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Abstract

This work reports on the development of nanocomposites based on poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate)[P(3HB-co-3HHx)Jandnanohydroxyapatite
(nHA) for the development of scaffolds by means of a two-stage extrusion process
followed by a 3D printing process. Tensile test samples were produced for the
characterization of the materials. Each processing thermal cycle promoted a slight
thermal degradation, identified by means of differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA). Also, a viscosity reduction was observed
in the rheological measurements. The 3D-printed tensile test samples exhibited
increasing stiffness at increasing nHA content (with elastic modulus values close to
1000 MPa), while tensile strength and strain at break were reduced. Nonetheless,
the deposition direction oriented with the tensile direction (raster angle of 0°C)
exhibited the highest tensile strength (18 MPa) but lower elongation at break than
the 45°/—45°C deposition, which resulted in the highest strain (up to 17%). Regarding
the scaffolds, they were degraded in phosphate-buffered saline at 37°C for 8 weeks.
This degradation was identified by a reduction of their weight (between 1.5% and
3.0%) and reduced mechanical behavior measured by means of a compression test.
Scaffolds showed a decrease of the compression strength (from values close to
13 MPa to 9 MPa).

Keywords: Hydroxyapatite; Polyhydroxyalkanoates; Fused filament deposition
modeling; Additive manufacturing; Scaffold

1. Introduction

Additive manufacturing has been developed as a novel manufacturing methodology.
Some of the main advantages of additive manufacturing are the freedom it provides
toward design, mass customization, and manufacture of complex structures, as well

Volume 10 Issue 1 (2024)

274 https://doi.org/10.36922/ijb.0156


https://www.doi.org/10.36922/ijb.0156
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

International Journal of Bioprinting

Scaffolds manufacturing by fused deposition modeling

as rapid prototyping.! Among the different additive
manufacturing techniques, including stereolithography
(SLA), selective laser sintering (SLS), contour crafting (CC),
powder bed fusion (PBF), or fused deposition modeling
(FDM), the latter has evolved over the recent years to the
point that it is currently applied in different sectors, such
as construction, automotive, and biomedicine.>> The
emergence of FDM, which is also known as 3D printing,
has positively affected the medical industry, particularly
due to its ability in producing customized prostheses,
scaffolds for tissue regeneration or even highly efficient
drug delivery systems.®” Unlike conventional processes
like casting, forging or machining operations imply high
manufacturing costs for low-volume production series.
Additive manufacturing is advantageous in terms of
customization, as multiple operations and production
processes can be avoided. For instance, production of item
with complex geometries can even be clearly simplified
when additive manufacturing is used.® This is because of the
layer-by-layer operation principle, which allows building
up the final product based on the geometry obtained by
means of computer-aided design (CAD) software.”'

Among the different healthcare applications, in which
FDM can be used, the fabrication of scaffolds for tissue
engineering is one of the most interesting ones. A clear
example is the production of nanohydroxyapatite (nHA)-
polylactic acid (PLA) scaffolds, which have been reported
to benefit the reconstruction of large bone defects,'! as they
enhance the adhesion and proliferation of cells to carry out
the regeneration process of damaged tissue.'>" Indeed,
one of the most important features in optimizing scaffold
performance is obtaining successfully interconnected
pores to promote nutrient transport and integration with
surrounding tissue.'*'¢

The development of medical devices can be satisfied
by several materials, including metals (i.e., cobalt-chrome
alloys or titanium), ceramic materials, and polymers
and polymer-based composites.”” Each kind of material
has different properties; therefore, the final application
of medical device depends on the material employed.
Metallic materials have been historically used for medical
implants due to their biocompatibility in the long term
and high wear resistance, which allow their use in
artificial joints, stents, or valves.'®!® Ceramic materials,
such as hydroxyapatite (HA) and tricalcium phosphate
(TCP), are attracting interest in the medical sector due
to their presence in bones, although its use is limited by
their intrinsic fragility. Indeed, this limits its application
as bulk material, and most of the works have reported
their use as prosthesis coating or filler.'"'*?**! Concretely,
HA constitutes around the 70% by weight of the human
bones and possesses great osteoconductive capacity, so it

has been used in different applications in the field of tissue
engineering, particularly in bone regeneration.”> However,
its powder-like structure and rigidity limit its application
as bulk material, requiring the use of a polymer like PLA
to be embedded into during the processing stage.”"**%
Among the matrices, thermoplastic materials deserve
special attention, as they are mostly used in FDM. Polymers
derived from fossil resources such as polyethylene (PE)
have been broadly used in producing implants used in
applications such as implants. However, polymers obtained
from renewable resources are also widely used in FDM,
such as polylactic acid (PLA), poly(lactic-co-glycolic
acid) (PLGA), or polyhydroxyalkanoates (PHAs).>!"*%
Furthermore, biodegradable, oil-based, and compatible
polymers are also attracting interest, particularly in
combination with bio-based and biodegradable materials,
as it is the case of polycaprolactone (PCL).* In the broad
range of bio-sourced polymers, PHAs are gaining interest
due to their compatibility, as some of their constituents
can be naturally found in human blood,” making them an
excellent option for medical devices.?**!

