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ABSTRACT

In this study, polylactic acid (PLA) filled with hydroxyapatite (HA) or beta-tricalcium phosphate (TCP) in 5 wt%
and 10 wt% of concentration were produced employing twin-screw extrusion followed by fused filament
fabrication in two different architectures, varying the orientation of fibers of adjacent layers. The extruded 3D
filaments presented suitable rheological and thermal properties to manufacture of 3D scaffolds envisaging bone
tissue engineering. The produced scaffolds exhibited a high level of printing accuracy related to the 3D model;
confirmed by micro-CT and electron microscopy analysis. The developed architectures presented mechanical
properties compatible with human bone replacement. The addition of HA and TCP made the filaments bioactive,
and the deposition of new calcium phosphates was observed upon 7 days of incubation in simulated body fluid,
exemplifying a microenvironment suitable for cell attachment and proliferation. After 7 days of cell culture, the
constructs with a higher percentage of HA and TCP demonstrated a significantly superior amount of DNA when
compared to neat PLA, indicating that higher concentrations of HA and TCP could guide a good cellular response
and increasing cell cytocompatibility. Differentiation tests were performed, and the biocomposites of PLA/HA
and PLA/TCP exhibited earlier markers of cell differentiation as confirmed by alkaline phosphatase and alizarin
red assays. The 3D printed composite scaffolds, manufactured with bioactive materials and adequate porous size,
supported cell attachment, proliferation, and differentiation, which together with their scalability, promise a
high potential for bone tissue engineering applications.

1. Introduction

attention by the biomedical community and applied in the fabrication of
bioabsorbable surgical sutures, screws, drug delivery systems and

Poly(lactic acid) (PLA) is an aliphatic polyester that can be sustain- guided tissue regeneration [1-3]. Latterly, the advent of additive
ably synthesized from natural resources, and it presents a good balance manufacturing technologies, namely melt-based process as Fused Fila-
of mechanical properties, as high young modulus and tensile strength, ment Fabrication (FFF), also expanded PLA consumption through new
with great biocompatibility and biodegradability, thus receiving great applications [4-6]. Two of the shortcomings that compromise PLA
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outspread applications are the low impact toughness, acid wastes release
from degradation, and lack of bioactivity [4,7-9]. The last attribute has
recently been approached through different manners, particularly by
chemical modifications and incorporation of bioactive fillers [10-12].
The melt compounding of PLA is more appropriate for large-scale pro-
duction, and extrusion is the major consolidated technique to produce
these biopolymer composites.

Hydroxyapatite (HA) and p-tricalcium phosphate (TCP) are some of
the most investigated and promising materials for developing bioactive
polymer composites since they have a chemical composition similar to
the mineral part of the bone [13]. Furthermore, both materials have
been extensively used in bone implants and dentistry applications due to
their excellent biocompatibility and high bioactivity [13-17]. Due to the
lower Ca/P ratio, TCP biodegradation process occurs 3 to 12 times faster
than HA. Nevertheless, crystallinity degree, porosity, and surface area
also play a significant role in biodegradation kinetics [13,14,18]. Recent
advances using PLA/HA and PLA/TCP combined with FFF technologies,
become possible to address some of the major demands of the PLA
scaffolds, particularly the improvement in biocompatibility, mechanical
properties, and production of the well-controlled porous structure.
Gremare et al. [19] studied 3D printed PLA scaffolds using FFF tech-
nology and evaluated the impact of different pore size in the mechanical
properties and cell proliferation. The results demonstrated that the
mechanical properties were not sensible to pore sizes variation between
150 pm and 250 pm, with the samples presenting good cell viability and
spreading. Senatov et al. [17] produced PLA/HA (85/15 wt%) FFF
scaffolds with controlled geometry, 30% of porosity, and pore size of
700 pm, incorporating HA increased crack resistance, namely during
low fatigue cycles. Moreover, in vivo tests (rabbit model) showed no
inflammatory reaction under two months analyses, and the developed
biomaterials revealed to be suitable for trabecular bone implants [20].

Orozco-Diaz et al. developed PLA/HA filaments for FFF applications
and observed that although it is possible to fabricate filaments up to 20
wt% of HA, as more HA is added, the polymer flow became unstable, and
the authors noticed naked eye inconsistencies in the filament diameter
and surface. These matters might lead to printing issues, as HA accu-
mulating in the nozzle, clogging, and reduction of printing quality. In
contrast, filaments with 5 and 10 wt% of HA did not present these issues
[21]. On its turn, Wu et al. [22] produced PLA/HA filaments up to 15 wt
% of HA and recreated trabecular bones from human trabecular bone
with improved mechanical properties, namely, elastic modulus and
compressive strength.

Chen et al. [23] fabricated 3D scaffolds using PLA/nano-
hydroxyapatite filaments, and the constructs presented well-controlled
pore geometry and supported cell spreading and differentiation when
implanted in vivo. Furthermore, Donate et al. [24] printed scaffolds of
PLA with TCP and CaCOs with increased hydrophilicity and surface
roughness; and the combination of two different fillers improved cell
adhesion and the metabolic activity of Sa0S-2 cells. Together with the
progress being observed in the development of appropriate printing
materials, the FFF technologies associated with image acquisition soft-
ware makes possible the obtainment of 3D models, which can be printed
to fit the patient-specific defect in a personalized medicine approach
[25].

Moreover, several studies have been performed recently, however,
most of them lack a complete comprehensive analyses from materials
development through materials processing, characterization, and in
vitro/vivo models to validate its bioactivity. Therefore, the present
study describes the development of bioactive PLA-based scaffolds from
the biocomposite filament up to the FFF process, aiming to achieve su-
perior mechanical and biological properties for bone regeneration. Both
HA and TCP particles in different concentrations were combined with
the PLA matrix by extrusion to obtain scalable filaments with controlled
diameter, assessing their rheological and thermal properties. Afterward,
an additive manufacturing process was employed to develop 3D porous
composite scaffolds in two different architectures characterized in terms
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Table 1
Compositions of the PLA based filaments developed by extrusion process.

Samples PLA (Wt%) HA (wt%) TCP (wt%)
PLA 100 0 0
PLASHA 95 5 0
PLA10OHA 90 10 0
PLASTCP 95 0 5
PLA10TCP 90 0 10

of morphological properties, mechanical response, bioactivity, and
cytocompatibility envisaging bone tissue engineering applications.

