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Abstract: The most common three-dimensional (3D) printing method is material extrusion, where
a pre-made filament is deposited layer-by-layer. In recent years, low-cost polycaprolactone (PCL)
material has increasingly been used in 3D printing, exhibiting a sufficiently high quality for consider-
ation in cranio-maxillofacial reconstructions. To increase osteoconductivity, prefabricated filaments
for bone repair based on PCL can be supplemented with hydroxyapatite (HA). However, few reports
on PCL/HA composite filaments for material extrusion applications have been documented. In
this study, solvent-free fabrication for PCL/HA composite filaments (HA 0%, 5%, 10%, 15%, 20%,
and 25% weight/weight PCL) was addressed, and parameters for scaffold fabrication in a desktop
3D printer were confirmed. Filaments and scaffold fabrication temperatures rose with increased
HA content. The pore size and porosity of the six groups’ scaffolds were similar to each other, and
all had highly interconnected structures. Six groups’ scaffolds were evaluated by measuring the
compressive strength, elastic modulus, water contact angle, and morphology. A higher amount of
HA increased surface roughness and hydrophilicity compared to PCL scaffolds. The increase in HA
content improved the compressive strength and elastic modulus. The obtained data provide the basis
for the biological evaluation and future clinical applications of PCL/HA material.

Keywords: polycaprolactone (PCL); hydroxyapatite (HA); material extrusion; three-dimensional
printing; scaffold; hydrophilicity; mechanical testing

1. Introduction

Oral and maxillofacial tumors and trauma often lead to different degrees of jaw defects,
and their reconstruction remains a challenging task [1]. Autogenous or allogeneic bone
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transplants are commonly used to rehabilitate jaw defects [2—4]. Due to the limited avail-
ability of bone material, various biomaterials have been applied to generate scaffolds using
three-dimensional (3D) printing [5]. Among the biocompatible materials, polycaprolactone
(PCL) has attracted much in bone tissue engineering and is widely used in 3D printing,
enabling the fabrication of complex patient-specific and biomimetic structures [6]. PCL is
a resorbable polymer with a low production cost, and it can be combined with osteocon-
ductive materials such as hydroxyapatite (HA) [7-9]. Composites comprise two or more
materials, and the goal is to create more efficient scaffolds by combining the regenerative
properties of more than one biomaterial [10]. Furthermore, composites containing HA
and polymers combine good mechanical properties with good biocompatibility, yielding
a 3D substitute that mimics the heterogeneity and hierarchical structure of the native
extracellular bone matrix [11,12].

Fabrication methods for PCL/HA porous biodegradable polymer scaffolds include
thermally induced phase separation (TIPS), salt leaching, gas forming, freeze-drying, and
3D printing technology [13,14]. However, compared with the above methods, only 3D
printing technology enables the control of the internal structures of complex implants [15].
This technique is currently being explored for surgical bone replacement [16]. Three types
of 3D printers have been considered for bone reconstruction: stereolithography (SLA),
material extrusion, and selective laser sintering (SLS). SLA uses only photoactivatable
biopolymers [17], whereas the SLS method suffers from a limited choice of materials [18].
Compared with other 3D printing technologies, material-extrusion is a scalable industrial
route that does not require a solvent and optimizes the filler (HA) distribution [19].

With material extrusion printing, a prefabricated filament is loaded and extruded from
a hot nozzle to a workbench. The extruded filament hardens at room temperature with cool-
ing fans to form a solid structure in a layer-by-layer pattern [20]. Material extrusion printing
is suitable for printing patient-specific implants and easy-to-scale manufacturing technol-
ogy, and constitutes the vast majority of the 3D printer market. However, the material
extrusion method has not been extensively investigated for scaffold fabrication in max-
illofacial reconstruction [21,22]. Melting material for the fabrication of a single composite
filament is an affordable and cost-effective method. The procurement cost of PCL powder
is about USD 2 per gram, whereas HA powder is USD 4 per gram [23]. Hence, PCL/HA
filament fabrication material costs were around USD 2.1 to 2.5 per gram, depending on the
proportion (0-25%) of HA added. Filament fabrication favorably uses a thermal procedure,
having the advantage of producing solvent-free and eco-friendly filaments with no harmful
effects (such as cell death) derived from solvent residuals [24,25]. Although solvent-casting
techniques are commonly used to fabricate PCL composite filaments, these techniques
suffer from inherent limitations, such as the challenging fabrication process associated with
the leaching of solvent residues in the fabricated scaffolds; thus, it might not be suitable
for scaffold fabrication in hospital settings [26-29]. A hot-melt filament extrusion machine
would include HA and fabricate the composite filament in a cost-contained situation [30,31].
Nonetheless, after obtaining a successful filament, the optimum build orientation, layer
thickness, nozzle diameter, infill pattern, and bed temperature are necessary to fulfill this
need [32]. Hot-melt PCL/HA filament fabrication and the scaffolds fabricated from this
process are understudied; to date, only scant information is available on the fabrication
settings for machines in research environments [33]. Additionally, further studies should
be conducted to assess the optimal HA percentage for osteoconductive applications.

This study aimed to test the feasibility of filament fabrication for an osteoconductive
material (PCL-HA) and printing parameters with an affordable material on an extrusion-
based 3D printer. Filaments of PCL with different HA percentage contents were used
to test the effect on printing parameters. Compressive strength, elastic modulus, water
contact angle, and morphological analysis parameters were obtained as quality indications
for implantability.
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2. Materials and Methods
2.1. PCL and HA Composite Filament Fabrication

Six different weight proportions of HA (average powder size: 15 um, Nanjing Emperor
Nano Material Co., Ltd., Nanjing, China) 0%, 5%, 10%, 15%, 20% and, 25% w/w were mixed
with PCL (molecular weight: 50,000 g/mol, powder size: 120 um, p = 1.146 g/mL, Gao Ju
material Co., Ltd., Guangzhou, China). PCL and HA materials were dried in an AIRID
Polymer dryer (3devo, Utrecht, Netherlands) for 3 h at 40 °C. The dried material was
placed in the hopper of the filament-maker (3devo, Utrecht, Netherlands). The starting
values were initially set as detailed in the PCL manufacturers’ instructions and based on
previous publications [34,35]. Four temperature gradients (T4-T1, where T4 is the first
melting spot closest to the hopper, followed by T3, T2, then T1, the exit melting point), were
adjusted to 10% higher than the PCL’s declared melting temperature (60 °C — 66 °C) and
the extruder rotational speed of the single-screw extruder was initially adjusted at 5 RPM
to ensure that material can be extruded. Filaments that did not comply with a circular
shape were excluded. Filament cooling was performed with a dual-fan system (cooling
fan speed at 100%) to achieve solidification. The final four melting zone temperatures
(T4-T1) of each group were determined by decreasing the temperature by 1 °C in each cycle
and decreasing the extrusion speed (RPM) until the diameter stabilized at 1.75 &+ 0.05 mm,
and were considered a functional diameter for material extrusion 3D printing [34]. The
filament was then linked to a puller to collect the product (Figure 1). After the puller had
stabilized the diameter of the filaments within the target diameter range for 10 min, the
winder was set to spool the filaments. Filaments were then stored in Ziploc bags and
dried for 15 min with a vacuum dryer (Piston pump 406G, Reciprotor, Denmark) before
printing. Extrusion speed refers to the screw rotational speed (RPM) controlled by the
3devo machine, whereas the filament extrusion speed was calculated on the extruded PCL
filament length per second (mm/s).