Apart from biocompatibility, which is a requirement
for any medical device, the degradation rate of materials
is also a parameter to be considered, particularly for
temporary implants and scaffolds that would require
a second intervention for an after-use removal.”> The
degradation process of polymers within the human body
is critical, and some polymers may generate inflammation,
as is the case with PLGA.” For instance, the oligomers
released from PLA degradation have been reported to
produce toxicity within the human body due to lactic acid
accumulation. On the other hand, the 3-hydroxybutyrate
(3HB) that is produced from PHA degradation is a
common metabolite in living species due to the breakage of
long-chain fatty acids, meaning that PHA is biocompatible
in degradation conditions.*** Indeed, the inflammatory
response of PLA compared to “poly(3-hydroxybutyrate-
co-3-hydroxyhexanoate [P(3HB-co-3HHx)]” has been
previously reported to be more intense.” Among the
different PHAs, poly(3-hydroxybutyrate) (PHB) is the
most common one, but its thermal stability is low and thus,
it often degrades during processing since its processing
temperature is close to the temperature at the beginning
of degradation, leading to a narrow processing window.*
Copolymers such as P(3HB-co-3HHx) can achieve higher
thermal stability that allows for a wider processing window,
making its processability more suitable by means of
additive manufacturing in comparison with other PHA.*

The use of composite materials opens a new paradigm,
as the combination of two or more materials may result
in interesting properties. For instance, the combination
of polymers with ceramic fillers (e.g., HA) can confer
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Table 1. P(3HB-co-3HHXx) characteristics according to the supplier

Characteristic Value Units Standard

Melt flow index (MFI) 1 ¢/10 min ISO 1133-2 (160°C and 2.16 kg)
Density 1.20 g/em? ISO 1183-1

Melting temperature 124 °C ISO 11357

Glass transition temperature (TX) 1 °C 1SO 11357

Young’s modulus 0.9 GPa ENISO 527

Strain at break 21 % EN ISO 527

Vicat 62 °C ISO 1133-5

biocompatibility and bone regeneration capacity to the
neat polymer. From the mechanical point of view, ceramic
materials can act as a reinforcement, leading to an increase
of stiffness of the polymer composite. In addition, the
composites are more ductile than the ceramic material.*’
Of note, increasing HA contents in PLA resulted in
higher biocompatibility and bioactivity of PLA, or cell
proliferation enhancement in the case of PCL as matrix.**

The development of scaffold structures for bone
regeneration process is a current trend, and different
kinds of studies have been carried out to improve bone
regeneration process.” During the healing process, blood
and cells can penetrate the porous structure in order to
start bone formation.* Depending on the manufacturing
technique employed for the obtention of the scaffold,
different properties will be obtained. As Eltom et al. propose,
scaffolds were conventionally manufactured by freeze-
drying, solvent casting, gas foaming, electrospinning, or
thermal-induce phase separation, but with the grow of
additive manufacturing techniques, different approaches
have been made to develop scaffolds with rapid prototyping
techniques.” In this sense, the development of scaffolds
made by FDM has been conducted in different polymeric
matrix like PLA, PCL, and also P(3HB-co-3HHXx).23¥4¢
In addition, the combination of biopolymers with ceramic
fillers to enhance the tissue regeneration has been
investigated.*”*® In most cases, only the cell adhesion over
the scaffold is studied but in some cases, the study of the
mechanical performance of the scaffold is also conducted.”

The main aim of this work is the development of
nanocomposites prepared from P(3HB-co-3HHx) and nHA,
targeting the development of bioactive and biodegradable
materials for 3D printing of medical devices. In this work,
standard tensile specimens with 100% infill and different
infill directions were 3D-printed to assess the mechanical
properties of the developed nanocomposites. In addition,
the effect of all the processing stages was analyzed by thermal
tests, such as differential scanning calorimetry (DSC) and
thermogravimetry analysis (TGA), to measure the changes
in enthalpy and main characteristic temperatures. In

addition, rheological studies were performed to measure
the viscosity changes in each processing stage. The main
novelty focuses on the assessment of the changes that
take place during a hydrolytic degradation process of
the material. In this sense, different studies have been
conducted by other authors that measure the cell adhesion,
but the effect on the physical properties over the immersion
time has not been deeply investigated. In this case, scaffolds
were fabricated and immersed in phosphate-buffered saline
(PBS) at 37°C up to 8 weeks. To monitor the changes that
took place during the immersion, compression mechanical
properties, changes in the weight of the sample and changes
in the pH of the medium were measured.

2. Materials and methods

2.1. Materials

Commercial-grade P(3HB-co-3HHx) (Ercros® PH 110)
supplied by Ercros S.A. (Barcelona, Spain) in pellet
form (cylindrical shape with an average of 3 mm length
and 2 mm diameter) were used as polymer matrix of
the nanocomposites. The main characteristics of the
polymer, according to the supplier, are reported in Table 1.
Commercially available nHA, purchased from Merck
(Madrid, Spain) (Ref: 677418) was used as filler for the
nanocomposites. According to the supplier, this nHA has
a surface area of higher than 9.4 m?/g, as determined by
Brunauer-Emmet-Teller (BET) analysis, and a molecular
weight of 502.31 g/mol. The particle size was lower than
200 nm and the purity was reported to be equal to or
higher than 97%. The employed material is a polymer with
low melt flow index (MFI), so the temperature profile and
screw speed must be adjusted properly in order to obtain
a good-quality filament. Other authors have reported the
employment of polymers with MFI values close to the one
employed in this study.**!

