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Simple Summary: Personalized medicine and overcoming healthcare inequalities have gained
significant popularity in recent years. Polymers offer an ideal solution due to their cost-effectiveness,
ease of customized 3D printing, and potential for wide-scale expansion. Polymers blended with
β-tricalcium phosphate (TCP) have been found to synergize with the environmental tissues of
maxillary bones and promote osteoconductivity. However, little is known about their properties
after printing and their ability to maintain their biological role; additionally, limitations exist in 3D
printing when high TPC concentrations are added. Our study demonstrated that poly ε-caprolactone
(PCL)+β-TCP 20% composite can be successfully printed and is a suitable material for commercial
3D printing. The material also demonstrated biocompatibility, supporting osteoblast adhesion and
promoting cell proliferation and differentiation. The composite can also sustain ISO14937:200935
sterilization procedures, which makes it an ideal material for printing medical devices that can be
used by clinicians worldwide.

Abstract: The concept of personalized medicine and overcoming healthcare inequalities have become
extremely popular in recent decades. Polymers can support cost reductions, the simplicity of cus-
tomized printing processes, and possible future wide-scale expansion. Polymers with β-tricalcium
phosphate (TCP) are well known for their synergy with oral tissues and their ability to induce
osteoconductivity. However, poor information exists concerning their properties after the printing
process and whether they can maintain an unaffected biological role. Poly(ε-caprolactone) (PCL)
polymer and PCL compounded with TCP 20% composite were printed with a Prusa Mini-LCD-®3D
printer. Samples were sterilised by immersion in a 2% peracetic acid solution. Sample analyses were
performed using infrared-spectroscopy and statical mechanical tests. Biocompatibility tests, such as
cell adhesion on the substrate, evaluations of the metabolic activity of viable cells on substrates, and
F-actin labelling, followed by FilaQuant-Software were performed using a MC3T3-E1 pre-osteoblasts
line. PCL+β-TCP-20% composite is satisfactory for commercial 3D printing and appears suitable to
sustain an ISO14937:200937 sterilization procedure. In addition, the proper actin cytoskeleton rear-
rangement clearly shows their biocompatibility as well as their ability to favour osteoblast adhesion,
which is a pivotal condition for cell proliferation and differentiation.

Keywords: additive manufacturing; rapid prototyping; polymer; dentition; oral disorder; bone
defect; socket; bone augmentation
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1. Introduction

Healthy dentition is valuable for the maintenance of arch length, aesthetics, and pho-
netics, the prevention of oral environment imbalance, altered mastication, and, therefore,
the insurgence of associated diseases (such as systemic infections, digestive disorders,
cancer, improper nutritional condition, and age-related neurodegeneration) [1]. Indeed,
oral health support may promote survival in older adults, both through sustaining healthy
and functional teeth and through targeted interventions for the maintenance/replacement
of complete dentition [2].

It has been projected that 8.6 million individuals in the United States of America will suffer
from edentulism in the year 2050 [3], and the effect will be much greater in developing coun-
tries [4]. In accordance with WHO guidelines [5], persons in the age group from 35 to 45 years
exhibit the maximum prevalence of partial edentulousness, and the condition can rapidly
evolve to total edentulousness at older ages due to a lack of dental treatment.

The phenomenon is a consequence of oral healthcare inequalities in third-world
countries, but it is also dramatically experienced in Europe and North America, depending
on people’s socioeconomic status [4,6,7].

Teeth loss that is a consequence of traumas or associated with oral disorders, such
as periodontal disease, degeneration following post-traumatic extractions, and cancers
of the mouth, may lead to moderate or severe bone deficiencies and represents a global
public health challenge [8]. A bone defect is an anatomical condition that does not allow
the conventional placement of implants [9]. Therefore, alveolar bone augmentation is
frequently required to restore lost anatomy and function.

Presently, bone substitutes and scaffolds are the key materials used in bone aug-
mentation techniques. The most common bone substitutes used in clinical practice are
heterologous grafts [10] which have osteoconductive properties, guaranteed constant avail-
ability, and a reasonable price, but numerous patients refuse them because of religious faith
and ethical lifestyle choices [11].

Moreover, synthetic bone substitutes are employed in dentistry, despite light and
shadow being described [12–14].

In fact, these synthetic substitutes present excellent biocompatibility and structural
integrity for the whole period of their implantation, but their need to be removed through a
second surgical procedure and their exposure to the oral environment represent drawbacks
that must be carefully considered [15,16].

Additionally, meshes such as titanium barriers must be shaped and adapted to the
bone defect profile during surgery [17–19]. This sensitive, time-consuming, and laborious
step increases the duration of the surgery, and the outcome of the procedure is deeply
influenced by the operator’s ability.

