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Abstract

The pore geometry of bioactive glass scaffolds intended for use in bone repair or
replacement is one of the most important parameters that could determine the rate of bone
regeneration. The pore geometry would also affect the mechanical properties of the scaffolds and
their rate of degradation. Scaffolds with five different architectures, having ~50% porosity, were
fabricated with silicate (13-93) and borate (13-93B3) based bioactive glasses using a laser
sintering process. An established, late-osteoblasts/early-osteocytes cell line was used to perform
cell proliferation tests on the scaffolds. The results indicated that the cells proliferate
significantly more on the scaffolds which mimic the trabecular bone architecture compared to
traditional lattice structures.

1. Introduction

The discovery of Bioglass® by Prof. Hench in 1969 has led to active research interest in
the field of bioactive materials in the past four decades [1, 2]. The Bioglass® is a commercially
available bioactive glass containing mainly SiO,, Na,O, and CaO. Over the years, other
beneficial elements were added to the base ternary system and the weight percentage of the
elements has changed to develop new glasses which offer excellent bioactive characteristics
compared to glass-ceramics or ceramics [3]. 13-93 glass is a silicate based bioactive glass which
is FDA approved and has a relatively high SiO, content compared to 45S5 glass. Although the
rate of degradation slows down due to the higher SiO, content, 13-93 glass has been shown to
have superior mechanical properties, promote growth and differentiation of osteoblasts in vitro
and bone growth in vivo for repair of a critical size bone [4-6]. The molar concentration of SiO,
in 13-93 glass has also been replaced by B,Os in the 13-93B3 glass formulation. Borate based
glasses are chemically less durable than silicate based glasses, and therefore degrade at a faster
rate and allows faster bone formation [7]. Borate based bioactive glasses not only bond to the
surrounding hard tissue but are also known to bond with soft tissues [7]. Table 1 shows the
compositions of the borate based 13-93B3 bioactive glass versus the silicate based 13-93
bioactive glass. The original Bioglass® formulation by Prof. Hench, termed 45S5 glass, is also
presented for comparison.

Table 1. Compositions (in wt.%) of 13-93 and 13-93B3 glasses compared to 45S5 glass.

S|02 P205 CaO MgO Na,O K,0 BzOg
4685 45 6 245 - 245 - -
13-93 53 4 20 5 6 12 -
13-93B3 - 3.7 18.5 4.6 55 11.1 56.6
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Porosity, pore size, and pore geometry are some of the important aspects of a scaffold for
bone repair and they affect material degradation and mechanical properties. Although porosity
and pore size can be controlled using the extrusion based additive manufacturing (AM) processes
like the Freeze-form Extrusion Fabrication [8] and Robocasting [9-11] processes, these processes
provide very limited control over the pore geometry in fabricating porous parts because of the
layer-by-layer filament deposition in the fabrication process. In comparison, powder-bed based
AM techniques like the selective laser sintering (SLS) or selective laser melting (SLM) processes
provide flexibility in fabricating porous parts with complex pore geometries and lattice structures
as they do not require support structures during part fabrication, which allows for better control
of part geometry at a microstructural level (10’s of microns). In our previous work, we have
shown that 13-93 glass scaffolds fabricated by the SLS process provide good mechanical
properties and preferable surface morphology for cell proliferation [12, 13]. Our investigation on
the effects of pore geometry on the mechanical properties of the scaffolds, and their degradation
behavior when immersed in simulated body fluid, suggested that pore geometry significantly
affects the scaffold’s mechanical properties at lower porosities compared to at higher porosities
[14]. The technical literature contains only limited studies on the effect of pore geometry on cell
proliferation. Some of the studies indicate that the cells react to the local curvature of the pore
and the permeability of the implant in vivo [15, 16]. Additionally, more recent studies have
indicated that complex pore geometry for the scaffold aids in achieving good cell seeding
efficiency [17, 18]. Owverall, it is still unclear to the scientific community as to how pore
geometry affects tissue growth. Therefore, AM processes provide an opportunity to investigate
the effects of scaffold pore geometry in vitro.

In the current work, we investigated the effects of pore geometry in the bioactive glass
scaffolds on cell proliferation in a static cell culture. Scaffolds made with 13-93 glass and 13-
93B3 glasses were fabricated with ~50% porosity using five different pore geometries. The
fabricated scaffolds were seeded with bone cells and incubated at ~37°C for 2, 4, and 6 days
followed by MTT assays to quantify the metabolically active cells. Section 2 describes the
materials and methods used for this study. Section 3 presents and discusses the cell proliferation
results obtained for the 13-93 and 13-93B3 scaffolds.