2.2, Preparation of nanocomposites

The matrix and the filler were dried at 80°C in an air-
circulating oven (Industrial Marsé, S.A., Barcelona, Spain)
for 24 h. Subsequently, the correct amount of each material
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was manually premixed in zippered bags at nHA contents
of 0.0, 2.5, 5.0, and 10.0 wt%. The premixture consisted
of 800 g of material, which were passed through a twin-
screw extruder (Dupra S.L., Castalla, Spain) with an
average residence time of 2 min. The extruder is equipped
with four individual heating zones and two screws with a
diameter of 25 mm and a length-to-diameter (L/D) ratio
of 24. All extrusions were performed with a screw speed
ranging from 20 to 25 rpm with a temperature profile of
140/145/150/155°C. This extruder was employed in order
to obtain a proper filler dispersion in the polymer matrix,
as the second extruder employed is a single-screw extruder
designed for filament fabrication only.

The extruded materials were pelletized in an air-
knife unit and stored in hermetic plastic bags to prevent
moisture uptake. The resulting samples were labeled as
P(3HB-co-3HHx)/HA content. For instance, the sample
containing 5.0 wt% of nHA was codified as P(3HB-co-
3HHx)/5HA, while the neat matrix (0.0 wt% nHA) was
named as P(3HB-co-3HHX).

2.3. Filament extrusion and 3D printing parameters
Once the nanocomposites were prepared and pelletized, a
single-screw extruder equipped with four heating zones,
Next 1.0 model from 3devo (Utrecht, The Netherlands),
was used to obtain the 3D printing filaments with the
proper dimensions. The temperature profile from the inlet
hopper to the nozzle was 150/155/160/150°C, with an
extrusion speed of 5 rpm. The extruder uses a feedback
cascade controller to adjust the rotational speed of the
spool to target the desired filament diameter. The diameter
was set at 2.85 mm, obtaining average diameters of 2.85 +
0.03, 2.85 + 0.05, 2.85 £ 0.04, and 2.84 + 0.10 mm, for the
nanocomposites containing 0.0, 2.5, 5.0, and 10.0 wt%
of nHA, respectively. Changes in the diameters and
deviation obtained for each material led to the differences
in rheological behavior with the addition of the nHA. But
in any cases, the filaments obtained could be perfectly
employed for the manufacturing process.

3D printing was carried out using an Ultimaker 3
(Utrecht, The Netherlands) equipped with a 0.8-mm
nozzle. For the present work, two geometries were
considered: tensile test specimens (Figure 1a), according to
ISO 527, and scaffolds of 12 x 12 x 25 mm?® (Figure 1b). The
printing parameters are given in Table 2. Figure 1 shows
the geometry and raster angle of the printed materials,
both for tensile test specimens (Figure la) and scaffolds
(Figure 1b).

Three replicates were printed for each raster angle
condition in the case of tensile test specimens, while 15
scaffolds were printed. For the scaffold manufacture, a cube
with the mentioned external dimensions of the device was

Table 2. Printing parameters for the tensile test specimens and
the scaffolds

Printing process parameter ~ Tensile test specimens  Scaffolds
Printing temperature (°C) 170 170

Bed temperature (°C) 65 65
Printing speed (mm/s) 30 30

Layer height (mm) 0.2 0.2

Infill (%) 100 70
Raster angle (°) 0; 0/90 and 45/-45 0/90
Printing orientation Flat Flat

designed using FreeCAD software. To achieve the desired
porosity, the gcode was set with a linear infill patter with the
lines oriented at 0°/90° (with no walls and no top/bottom
layers) and a 70% infill density. The infill density was chosen
in order to get connected pores but with a low porosity values
so that the mechanical properties were not greatly reduced.”

On the one hand, tensile tests were used to characterize
the mechanical properties of the proposed formulations
obtained by means of additive manufacturing. For this
reason, an infill density of 100% was employed. Only the
infill pattern was changed since it is the most relevant
parameter in terms of mechanical properties in additive
manufacturing.” Other printing parameters like the layer
height were set to improve the final properties according
to the information obtained in literature.”® On the other
hand, scaffolds were used to assess their degradation in
a phosphate-buffered solution by means of immersion.
Compression tests were also carried out with the scaffolds
at a different immersion time.

2.4. Physical and mechanical characterization of
nanocomposites

For the tensile test, 3D-printed standardized tensile
test samples were employed following the ISO 527.
For the scaffold characterization, a compression test
was performed following the ISO 604. To this effect, a
universal testing machine (under tensile or compression
mode) ELIB 30 from S.A.E. Ibertest (Madrid, Spain) was
employed. In both cases, the machine was equipped with
a 5-kN load cell and a crosshead speed of 5 mm/min was
selected according to the testing speeds proposed in the
standard. Regarding the tensile test, three specimens of
each material were tested for the raster angle proposed.
In contrast, three scaffolds were tested each week for the
material considered; therefore, 15 scaffolds were printed
for each material. For the result analysis, on the one hand,
the data recorded during tensile test were the maximum
tensile strength measured during the test (tensile strength),
the maximum elongation of the sample achieved during
the test (elongation at break), and the tensile modulus
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Figure 1. Geometries employed in this work: (a) tensile test specimens with different raster angles and (b) scaffolds.

from the slope of the tensile test curve. On the other hand,
compression test values were taken from the yield point
(the point where the curve starts to decrease) to obtain the
stress at yield point and the deformation at yield point.

