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ABSTRACT

Additive manufacturing (AM) has revolutionized the design of regenerative scaffolds for orthopaedic applica-
tions, enabling customizable geometric designs and material compositions that mimic bone. However, the
available evidence is contradictory with respect to which geometric designs and material compositions are
optimal. There is a lack of studies that systematically compare different pore sizes and geometries in conjunction
with the presence or absence of calcium phosphates. We therefore evaluated the physicochemical and biological
properties of additively manufactured scaffolds based on polylactic acid (PLA) in combination with hydroxy-
apatite (HA). HA was either incorporated in the polymeric matrix or introduced as a coating, yielding 15 and 2%
wt., respectively. Pore sizes of the scaffolds varied between 200 and 450 pm and were shaped either triangularly
or hexagonally. All scaffolds supported the adhesion, proliferation and differentiation of both primary mouse
osteoblasts and osteosarcoma cells up to four weeks, with only small differences in the production of alkaline
phosphatase (ALP) between cells grown on different pore geometries and material compositions. However,
mineralization of the PLA scaffolds was substantially enhanced in the presence of HA, either embedded in the
PLA matrix or as a coating at the surface level, and by larger hexagonal pores. In conclusion, customized HA/PLA
composite porous scaffolds intended for the repair of critical size bone defects were obtained by a cost-effective
AM method. Our findings indicate that the analysis of osteoblast adhesion and differentiation on experimental
scaffolds alone is inconclusive without the assessment of mineralization, and the effects of geometry and
composition on bone matrix deposition must be carefully considered in order to understand the regenerative
potential of experimental scaffolds.

1. Introduction

designs and geometries intended for use as artificial bone scaffolds, and
the combination of high-resolution imaging implemented in computer-

Despite the inherent regenerative potential of bone, larger defects
require exogenous support that enhances or guides osteogenesis. Thus,
autologous or homologous bone grafts are the most transplanted tissue
after blood [1], but such resources are limited, and donor-site morbidity
is a challenge subsequent to harvesting of autologous bone grafts [2,3].

Bone regenerative approaches focus on the development of optimal
scaffolds that induce or sustain the process of bone healing, and their
mechanical stability, physicochemical properties, and biological in-
teractions with bone cells are of crucial importance. The emergence of
additive manufacturing (AM) has enabled the development of new

aided design (CAD) and its translation into AM have demonstrated
great potential [4-6]. For instance, fused deposition modelling (FDM) or
fused filament fabrication (FFF) has been explored as low-cost technique
to fabricate customized filament compositions and scaffold designs.
The combination of polymers with mineral phases, mainly calcium
phosphates (CaP), is a common approach to engineer regenerative
scaffolds [7-9]. The most common material used in FDM is polylactic
acid (PLA), an aliphatic inexpensive biodegradable and biocompatible
polyester that is already used in some commercially available medical
devices such as meshes, suture anchors, screws and nails [10]. PLA
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possess important properties such as high tensile strength and modulus,
and high elongation at breakage [11]. PLA production from non-fossil
renewable resources, mainly starch-containing vegetables, further
makes this polymer an excellent and eco-friendly candidate for use in
biomedical applications [10]. Despite these excellent properties, the low
toughness and limited bioactivity of PLA hamper its clinical applica-
tions. The incorporation of other polymers such as polycaprolactone
(PCL) or polyurethane (TPU) confers improved mechanical performance
[12-14], and polyethylenglycol (PEG) has been explored as plasticizer
and enhancer of surface wettability [15].

Some purely ceramic scaffolds based on hydroxyapatite (HA) confer
good osteoconduction and osteoinduction with specific porous designs
[16,17], but their use is limited to non load-bearing applications due to
their inherent brittleness [18]. Mineral fillers have been used in
conjunction with polymers to overcome the lack of bioactivity of pure
PLA [19,20], and several studies have investigated the use of PLA- and
CaP-customized filaments for use in FDM [8,21-23]. The combination of
CaPs with polymers such as PCL has resulted in promising results [24],
even with further magnetic features achieved through iron-doped
nanoHA used in extrusion based techniques to obtain porous scaffolds
which further enhanced cell viability [25]. On the other hand, CaPs
combined with PLA have resulted in mild inflammatory responses
[19,26], although, compared to tricalcium phosphates or demineralized
bone matrix, HA seemed to improve in vivo resorption and yielded su-
perior osteoinductivity [27]. Noteworthy, the use of a 3D-printed 15%
HA-PLA porous composite in combination with autologous bone
marrow stem cells in an in vivo bioreactor model demonstrated that the
use of vascular bundles was pivotal in the reconstruction of large vas-
cularized bone defects compared to periosteum implantation [28],
highlighting the importance of vasculature around scaffolds for critical
size defect repair. In addition, hitherto, PLA-based devices such as
resorbable screws applied into clinics have performed unfavourably
compared with conventional metallic screws [29,30]. Hence, it is of
crucial importance to elucidate whether the addition of HA to 3D-
printed PLA scaffolds can improve their mechanical and biological
performance, rendering them suitable for use in critical size bone
defects.

Apart from the composition of 3D-printed scaffolds, their overall
porosity and the geometry and size of their pores are of paramount
importance for bone regeneration. Macroporosity is known to affect the
outcome of new bone tissue growth by allowing for cell migration and
adhesion. The interconnectivity of pores is crucial by enabling nutrient
supply to the cells colonizing the scaffolds [31]. Despite the heteroge-
neity between studies, pore sizes between 100 and 500 pm are
commonly believed to enhance the osteoconductivity of porous scaf-
folds, and submicron- and nanoporosities are important for protein
attachment [32]. The shape of pores is also important, with micro-
concavities or sharp-angled pores being beneficial for angiogenesis and
osteogenic differentiation [33]. In addition, certain pore geometries
confer improved mechanical stability of composite scaffolds, with an
increase in compressive strength associated with the incorporation of
HA combined with hexagonal pores [34].