2. Materials and Methods
2.1. Fabrication of scaffolds

13-93 and 13-93B3 bioactive glasses (prepared by Mo-Sci Corp., Rolla, MO) with an
average particle size of 12 pm (dso — 50% of the particles are less than 12 um) and dgo 0f 30 pum
were used in this research. Particle size distributions were obtained using a laser diffraction-
based particle size analyzer (S3500, Microtrac Inc., Largo, FL). The glass particles were mixed
with stearic acid as the sole binder (C1gH3602, grade HS, Acros Organics, Morris Plains, NJ) and
dry ball-milled for 8 hrs with ZrO, milling media to obtain the feedstock powder for the SLS
machine. A binder content of 15% by weight was used for this purpose as this quantity provides
the best possible results and is based on our previous study of SLS using 13-93 bioactive glass
[19]. The fabrication experiments were carried out on a commercial DTM Sinterstation 2000
machine. The effect of SLS parameters on fabricating scaffolds using stearic acid binder and
bioglass powder has been investigated in our previous work. The same set of parameters (laser
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power — 5 W, scan speed — 508 mm/s, scan spacing — 0.23 mm, layer thickness — 0.076 mm)
were adopted for the current study [19]. The fabricated green parts were post-processed in a
three-stage programmable air furnace (Vulcan Benchtop Furnace, York, PA). The following heat
treatment schedule was used for this study: de-binding at a heating rate of 0.1°C/min to 550°C;
heating rate increased to 1°C/min until a final sintering temperature of 570°C with a 1 hour hold
for 13-93B3 scaffolds (700°C and 1 hour hold for 13-93 scaffolds) and then the furnace was
turned off and allowed to cool naturally to room temperature. Optical microscopy was used to
measure the pore sizes and dimensions of the sintered scaffolds. Scaffolds measuring 1 cm x 1
cm and ~3 mm thick containing at least two rows of the lattice unit were used in the experiments
so that the effect of pore geometry could be investigated. The scaffolds were ultrasonically
cleaned in distilled water 3 times for 5 minutes each, followed by a similar cleaning procedure
using ethyl alcohol. 13-93B3 scaffolds were only cleaned with ethyl alcohol as they are known to
be highly reactive with water. The scaffolds were then dry-heat sterilized overnight at ~200°C
before using them for cell proliferation tests.

2.2. Cell proliferation tests

The established MLO-A5 line of mouse late-osteoblast, early-osteocyte cells was used as
a model for the in vitro tests to determine cell growth [20]. The cells were cultured in phenol red
free a-MEM medium supplemented with 5% fetal bovine serum and 5% new born calf serum
(Life Technologies, Grand Island, NY). Scaffolds were placed on a sterilized teflon sheet and
seeded with 80,000 MLO-A5 cells suspended in 40 pl of complete medium. After a 2 h
incubation to allow cell attachment, the scaffolds with attached cells were transferred to a 12-
well plate with 2 ml of complete medium per well and incubated at 37°C in a humidified
atmosphere of 5% CO,. The media was replaced every two days during the incubation period.
The cell-seeded scaffolds were placed in a medium containing the tetrazolium salt MTT (50 pg
per 250 pl of medium) for the last 4 h of incubation to permit visualization of metabolically
active cells. The samples were rinsed with phosphate buffered saline (PBS) at the conclusion of
the incubation period and blotted dry. The insoluble purple formazan, which is the product of
mitochondrial MTT metabolism, was then extracted from the scaffolds with 2.0 ml of ethyl
alcohol and measured at a wavelength of 570 nm using a spectrophotometer (Evolution 300 UV-
Vis, Thermo Scientific, Bannockburn, IL).