DSC tests were performed over a pellet obtained from
the dual screw extruding process before the filament
fabrication (E), a small piece from the obtained filament (F),
and a small piece of a 3D-printed sample (3D) in a Mettler
Toledo 821 from Mettler-Toledo Inc. (Schwerzenbach,
Switzerland). First, a heating-cooling cycle was performed
to remove the thermal history of the material by means
of heating from 30°C to 200°C and cooling down to
—40°C. The third heating scan went from —40°C to 200°C.
Heating and cooling rates were set at 10°C/min, using a
nitrogen atmosphere with a flow rate of 66 mL/min. The
DSC test provided the melting temperature (T, ), the cold
crystallization temperature (T ), the melting enthalpy
(AH ), and the cold crystallization enthalpy (AH).
Crystallinity was calculated from the enthalpies, the mass
fraction of hydroxyapatite (w) and the normalized enthalpy
values (AH?), as reported in Equation I.

AH, —AH,,

WXIOO )

X (%)=
The AH? values for a theoretical pure crystalline P(3HB-
co-3HHx) were noted as 146 J/g.”

TGA was performed using samples with an average
weight of 15-25 mg in a PT1000 from Linseis (Selb,
Germany). The nanocomposites were placed in 70-pL
alumina crucibles and subjected to a heating from 30°C to

700°C. The heating rate was set at 20°C/min, and the tests
were performed in a nitrogen atmosphere.

For the rheological measurements, cylinders with 25-
mm diameter and 1-mm height after each processing stage
[dual screw extruding (E), filament (F) and 3D-printed
sample (3D)] were obtained for rheological measurements
by means of compression molding in a hot-plate press at
160°C and 300 bar for 1 min. The rheological behavior
was measured in an oscillatory rheometer AR G2 from
TA Instruments (New Castle, USA). The rheometer
configuration was plate-plate (diameter of 25 mm) using
a gap of 0.5 mm to allow the sample insertion. Frequency
sweep experiments were carried out at a fixed strain of
0.1%. The storage modulus (G'), loss modulus (G"), and the
complex viscosity (1*) were determined from rheological
measurements. The angular frequencies were swept from
100 to 0.01 Hz with five points per decade at 170°C.

2.5. Characterization of scaffolds

Prior to immersion in the PBS, scaffolds were numbered
and weighed to obtain the initial mass (W ). The scaffolds
were then placed in individual bottles containing PBS
and kept at 37°C for 8 weeks. The PBS was replaced every
week, and three scaffolds were taken out every 2 weeks for
characterization purposes.

The total porosity of scaffolds was determined by
gravimetry according to Equation II, where p_ . . is the
density of the scaffold calculated from the apparent volume
and the scaffold weight, and p__ . is the density of each
nanocomposite, which was determined in a densitometer
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from Testing Machines Inc. (Delaware, USA) with a

resolution of 0.01 g/cm?.*

p scafold

Total porosity =1— (1D

material

Scaffolds were manually dried with paper for a short period
of time (less than 2 min) to remove the PBS from the surface
and weighed (W) to obtain the amount of absorbed PBS
(W), according to Equation III. After this, samples were
oven-dried (60°C for 48 h) to remove moisture and then
weighed (W), allowing the determination of weight loss
(W), according to Equation IV. In each extraction, the pH
of PBS was measured.

vg(%):EZLZEQxlm) (111)
WO
V%(%)zjy%§j§§x100 (IV)

0

Surface morphology of the scaffolds (prior and after
immersion in PBS) was assessed by means of field emission
scanning electron microscopy (FE-SEM) in a Zeiss
Ultra 55 FESEM microscope from Oxford Instruments
(Abingdon, UK), operating at an accelerating voltage of
2 kV. Samples were coated with gold-palladium alloy in
an EMITECH model. SC7620 sputter coater was obtained
from Quorun Technologies Ltd. (East Sussex, UK). This
test was conducted to measure the mineralization ability
of the different composites manufactured following the
procedure proposed by Monshi et al.”’

Finally, the chemical analysis of the scaffold surface
was analyzed by attenuated total reflectance-Fourier
transform infrared spectroscopy (ATR-FTIR). Bruker
S.A. Vector 22 (Madrid, Spain) coupled with an ATR
measuring accessory from Pike Technologies (Madision,
WI, USA) was employed. Wavelengths between 4000 cm™
and 600 cm ! with a resolution of 4 cm™ were used for the
scan, and each spectrum was collected from an average of
10 measurements.

2.6. Statistical analysis

Differences among the samples were evaluated at 95%
confidence level (p < 0.05) by analysis of variance
(ANOVA) following Tukey’s test. Open-source R software
(https://www.r-project.org) was employed for the analysis.

3. Results

3.1. Mechanical properties of the P(3HB-co-3HHXx)/
HA nanocomposites

The performance of the 3D-printed samples in tensile tests
is displayed in Figures 2, and Figure 3 shows the tensile test
curves obtained. Tensile specimens printed with different

raster angles are compared to those produced by injection
molding in a previous work.” In any case, regardless of
the manufacturing method, composites with the largest
proportion of nHA (10%) consistently showed the lowest
average values for the ultimate tensile strength and
elongation at break. Nonetheless, nHA also increased the
stiffness of P(3HB-co-3HHX), as the tensile modulus of the
composites with 10% of nHA was significantly higher than
the rest of combinations for all the production processes. It
can be inferred that the reinforcement effect produced by
the nanoparticles limits the mobility of the polymer chains
during tensile tests.”