Given the vast number of studies and disparity of methodologies, the
potential synergy of composition and porosity is difficult to elucidate.
Studies with polymers such as PLA or PCL, with or without mineral
fillers are contradictory. Nyberg et al. reported higher mineralization
using adipose derived stem cells on 500 pm porous 3D printed scaffolds
when decellularized bone was used rather than when HA was present
[35], pointing at biological improvement from natural ceramics
compared to synthetic ones. Other porous conformations obtained
through lyophilisation using PLA and HA showed better mesenchymal
stem cell spreading and proliferation when the HA size was in the
nanoscale range compared to microscale particles or pristine PLA [36].
Danoux et al. found that PLA in combination with HA induced greater
heterotopic bone formation after 12 weeks than pure PLA, although the
degradation of composite PLA/HA was hampered [19]. Similarly,
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Yaganida et al. found greater cell colonization on HA-coated PLA fabric
than on non-coated PLA [37].

Taking into account the numerous variables affecting osteo-
conductivity, it is difficult to draw firm conclusions on the optimal
composition and porosity of composite scaffolds intended for the repair
of critical size bone defects. Despite the large variations in designs for 3D
printed scaffolds, there is less variability in the composite composition
with regard to the amount of HA incorporated. This is often related to
the printing technique, as the mineral filler amount can impact printing
fidelity. For instance, high amounts of mineral may result in reduced
printability or nozzle clogging for the FDM technique. The most com-
mon ranges used for HA-PLA composites in FDM vary between 5 and
15% wt. [6,23,26-28,38,39], although few studies have successfully
incorporated larger amounts such as 25 [8], 30 [23,40] and 50% wt.
[8,22], either by using twin-screw extruders or by reducing the particle
size of the filler to the nanometric range and controlling the dispersion
within the polymeric matrix. Given the paucity of investigations
comparing the presence or absence of HA in 3D-printed PLA scaffolds
with systematic variations in pore size and geometry we set out to
compare nine different substrates: One group of scaffolds consisted of
pure PLA, one of a PLA/HA composite with a nominal filler amount of
15% HA based on previous literature, and finally one group of HA-
coated PLA. The HA coating was aimed at elucidating possible effects
of HA being directly exposed to cells as opposed to HA being embedded
in the polymer, as in the composite PLA/HA. In addition to varying their
composition, we manufactured and investigated non-porous scaffolds
and scaffolds with either triangular or hexagonal pores of different sizes
based on previous literature demonstrating the osteogenic potential of
concavities and acute and obtuse angles. We then compared the physi-
cochemical and biological properties of these substrates.

2. Materials and methods
2.1. Materials

2.1.1. Filament preparation

Two filaments were used for 3D printing, as received pristine PLA
(3D4Makers.com, Waarderweg, Haarlem, Netherlands) with a thickness
of 2.85 mm, and PLA with 15% wt. HA, so-called PLA15HA. The com-
posite PLA15HA filament was prepared by solvent mixing with
dichloromethane (Merck KGaA, Darmstadt, Germany). HA powders
(Merck KGaA, Darmstadt, Germany) were sieved below 75 pm, weighted
and placed in 500 mL of dichloromethane for 1 h to homogeneously
disperse them under agitation. PLA filament was cut into pellets using a
shredder (SHR3D IT, 3DEVO, Netherlands), weighted and placed onto
the same HA dispersion, and left for dissolution and homogenization for
approximately 3 h. Afterwards, the mixture was poured into a crystal-
lizer and left for solvent evaporation. The film obtained was cut and
further grinded into small flakes with a shredder (SHR3D IT, 3DEVO,
Netherlands). The flakes were fed into a single screw extruder (Precision
350, 3DEVO, Netherlands), and extruded with a temperature gradient
along the screw from 170 to 180 °C, a screw speed of 5 rpm, and a fan
speed of 70%, producing a filament with an average thickness of 2.85
mm.

2.1.2. Sample modelling

Fused deposition modelling (FDM) was used as 3D printing tech-
nique to obtain the different scaffolds. An Ultimaker S5 (3D Verkstan
AB, Stockholm, Sweden) was used to 3D print the structures, after using
Cura Ultimaker software for slicing the generated structures. Scaffolds
with 10 mm in diameter and 3 mm height were produced with different
pore geometries. Triangles and hexagons were the controlled mono-
disperse pore geometries studied. The porous scaffolds were obtained by
slicing the 10 mm diameter and 3 mm height designs with different infill
parameters through Cura software. Pristine PLA scaffolds were printed
with a layer height of 60 pm, and a line width of 200 pm using a brass
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nozzle of 0.4 mm; dense scaffolds were obtained by 100% infill printing
with line pattern, triangle PLA were obtained with a triangular pattern
with an infill distance of 1 mm, without top and bottom walls, and
hexagons, similarly, by using a hexagonal pattern with an infill distance
of 1 mm. Composite PLA-15HA scaffolds were produced similarly using
a ruby nozzle of 0.6 mm diameter instead, with the same layer height as
pristine PLA, and a line width of 500 pm, while keeping the same infill
pattern and infill distance.

2.1.3. Sample preparation

Three types of substrates with three different types of infill were 3D
printed. The different substrates consisted of pristine PLA, composite
PLA15HA, and HA-coated PLA (PLAcHA). Each substrate was printed
with dense, triangular or hexagonal geometries. PLA and composite
PLA15HA were used as printed. The HA-coated PLA (PLAcHA) was
prepared by etching the PLA scaffolds in ammonia, followed by HA
coating in ethanol, as described elsewhere [37]. Briefly, PLA printed
scaffolds were immersed in ammonia solution (28-30% NHj3 basis,
Merck KGaA, Darmstadt, Germany) for 1 h under agitation at room
temperature. Afterwards, scaffolds were rinsed and dried in air. The
coating was carried out using a suspension containing the 1% wt. HA in
absolute ethanol. The etched scaffolds were immersed in the HA sus-
pension overnight under agitation at room temperature. Finally, the
scaffolds were rinsed with ethanol, sonicated for 5 min, and dried in air.