2.3. Statistical analysis

At least three samples in each set (2, 4, and 6 days) were used for cell proliferation tests,
and the absorbance data collected from the spectrophotometer is reported as mean = SD.
Analysis for differences in absorbance after the incubation period and among different
architectures was performed using one-way ANOVA with Tukey’s post hoc test. Differences
were considered significant for P < 0.05.
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3. Results and Discussion

3.1. Design and fabrication of 13-93 and 13-93B3 scaffolds

The CAD models of the repeatable units of the five architectures considered in this work
are shown in Figure 1(a). The first unit cube, termed as a “cubic” architecture, is modeled using
solid tubular structures which are perpendicular to each other and running in the x, y, and z
directions. The second unit cube is formed by subtracting a sphere from a solid cube and is
termed as a “spherical” pore architecture based on the geometry of the pore formed in the design.
The third unit cube is formed by diagonally joining the corners of a unit cube with tubular
structures and is termed the “X” architecture. These three architectures could be termed as
typical and frequently used designs in most of the AM techniques to manufacture scaffolds. The
fourth and fifth are “diamond” and “gyroid” architectures, which are based on the freeform
surface and try to mimic the trabecular architecture of bone. More about the scaffold
architectures, fabrication, and their mechanical properties can be found in our previous work
[14]. The fabricated scaffolds, after binder burnout and sintering, are shown in Figure 1(b) as
representative specimens from each of the five architectures in the same order as shown in
Figure 1(a). All the scaffolds shown in Figure 1(b) have a measured porosity of ~50%. The
scaffolds were cut to about ~3 mm thick such that at least two rows of repeatable unit cells
would be available to investigate the cell proliferation using the in vitro assessment.

Figure 1. (a) CAD models of the repeatable units of five architectures: (i) cubic, (ii) spherical,
(iii) X, (iv) diamond, and (v) gyroid; (b) 13-93B3 scaffolds with the five different architectures
after sintering.

3.2. Cell proliferation on 13-93 scaffolds

Figure 2(a) shows a schematic of the static cell seeding on the scaffolds and how they are
kept in a 12-well cell culture plate. At the time of cell seeding, all of the cell suspension volume
applied to the scaffolds adhered to the samples since no suspension was observed on the teflon
sheet after the scaffolds were aseptically transferred to the 12-well plate. Optical images of cell-
seeded scaffolds with the five different architectures, and incubated with MTT during the last 4
hours of incubation for intervals of 4 and 6 days, are shown in Figure 2(b). The relative intensity
of purple formazan staining on these scaffolds was found to increase with the duration of
incubation. This is an indication of metabolically active cells undergoing vigorous growth on the
scaffolds. The higher cell density (based on the purple color intensity) on the scaffolds with
gyroid and diamond architectures in comparison to the scaffolds with cubic, spherical and X
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architectures can be observed from the optical images of the scaffolds after 4 days of incubation.
The scaffolds with the diamond architecture were completely covered with metabolically active
cells after 6 days of incubation. To quantify the results, the measured absorbance of the amount
of formazan product of mitochondrial metabolism that was recovered from the cell-seeded
scaffolds labeled with MTT is plotted in Figure 3.

Flgure 2. (a) Schematic of the statlc cell seeding on the scaffold with at least two rows of
repeating units. The cell seeded scaffolds were later transferred to a 12-well cell culture
plate, (b) Optical images showing the MTT labeling of MLO-AS5 cells on the on the
scaffolds (L-R: cubic, spherical, X, gyroid and diamond) after cell culture intervals of 4
days (top row) and 6 days (bottom row).

il il After2Days M After4Days M After 6 Days
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*% p<0.005
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Cubic Spherical X Diamond Gyroid
Figure 3. The absorbance values representing the measurement of cell growth plotted for all the
scaffolds after 2, 4, and 6 days of incubation. Diamond and gyroid architectures show better
overall cell proliferation compared to the other architectures.

The absorbance values plotted in Figure 3 for different scaffolds after 2, 4, and 6 days of
incubation indicate the number of metabolically active cells on the scaffold, thereby directly
corresponding to the amount of cell proliferation. To understand the cell proliferation trends
from 2 to 4 days, it can be observed from Figure 3 that all the scaffolds provide significant cell
proliferation except the scaffold with the X architecture. Further, the diamond and gyroid
scaffolds show higher significance (p < 0.005) in comparison to the cubic and spherical
scaffolds. Whereas the cell proliferation from 4 to 6 days was significant for the gyroid and
diamond architecture scaffolds (p < 0.01), the increase in cell proliferation for the other scaffolds
was not significant. These results indicate that although the cubic and spherical scaffolds provide
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significant growth up to 4 days, the gyroid and diamond scaffolds provide significant growth up
to 6 days of incubation, and the scaffold designed with the X architecture provides the least
amount of cell growth. To interpret the results among the scaffolds with different architectures
based on their incubation period, no significant difference was noticed after 2 days of incubation
as the scaffolds have similar values of absorbance. However, the differences were observed after
4 and 6 days of incubation. After 4 days of incubation, the scaffolds having the diamond and
gyroid architectures offered significantly higher cell proliferation (p < 0.05) in comparison to the
X scaffolds. However, this difference was not significant in comparison to the cubic and
spherical scaffolds. After 6 days of incubation, the cell proliferation on the diamond and gyroid
scaffolds further improved in significance in comparison to the X scaffolds (from p < 0.05 after 4
days to p < 0.005 after 6 days). Also, the cell proliferation on the diamond scaffolds was
significantly higher than the cubic and spherical scaffolds (with no significant difference among
them after 4 days, changing to significant with p < 0.05 after 6 days).