2. Materials and methods
2.1. Materials

NatureWorks® LLC provided the aliphatic polyester PLA 2003D
(Ingeo™ 2003D, USA), melt flow index (MFI) of 6.0 g/10 min (210 °C,
2.16 kg). Hydroxyapatite was supplied by Sigma Aldrich® (reference
number 21223, USA), purity >90% and dso = 3.7 pm. The f-tricalcium
phosphate (TCP) was provided by Fluidnova (Nanoxim TCP200,
Portugal), purity >90%, and dso = 6.2 pm. The surface area of dried HA
and TCP was determined using Brunauer, Emmett, and Teller method
(BET) and nitrogen as adsorption gas. The analysis (n = 2) was per-
formed in a gas sorptometer (Gemini 370, Micromeritics, USA).

2.2. PLA/HA and PLA/TCP filaments production

PLA, PLA/HA, and PLA/TCP filaments were prepared using twin-
screw extrusion process. Prior to compounding, PLA was cryogenically
milled and dried at 80 °C under vacuum for 4 h. Afterward, dried PLA
was mixed with the weighed HA and TCP, homogenized prior adding to
the hopper, and processed using a co-rotating screw extruder (MT19TC,
BP Process Equipment and Systems LLC,USA), screw diameter of 19 mm
and L/D = 25. The temperature profile used for extruding the filaments
was set from the hooper to the die zone ranging from 180 °C up to
200 °C, and the screw speed was set constant at 30 RPM. The speed of
the puller roller in the take-up unit was adjusted, aiming to control the
filament thickness to 1.75 mm. Table 1 presents the different processed
compositions based on PLA matrix with different contents of HA and
TCP to obtain filament for the FFF process.

2.3. Rheological characterization

The rheological behavior of the pure PLA, PLA/HA, and PLA/TCP
was evaluated under low and high shear rates. In the first case, the
analysis was conducted in a controlled stress gauge (model AR G2, TA
Instruments, USA) with a parallel plate, geometry of 25 mm, and a gap
distance between plates of 1 mm, using a permanent regime under an
inert nitrogen atmosphere. The tests were conducted at 190 °C from 0.01
to 100 s1. The rheological characterization at high shear rates was
conducted in a capillary rheometer (model 4467, Instron, UK) at 190 °C
and the geometry used was: capillary diameter 1 mm, L/R 10, 20, and
30, and the data was corrected by using Rabinowitch correction.
Viscoelastic properties were determined under oscillatory regime, and
the tests were performed using the same conditions for shear rates,
however, for this analysis, the deformation was limited from 0.1 to 10%,
within the linear viscoelastic limit of each material, and the storage (G')
and loss modulus (G”) were analyzed over angular frequency from 0.1 to
500 rad s7L.

2.4. Gel permeation chromatography (GPC)

GPC was performed on the PLA, PLA/HA, and PLA/TCP filaments,
the samples were dissolved in tetrahydrofuran (THF) at 50 °C, filtered,
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and analyzed using a GPC (Viscotek HT Module 350a, Malvern In-
struments, UK) at a pump flow of 1 mL min~!. The GPC calibration
curves were obtained from polystyrene (PS) standards.

2.5. Thermal characterization

The thermal characterization of the developed composite filaments
was performed by using differential scanning calorimetry (DSC) and
thermogravimetric analyses (TGA).

DSC was used to assess the glass transition temperature (Tg) and
evaluate the impact on the thermal properties by incorporating HA and
TCP in different concentrations. The effect of the fillers in the crystal-
lization behavior of PLA was also addressed. The DSC analysis was
conducted in a TA Instruments equipment (model QS100, USA), using
nitrogen in a continuous flow of 50 mL min~!. The Tg value of the
samples was obtained at the second heating cycle, and the samples were
tested in triplicates. Samples were initially heated from 0 °C to 200 °C at
a heating rate of 10 °C min~!, then cooled down to 0 °C and reheated to
200 °C at a heating rate of 10 °C min!. The degree of crystallinity (xc)
was determined according to Eq. (1):

Aoy — AH (14 cryst

e =
* __ Filler wt%
H‘X’ <1 100 >

where AHp,; is the enthalpy of melting of the sample, AH /g crys: is the
enthalpy of cold crystallization, H, is the theoretical melting tempera-
ture of the PLA 100% crystalline (93.7 J/g), and filler wt% corresponds
to the amount of HA or TCP in the composite [26].

The thermal stability of the developed filaments was evaluated by
thermogravimetry analysis using a TA Instruments equipment (model
TGA Q50, USA). The samples were heated from room temperature until
800 °C, using a heating rate of 20 °C min ~! under nitrogen atmosphere.
Triplicates were made for each sample.

(€8]

2.6. PLA and composite scaffolds production by FFF

The scaffolds were designed via Solidworks® (Dassault Systemes,
USA), and printed using a commercial 3D printer (Sethi S3 3D, Sethi,
Brazil). The printing and bed temperatures were 180-190 °C and 50 °C,
respectively, and the scaffolds were manufactured at a printing speed of
20 mm s ! using a brass nozzle (diameter of 400 pm). Three different
geometries were developed being 0-90°, 0-45°, and 100% filled. The
first one was composed of a square of 13 mm by 3.6 mm height,
composed of 12 layers of 300 pm height, 400 pm width, space between
filaments (pore size) of 200 pm, and 90° rotation between alternated
layers, namely geometry 0-90°. The second geometry is composed of the
same parameters used in the 0-90°, but the rotation between the second
and the first layer is 45°, and the third layer presents a rotation of —45°
compared to the first layer, namely geometry 0-45°. In the geometry
0-90°, the pattern is repeated every two layers, and for 0-45° pattern,
every three layers.

2.7. Morphological analysis

The morphology of the developed architectures (filament width,
height, pore size, and porosity) was assessed by micro-computed to-
mography (Micro-CT) and by scanning electron microscopy (SEM).

Micro-CT was performed in a lab-based micro-computed tomogra-
phy (model 1172. SkyScan, Belgium) using spatial resolutions of 5 pm, x-
ray voltage of 59 kV, and current of 167 pA, scanning angular rotation of
180° at rotation step of 0.2°.

The theoretical porosity of the scaffolds was calculated using the Eq.