G-code files Application potential

Y

L5 7A BRI |y

Filament maker
PCL & HA Filaments

SEM Compression Wettability]

e

Figure 1. Filament fabrication and material extrusion-based 3D printing. 4, 3, 2, 1: separate zones in
the filament-maker. The new composite filament is collected and used for 3D printing following the
represented G-code file, giving a product of 15 x 15 x 2 mm?3. The printed scaffold is tested for SEM
(scanning electron microscopy), compression, and wettability properties. The same filament is used
for potential application in the bone replacement model.

2.2. 3D Printing of Scaffolds

A 3D scaffold model was developed (Tinkercad, Autodesk, San Francisco, CA, USA,
and PrusaSlicer, Version 2.3.1, Prague, Czech Republic). The parameters of the G-code
file included the layer height (100 pm) with an infill density of 90%. The infill pattern
was chosen as a grid with an infill angle named in the software as “0/120°” to avoid
interfilamentous distance closure due to melting. Subsequently, the six different groups’
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scaffolds were printed using a printer (Prusa Mini, Prague, Czech Republic) with a nozzle
of 400 um (Figure 1). After loading the filament into the Prusa Mini printer, parameters,
such as the printing speed, nozzle temperature, heat bed temperature, and nozzle flow
factors (amount of material flowing through the nozzle) were adjusted, and the print fan
speed was set to 255 RPM at room temperature (20 °C) to cool the scaffolds. Three different
sizes of six groups’ scaffolds were printed—square solid specimens (15 x 15 x 2 mm?3,
n = 5, for surface roughness measurements and water contact angle test), square porous
scaffolds (15 x 15 x 2mm?, n = 3, for morphological analysis) and square porous scaffolds
(15 x 15 x 4 mm?, n = 3, for the mechanical test)—according to the test needed. After
production, scaffolds were stored in a desiccator with silica gel before use.

2.3. Surface Roughness and Pore Size Quantification

Five solid specimens for each group were printed to measure the surface roughness
parameters using a 3D laser scanning microscope (VK-X-1050, magnification 50x, Keyence,
Osaka, Japan). Three sites of 200 pm x 200 um per scaffold were obtained, and after surface
shape correction and height cuts, a 0.8 um Gaussian S-filter was applied. The arithmetical
mean height (Sa) and the maximum height of surface (5z) were extracted using the multi-file
analyser software (Version 2.1.3.89). The pore size of porous scaffolds (n = 3) was deter-
mined by considering 30 pores for each scaffold using a 3D laser scanning microscope [9].
The porosity of the scaffolds was obtained following the equation: porosity (%) = 1-scaffold
density/arithmetic mean density. The scaffold density was defined as the weight of the
scaffold divided by the volume of the scaffold. The mean densities of PCL and HA were
1.146 g/cm? and 3.16 g/cm?3, respectively [36].

2.4. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy

Images of the surface morphology of the porous scaffolds were obtained using scan-
ning electron microscopy (SEM, XL30, Philips, Eindhoven, The Netherlands) at an accel-
erating voltage of 10 kV and 50x magnification. Additionally, energy-dispersive X-ray
spectroscopy (EDX) was performed to determine the elements present on the surface of the
scaffolds at 20 kV.

2.5. Water Contact Angle

The hydrophilicity of the scaffold materials was tested on three solid specimens per
group using a drop shape analyzer (DSA100, Kriiss, Hamburg, Germany). The specimens
were cleaned in an ultrasonic bath (TPC-15, Telsonic Ultrasonic, Bronschhofen, Switzerland)
with 70% ethanol for 4 min. Three 2 uL drops of ultrapure water were applied to each
specimen using the sessile drop technique. After drop placement, the angle between the
specimen surface and the contour of the drop was analyzed as the contact angle. The mean
of the right and left contact angles were calculated for each specimen.

2.6. Mechanical Test

The compressive strength of the scaffolds (15 x 15 x 4 mm?) was evaluated using
a universal testing machine (Z020, Zwick/Roell, Ulm, Germany) at a crosshead speed of
1 mm/min. Compressive strength (MPa) was calculated as the maximum applied load
(N)/compressed area of the surface (mm?) after a 20% deformation of the scaffolds. The
elastic modulus of the samples was additionally recorded between 2% and 5% deformation.

2.7. Statistical Analysis

Data were expressed as the mean =+ standard error of the mean (s.e.m). The data were
analyzed with a one-way analysis of variance (ANOVA), and post hoc Tukey’s test was
performed to compare the statistical difference. The level of significance was set to p < 0.05.
All statistical analyses were performed using GraphPad Prism 8.0 (GraphPad, San Diego,
CA, USA).
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3. Results
3.1. Filament Fabrication

Filament extrusion was successfully achieved by tuning the four melting points of the
filament-maker (3devo) (Table 1). The PCL melting temperature was gradually increased
by increasing the amount of HA. The first melting point (T4) allowed a pre-melting of the
PCL powder; therefore, this PCL temperature plus 10% variation was set when supple-
mented with HA powder. The intermediate melting points (T3 and T2) were set at higher
temperatures, from 64 °C to 70 °C, to allow interspersion of HA particles into the PCL
matrix. The exit melting point temperature (T1) was intended to achieve correct filament
extrusion from the filament-maker nozzle. T1 was generally at a lower temperature than
the other points. The extruder rotational speed was initially set at 5 RPM and reduced
to a range of 2—2.9 RPM on a trial-and-error basis. The applied parameters for each 5%
increase in HA content in PCL are displayed in Table 1. In general, 61 °C to 69 °C was
required when HA was present in the powder mix versus 60 °C when pristine PCL powder
was used.

Table 1. Parameters of the filament fabrication.

Temperature Gradients/°C Extruder RPM &
Groups T4 T3 T2 T1 Filament (mm/s) Speed
PCL 60 64 64 62 2.0 (6.7)
PCL + 5% HA 61 66 66 67 2.9 (10.3)
PCL + 10% HA 69 70 70 69 2.5(9.7)
PCL + 15% HA 67 67 66 65 2.4 (8.8)
PCL +20% HA 65 67 67 65 2.5(9.7)
PCL + 25% HA 61 66 67 66 2.0 (6.7)

RPM: revolution(s) per minute. extruder rotational speed. Filament extrusion speed (mm/s) is expressed in
brackets. T1-T4: Four separate zones’ temperature in the filament-maker.

