly larger than simultaneous P
precipitation.

Since there is no Mg and Sr in B12.5 glass composition, their release
is observed only for B12.5-Mg-Sr glass composition. With B12.5 scaf-
folds, Mg content decreases after 24 h of cell culture and Sr release stays
at positive control level. This could be explained by precipitation of Mg
from culture medium together with Ca-P layer. Longer preincubation
time of B12.5-Mg-Sr and B12.5 scaffolds does not result in any signifi-
cant change compared to shorter preincubation time.

In the study by Gentlemen et al. Sr concentrations between 5 and
23 ppm resulted in Saos-2 osteoblast cells activity and inhibited osteo-
clasts differentiation [54]. In our study, non-cumulative Sr release from
12.5-Mg-Sr scaffolds, after 2 and 7 days of total preincubation time,
were significantly higher, around 78 ppm. Despite, that MC3T3-E1 cells
shown better viability and survival with B12.5-Mg-Sr compared to B12.5
bulk scaffolds, which can indicate that levels of Sr around 78 ppm are
not cytotoxic.

Overall, ion release from B12.5 and B12.5-Mg-Sr bulk scaffolds after
24 h cell culture with MC3T3-E1 corresponds with fluorescent micro-
scopy images. Addition of Mg and Sr results in slower dissolution rate of
B12.5-Mg-Sr glass as can be seen from B and Si release profiles. Pre-
cipitation of Ca and P into a probably HA-like layer indicates bioactivity
of these glass compositions. Longer preincubation time does not affect
ion release from B12.5-Mg-Sr scaffolds. However, it decreases Si4+, B3+
and P* ion release from B12.5, which could explain why longer pre-
incubation with B12.5 results in better cell survival. However, longer
preincubation did not affect cell survival with B12.5-Mg-Sr scaffolds.

3.2.3. Effect of scaffolds manufacturing method on cell survival and ion
release

Human ADSC were used to evaluate how different scaffolds
manufacturing methods affected the cell survival. These cells, show
greater translational potential which make them more clinically rele-
vant compared to animal derived cells. With murine MC3T3-E1 cells, it
was observed that all scaffolds made from B12.5-Mg-Sr glass composi-
tion seemed to provide better cell survival than B12.5 glass composition,
hence only the former composition was utilized in the following
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experiments.

The Fig. 17 shows fluorescent microscope images of viable and
necrotic cells after 1,3 and 7 days of culture with bulk, burn-off and 3D
printed B12.5-Mg-Sr scaffolds. Moreover, based on preincubation re-
sults, preincubation of 2 days in TRIS and 24 h in «MEM was used. The
cell density increased throughout the seven days of culturing, and there
was no significant difference between the studied scaffold types (burn-
off vs 3D printed). Scaffolds presence did not prevent the survival of the
cells around it (Fig. 17a-1). On all the scaffolds tops, there is comparable
number of alive cells (Fig. 17A-I). Only after 7 days of cell culture there
was significantly more cells on the top of the bulk, than on other scaf-
folds. Moreover, cell migration inside the 3D printed scaffolds could also
be observed. However, this was observed only beneath the top layer as
imaging along the z-axis was limited.

Despite 3D printed scaffolds higher porosity, surface area and ion
release concentrations, cell viability is comparable with positive control
and other scaffold types. This indicates that B12.5-Mg-Sr glass compo-
sition is a promising candidate for 3D printing scaffolds with inter-
connected porosity. However, this result should be further confirmed by
studying the proliferation of the cells more deeply.

Next, the ion concentrations in aMEM after cell culture were
analyzed using ICP-OES (Fig. 18). Si*" and B3" ion release concentra-
tions were increasing over course of cell culture (Fig. 18 a-b). Si** ion
concentrations were not significantly different between scaffold types
(Fig. 18a). 3D scaffolds produce higher B>* ion concentration compared
to bulk and burn-off scaffolds (Fig. 18b). These results indicate that 3D
printed scaffolds dissolve faster, most probably due to their higher
surface area connected with their high porosity.

It has been reported that B concentration of < 0.65 mmol in the
culture medium supports the proliferation and function of MLO-A5 cells
(H. [53]. However, extensive B release, in vitro, has been shown to result
in cells death [11]; H. [53]; Q. [12]. B concentrations above 0.65 mmol
were shown to decrease the growth and proliferation rate of bone
marrow cells (BMSc) (H. [53]. Similar results were reported by Brown
et al. where B concentrations of 1.5 mmol in the culture medium inhibits
cell proliferation [11]. In our study, the non-cumulative B concentration
at each timepoint was always below 8 mmol/L. Nevertheless, despite
potential cytotoxicity, B12.5-Mg-Sr scaffolds have been shown to sup-
port of hADSCs viability and proliferation.

