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nanohydroxyapatite (nHA) using a simple dip coating procedure. The effect of
the coatings on the morphology, chemical structure, wettability and nanome-
chanical properties of the scaffolds was examined. The hydrophilicity of PLA
nanocomposite scaffolds increased after the SrBG coating and increased even
more with the STBG/nHA coating. Moreover, in the case of PLA/MMT/SrBG/
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uated using bone marrow-derived stem cells. The coating process was found to
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promote the differentiation of the stem cells toward osteoblasts, in comparison
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Introduction

Bone is a unique tissue that can repair damage after it
occurs [1]. Natural bone is a composite material
consisting of mineralized extracellular matrix (ECM)
and cells which is complex and hierarchically struc-
tured [2]. To provide tissue repair and regeneration, a
scaffold is utilized as a replacement for missing bone
at the site of the defect, with or without bone-specific
growth factors and (or) cells [3, 4]. The purpose of a
scaffold is to create a 3D platform for cell and tissue
growth [5]. 3D printing has been widely investigated
as a promising strategy for fabrication of bone tissue
engineering scaffolds [6-8]. Fused filament fabrica-
tion (FFF) is commonly used to fabricate scaffolds
with material extrusion [9]. Furthermore, 3D printing
offers an advantage in the design of complex
geometries that successfully integrate with the host
tissue [10]. FFF is one of the most common additive
manufacturing technologies due to its simplicity and
cost-effectiveness, and a plethora of material and
design customizations [11].

PLA is gaining great attention in the field of bio-
medicine due to its biodegradability, biocompatibil-
ity, ecofriendly nature and good processability
[12, 13]. Additionally, it can be 3D printed (3D

printability) with the potential to be used in a range
of applications, including bone tissue engineering
[14-17]. Porous PLA scaffolds have been found to be
potential reconstruction matrices for damaged tissues
and organs [18]. Preliminary clinical and radio-
graphic evaluation has shown that PLA implants are
secure, yield excellent functional outcomes as com-
pared to metallic implants and give a quicker
osteotomy bone healing [17]. However, the surface of
PLA lacks cell attachment sites as it is quite
hydrophobic and cannot promote osteoconductivity
or osteoinductivity. To achieve the desirable
mechanical properties, cell attachment and bioactiv-
ity, PLA nanocomposites with bioactive fillers such
as bioceramics are a common choice [19]. PLA
nanocomposites can be 3D printed using FFF tech-
nology [11]. A great number of studies report the use
of thermoplastic polymers such as PLA along with
ceramics to achieve desirable properties in manu-
facturing of biomedical 3D printed scaffolds via FFF
[11]. Corcione et al. [20] prepared pellets of PLA-HA
composite through premixing of hydroxyapatite
[HA, Ca;19(PO4)s(OH),] powder with PLA pellets by
utilizing a rotomoulding machine and used FFF
technology to fabricate a PLA-HA composite fila-
ment. Yang et al. [21] used PLLA-modified HA (P-
HA) nanoparticles blended with PLLA in order to
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fabricate a composite material for bone tissue
engineering.

Adding the bioceramics in the bulk polymer causes
them to be entrapped, and most of the filler is not
close to the surface of the produced filaments, so it
cannot come in contact with cells and as a result, an
excessive amount of filler is used. To overcome this, a
bioactive ceramic coating can be applied on the
scaffold [10, 22-25]. These coatings provide the scaf-
fold with bioactivity and roughness that improves
cell growth [26-28]. Some of the most common bio-
ceramics used to coat scaffolds are bioglasses, trical-
cium phosphate (-TCP) and HA [9, 14, 15, 20, 29-35],
due to their bioactivity and ability to enhance
osteoinduction and osteoconduction, as well as their
similarities to the mineral phase of natural bone
tissues.

In this work, PLA-based scaffolds were fabricated
with FFF for bone tissue engineering applications. To
improve the mechanical properties of the scaffold,
montmorillonite (MMT), a 2D nanophyllosilicate
clay, was added during filament preparation in PLA.
In our previous work, it was found that the optimum
content of MMT was 4 wt.% [36]. MMT is much
cheaper than bioceramics and readily available. It is
also bioinert and improves the strength of polymer-
based scaffolds while retaining their biocompatibility
[37-40].

To functionalize the surface of the scaffolds, post-
fabrication dip coating was employed (a) using a
strontium-containing ordered mesoporous bioglass
(SrBG) alone and (b) combining SrBG with nanosized
HA (nHA). SrBG was chosen because the substitution
of CaO by SrO in the composition of typical calcium
phosphosilicate bioglasses such as Bioglass® has
emerged as a promising route for developing new,
efficient materials that can substantially contribute to
the bone’s regeneration and osteogenic differentia-
tion processes [41]. Apart from the well-known ben-
eficial effect of long-term Sr-based treatment on
improving osteoporosis patients’ bone mineral den-
sity for decreasing fracture risk, several studies have
reported that the presence of Sr**, which is chemi-
cally similar to Ca®', can significantly alter the
mechanism of biological activity and boost the per-
formance of different kinds of bioglasses. It has been
demonstrated that Sr** could remarkably improve
cementogenic gene expression, osteoid formation,
collagen synthesis and alkaline phosphatase (ALP)
activity, while controlling calcium metabolism and
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promoting bone formation as well as osteoblast cell
proliferation also by inhibiting osteoclast activity and
bone resorption [2, 42]. In our previous work [43], we
demonstrated that when the CaO component (10%
molar ratio) in a SiO,-CaO-P,O5 mesoporous bioglass
was fully replaced by Sr, the resulting SiO,-SrO-P,Os
system (containing Sr at a 10% molar ratio) showed
augmented bioactivity over its CaO counterpart.
Herewith, we focused on investigating the potential
beneficial effect of increasing the bioglass Sr content
up to 15% molar ratio, in a way to attain enhanced
bioactivity.

While bioglasses are excellent in bonding to bones
and stimulating new bone formation, nHA is highly
bioactive, interacts rapidly with proteins and facili-
tates the healing of hard tissues. In fact, the beneficial
properties of bioglasses and HA are complementary,
as bioglasses lead to weaker cell adhesion than HA,
but they are better in imparting osteoinduction [44].
Additionally, the combination of ions of bioglasses
(S1) with Sr and nHA was found to have a synergistic
effect on promoting bone regeneration [45]. Coating
the scaffolds with the bioceramics instead of adding
them in the filaments ensures their presence on the
surface and allows them to interact with the cells
while reducing the quantity of bioceramics needed,
thus decreasing the overall cost of the scaffold.