(2)

Materials Science & Engineering C 122 (2021) 111928

Vsolid
Vitotal

Porosity = 1 — *100 (%) (2)
where, Vg1iq is the volume of the scaffold, and Vg the volume deter-
mined by the dimensions of the scaffold (L x W x T).

For each scaffold, a rectangle of approximately 9 mm* was deter-
mined as a region of interest (ROI), and the 3D models were recon-
structed and analyzed using the software CTan (SkyScan, ver.1.14,
Belgium) and CTvol (SkyScan, ver. 3.0, Belgium). The threshold was
adjusted to identify solid and hollow phases, and the porosity was
determined by 3D analysis (Batman, Skyscan, Belgium). The Micro-CT
technique was chosen for being a non-destructive technique that de-
termines the scaffold’s porosity and interconnectivity.

The morphology of the scaffolds, pore size, filament width, and layer
height was determined using Scanning Electron Microscopy (SEM) using
a JEOL (model JSM-6010 LV, Japan) and a Philips (model XL30 FEG,
Germany) operating both at an accelerating voltage of 15 kV. The
samples were coated with a thin layer of gold to enable the analysis, and
the images were analyzed using ImageJ® (National Institutes of Health,
USA), ten measurements were carried out on each sample (n = 3) The
dispersion of the HA and TCP was assessed by employing electron
dispersive spectroscopy mapping (EDS).

2

2.8. Mechanical tests

The mechanical characterization of the PLA, PLA/HA, and PLA/TCP
scaffolds was performed using uniaxial compression tests according to
ASTM D 695-15 on a universal testing machine (model 5569, Instron,
UK) using a load cell of 2 kN, pre-load of 1 N, and a crosshead speed of
1.3 mm min ", until the maximum load of the scaffolds architectures.
The compressive stress and strain were recorded for every 100 ms, and
the compressive modulus was calculated by the slope of the stress-strain
linear region prior to failure (in the range of 10-15%). At least 5 spec-
imens were tested for each composition and one-way ANOVA followed
by post hoc Tukey test (p < 0.05) was used for the analysis of variance.

2.9. Invitro bioactivity via simulated body fluid (SBF)

Bioactivity test by incubation in SBF was performed, aiming to
evaluate the apatite-forming ability of the scaffolds. The assay was
conducted according to the ISO 23317, and the samples were soaked in
the SBF solution under different times of analyses, 1, 3, and 7 days at
37 °C and SEM was used to assess the apatite formation on the surface of
the scaffolds.

2.10. Cell culture and live/dead bioactivity assay of MC3T3

2.10.1. Cell culture

The cell culture and live/dead bioactivity assay were performed to
evaluate cell attachment and cytocompatibility in the scaffolds of PLA,
PLA/HA, and PLA/TCP for 0-90° geometry. Three different culture
times were assessed, 1, 3, and 7 days, according to the following pro-
cedure. Briefly, with the aid of a surgical blade, the scaffolds were cut to
obtain six equal samples, which were sterilized with ethylene oxide at
45 °C for 4 h and then cultured with preosteoblast cells (MC3T3-E1) in a
48 well-plate. The cells were seeded using a top-down approach, where
the cell seeding occurred on the surface of the scaffolds, using a drop of
25 pL with cell density of 25.000 cells and 1 h for cell attachment was
allowed before complete each well with final volume of medium of 500
uL Alfa Modified Eagle Medium (a-DMEM, Life technologies, USA)
supplemented with 10% v/v of fetal bovine serum (FBS, Life technolo-
gies, USA) and 1% v/v of penicillin-streptomycin The culture medium
was changed every 2-3 days.
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2.10.2. Live/dead qualitative test

The Live/Dead analysis was performed using Calcein AM (ALFA-
GENE, UK), and Propidium iodide (PI) (ALFAGENE, UK). Calcein is a
membrane green fluorescent cell marker, while PI is a red fluorescent
nuclei marker commonly used for identifying dead cells. Briefly, the
under culture scaffolds were washed with PBS and incubated in the dark
for 5 min with 500 pL of a-DMEM and the markers (Calcein AM 1:1000
and PI 1:500). An inverted fluorescence microscope (Axio Imager Z1m,
Zeiss, Germany) was used to analyze live and dead cells (1 and 7 days),
and the images were obtained sweeping Z-axis (Z stack, 18 pm range, 40
slices).

2.10.3. DNA quantification

Cell proliferation assay was carried out at predefined culturing times,
namely, 1,3, and 7 days. Briefly, the scaffolds were collected and washed
with PBS, transferred to 1.5 mL tubes, lysed by addition of 1 mL of Milli-
Q water, and then frozen at —80 C until use. Prior to the DNA quanti-
fication, the tubes with scaffolds were thawed and placed in an ultra-
sound bath for 30 min at cold water. The DNA analysis was done using a
Quant-iT™ PicoGreen® Kit (Alfagene, UK), according to the manufac-
turer’s instructions. The DNA concentration was obtained from DNA
standard solutions, and the fluorescence intensity was read at 485/530
(excitation/emission) in a microplate reader (Synergy HT, Bio-Tek,
USA). The statistical analyses were performed using one-way ANOVA
followed by Tukey test with post hoc (p < 0.05).

2.11. Cell culture and differentiation of stem cells

2.11.1. Cell culture

Human adipose-derived mesenchymal stem cells (hASCs) were iso-
lated from samples of liposuction adipose tissue following a protocol
established with the Plastic Surgery Department of Hospital da Prelada
(Porto, Portugal) [27,28]. All patients gave their consent for inclusion
before participating in the study. The protocol was approved by the
Hospital da Prelada Ethics Committee (PI N° 005/2019) and by the 3B’s
Research Group. After isolation, cells were characterized by flow
cytometry (FACSCalibur flow cytometer, BD Biosciences, USA) for stem
cell surface markers. Briefly, the cells were resuspended in a 3% v/v
bovine serum albumin solution incubated for 30 min at room tempera-
ture, with anti-human rat antibodies and separated using the following
positive surface markers CD34-PE, CD73- PE, CD90-APC, CD105-FITC,
and only one negative, CD45-FITC (BD Biosciences, Germany). . The
hASCs were expanded in «a-MEM medium supplemented with sodium
bicarbonate, 10% v/v fetal bovine serum, and 1% v/v penicillin-
streptomycin solution. The hASCs cells were expanded and seeded
using the same procedure for MC3T3, however higher cell density was
used: 50,000 cells and only PLA, PLA10HA, and PLA10TCP were
analyzed [29]. One day after seeding, and in order to induce the hASCs
differentiation into the osteoblastic lineage, cells were also cultured
with osteogenic medium: basal medium supplemented with 10 mM
glycerophosphate (Sigma, USA), 1 x 107® M dexamethasone (Sigma,
USA), and 50 pg/ml ascorbic acid (Sigma, USA). The culture media were
changed every 2-3 days during the analysis period (21 days). The Live/
Dead and cell proliferation assays were carried out at predefined
culturing times, namely, 7,14 and 21 days, following the same proced-
ure described above.