3.2. Cell proliferation on 13-93B3 scaffolds

The average absorbance value of the formazan extracted after 2 days of incubation from
the 13-93B3 scaffolds was ~0.3 without any significant difference among the scaffolds with
different architectures. In comparison, the absorbance values representing the cell growth on 13-
93 scaffolds after 2 days was ~0.4 (Figure 3). The cell proliferation results on the 13-93B3
scaffolds indicate that the amount of formazan recovered from the scaffolds after 4 and 6 days of
incubation is decreasing, which is in sharp contrast to the result observed with the 13-93
scaffolds. Figure 4 shows the comparison of the absorbance values of the formazan product
recovered from 13-93 and 13-93B3 scaffolds. The absorbance values in almost all the cases after
4 and 6 days were measured to be ~0.2 or less, which is too low for the result to be significant.

0.9 1.2
4d
0.8 ays 6 days
1
0.7 -
g 0.6 - 0.8 -
£
H 0.5 - 0.6
S04 - = m13-93
<03 - 0.4 - 13-9383
0.2 - —
0.2 -
0.1 - —
0 - T T T T ] 0 - T T T T !
Cubic Spherical X Diamond Gyroid Cubic Spherical X Diamond Gyroid

Figure 4. Comparison of the absorbance values for 13-93 and 13-93B3 scaffolds after 4 and 6
days of incubation. The graphs indicate the reduced number of metabolically active cells on the
13-93B3 scaffolds compared to the 13-93 scaffolds.

The results of in vitro assessment of borate based glasses reported in the literature are
mixed. There have been some reports on the cytocompatibilty of the borate glass and the
osteogenic differentiation of the human mesenchymal stem cells [21]. There have been other
studies which reported a reduction in the absorbance value with an increase in the boron ion
concentration in the cell culture media [22]. The reduction of metabolically active cells after 4
and 6 days in our study (Figure 4) may be due to the fact that an increase in the boron ion
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concentration leads to an increase in the pH value of the culture media (pH — 9). Such an
environment could drastically affect the growth of cells. It should be noted that this result was
observed even after replacing the media every day for the 13-93B3 scaffolds in order to reduce
the likelihood of a change in pH. In comparison, the media for 13-93 scaffolds was replaced
every other day. Though the in vitro assessment of the 13-93B3 scaffolds showed poor cell
survival rates, because of the toxicity attributed to boron ion release and its concentration, the
results could be regarded as a false negative based on the in vivo assessment of the borate glasses
which has been shown to demonstrate markedly faster bone growth and healing, as reported in
the literature [7]. In fact, borate glasses have also been shown to even promote angiogenesis and
healing in difficult-to-treat soft tissue wounds in diabetic patients [7]. The investigation of the
effect of pore geometries in bone growth using the 13-93B3 scaffolds in vivo will be a subject of
our future work.

3.3. Effect of pore geometry on cell proliferation

Apart from the differences in the cell proliferation based on the material used to fabricate
the scaffolds, the surface roughness of the scaffold, which is a characteristic of the SLS process
and is irrespective of the geometry, could also affect the way cells proliferate on the scaffolds.
Our in vitro assessment results indicated that during the initial 2 days of incubation, the
difference in the amount of cell proliferation among the scaffolds with different pore geometries
did not exist and became significant only after 4 and 6 days. This could be due to the rough
surface of all of the scaffolds fabricated by the SLS process. Figure 5a shows a scanning electron
microscopy (SEM) image of a strut with rough edges due to the layer-by-layer fabrication
process. Another SEM image of the surface area surrounding a pore on the scaffold, irrespective
of the material and scaffold pore geometry, is shown in Figure 5b. This amount of surface
roughness could provide a favorable attachment surface for seeded cells on SLS-based scaffolds.
In fact, at the time of cell seeding, all of the cell suspension volume applied to the scaffolds
adhered to the samples and no suspension was observed on the teflon sheet after the scaffolds
were aseptically transferred to the 12-well plate (100% seeding efficiency). Therefore, during the
initial days of incubation, the cells would proliferate on the rough surface of the scaffold as
shown in the schematic in Figure 5c. This could be the reason for not having any significant
differences among the different architectures after seeding all the scaffolds with equal number of
cells and 100% seeding efficiency. The effects of pore geometry would start to prevail only after
the rough surface is covered by the cells, i.e., after 4 and 6 days.