Four groups of porous scaffolds were prepared
using FFF and post-fabrication dip coating, namely
PLA, PLA/MMT, PLA/MMT/SrBG and PLA/
MMT/SrBG/nHA. The printability of the scaffolds
was examined using a stereoscope. Moreover, the
effect of two different bioactive coatings on the
physicochemical and biological properties of 3D
printed PLA/MMT scaffolds was then evaluated. To
do so, a wide range of techniques, such as infrared
spectroscopy (IR), X-ray diffraction (XRD), differen-
tial scanning calorimetry (DSC), thermogravimetric
analysis (TGA) and water contact angle (WCA)
measurements, were employed. Furthermore, the
mechanical properties were examined with nanoin-
dentation testing. Finally, the effect of the scaffolds
on in vitro bioactivity, viability of bone marrow
mesenchymal stromal cells (BM-MSCs) and osteo-
genic differentiation using an osteogenesis differen-
tiation kit was examined.
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Materials and methods
Materials

Poly(lactic acid) (PLA) under the trade name of PLA-
Ingeo'™ Biopolymer 3052D of Natureworks was
generously offered by Plastika Kritis S.A. (Iraklion,
Greece). Joncryl ADR® 4400 was supplied by BASF
(Ludwigshafen, Germany) with epoxy equivalent
weight of 485 g/mol and its weight-average molec-
ular weight is 7100 g/mol. Cloisite® 20A (MMT) was
supplied by Southern Clay products (Gonzales, TX,
USA); it is a montmorillonite-based organoclay,
modified with dimethyl, dehydrogenated tallow
quaternary ammonium and it has interlayer distance
of 26 A. Hydroxyapatite nanoparticles (nHA) with
diameter 20-50 nm in a 5-10% (w/v) aqueous col-
loidal dispersion were purchased from Alfa Aesar
ThermoFisher (Kandel, Germany). Polyethylene gly-
col (PEG) particles (average Mn 10.000 g/mol), tet-
raethyl orthosilicate (TEOS) (reagent grade 98%),
triethyl phosphate (TEP) (purum 99.8 + %), stron-
tium nitrate Sr(NO;), (ACS reagent, > 99%),
cetyltrimethylammonium bromide (labeled as CTAB)
and ethanol were purchased from Sigma-Aldrich
Chemical Company. Sodium hydrate pellets were
supplied from Mallinckrodt Company. Moreover,
NaCl, KCl, K;HPO,4-3H,0, MgCl,6H,0O, Ca (NO3),.
4H,0), CaCl,, NaySO, reagents, tris(hydroxymethyl)
aminomethane (HOCH,);CNH, and HCI used for
preparing SBF solution were also purchased from
Sigma-Aldrich Chemical Company. All other
reagents and chemicals were purchased from Sigma-
Aldrich and were of reagent grade.

Synthesis of mesoporous ternary bioglasses

Ordered mesoporous bioactive glasses based on
ternary (SiO,-S5rO-P,Os) systems were synthesized
through a hydrothermal method previously descri-
bed [46], following, however, slightly modified pro-
tocol, by wusing polyethylene glycol and
cetyltrimethylammonium bromide, as nonionic co-
surfactant and cationic surfactant, respectively.
Briefly, for the preparation of the ternary bioglass
with 75% SiO,, 15% SrO and 10% P,Os molar ratio
(hereafter denoted as SrBG), proper amounts of PEG
and sodium hydrate were dissolved in distilled H,O
under vigorous stirring, followed by the addition of
CTAB. After stirring for 1 h at room temperature,
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Sr(NO3),, tetraethyl orthosilicate and triethyl phos-
phate were added. The mixture was kept under
vigorous stirring at room temperature for 24 h and
then transferred into 120 mL Teflon-lined autoclaves.
The autoclaves were sealed and heated at 80 °C for
48 h and then allowed to naturally cool down to
room temperature. The products were collected by
filtration and washed several times with distilled
H,0 and ethanol and dried at 100 °C overnight.
Finally, the white powder obtained was calcined in
air at 600 °C for 5 h with a heating rate of 9 °C/min.

Preparation of materials for filament
fabrication

The PLA/MMT nanocomposite filament was fabri-
cated using PLA with 2 wt% Joncryl and 4
wt.%MMT according to our previous work [36]. The
addition of 4 wt.% MMT improves the printability of
PLA filaments and the surface quality of 3D printed
specimens, as well as the mechanical behavior at
compression testing [36]. PLA/MMT nanocomposite
filament was produced using FFF technology. Briefly,
the powder mixture of the selected materials (PLA,
Joncryl, MMT) was placed into the hopper of a 3Devo
desktop Filament Maker-Composer 350 (3Devo,
Utrecht, the Netherlands), and the PLA/
MMT nanocomposite filament was extruded into
1.75-mm-diameter filament with temperatures rang-
ing from 170 °C to 210 °C, setting from feeding zone
to the nozzle. The filament fabrication process lasted
for 4 h. The deviation of the filament thickness was
5 pm. No post-printing processing was required.

Design and manufacturing of scaffolds

Different types of scaffolds were designed using
computer-aided design software SolidWorks 2020
and then were tested though FFF technology to
achieve the best 3D printing performance. The crite-
ria of this evaluation were the pores dimensions as
well as the 3D printing accuracy and quality of 3D
printed specimens. Cylindrical scaffolds with open
porosity were designed with different interconnec-
tion. After preliminary tests with different squared
pores with sizes from 500 x 500 pm up to
1000 x 1000 pm, the best 3D printing quality and
accuracy results were achieved with 1000 pm pore
size. According to the literature, the range of pore
diameters suitable for bone tissue engineering is
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between 300 pm to 1000 pm [47-49]. Therefore, larger
pores are preferred for cell proliferation and growth
compared to smaller ones, as they will occlude later
during the progressive growth, leaving room acces-
sible for oxygen and nutrient supply as well as pro-
moting further vascularization in developing bone
tissues [50]. Open porosity (51.6%) cylindrical scaf-
folds (diameter = 13 mm, height = 13 mm) with
1000 x 1000 pm squared pores were designed using
SolidWorks 2020. The scaffolds were fabricated using
PLA/MMT filament containing 2 wt.% Joncryl and 4
wt.% MMT by utilizing a XYZ da Vinci SUPER 3D
printer with an extrusion nozzle of diameter
D =400 pm and a tempered glass building plate set
at 60 °C. This temperature was used in order to
achieve better stability of the 3D printed specimen
during the printing process and create a closed first
layer for better cell culture performance. Figure 1
shows the design of the porous scaffold (top view
and isometric view). The reason for choosing custom
design of scaffolds was to increase the surface area on
the top of the scaffolds for further increase in the cell
proliferation. For the physicochemical characteriza-
tion and nanoindentation testing, non-porous 3D
printed specimens were also produced (100% infill),
similar to the designs of our previous study [51]. No
features of the 3D CAD design were smaller than the
resolution limit of the FFF-printer of 0.4 mm. A neat
PLA scaffold was also produced for comparison.