3.2. Printing Procedure

Table 2 describes which temperature, speed, and flow factors can be used according
to the HA content. From pure PCL filament to 25% HA content, an increase of 30 °C,
and minor fluctuations in printing speed and flow factor were recorded. The applied
parameters reported in Table 2 were used to print the six groups’ scaffolds, maintaining a
mean pore size of 550 pm (Section 3.3). These parameters describe the temperature required
to melt the filament, ranging from 174 °C to 205 °C. We fabricated ten scaffolds per group
to verify the above parameters, and the results showed that the parameters were stable and
reliable with a 100% success rate (Figure 2 and Supplementary Figure S3).

Table 2. Parameters used for 3D printing for six groups’ scaffolds.

Material Extrusion Printing Parameters

Groups
Nozzle (°C) Speed (mm/s) Heated Bed (°C)  Flow Factor (%)
PCL 174 100 30 95
PCL + 5% HA 175 100 30 95
PCL + 10% HA 175 110 30 95
PCL + 15% HA 185 100 30 95
PCL + 20% HA 198 120 30 100

PCL + 25% HA 205 110 30 100
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Figure 2. Examples of printed six groups’ scaffolds (15 x 15 x 2 mm). (A) PCL. (B) PCL + 5% HA.
(C) PCL + 10% HA. (D) PCL + 15% HA. (E) PCL + 20% HA. (F) PCL + 25% HA.

3.3. Specimen Morphological Characterization

The pore sizes of scaffolds containing different HA content remained constant (not
significantly different from 550 um). The porosity rate exhibited a smaller oscillation
range, with PCL + 10% HA showing the highest porosity (65.4 + 0.3%, * = p < 0.05) and
PCL + 5% HA the lowest (60% =+ 0.9%, * = p < 0.05) versus the control and the other groups
(Figure 3A,B). Despite the statistical significance, the porosity of all six groups’ scaffolds was
around 60%. SEM was used to obtain the morphology (Figure 3D). The images revealed that
all six groups of scaffolds displayed highly interconnected pore structures. Additionally, the
structure appeared rougher the more HA was included. To verify whether this correlated
with the increased incorporation of HA, EDX was conducted for each group. From the
EDX, we analyzed the percentage of HA on the surface of scaffolds. The EDX analysis
revealed that the weight ratio of calcium (Ca) and phosphorus (P) increased concomitantly
with the increasing amounts of HA included (Figure 3C).

3.4. Specimen Roughness Characterization

Surface roughness parameters Sa (arithmetical mean height) and Sz (maximum height)
are displayed in Figure 4. The PCL + 25% HA group showed the highest mean Sa (ca.0.25),
and the PCL + 5% HA group showed the lowest mean Sa value (ca.0.15), with statistical
differences from the control PCL (* = p < 0.05). Regarding Sz, although no statistical
differences were recorded between the groups (n.s. = p > 0.05), the values increased with
the increased HA content.

3.5. Water Contact Angle Test

Water contact angles were highest for the PCL + 5% HA group (84 £ 7.2°, * = p < 0.05)
versus the PCL control. In contrast, the PCL + 25% HA group showed the best hydrophilic
performance (67 & 3.9°, * = p < 0.05) versus the PCL + 5% HA group (Figure 5A). Contact
angles of intermediate HA content were not statistically significant from the PCL control.
Water drops on all solid specimens are displayed in Figure 5.
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Figure 3. Surface characterization of the scaffolds. (A) The pore size of the six groups of scaffolds
(mean =+ s.e.m); 90 measurements of 3 scaffolds in each group (one-way ANOVA + Tukey’s post
hoc test, n.s. = p > 0.05). (B) Porosity was calculated based on the weight of the scaffolds. The
graph represents the mean + s.e.m (one-way ANOVA + Tukey’s post hoc test, * = p < 0.05, n = 3).
(C) Energy-dispersive X-ray spectroscopy (EDX) of the different groups (complete scaffold surface
scanning). (D) Scanning electron microscopy (SEM) image of the surface of the scaffolds. HA granules

are visible in the structure: scale bar = 500 pm.
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Figure 4. Surface roughness analysis of the six groups’ scaffolds. (A) Graph on the left side represents
Sa (arithmetical mean height); (B) Graph on the right represents Sz values (maximum height of
surface). Graphs show mean + s.e.m, * = p < 0.05, one-way ANOVA + Tukey’s post hoc test (1 = 5).
(C) Surface topography of the six groups. Pseudo-color blue = valleys, pseudo-color red = peaks.

3.6. Mechanical Properties

Every scaffold was tested until it reached 20% deformation. The PCL control group
showed the lowest MPa value (8 MPa). Compression values proportionally increased
with 5% and 10% HA contents (to 9 and 11 MPa, respectively). When comparing PCL
+10%, 15%, and 20% HA groups, they were statistically significant compared with the
control (p < 0.05), but not compared with each other, reaching a plateau of compression
around 11 MPa (Figure 6A). The 25% HA group only exhibited significance approaching
that of PCL. The elastic modulus increased with increasing HA content, following the same
trend seen in the uniaxial compression tests. Scaffolds including 10%, 15%, 20%, and 25%
HA had a mean elastic response between 24 and 30 GPa (Figure 6B).
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Figure 5. Water contact angle test. (A) Graph represents the water contact angle, mean + s.e.m,
* =p <0.05 (one-way ANOVA + Tukey’s post hoc test (1 = 9). (B) Images of water contact measure-
ments for each group left and right side: scale bar = 0.25 mm.
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Figure 6. Mechanical test of the scaffolds. (A) Compressive strength after 20% deformation (MPa).
(B) Elastic modulus obtained between 2% to 5% deformation (GPa). Graphs represent mean + s.e.m,
one-way ANOVA paired data + Tukey’s post hoc test, * = p < 0.05.

4. Discussion

Bone defects due to cancer, trauma, or fracture remain a considerable clinical challenge
and require bone grafting. It has been estimated that over two million bone implant
surgeries are conducted worldwide each year [37]. Many problems may arise from these
bone implant surgeries, including infection, host rejection, model fitting, and material
scarcity; thus, alternative methods and new materials are increasingly being developed [38].
Three-dimensional printing is a suitable alternative to producing personalized grafts [39].
Having a material extrusion system available for graft printing can drastically reduce the
costs and time required for implant surgery across the globe, improving the accessibility
to grafts for more countries [40]. Surprisingly, the material extrusion method has rarely
been used for scaffold fabrication, probably due to the lack of suitable materials and control
methods [21]. Historically, solvent casting has been the main method, with only a few
studies focusing on hot-melt extrusion, although using higher HA contents which, in
return, influences printability parameters, involves the use of more expensive printers, and
increases the presence of cell byproducts [26-29,33].