2.2. Sample characterization

2.2.1. Thermal properties

Differential scanning calorimetry (DSC, DSC3, Mettler Toledo,
Greifensee, Switzerland) and thermogravimetrical analyses (TGA, Q500
V20, TA instruments, Newcastle, DE, USA) were performed for each
substrate in triplicate. A heat/cool/heat method from room temperature
to 190 °C at 10 K/min, cooling to —40 °C at 5 K/min, and again to 190 °C
under 50 mL/min nitrogen flow rate was used for DSC measurements.
The glass transition temperature was obtained from the inflection point
in the DSC thermograms, and the degree of crystallinity was measured
by the enthalpies corresponding to melting and cold crystallization
transitions, according to Eq. (1). Data are expressed as mean and stan-
dard deviation from three independent measurements.

AH,, — AH¢
X =

_ < (@]
0  Gweight filler
AH}) (1 100 >

where AH,, corresponds to the melting enthalpy, AHc is the cold crys-
tallization enthalpy, and AHY, is the enthalpy of 100% crystalline PLA,
corresponding to 93.7 J/g [41].

TGA was performed on each substrate from room temperature up to
600 °C under nitrogen flow of 50 mL/min and a heating rate of 10 °C/
min. The degradation temperature was obtained by the first derivative
from the TGA curves.

2.2.2. Physicochemical properties

X-ray diffraction (XRD, D8 Advance, Bruker, Germany) was used to
characterize phase composition using a Cu Ka anode from 10 to 60°, and
compared to standards from HA and DCPA (JCDPS 01-074-0565 and 04-
009-3755, respectively). DIFFRAC.EVA software was used for semi-
quantitative quantification of the phases in the HA powders. Attenu-
ated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR, Tensor 27, Bruker, Germany) equipped with a KBr beam splitter
and a RT-DLaTGS detector was used to investigated the chemical char-
acteristics of the scaffolds. Spectra were acquired using 1024 scans with
a resolution of 4 cm™! in the range of 4000-400 cm™! with a diamond
crystal.

Topological and morphological characteristics of the PLA-based
scaffolds were investigated by scanning electron microscopy (SEM,
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Merlin Zeiss, Germany). The scaffolds were observed as printed after a
thin gold-palladium sputtering yielding a 5 nm coating. Image analysis
through ImageJ® was used to analyse pore sizes using an average of 30
to 40 pores. The surface chemistry was further investigated by energy
dispersive X-ray (EDX-SEM, Merlin Zeiss, Germany). Surface properties
were analysed by white light interferometry (WLI, NexView Zygo,
Ametek Inc., Germany) using a scanned area of 6 x 6 mm?. The surface
roughness was measured at six different positions for each sample, and
three samples were analysed per material substrate and geometry.

2.2.3. Biological characterization

The biological activity of the PLA-based scaffolds was investigated
using two different cell types. Firstly, a pre-osteoblastic osteosarcoma
cell line (SaOs-2, ECACC Sigma Aldrich, United Kingdom) was used.
Prior to seeding, the scaffolds were placed in 24 well plates and dis-
infected by immersion for 3 h in 70% ethanol, followed by three rinses of
phosphate-buffered saline (PBS, Gibco, Merck, KGaA, Darmstadt, Ger-
many). Finally, 1 mL of complete media consisting of Dulbecco’s
modified Eagle’s medium low glucose (DMEM, Merck, KGaA, Darm-
stadt, Germany), 10% fetal bovine serum (FBS, Merck, KGaA, Darm-
stadt, Germany) and 1% penicillin/streptomycin (Merck, KGaA,
Darmstadt, Germany) was added and left overnight for protein adhe-
sion. A droplet method with high viscosity modified media adapted from
the literature was used for seeding [42]. Modified viscous media were
prepared with DMEM, 25% FBS, and 2.5% penicillin/streptomycin, and
diluted in 60% vol. Ficoll-Paque™ Plus (GE Healthcare, Uppsala, Swe-
den) and used as seeding media, yielding a final concentration of 60%
Ficoll, 10% FBS, and 1% antibiotic. A droplet of 50 pL of modified
viscous media containing 2-10° cells was seeded on top of the scaffolds,
giving a final concentration of 10° cells/mL. After seeding, the scaffolds
were placed in the incubator for 3 h for cell attachment. After this time,
950 pL of complete media was added to each well. Samples consisting of
glass cover slips (12 mm diameter) were used as controls. Complete
media was added to control samples immediately after the droplet
seeding to avoid drying in the incubator.

Secondly, mouse osteoblasts (mOB) primary cells were used on the
same scaffolds, and seeded similarly, with the only variation of a final
concentration of 5-10% cells/mL, and cell media based on high glucose
DMEM (DMEM high glucose, Merck, KGaA, Darmstadt, Germany). All
animal experiments were approved by the Uppsala Ethical Committee
on Animal Welfare (150,130, approval numbers C1/15). Mouse osteo-
blasts (mOB) were isolated from femoral and tibial diaphyses of 9-10
week mice. Briefly, bones were cut into 1-2 mm dices, placed into Fal-
con tubes and incubated in 2 mg/mL collagenase (Merk, KGaA, Darm-
stadt, Germany) solution in DMEM high glucose for 2 h. Afterwards bone
dices were rinsed with media (DMEM high glucose) containing 10%FBS,
and 1% penicillin/streptomycin three times, and transferred to 25 cm?
flasks for expansion. Cells passaged 3 to 5 were used for all experiments.
Three biological replicas with three technical replicates for each type of
scaffold were used for SaOS-2 and mOB experiments. Controls consisting
of tissue culture polystyrene (TCPS) were included in all experiments.

In order to compare the cellular yield of SaOs-2 and mOB with
different cell densities, an adhesion test with 5-10* cells/mL of each cell
type was performed on hexagonal pore scaffolds as the most conserva-
tive adhesion substrate (supplementary material), showing similar
yields.

Cell cultures were sustained for up to 28 days, and analysed after
one, 14, and 28 days. Media were exchanged every two days, and after
one week of cell culture, normal media were replaced by osteoinductive
media where 10 mM beta-glycerophosphate, 100 nM dexamethasone,
and 80 pM ascorbic acid (all purchased from Merck, KGaA, Darmstadt,
Germany) were added to the basal media used for each cell type.

