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Critical size bone defects are regularly treated by auto- and allograft transplantation.
However, such treatments require to harvest bone from patient donor sites, with often
limited tissue availability or risk of donor site morbidity. Not requiring bone donation,
three-dimensionally (3D) printed implants and biomaterial-based tissue engineering (TE)
strategies promise to be the next generation therapies for bone regeneration. We present
here polylactic acid (PLA)-bioactive glass (BG) composite scaffolds manufactured by
fused deposition modeling (FDM), involving the fabrication of PLA-BG composite
filaments which are used to 3D print controlled open-porous and osteoinductive
scaffolds. We demonstrated the printability of PLA-BG filaments as well as the bioactivity
and cytocompatibility of PLA-BG scaffolds using pre-osteoblast MC3T3E1 cells. Gene
expression analyses indicated the beneficial impact of BG inclusions in FDM scaffolds
regarding osteoinduction, as BG inclusions lead to increased osteogenic differentiation
of human adipose-derived stem cells in comparison to pristine PLA. Our findings
confirm that FDM is a convenient additive manufacturing technology to develop PLA-BG
composite scaffolds suitable for bone tissue engineering.

Keywords: 3D printing, fused deposition modeling, 3D printing filaments, bioactive glass, polymer ceramic
composites, bone tissue engineering

INTRODUCTION

Bone is known for its self-healing abilities (Bose et al., 2013). The healing of bone fractures is a
remarkable repairing process, resulting in the complete reconstruction of the tissue achieving its
original form and functionality (Kumar and Narayan, 2014). Bone healing is a well-orchestrated
process and for most minor fractures a mechanical fixation of the damaged bone region is sufficient
for successful convalescence. However, if a defect reaches a critical size (~>2.5cm (Schemitsch,
2017; Nauth et al., 2018), depending on the surgical case), the endogenous regenerative capacity of
bone tissue is insufficient for self-repair (Mothersill et al., 1991). Critical size bone defects caused by
diseases such as osteogenesis imperfecta, osteoarthritis, osteomyelitis, osteoporosis, or conditions
related to infection or induced by wear, still remain key challenges to be addressed in clinical
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PLA-Bioactive Glass Scaffolds by Fused-Deposition-Modeling

FIGURE 1 | PLA-45S5 BG filaments for fused deposition modeling. (A) Schematic diagram depicting the process pipeline to fabricate PLA-BG FDM printed scaffolds
with (i) mixing of the raw materials PLA and 45S5 BG, (i) filament production using a polymer extruder with an image of the final extruded and spooled 4555 BG
containing PLA filaments and (i) FDM 3D printing by feeding the prior produced filaments into a FDM printer. (B) Light microscopy images of the final BG-laden PLA
filaments of 0, 1, 2.5, 5, and 10% (wt) 45S5 BG content. An increase in turbidity with increasing BG content is observed. Scale bars: 500 pm. (C) SEM Micrograph of
the filament cross section with 4555 BG (dsp = 4 & 1 wm) particles homogeneously distributed inside the bulk PLA matrix. Scale bars: 500 wm (left), 15 um (right). (D)
Filament diameter monitored during filament extrusion illustrating the yield of filament as a function of the time required until a near constant filament diameter of d =
2.85mm was extruded. It is visible that with increasing BG content, the time required to extrude filaments of a constant diameter increases. (E) Diameter of final
filaments utilized for FDM printing (mean + SD, n = 6; ***p < 0.0001 significant difference of mean diameter compared to pure PLA filaments determined by one-way
ANOVA). (F) Tensile testing of the resulting PLA-45S5 BG filaments. Representative stress strain curves depicting the characteristic stress strain behavior of the
resulting filaments with a decrease in ultimate tensile strength and elongation at break with increasing BG content.

is available in the Supplementary Materials to this article
as an open source ready-to-print *.stl file). The mechanical
properties of the BG containing PLA filaments were assessed
via tensile testing. It was found that with BG contents
exceeding 1% (wt), tensile strength and toughness decreased
(Figure 1F), which is most likely associated to insufficient BG
bonding to the PLA matrix, observed in SEM cross sections
(Figure 1C).

Printability of PLA-BG Filaments

To assess the printability of PLA, PLA-1% BG, PLA-2.5%
BG, PLA-5% BG, and PLA-10% BG filaments via FDM,
resolution trees were fabricated from CAD models using
the different filaments (Figure2A). In light microscopy
images, an increasing turbidity of the printed structures,
indicative of the higher loading of BG particles, was observed
(Figure 2A). PLA filaments provided by the 3D printer supplier
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comparing the different groups with p < 0.05 by one-way ANOVA test.