2.11.2. Cell differentiation

Alkaline phosphatase (ALP) quantification was performed according
to manufacturer’s instructions, and a phosphatase substrate (Sigma-
Aldrich, USA) (100 pL) and an alkaline buffer solution 1.5 M (Sigma-
Aldrich, USA) were used. The samples were incubated in the dark for 1 h
at 37 °C, the reaction was stopped by using 0.3 N of NaOH. The ALP
standard curves were obtained from different dilutions of 4-Nitrophenol
(Sigma-Aldrich, USA) solution 10 mM, and the absorbance was read at
405 nm. The experiments were conducted using triplicates and three

Materials Science & Engineering C 122 (2021) 111928

= PLA
o  PLA5SHA
A PLA10HA
. v PLA5TCP
w 10 ;’_MMMMM%
© ] Cg% ¢ PLA10TCP
o ]
> b B
= 107 ®Iw
3 ] 5%e
S o 5 5
< oz
> 1 A ¥
10'4 [N %
3 A
] AAAA
10"
10? 10" 10° 10' 10° 10° 10°*

Shearrate (s’)

Fig. 1. Viscosity against shear rate for PLA filaments and PLA composites.

independent experiments were performed. The statistical analyses were
performed using one-way ANOVA followed by Tukey test with post hoc
(p < 0.05).

Matrix mineralization was analyzed out using alizarin red (AR)
staining after 7, 14, and 21 days of cell culture. Briefly, the scaffolds
were retrieved, washed with PBS, and fixated with a solution of 10% v/v
buffered formalin at 4 °C overnight. Afterward, the samples were
washed several times with Milli-Q ® water and incubated in 2% (w/v) of
AR (Merck, Germany), pH 4.2-4.3, for 30 min under calm shaking apart
of light. Quantitative analyses were performed by extraction of miner-
alized alizarin crystals using a solution of 10% (w/v) cetylpyridinium
chloride (CPC, Sigma-Aldrich®, USA) in 10 x 10~3 m sodium phosphate
(Sigma-Aldrich®, USA) for 1 h under shaking. The absorbance was read
at 562 in a microplate reader (Synergy HT, Bio-Tek, USA), and the
calibration curve was obtained by absorbance of the solution of AR/CPC,
and the values of the scaffolds without cells were used as blank. The
experiments were conducted using triplicates and three independent
experiments were performed. The statistical analyses were performed
using one-way ANOVA followed by Tukey test with post hoc (p < 0.05).

3. Results and discussion

In this study, polymer extrusion was used to fabricate filaments of
PLA and calcium phosphates in a scalable and controlled way. During
polymer extrusion, the materials were submitted to high levels of shear
strain, which lead to efficacious fillers dispersion. Therefore, by con-
trolling the polymer flow rate and adjusting the take-up speed, filaments
controlled to 1.75 mm + 0.1 mm were obtained.

3.1. Rheological characterization

The fabrication of 3D printed parts comprises several steps, such as
image acquisition, filament fabrication, and printing parameters setup.
Furthermore, some of the essential printing parameters are correlated to
the thermal and rheological characteristics of the materials. For
instance, the temperature of printing as well as material viscosity impact
in the printing accuracy and limits printing speed since longer times
might be necessary for the layers to cool down below a temperature
where the filament deformation does not compromise precision, and the
layers are still tightly bond [30]. Another aspect is the influence that the
addition of fillers has on the thermal and rheological properties in the
PLA matrix.

In this study, the rheological properties of neat PLA and those
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Table 2

Values of viscosity at a shear rate of 0.01 s~! and macromolecular properties of

the PLA, PLA/HA, and PLA/TCP filaments.

Samples Rheological gpc data

data

No@(0.01 s71)*  Mn (g/ Mw (g/ Polydispersity

mol) mol) index

PLA Pellet _ 115,000 204,000 1.77
PLA 2817 + 26 105,000 183,000 1.74
PLASHA 1943 £ 71 91,000 166,000 1.82
PLA10HA 1056 + 106 70,000 141,000 2.01
PLASTCP 3107 £+ 85 97,000 173,000 1.78
PLA1OTCP 3316 + 89 94,000 163,000 1.73

" Total mean + standard deviation.

composite filaments obtained by the extrusion process were assessed by
viscosity in the function of the shear rate.

Fig. 1 presents viscosity against shear rate for PLA, PLA/HA, and
PLA/TCP composites. As it can be noticed, PLA filament viscosity is not
sensible to the increase of shear rate (j) from 0.01 s™! to 10 s 7%, and the
viscosity remains constant during the test. However, for the PLA/HA
composites, the addition of 5 wt% and 10 wt% of HA lead to a decrease
of the viscosity in all the shear rate range analyzed, and higher contents
of HA intensified this reduction. Considerable efforts have been made
aiming to figure out this behavior presented, and some explanations are
that the HA acts reduction the activation energy of PLA thermode-
gradation, and the calcium can participate in catalyzing nucleophilic
substitution reactions [31-34].

Regarding the rheological characterization of PLA/TCP composites,
they present similar behavior as of the PLA. Nonetheless, the addition of
TCP leads to a slight improvement in the viscosity, and by 10 wt% of
TCP, the increase of the viscosity at a low shear rate (1-10 s~!) was
approximately 17% higher compared to neat PLA. At high shear rates,
PLA and PLA/TCP composites exhibit comparable rheological responses.
Moreover, some factors such as purity, surface area, and crystallinity
play a significant role during thermal degradation during processing
PLA with calcium phosphates. According to the supplier, HA has purity
higher than 90%, and it presents metals contents (including iron) < 400
ppm and a specific surface area of approximately 51.7 + 1.5 m%/g.