In the first step, parameters to fabricate PCL/HA filaments were fixed in this study.
Due to its good biocompatibility, slow degradation, and FDA approval, PCL has become the
most commonly used thermoplastic polymer [41-43]. In addition, PCL degradation prod-
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ucts are not toxic and can be eliminated by the human metabolic system [10]. However, its
hydrophobic and non-osteoinductive properties limit PCL’s applications as clinical implant
material [44]. Therefore, PCL is usually applied in combination with calcium phosphate
ceramics, such as HA, displaying appropriate mechanical properties with hydrophilicity
and biocompatibility for a bone scaffold [45]. It was found that each percentage of HA
included in the filament-maker required at least a 1 °C difference in melting, for up to
25% HA. This can be related to the increase in material viscosity caused by HA. As the
viscosity increases, the risk of printer nozzle clogging increases too. Therefore, the highest
permissive HA concentration was set to 25%. Most studies used a ceramic content of less
than 30% to avoid brittleness and the degradation of mechanical properties caused by
great concentrations [46]. This requires validation when changing components (i.e., bone
inducer 3-TCP instead of HA) [47]. In addition, the extrusion speed was vital to filament
fabrication. High speed (5 RPM) resulted in rapid extrusion and thick filament segments
(See Supplementary Figure S1 and Supplementary Table S1). Limiting the speed to a
maximum of 2.9 RPM yielded the desired filament thickness (1.75 £ 0.05 mm diameter,
used by most material-extrusion-based 3D printers) and no thicker HA-clustered segments
in our test.

In addition to filament fabrication, the literature suggests ensuring full control over
the filament deposition temperature and interfilamentous distance is required [32,48]. In
this paper, speed, and temperature were the key parameters monitored. The percentage of
HA influenced the filament melting deposition temperature. It was found that there was a
5 °C difference among formulations to maintain our scaffolds’ pore sizes constant, at about
550 um (calculated from two optimal bone size ranges: 150 um to 600 um [49,50], and 450
to 700 pm [51]). Pore sizes larger than 300 pm would effectively promote vascularization,
cell growth, and infiltration within the scaffold [13,52,53]. Viscosity was affected by the
HA content; therefore, the speed and temperature were adjusted to prevent pore closure.
This temperature was three times higher than the filament fabrication temperature. The
reason was that the nozzle in the desktop 3D printer had an extrusion diameter of 0.4 mm.
The nozzle melted the hard filament and left the powder in a shorter time and distance
as compared to the four melting zones. The design parameter “infill angle” was essential
to prevent pore occlusion. Different deposition patterns would produce other PCL scaf-
fold pore structures [54]. The finding showed that pores were occluded if 0/45° or 0/90°
infill angles were used, which was prevented by using 0/120°. From Figure 3D, it can be
observed that HA is homogeneously distributed in PCL. The final pore size and porosity
of all 3D-printed scaffolds were designed through a software approach. Polymers such as
PCL/HA (not metallic or inorganic materials) will melt to form specific structures during
the printing process due to the material’s properties, exhibiting higher viscosity than the
PCL control sample, and consequently, a higher printing fidelity. Every other parameter
(temperature, speed, and flow factor) which did not generate a suitable scaffold (different
from the 550 um mean pore size), was automatically excluded (Supplementary Figure S2
and Supplementary Table S2). Excluded scaffolds and parameters were tested and those
which failed were either not extruded (temperature too low), too much extruded (tempera-
ture too high, low speed, or high flow factor), or the pores were interrupted (high speed
or low temperature) (Supplementary Figure S2). Until now, the precise parameters for
PCL/HA concentration had only partially been reported and limited to successful scaffold
fabrication to expensive 3D printers [33]. We have precisely described the temperatures
and speed required for each composition, reporting the causes of failure in the fabricated
scaffolds. These parameters are of great importance for future clinical references, by using
entry-level equipment.

To yield a homogeneous product, HA should be evenly distributed to ensure progres-
sive smoothness and wettability with increasing content in the printing. Surface roughness
analysis, Sz and Sa, revealed homogeneity, starting from 10% HA content, similar to what
was found in the PCL + 10% B-TCP group and in previous implants [55,56]. In support of
this, the smallest contact angle, reflecting better hydrophilicity, was also found at higher
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HA concentrations (ca. 78° at 20% HA), in accordance with previous findings [57]. The
major weakness of PCL was its hydrophobicity, which is not favored by osteoblasts and
endothelial cells, and thus is not conducive to the formation of an osteogenic and vascular
microenvironment. However, by adding HA, the surface roughness and hydrophilicity
of the material were changed, which may affect cell adhesion and proliferation. Ceramic
particles tend to exhibit better hydrophilicity than polymer components due to their inor-
ganic components [58]. As an exception, we found that the PCL + 5% HA sample did not
follow this rule (Figure 4). PCL + 5% HA outperformed PCL in the hydrophobicity assays,
in correlation with its lower surface roughness [59].

Regarding the mechanical properties, the higher the modulus of elasticity, the less
likely a graft will undergo deformation. PCL scaffolds could withstand the least force and
were more prone to deformation. The PCL + 20% scaffold could resist pressure and was the
least prone to deformation. Additionally, the E-modulus (11.4-29.2 GPa) and compressive
strength (8-11.7 MPa) for the six groups of samples were at the lower limit of mandibular
trabeculae values (6.9 to 199.5 MPa and from 0.22 to 10.44 MPa, respectively) [60,61]. Taking
all the results into consideration, future projects will focus on the biological analyses of
candidate scaffolds with different HA contents. The elastic modulus results indicate a linear
increase with increasing amounts of HA, stagnating at PCL + 10% HA. Further experiments
with increasing amounts of HA need to be conducted to determine further progressions in
this trend.

Notably, the design used in this manuscript did not consider any architectural modifi-
cation that might occur in mandibular bones. To verify the clinical application potential of
PCL/HA materials, a PCL + 10% HA filament was chosen as an example and produced
with material-extrusion-based 3D printing technology for biomimetic bone (Figure 1) as an
inexpensive and effective material. A 3D model of a patient-specific implant was designed
(Materialise Mimics Innovation Suite and Prusa Slicer software). The model was printed
using a gyroid infill pattern with 50% infill density (Prusa Mini printer). The combination
of PCL and HA showed promising potential for clinical applications, as seen from the
tests mentioned above on PCL/HA scaffolds. In this case, material-extrusion-based 3D
printing technology enabled the fabrication of a complex PCL/HA personalized implant.
In addition, the relatively low cost of PCL/HA materials will benefit more patients who
need bone defect reparations due to tumors and trauma. Additionally, in this case, we
successfully demonstrated the feasibility of using a well-described material for thermal
filament production and scaffold fabrication, using entry-level equipment translatable to
hospital environments in lower-income countries for bone applications.