In the comparison of samples with the same proportion
of nHA, differences arise due to the high dependence of the
additive manufacturing parameters employed in terms of
raster angle. Those with the raster aligned with the tensile
effort direction (0°) resulted in the best outputs in tensile
strength and stiffness (tensile modulus), since a favorable
monoaxial orientation of P(3HB-co-3HHx) improves the
mechanical behavior.® In agreement with this result, other
authors have reported that additive manufactured samples
of PLA obtained the best tensile strength values for raster
angles between 0° and 20°.** Under these conditions, stress
is transferred along the deposited lines. Bigger raster angles
imply transmission of mechanical stress at the interfaces
of adjacent deposited lines, so the strength is limited by
their adhesion.®> Nonetheless, for the elongation at break,
the 45°/-45° disposition provided the best results. In this
case, the lines deposited have certain ability to rotate,
allowing for a slightly greater deformation before rupture
as described by Santo et al.®® All these effects show the
typical anisotropic behavior of an additive manufactured
sample.®*

In injection molding, the packing pressure applied
avoids pore generation, so the best mechanical properties
are obtained.” As an exception to this trend that appeared
in this work, samples with a raster angle of 0° improved
the tensile strength attained by injection molding for all
of P(3HB-co-3HHx)/(HA) composites, regardless of
the composition. Porosity formation is a well-known
limitation of 3D printing by the way that the polymer
lines are deposited next to each other.®® Pore formation
limits, in most cases, the mechanical behavior of the
3D-printed samples. Lay et al. reported different polymers
like PLA, ABS, or nylon; the injection molding samples
achieved higher values in terms of tensile strength, tensile
modulus and elongation at break than the ones obtained
by additive manufacturing.”” The differences were linked
to the presence of voids in the 3D-printed samples.®” The
polymeric matrix employed herein is highly sensitive to the
shear rates applied. In the injection molding process, it is
necessary to completely fill the mold cavity before polymer
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Figure 2. Mechanical properties of the P(3HB-co-3HHx)/HA tensile specimens at different raster angles and compared to injection molding (IM).**

solidification to prevent high shear stress. The high shear
stress promotes chain breakage and reduces molecular
weight, leading to a diminishment of key mechanical
properties, as observed in PLA during injection molding.®*
In contrast, lower shear rates are necessary in an extrusion
process like the filament fabrication. Thus, the samples
produced by additive manufacturing are subjected to a less
aggressive process in terms of shear rate. This is also why,
in the absence of nHA, P(3HB-co-3HHx)-printed samples
maintained greater tensile strength than those obtained
by injection. Taking everything into account, the lack of
depolymerization during 3D printing might compensate
for its detrimental induction of porosity.

3.2 Thermal properties of the P(3HB-co-3HHx)/HA
nanocomposites

Figure 4 shows the DSC thermograms of P(3HB-co-3HHXx)
and its composites produced after each thermal cycle, i.e.,
melt blending extrusion process (E), 3D printing filament
fabrication (F), and 3D part printing (3D). In addition, the
temperatures at which the thermal transitions occurred
and their enthalpies are summarized in Table 3. Given
that P(3HB-co-3HHx) is a copolymer with two kinds of

functional ester groups and with alkyl chains, the presence
of distinct functional groups promotes the formation of
various kind of crystals that melt at different temperatures,
resulting in three melting peaks between 108°C and
162°C. This behavior in which three melting peaks appear
in P(3HB-co-3HHx) was also reported by Farrag et al.
who proposed that the first melting peak is attributed to
secondary lamellae melting, the second one to the primary
lamellae melting, and the last one to the reorganization and
thickening of lamellae during heating.”” Around 50°C, an
exothermic peak due to a cold crystallization process can
be observed. Moreover, the change of baseline at 0°C-5°C
is linked with the glass transition temperature. All these
temperatures were not qualitatively modified by the
introduction of nHA, which however has been reported
in the case of nanocomposites of PLA and nHA by other
authors.”