Figure 1 Design of the
scaffold a top view,
b isometric view.
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Post-fabrication scaffold coating

The dip coating protocol was a combination of the
process described by Chen et al. [52] and Mondal
et al. [32]. Prior to coating, alkali surface treatment
was used in order to activate the surface of the
specimens [52]. The 3D printed specimens were
immersed in a 0.5M aqueous ammonia solution
(pH = 11.5) under magnetic stirring (185 rpm) at
room temperature for 4 h. Afterward, they were
dried at 55 °C for 30 min. Two different types of
coatings were deposited on the PLA/MMT 3D prin-
ted specimens. To coat the scaffolds with SrBG, the
scaffolds were immersed in a 2 wt.% aqueous SrBG
dispersion (prepared by magnetic stirring and ultra-
sonication) under magnetic stirring at 185 rpm for
1 h at 70 °C followed by ultrasonication at 70 °C for
10 min and finally more magnetic stirring at 185 rpm
for 20 min at 70 °C. To coat the scaffolds with both
SrBG and nHA, after the SrBG coating, a consecutive
dipping in the nHA dispersion (after diluting the
supplied nHA dispersion 1.5 times) took place using
the same protocol. All the specimens were dried at
75 °C for 10 min. After cooling at room temperature,
the coated samples of PLA/MMT/SrBG and PLA/
MMT/SrBG/nHA were further ultrasonicated for
3 min, while they were immersed in 100% ethanol at
room temperature to remove any unbound residual
SrBG and/or nHA. The different types of scaffolds
are prepared, and their abbreviations are shown in
Table 1.
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Table 1 List of the scaffolds, their composition and their abbreviations

Name PLA content (wt.%) Joncryl content (wt.%) MMT content (wt.%) Coating
PLA 98 2 - -
PLA/MMT 94 2 4 -
PLA/MMT/SrBG 94 2 4 SrBG
PLA/MMT/StBG/nHA 94 2 4 SrBG, nHA
Characterization was used. At each selected time point, the particles

Characterization of mesoporous ternary bioglasses

The powder X-ray diffraction (PXRD) patterns of the
SrBG bioglass samples were recorded on a Rigaku
R-AXIS IV imaging plate detector mounted on a
Rigaku RU-H3R rotating copper anode X-ray gener-
ator (L =154 A). SEM images of the developed
materials were obtained using a JEOL, JSM 7401F
field emission (JEOL Ltd., Tokyo, Japan) microscope
equipped with a Gentle Beam mode. SEM images of
the developed materials were obtained using a JEOL,
JSM 7401F field emission (JEOL Ltd., Tokyo, Japan)
microscope equipped with a Gentle Beam mode. The
accelerating voltage was 2 kV, and the magnification
is 5000 times.

The pore properties of SrBG were determined by
nitrogen adsorption/desorption measurements at
77 K using a volumetric gas adsorption analyzer
(AUTOSORB-1-MP, Quantachrome Instruments).
Prior to measurement, the sample was appropriately
outgassed (at 250 °C for 12 h) under high vacuum
(10° mbar), while ultrapure N, was used. The Bru-
nauer-Emmett-Teller (BET) area of the sample was
calculated, following the BET consistency criteria.
Pore size distributions were deduced by fitting the
adsorption isotherms based on a non-local density
functional theory (NLDFT) kernel developed for N2
at 77 K on silica materials with cylindrical pores.

The biological activity of the bioglass samples was
assessed in vitro by monitoring the formation of an
apatite layer on the surface of SrBG particles that
were immersed in a stimulated body fluid (SBF)
solution prepared according to Kokubo’s method
[53]. First, the samples were soaked in the SBF solu-
tion (1.5 mg mL™") at 37 °C and pH=74for1,3,7
and 14 days, respectively. The bottles were placed
inside a Shaking Incubator (LSI-3016R, Labtech) at a
fixed temperature of 37 °C, and a speed of 200 rpm

were removed from the SBF solution by centrifuga-
tion at 5000 rpm for 5 min, rinsed with acetone to
cease further reaction, air-dried at room temperature
and analyzed using XRD to detect the HA phase
formation.

Physicochemical characterization of the scaffolds

The morphology of the surface of the scaffolds was
observed with optical microscopy (stereoscope) and
scanning electron microscopy (SEM). Photographs
were captured using a Jenoptik (Jena, Germany)
ProgRes GRYPHAX Altair camera attached to a
ZEISS (Oberkochen, Germany) SteREO Discovery
V20 microscope and the Gryphax image capturing
software. Pore size dimensions were measured from
10 randomly selected pores based on stereoscope
images (taken at 7.5 x magnification). The diameters
were reported as mean =+ standard error of the mean.
For SEM (Phenom ProX, ThermoFisher Scientific,
Waltham, MA, USA), a small porous scaffold from
each sample was 3D printed for examining the coat-
ing. Specimens were mounted onto double adhesive
conductive carbon tabs (TED Pella, Redding, CA,
USA) on an aluminum stub (placed in a charge
reduction holder), with gold coating to increase
electrical conductivity and scanned at an accelerating
voltage of 15 kV. The samples, prior to SEM analysis,
were coated with gold using a sputter coater (SC 7620
model, Quorum Technologies, East Sussex, UK) for
90 s, 18 mA, and observed by SEM with an acceler-
ating voltage of 15 kV. Energy-dispersive X-ray
spectroscopy (EDX) was also used to analyze the
elemental composition of the surface of the speci-
mens; elemental mapping was used to verify the
successful and uniform distribution of coating in the
surface of scaffolds. The accelerating voltage applied
was 15 kV and the magnification was 2000 times.
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Infrared (IR) spectra were recorded with a Cary
670, Agilent Technologies, equipped with a diamond
attenuated total reflectance accessory, ATR, model
GladiATR, Pike Technologies. The spectra were col-
lected in the range 4000400 cm™' at a resolution
4 cm™! with 32 scans.

Thermogravimetric analysis (TGA) was carried out
employing a SETARAM SETSYS TG-DTA 16/18
instrument (Setaram instrumentation, Lyon, France).
A suitable sample quantity (2 + 0.2 mg) was placed
in an alumina crucible while an empty alumina cru-
cible was used as reference. After that, the samples
were heated from room temperature to 600 °C in a
50 mL min~' flow of N, at a heating rate of
20 °C min~".

Water contact angle was measured on 3D printed
specimens, including non-porous and porous scaf-
folds. The apparent contact angle of water was
studied using a water contact angle tester (Ossila
Contact Angle Goniometer L2004A1) in order to
measure the surface wettability of nanocomposites
with and without coating. The sessile drop method
was used to analyze the WCA of the samples. 25 uL
of distilled water was added dropwise on the top
surface of 3D printed plates (n = 3), as well as on the
top surface of scaffolds. Images were captured within
20 s with a high-resolution camera and processed
using the Ossila Contact Angle Software.