FIGURE 2 | Printability assessment of PLA-BG filaments. (A) CAD model (left) and light microscopy images (right) of the FDM printed BG-laden PLA filaments into
meandering structures. Scale bars: 2000 um (top row), 500 um (mid row), 200 um (bottom row). The light microscopy images indicate strut merging and increase in
turbidity with increasing BG content. (B) Strut diameter achieved of 3D printed PLA-BG filaments with increasing BG content of 0, 1, 2.5, 5, and 10% (wt) BG in PLA,
using a diameter = 400 wm FDM nozzle (n = 7, mean + SD). (C) The distance between struts before strut merging occurred processing PLA-BG filaments. Strut
distance before merging indicated the highest resolution possible between two struts for each material (n = 6, mean + SD). NS indicates no significant difference
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(Ultimaker) served as commercial PLA printing control.
We found that the strut diameter of 3D printed resolution
trees of all processed filaments was around 625 + 68um
without statistically significant differences between the groups
(Figure 2B). Assessing the most narrow distance between
struts that could be printed before strut merging occurred, the
fabricated filaments in this study showed a maximal printing
resolution of 163 =+ 27 pum, with no significant difference
between PLA-BG filaments of pristine PLA, 1, 2.5, and 5%
BG loading (Figure 2C). Printing the commercially available
PLA reference filament allowed a resolution of 108 + 25um
strut distance.

Scaffold Fabrication From PLA-BG

Filaments

Open-porous three-dimensional structures were designed
to produce biomaterial scaffolds from PLA-BG filaments
(Figure 3A). It was possible to produce open porous scaffolds
of height h = 12mm, diameter d = 10 mm using all fabricated
filaments in this study (Figure 3B). Light microscopy images
indicated deviations from ideally rectangular pore geometries
(Figure 3B, left, pristine PLA) when printing BG containing
PLA filaments (Figure 3B). Figure 3C shows a top view light
microscopy image of a 3D printed PLA-BG scaffold. The
increase in turbidity with increasing BG content is visible, as
well as material lumps deposited and defects introduced when
fabricating higher BG content PLA-BG scaffolds from PLA-5%
BG and PLA-10% BG filaments (Supplementary Figure 3). The
strut diameter of the printed scaffolds varied negligibly from the
theoretical strut diameter of 400 wm given by the 3D printers
extrusion nozzle (Figure3D). However, with increasing BG

content, the variation in strut diameter increased, indicated
by increasing standard deviation (SD) (Figure 3D). The mean
strut diameter did not significantly change in comparison to
0% BG PLA scaffolds. Comparing to the CAD designed pore
diameter (750 wm), the pore size of the top of the scaffolds
prepared from PLA-BG did not significantly change except
for PLA-2.5% BG scaffolds (Figure 3E). It was observed that
with 5 and 10% BG containing PLA filaments, the SD of
pore size increased, however not significantly altering the
mean pore size. Regarding pore size assessed from the scaffold
top, a reduction in pore size was observed with increasing
BG content (Figure 3F). Figure 3G depicts the deviation of
the pore size area in comparison to the theoretical pore size
area designed in CAD (0.5625 mm?). With increasing BG
content in PLA-BG filaments, an increase in the deviation
from the theoretical pore size was observed (Figure 3G),
with significant deviation from the theoretical pore area
for 2.5, 5, and 10% (wt) BG containing PLA-BG filaments
(**p < 0.01). It was possible to predict and tailor the pore
size based on the CAD model for PLA-BG filaments with
low BG content (PLA-1% BG). In an attempt to assess the
capacity to print more complex geometries, structures like e.g.,
an upscaled pCT derived model from a mouse femur, was
successfully printed (Figure3H) from PLA-1% BG filaments.
wCT images derived from reconstructed tomograms of PLA-
1% BG scaffolds confirmed the interconnected porosity of
the PLA-BG scaffolds (Figure 31, Supplementary Video 1).
White arrows depicting areas of higher x-ray absorbance in the
images indicate the presence and homogeneous distribution
of bioactive glass particles in the 3D printed scaffolds due to
higher x-ray absorbance in comparison to bulk PLA (Figure 31,
Supplementary Video 2).
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FIGURE 3 | 3D printed PLA-45S5 BG scaffolds. (A) CAD render of the aimed design for PLA-BG scaffolds with a pore size of width = 750 um. (B) FDM 3D printed
PLA-BG scaffolds from prior produced filaments. From left to right: PLA-0% (wt) BG, PLA-1%(wt) BG, PLA-2.5% (wt) BG, PLA-5% (wt) BG, and PLA-10% (wt) BG
4585. Light microscopy images display the scaffold sides (bottom). Scale bars: 500 wm. (C) Top view light microscopy image of a PLA-BG scaffold. Scale bar: 2 mm.
(D-G) Printability assessment and porosity analysis of PLA-BG scaffolds compared to Ultimaker PLA reference filaments depicting (D) strut diameter, (E) porosity at
the side and top (F) of the scaffolds, as well as (G) the deviation of pore area from the theoretical pore area calculated from the CAD model as a measure of printing
accuracy. **p < 0.01, ***p < 0.0001 indicate statistical significant difference of means in comparison to 3D printed 0% BG PLA by one-way ANOVA or Welch'’s t-test
in pairwise comparisons of scaffold side pore diameter. (H) Print of a complex shaped CAD model based on an upscaled MRI scan of a mouse femur. (I) nCT image