The different thermal cycles at which the 3D-printed
samples were submitted promoted a difference in the
characteristic transition temperatures. The biggest
differences emerged for the cold crystallization temperature,
which was reduced from 52.1°C for P(3HB-co-3HHXx) after
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Figure 3. Effect of infill pattern and nHA content on the tensile test curves.
Table 3. DSC characteristics of the P(3HB-co-3HHx)/HA nanocomposites
Code T(C T, (C T, (0  T,(0 T,(C  H(Ug HUE X%
P(3HB-co-3HHXx) E 0.8 £0.2* 52.1+0.1* 108.5+0.1* 1252 +0.1* 161.3+£0.2* 27.7+0.2* 49.6+0.2* 15.0+0.2°
F 1.0+0.1° 50.1+£0.2* 109.5+0.3* 126.7+0.2* 161.5+0.2*> 27.1+£0.3* 49.5+0.3* 153+£0.1*
3D 0.8+0.1° 49.6+0.1°> 1099 +0.2* 126.5+02° 161.4+0.1° 24.0+03> 509+0.1* 18.5+0.1°
P(3HB-co-3HHx)/2.5HA E 1.1+£0.2¢ 54.3+0.2* 110.6+0.1* 1269+0.1* 161.6+02* 28.0+0.1> 450+0.1> 11.9+0.1°
F 1.0 £0.1¢ 543+0.1* 110.9+0.3* 126.9+0.1*° 161.6+0.1° 26.7+0.1> 455+0.1° 13.2+0.1¢
3D 1.0+ 0.1¢ 54.1 +0.2* 111.0+0.3* 127.1+0.1* 161.8+0.1* 23.5+0.1° 451+0.1¢ 152+0.1¢
P(3HB-co-3HH x)/5HA E 1.0+0.1f 543 +0.2* 111.2+£0.3* 126.6+0.1* 161.9+0.2* 27.2+0.1° 373+0.1¢ 7.3+0.1¢
F 0.8+0.1° 55.5+0.1° 110.9+02* 1268+0.2* 161.3+02* 251+0.1¢ 373+0.1 8.8+0.1"
3D 0.8 +0.1° 55.6+0.1¢ 111.0+0.1* 128.6+0.1* 161.5+0.1* 24.4+0.1° 37.7+0.1¢ 9.6 £ 0.18
P(3HB-co-3HH x)/10HA E 0.7 £0.18 57.1+0.2¢ 112.1+02* 1284+0.2* 161.8+0.1* 29.7+0.1"' 36.2+0.1" 49+0.1"
F 0.6 +0.2" 58.1+0.1' 111.6+02* 128.7+0.1* 161.2+02* 26.7+0.1' 36.3+0.1' 7.3 +0.1
3D 0.8 £0.1" 57.9+0.1¢# 111.7+0.1* 127.7+0.2* 161.3+0.1* 25.0+0.18 36.9+0.U 9.0+0.U

Notes: ™7 Different letters in the same column indicate a significant difference among the samples (p < 0.05). E Extrusion; E Filament; 3D, 3D print.

the first extrusion process to 49.6°C after 3D printing.
Similar results were reported after a recycling process on
dried and wet PLA.” This phenomenon was caused by the
reduction in molecular weight of the polymer chains that

occurred due to the successive thermal cycles at which
the sample was submitted. This effect was also reported
by Chaitanya et al. after performing a recycling process
of PLA.” The presence of nHA reduced these differences,
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Figure 4. DSC thermograms of the second heating cycle of the P(3HB-co-3HHx)/HA nanocomposites.

similar to the effects found for the incorporation of cloisite
into a polypropylene matrix.”

Regarding melting enthalpies, the differences between
the thermal cycles were almost insignificant, whereas the
cold crystallization enthalpy decreased notably. During
each cycle, polymer chains were cleaved to a certain
extent. This prompted the rearrangement of the polymer
chains during the cooling cycle, and thus, the degree of
crystallinity increased. This behavior is a typical effect
when reprocessing polymers.”

Generally, the addition of nHA did not affect the main
characteristic temperatures but had a significant influence
on the degree of crystallinity. The introduction of the
nanoparticles implied the establishment of new filler-
matrix interactions, partially replacing previous polymer—
polymer interactions that hindered the recrystallization.”

The thermal degradation behavior is shown in Figure 5.
Table 4 shows the key temperature values from the TGA
and derivative thermogravimetric analysis (DTG) (first
derivative) curves: the initial degradation temperature
(T,,), regarded as the temperature at which the sample
had lost the 5% of its initial mass; the temperature of

maximum degradation rate (T ), and the weight of
the remaining sample at 700°C (residual weight). For all
the different samples analyzed, T,, values were ranged
between 261°C and 271°C. Small amounts of nHA (2.5
wt%) increased the initial degradation temperature, but
higher amounts of nanoparticles reduced the thermal
stability of the sample. The improvement of the thermal
stability with the addition of hydroxyapatite is also
reported by Trakoolwannachai et al.”” Despite this, the
cleavage of polymer chains due to the thermal cycles
promoted a slight reduction in the thermal stability of
the samples analyzed.” Such reduction is not relevant
enough to limit the manufacturing process.”

Regarding T _,asignificantimprovement was obtained
when nHA up to 5 wt% was added, with values around
292°C. However, increasing the proportion of nHA to 10%
provoked a decrease, likely related to the trend followed by
the crystallinity measured by DSC. All in all, the ceramic
structure of these nanoparticles provides a high thermal
stability, since nHA does not degrade below 700°C. This
improvement was caused by the formation of strong
hydrogen bonds between the polymer (the acceptor) and
the nanofiller (the donor).*
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Figure 5. TGA curves of the P(3HB-co-3HHx)/HA nanocomposites.

Table 4. Thermal degradation properties of the P(3HB-co-3HHx)/HA nanocomposites

Code T,, (°C) T . (C) Residual weight (%)
P(3HB-co-3HHXx) E 267.5 0.5 283.4+0.3° 2.1£0.2*
2703 £0.6* 281.2+0.4* 32+0.3°
3D 266.1 £0.7° 280.3+0.2° 1.8 £0.3¢
P(3HB-co-3HHx)/2.5HA E 271.2£0.4° 288.2+0.2* 2.5+0.44
269.8 £0.5° 286.7 £ 0.4° 2.7 £0.3°
3D 269.9 £0.5° 285.8+0.5° 34+02f
P(3HB-co-3HHx)/5HA E 268.7 £ 0.4° 293.5+0.3° 7.1+0.58
267.9 £ 0.4° 292.0+0.2° 6.8 +0.4"
3D 267.1+0.3° 291.1+£0.5* 6.6 +0.3'
P(3HB-co-3HHx)/10HA E 262.5+0.5° 288.7+0.5° 124 +0.4
F 261.6 £ 0.4 286.8 £0.4* 11.9 £ 0.3%
3D 261.1 £0.3° 285.4+0.4° 11.9+0.4!