Mechanical properties through nanoindentation testing

The nanomechanical properties of PLA/MMT/SrBG
and PLA/MMT/SrBG/nHA were investigated using
the nanoindentation technique and were compared to
PLA and PLA/MMT4 without coating according to
our previous research [36]. A dynamic ultramicro-
hardness tester DUH-211 (Shimadzu Co., Kyoto,
Japan) using a 100-nm-radius triangular pyramid
indenter tip (Berkovich-type indenter) was used to
determine the mechanical performance of PLA/
MMT4 nanocomposites with two types of coating.
During indentation test, a controlled load (P) with a
peak load of 3 mN was applied through a diamond
tip on the surface of solid 3D printed specimens. This
peak load was held for 3 s, and the indentation depth
was recorded as a function of load. Subsequently, the
indenter was unloaded, to a load of zero. The maxi-
mum indentation load was applied to the indenter
during the creep time. The modulus and hardness
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were obtained as
measurements.

the average value of ten

In vitro biomineralization of the scaffolds

For the biomineralization assessment, the scaffolds
were incubated in simulated body fluid (SBF), which
was prepared according to Kokubo and Takadama
[53]. Scaffolds with cylindrical shape 15 x 2 mm
(diameter x height) were soaked in 20 mL of SBF for
14 days at 37 °C. After two weeks, the scaffolds were
washed gently with distilled water, dried for 1 h
under vacuum and characterized by SEM-EDX using
the conditions described previously.

Cell studies

Cultivation and genetic modification of Bone Marrow
Mesenchymal Stromal Cells (BM-MSCs)

To perform the experiments, Biohellenika SA pro-
vided BM-MSCs isolated as previously described
[54]. In brief, bone marrow was diluted in RPMI 1640
medium (GIBCO), mixed gently with 7 mg collage-
nase (Sigma-Aldrich) and incubated shaking, for
45 min, at RT. After filtration, the suspension layered
over Ficoll (Histopaque) solution and centrifuged.
The mononuclear cell layer was collected carefully in
DMEM (BIOWEST) supplemented with 10% FBS
(BIOWEST) and 1% pen-strep (SIGMA) while 2*10°
cells/cm? were plated into T75 flasks, maintained in a
humidified atmosphere at 37 °C with 5% CO, for
cultivation. Between the 2 and 3 passages, a Pt2-
Venus-neo-mediated nucleofection was performed as
described from our previous studies [55, 56]. More
precisely, 3*10° cells were mixed with 10 pg of plas-
mid DNA SB100X transposaseandpT2-Venus-neo
transposon expression plasmids (1:5 ratio) and were
put to electroporation according to the manufac-
turer’s instructions (Lonza). The cells were then pla-
ted in one well of a 6-well plate in the presence of
DMEM full medium until reaching a 90% confluency,
whereas 100 mg/mL G418 was added for the selec-
tion of the genetically modified BM-MSCs for further
culture.

Preparation of the materials and cells” seeding

All the materials were sterilized in gradually reduced
ethanol concentrations (100%-70%-50%) and after
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being washed three times with ddH,O were let to
overnight air-dry under sterile conditions in 12-well
plates. BM-MSCs were detached from plastic surfaces
using Trypsin—-EDTA 1 x in PBS (BIOWEST) and
were counted in a Neubauer cell counting chamber.
4*10° cells were re-suspended in DMEM full medium
and were subsequently placed above the materials of
each condition in 200 pL final volume using 16G
needle to penetrate porous materials. Upon air-dry-
ing for 4 h in the incubator, 2 mL DMEM full med-
ium was added per well for the culture initiation.

Observation under fluorescence microscope

The observation of the cells above the materials was
performed, 24 h after cellular attachment, under a
fluorescence HBO 50 mercury lamp as well as
reflectors with fluorescence filter (excitation 488 nm,
emission 509 nm), while the Fluorescence Lite soft-
ware module of AxioVision LE (Carl Zeiss) was used
for downloading and editing the photos.

3-[4,5-Dimethylthiazole-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) assay

In order to assess the cytotoxicity levels of materials,
the MTT assay was performed (SIGMA) 24 and 72 h
after the initial cell plating. Briefly, after the medium
removal from the wells, MTT reactant was intro-
duced in a ratio of 1:10 in DMEM culture medium
and was followed by a 4-h incubation in 37 °C with
5% CO,. Upon the removal of the MTT, 1 mL/well of
DMSO was introduced for one additional hour of
incubation in the same conditions. The plastic PS
surface of the cell plates was used as control. The
reduction in the MTT was counted at wavelengths
570 and 630 nm (PerkinElmer).

Osteogenic differentiation—Alizarin red staining and cpc
quantification

The induction of differentiation toward osteocytes
was performed using a StemPro osteogenesis differ-
entiation kit (GIBCO) for 28 days with medium
changes every 3-4 days. BM-MSCs, plated in plastic
surfaces in the same number as the rest of the other
groups, untreated or induced to differentiate, were
used as negative or positive control group, respec-
tively. The successful induction of differentiation
toward bone cells was verified with Alizarin Red

2747

staining. The quantification of the procedure was
carried out with 10% cetylpyridinium chloride (CPC)
in 10 nM sodium phosphate, pH 7.0 for 15 min at
room temperature. The extracts were 10 times dis-
solved in 10% CPC, and the Alizarin Red concentra-
tion was counted at 562 nm in a PerkinElmer
spectrometer.

Scanning electron microscopy (SEM)

After 48 h of cellular attachment on the materials and
after the completion of osteogenesis induced culti-
vation, all the materials were fixed in 4%
paraformaldehyde for 20 min at room temperature
and were subsequently let to air-dry overnight. A
detailed investigation of the scaffolds surface was
observed using a scanning electron microscope
(Phenom ProX, ThermoFisher Scientific, Waltham,
MA, USA). The samples were first covered with gold.
3D printed scaffolds were characterized with opera-
tion at an accelerating voltage of 10 kVO0. The images
were acquired from the top view of the scaffold to
investigate the cell culture for each type of specimens.
Samples were mounted onto double adhesive con-
ductive carbon tabs (TED Pella, Redding, CA, USA)
on an aluminum stub (placed in a charge reduction
holder) without coating and scanned at an acceler-
ating voltage of 10 kV.

Statistical analysis

Unless otherwise stated, one-way ANOVA with post
hoc Tukey test was used. The software used was
GraphPad Prism 6. A p-value of < 0.05 was consid-
ered statistically significant.

Results and discussion
Characterization of SrBG

The SEM image of the SrBG sample Figure Sla shows
that calcination at 600 °C leads to the formation of
aggregated nanoparticles with a diameter between
90-270 nm. The pore properties of the SrBG sample
were determined by N, adsorption/desorption
measurements at 77 K. Figure S1b shows the
obtained isotherm, which, according to the classifi-
cation of International Union of Pure and Applied
Chemistry (IUPAC), is of Type IV. In fact, the
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isotherm has the characteristics of the completely
reversible Type IV(b), which is typical for (usually
ordered) mesopores having widths smaller than
4 nm. Additionally, at higher relative pressures the
isotherm appears as a Type IV(a) case, with a pro-
nounced H3/4 hysteresis loop, implying that larger
mesopores (>4 nm) are also present. The size of
these pores extends even to the macropore region as
revealed by the lack of an adsorption plateau and the
exponential increase in the adsorbed quantity at rel-
ative pressures close to unity. Actually, these (disor-
dered) pores are formed between the SrBG primary
particles (see SEM image of Figure Sla). The SrBG
was found to have a BET area of 255 m?/g and,
according to NLDFT analysis, a pore volume of 0.15
cm®/g for pores smaller than 10 nm. In addition,
NLDFT fitting revealed a very narrow distribution of
pore diameters centered at around 3.5 nm
(Figure Slc).

