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ABSTRACT

Additive manufacturing represents a powerful tool for the direct fabrication of lightweight and porous structures with tuneable
properties. In this study, a fused deposition modelling/3D fibre deposition technique was considered for designing 3D nanocomposite
scaffolds with specific architectures and tailored biological, mechanical, and mass transport properties. 3D poly(e-caprolactone)
(PCL)/hydroxyapatite (HA) nanocomposite scaffolds were designed for bone tissue engineering. An optimisation design strategy for the
additive manufacturing processes based on extrusion/injection methods was at first extended to the development of the PCL/HA
scaffolds. Further insight into the effect of the process parameters on the mechanical properties and morphological features of the
nanocomposite scaffolds was provided. The nanocomposite structures were analysed at different levels, and the possibility of designing
3D customised scaffolds for mandibular defect regeneration (i.e., symphysis and ramus) was also reported.
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1. INTRODUCTION

Bone is capable of healing and remodelling itself except in the
case of defects that exceed a critical size [1], [2]. Autografts are
generally considered the gold standard for bone reconstruction.

Even though it is reported that there is no risk of device
rejection or disease transmission, many complications arise due
to poor availability, prolonged hospitalisation, donor-site
morbidity and pain, and high risk of infection and haematoma
(11131

For this reason, allografts may be seen as an alternative to
autografts but their clinical applications are strongly limited by
the risk of pathogenic disease transmission as well as low
integration with native tissues [4]-[9].

The use of metallic or ceramic man-made devices may be
considered to be an interesting alternative system since these
devices can immediately act as a mechanical support, providing

the structural stability that is generally needed for the bone-
healing process. However, the use of metallic devices may lead
to the risk of bone resorption and fracture as a consequence of
the low torsion of the great mismatch between the mechanical
properties of the implant and the bone.

Alternatively, the brittleness of ceramic devices with high
osteointegration and osteoinduction properties clearly limits
their use [4], [9]-[16]. Thus, for many years, novel approaches
based on the combination of scaffolds with cells and/or
biomolecules have been gaining importance as an intriguing
strategy with which to overcome the above reported drawbacks
[16].

The great challenge should be the design of a suitable
biomechanical environment for cell growth and the consequent
new tissue formation.

Over previous years, different combinations of scaffold
design strategies, materials, biomolecules, and cells have been
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widely investigated in an attempt to promote an effective
interaction with the native tissue [17], [18].

In the field of tissue engineering, poly(e-caprolactone) (PCL),
which is an aliphatic polyester, represents one of the most
commonly used biodegradable polymers, due to its interesting
processability, biodegradation rate, and high thermal and
chemical stability [19]-[21].

The development of ceramic materials with a composition
similar to the bone mineral phase, such as hydroxyapatite (HA)
and tricalcium phosphate, has potentially led to the possibility of
improving both the bioactivity and the mechanical properties of
the neat polymeric scaffolds [22]-[24].

With regard to bone tissue regeneration, PCL/HA
nanocomposite scaffolds with tailored architectures and
mechanical and mass transport properties have already been
fabricated by additive manufacturing techniques (i.e., fused
deposition modelling/3D fibre deposition) that allow the
development of customised structures as well as the control of
pore geometry and spatial distribution [16].

Nevertheless, it is well known that the process and instrument
parameters play an important role in determining the mechanical
properties and morphological features of additively
manufactured scaffolds. In this context, the influence of the
process parameters on these characteristics has previously been
studied in the case of 3D additively manufactured PCL scaffolds
obtained through a bioextruder [25]. In particular, great efforts
were devoted to the study of the effect of the deposition velocity
(DV), screw rotation velocity (SRV), slice thickness (ST), and
process temperature (PT) to find the best set of parameters for
the fabrication of PCL scaffolds with enhanced properties and
reproducibility [25]. In the processing of nanocomposite
materials, the difficulties are wusually greater than those
encountered for the neat polymers.

Accordingly, taking into account the previously obtained
results for the neat PCL structures [25], in this study, an
optimisation design strategy for additive manufacturing
processes based on extrusion/injection methods was first
employed to develop PCL/HA nanocomposite scaffolds for
hard tissue regeneration. The nanocomposite scaffolds were
analysed at different levels, and examples of strategies for the
development of customised scaffolds were reported.

2. MATERIALS AND METHODS

PCL/HA nanocomposite pellets were first developed and
then processed through the fused deposition modelling
(FDM)/3D fibte deposition technique.