Fluorescent imaging was performed on the scaffolds with either cell
type after 28 days and observed using a Leica microscope (Leica Dmi8,
Microsystem CMS GmbH, Wetzlar, Germany). Cells were fixed using 4%
(v/v) paraformaldehyde for 15 min at room temperature, followed by
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Fig. 1. DSC representative thermograms (a) for first and second heating (dashed and solid line, respectively), and thermogravimetric analyses (TGA) for the three
different substrate types used, pristine PLA, hydroxyapatite coated HA (PLAcHA) and 15% wt. HA composite PLA (PLA15HA).

three rinses with PBS and membrane permeabilization with 0.1% Triton
X-100 (Merk, KGaA, Darmstadt, Germany) in PBS for 20 min at room
temperature. Afterwards, scaffolds were rinsed thrice with PBS and cell
cytosol was stained with carboxyfluorescein diacetate (500 nM, 400 pL
CFDA, Merck, KGaA, Darmstadt, Germany) for 15 min at room tem-
perature in the dark, and cell nuclei were stained using 4’,6-diamidino-
2-phenylindole (300 nM, 400 pL DAPI, Invitrogen, Massachusetts, USA)
for 1 h at room temperature in the dark. Finally, scaffolds were rinsed
thrice with PBS and observed under the microscope.

Cell viability and proliferation was assessed on cell lysates at each
time point by lactate dehydrogenase enzymatic assay (LDH, Tox7,
Merck, KGaA, Darmstadt, Germany) according to manufacturer and
absorbance was measured in a spectrophotometer at 690-490 nm
(Multiscan Ascent, Thermo Fisher Scientific Inc., Waltham, MA). Cell
differentiation was evaluated through alkaline phosphatase (ALP,
Merck, KGaA, Darmstadt, Germany) measured at 405 nm, and normal-
ized by the total protein in cell lysates measured by BCA (Pierce™
Coomassie Bradford Protein Assay Kit, Thermo Fisher Scientific Inc.,
Waltham, MA) at 540 nm.

Cell mineralization in experiments on mOB was studied through
alizarin red (AR) staining and quantification after 14 and 28 days. At
each time point, cells on scaffolds were fixed using ice cold 70% ethanol
for 1 h at room temperature. Then, the scaffolds were rinsed with
distilled water and stained using alizarin red staining (40 mM AR so-
lution, Merck, KGaA, Darmstadt, Germany) at pH 4.2 for 10 min at room
temperature. Afterwards, stained scaffolds were rinsed with distilled
water several times, and followed by a final rinse in PBS for 15 min in a
shaker to remove unspecific AR staining. To quantify AR staining, the
scaffolds were decolorized using 10% wt. cetylpyridinium chloride
(CPC, Merck, KGaA, Darmstadt, Germany) in 10 mM sodium phosphate
solution for 20 min in a shaker at room temperature, and the superna-
tants were collected and measured in a spectrophotometer at 562 nm.
Control samples consisting of the same printed scaffolds, and cultured
with media in the same conditions but without cells were used and
treated similarly. The absorbance readout for control samples was sub-
tracted from each respective sample as background. Additionally, glass
cover slips were used as internal controls. Three biological replicas with
two technical replicas were used for mineralization quantification.

Table 1

Thermal properties of the 3D printed substrates obtained from DSC and TGA
quantitative analysis; DSC values calculated from the second heating curves are
expressed as mean and standard deviation from three independent measure-
ments; X. refers to the crystallinity degree obtained from the second heating
endotherm from DSC and Eq. (1).

Ty Tec Tm Taeg Xe
(O] (O] (O] (@] (%)
Tonset Tpeak Tendsel
58 + 143+ 149+ 154+ 22+
PLA 0.3 - 0.2 0.4 0.4 379 0.5
58 + 143+ 149+ 153+ 2.9 +
PLACHA 5 - 0.3 0.3 0.1 380 0.2
58+ 123+ 143+ 149+ 153+
PLAISHA % 0o o1 03 00 381 5+1

2.3. Statistical analyses

Pore size values are presented using mean =+ standard deviation. Data
derived on cell studies are described using means + standard errors.
Levene’s test was used to ascertain homogeneity of variance, and dif-
ferences between group means were assessed by one-way ANOVA and
Tukey’s post-hoc test. The threshold of statistical significance was set at
p < 0.05.

3. Results
3.1. Thermal characterization

The thermal characterization of the three different scaffold compo-
sitions is depicted in Fig. 1a, exhibiting both the first (dotted line) and
the second heating (solid line) obtained from the DSC measurements,
and the degradation temperature and filler amount from TGA (Fig. 1b).
In general, larger variations were observed for the composite PLA1SHA
samples in terms of crystallinity compared to pristine PLA and HA-
coated PLAcHA. The glass transition temperature (Tg) and the melting
temperature (Tp,) for PLA and PLAcHA samples showed similar values,
around 59 °C, and 149 °C, respectively (Table 1), with a decrease in Ty
for composite PLA15HA samples. A recrystallization phenomenon (T)
was observed for the composite PLAISHA (Fig. 1a) and reflected in the
crystallinity degree. This phenomenon was only observed in the first
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Fig. 2. (a) Phase composition of the three different substrates analysed by XRD, corresponding to pristine PLA, HA-coated PLA (PLAcHA) and composite PLA15HA;
HA powders used for compounding and coating are depicted in grey. (b) ATR-FTIR spectra of the substrates. (For interpretation of the references to color in this

figure, the reader is referred to the web version of this article.)

heating endotherm of PLA and PLAcHA samples. All substrates showed
an enthalpy relaxation phenomenon near their T, which was reduced in
the second heating endotherm (Fig. 1b). The degradation temperatures
were similar for all substrates, with a slight increase for the composite
PLA15SHA.

TGA analyses exhibited a reduction of the onset degradation tem-
perature for the composite PLA15HA sample compared to pristine and
coated PLA; all substrates exhibited similar degradation temperatures,
with PLA15HA depicting a slight increase of less than 2 °C. The incor-
poration of HA mineral was confirmed for the composite PLA15HA, with
a final yield of 14.7% wt., while the HA coating showed a total HA
incorporation of approximately 2% wt. (Fig. 1b).