The mesoporous structure of the SrBG sample was
also confirmed by XRD analysis. Indeed, in the low
angle region, the XRD pattern of SrBG (Figure S1d)
shows Bragg peaks/shoulders at 20x2.4, 4.2 and
4.9°, revealing an ordered hexagonal network of
mesopores (space group pémm, dip = 3.65 nm, lattice
parameter ag = 4.2 nm) [63-67]. On the other hand,
the wide-angle XRD pattern of the calcined Sr-con-
taining bioglass depicted in Figure Sle points to
orthorhombic symmetry (Space Group: Pmcn) and is
mainly related to the strontium carbonate (SrCO;)
strontianite phase [57, 58] as observed upon com-
paring the powder profile with the expected peak
positions (PDF No: 5-418).

XRD measurements were also used to assess the
in vitro bioactivity of the SrBG material, after soaking
a certain quantity in SBF solution, for a prolonged
period (up to 14 days). XRD diffractograms were
recorded at different time points (before and after 1,
3, 7 and 14 days of immersion in SBF) in order to
confirm the formation of crystalline hydroxyapatite
(Figure S1f). It can be seen that the characteristic
apatite peak in the range of 31.5-31.8°, corresponding
to (211) reflection planes, occurs after soaking in SBF
for 3 days [57-63]; in contrast, the SrCO; peaks are
suppressed, implying that the respective crystals
disappear during this period. The hydroxyapatite
peaks became more pronounced from the third day
of immersion onwards, showing that the formation of
the hydroxyapatite was enhanced upon increasing
the time of exposure to SBF. In addition, new peaks of
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increasing intensity were observed, e.g., at around
28° and 46° that can be associated with the (210) and
(312) crystalline planes of strontium apatite, respec-
tively. On this basis, the peak in the range of
31.5-31.8° can be associated with the overlapping of
the (211) plane of hydroxyapatite and the (300) plane
of strontium apatite, as also reported before [58].

Preparation and characterization of 3D
printed scaffolds

Morphology

A macroscopic photograph of the 3D printed scaf-
folds is shown in Fig. 2. The details and the overall
quality of the scaffolds containing MMT is better in

10KV -Point
BSD Full T4_BGSr2_nHA_SCA_TOP

(b)

OCT 05 2021 15:56

Figure 2 a Photographs of 3D printed cylinder scaffolds from
left to right PLA, PLA/MMT, PLA/MMT/StBG, PLA/MMT/
SrBG/nHA, b SEM image of PLA/MMT/SrBG/nHA showing the
coating in the boxed area.
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comparison with neat PLA, as MMT can improve its
printability [36]. The morphology and microstructure
of PLA nanocomposite scaffolds were observed using
a stereoscope. Representative stereoscope images of
the 3D printed scaffolds are shown in Fig. 3. In
comparison with PLA, the PLA/MMT scaffolds have
larger pores, closer to the theoretical dimension, as
well as better printability, demonstrated by the better
uniformity of the pores. According to our previous
study [36], MMT enhances the mechanical properties
of the scaffold, and this can ensure the stability of the
structure in bone tissue engineering applications.
Furthermore, MMT improved the printability of the
PLA scaffolds, ensuring better structural accuracy
and control of the size of the pores of the scaffolds,
which is a crucial parameter in tissue engineering.
After coating with SrBG and nHA, the surface of the

Figure 3 Stereoscope images
of the scaffolds (top view)

a PLA, b PLA/MMT, ¢ PLA/
MMT/StBG and d PLA/
MMT/StBG/nHA.
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scaffolds appears smoother, opaque and less shiny,
indications that a coating layer thick enough to cover
the surface of PLA exists. The perceived smoothness
could be due to the bioceramics covering the defects
and spaces between the struts, but without compro-
mising the porosity.

The porosity of scaffolds is crucial for tissue engi-
neering applications, while it affects cell growth and
enhances cell proliferation. For bone tissue engi-
neering, microporosity is considered necessary to
allow cell proliferation and biomineralization. Open
porosity is also crucial as it enables the flow of culture
medium, blood and oxygen, as well as tissue growth
[64]. The range of pore diameter suitable for bone
tissue engineering is from 300 pm up to 1000 pm [49].
The average pore dimension of the scaffolds is
reported in Table 2.

(b)

(d)
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Table 2 Pore dimensions of PLA/MMT scaffolds

Sample Average pore dimension (pm)
PLA 712.99 + 74.52

PLA/MMT 995.67 £ 24.31****
PLA/MMT/StBG 994.95 £ 9.81****
PLA/MMT/SrBG/nHA 994.80 £ 8.62%***

sk sk ok

p < 0.0001 in comparison with PLA

SEM images of the cross section of the scaffolds are
presented in the left column of Figure S2. While PLA
(Figure S2a) and PLA/MMT (Figure S2b) have
smooth and clean surfaces, both PLA/MMT/SrBG
and PLA/MMT/SrBG/nHA (Figure S2c and Fig-
ure 52d) have a thin layer of coating visible in the
highlighted areas. The SrBG coating is ~ 25 pm and
the SrBG/nHA coating is ~ 60 pm. Chen et al
achieved a ~ 1 um coating of nHA on PLA scaffolds
[52]. The increased thickness of the coating in this
work can be attributed to the differences in the
experimental procedure, namely increased concen-
tration of the bioceramics (>1 wt.%) and, dipping
temperature 70 °C instead of room temperature,
accompanied by sonication for 10 min. Thus, the
combination of alkali pretreatment and mild heating
during dipping increased the density and the thick-
ness of the coatings. In the PLA/MMT/SrBG/nHA
scaffold, some peeling of the coating has occurred
because of the cutting of the specimens with a
microtome. Upon closer examination of the scaffolds’
surfaces, both coatings are formed by clusters of
individual particles (Fig. 4e and g) ranging from a
few micrometers down to submicron sizes, making
the surface rough and irregular. With the additional
layer of nHA, the coating becomes denser. The
roughness of the surfaces of the PLA/MMT/SrBG/
nHA and the PLA/MMT/SrBG causes the light to
diffuse, so these two scaffolds appear matte (Fig. 3).
To confirm that the observed particles are SrBG and
nHA, EDX analysis was performed. The Si, Sr and P
elements of StBG were detected (Figure S3e), and the
intensity of Ca and P increased after the second
coating with nHA (Figure S3g).