of 3D printed PLA-1% BG scaffold showing the interconnected porosity and indicating even distribution of BG in the scaffolds (white arrows).

Mechanical Properties of PLA-BG
Scaffolds

Figure 4A depicts representative images of scaffolds after
compression tests, namely for PLA-1% BG and PLA-10% BG
scaffolds. Differences in failure behavior from buckling (PLA-
1% BG, Supplementary Video 3) to brittle fracture (PLA-10%
BG) were observed (Figure4A). Stress-strain diagrams show
the decrease of work-of-fracture with increasing BG content in
correspondence to those observations (Figure 4B). A multiple-
stage failure process (black arrows) with regions of decreasing
and increasing stress is visible for PLA-0% BG and PLA-1%
BG scaffolds (Figure 4B), related to buckling and incremental

failure of single struts observed during testing. For example, the
compressive strength of PLA-BG scaffolds decreased from 18 +
10 MPa (PLA) to 12 + 4 MPa (*p < 0.05; PLA-1% BG) and 3 2
MPa (***p < 0.0001; PLA-5% BG) with increasing BG content.
We found a significant decrease in stiffness of BG-laden PLA
scaffolds exceeding 1% (wt) BG (Figure 4C), with no significant
difference in elastic modulus between pristine PLA (0% BG) and
1% (wt) PLA-BG scaffolds. A summary of the values of the 3D
printed PLA-BG scaffolds can be found in Table 1. The elastic
properties of PLA scaffolds loaded with 0-2.5% (wt) BG showed
mechanical properties similar to the range of cancellous bone of
human proximal tibias (Hvid et al., 1983; Rho et al., 1993).
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FIGURE 4 | Mechanical properties of 3D printed PLA-45S5 BG scaffolds. (A) Macroscopic images illustrating different failure modes of 1 and 10% (wt) BG loaded
PLA-BG scaffolds indicating buckling and brittle failure, respectively. (B) Qualitative stress strain diagram from compression tests of PLA-O, 1, 2.5, 5, and 10%-BG
laden 3D printed scaffolds. A loss in scaffold toughness with increasing BG content is visible. The consecutive failure of different layers inside the scaffolds during

compression testing is indicated by stress hills (black arrow) inside the diagram after initial failure of a scaffold layer. (C) Compression strength and modulus of
elasticity of 3D printed PLA-BG scaffolds with increasing BG content (n = 6). Data is shown as mean + SD. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate
statistical significant differences of means in comparison to 3D printed pristine PLA scaffolds by one-way ANOVA or Welch’s t-test pairwise comparisons.

TABLE 1 | Mechanical properties of PLA-BG scaffolds.

Sample Elastic modulus (GPa) Compressive strength
(MPa)

0BG 0.6 18 +£ 10

1BG 0.7 £ 0.1 12+4

2.5BG 0.5+ 0.1 9+5

5BG 0.5+0.1 3+2

10 BG 0.3+£0.1 141

Cortical Bone 18 GPa—30 (Rho et al., 100-203 (Mohamed and

1993; Mohamed and
Shamaz, 2014)

0.5-1.5 (Hvid et al., 1983);
13-20 (Ashman and Rho,
1988; Oftadeh et al., 2014)

Shamaz, 2014)

Trabecular Bone 2-12 (Hvid et al., 1983; Rahl
etal., 1991; Mohamed and

Shamaz, 2014)