Specifically, PCL. (Mw = 65000; Sigma-Aldrich, St. Louis,
MO) pellets were dissolved in tetrahydrofuran (THF; Sigma-
Aldrich, St. Louis, MO) while stirring at room temperature. HA
nanoparticles and, then, ethanol was added to the solution.

A PCL/HA weight ratio (w/w) of 90/10 was consideted, and
an ultrasonic bath (Branson 1510 MT, Danbury, CT) was
employed for the dispersion of the nanoparticles in the
PCL/THF solution.

PCL/HA nanocomposite pellets were processed using a
bioextruder [25] to fabricate 3D scaffolds (length L of 7.0 mm,
width W of 7.0 mm, and height Hy of 8.0 mm), characterised by
a 0/90° lay-down pattern.

A nozzle with an inner diameter of 400 um was used to
extrude/inject the material. The nanocomposite fibres/filaments
were deposited according to the selected sequence of stacking

Table 1. Manufacturing parameters: slice thickness (ST), deposition velocity
(DV), screw rotation velocity (SRV) and process temperature (PT).

ST DV SRV PT
(um) (mm/s) (rpm) (°q)
350 8 20 120
380 10 25 130
400 12 30 140

(i.e.,, lay-down pattern). A fibre spacing (i.e., filament distance
[FD]) of 1,000 um was used.

The PCL/HA scaffolds were manufactured using three
different values of the ST, DV, SRV, and PT, as shown in Table
1.

With regard to the fabrication of the devices, one parameter
was varied iteratively, while maintaining the other three as
constant parameters.

The morphology of the scaffolds was investigated by scanning
electron microscopy, focusing on the filament diameter, strand
distance (centre-to-centre distance), and layer thickness.

The mechanical behaviour of the 3D scaffolds was
appropriately analysed.

Compression tests on the 3D scaffolds and nanoindentation
analyses on the scaffold fibres were performed to assess the
effect of the inclusion of HA nanoparticles on the mechanical
behaviour and local surface properties.

In particular, mechanical compression tests were carried out
on the fabricated 3D PCL/HA scaffolds. The structures were
tested at a cross-head speed of 1 mm/min up to a strain of 0.4
mm/mm, using an INSTRON 5566 testing system.

The ‘apparent’ stress o and strain ¢ were calculated as reported
below [16], [25]:

-t .
_AH )
g_H—O @

with F representing the force measured by the load cell, whereas
AH represents the height variation of the device.

The slope of the initial linear portion of the stress—strain curve
was considered to determine the compressive modulus. For each
set of parameters (Table 1), five specimens were mechanically
tested

Nanoindentation analyses were performed using the
Nanotest Platform (Micromaterials, U.K.) in a specific load range
(1-5 mN). A diamond pyramid-shaped Berkovich-type indenter
tip was employed. The trapezoidal load functions characterised
by the specific values for the load hold periods (i.e., 20 s) and the
loading—unloading rates (i.e., 300 uN/s) were considered. Using
the Oliver and Pharr method, the hardness values were evaluated
from the load-depth curves.

The hardness (H) was calculated as follows:

Lmax
H=" ®
where A and Lmay are the projected contact area and the applied
peak load, respectively.

The biological petformances of the fabricated PCL/HA
scaffolds were assessed to analyse the effect of the nanoparticle
inclusion.

Briefly, PCL/HA scaffolds wete prepated for cell seeding
following a reported protocol [16]. PCL and PCL/HA scaffolds
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were seeded with bone marrow-derived human mesenchymal
stem cells (hMSCs) using 1 X 10* cells/sample.

The cell viability was evaluated at different time points using
the Alamar Blue assay (AbD Serotec Ltd,UK).

The cell adhesion and spreading were analysed at different
time points using confocal laser scanning microscopy (CLSM)
and rhodamine phalloidin staining.

The Image ] software was employed, and a shape factor was
introduced to analyse the CLSM images of the cell-scaffold
constructs [23].

The shape factor was calculated as follows:

4mA

b= @
with A and P representing the area of a cell and the perimeter,
respectively.

Considering that circular objects are characterised by the
greatest area-to-perimeter ratio, a shape factor of 1 represents a
perfect circle. Thin thread-like objects have the lowest shape
factor, which approaches zero [23].

An example of the design and production process of
customised PCL/HA nanocomposite scaffolds for mandibular
defect regeneration (i.e., symphysis and ramus) was also reported,
integrating different methodologies and approaches (material
synthesis/preparation, and  additive
manufacturing), as seen in Figure 1.