Choosing post-printing coating with bioactive
particles over their direct incorporation in the fila-
ments helps overcome some important problems.
Oftentimes, when preparing thermoplastic composite
filaments with bioglass or HA, the composites are
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prepared beforehand using the solution mixing
approach using organic solvents to ensure good filler
dispersion [56, 65, 66], since the hydrophilic ceramics
are incompatible with hydrophobic polymers. Addi-
tionally, adding a sufficient quantity of fillers in order
to get enough particles on the surface of the filaments
and obtaining the desired hydrophilicity can deteri-
orate printing quality [67, 68]. With the coating
approach, only water is used as a solvent and all the
bioactive particles are located on the surface of the
scaffolds, while when adding them in the filament
only a handful of surface particles can be detected
[69-71].

Physicochemical characterization

The chemical structure of the coated scaffolds was
examined by ATR spectroscopy. Figure 5 shows the
ATR spectra of the scaffolds in the range of
4000-500 cm™". The spectrum of PLA shows small
absorption bands in the range of 3700-3500 cm ™'
assigned to O-H bending, at ~ 2900 cm™' of C-H
stretching, at 1749 cm™' caused by the C=0
stretching of polyesters, at 1456 cm™' of -CHj
asymmetric bending and C-O-C stretching at
1183 cm ™', 1136 cm ™' and 1084 cm™'. The bending
vibrations of the C-H bending of the CH-OH end
group appear at 1044 cm™". In the coated scaffolds,
PLA/MMT/SrBG and PLA/MMT/SrBG/nHA, a
broad peak can be noticed at around 3500-3000 cm ™
which indicates the presence of moisture, due to the
hydrophilic nature of the coatings. The main ATR
bands of PLA are retained in all the composite scaf-
folds, but the relative intensity of the C-H stretching
and the C =0 stretching absorption bands is
decreased. ATR is a surface technique; therefore, the
presence of the coatings reduced the contribution of
the bond vibrations of PLA to the final spectra. After
careful examination of the region at 1200-600 cm ™',
small new peaks can be noticed, as well as the shift of
the peak at 1044 cm ™. In both PLA/MMT/SrBG and
PLA/MMT/SrBG/nHA, a small band at 860 cm™"
can be attributed to the Si-O-Si bonds of the SrBG.
The scaffold PLA/MMT/SrBG/nHA has an addi-
tional absorption band at 563 cm ™" which is a result
of the P-O vibrations of the PO, group of nHA.
Finally, the shift of the hydroxyl band at 1044 cm ™' to
smaller wave numbers is evidence of hydrogen
bonding, which could take place between the
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Figure 4 SEM images of the Before SBF — top view After SBF — top view
PLA-based scaffolds before x 2000 x 2000

(left column) and after (right)
incubation in SBF for 14 days
a-b PLA, c-d PLA/MMT, e—f
PLA/MMT/SrBG and g-h
PLA/MMT/SrBG/nHA
scaffolds.

PLA

PLA/MMT

PLA/MMT/SrBG

PLA/MMT/SrBG/nHA
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Figure 5 ATR spectra of PLA, PLA/MMT, PLA/MMT/StBG and PLA/MMT/StBG/nHA scaffolds a in the wave number range

4000 — 500 cm™" and b zoom-in the region 1200-600 cm™".

hydroxyls of PLA and the oxygens of the end groups
of both SrBG and nHA.

Thermal stability of PLA/MMT/SrBG and PLA/
MMT/SrBG/nHA was assessed using thermogravi-
metric analysis (TGA). The mass loss and DTG curves
of PLA, PLA/MMT and the coated PLA/MMT
nanocomposites are shown in Figure 5S4 and the
thermal degradation characteristics in Table 3. PLA is
a polyester with excellent thermal stability, since it
does not begin to degrade until T, = 359.6 °C. The
addition of bioglasses in polyesters dramatically
deteriorates their thermal stability [56, 72], because
they can catalyzethe degradation reactions [73]. In

Table 3 Thermal degradation characteristics the PLA-based
scaffolds

Sample To °C)  Taion (°C) T, (°C)
PLA 359.6 3523 380.5
PLA/MMT 364.7 349.4 380.8
PLA/MMT/StBG 357.8 350.5 381.7
PLA/MMT/SIBGmHA ~ 358.7 348.4 380.6

T,: extrapolated onset of degradation (the point of intersection of
the starting mass baseline and the tangent to the TGA curve at the
point of maximum gradient), Ty 100,: temperature that corresponds
to 10% mass loss, T,: peak temperature of DTG where
degradation occurs with the fastest rate
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this work, the coatings do not have an important
effect on the thermal stability, as the T, Tq,104 and T,
values of the PLA/MMT/SrBG and PLA/MMT/
SrBG/nHA scaffolds remain almost unchanged in
comparison with PLA neat and are reduced be a few
degrees when compared with PLA/MMT. The small
reduction can be attributed to the presence of mois-
ture in the hydrophilic coatings. Thus, the method of
coating the scaffolds with bioactive inorganics
instead of adding them in the bulk of PLA is bene-
ficial for its thermal stability. Being only on the sur-
face of the scaffolds, the interface of SrBG and nHA
with PLA is smaller and the extent of catalysis of the
degradation reactions is much smaller.

Wettability

Hydrophilicity is crucial for adhesion and cell pro-
liferation on the surface of PLA/MMT-coated speci-
mens. The effect of two different coatings on the
hydrophilicity was evaluated by measuring the
WCA. The obtained mean WCA values are summa-
rized in Fig. 6. According to our previous study [36],
PLA had a contact angle of 60.47 £ 2.82° and the
addition of 4 wt.% MMT in the PLA matrix increased
the contact angle to 62.51 & 8.51°. This small increase
in the hydrophobicity is a result of the modifier of the
MMT wused, which is hydrogenated tallow that
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Figure 6 Mean water contact angle values for PLA, PLA/MMT,
PLA/MMT/StBG and PLA/MMT/SrBG/nHA 3D printed solid
specimens. Bonferroni post hoc,*p 0.01-0.05;**p 0.001-
0.01;***p 0.0001-0.001;****p < 0.0001.

contains long aliphatic chains. This increase prevents
the practical application of PLA/MMT tissue engi-
neering scaffolds, as strong hydrophobic surfaces
prevent cell attachment and migration [74]. The SrBG
coating led to a decrease in the WCA of the scaffold’s
surface to 53.16 & 7.85°. Moreover, the SrBG/nHA
coating resulted in a further decrease in the WCA,
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reaching the lowest value of 22.73 £ 2.32° [75], which
is expected to be beneficial for cell adhesion and
infiltration of body fluids. In agreement with this
work, nHA coatings have been reported to increase
the hydrophilicity of 3D printed PLA scaffolds sig-
nificantly [52]. Both SrBG and nHA increased the
hydrophilicity of PLA because of their chemical
structure, i.e., the abundant polar hydroxyl groups
that facilitate water absorption [75]. Generally, the
use of scaffolds in tissue engineering can be affected
by surface wettability, since it improves cell attach-
ment, migration and proliferation [76][76]. The effect
of nHA and SrBG indicated that the combined coat-
ing greatly increased (p <0.0001 compared to
untreated PLA) the wettability of the PLA surface.