5. Conclusions

PCL composite filaments with different HA ratios were successfully produced using a
solvent-free approach to print scaffolds, using a Prusa desktop 3D printer. These scaffolds
exhibited constant, interconnected pore sizes, and favorable characteristics, including
favorable wettability, compressive strength, and morphology. In conclusion, the reported
fabrication parameters are suitable for supporting the further use of filament and scaffold
fabrication, which will allow translatability for in-house implants fabrication in hospital
settings, utilizing inexpensive machines and standard FDA-approved materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /polym14040669/s1, Figure S1: Suitable and not suitable filaments.
Figure S2: Examples of non-suitable scaffolds. Figure S3: All suitable scaffolds. Table S1: Filament
fabrication tested. Table S2: Scaffold printing parameters tested.


https://www.mdpi.com/article/10.3390/polym14040669/s1
https://www.mdpi.com/article/10.3390/polym14040669/s1

Polymers 2022, 14, 669 12 of 14

Author Contributions: Conceptualization: EM.T., S.C. and EW.; methodology: EM.T., S.C., EW. and
N.R,; validation: S.C., EW.,, N.R., ES., N.S. and M.M. (Michaela Maintz); formal analysis: EW., N.R.,
ES. and S.C.; investigation: EW., S.C., N.R,, ES., E.B.T. and S.M.; resources: EM.T., S.C., N.R. and S.M.;
data curation: EW., S.C., N.R,, ES,, E.B.T. and S.M.; writing—original draft: EW.; writing—review
and editing: ES., N.R,, S.C., N.S. and EM.T,; visualization: EW., ES. and N.R.; supervision: EM.T., ES.
and S.C.; project administration: M.M. (Mirja Michalscheck) and EM.T.; funding acquisition: EM.T.
and S.C. All authors have read and agreed to the published version of the manuscript.

Funding: The project was supported by a grant from the Osteology Foundation, Switzerland, grant
number (19-031). Bilateral Science and Technology cooperation program with Asia, grant number
(IPG 01-112019) and (IPG 07-052020). Financial support from the China Scholarship Council (CSC)
for Fengze Wang (CSC 202108170009).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data of the study are all included in this study (Supplementary).
Metadata are available upon reasonable request to the corresponding author.

Acknowledgments: We express our gratitude to Philipp Honigmann and Giovanni Cunha for their
technical support. This study is part of the MIRACLE (Minimally Invasive Robot-Assisted Computer-
guided LaserostetomE) project.

Conflicts of Interest: The authors declare no conflict of interest. “The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results”.

References

1. Parthasarathy, J. 3D modeling, custom implants and its future perspectives in craniofacial surgery. Ann. Maxillofac. Surg. 2014, 4,
9-18. [CrossRef]

2. Obregon, F; Vaquette, C.; Ivanovski, S.; Hutmacher, D.W.; Bertassoni, L. Three-Dimensional Bioprinting for Regenerative
Dentistry and Craniofacial Tissue Engineering. J. Dent. Res. 2015, 94, 1435-152S. [CrossRef] [PubMed]

3. William, G., Jr.; Einhorn, T.A.; Koval, K.; McKee, M.; Smith, W. Bone grafts and bone graft substitutes in orthopaedic trauma
surgery. A critical analysis. J. Bone Joint Surg. Am. 2007, 89, 649-658.

4. Mallik, S.B.; Jayashree, B.; Shenoy, R.R. Epigenetic modulation of macrophage polarization- perspectives in diabetic wounds. J.
Diabetes Complicat. 2018, 32, 524-530. [CrossRef] [PubMed]

5. Cao, S.; Han, J.; Sharma, N.; Msallem, B.; Jeong, W.; Son, J.; Kunz, C.; Kang, H.-W.; Thieringer, EM. In vitro mechanical and
biological properties of 3D Printed polymer composite and beta-tricalcium phosphate scaffold on human dental pulp stem cells.
Materials 2020, 13, 3057. [CrossRef] [PubMed]

6. Rezaei, A.; Mohammadi, M. In vitro study of hydroxyapatite/polycaprolactone (HA /PCL) nanocomposite synthesized by an in
situ sol-gel process. Mater. Sci. Eng. C 2013, 33, 390-396. [CrossRef] [PubMed]

7. Siddiqui, N.; Asawa, S.; Birru, B.; Baadhe, R.; Rao, S. PCL-Based Composite Scaffold Matrices for Tissue Engineering Applications.
Mol. Biotechnol. 2018, 60, 506-532. [CrossRef] [PubMed]

8.  Siddiqui, N.; Pramanik, K.; Jabbari, E. Osteogenic differentiation of human mesenchymal stem cells in freeze-gelled chitosan/nano
p-tricalcium phosphate porous scaffolds crosslinked with genipin. Mater. Sci. Eng. C 2015, 54, 76-83. [CrossRef] [PubMed]

9. Siddiqui, N.; Madala, S.; Parcha, S.R.; Mallick, S.P. Osteogenic differentiation ability of human mesenchymal stem cells on
Chitosan/Poly (Caprolactone)/nano beta Tricalcium Phosphate composite scaffolds. Biomed. Phys. Eng. Express 2020, 6, 015018.
[CrossRef] [PubMed]

10. Gomez-Lizarraga, K.K.; Flores-Morales, C.; Del Prado-Audelo, M,; Alvarez-Pérez, M.; Pifia-Barba, M.; Escobedo, C.
Polycaprolactone- and polycaprolactone/ceramic-based 3D-bioplotted porous scaffolds for bone regeneration: A comparative
study. Mater. Sci. Eng. C 2017, 79, 326-335. [CrossRef] [PubMed]

11.  Fathi-Achachelouei, M.; Knopf-Marques, H.; Da Silva, C.E.R; Barthes, J.; Bat, E.; Tezcaner, A.; Vrana, N.E. Use of Nanoparticles in
Tissue Engineering and Regenerative Medicine. Front. Bioeng. Biotechnol. 2019, 7, 113. [CrossRef] [PubMed]

12.  De Acutis, A.; De Maria, C.; Vozzi, G. Multimaterial and multiscale rapid prototyping of patient-specific scaffold. Adv. Sci. Technol.
2017, 100, 151-158.