Computed tomography (CT) was performed to acquire the
image and, consequently, the shape and size of a human
mandible.

The obtained point clouds were appropriately processed.
Rapidform software and Materialise Magics were used for the
reconstruction of the 3D model.

reverse engineering,

3. RESULTS

The roles of reverse engineering [26]-[29], computer-aided
design, and finite element analysis [30]-[34] have been frequently
stressed in the literature. In addition, over previous years, the
advances in methodologies and design strategies have pushed the
research towards the development of novel structures for
different fields of application [35]-[41].

The functional behaviour of 3D additive manufactured
scaffolds is cleatly dependent on the geometric and architectural
features, as well as on the pore spatial distribution. Concerning
the development of additive manufactured scaffolds, many
studies have already demonstrated the possibility of properly
tailoring the road width (RW) by varying the instrument and
process parameters at a fixed nozzle size [25].

In the current study, a nozzle with an inner diameter of 400
pum was employed to manufacture the PCL/HA nanocomposite
scaffolds. In particular, an already considered approach to
develop additive manufactured PCL scaffolds [25] was used. The
manufacturing parameters were selected to obtain a value of the

3D reconstruction or

modeling
3D image capture Additive | o] Ad'varn:e:’ s:ianolds
technique Manufacturing ko :"e
regeneration
Preparation of

nanocomposite
material

Figure 1. Design and production process of customised PCL/HA scaffolds for
hard tissue regeneration.
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Figure 2. Typical results from compression tests. Stress-strain curves for
additive manufactured PCL/HA scaffolds with specific lay-down pattern and
geometric features, tested up to a strain of 0.4 mm/mm.

RW that was equivalent to the inner nozzle diameter (400 um),
attempting to reduce the fabrication time and to maintain the
highest reproducibility without significant alteration of the
structural stability of the devices.

The results obtained from the experimental analyses
evidenced the influence of the investigated parameters (PT, SRV,
DV, and ST) on the flow behaviour of the material, which clearly
resulted in changes in terms of the RW. Such variations provided
the 3D scaffolds with different morphological and mechanical
features.

The obtained stress—strain curves (Figure 2) were similar to
those found for the 3D additive manufactured scaffolds [16],[25].

The temperature was initially varied (120 °C, 130 °C, and
140 °C) at fixed values of the SRV (30 rpm), DV (10 mm/s), and
ST (400 wm).

When the temperature increased from 120 °C to 140 °C, an
increase of the RW was evident (Table 2). Conversely, the
porosity values decreased (Table 2) due to a reduction in the pore
height and the pore width (LG and FG, respectively; data not
reported).

The findings confirmed the effect of the PT on the
morphological features. In particular, a thickening of the filament
and a decrease of the scaffold porosity were found with the PT
increasing from 120 °C to 140 °C.

Table 2. RW, porosity, compressive modulus, and maximum stress of 3D
PCL/HA scaffolds achieved for different PT values (DV =10 mm/s, SRV
=30 rpm and ST = 400 um). The data are reported as mean value + standard
deviation.

PT RW Porosity Compressive  Maximum
(°C) (um) (%) Modulus Stress
(MPa) (MPa)
120 449 5 60.0+1.2 120.1+11.4 135+1.4
130 4777 55.0+1.2 1241+£123 148+1.9
140 506 +5 509+1.2 130.2+14.0 13.3+2.2
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Table 3. RW, porosity, compressive modulus, and maximum stress of 3D
PCL/HA scaffolds achieved for different DV values (PT = 120 °C, SRV =30 rpm
and ST =400 pum). The data are reported as mean value * standard deviation.

DV RW Porosity Compressive  Maximum
(mm/s) (1um) (%) Modulus Stress
(MPa) (MPa)

8 4796 55.6+1.3 128.1+12.0 125+1.3

10 449 5 60.0+1.2 120.1+11.4 135+1.4

12 4315 64.2+13 91.5+9.2 9.1+0.9

In terms of the mechanical properties, the values of the
compressive modulus and the maximum stress are shown in
Table 2.

Although differences in terms of the RW and porosity were
observed at different PT values, the results suggested that both
the compressive modulus and the maximum stress were not
greatly affected if the PT was increased above 120 °C.

The influence of the DV on the morphological and
mechanical features was investigated by varying the DV (8, 10,
and 12 mm/s) at fixed values of the SRV (30 rpm), ST (400 um)
and PT (120 °C).