Mechanical and thermomechanical
properties

Mechanical properties through nanoindentation testing

The nanomechanical properties of PLA/MMT/SrBG
and PLA/MMT/SrBG/nHA nanocomposites were
investigated on coated 3D printed specimens with
nanoindentation testing. In order to calculate the
values of hardness and elastic modulus, Oliver—Pharr
[77] and previous research [78-81] were used. In
Fig. 7a, the comparative load—-depth curves are
illustrated for PLA/MMT/SrBG and PLA/MMT/
SrBG/nHA 3D printed specimens as measured from
the nanoindentation tests and compared with PLA
and PLA/MMT, reported in our previous work [36].
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Figure 7 a Load—depth nanoindentation curves, b mean hardness and ¢ mean elastic moduli values of PLA, PLA/MMT, PLA/MMT/

SrBG and PLA/MMT/SrBG/nHA.
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Table 4 Elastic moduli and

] Mater Sci (2023) 58:2740-2763

Hardness (MPa) E; nanoindentation (N/mm?)

hardness values from Sample
nanoindentation testing of PLA

PLA, PLA/MMT, PLA/MMT/ PLA/MMT

SIr_]I3f and PLA/MMT/SrBG/ PLA/MMT/SIBG

n PLA/MMT/StBG/nHA

156.91 + 6.43

213.49 £ 10.36
258.72 £ 10.92
293.55 £ 11.31

3945.33 £ 134.74
5857.25 £ 222.11
6313.50 £ 208.54
7445.00 £ 219.06

Moreover, the present of MMT in PLA 3D printed
scaffolds increased the strength of polymer scaffolds.
According to Fig. 7a, it can be noticed that the rep-
resentative load—depth curves shifted to the left with
the coating of the specimens, resulting in higher
stiffness. The range of the nanoindentation depth of
PLA/MMT/SrBG was 1.98 to 2.09 um and 1.76 to
1.88 um for PLA/MMT/SrBG/nHA. Based on the
equation of Oliver—Pharr [77], in the state of maxi-
mum controlled load, the sample with the lower
nanoindentation depth exhibits the higher value of
hardness.

The effect of the coatings on the nanomechanical
properties of PLA/MMT scaffolds as measured from
nanoindentation is summarized in Fig. 7b and c. The
hardness of the coated specimens increased in com-
parison with both PLA and PLA/MMT. Compared to
PLA, PLA/MMT/SrBG and PLA/MMT/SrBG/nHA
showed an increase of 65% and 87%, respectively.
Additionally, the elastic modulus of PLA/MMT/
SrBG was calculated to be approximately 6314 MPa,
reaching an increase of 60% compared to PLA. In the
case of PLA/MMT/SrBG/nHA, the elastic modulus
was measured to be 7445 MPa, which is an 80%
increase in comparison with PLA. When adding
bioglass directly in PLA filaments, the elastic modu-
lus remained the same or decreased with higher
bioglass contents (> 1 wt.%) [66].

In summary, the SrBG coating on the surface of the
specimens increased their hardness and stiffness.
While the values of hardness for PLA/MMT and
PLA/MMT/SrBG were similar, the elastic modulus
of PLA/MMT/SrBG was consistently higher than the
PLA/MMT. Petretta et al. [82] reported that com-
posite scaffold of PCL/BG-Mg exhibited enhanced
nanomechanical properties compared to PCL fibers.
Moreover, the addition of nHA (as a second layer of
coating) further enhanced the nanomechanical
behavior since it is known that the hardness is related
to coating thickness [83], but nHA coating on its own
could not improve the stiffness of 3D printed PLA
[52]. This enhanced hardness can be crucial for
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biomedical applications, since better hardness can
reduce the wear of an implant [84]. Corcione et al.
[20] fabricated a PLA-HA composite filament for FFF
with 5% HA and the flexural modulus of PLA-HA
was calculated around 3000 MPa, which was a slight
increase compared to pure PLA. The value of elastic
modulus of PLA/MMT/SrBG/nHA can be com-
pared with the elastic modulus of PEEK with 30%
nHA and 5% MWCNT according to the study of
Kumar et al. [85] (Table 4).

In vitro biomineralization

The formation of bone-like apatite on the surface of
scaffolds is essential for validating their suitability in
bone tissue regeneration. The in vitro bioactivity of
the scaffolds was tested by incubation in SBF for
14 days and consequent examination of the surface
morphology with SEM micrographs (Fig. 4, right
column) and EDX spectra (Figure S3). After the
incubation, spherical mineral formations were spar-
sely distributed on the surface of PLA and PLA/
MMT scaffolds. They were identified as calcium
phosphate with an atomic Ca/P ratio of 1.65, which is
close to the composition of stoichiometric apatite.
While distinguishing newly formed apatite structures
on the PLA/MMT/SrBG and PLA/MMT/SrBG/
nHA scaffolds might be difficult, it is clear that the
density of the particles coated on their surfaces is
much denser, and the concentration of Ca and P
increased, while that of Si decreased (Figure S3 f and
h). This indicates that Si was released from the bio-
glass, and at the same time, HA was deposited on the
surface of the scaffolds. The deposits on PLA/MMT/
SrBG had a Ca/P = 1.56 (calcium-deficient HA) and
of PLA/MMT/SrBG/nHA Ca/P = 1.82 (calcium rich
HA). Scaffolds made from glass ceramic/PLA fila-
ments were also found able to promote biomineral-
ization, with larger and denser apatite formations in
comparison with sparse sentiments on neat PLA [86],
similar to those shown in Fig. 4a. In that case
thought, the mass of ceramic added in the filament
was 75% that of PLA, while in the case of coatings a
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significantly smaller amount of bioactive ceramic was
used.

In vitro cell viability and osteogenic
differentiation

The in vitro biocompatibility of the scaffolds was
evaluated with MTT assay and fluorescence micro-
scopy images, using BM-MSCs. Metabolic activity
was measured after 24 and 72 h of cell seeding on the
scaffolds. The results are presented in Fig. 8a. Two-
way repeated measures ANOVA showed that time
did not have a significant overall effect (p > 0.05) on
cellular metabolic activity. Additionally, it was also
not significantly affected by the different scaffold
compositions, revealing that cell viability on the
scaffolds remained satisfactory and no cytotoxicity
was detected. Overall, the scaffolds did not have a
negative effect on cell growth since both PLA and
nHA have excellent biocompatibility and the content
of Sr in SrBG is not large enough to cause cytotoxic-
ity. The attachment of the BM-MSCs on the scaffolds
after 24 h of incubation was visualized with fluores-
cence microscopy (Fig. 9 left column). The cells
adhered and proliferated homogeneously, guided by
the structures, as the whole structure have green
fluorescent spots that are live cell nuclei. Upon
careful examination, the cell density of neat PLA is
slightly smaller in comparison with the other scaf-
folds. In the SEM images of Fig. 9, middle column,
cells adhered and spread on the surface of the scaf-
fold are visible. In contrast to neat PLA (Fig. 9b), the
BM-MSCs cells were well embedded on the surface of
the composite scaffolds (Fig. 9e, h, k), stretched and
formed projections. Confirming the observations
from fluorescence microscopy, fewer cells were
attached to the surface of neat PLA scaffolds, since
PLA is a hydrophobic polymer with known poor cell
adhesion. It is, however, cytocompatible. The
improved attachment and proliferation of the cells on
the coated scaffolds is a result of their improved
wettability and roughness.