Bioactivity of FDM Printed PLA-BG

Filaments

Figure 5A depicts the formation of a white layer on the surface
of PLA-1% BG rectangular plates after 28 days of incubation
in SBF. SEM micrographs (Figures 5B,C) in combination with
SEM-EDX analysis (Figure 5D) confirmed the formation of a
calcium-phosphate layer with cauliflower-like structures visible
after 14 days of incubation in SBF (Figure 5C). X-ray diffraction
analysis indicated the formation of a crystalline layer for all PLA
compositions incorporating BG after 28 days of SBF incubation
(Figure 5E). Diffraction peaks at ~26, 32, and 40° 20 were
observed after incubation in SBF. Notably, diffraction peaks
indicating layer crystallinity were observed after 14 days of SBF
incubation for the highest BG incorporating (10% (wt)) PLA-
BG composition (Supplementary Figure 4). FTIR absorbance
spectra of PLA-BG plates after 0, 7, and 28 days of incubation
in SBF (Figure 5F) showed the formation of absorbance peaks
at ~1,013, 600, and 555 cm ™!, initially for PLA-10% BG after 7
days of incubation in SBE, eventually occurring for all PLA-BG
compositions after 28 days of incubation in SBF (Figure 5F).

Cytocompatibility of PLA-BG Scaffolds

Figures 6A,B show macroscopic images of 3D printed PLA-BG
disks exhibiting a patterned surface for initial cytocompatibility
assessment. Cell culture disks with increasing BG content showed
similar increase in turbidity, analog to the observation made
for the filaments (Supplementary Figure 5). The high quality of
the produced scaffolds is to be expected when using additive
manufacturing with strut distances of about 150 pm and strut
diameter of 250 pm (Figure 6C). The hydrophobicity (water
contact angle, Figure 6D) of the PLA surfaces did not change by
adding BG, while only the pH value increased with the amount
of BG over 24h at 37°C (Figure 6E). In fact, the pH increase
was dependent on BG content and changed over time, suggesting
BG release (Supplementary Figure 6). The initial in vitro
cytocompatibility studies of the different 2D surfaces performed
via WST-8 assay showed no significant difference in viability with
an increase of BG content (Figure 6H). Fluorescence microscopy
images with Calcein AM (green) and propidium iodide (red)
stainings show that the cells can be guided by the structures
(Figures 6F,G). MC3T3-E1 cells expressed long, elongated and
fibroblastic morphology after 24 h of incubation with PLA, which
can be seen in Figure 6G. Fluorescence microscopy images of
Calcein AM/DAPI (blue) stained MC3T3E1 cells on 3D printed
PLA-BG scaffolds with 0, 1, 2.5, 5, and 10% BG are shown
in Figure 7. Translating the results from 2D to 3D reveals no
negative change in cell behavior, the MC3T3-E1 cells can grow
well on all scaffold surfaces and the viability (indirect assay) is
not dependent on the degree of filling of the polymer with BG
(Figure 7).

Gene Expression of Human ASCs on FDM
Printed PLA-BG Scaffolds

Since the most promising results regarding mechanical strength
and printability were gained for PLA-1% BG scaffolds, osteogenic
cell differentiation with and without osteo-induction stimulants
was performed (Figure 8). The relative expression of ALP,
RUNX2 as osteoblast markers, Coll, Osteocalcein as ECM
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FIGURE 5 | Bioactivity assessment of PLA-BG materials. (A) Light microscopy images of 3D printed PLA-1% BG squares before (left) and after (right) incubation in
simulated body fluid for 28 days. The precipitation of a white layer is apparent on the material surface. Scale bar = 2 mm. (B) SEM micrograph showing the formation
of a solid layer with cauliflower-like structures present, indicating the formation of a ceramic hydroxy-carbonated apatite (HCA)-like layer. Scale bar: 20 um. (C) SEM
image of cauliflower like structure on PLA-BG after 14 days of incubation in SBF. Scale bar: 250 nm. (D) Energy dispersive x-ray spectrum of PLA-10% BG scaffolds
incubated for 14 days in SBF, indicating the formation of phosphorus, calcium and oxygen species on the formed layer. Scale bar: 5 um. (E) X-ray diffraction spectrum
of the material surfaces of PLA-BG incubated for 28 days in SBF indicating the formation of crystalline species on the surface. (F) Fourier-transformed infrared
spectroscopy analysis of PLA-O, 1, 2.5, 5, and 10% (wt) BG squares after 0, 7, and 28 days of incubation in SBF. The formation of new peaks indicative for
carbonates and phosphates is shown over SBF incubation time.