In contrast, TCP presents similar purity and lower metal content <20
ppm and a much lower surface area of 1.1 = 0.1 m?/g. Metals as iron are
known for the ability to catalyze degradation reactions, and since HA
has higher metals contents and surface area, the behavior obtained was
expected according to the literature [35].

Further information regarding viscoelastic behavior of the filaments
under oscillatory regime is presented in Supplementary data Fig. 1.1. In
summary the filaments presented similar elastic and viscous component
(G) and (G”), and the relaxation time for all materials in the order of

PLA
o PLA5SHA

—~
Q
~
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]
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0.01 s. This result indicates that, during the printing process, after the
material leaves the nozzle extruder, the materials remain practically
without residual deformation due to the low relaxation time. Table 2
presents the values of viscosity at a shear rate of 0.01 s* (1)), and the
macromolecular properties of the filament samples, as number average
molecular weight (Mn), weight average molecular weight (Mw), and
polydispersity index (Mw/Mn).

As presented in Table 2, the process of cryogenically milling and
extrusion for filament fabrication does not significantly impact the
molecular weight of neat PLA since only a slight detriment (less than
10%) in the molecular weight is observed when compared the pellet of
PLA with PLA filament.

Fig. 2 presents the GPC curves for PLA, PLA/HA, and PLA/TCP,
respectively. The results presented in Fig. 2a for PLA and PLA/HA
samples agree with the results shown previously, where the slight
detriment of the molecular weight of PLA/HA composites leads to a
reduction of the viscosity baseline. PLA/TCP composites also exhibited a
slight decrease in molecular weight; nonetheless, the viscosity baseline
increased due to a positive balance due to the physical capacity of the
filler to hinder chain mobility and, consequently, their flow.

3.2. Thermal properties

DSC and TGA analyses were performed to evaluate the impact of the
HA and TCP on Tg, crystallization behavior of PLA, and its thermal
stability. The DSC thermograms are presented in Fig. 3 and their results
in Table 3, respectively.
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Fig. 3. DSC thermograms for PLA, PLA/HA, and PLA/TCP filaments.
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Fig. 2. GPC chromatographs for (a) PLA and PLA/HA, (b) PLA and PLA/TCP (b).
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Table 3
DSC results for PLA, PLA/HA, and PLA/TCP composites®.
Samples Ty (°C) AHecold eryst Tmelt peak AHpere 3/ e (%)
J/8) [§9) g)
PLA 61.1 £ 7.2+0.3 150.8 £ 0.2 7.6 £ 0.5 0.4+
0.3 0.2
PLASHA 60.1 + 13.1 +0.3 150.1 £ 0.1 13.3+0.3 0.2+
0.3 0.1
PLA10HA 59.8 + 151+ 0.1 150.0 £ 0.1 15.2+0.1 0.1 +
0.8 0.1
PLASTCP 58.5 + 9.3+0.1 150.2 +£ 0.2 9.4+0.1 0.1+
0.4 0.1
PLA10TCP 58.6 + 7.8+ 0.1 150.1 +£ 0.4 8.3+0.3 0.7 +
0.2 0.4

" Total mean =+ standard deviation.

The thermograms of Fig. 3 shows that PLA presents non-isothermic
cold crystallization, and its maximum rate occurs around 108 °C, and
the addition of different contents of HA and TCP did not modify this
behavior, therefore no significant changes were observed in Ty or
melting peak temperature (Tmelt peak)- For both composites, the enthalpy
of cold crystallization (AHcold cryst) Was higher than for PLA, evidencing
that both fillers have the potential to improve nucleation sites for
crystallization. Moreover, the degree of crystallinity (y.) corresponded
to the polymer fraction crystallized during non-isotherm cooling and
was below 0.7% for all samples. The low crystallization was expected
due to the well-known low kinetics crystallization of PLA [36]. Despite
the low crystallinity presented by PLA and PLA composites benefits the
production of FFF scaffolds in 2 different ways; namely, for FFF appli-
cations, low crystallization degree leads to better printing precision
without almost any linear contraction during cooling [30]. Second,
because it is described that the biodegradation ratio is related to poly-
mer crystallinity and surface area, being accelerated in amorphous
scaffolds with high surface area [36-38].

The TGA was used to evaluate the thermal stability of the filaments
and if the addition of fillers might compromise composite’s perfor-
mance. Fig. 4 presents the curves of weight loss in function of temper-
ature for PLA, PLA/HA, and PLA/TCP composites. Table 4 presents the
results of TGA analysis, and it can be noticed that once more, the HA and
TCP have not changed the thermal properties of PLA significantly. The
slight variation observed on the onset of thermal degradation (Topset) Of
the composites presented and the peak maximum of weight loss (Tpeak),
is within the range of standard deviation. The incorporation of the
biofillers in the composites was assessed by analyzing the residue at
800 °C. The results showed that the contents of TCP were more near the
proposed and presented lower standard deviation compared to HA and
for both composites, the values were corrected subtracting PLA residue
at 800 °C. PLA printing temperature was set in the range of 180-200 °C.
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Therefore, we determined the filament’s weight loss from room tem-
perature (RT) until 200 °C, aiming to analyze the thermal stability of
them during working conditions. The results showed a weight change
lower than 0.2% for the materials and not significant change between
composites.

For the case of TCP composites, TCP induced a reduction of Topget,
(inset Fig. 4(b)), as observed by Ferri et al. [39], attributing this
behavior to the high hydrophilicity of TCP that induces hydrolytic
cleavage of the PLA chains. However, this possible hydrolytic degrada-
tion in PLA/TCP composites leads to negligible modifications in the
structural and thermal behavior of our composites. Huang et al. [40]
observed similar behavior related to Topset reduction induced by the
addition of both HA and TCP in polycaprolactone (PCL) matrix. Since
the operating temperature for these materials is in the range of
180-200 °C, the reductions shown are not significant.

Scaffolds are temporary templates for cell and tissue growth, and,
specific features as adequate morphology, mechanical properties, and a
suitable environment for cell spread, colonization, and tissue growth are
required. The following section provides an in-depth analysis of scaf-
folds morphology, which exhibited a high level of printing accuracy
related to the 3D model.