The BM-MSCs were seeded on the scaffolds, and
osteogenic differentiation was induced with a com-
mercially available kit. After 28 d, Alizarin Red
staining was performed and quantified with
cetylpiridinium chloride (CPC), and the results are
shown in (Fig. 8b). Since each mole of alizarine red
binds to two moles of calcium, calcium deposition is
proportional to CPC absorbance. The capacity of
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minerals deposition is a late-stage marker of osteo-
genic differentiation. The osteogenic potential of PLA
is not significantly affected by the incorporation of
MMT (p > 0.05). Both coatings increase the CPC
absorbance, increasing thus calcium deposition, in
comparison with both PLA and PLA/MMT scaffold.
The two coated scaffolds PLA/MMT/SrBG and
PLA/MMT/SrBG/nHA also showed increased CPC
absorbance in comparison with the positive control
(BM-MSCs differentiated). However, the presence of
nHA did not have an important effect on CPC
absorbance. These observations are a result of the
intrinsic property of SrBG to induce apatite formation
and favor cell differentiation and of HA to promote
osteogenesis, in combination with increased surface
roughness which is known to affect osteogenesis in
several osteoblast-like cell models [87]. PCL scaffolds
coated with bioglass and HA could improve the
osteogenic differentiation of stem cells as well [88].
PLA scaffolds with 20 wt.%HA had an increased
osteogenic potential and showed increased mineral-
ization, due to the release of Ca and P ions from HA
[89].

The morphology of the scaffold’s surfaces after 28
d of induced differentiation toward osteocytes is
shown in Fig. 9, right column. After differentiation,
the cells on the PLA and PLA/MMT scaffolds have a
round, osteoblast-like shape, and calcified globules
were deposited. On the PLA/MMT/SrBG and PLA/
MMT/SrBG/nHA scaffolds, the cells are embedded
in a thick layer of deposits, with elongated shapes
with cellular extensions (filopodia) bridges between
the cell and the deposits, which is typical for osteo-
blasts [90]. Similar osteoblast-like cell morphologies
were identified on the surface of HA-coated PLA
scaffolds [32]. The morphology of the surface of the
scaffolds PLA/MMT/SrBG and PLA/MMT/SrBG/
nHA after osteogenic differentiation was examined
also in higher magnifications (Fig. 10). In Fig. 10a,
attached cells and mineral depositions have covered
the surface. Such mineral globuli rich in Ca have been
observed on substrates with bioactive glass [87]. On
the surface of PLA/MMT/SrBG/nHA (Fig. 10b),
wormlike apatite structures have formed, and some
collagen-like fibers can be seen. More specifically, a
thick layer of ECM seems to have covered parts of the
surface of the PLA/MMT/SrBG/nHA scaffold,
Fig. 10b.

During the osteogenic differentiation of MSCs, the
organic part of the bone’s ECM (called osteoid),
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Figure 8 a MTT assays results and b assessment of osteogenic
differentiation by cetylpiridinium chloride (CPC) method after
28 days in the induced differentiation culture 30 days culture on

which is composed by 90% collagen type I, is secreted
by immature osteoblasts and osteoid mineralization
follows by mature osteoblasts that eventually become
differentiated osteocytes [91]. The osteoid’s collagen
is comprised of lamellae aligned in one direction,
typically ~ 2 pm thick, and serves as the surface for
osteoblasts to synthesize new matrix [91]. Into this
organic matrix, mineral is deposited as
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PLA, PLA/MMT, PLA/MMT/StBG and PLA/MMT/SrBG/nHA
scaffolds.*p 0.01-0.05;**p 0.001-0.01;***p 0.0001-0.001;
w0k < 0.0001.

hydroxyapatite, during the process known as min-
eralization, which is a marker for the final stage of
osteogenic differentiation. The increased mineraliza-
tion, expressed by higher CPC levels, along with the
morphological changes of the surface of the coated
scaffolds in contrast to PLA and PLA/MMT suggests
that the coatings were capable of promoting cell
growth, proliferation and osteogenic activity.
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Figure 9 Fluorescence microscopy and SEM images of genetically modified BM-MSCs on the scaffolds and SEM images after 28 days
of osteogenic differentiation.
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Figure 10 SEM micrographs after osteogenic differentiation showing a PLA/MMT/StBG and b PLA/MMT/SrBG/nHA.

Conclusions

In this work, the design and manufacturing of
printable PLA/MMT nanocomposite porous scaf-
folds using fused filament fabrication (FFF) technol-
ogy were successfully demonstrated. In summary,
two different types of coatings using a Sr-containing
ternary ordered mesoporous bioglass as a first layer
and nHA as second layer of coating on the surface of
PLA/MMT 3D printed scaffolds were prepared.
PLA/MMT 3D printed scaffolds with and without
coating were comprehensively analyzed in terms of
their physicochemical and mechanical properties, as
well as through cell viability studies, which con-
firmed that all scaffolds have good biocompatibility
and their porous designed structure create a more
favorable environment for cell growth. According to
the results of in vitro cell experiments and SEM
analysis, the coating of scaffolds with SrBG and
SrBG/nHA highly promotes cell proliferation as well
as osteogenesis differentiation, confirming that the
incorporation of Sr** ions induces an accelerated
bioactive behavior, making them good materials for
bone tissue regeneration applications. The obtained
results demonstrate that coated PLA/MMT 3D
printed nanocomposite scaffolds have great potential
for bone scaffolds. Osteogenic differentiation can be
promoted by coating the PLA/MMT 3D printed

@ Springer

scaffolds with either SrBG or SrBG/nHA. These
findings suggest SrBG and SrBG/nHA can be used as
coatings instead of directly added in the bulk of
polymers to improve the suitability of PLA scaffolds
for bone tissue engineering applications. Such scaf-
folds could be used for manufacturing personalized,
3D printed orthopedic implants for animals and
humans. Finally, more advanced preclinical research
on the degradation of the PLA/MMT nanocompos-
ites is required, as well as in vivo studies, in order to
investigate the potential use of PLA/MMT 3D prin-
ted nanocomposite scaffolds for clinical applications.
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