When the DV increased from 8 to 12 mm/s, the filament
thinning provided an increase in the pore width and the scaffold
porosity (Table 3).

Table 3 suggests how the DV may influence both the
comptessive modulus and the maximum stress of the PCL/HA
scaffolds. Specifically, a high value of the DV should negatively
affect the mechanical performances of the additive manufactured
PCL/HA scaffolds.

Accordingly, in the fast deposition process, the filaments were
too stretched, leading to a decrease of the RW and an increase of
the porosity. In terms of the compressive modulus and the
maximum stress, Table 3 shows that the lowest values were
obtained for a DV of 12 mm/s.

The SRV clearly influences the amount of the
extruded/deposited matetial. To study the effect of the SRV on
the scaffold characteristics, the SRV was varied (20, 25, and 30
rpm) at fixed values of the DV (10 mm/s), ST (400 um) and PT
(120 °C).

An increase of the RW was evident with the SRV increasing
from 20 to 30 rpm due to the higher amount of extruded
material.

However, higher SRV values led to a decrease in the pore
width (FG), the pore height (LG), and the porosity (Table 4).

As a consequence of the higher SRV values, the thickening of
the filament provided the PCL/HA structures with a lowet
porosity.

The results reported in Table 4 indicate that the highest values
of the compressive modulus and the maximum stress were found
for an SRV of 30 rpm.

Table 4. RW, porosity, compressive modulus, and maximum stress of 3D
PCL/HA scaffolds achieved for different SRV values (PT =120 °C, DV = 10
mm/s and ST = 400 um). The data are reported as mean value + standard
deviation.

SRV RW Porosity Compressive  Maximum
(rpm) (nm) (%) Modulus Stress
(MPa) (MPa)

20 3816 713+1.7 65.6 6.8 9.2+0.8

25 4305 63.7+14 81.3+89 9.7+0.8

30 449 £ 5 60.0+1.2 120.1+11.4 13.5+1.4

Table 5. RW, porosity, compressive modulus, and maximum stress of 3D
PCL/HA scaffolds achieved for different ST values (PT = 120 °C, DV = 10 mm/s
and SRV =30 rpm). The data are reported as mean value + standard
deviation.

ST RW Porosity Compressive  Maximum
(um) (um) (%) Modulus Stress
(MPa) (MPa)

350 489+6 46.8+1.3 137.1+13.8 15.2+1.4

380 4696 53.3+1.2 130.3+13.1 144+1.3

400 449 5 60.0+1.2 120.1+11.4 135+1.4

The ST also plays an important role in determining the
filament diameter, pore width, pore height, and porosity, thus
providing the possibility of tailoring the scaffold characteristics
[25].

Intuitively, a decrease of the ST wvalues generates a
compression of the filaments in the adjacent layers and, hence, a
change in the geometry of the filaments, which become more
elliptical. This effect causes an increase of the filament diameter,
together with a reduction of the pore width and porosity.

As the ST decreased from 400 to 350 um, a decrease of the
pore height was obviously obtained, as well as an increment of
the filament diameter and, consequently, a reduction of the pore
width and porosity (Table 5).

For this reason, the ST would influence the mechanical
properties. However, Table 5 reports the values of the
compressive modulus and the maximum stress.

The current analysis was focused on the assessment of the
optimal set of process/instrument parameters for the fabrication
of PCL/HA nanocomposite scaffolds with minimal fabtication
time avoiding to compromise the structural integrity and
reproducibility features.

Accordingly, all the parameters were selected to find a value
of the RW that was equivalent to the inner diameter of the
employed nozzle (400 um).

As frequently stressed in the literature [25], additive
manufactuting techniques based on extrusion/injection methods
(i.e., fused deposition modelling/3D fibre deposition) enable the
possibility of controlling the architectures, pore size, and
distribution, consequently leading to the development of 3D
scaffolds with tailored mechanical and mass transport properties.

In this context, the present study analysed the effects of the
PT, DV, SRV, and ST on the RW, which influence the pore size
and porosity, as well as the compressive modulus and the
maximum.

The interaction of different pairs of parameters on the
investigated features of the PCL/HA scaffolds (ie., RW,
compressive modulus, and maximum stress) is reported in Figure
3—Figure 5.

For example, Figure 3 illustrates the interaction plot for the
RW, reporting the combined effects (PT and DV, PT and SRV,
PT and ST) on the RW.

Similarly, the interaction plots for the maximum stress and the
compressive modulus are shown in Figure 4 and 5, respectively.