The golden standard for bone regeneration continues to be autogenous bone, despite
its invasiveness and high morbidity. Therefore, bone grafts and bone substitutes in oral
regenerative medicine dramatically impact oral problems that are linked to an individual’s
physical, psychological, and social wellbeing in terms of their acceptance before and
discomfort after surgical approaches [20–22].

Recent efforts have included the identification of natural or synthetic materials ap-
proved by the FDA which exhibit improved wound healing and bone formation biore-
sorbable properties during the healing phase and reduce the need for a second surgical
procedure [23,24].

The possibility of employing additive manufacturing processes to fabricate customised
devices for bone regeneration has been investigated over the last decade to improve oral
disease management [25–27].

Indeed, meshes obtained through 3D printing have several surgical advantages, including
higher precision without the need for intra-surgical adaptation, plasticity and space-making,
and round margins and corners. However, the high costs associated with this printing technique
and the materials it employs may represent important limitations [28,29].
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Among the different 3D printing techniques, fused deposition modelling (FDM) has
the potential to produce, highly reproducible, bioresorbable 3D scaffolds with a fully
interconnected pore network at a reasonably low cost [30]. Poly(lactic acid) (PLA) and
poly(ε-caprolactone) (PCL) are typical materials employed in FDM which show biodegrad-
able and bioresorbable properties [31]. However, PLA can be considered too brittle for
applications requiring high plastic deformations at higher stress levels [32,33] such as those
required in dentistry applications.

However, PCL, which is another leading FDA-approved aliphatic polymer, exhibits
a low tensile strength (about 23 MPa) but an elevated elongation at break (4700%) which
lead to highly elastic behaviour and a smaller Young’s modulus (from 0.2 to 0.4 GPa)
than that of PLA [33]. Additionally, PCL has a high biocompatibility which makes it a
widely used material in the biomedical field due to its higher stability [33–35]. A limitation
associated with the use of PCL is related to the time required for its complete degradation.
Complete degradation can occur within 2–3 years, which is a relatively long time for
many dentistry purposes. Notably, the combination of PCL with hydroxyapatite (HA) or
tricalcium phosphate (TCP) drastically decreases its reabsorption time [36].

TCP is well known for its synergy with oral tissues and its ability to induce osteocon-
ductivity. In fact, due to its high mechanical properties and exceptional bone remodelling
capacity, TCP can be used along with polymers to create suitable tissue scaffolds [31]. In
this work, we focused on the identification of a reliable biocompatible PCL-based material
which could be printed through the FDM technique and would show suitable reabsorption
properties to avoid a second surgical procedure during odontoiatric bone augmentation.

Therefore, the main scope of our work was to remedy two issues: (i) the necessity to
introduce a novel innovative material and consequently rejuvenate surgical practices and
(ii) guarantee the chance for dental operators to create the perfectly-fitting shape they need
without the necessity of a “removal step”.

An additional objective of our research was to present PCL+TCP polymer material
which is known to be highly performing in its mechanical and biological dimensions as an
efficient biomaterial fused in the 3D printing process.

Particularly, to comply with personalized medicine, overcome healthcare inequalities,
and respect the ecological global healthcare system, we identified a non-plastic PCL+beta-
TCP 20% (β-TCP 20%) composite-ceramic polymer that could be printed with a commercial,
market-available 3D printer. The biomaterial should sustain an ISO14937:2009 sterilisation
procedure [37] and allow a suitable adhesion, growth, and matrix organisation of MC3T3-E1
preosteoblasts cells.

2. Materials and Methods
2.1. Sample Materials, Sample Geometries, and FDM Process

To comply with our research purposes, PCL polymer and PCL compounded with
β-TCP 20% composite polymer were produced by the specialised start-up company Nadir
s.r.l. (Treviso, Italy). After several preliminary experimental tests performed by the DICCA
Lab with Nadir, the percentage of osteoconductive material used was the more balanced
compromise with the use of a commercial 3D printer.

Higher percentages could represent a limitation for the extrusion through the printer
nozzle. The sample geometry was designed using Thinkercad® software, according to the
ISO 178 ASTM D790 standard [38]. Essentially, the software generated a .stl file which
could be printed with commercial printers available on the market. The sample dimensions
were 70 mm length, 8 mm height, and 3 mm thickness. The generated “.stl” format file was
printed with a Prusa Mini LCD ®3D printer (Prusa Research a.s., Prague, Czech Republic).