Ca release was highest from 3D scaffolds and lowest from bulk
scaffolds (Fig. 18c). P> ion concentrations are decreasing linearly, with
lowest ion release from 3D scaffolds and highest ion release from bulk
scaffolds (Fig. 18d). Ca and P consumption indicate Ca-P reactive layer
deposition. Consumption was biggest for 3D printed scaffolds, most
probably due to their higher dissolution rate. This leads to faster over-
saturation of culture media with P* ions, and thus greater precipitation.
Moreover, low concentration of Ca between 2 and 4 mmol has been
shown to support osteoblast proliferation. Higher Ca concentration be-
tween 6 and 8 mmol has been shown to favor osteoblast differentiation
and mineralization. Whereas Ca concentrations higher than 10 mmol
were shown to be cytotoxic [55]. In our study, non-cumulative Ca
concentration for all scaffold types were between 1.8 and 2.6 mmol and
has also been shown to support hADSCs proliferation. Mg?" and Sr?* ion
release (Fig. 18e-f) was highest from 3D printed scaffolds and lowest
from bulk scaffolds.

Summarizing, 3D scaffolds release highest concentrations of B3*,
Ca?*, Mg and Sr*" ions probably due to their highest porosity and
surface area. However, these ion levels are low enough to provide cell
survival comparable with other less porous scaffolds.

4. Conclusions

Bioactive borosilicate glass scaffolds, made from B12.5 and B12.5-
Mg-Sr compositions, were successfully produced using heat sintering
of packed particles to produce a “bulk” scaffold, 3D printing and poro-
gen burn-off manufacturing methods. The consumption of P> and Ca**
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Fig. 17. Fluorescent images of hADSCs cells after 1,3 and 7 days of culture in aMEM culture medium. Images A-I show the top of bulk, burn-off and 3D printed
scaffolds. Images a-1 show the bottom of the wellplate. Viable (green) and necrotic (red) cells were stained with Calcein AM and Ethidium homodimer-1 respectively.
Part of the red lines are product of autofluorescence from scaffolds. Scale bar 100 um.

ions during immersion in SBF suggest the formation of a HA-like layer,
indicating scaffolds bioactivity. Moreover, the studied 3D printed, and
burn-off scaffolds met porosity and pore size requirements for favorable
for bone tissue engineering applications. Moreover, the 3D printed
scaffolds exhibited interconnected porosity, more homogenous pore
sizes, and overall better reproducibility.

Scaffolds made from B12.5-Mg-Sr glass composition dissolved in
TRIS and precipitated Ca and P in SBF in a slower way compared to
B12.5 scaffolds. This could be attributed to stabilizing effect of MgO and
SrO substitution for CaO on borate network. This had a significant effect
on MC3T3-E1 cell survival and proliferation. It was shown that only
B12.5-Mg-Sr glass composition supported cell survival. However,
toxicity of B12.5 scaffolds due to high ion release, in static cell culture,
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could be resolved using dynamic cell culture.

Furthermore, 3D printed and burn-off scaffolds, with higher porosity
compared to bulk scaffolds, exhibited faster dissolution in TRIS. These
are attributed to greater surface area resulting from higher porosity.
Most importantly, when hADSCs were cultured with B12.5-Mg-Sr bulk,
burn-off and 3D printed scaffolds, cells survival was comparable to
control cell culture without scaffolds. Thus, differences in dissolution
and precipitation rate between these scaffolds were not significant.
Moreover, migration of hADSCs beneath the top layer in the 3D printed
scaffolds was also observed.

Additionally, preincubation of scaffolds in TRIS and aMEM was
shown to be an effective way to decrease burst release of ions during cell
culture with cells. Total preincubation period of 3 days was chosen to be
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optimal.

3D printed scaffolds made from B12.5-Mg-Sr glass composition were
developed to be bioactive, with high interconnected porosity with good
pore size and optimal dissolution rate, allowing better hADSCs cell
survival. The B12.5-Mg-Sr 3D printed scaffolds met the requirements of
the structural properties and reproducibility. Based on these results, the
future research will be focused on 3D printed B12.5-Mg-Sr scaffolds. To
further improve the properties and functionality of these constructs,
they could be combined for example with a cellularized collagen gel to
produce a hybrid scaffold. Additionally, the ability of hADSCs to
differentiate towards osteogenic lineage when cultured with hybrid

18

scaffolds will be studied.
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