13.  Loh, Q.L.; Choong, C. Three-Dimensional Scaffolds for Tissue Engineering Applications: Role of Porosity and Pore Size. Tissue
Eng. Part B Rev. 2013, 19, 485-502. [CrossRef] [PubMed]

14. Sachlos, E.; Czernuszka, J. Making Tissue Engineering Scaffolds Work. Review: The application of solid freeform fabrication

technology to the production of tissue engineering scaffolds. Eur. Cells Mater. 2003, 5, 29-40. [CrossRef] [PubMed]


http://doi.org/10.4103/2231-0746.133065
http://doi.org/10.1177/0022034515588885
http://www.ncbi.nlm.nih.gov/pubmed/26124216
http://doi.org/10.1016/j.jdiacomp.2018.01.015
http://www.ncbi.nlm.nih.gov/pubmed/29530315
http://doi.org/10.3390/ma13143057
http://www.ncbi.nlm.nih.gov/pubmed/32650530
http://doi.org/10.1016/j.msec.2012.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25428086
http://doi.org/10.1007/s12033-018-0084-5
http://www.ncbi.nlm.nih.gov/pubmed/29761314
http://doi.org/10.1016/j.msec.2015.05.005
http://www.ncbi.nlm.nih.gov/pubmed/26046270
http://doi.org/10.1088/2057-1976/ab6550
http://www.ncbi.nlm.nih.gov/pubmed/33438606
http://doi.org/10.1016/j.msec.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28629025
http://doi.org/10.3389/fbioe.2019.00113
http://www.ncbi.nlm.nih.gov/pubmed/31179276
http://doi.org/10.1089/ten.teb.2012.0437
http://www.ncbi.nlm.nih.gov/pubmed/23672709
http://doi.org/10.22203/eCM.v005a03
http://www.ncbi.nlm.nih.gov/pubmed/14562270

Polymers 2022, 14, 669 13 of 14

15.

16.

17.

18.
19.

20.

21.
22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.
37.
38.
39.
40.
41.

42.

Wu, C,; Luo, Y.; Cuniberti, G.; Xiao, Y.; Gelinsky, M. Three-dimensional printing of hierarchical and tough mesoporous bioactive
glass scaffolds with a controllable pore architecture, excellent mechanical strength and mineralization ability. Acta Biomater. 2011,
7,2644-2650. [CrossRef] [PubMed]

Cheng, L.; Shoma, K.; Suresh, S.; He, H.; Rajput, R.S.; Feng, Q.; Ramesh, S.; Wang, Y.; Krishnan, S.; Ostrovidov, S.; et al. 3D
Printing of Micro- and Nanoscale Bone Substitutes: A Review on Technical and Translational Perspectives. Int. |. Nanomed. 2021,
16, 4289-4319. [CrossRef] [PubMed]

Melchels, EPW.; Feijen, J.; Grijpma, D.W. A review on stereolithography and its applications in biomedical engineering.
Biomaterials 2010, 31, 6121-6130. [CrossRef] [PubMed]

Mazzoli, A. Selective laser sintering in biomedical engineering. Med Biol. Eng. Comput. 2012, 51, 245-256. [CrossRef] [PubMed]
Kumar, M.; Sharma, V. Additive manufacturing techniques for the fabrication of tissue engineering scaffolds: A review. Rapid
Prototyp. . 2021, 27, 1230-1272. [CrossRef]

Wickramasinghe, S.; Do, T.; Tran, P. FDM-Based 3D Printing of Polymer and Associated Composite: A Review on Mechanical
Properties, Defects and Treatments. Polymers 2020, 12, 1529. [CrossRef] [PubMed]

Chia, H.N.; Wu, B.M. Recent advances in 3D printing of biomaterials. J. Biol. Eng. 2015, 9, 1-14. [CrossRef] [PubMed]

Tappa, K.; Jammalamadaka, U. Novel Biomaterials Used in Medical 3D Printing Techniques. ]. Funct. Biomater. 2018, 9, 17.
[CrossRef] [PubMed]

HA-PCL-Cost. Available online: https:/ /www.sigmaaldrich.com/CH/en/search/hydroxyapatite (accessed on 21 December 2021).
Yeong, W.Y.; Chua, C.-K.; Leong, K.E; Chandrasekaran, M. Rapid prototyping in tissue engineering: Challenges and potential.
Trends Biotechnol. 2004, 22, 643—-652. [CrossRef] [PubMed]

Kandi, R.; Pandey, PM.; Majood, M.; Mohanty, S. Fabrication and characterization of customized tubular scaffolds for tracheal
tissue engineering by using solvent based 3D printing on predefined template. Rapid Prototyp. J. 2021, 27, 421-428. [CrossRef]
Kim, C.; Han, K;; Lee, S.; Kim, M.; Kim, S.; Nah, J. Fabrication of Biocompatible Polycaprolactone-Hydroxyapatite Composite
Filaments for the FDM 3D Printing of Bone Scaffolds. Appl. Sci. 2021, 11, 6351. [CrossRef]

Park, A.S.; Lee, S.H.; Kim, W.D. Fabrication of porous polycaprolactone/hydroxyapatite (PCL/HA) blend scaffolds using a 3D
plotting system for bone tissue engineering. Bioprocess Biosyst. Eng. 2010, 34, 505-513. [CrossRef] [PubMed]

Shor, L.; Gordon, J.; An, Y.; Guceri, S.; Sun, W. Precision Extruding Deposition of Polycaprolactone and Composite Polycapro-
lactone/Hydroxyapatite Scaffolds for Tissue Engineering. In Proceedings of the IEEE 32nd Annual Northeast Bioengineering
Conference, Easton, PA, USA, 1-2 April 2006; pp. 73-74.

Li, Y,; Yu, Z.; Ai, F; Wu, C,; Zhou, K; Cao, C.; Li, W. Characterization and evaluation of polycaprolactone/hydroxyapatite
composite scaffolds with extra surface morphology by cryogenic printing for bone tissue engineering. Mater. Des. 2021,
205,109712. [CrossRef]

Naghieh, S.; Ravari, M.K,; Badrossamay, M.; Foroozmehr, E.; Kadkhodaei, M. Numerical investigation of the mechanical
properties of the additive manufactured bone scaffolds fabricated by FDM: The effect of layer penetration and post-heating. J.
Mech. Behav. Biomed. Mater. 2016, 59, 241-250. [CrossRef] [PubMed]

Sa, M.-W.; Nguyen, B.-N.B.; Moriarty, R.A.; Kamalitdinov, T.; Fisher, ].P.; Kim, J.Y. Fabrication and evaluation of 3D printed BCP
scaffolds reinforced with ZrO 2 for bone tissue applications. Biotechnol. Bioeng. 2018, 115, 989-999. [CrossRef] [PubMed]
Dezaki, M.L.; Ariffin, M.K.A.M.; Hatami, S. An overview of fused deposition modelling (FDM): Research, development and
process optimisation. Rapid Prototyp. J. 2021, 27, 562-582. [CrossRef]

Zavtel, F; Novak, M.; Kroupov4, J.; Beveridge, C.; gtépének, F.; Ruphuy, G. Development of hot-melt extrusion method to
produce hydroxyapatite /polycaprolactone composite filaments. Adv. Eng. Mater. 2021, 2100820. [CrossRef]

Gradwohl, M,; Chai, F; Payen, ].; Guerreschi, P.; Marchetti, P.; Blanchemain, N. Effects of Two Melt Extrusion Based Additive
Manufacturing Technologies and Common Sterilization Methods on the Properties of a Medical Grade PLGA Copolymer.
Polymers 2021, 13, 572. [CrossRef]

Manual, D.E. 3devo Filament Maker. Available online: https://3devo.com/wp-content/uploads/2017/10/NEXT-Quick-Start-
Guide.pdf (accessed on 20 December 2021).