= ey R

Figure 5. (a) The surface of the strut exhibiting layered fabrication in the SLS process, (b) a

typical surface of the SLS scaffold, (c) schematic showing the proliferation of cells on the rough
surface during the initial incubation period.
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The effect of pore geometry on tissue growth and the biochemical signals between cells,
as well as how the cells react to the radius of curvature of the scaffold, is still a subject of
investigation to the scientific community [15, 23, 24]. While some studies have reported that
tissue growth relates to curvature, other studies found no effect of curvature on tissue growth;
and most of the studies are speculative in nature. In order to comprehend the differences in cell
proliferation among the scaffolds in this study, the internal surface area per unit volume was
calculated for the scaffolds with different pore geometries, based on their CAD files, since a
higher surface area translates to more area for cells to proliferate on the surface. The value for
the X architecture (0.7 mm™) was much lower in comparison to the other architectures (1.4 for
cubic, 1.9 for gyroid, and 1.5 for spherical and diamond), and it reflects in the cell proliferation
results as the X scaffold offered no significant cell growth (Figure 3). However, the internal
surface area per volume alone does not explain the differences in the cell proliferation among the
scaffolds. Though the scaffolds with spherical and diamond architecture have the same value of
internal surface area per volume, the cell proliferation results are in sharp contrast in that the
cells seeded on the scaffolds with the diamond architecture proliferate significantly more in
comparison to the spherical scaffolds. Therefore, the perimeter of a unit cell is plotted with
respect to the thickness (height) of the unit cell to understand the changes in the surface area of a
unit cell rather than the overall value. Figure 6 shows the variation in the perimeter of the cross
section of a unit cell along the thickness, for all the five architectures. As the length of unit cell is
not uniform among the different architectures, the z height is divided by the unit cell length to
provide the z value, which varies from 0 to 1 corresponding to the start and finish of the unit cell
thickness. Similarly, the perimeter values are also converted to ratios based on the maximum
perimeter value for the corresponding unit cell. The curvature of the internal surface could be
understood from the variation of the perimeter of the unit cell for different architectures. Among
all the scaffolds, the perimeter profile of the diamond architecture resembles a trigonometrical
function (sine/cosine) with more frequent changes in sign (positive to negative and vice versa) to
the slope of the curve whereas the changes to the slope of the curve are not drastic for the
spherical architecture. Such frequent and drastic changes to the slope of the perimeter profile
suggest a larger curvature to the unit cell, which offers a higher cell proliferation as observed
from our results (Figure 3). A relatively slow change in slope or a constant slope of the perimeter
profile would suggest small or no curvature which appears to be less beneficial for cell
proliferation, especially in a static cell culture condition where the nutrient flow is limited and
the only external stimulus for the cells to proliferate could be the curvature. In the case of
diamond and gyroid architectures, a larger surface area, together with a larger surface curvature,
might allow for better cell proliferation in the static cell culture conditions. Therefore, it can be
stated that a preferable porous scaffold for tissue engineering applications should provide the
necessary surface roughness for the initial cell attachment, and a larger surface area and surface
curvature for improved cell proliferation.
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Figure 6. The variation of the perimeter through the length of the unit cell.

4. Conclusions

The in vitro assessment in this study indicates that bioactive glass scaffolds fabricated by
the selective laser sintering process provides the necessary surface roughness for the initial phase
of incubation for cell attachment. The cell proliferation study shows the effectiveness of SLS
produced, gyroid and diamond architectures in providing sustained cell proliferation for 6 days
of incubation compared to other scaffold architectures (cubic, spherical, and X architectures)
which did not provide significant cell growth after 4 days of incubation. Our experimental results
and analysis indicate that a larger surface area per unit volume of the scaffold, combined with a
larger surface curvature, allows for improved cell proliferation in vitro for the scaffold
architecture.
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