expression markers, as well as VEGF as an angiogenesis marker ~ detected on the BG-containing samples compared to the pure
in human ASC, cultured for 35 days, was detected. While it ~ PLA scaffolds (Figure 8B). Cell growth inside the scaffolds
was not possible to increase the osteoblastic differentiation in  after 35 days cultured in non-osteogenic (top) and osteogenic
the pure PLA samples in comparison to the BG containing  (bottom) medium is shown in Figure 8C. The white arrow
samples, an increased expression of the ECM markers was indicates higher cell growth observed inside scaffold pores
shown (Figure8A). BG also induced a significantly higher = for human ASC cultured in non-osteogenic medium in
VEGF RNA-value. When osteoinduction stimulants were added, =~ comparison to +OS scaffolds, indicative of a higher proliferation
marked osteoblastic differentiation with increased ECM was  on—OS scaffolds.
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FIGURE 6 | 2D in vitro cytocompatibility assessment of FDM 3D printed PLA-BG disks. (A) Macroscopic image of a 3D printed PLA-BG disk used for initial

cytocompatibility assessment. Light microscopy image illustrates the patterned surface of the FDM 3D printed PLA-BG disk. Scale bar: 2 mm. (B) Representative light
microscopy image of the grit-like strut-by-strut surface structure of the cell-culture disk. Scale bar: 200 wm. (C) Corresponding quantification of distance between two
struts and strut diameter. (D) Water contact angle as a measure of wettability of PLA-BG disks (n = 6). Data presented as mean =+ SD. (E) Development of pH value of
cell culture medium incubated with 3D printed PLA-BG disk of O, 1, 2.5, 5, and 10% (wt) BG content over 24 h at 37°C, measured at 21°C. No significant increase in
pH (NS) except for 10% (wt) BG-laden PLA disks was observed (n = 6). Data presented as mean + SD. *p < 0.01 compared to untreated cell culture medium by
one-way ANOVA. (F) Fluorescence microscopy images of Calcein AM (green) and propidium iodide (red) stained MC3T3ET1 cells after 24 h of incubation on PLA-BG
disk and polystyrene reference substrates depicting LIVE/DEAD cells, respectively. Scale bars: 200 um. (G) Cell orientation was present on PLA-BG disks (dashed
white line) in comparison to PS cell culture well plates. Scale bar: 200 um (both images). (H) Corresponding indirect viability WST-8 assay data with no significant (NS)

difference in viability detected among the substrates.

DISCUSSION

In this study, we demonstrated the fabrication of PLA-BG
3D printing filaments for FDM, followed by presenting the
scaffold fabrication using such composite filaments, and the
characterization as well as in vitro assessment of the new
materials. Wu et al. (2020) recently reported a feasibility study on