Jin, G.; Kim, G. The effect of sinusoidal AC electric stimulation of 3D PCL/CNT and PCL/beta-TCP based bio-composites on
cellular activities for bone tissue regeneration. . Mater Chem. B 2013, 1, 1439-1452. [CrossRef]

Campana, V.; Milano, G.; Pagano, E.; Barba, M.; Cicione, C.; Salonna, G.; Lattanzi, W.; Logroscino, G. Bone substitutes in
orthopaedic surgery: From basic science to clinical practice. J. Mater. Sci. Mater. Med. 2014, 25, 2445-2461. [CrossRef] [PubMed]
Zhang, L.; Yang, G.; Johnson, B.N.; Jia, X. Three-dimensional (3D) printed scaffold and material selection for bone repair. Acta
Biomater. 2018, 84, 16-33. [CrossRef] [PubMed]

Rantanen, J.; Sandler, N. Printing and additive manufacturing. AAPS PharmSciTech 2019, 20, 261. [CrossRef] [PubMed]

Mertz, L. Dream it, design it, print it in 3-D: What can 3-D printing do for you? IEEE Pulse 2013, 4, 15-21. [CrossRef] [PubMed]
Ferreira, L.P.; Gaspar, V.M.; Mano, ].F. Decellularized Extracellular Matrix for Bioengineering Physiomimetic 3D in Vitro Tumor
Models. Trends Biotechnol. 2020, 38, 1397-1414. [CrossRef] [PubMed]

Neufurth, M.; Wang, X.; Wang, S.; Steffen, R.; Ackermann, M.; Haep, N.D.; Schroder, H.C.; Miiller, W.E. 3D printing of hybrid
biomaterials for bone tissue engineering: Calcium-polyphosphate microparticles encapsulated by polycaprolactone. Acta Biomater.
2017, 64, 377-388. [CrossRef] [PubMed]


http://doi.org/10.1016/j.actbio.2011.03.009
http://www.ncbi.nlm.nih.gov/pubmed/21402182
http://doi.org/10.2147/IJN.S311001
http://www.ncbi.nlm.nih.gov/pubmed/34211272
http://doi.org/10.1016/j.biomaterials.2010.04.050
http://www.ncbi.nlm.nih.gov/pubmed/20478613
http://doi.org/10.1007/s11517-012-1001-x
http://www.ncbi.nlm.nih.gov/pubmed/23250790
http://doi.org/10.1108/RPJ-01-2021-0011
http://doi.org/10.3390/polym12071529
http://www.ncbi.nlm.nih.gov/pubmed/32664374
http://doi.org/10.1186/s13036-015-0001-4
http://www.ncbi.nlm.nih.gov/pubmed/25866560
http://doi.org/10.3390/jfb9010017
http://www.ncbi.nlm.nih.gov/pubmed/29414913
https://www.sigmaaldrich.com/CH/en/search/hydroxyapatite
http://doi.org/10.1016/j.tibtech.2004.10.004
http://www.ncbi.nlm.nih.gov/pubmed/15542155
http://doi.org/10.1108/RPJ-08-2020-0186
http://doi.org/10.3390/app11146351
http://doi.org/10.1007/s00449-010-0499-2
http://www.ncbi.nlm.nih.gov/pubmed/21170553
http://doi.org/10.1016/j.matdes.2021.109712
http://doi.org/10.1016/j.jmbbm.2016.01.031
http://www.ncbi.nlm.nih.gov/pubmed/26874065
http://doi.org/10.1002/bit.26514
http://www.ncbi.nlm.nih.gov/pubmed/29240243
http://doi.org/10.1108/RPJ-08-2019-0230
http://doi.org/10.1002/adem.202100820
http://doi.org/10.3390/polym13040572
https://3devo.com/wp-content/uploads/2017/10/NEXT-Quick-Start-Guide.pdf
https://3devo.com/wp-content/uploads/2017/10/NEXT-Quick-Start-Guide.pdf
http://doi.org/10.1039/c2tb00338d
http://doi.org/10.1007/s10856-014-5240-2
http://www.ncbi.nlm.nih.gov/pubmed/24865980
http://doi.org/10.1016/j.actbio.2018.11.039
http://www.ncbi.nlm.nih.gov/pubmed/30481607
http://doi.org/10.1208/s12249-019-1427-7
http://www.ncbi.nlm.nih.gov/pubmed/31338619
http://doi.org/10.1109/MPUL.2013.2279616
http://www.ncbi.nlm.nih.gov/pubmed/24233186
http://doi.org/10.1016/j.tibtech.2020.04.006
http://www.ncbi.nlm.nih.gov/pubmed/32416940
http://doi.org/10.1016/j.actbio.2017.09.031
http://www.ncbi.nlm.nih.gov/pubmed/28966095

Polymers 2022, 14, 669 14 of 14

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Raeisdasteh Hokmabad, V.; Davaran, S.; Ramazani, A.; Salehi, R. Design and fabrication of porous biodegradable scaffolds: A
strategy for tissue engineering. J. Biomater. Sci. Polym. Ed. 2017, 28, 1797-1825. [CrossRef] [PubMed]

Raucci, M.; D’Anto, V.; Guarino, V.; Sardella, E.; Zeppetelli, S.; Favia, P.; Ambrosio, L. Biomineralized porous composite scaffolds
prepared by chemical synthesis for bone tissue regeneration. Acta Biomater. 2010, 6, 4090-4099. [CrossRef] [PubMed]
Zimmerling, A.; Yazdanpanah, Z.; Cooper, D.M.L,; Johnston, J.D.; Chen, X. 3D printing PCL/nHA bone scaffolds: Exploring the
influence of material synthesis techniques. Biomater. Res. 2021, 25, 1-12. [CrossRef] [PubMed]

Pu’Ad, N.M.; Haq, R.A.; Noh, HM.; Abdullah, H.; Idris, M.; Lee, T. Review on the fabrication of fused deposition modelling
(FDM) composite filament for biomedical applications. Mater. Today: Proc. 2020, 29, 228-232.