Triangle

3.2. Physicochemical characterization

The phase composition analysed through XRD (Fig. 2a) for each type
of substrate showed the amorphous nature of PLA. On the other hand,
the HA powder used for both the composite and the coated PLA resulted
in typical peaks, corresponding to HA and dicalcium phosphate anhy-
drous (DCPA)/monetite (JCPDS 09-0432 for HA and 09-0080 for
DCPA), accounting for 91.1% and 8.9% wt., respectively. The composite
PLA15HA scaffolds depicted the incorporation of HA into the amor-
phous PLA, showing the same peaks as HA pristine powders. The HA-
coated scaffolds, on the contrary, depicted a similar composition as
the pristine PLA, with the appearance of small peaks at 16.4° and 19°
(Fig. 2a, black arrows) compatible with the formation of lactides due to
the etching process [7,43]. No peaks corresponding to HA were detected

Fig. 3. SEM images of the top-view from all different scaffolds’ substrate and geometry. First row depicting dense, triangle and hexagon geometries for pristine PLA;
second row for HA-coated PLA (dense, triangle, and hexagon, from left to right); and third row showing composite PLA15HA.



A. Diez-Escudero et al. Materials Science & Engineering C 125 (2021) 112091
- -
- -
Fig. 4. EDX colour mapping for PLA (first row) showing the signal for carbon and oxygen (C-red, O-green, respectively); HA-coated PLA (second row) depicting the

presence of C, O and calcium (Ca-pink) and phosphorus (P-blue); and composite PLA15HA (third row) depicting same elements, C, O, Ca and P; (scale bar: 100 pm).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

PLA

PLA15HA PLACHA

for the PLACHA samples. 1380 and 1360 cm ™! for CH-CHs, 1270 cm ™! corresponding to CH-C-O-

The ATR spectra for HA (Fig. 2b) showed typical bands at 560, 600, 0, and 1180 and 1080 cm™! from ester groups C-O-C. Bands at 1040
and 960 cm_l, 1030 and 1030 cm™! corresponding to v4, v; and v3 of em™! corresponded to C-CHs, and bands at 867 and 760 em™! were
phosphate (PO3"). Hydroxyl band for the HA powders was observed at ascribed to carbonyl group C=0. The composite PLA15HA depicted
630 cm L. The pristine PLA exhibited bands at 1747 cm ™ correspond- increased intensity from the bands corresponding to phosphate groups
ing to carbonyl groups, 1450 cm™! corresponding to methyl groups, (Fig. 2b, red arrows). ATR spectra depicted the presence of HA in

Triangle Hexagon
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I
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—
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Fig. 5. WLI analyses showing the average surface roughness for each substrate and geometry (scanned area 6x6mm?); first row corresponding to pristine PLA, second
row for HA-coated PLA, and third row for composite PLA15SHA (from left to right columns: dense, triangle, and hexagon geometries).
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Fig. 6. SaOs-2 cell cultures on the different substrates and geometry; D, T, and
H subscripts referring to dense, triangles, and hexagons, respectively, and
substrates referred as PLA for pristine PLA, PLACHA for HA-coated PLA, and
PLA15HA for the composite PLA with 15% wt. HA. (a) Cell proliferation over
time measured by LDH and normalized to the area of the scaffolds and
expressed as % compared to control samples (TCPS) at each time point (dotted
line signifies 100% corresponding to controls); (b) ALP expression normalized
to control samples (glass coverslips); # denotes statistical significance between
the different type of substrates for each geometry (p < 0.05), ns stands for not
significant (p > 0.05).

PLAcCHA samples by the increase in the band corresponding to phos-
phates at 560, and 600 cm™! (Fig. 2b red arrows), together with an in-
crease at 1040 cm™!, relatively higher compared to 1080 band for
pristine PLA (Fig. 2b red arrows).

SEM was used to investigate the surface topography of the different
substrates (Fig. 3). Pristine PLA scaffolds exhibited a smooth surface
regardless of the scaffold geometry. The presence of the extrusion struts
from the printing procedure was noticeable, with some threads at the
interface between layers. Oppositely, the HA-coated PLA (PLAcHA)
scaffolds clearly depicted the presence of a rough mineral coverage. The
composite substrates consisting of PLA15HA also had a rougher surface
compared to pristine PLA, with noticeable crystals embedded in the
polymer matrix.

Image analyses performed on the SEM images acquired for porous
scaffolds quantified the pore sizes for triangular pore geometry as 190 +
50 pm for PLA, 200 £ 60 pm for PLAcHA, and 190 + 20 pm for
PLA15HA. Hexagonal geometries exhibited larger pores, with values of
500 =+ 80 pm for PLA, 500 + 90 pm for PLAcHA, and 400 + 35 pm for the
composite PLA15SHA.

The incorporation of HA mineral in the structure of both coated and
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composite PLA was evidenced by EDX (Fig. 4). Pristine PLA contained
only carbon and oxygen, as commonly encountered in polymers; how-
ever, HA-coated PLA (PLAcHA) exhibited few particles consisting of
calcium and phosphorus derived from the HA. The incorporation of HA
was evident in composite PLA (PLA15HA), with more intense signals
from both calcium and phosphorus, resulting in a homogeneous
distribution.

Surface roughness measured through interferometry further evi-
denced the differences in topography between the three different sub-
strates and the influence of their respective geometries (Fig. 5). The
incorporation of HA in the PLA matrix for PLA15HA depicted the highest
roughness, followed by coated PLAcHA and pure PLA analogues,
regardless the geometry type. With regards to geometry, dense samples
showed the smoother surfaces, as expected from the absence of pores.
The highest roughness values were found for triangular and hexagonal
geometries for all scaffolds, with a pronounced increase for the com-
posite scaffolds, yielding 12 pm and 14 pm for triangular and hexagonal
pore scaffolds, respectively.