producing PLA-HA scaffolds by FDM. Estrada et al. (2017) had
previously shown the fabrication of PLA-BG by FDM, however
the bioactivity of scaffolds was the main focus of the study
(Estrada et al,, 2017). In the present work, we demonstrate
the characterization and screening of filaments with different
BG contents, giving an insight into the production process and
printability, the fabrication of open porous PLA-BG scaffolds
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FIGURE 7 | MC3T3E1 pre-osteoblast cells cultured on 3D printed PLA-BG substrates for 24 h. (A) Fluorescence microscopy images of Calcein AM (green)/DAPI
(blue) stained MC3T3E1 on 3D printed PLA-BG scaffolds with O, 1, 2.5, 5, and 10% BG, respectively. Scale bars: 200 pm, 100 wm (insert, bottom right). (B) Indirect
cell viability WST-8 test of MC3T3ET cells on different substrates (n = 6), with no significant difference (NS) detected in WST conversion among the different groups.
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FIGURE 8 | Gene expression study of human ASC on PLA-1% BG scaffolds. Relative gene expression of Col1, VEGF, BGP, RUNX2, and ALP in human ASC cultured
for 35 days on 3D printed 1% BG containing PLA scaffolds normalized to PLA scaffolds in (A) nonosteogenic and (B) osteogenic differentiation medium. Data is
reported as mean + s.e.m (n = 4). ANOVA with post-hoc Tukey -HSD test; *p < 0.05. (C) Light microscopy images of ASC after 35 days cultured in non-osteogenic
(top) and osteogenic (bottom) medium. The white arrow indicates higher cell growth observed inside scaffold pores for ASC cultured in nonosteogenic medium in
comparison to +0S scaffolds, indicative for higher proliferation on -OS scaffolds. Scale bars: 200 wm, 100 um (insert, top right).
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from such filaments, and the control over scaffold porosity via
CAD. In addition, We characterized the scaffold bioactivity,
mechanical properties, and investigated the cytocompatibility by
cell biology and gene expression studies. Gene expression results
of human adipose-derived stem cells revealed the osteoinductive
properties of FDM printed PLA-1% BG in comparison to pristine
PLA. Our work provides cytocompatible and osteoinductive
PLA-BG filaments that can be used in FDM to develop bioactive
scaffolds for bone TE. Furthermore, FDM allows the high
throughput printing of scaffolds (Supplementary Figure 8) by
achieving a storable intermediate filament material which is fed
in a FDM printer, which may be advantageous in comparison
to solvent based approaches to fabricate PLA-BG scaffolds.
The PLA-BG filaments in this study showed brittle fracture
and a decrease of filament toughness and tensile strength
with increasing BG content (Figure 1F). Those findings suggest
the presence of a non-optimal interface bonding between BG
particles and the bulk PLA. SEM images of filament cross sections
(Figure 1C) reveal dark areas around the BG particles inside
the PLA matrix, which indicates no strong bonding between the
PLA bulk and the BG particles. This is in accordance with the
hypothesis of improper interface adhesion. As a result, regardless
of increasing BG content, strengthening of the PLA-BG scaffolds
was not observed (Figure 4C), as it would be expected from
composite theory of ceramic-laden polymer scaffolds with
optimal interface bonding (Gerhard and Boccaccini, 2010).
Instead, a decrease in stiffness and compressive strength was
observed with increasing BG loading [>2.5% (wt)] (Figure 4C).
Drummer et al. (2012) assessed PLA-BTCP FDM printed tensile
specimens, showing no notable increase in elastic modulus with
increasing BPTCP content. Contrarily, a tendency of decreased
stress at break when increasing BTCP filler content was observed,
comparing specimens processed at the same temperature
(Drummer et al.,, 2012). The group used BTCP particles with
a diameter of 5.0 & 1.0 um (Drummer et al., 2012), similar
to the dsp (4.0 £ 1.0 um) of 45S5 BG particles in the present
study. We observed a similarly decreased tensile stress at break
when increasing the filler content. It has been reported that the
combination of hydrophobic bulk polymer and hydrophilic fillers
leads to improper interface bonding, as observed in our study
(Goda et al., 2013). Further work could focus on different surface
modifications like particle roughness, size, and chemistry as well
as bulk polymer chemistry to achieve an increased polymer/filler
interface binding (Boccaccini et al., 2002, 2010; Goda et al.,
2013). The properties of interface bonding might be assessed via
AFM to get further insight of successful interface engineering
(Goda et al.,, 2013). Barbeck et al. (2017) and Serra et al. (2013)
recorded higher compressive strength of printed samples made
from PLA/PEG/calcium-phosphate glasses via direct, solvent
based printing when adding glass particles. Serra et al. reported
compressive strength values of 9.11 £ 1.19 MPa (Serra et al,
2013) for PLA-5%PEG scaffolds, a value much higher than the
one measured on the pure PLA scaffolds in the present study.
It has to be noted that the manufacturing methods used in the
previous studies (Serra et al., 2013; Barbeck et al., 2017) were
direct printing processes, not having an intermediate step of FDM
filament production. Second, glass filler contents of up to 50%