3.3. Morphological analysis

Scaffolds porosity and interconnectivity are essential attributes in
the biological performance since they not only influence the mechanical
properties of the constructs but also play a significant role in cell
adhesion, proliferation, and vascularization [41,42]. The literature re-
fers that the ideal scaffold architecture for bone tissue engineering
capable of promoting cell adhesion, growth, and tissue regeneration is
desired to have pores in the order of 150-500 pm in diameter and
interconnected porosity of 60-80% [43-45]. However, porous in the
range of 150-250 pm presents similar mechanical behavior [19]. As
shown in Table 5, the scaffolds with geometry 0-90° and 0-45° pre-
sented theoretical porosity of 36% and 32%, respectively, and 100% of

Table 4
TGA results for PLA, PLA/HA, and PLA/TCP composites.

Tonset (CC)* Tpeak (°C)* Weight change Residue (%)*
RT to 200 °C* (%)
PLA 355.7 + 2.1 381.8 + 2.7 0.14 + 0.09 0.4 +0.1
PLASHA 359.0 + 1.6 382.8 + 2.8 0.06 + 0.03 6.2 + 0.8
PLA10HA 359.6 + 0.2 384.9 + 0.3 0.09 £+ 0.01 9.3+0.2
PLASTCP 353.4 + 2.9 379.7 + 4.4 0.09 + 0.01 4.9+ 0.6
PLA10TCP 351.9 + 0.5 376.2 + 1.9 0.08 + 0.01 9.5 + 3.0

* Total mean + standard deviation.
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Fig. 4. Weight loss against temperature for (a) PLA and PLA/HA, (b) PLA and PLA/TCP.
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Table 5
Micro-CT results of PLA, PLA/HA, and PLA/TCP bioactive scaffolds.

Samples Porosity (%)
0-45° geometry 0-90° geometry
Scaffolds Theoretical Scaffolds Theoretical
PLA 42 +£2 39+3
S5HA 46 £ 3 42+5
10HA 42+5 32 45+ 4 36
5TCP 42+3 40 £ 2
10TCP 39+3 43+3

interconnectivity. The micro-CT was used to evaluate the morphology of
the scaffolds, and the data collected revealed a high level of precision
since the values of porosity obtained are near to calculated by Solid-
Works. In our scaffolds, 200 pm pore size were chosen attempting to
improve cell attachment, and in contrast, a reduction in the overall

Materials Science & Engineering C 122 (2021) 111928

porosity was obtained.

Fig. 5 presents the Micro-CT reconstructed 3D images from PLA
scaffolds for both geometries. Fig. 5(a) and (b) show the reconstructed
images of the scaffold with geometry 0-90°, while Fig. 5(c) presents the
porosity presented in the same scaffold. Fig. 5(d—f) are the equivalent
reconstructed images of the PLA scaffold with geometry 0-45°. The
architecture of the scaffold is presented in Fig. 6, and Table 7 exhibits
the morphological measurements. The morphology of the scaffolds was
evaluated by two approaches for both geometries, analyzing the top
view and the cross-section of fractured samples, and the geometries were
highly reproducible in comparison to the geometries projected via Sol-
idWorks® and to the results obtained of the reconstructed models
independently of the addition of HA or TCP up to 10 wt%.

Another aspect that marginally reduces the printing precision is the
thickness control of the filaments, which was outlined by only using the
amount of the filament required for each printing and measuring it ten
times alongside the length and two times each point to diminish minor

Fig. 5. Micro-CT reconstructs images illustrating the structural features of the PLA printed scaffolds. (a—c) 0-90° geometry and (d—f) 0-45° geometry. (a and d)
lateral view; (b and e) angular view; (c and f) negative view, i.e., showing in white the empty space.
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Fig. 6. Micrographs of scaffolds obtained by SEM analysis. Top-view and cross-section of PLA, PLA/HA, and PLA/TCP composites (magnifications of 50 x and 200x).
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Table 6
Morphological measurements of the scaffolds of PLA, PLA/HA, and PLA/TCP.
Pore size Filament width Layer height
(um) (um) (um)
0-90° PLA 197 + 14 376 + 12 307 + 15
geometry PLASHA 175+ 15 396 + 10 297 +£7
PLA10OHA 178 £ 16 395 + 26 293 + 10
PLASTCP 184 + 27 402 + 16 316 + 13
PLA10TCP 181 + 12 406 + 18 270 + 20
0-45° PLA 183 £ 15 389 + 12 302 +£ 15
geometry PLASHA 214 +£ 16 384 + 14 307 +£ 23
PLA10HA 183 + 20 386 + 17 280 + 16
PLASTCP 204 + 12 381 +£ 19 306 + 20
PLA10TCP 206 + 13 379 +£ 14 300 + 20
Table 7

Elastic modulus of the PLA, PLA/HA, and PLA/TCP samples*.

Samples Elastic modulus (MPa)*
100% Filled PLA 821+ 1.7
PLASHA 825+ 1.2
PLA10HA 78.5 £ 2.0
PLASTCP 83.3+1.6
PLA10TCP 79.6 + 0.5
0-90° Geometry PLA 67.8 + 3.4
PLASHA 64.7 £ 5.7
PLA10HA 71.7 £ 1.0
PLASTCP 68.9 £+ 3.4
PLA10TCP 65.9 + 3.4
0-45° Geometry PLA 70.4 +£ 1.6
PLASHA 70.3 +1.9
PLA10HA 68.7 £ 1.0
PLASTCP 69.3 + 1.0
PLA10TCP 68.0 + 2.2

" Total mean + standard deviation; # when compared with the respective
100% filled sample.

ovality effects from the extrusion process. Some authors noticed that
filler content higher than 10 wt% leads to printing and extrusion prob-
lems, as clogging and filler accumulation in the nozzle [21,22].

However, these minor changes do not compromise the performance
of the scaffolds for biomedical applications. EDS mapping was per-
formed in the cross-section surface of the filaments aiming to investigate
the HA and TCP distribution inside the filament (Supplementary data
Fig. 6.1). The printing process, which involves elevated temperature and
shear rate, leads to HA and TCP good dispersion inside the cross-section
of the filaments, and higher intensity of the signal was obtained in some
regions were the HA or TCP were present in higher concentrations
(Table 6).

PLA
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3.4. Mechanical properties

The developed scaffolds were tested under compressive load, which
simulates in some extension the conditions imposed by the body during
use, i.e., bone graft. Table 7 presents the elastic modulus of the three
different geometries fabricated, namely, 100% filled, 0-90°, and 0-45°.
Fig. 6.2 (Supplementary material) presents compressive stress-strain
curves for 100% filled and 0-90° samples and the regions used for
elastic modulus determination.