3.3. Biological characterization

Cell proliferation studies using SaOs-2 cells indicated lower viability
on all scaffolds at 1 day compared to control samples consisting of glass
coverslips, without statistically significant differences between different
geometries or compositions (Fig. 6a). After 14 days of culture, cell
viability for SaOs-2 cells was higher on pristine PLA substrates, followed
by composite PLA15HA, and HA-coated PLAcHA being the least efficient
substrate in terms proliferation, regardless of the geometry type. In
terms of geometry, lowest proliferation was found on dense HA con-
taining scaffolds, higher on triangular pore scaffolds, and highest on
hexagonal ones, although no statistical significance was found. The only
statistically significant difference was found for dense pristine PLA
scaffolds with higher viability compared to HA-coated PLACHA. After
28 days of cell culture, cell proliferation was similar on pristine PLA and
composite PLA15HA scaffolds irrespective of pore geometry, while the
lowest viability was found on HA-coated PLAcHA. Triangular pore ge-
ometries gave rise to the highest viabilities on all substrates, but without
statistical significance.

ALP expression of SaOs-2 cells was higher on both PLA and HA-
coated PLACHA dense scaffolds at 1 day (Fig. 6b). After 14 days and
28 days of culture, the highest ALP expression was observed for PLA
scaffolds, followed by PLAcHA, and PLA15HA. All substrates stimulated
ALP expression more than control samples. With regards to the type of
geometry, dense scaffolds induced the highest ALP values, followed by
those with triangular pores, and lowest for hexagonal pore scaffolds.

Sa0s-2 cell fluorescence imaging at the end of the cell culture (28d)
illustrated coverage of all scaffold surfaces, depicting cell aggregation
especially on HA-coated PLACHA with triangular pores and on com-
posite PLA1SHA with hexagonal pores (Fig. 7). Cell aggregation was
enhanced inside the edges of hexagonal pores in composite PLA15HA,
showing several layers of cell accumulation along the pore depth.

Results of culturing mouse primary osteoblasts (mOB) on scaffolds
are illustrated in Fig. 8. No statistically significant differences in cell
viability between the different compositions were observed after 1 day.
After 14 days of culture, a decrease in proliferation compared to control
was observed, although an increment was found after 28 days compared
to the previous time point. The viability after 1 day was lower on HA-
containing scaffolds, similarly to 14 days; however, after 28 days, cell
viability was higher on HA-coated PLAcHA, and similar for PLA and
PLA15HA. Highest viability was observed for mOB grown on triangular
pore scaffolds at 14 and 28 days, followed by dense geometries, and the
lowest values observed for PLA15HA.

The ALP expression of mOB was highest on HA-coated PLAcCHA after
1 and 14 days, followed by composite PLA15HA, and pristine PLA
inducing the lowest ALP values. Overall, the lowest values of ALP were
observed on hexagonal pore scaffolds, followed by triangular ones,
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Fig. 7. Fluorescence images of the three substrates and geometries cultured with SaOs-2 after 28 days; D, T, and H correspond to dense, triangle and hexagon,
respectively. First row and column insert shows a higher magnification image of dense PLA substrate cell alignment along the 3D printed threads (DAPI: blue, CFDA:
green, scale bar: 200 pm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

whereas mOB grown on dense scaffolds had the highest ALP values at
all-time points, except for triangular pore PLAcHA scaffolds after 14
days and 28 days, although not statistically significant.

Fluorescence imaging of mOB after 28 days of culture showed cells
covering the surfaces of all scaffolds (Fig. 9). Pristine PLA scaffolds with
a dense geometry had areas of cells aligned along the threads of the
deposited material during the 3D printing process (Fig. 9 insert). HA-
coated PLACHA exhibited cell matrix bridging triangular and hexago-
nal pore scaffolds. The matrix bridging was observed in all scaffolds with
hexagonal pores. Bright field images were acquired for porous scaffolds,
and the mentioned matrix deposition was observed inside the edges and
concavities (black arrows) of both triangular and hexagonal pores,
although no deposition was found on the pristine PLA scaffolds.

The mineral deposition of primary mOB on the different substrates
was investigated by AR staining. Visual inspection after 28 days indi-
cated that mineral deposition was highest on PLA15HA scaffolds, fol-
lowed by PLAcHA scaffolds, and lowest on pristine PLA scaffolds
(Fig. 10a). AR quantification indicated increased mineralization in the
presence of HA; mineralization after 14 days was highest on composite
PLA15HA scaffolds, followed by HA-coated PLAcHA, while pure PLA
scaffolds exhibited the lowest AR values (Fig. 10b). When comparing
pore geometries, mineralization was higher on scaffolds with hexagonal
or triangular pores than on dense. After 28 days, an increased upregu-
lation of mineralization was observed on composite PLA15HA scaffolds,
followed by HA-coated PLACHA scaffolds. The lowest AR values were
found on pristine PLA scaffolds, regardless whether pores were present
or not. Overall, the highest mineralization was consistently observed on
hexagonal pore scaffolds, especially in the presence of HA.

4. Discussion

Recent developments in AM have motivated a plethora of studies
focused on the production of customable designs and material

combinations intended for bone regenerative scaffolds [44,45]. FDM
stands as one of the most inexpensive 3D printing techniques, which
allows for production of a variety of porous structures, highly repro-
ducible and with overall good mechanical properties [44]. Although the
printing resolution of complex designs is more limited than with other
printing techniques and the incorporation of biological factors cannot
take place in situ, recent literature has explored the use of this technique
for bone tissue constructs aimed at large bone segmental defects
[9,46-48].

The porosity of bone substitutes is crucial to allow for cell coloni-
zation and nutrient supply, and consequently, to permit bone remodel-
ling. The role of pore geometry has been pointed out as a key to fostering
cell proliferation and differentiation as well as tissue regeneration.
Generally, interconnected porosity and pore sizes above 250 pm can
trigger cell proliferation or differentiation [31,32]. In fact, several
studies have pointed at the presence of concavities and sharp-edged
pores as triggers for osteogenesis [49,50]. In our study, two types of
geometries consisting of triangles, with acute angles and pore sizes of
200 pm, and hexagons averaging a size of 450 pm with higher number of
obtuse angles were compared, including dense scaffolds as a control
geometry without pores.