Notes: *! Different letters in the same column indicate a significant difference among the samples (p < 0.05). E, Extrusion; F, Filament; 3D, 3D Print.

Finally, owing to the non-degradation of nHA between
50°C and 700°C, the residue obtained at the end of the test

is proportional to its fraction in each material.

3.3 Rheological properties of the P(3HB-co-3HHXx)/

HA nanocomposites

The rheological properties (Figure 6) of the different
composites showed shear-thinning of a non-Newtonian
behavior or pseudoplastic behavior that promotes a
reduction in viscosity with the shear rate*' First, a
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Figure 6. Rheological behavior of the P(3HB-co-3HHx)/HA nanocomposites.

reduction in the complex viscosity was observed in each Table 5. Scaffold porosity results
thermal cycle of the sample. For example, in P(3HB-co- Cod Material densitv Seaffold -
3HHXx) following melt bending extrusion (E), a complex ode (g;lct::; ensity - Scaffold porosity

viscosity of 3761 Pa-s at 1 rad/s was obtained, whereas after
the 3D printing process, this parameter adopted a value of
3197 Pa-s. This phenomenon also occurs in PLA,* thereby
confirming the hypothesis of thermal degradation that
promotes the chain scission of the polymer chains in each
thermal cycle.

When the amount of hydroxyapatite increased, smaller
differences between each cycle were recorded. More
particle dispersion typically results in higher values of
complex viscosity, due to the greater number of particle-
matrix interactions.®’ At the same time, during the melting
state of the polymer, thermal degradation takes place.
Both effects are overlapped during the melt processing
of the materials. As a result, after each thermal cycle,
complex viscosity decreased, but the differences that arose
became smaller.

Additionally, depending on the amount of nHA
considered, an increase in complex viscosity was
obtained due to the increase of the nanofiller. This is a

P(3HB-co-3HHx) 1.215 +0.008* 0.378 +0.004*
P(3HB-co-3HHx)/2.5HA
P(3HB-co-3HHx)/5HA

P(3HB-co-3HHx)/10HA

1.254 + 0.007° 0.376 + 0.005°

1.263 £ 0.007* 0.373 £ 0.003°

1.352 £ 0.010° 0.371 £ 0.005*

Notes: ** Different letters in the same column indicate a significant
difference among the samples (p < 0.05).

typical behavior after the incorporation of particles
in a polymer.*

3.4. Scaffolds porosity of the P(3HB-co-3HHx/HA)
nanocomposites

Table 5 shows the scaffold porosity and standard deviation
obtained for each material composition. It is worth noticing
that the introduction of hydroxyapatite increased the
density of the composites due to the presence of the ceramic
material.”® The values obtained for the density ranged
from 1.215 g/cm® for the neat polymer up to 1.352 g/cm®
for the composite with the highest ceramic content.
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Figure 7. Effect of the immersion in PBS on (a) weight gain, (b) weight loss, and (c) pH changes of the P(3HB-co-3HHx)/HA nanocomposites over time.

Regarding the porosity obtained, with the manufacturing
conditions (70% infill), the calculated values were in all
cases close to 0.4, with a difference of 1.9% between all
the compositions prepared. The porosity values obtained
are higher than the values expected by the amount of infill
programmed during the slicing process. In this sense,
Vaezi et al. proposed that this difference emerges due to
the manufacturing process itself, which generates porosity
even when scaffolds are manufactured with an infill density
of 100%.%

3.5. Saline degradation in PBS of the P(3HB-co-
3HHx)/HA nanocomposites

The immersion of the scaffolds in PBS for 8 weeks
generated different effects, as indicated in Figure 7. The
first of them was the modification of the weight of the
sample as a function of the time elapsed (Figure 7a).
The scaffold mass increased until a weight gain of 4.9%
for the P(3HB-co-3HHx)/10HA composite or 2.1%
for the P(3HB-co-HHx) was reached. Similarly, the
introduction of hydroxyapatite into a polymeric matrix
increased the hydrophilicity of the material, promoting a

higher moisture sorption during the assay.*® After drying,
the weight of the scaffolds was reduced to 3.0% for the
composite with 10 wt% nHA at the end of week 8 by a
degradation process occurred during the immersion. In
this sense, some authors have reported that polymers such
as PLA were not significantly degraded at 37°C during 8
weeks of immersion.*” Other works reported weight losses
up to 6% for polycaprolactone at room temperature.®
The degradation of the scaffold (Figure 7b) starts with a
cleavage of polymer chains at neutral or close-to-neutral
pH medium by nucleophilic additions of water on carbonyl
groups. In addition, the dissolution and the capillary
water uptake of nHA particles boosted the degradation
rate, as proposed by Sultana et al® Additionally, it is
noteworthy that, even with the highest proportion of
nHA, the diffusion rate of ions through the material
was not high enough to prompt harsh pH variation.
This is beneficial to the potential biocompatibility of the
scaffold, as it helps avoid catalyzing adverse reactions in
contact with the human body. Kim et al. also reported a
pH reduction during a degradation process of a PLGA
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Figure 8. FE-SEM images of the surface of the P(3HB-co-3HHx)/HA nanocomposites with different compositions at week 0 (left) and week 8 (right).