Beatrice, C.A.G.; Shimomura, K.M.B.; Backes, E.H.; Harb, S.V.; Costa, L.C.; Passador, ER.; Pessan, L.A. Engineering printable
composites of poly (e-polycaprolactone)/ 3-tricalcium phosphate for biomedical applications. Polym. Compos. 2021, 42, 1198-1213.
[CrossRef]

Modi, Y.K.; Sahu, K.K. Process parameter optimization for porosity and compressive strength of calcium sulfate based 3D printed
porous bone scaffolds. Rapid Prototyp. J. 2021, 27, 245-255. [CrossRef]

Otsuki, B.; Takemoto, M.; Fujibayashi, S.; Neo, M.; Kokubo, T.; Nakamura, T. Pore throat size and connectivity determine bone
and tissue ingrowth into porous implants: Three-dimensional micro-CT based structural analyses of porous bioactive titanium
implants. Biomaterials 2006, 27, 5892-5900. [CrossRef] [PubMed]

De Vasconcellos, L.M.R;; Leite, D.O.; De Oliveira, EN.; Carvalho, Y.R.; Cairo, C.A.A. Evaluation of bone ingrowth into porous
titanium implant: Histomorphometric analysis in rabbits. Braz. Oral Res. 2010, 24, 399-405. [CrossRef] [PubMed]

Gongalves, EIM,; Oliveira, E; Silva, R.; Neto, M. A.; Fernandes, M.H.; Amaral, M.; Vallet-Regi, M.; Vila, M. Three-dimensional
printed PCL-hydroxyapatite scaffolds filled with CNTs for bone cell growth stimulation. J. Biomed. Mater. Res. Part B Appl.
Biomater. 2015, 104, 1210-1219. [CrossRef]

Murphy, C.M.; Duffy, G.P; Schindeler, A.; O’'Brien, EJ. Effect of collagen-glycosaminoglycan scaffold pore size on matrix
mineralization and cellular behavior in different cell types. J. Biomed. Mater. Res. Part A 2015, 104, 291-304. [CrossRef]
Santarella, F.; Sridharan, R.; Marinkovic, M.; Amaral, RJ.E.C.D.; Cavanagh, B.; Smith, A.; Kashpur, O.; Gerami-Naini, B.; Garlick,
J.A.; O’Brien, EJ.; et al. Scaffolds functionalized with matrix from induced pluripotent stem cell fibroblasts for diabetic wound
healing. Adv. Health Mater. 2020, 9, e2000307. [CrossRef]

Hutmacher, D.W.; Cool, S. Concepts of scaffold-based tissue engineering-the rationale to use solid free-form fabrication techniques.
J. Cell. Mol. Med. 2007, 11, 654-669. [CrossRef] [PubMed]

Yang, D.-H.; Heo, G.-M.; Park, H.-].; Oh, H.-K.; Kook, M.-S. Comparative Effectiveness of Surface Functionalized Poly-e-
Caprolactone Scaffold and 3-TCP Mixed PCL Scaffold for Bone Regeneration. J. Nanosci. Nanotechnol. 2020, 20, 5349-5355.
[CrossRef] [PubMed]

Rohr, N.; Balmer, M.; Jung, R.E.; Kohal, R.; Fischer, ]J. Influence of zirconia implant surface topography on first bone implant
contact within a prospective cohort study. Clin. Implant Dent. Relat. Res. 2021, 23, 593-599. [CrossRef]

Jiang, W.; Shi, J.; Li, W.; Sun, K. Morphology, wettability, and mechanical properties of polycaprolactone/hydroxyapatite
composite scaffolds with interconnected pore structures fabricated by a mini-deposition system. Polym. Eng. Sci. 2012, 52,
2396-2402. [CrossRef]

Jong-Woo, K.; Kwan-Ha, S.; Young-Hag, K.; Jin, HM.; Jiyoung, M.; Hyoun-Ee, K. Production of Poly(e-Caprolactone)/
hydroxyapatite composite scaffolds with a tailored macro/micro-porous structure, high mechanical properties, and excellent
bioactivity. Materials 2017, 10, 1123.

Yeo, A.; Wong, W.J.; Khoo, H.H.; Teoh, S.H. Surface modification of PCL-TCP scaffolds improve interfacial mechanical interlock
and enhance early bone formation: An in vitro and in vivo characterization. J. Biomed. Mater Res. A 2010, 92, 311-321. [CrossRef]
Misch, C.E.; Qu, Z.; Bidez, M.W. Mechanical properties of trabecular bone in the human mandible: Implications for dental
implant treatment planning and surgical placement. J. Oral Maxillofac. Surg. 1999, 57, 700-706. [CrossRef]

Lakatos, E.; Magyar, L.; Bojtar, I. Material properties of the mandibular trabecular bone. J. Med. Eng. 2014, 2014, 470539. [CrossRef]


http://doi.org/10.1080/09205063.2017.1354674
http://www.ncbi.nlm.nih.gov/pubmed/28707508
http://doi.org/10.1016/j.actbio.2010.04.018
http://www.ncbi.nlm.nih.gov/pubmed/20417736
http://doi.org/10.1186/s40824-021-00204-y
http://www.ncbi.nlm.nih.gov/pubmed/33499957
http://doi.org/10.1002/pc.25893
http://doi.org/10.1108/RPJ-04-2020-0083
http://doi.org/10.1016/j.biomaterials.2006.08.013
http://www.ncbi.nlm.nih.gov/pubmed/16945409
http://doi.org/10.1590/S1806-83242010000400005
http://www.ncbi.nlm.nih.gov/pubmed/21180959
http://doi.org/10.1002/jbm.b.33432
http://doi.org/10.1002/jbm.a.35567
http://doi.org/10.1002/adhm.202000307
http://doi.org/10.1111/j.1582-4934.2007.00078.x
http://www.ncbi.nlm.nih.gov/pubmed/17760831
http://doi.org/10.1166/jnn.2020.17672
http://www.ncbi.nlm.nih.gov/pubmed/32331102
http://doi.org/10.1111/cid.13013
http://doi.org/10.1002/pen.23193
http://doi.org/10.1002/jbm.a.32366
http://doi.org/10.1016/S0278-2391(99)90437-8
http://doi.org/10.1155/2014/470539

	Introduction 
	Materials and Methods 
	PCL and HA Composite Filament Fabrication 
	3D Printing of Scaffolds 
	Surface Roughness and Pore Size Quantification 
	Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy 
	Water Contact Angle 
	Mechanical Test 
	Statistical Analysis 

	Results 
	Filament Fabrication 
	Printing Procedure 
	Specimen Morphological Characterization 
	Specimen Roughness Characterization 
	Water Contact Angle Test 
	Mechanical Properties 

	Discussion 
	Conclusions 
	References