Moreover, mineral phases such as calcium phosphates improve the
bioactivity and cell colonization when used as scaffolds or in combina-
tion with other substrates [51]. In our study, the presence of HA was
evaluated biologically in two formats, direct exposure to the cells by
surface HA coating (PLAcHA) or by indirect exposure to the HA
embedded in the composite PLA15HA.

The presence of HA in both PLA15HA and PLAcHA samples was
confirmed by ATR-FTIR. An increase on phosphate v4 bending modes at
560 and 600 cm™! was observed in both samples, more obvious in
composite PLA15HA due to the higher HA amount incorporated (Fig. 2b
red arrows). Likewise, an increased intensity in the stretching mode for
C-CHj in PLA at 1040 cm ™! overlapping the phosphate vs bending at
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Fig. 8. Mouse osteoblasts (mOB) cell cultures on the different substrates and
geometry; D, T, and H subscripts referring to dense, triangles, and hexagons,
respectively, and substrates referred as PLA for pristine PLA, PLAcHA for HA-
coated PLA, and PLA15HA for the composite PLA with 15% wt. HA. (a) Cell
proliferation over time measured by LDH and normalized to the area of the
scaffolds and expressed as % compared to control samples (TCPS) at each time
point (dotted line signifies 100% corresponding to controls); (b) ALP expression
normalized to control samples (glass coverslips); * denotes statistical differ-
ences between the different geometries within the same substrate at each
respective time point (p < 0.05), and ns stands for not significant (p > 0.05).

1030 cm ™! was observed in both substrates (Fig. 2b red arrows). Addi-
tionally, EDX analyses confirmed the presence of calcium and phos-
phorous (Fig. 4) on both substrates, with more intense signal for
PLA15HA samples. The higher intensity of HA in composite PLA1SHA
samples was ascribed to the higher amount of HA incorporated quan-
tified by TGA (Fig. 1b). The amount of HA in coated PLACHA was
approximately 10-fold lower than in composite PLA15HA. The lack of
signal from HA in the XRD measurements for the PLAcHA samples could
be attributed to the low amount of mineral, given the detection limit of
the XRD [52].

Alkaline or acid treatment is often used to improve PLA hydrophi-
licity [53] or more engineered patterned surfaces using tight control of
the etching procedure [54] by surface hydrolysis through the cleavage of
the -C-O- ester bonds by hydroxides. In fact, the FTIR band corre-
sponding to the ester group at 1747 cm ™! depicted a reduced intensity in
etched PLAcHA samples compared to neat PLA and composite PLA15HA
samples as a result of the ester bonds cleavage. The microscopic images
depicted a coverage of HA on the HA-coated PLAcHA. Yaganida et al.
demonstrated that the alkali treatment of PLA prior to HA coating
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significantly improved the coverage of the PLA surface [37]. These
particular coatings are comparable to biomimetic ones based in simu-
lated body fluid, and similarly, they can render improved bioactivity,
although the coating adhesion strength is usually below 10 MPa [55].
Our analyses of SEM images depicted smooth surfaces for PLA scaffolds,
which was in accordance with the interferometry measurements (Fig. 5).
An increase in surface roughness was observed for triangular and hex-
agonal pore geometries, inherent to their geometry structure. The
highest increase in surface roughness was observed for composite
PLA15HA (Fig. 5), in accordance with the SEM images, where visible
particles embedded in the polymer matrix were observed. Despite the
HA coverage of the surface in the coated PLACHA scaffolds, the HA
coating did not significantly increase their overall roughness.

The thermal analyses by DSC further demonstrated the presence of
HA in the composite PLA15HA (Fig. 1a). Higher crystallinity was found
for composite PLA15SHA samples, together with a reduction in the glass
transition temperature (Fig. 1a, Table 1). This reduction in Ty is in
accordance with previous literature ascribing a reduction of Ty when
fillers such as HA or clay were incorporated into PLA [56,57]. A cold
crystallization phenomenon was observed when HA was incorporated in
the composite PLA15HA samples as reported by Senatov et al. in a study
with similar composite filaments for 3D printing [57]. Interestingly, an
enthalpy relaxation phenomenon was observed in all samples previously
reported as polymer aging [58,59]. Similar to previous studies using PLA
and talc for FDM printing, the relaxation enthalpy was reduced to half
after the second heating endotherm (approx. 4-3 J/g for the first heating
to 2-1 J/g) [58]. The effects of printing procedure and the geometry
configuration on 3D printed PLA have been described by Baptista et al.
[46]. They concluded that the printing process could affect the degree of
crystallinity compared to pristine PLA, even without incorporation of
fillers. The lowest crystallinity was shown for coated PLAcHA, probably
due to the alkali process used prior to HA coating. The thermal stability
varied in PLA15HA similarly to reported by Ferri et al., with higher
onset temperatures in degradation as the HA content increased [60].

Although the final goal incorporating mineral phases into polymers
is to improve bioactivity, biocompatibility and the overall biological
performance, the mechanical properties can also be enhanced. In such
multiparametric approaches, the structural design, total porosity and
pore size, and the composition of the scaffolds might impact the
outcome both from a mechanical and biological perspective. Generally,
the incorporation of minerals such as HA into polymers has shown to
increase the elastic moduli and yield strength in FDM printed scaffolds.
Grottkau et al. found 38% increase in the yield strength and 46% in the
compressive modulus of 20% HA-PLA porous composites compared to
PLA analogues [61]. Pitjamit et al. using non-porous scaffolds of PLA/
PCL filled with 5 and 15% wt. HA reported enhanced compressive
strength up to 83 MPa, compared to 77 MPa in absence of mineral fillers,
although a decrease in the elastic moduli were reported [39]. On the
other hand, pore sizes may affect the mechanical properties. Fairag et al.
reported a decrease from 200 MPa to 150 MPa to 120 MPa as the pore
sizes increased from 500 pm, to 750 pm, to 1000 pm, respectively in 3D
printed PLA scaffolds [40]. Sahmani et al. reported an increase in
compressive strength associated with the incorporation of HA combined
with hexagonal pores [34].