were used, five times higher than the highest concentration of
BG assessed in the current study. The differences in mechanical
performance in comparison to our study could be caused by the
different pore sizes and scaffold designs, as well as differences
in the PLA material initially used. In combination, PEG could
cause improved particle-to-bulk bonding due to its higher
hydrophilicity [water content angle ~44° (Pan et al, 2015)]
in comparison to PLA (~75°, Figure 6D), which could allow
better interface adhesion to BG. Eqtesadi et al. infiltrated 3D
printed BG scaffolds with PLA or PCL, which improved the
toughness and strength of the scaffolds (Eqtesadi et al., 2014,
2016a,b). Serra et al. showed the reduction of hydrophobicity
by PEG addition to PLA (Serra et al., 2013). The pore sizes in
Serra et al.’s study were much smaller (375 £ 25 pum between
struts) in comparison to the pore size in our work. Alongside
with the different scaffold design, the change in porosity could
lead to a better stress distribution in comparison to the scaffolds
fabricated in our study. Drummer et al. (2012) highlighted the
influence of specimen size used for mechanical characterization
of FDM parts, observing that larger samples resulted in higher
stiffness of the assessed material due to (i) the ability to print more
homogenous specimens, being less susceptible to incorporate
structural inhomogeneities and defects, and (ii) a reduced
influence of the specimen surface roughness on the tensile testing
in comparison to smaller specimens (Drummer et al.,, 2012).
As a result, a combination of manufacturing related defects
and potential improper binding at the BG-PLA interface might
have led to the decrease in stiffness and strength of the present
scaffolds, leaving room for improvement. It was intentional by
the authors to choose specimens for tensile and compression
testing similar to scaffolds used for in vitro characterization.
However, a comparison of different blends of polymer and BG
particles utilizing ISO tensile specimens may be a valid approach
to assess polymer-filler material interaction, as demonstrated by
Drummer et al. (2012). Strut diameters of around 625 um were
achieved with a D = 400 pwm nozzle. We found that the first layer
deposited on the glass plate tended to have a higher strut diameter
(d = 635 pm) due to PLA wetting on the glass. This effect is
not present when the polymer is deposited on existing struts
(Figure 6C, cell culture disk, strut diameter ~275um). Strut
diameters could be tuned by using different printing nozzles,
e.g., D = 200 pm. The highest resolution of pure PLA and PLA-
BG composites were strut distances of 163 £ 27 pm (Ultimaker
PLA control: 108 &+ 25um). Both materials feature similar SD
(~25 pum), which can be attributed to the FDM printer. Thus,
PLA and PLA-BG composites showed no statistically significant
difference in printability. Pores of ~165um were achieved by
Barbeck et al. using PLA-bioactive glass and PEG (Barbeck et al.,
2017). The resolution achieved here, with the advantage of using
a solvent-free approach, is comparable to PLA-BG structures
obtained by direct printing reported in literature (Barbeck et al.,
2017). We observed increasing SD of strut diameter and pore size
with increasing BG content. This can be an indicator of a loss
in printing accuracy, producing lumps and defects. One reason
for this behavior can be the higher variation in filament diameter
during production (Figure 1D), which may lead to defects during
scaffold manufacturing in FDM. Serra et al. (2013) demonstrated
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direct printing of PLA combined with PEG and 50 wt% BG
particles (44.5P,05-44.5Ca;0-6Na,0-5Ti0, mol, d < 40 pum,
G5; Serra et al, 2013), independent of any filament quality.
However, such direct printing approaches may require prior
adjustment of polymer viscosity using solvents or plasticizers
to allow 3D printing (Serra et al., 2013; Barbeck et al., 2017).
Diomede et al. (2018) produced PLA scaffolds using filaments by
FDM. They reported a pore size deviation of 24.1% (Diomede
et al., 2018), comparable to pore size deviation of 0 and 1% BG-
PLA scaffolds in our study. The study by Estrada et al. (2017),
which is the closest to our work, cannot be compared regarding
printability, as no similar data was reported. FTIR analyses at
day 0 (Figure 5F, left) for PLA-BG depict absorbance peaks at
1,746 cm™! [v(C=0)], 1,361 cm™! [v(CH-CH3)], 1,452 cm™!
[v(CH3)], and 1,080, 1,180 cm™! [v(C-O-C)], characteristic for
PLA (Yuniarto et al., 2016). No characteristic peaks of BG were
present. However, SEM images showing BG incorporated in PLA
and positive bioactivity results indicate that BG particles are
incorporated and surrounded by the bulk PLA matrix, which
were not detectable by FTIR surface analysis. PLA-10% BG was
the only composition showing silica peaks in EDX indicating
BG on its surface. The result supports the hypothesis that BG
was mostly surrounded by the PLA polymer when embedded in
the polymer matrix by processing through filament making/3D
printing, leaving BG particles undetectable for EDX surface
analysis. However, for the highest BG composition (PLA-10%
BG), a sufficient amount of BG particles was added to the matrix
so that it was possible to detect BG by EDX. X-ray diffraction
peaks at ~26, 32, and 40° 20 after incubation of PLA-BG in
SBEF for 28 days suggest (002), (211), and (310) lattice diffraction
of hydroxyapatite (HAP) (Takemoto et al., 2004; Meena et al.,
2012; Shahabi et al., 2014). FTIR analysis shows stretching
vibrations at 1,417 cm ™!, indicative of carbonate, and phosphate
peaks [v(PO), v(CO)] at 555, 600, and 1,013 cm~!(Rehman
and Bonfield, 1997), suggesting a calcium-phosphate surface
layer coverage. Figure 5C showing PLA-BG scaffolds after 14
days of SBF incubation (SEM images) indicates the presence
of cauliflower like structures, while Figure 5B after 28 days in
SBEF depicts the growth of the initial cauliflower like structure to
a dense HAP layer. Summarizing, XRD, FTIR, SEM, and EDX
analyses indicate the formation of hydroxy-carbonated apatite,
confirming scaffold bioactivity even for 1% BG content PLA.
Hence, the filaments in this study were confirmed to be bioactive.
The formation of a hydroxyapatite-like layer has been shown to
be crucial for successful implant-bone bonding (Boccaccini et al.,
2010). Estrada et al. (2017) demonstrated bioactivity of PLA-
BG composites after 7 days of incubation in SBF (crystallinity
at ~20° 20@) (Estrada et al., 2017). We show the evolution
of the calcium-phosphate layer on PLA-BG scaffolds toward
higher detectable crystallinity at time points exceeding 7 days,
maturating from day 14 (Figure 5C; Supplementary Figure 4)
to day 28 of SBF incubation (Figures 5B,E). The results found
by Estrada et al. (2017) are similar to the present XRD analysis
after 14 days of incubation (Supplementary Figure 4). The wide
peak forming at approx. 20° 20 is possibly due to semi-
crystalline PLA with a slight additional peak at ~23° 2@ (Chieng
et al,, 2014; Nanaki et al,, 2018). PLA-10% BG shows only
a main peak of hydroxyapatite at ~32° 2@ after 14 days of