The samples PLA10HA and PLA10TCP with 100% filled presented a
slight decrease in compressive modulus compared to PLA, however, only
for PLA1IOHA it is statistically significant (p < 0.05). One possible
explication for this is cooling ratio reduction since heated filaments are
deposited side by side and kept at high temperatures during a longer
time, similar behavior was observed in the PLA10HA samples [21].

Furthermore, for the composites, the filaments have their molecular
mass reduced by the addition of HA and TCP (higher reduction for HA)
during the printing process.

0-45° and 0-90° geometries presented mechanical properties
15-20% lower compared to their 100% filled references and an elastic
modulus in the range of 65-72 MPa matching the required mechanical
properties for cancellous bone grafts under compression [44,46].
However, 0-45° and 0-90° geometries did not exhibited statistical sig-
nificance (p < 0.8) between groups, although the composite PLA10HA
0-90° geometry presented the highest value of elastic modulus. The
elastic modulus obtained for PLA and composites is also consistent with
other results presented in the literature, and as expected, the fabrication
of porous geometries reduced elastic modulus [47,48].

It is worth noticing that for scaffolds and samples 100% filled, the
tests were performed until the maximum load of 2 kN without failure,
and it comprises a maximum compressive strength in the range of 10-11
MPa, which is compatible with human bone properties [49].

3.5. In vitro bioactivity via SBF

The bioactivity of the produced scaffolds was evaluated by soaking
them in simulated body fluid (SBF) and analyzing the formation of new
calcium phosphates in their surface. The SBF testing assay is usually the
first approach to evaluate the capability of the material to be used in
bone tissue engineering and the obtained results are illustrated in the
images depicted in Fig. 7 [10,50,51]. It was observed that the composite
scaffolds developed with PLA/HA and PLA/TCP filaments were capable
of inducing the development of new calcium phosphates in their surface
after soaking the samples in SBF for 7 days. On the contrary, since PLA is
not bioactive, no calcium phosphates formation was observed in the
surface of the scaffolds produced with bare PLA [50,51]. The obtained
results suggest that both HA and TCP, due to its bioactive properties,

PLASHA PLA10HA PLASTCP PLA10TCP

Fig. 7. Surface morphology of PLA, PLA/HA, and PLA/TCP scaffolds soaked under different times in SBF (magnification 500x).
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Fig. 8. Live/Dead cell viability assay for PLA, PLA/HA, and PLA/TCP scaffolds after 1 and 7 days of MC3T3 culture (magnification of 100x).
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Fig. 9. DNA concentration over cell culture time on PLA, PLA/HA, and PLA/
TCP scaffolds seeded with preosteoblast cells (*p < 0.01, ***p < 0.0001).
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unleashed the formation of calcium phosphates in the surface of the
scaffolds and particularly for HA composites, it was possible to observe
the formation of a thicker layer of several small calcium phosphates
particles upon 7 days of incubation in SBF.

3.6. Cell culture assays

One of the most successful approaches for developing devices for
tissue engineering is the use of biodegradable and biocompatible ma-
terials. However, further studies also showed that physicochemical
properties, as well as mechanical properties, surface roughness, volume,
and pore size, also impact in the cell attachment, proliferation, and
differentiation rate [52-56]. In the face of this, the fabrication of 3D
scaffolds with well-controlled geometry using FFF and bioactive mate-
rials, namely, PLA combined with bioactive fillers (HA and TCP), makes
them suitable materials for translational medical applications. Fig. 8
presents Live dead viability assay for PLA, PLA/HA, and PLA/TCP for 1
and 7 days, and as it can be seen, using a top-down approach for cell

Osteogenic

PLA10HA PLA10TCP

200um
——

Fig. 10. Live/Dead cell viability assay for PLA, PLA10HA, and PLA10TCP scaffolds after 7, 14, and 21 days with and without osteogenic medium. The red signal
(dead cells) is showed as a separated channel at the bottom of the figure for each time-point (magnification of 100x).



E.H. Backes et al.

Materials Science & Engineering C 122 (2021) 111928

Osteogenic

ALP/DNA concentration

Fig. 11. ALP/DNA concentration over cell culture time for PLA, PLA10HA, and PLA10TCP scaffolds seeded with hASCs cells with and without the osteogenic el-

ements (*p < 0.01, ***p < 0.0001).

seeding, firstly, the cells attached to the surface then later spread and
colonized the internal portion of the scaffolds. It is essential to notice
that the selection of adequate pore size also aids cell attachment and
proliferation [19]. Since the developed geometries presented compara-
ble mechanical properties and porosity, the authors decided to perform
cytocompatibility and differentiation tests only in 0-90° geometry since
this geometry has been more investigated.

The scaffolds presented a suitable environment that allowed cell
proliferation and spread in a short period. It was observed in the scaffold
PLA10HA, after 7 days of culture, a high cell confluence, and in some
points, the pores of the scaffolds were nearly closed by cells. Recent
studies also showed the bioactivity capacity of the combination of PLA/
HA, even using HA as a coating instead of mixed within the polymeric
matrix, wherein an increase in cell proliferation and bone ingrowth
without inflammation has been observed [11,20,57]. The scaffolds with
5 and 10 wt% of TCP also supported intensified cell spreading and
colonization.

DNA quantification was performed to corroborate the qualitative
live/dead assay and evaluate cell proliferation in the developed scaf-
folds. It was observed no noteworthy differences in the DNA concen-
tration between the PLA, PLA/HA, and PLA/TCP constructs for the short
periods of analyses (1 and 3 days) (Fig. 9). It seems that cell spreading
and proliferation required longer times to experience significant varia-
tion, as seen in the difference of morphology between the samples from 1
and 7 days in Fig. 8. In fact, after 7 days of cell culture, the samples
PLA10HA and PLA10TCP demonstrated a significantly higher amount of
DNA when compared with the PLA, PLASHA, and PLASTCP sample (p <
0.01 and p < 0.001, respectively). However, no statistical difference was
observed between PLA10HA and PLA10TCP. Such a result indicates that
the higher concentrations of both HA and TCP could guide a good
cellular response by increasing material cytocompatibility [16,19,57].