A number of biocompatibility studies using 3D printed PLA-based
scaffolds produced by FDM has emerged, although with some limita-
tions, such as the use of immortalized cell lines, indirect biocompati-
bility assessment through extracts, and short periods of culture. In this
work, both cell lines and primary cells were used on the 3D printed
scaffolds, assessing viability, differentiation and mineralization over 28
days using osteogenic media. Experiments using Saos-2 cells showed cell
viability lower than 70% in all scaffolds after 1 day, much more pro-
nounced on PLAcHA and PLA15HA samples than on pristine PLA sam-
ples. The possible presence of solvent traces in these samples, either
from the ammonia etching process and the solvent mix with dichloro-
methane could be responsible for this phenomenon. However, all
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Fig. 9. Fluorescence and bright field images of the three substrates and geometries cultured with mOB after 28 days; D, T, and H correspond to dense, triangle and
hexagon, respectively. First row and column insert shows a higher magnification image of dense PLA substrate cell alignment along the 3D printed threads (DAPI:
blue, CFDA: green, scale bar: 200 pm); bright field images for triangle and hexagon pore geometries illustrating matrix deposition at the pore edges and concavities
(black arrows, scale bar: 200 um). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Mineralization quantified by AR staining after 14 and 28 days using primary mouse osteoblasts. (a) AR stained scaffolds at 28 days (D, T, and H correspond
to dense, triangle and hexagon). (b) AR quantification expressed normalized by control samples at 14 and 28 days; * denotes statistical differences between the
different geometries within the same substrate at each respective time point, and # denotes statistical significance between the different type of substrates for each

geometry (p < 0.05).

substrates and geometries supported cell proliferation after 14 and 28
days, reaching a viability that was higher than on control samples (tissue
culture polystyrene). Few statistically significant differences were found
when comparing geometries, although after 14 days porous scaffolds
improved cell proliferation (Fig. 6a), and this trend was maintained after
28 days. Statistically significant differences were observed when
comparing different substrate compositions, pointing at lower prolifer-
ative rates when HA was directly exposed to cells as compared to
composite PLA15HA or pristine PLA.

Similar studies using mineral reinforced 3D printed polymers con-
sisting of PLA and bioglass have also reported a lack of significant
improvement by the mineral incorporation in cell viability [62]. Babi-
lotte et al. reported a slightly increased adipocyte adhesion in the
presence of 10% HA compared to pristine PLGA [26], although not
statistically significant, similar to Orozco-Diaz et al. describing slight
improvements in the presence of 20% HA [38]. In our study, no

10

improvement in cell viability was observed in the presence of HA, either
present at surface level (PLACHA) or embedded in the polymer matrix
(PLA15HA; Fig. 8a). Likewise, cell differentiation as measured by ALP
expression was not enhanced by the presence of HA in the scaffolds
(Figs. 6b and 8b). Higher ALP activity of cells cultured on a composite of
PLA and tricalcium phosphate (TCP) was reported by Zhang et al.,
although similar proliferative rates were described comparing 3D prin-
ted PLA-TCP composites, pristine TCP, or demineralized bone matrix
[27]. Yang et al. observed an increase in ALP expression when using HA-
coated PLA scaffolds via dopamine functionalization, although no
improvement in cell viability was observed [63], and little improvement
was achieved by silk fibroin coating when comparing PLA and com-
posite PLA/HA [39].

The effects of pore sizes on osteoconduction and osteoinduction are
controversial; studies using pristine PLA have demonstrated higher cell
proliferation and differentiation when pores of 750 pm were present
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compared to 500 pm or 1000 pm [40], while others have shown no
differences in cell proliferation with pore sizes varying between 150 and
250 pm [64]. In our experiments, synergistic effects of pore geometries
and the presence of HA were noticeable in terms of increased mineral-
ization and the ability of cells to populate scaffold crevices. Higher cell
aggregation was observed on HA-containing scaffolds, and especially
along pores. While pristine PLA scaffolds only showed certain cell
alignment along printed threads, as reported by Grémare et al. [64], the
presence of HA induced matrix deposition at the pore edges and con-
cavities (Fig. 9), which is in accordance with previous works [40,62]. AR
staining and quantification of mineralization in our study indicated
enhanced mineralization in the presence of HA, consistent with previous
studies [26,38,65]. In this work, the presence of hexagonal pores of
approximately 450 pm together with the presence of HA enhanced
mineralization to a greater extent than when 200 pm triangular pores
were used (Fig. 10b). In fact, HA enhanced the presence of tissue
deposition at pore concavities, which was not observed on pristine PLA
scaffolds (Fig. 9, bright field images). Babilotte et al. found higher
mineralization in the presence of 10% HA on PLGA porous scaffolds
compared to pristine PLGA using human adipocytes [26]. Similarly,
Orozco-Diaz et al. reported higher calcium and collagen deposition on
3D-printed PLA dense scaffolds by osteoblast cell line MG-63 when 5 and
20% HA were present compared to pure PLA, although 10% wt. HA
incorporation had a negative effect on the elastic modulus of the samples
[38].

While our study lacks an assessment of the reactions elicited in vivo,
similar studies have shown PLA-based extruded materials to elicit mild
inflammatory responses that, however, did not hamper heterotopic bone
formation [19]. The levels of endotoxins in post-printed PLA-based
porous scaffolds have been demonstrated to be below the food and drug
administration (FDA) recommended levels [48].

5. Conclusions

The present study demonstrates the feasibility of producing
customized filaments consisting of HA and PLA by cost-effective FDM
printing with precise control of pore sizes and geometries. This allowed
us to systematically vary the effects of both composition and pore ge-
ometry of experimental scaffolds on osteoconductivity. We observed
only minor differences between scaffolds in terms of cell viability and
osteoblastic differentiation up to four weeks. However, mineralization
was strongly enhanced in the presence of both triangular and hexagonal
pores, but only when HA was present, either as a coating or as a com-
posite with PLA. These findings can guide the design of future scaffold
designs for use in critical size bone defects, and they emphasize the
importance of evaluating not only cellular adhesion, proliferation and
differentiation, but to investigate mineralization since this process is a
necessary requisite for actual osteoinductivity.
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