Table 6 summarises the optimised set of parameters for the
manufactuting of 3D PCL/HA (90/10 w/w) scaffolds
characterised by a pre-defined value of the RW, pore size, and
porosity, without compromising the structural and mechanical
characteristics.

The results from the nanoindentation tests on the PCL fibres
provided values of hardness ranging from 0.43 £ 0.03 GPa to
0.26 £ 0.02 GPa in the investigated load range (Figure 06).
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Figure 5. Interaction plot for the compressive modulus (MPa).

The inclusion of HA nanoparticles led to an increase in the
compressive modulus and the fibre hardness.

In wvitro biological tests were performed to evaluate the
influence of the inorganic nanoparticles on the behaviour of the
hMSCs.

Typical results obtained from the Alamar Blue assay are
reported in Figure 7.

With regard to the biological performances, the Alamar Blue
assay was employed to assess the cell viability and proliferation.
This method is based on a redox reaction that occurs in the cell
mitochondria.

Table 6. Optimised set of parameters for the fabrication of PCL/HA (90/10
w/w) scaffolds through a bioextruder system.

PT DV SRV ST
(°q) (mm/s) (rpm) (um)
120 10 30 400

The percentage of Alamar Blue reduction is related to the
number of viable cells. Specifically, a significant increase of
Alamar Blue reduction was found over time, indicating that the
hMSCs could survive and proliferate throughout the scaffolds.

Although no differences were observed between the
PCL/HA scaffolds and the PCL structures at Day 1, the
inclusion of HA  significantly enhanced the cell
viability/proliferation at Day 3 and Day 7 (Figute 7).

The CLSM images and cell-shape factor further allowed
investigation of the cell adhesion and spreading.

The shape factor significantly decreased over time for both
types of cell-laden constructs, and the typical values ate reported
in Figure 8.
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Figure 6. Results obtained from nanoindentation tests on the PCL fibres.
Hardness as a function of the applied load. The data are reported as the mean
value, and the error bar represents the standard deviation.
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Figure 7. Percentage of Alamar Blue Reduction for the PCL and the PCL/HA
scaffolds at Day 1, Day 3, and Day 7. The data are reported as the mean value,
and the error bar represents the standard deviation.
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Figure 8. Values of the shape factor obtained from the CLSM images of the
hMSCs on the PCL and PCL/HA nanocomposite scaffolds. The data are
reported as the mean value, and the error bar represents the standard
deviation.
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Figure 9. Customised PCL/HA scaffolds for mandibular defect regeneration
(i.e., symphysis — left, ramus — right).

In comparison to the neat PCL scaffolds, at Day 3 and Day
7, a lower shape factor was achieved for the PCL/HA
nanocomposite structures, even though at Day 1 similar values
were found for the two types of cell-laden constructs.

It is also worth noting that a reduction of the shape factor
should suggest better cell adhesion and spreading, since the lower
the shape factor, the more elongated the cell [16]. These results
confirmed the effect of the HA inclusion in enhancing cell
adhesion.

Furthermore, considering the obtained results, the reverse
engineering approach was also employed to develop customised
and functional nanocomposite scaffolds for mandibular defect
regeneration (i.e., symphysis and ramus; Figure 9).

4. CONCLUSIONS

A systematic study on the design of PCL/HA scaffolds for
hard tissue regeneration was reported in the current research.

In particular, 3D PCL/HA scaffolds were designed and
analysed according to a strategy already reported for additive
manufacturing of PCL scaffolds, involving techniques based on
extrusion/injection methods. The procedure was extended to
PCL/HA, considering that the difficulties in processing
nanocomposite materials are usually greater than those found for
the neat polymers.

The neat PCL scaffolds represented the starting point in the
design process, and the results from different analyses were
briefly summarised.

The reported design strategy also aimed to stress the potential
of tailoring the performances of 3D additive manufactured
scaffolds through an appropriate material-design combination.

Similar stress—strain curves were achieved for the polymeric
and the nanocomposite scaffolds, even if differences were
obtained in terms of the mechanical properties.

The inclusion of HA nanoparticles would enhance both the
biological and mechanical performances of the PCL scaffolds.

Furthermore, the obtained findings demonstrated that the
DV and the SRV were the parameters with the highest impact on
the investigated features (i.e., the RW, the compressive modulus,
and the maximum stress).

Benefiting from all the results, as well as from the reverse
engineering approach, the feasibility of designing customised
scaffolds for mandibular defect regeneration (i.e., ramus and
symphysis) was also reported.
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