Since the scaffolds PLAIOHA and PLA10TCP showed high biocom-
patibility with improved cell proliferation in contact with MC3T3-E1
cells, we proceeded with a culture test with those compositions using
hASCs. Fig. 10 presents Live/Dead viability assay for PLA, PLA10HA,
and PLA10TCP for 7, 14, and 21 days using hASCs with and without
differentiation medium. It was possible to observe that for 7 days of
culture, both the PLA and the PLA10HA and PLA10TCP biocomposites
showed similar proliferation, including using the two different culture
mediums. For 14 days assay, greater proliferation was observed for
PLA10HA and PLA10TCP cultured in a-MEM. In those samples, a more
intense red signal (channel separated at the bottom of the figure) is also
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observed, indicating that as more cells proliferate, they are also under
more stress and may die. For samples with osteogenic culture medium,
the addition of components that induce cell differentiation reduces cell
proliferation, and therefore they tend to differentiate [58]. Lastly, for
samples culture in 21 days in a-MEM, extensive proliferation is observed
since the pores of the scaffolds are practically closed, and leading to an
intensification of the number of dead cells (red signal). In samples
cultured in osteogenic medium, a greater proliferation of cells is
observed over 21 days period; however, in a smaller amount than those
tested in a-MEM. As expected, cell-cultured in basal medium exhibited
higher cell density than those cultured in the differentiation medium
[29].

The growth and differentiation of osteoblasts are characterized by
three main events in the extracellular matrix: (i) proliferation, (ii)
maturation, and (iii) mineralization [59]. The formation of ALP can
evaluate mineralization, and this enzyme exists in several tissues and
has a role in forming hard tissues. ALP acts in the early stages of bone
mineralization, and it is widely reported that once it reaches its miner-
alization onset (usually 14 days), there is a decrease in its expression
[591.

Fig. 11 shows the concentration of ALP/DNA for different cell culture
times with and without osteogenic elements. Samples cultured in
a-MEM, the peak of ALP occurs for 7 days and suffer a decrease for
longer culture times. The PLA10HA (p < 0.01 compared to PLA) showed
a high expression of ALP/DNA, and its values decrease more rapidly
than for PLA and PLA10TCP [60]. While the samples in the osteogenic
medium, the samples presented low expression of ALP/DNA at 7 days,
and for the neat PLA presented a higher expression compared to
PLA10HA and PLA1OTCP for 14 and 21 days (p < 0.0001). Samples
cultured in the osteogenic medium showed ALP peak in 14 days and
remained constant until 21 days.

Nakagawa et al. [61] investigated the biological effects of TCP mi-
croparticles at different concentrations in the proliferation, cytotoxicity,
and calcification of human synovial mesenchymal stem cells. Micro-
particles at a concentration of 1.0 mg mL™! of TCP significantly
inhibited proliferation and increased the number of dead cells, while at
lower concentrations, such as 0.1 mg mL~" TCP promoted calcification
of the cells. Similar results were obtained by Li et al. [62] with the use of
HA nanoparticles in high concentrations (from 40 to 200 pg of particles
per mL of medium). According to the authors, HA nanoparticles
decreased the concentrations of calcium and phosphate in the culture
medium instead of increasing them, and this may be a result of the
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Fig. 12. PLA, PLA10HA, and PLA10TCP scaffolds after 14 d cultured in osteogenic medium (a). AR concentration in mM for PLA scaffolds and PLA/HA and PLA/TCP
biocomposites grown with hASCs under different culture times, 7, 14 and 21 days (b) (***p < 0.0001).

absorption of calcium and phosphate ions on the surface of the HA
during the process of crystalline growth and mineralization. However,
for lower concentrations, HA nanoparticles promoted cell growth due to
the absorption of proteins and the binding of these cells to the surface of
HA.

However, some authors show that although ALP is widely used to
determine osteogenic differentiation, considering only this value may be
a premature conclusion [63]. Thus, Alizarin Red (AR) was chosen as a
complementary analysis of the mineralization of the scaffolds. AR is a
pigment used to locate calcium deposits in tissues and is an indicator of
the production of mineralized extracellular matrix by mature osteo-
blastic cells [64]. Additionally, calcium and phosphorus can promote
the mineralization of bone tissues [65]. Fig. 12 shows AR quantification
for PLA, PLA10HA, and PLA10TCP scaffolds cultured with hASCs under
different culture times.

As can be seen, the scaffolds of PLA10HA and PLA10TCP, due to the
addition of calcium phosphates, HA, and TCP, respectively, had high
levels of mineralization, whereas pure PLA shows only almost imper-
ceptible traces without using a microscope.

The quantification of the scaffold mineralization was performed by
destaining the samples with a solution of cetylpyridinium chloride
(CPQ). It is worth remembering that because scaffolds already have in
their composition materials that can lead to spontaneous dyeing, tests
were carried out on the scaffolds for the same culture times, however,
without cells. In Fig. 12 the use of an osteogenic medium led to a much
higher concentration of mineralized matrix, and the values were higher
for the composition with HA, whereas for scaffolds with TCP, and there
was a great evolution from 7 to 14 days and a small increase for 21 days.
It is worth remembering that for the PLA10HA and PLA10TCP scaffolds,
even without the addition of osteogenic medium, these samples showed
potentiation of osteogenesis, although at a minor level compared to
sample culture in the osteogenic medium.

Summarily, combining a biomimetic approach to bottom-up scaf-
folds manufactured with bioactive materials and adequate pore size
assist cell proliferation and differentiation and its use in bone tissue
engineering applications [19].

4. Conclusion
PLA, PLA/HA, and PLA/TCP scaffolds were successfully produced

using twin-screw extrusion, followed by FFF technology to obtain 3D
architectures with different geometries. All the extruded filaments
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presented suitable rheological and thermal properties for the fabrication
of 3D scaffolds. According to the Micro-CT and SEM analyses, the scaf-
folds presented a high level of printing accuracy related to the 3D model.
Moreover, the developed 3D architectures presented mechanical prop-
erties as adequate compressive modulus and compressive strength for
bone graft applications ranging from 65-72 MPa and 10-11 MPa,
respectively. The addition of HA and TCP become the scaffolds bioac-
tive, stimulating new calcium phosphates upon incubation in SBF, which
would allow an osteoblast friendly microenvironment. Moreover, the
printed composite scaffolds supported cell attachment, proliferation,
and differentiation. The reported methodology enables the production
of bioactive scaffolds with well-controlled geometry by using 3D printer
technology, with the potential to be used for bone grafts and bone tissue
engineering..
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