Images taken at a magnification of 1000x.

due to the realized degradation products that appear in
the solution.*

Figure 8 indicates the changes of the surface during
these eight weeks and, especially in the cases of high
nHA proportion (5% and 10%), mineralization by Ca-P
deposition occurs. It should be noted that this deposition
of phosphorus-containing salts onto the surface of the
scaffold could help to increase the biocompatibility, since
it eases osteoblast attachment and cell adhesion.” This

change in terms of biocompatibility should be properly
assessed by cellular test in order to measure the changes in
cell proliferation.

From the point of view of mechanical behavior, scaffolds
suffered a loss of compression strength that was proportional
to the immersion time, as can be observed in Figure 9.
Hydrolytic degradation during immersion led to a reduction
in the molecular weight of the polymer.” For example, the
P(3HB-co-3HHx)/10HA composite, prior to immersion,
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Figure 9. Compression properties of the scaffolds at different immersion times in terms of (a) stress at yield point and (b) deformation at yield point.

showed a compressive stress at yield point of 12.2 MPa with a
deformation at break of 16.3%. After 8 weeks of immersion,
compressive stress at yield point of 9.3 MPa and deformation
at break of 8.3% were measured, respectively.

As in tensile tests on 3D-printed specimens, the
best strength and deformation values were obtained
for the polymeric material without hydroxyapatite.
The incorporation of an increasing amount of the
osteoconductive additive promoted a reduction of
mechanical properties such as the stress and deformation
at yield point, as shown in Figure 10. Similar effects
under compression tests have been reported for additive
manufactured scaffolds made of PLA and nHA.**

3.6. Chemical analysis of the PBS of the P(3HB-co-
3HHx)/HA nanocomposites

Figure 11 shows the chemical analysis of the surface of the
scaffolds before and after immersion in PBS. The scaffolds
before immersion showed characteristic peaks of P(3HB-
co-3HHx) at 1719 cm™ belonging to the C=0 stretching
vibration of the crystalline region of the polymericstructure.
Additionally, peaks also appeared at 2928 cm™ and 2850
cm™' corresponding to C-H vibration and asymmetric
stretching of CH,, respectively.”>** For the composites with
hydroxyapatite, a peak appeared in the range between 1020
cm™ and 1080 cm™, which corresponds to the phosphate
groups present in HA > The presence of this peak was more
noticeable when the amount of hydroxyapatite in each
composite was increased. After immersion, the spectrum
of the scaffolds changed significantly because a coating
layer was formed on the polymer surface, resulting in the
disappearance or the low intensity of peaks that could be
observed at 2928 cm™ and 2850 cm™ and the reduction of
intensity at 1719 cm™ (Figure 11b). The peak associated
to hydroxyapatite (1020-1080 cm™) appeared in all the

composites considered because during the immersion in
PBS, a hydroxyapatite layer was formed, as observed in the
morphology of the surface analysis.”*

4, Conclusion

This work showed that P(3HB-co-3HHx)/HA composites
can be effectively used for the fabrication of scaffolds by
FDM. The manufacturing method involved different thermal
treatments, including a compounding process to obtain the
composites, an extrusion process to obtain the filaments
employed in the FDM process, and a 3D printing process to
obtain the samples. All these cycles resulted in slight thermal
degradation, as seen from DSC studies with a higher degree
of crystallinity and a lower cold crystallization temperature.
DSC test also indicated that the incorporation of ceramic
nanoparticles decreased the crystallinity of the material.
TGA showed that cleavage of polymer chains reduced the
T, up to 3°C for the same composite. The degradation
effect was also observed in the rheology analysis, as each of
the thermal cycles promoted a slight reduction of viscosity
as a result of the incorporation of nHA.

Overall, increasing the amount of nHA in the
composites decreased their tensile strength and their
ductility. On the other hand, their stiffness increased with a
tensile modulus near 750 MPa for the neat polymer, while
values near 950 MPa for the 10 wt% nHA were obtained.
Regarding the pattern employed, the raster angle of 0°gave
rise to the highest strength, while the best ductility was
obtained with the 45°/-45° pattern with a 17.5% value in
the elongation at break. The compression behavior of the
scaffolds was diminished in the case of high amounts of
nHA, presenting 13.5 MPa for the neat polymer at week
0 and 12.2 MPa for the 10 wt% nHA. Moreover, samples
were subjected to an immersion process in PBS solution
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Figure 10. Effect of the nanohydroxyapatite and the immersion time in terms of compression properties.
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Figure 11. Surface chemical composition measured by ATR-FTIR of the scaffolds: (a) week 0 and (b) week 8.

weeks, which resulted in certain degradation as

observed from mass reduction up to 3.0% and loss of
mechanical properties up to 9.3 MPa for the 10 wt% nHA
at week 8. The immersion process led to only slight changes
in the pH of the medium and to hydroxyapatite deposition

on the scaffold surface, as observed in the FTIR analysis
and the surface morphology, which could help with the
biocompatibility. Regarding this key aspect, in vivo studies
should be included in future studies.
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