incubation in SBE, suggesting accelerated bioactivity with higher
BG content. The encapsulation of BG particles in the bulk
PLA allows to reduce BG ion release. Therefore, the release of
BG dissolution products could be controlled through BG filler
content (Supplementary Figure 6), indicated by pH changes
monitored over time. The ion release from, and bioactivity of the
scaffolds can be controlled through the PLA resorption properties
and BG filler content (Supplementary Figure 7) (Boccaccini and
Maquet, 2003). In vitro cytocompatibility studies of PLA-BG
composites in 2D showed cytocompatible surfaces independent
of BG content. This result confirms that PLA-BG composite
scaffolds made from extruded filaments are not cytotoxic. Kim
et al. (2012) have shown that MSCs on PLA-BG composite
exhibit higher cell viability after 3 days compared to pure PLA.
Regarding structure compatibility, the fabricated strut-by-strut
3D-structures are well- known in TE and have already proven
their potential on bone tissue scaffolds (Hollister et al., 2002;
Detsch et al,, 2008; Rottensteiner et al., 2014). We confirm
that by 3D printing pm-range grooved patterns (150 pm) an
alignment of cells can be triggered (Figure 6G), as shown for
groove widths of ~842pum (Blasiak et al., 2019). As a result,
the printed PLA-BG plates could be used as platforms for cell
guidance. PLA-BG scaffolds developed in this work exhibited
hydrophobic surfaces independently of BG content (Figure 6D),
which is the result of the intrinsic hydrophobicity of PLA
caused by the presence of non-polar methyl groups (Cohn and
Younes, 1988; Yang et al., 2002; Kim et al., 2006). This behavior
corresponds to the fact that BG particles were incorporated in the
PLA bulk and not present on the scaffold surface. PLA surface
chemistry can be tailored by surface modifications or by adding
hydrophilic polymers. Serra et al. (2013) showed an increase
in the wettability of G5 BG containing scaffolds in contrast
to our study. This difference could be attributed to the direct
printing used, which might not lead to encapsulation of the
BG particles in the bulk PLA compared to the FDM filaments
fabricated here. Gene expression studies revealed that BG induces
a higher expression of collagen and osteocalcin by human
ASCs compared to pure PLA scaffolds (Figure 8A). Together,
these two markers confirmed the osteogenic effectiveness of
BG. The higher proliferation of non-stimulated cells is shown
in Figure 8C, whereas the observed overgrowth of the squared
pores is in correspondence with Riidrich et al. (2019). They
showed that scaffold pore design is of high importance for
cell sensing during the initial step of cell adhesion and
proliferation (Rudrich et al., 2019). The use of +OS increased
the expression of ALP and RUNX2 in cells grown on PLA-BG
scaffolds, which are the characteristic markers for osteoblasts,
thus confirming the potential of the PLA-BG scaffolds for bone
tissue engineering.

CONCLUSIONS

We have shown the successful fabrication of PLA-BG composite
filaments for the manufacturing of 3D scaffolds by fused
deposition modeling. The filaments containing BG particles of
size 4.0 & 1.0 um (dsp) exhibited bioactivity. It was possible to
predict and control porosity and scaffold shape for PLA-1% BG
filaments with similar accuracy to the commercially available
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PLA FDM standard. The developed PLA-BG scaffolds triggered
increased osteogenic differentiation of adipose derived human
stem cells in vitro. By this approach, a high throughput, solvent
free manufacturing route of PLA-BG composite scaffolds was
demonstrated, which provides a versatile and potentially patient
specific biomaterial platform for bone tissue engineering.
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