Each printer brand has its own slicer program; therefore, a further elaboration of the
CAD-designed file allowed us to decide the features of the sample, such as the infill, the
geometry of the infill, and the layer thickness. For more articulated forms, the program
enabled the creation of build plates and/or supports for concave parts.
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The printing operation was carried out using a single nozzle following the parameters
developed with the material producer which are shown in Table 1. The materials were
printed and tested according to the experimental setup described in Figure 1.

Table 1. Types of polymer and printing parameters.

Polymer Printer Nozzle Temperature Print Bed Printing Speed

PCL Prusa Mini 110 ◦C 30 ◦C 60 mm/s

PCL+β-TCP 20% Prusa Mini 110 ◦C 30 ◦C 60 mm/s
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Figure 1. The poly(ε-caprolactone) (PCL) polymer and the PCL compounded with beta-tricalcium
phosphate 20% (β-TCP 20%) composite polymer was printed according to the experimental setup
shown in (A) and sterilised with a 2% peracetic acid solution. The PCL and β-TCP 20% printed
samples were photochemically (B) and mechanically (C) characterised. The biocompatibility of the
β-TCP 20% samples (D) was tested to show the effects of their interaction with preosteoblast cells.
For this, the ability of the cells to adhere to the substrate (a), their cytoskeletal re-organisation (b),
and the activity of cell metabolism (c) were assayed.

2.2. Sterilisation of the Samples

The Italian law nr. 46/1997 [39] following the European law 93/42 [40] on medical de-
vices confirms the crucial role of the decontamination and sterilisation of a “critical device”.
Among the Standard ISO14937:2009 [35] procedures permitted for sterilisation, autoclave
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steam, ethylene dioxide, and gamma irradiation cannot be applied to our polymers because
they affect their chemical structure and mechanical properties.

Therefore, our samples were decontaminated by immersion in a 2% peracetic acid
solution through a “cold sterilisation” procedure. The samples were weighed before and
after the sterilisation using a Radwag weight scale (RADWAG, Radom, Poland) to evaluate
any possible incorporation of the sterilising agent into the samples.

2.3. Sample Analysis by Infrared Spectroscopy

Our sample materials (PCL and PCL+β-TCP 20%) were polyesters that could be hy-
drolysed during the sterilisation treatment; therefore, the stability of the chemical bonds
and, particularly, the ester bonds were analysed through infrared (IR) spectroscopy. IR spec-
troscopy or vibrational spectroscopy measures the interaction of IR radiation with matter
through absorption, emission, or reflection and allows the identification of chemical sub-
stances or functional groups in solid, liquid, or gaseous forms. It can be used to characterise
new materials or identify and verify known and unknown samples. The IR-attenuated
total reflection (ATR) spectra were measured using a Thermo Nicolet Fourier transform
(FT-) IR instrument equipped with an ATR accessory (diamond window) (Thermo Fisher
Scientific Inc., Lafayette, LA, USA). One hundred scans were made at a 4 cm−1 resolution
using a deuterated triglycine sulphate (DTGS detector) and background air. The spectra
were collected for all the samples in the 4000–400 cm−1 range (mid-IR region). The test
samples were analysed two hours after the sterilisation process.

2.4. Static Mechanical Tests

The particular static test that analysed flexural stress was chosen because it best
simulates the mechanical stress due to the masticatory function over the implanted device
when the mesh is fixed to the bone [41,42].

The mechanical characterisation allowed the evaluation of important parameters, such
as the modulus of elasticity in bending, the flexural strength, and the flexural stress–strain
response on our PCL and PCL+β-TCP 20% samples. The reference standard for the material
was according to ISO 178—ASTM D790 [36]. The tests were performed on the samples
both pre- and post-sterilisation at 23 ◦C using a Zwick Roell Z0.5 instrument (ZwickRoell
Group, Ulm-Einsingen, Germany).

A general description of the tests is provided in Figure 2. Once all the necessary
data had been registered and sent to the dedicated TestXpert software (ZwickRoell Group,
Ulm-Einsingen, Germany), the stress–strain response and parameters, such as the flexural
modulus, were calculated.
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Figure 2. Description of static mechanical tests. The samples were placed on two support anvils and
bent through an applied force on one or two anvils to measure their stress–strain data. The beam was
proportioned so that it did not fail through shear or by lateral deflection before reaching its ultimate
flexural limit. The equation reported for the highest stress at the moment of rupture was employed,
where F = the load at the bar centre, L = the distance between the two lower supports, w = the width
of the specimen, and h = the thickness of the specimen.
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2.5. Biocompatibility Tests: Preosteoblast Cell Line

In vitro characterizations of the 3D printed PCL and PCL+β-TCP 20% samples were
performed to assess their biocompatibility and their ability to allow the attachment and
growth of cells.

MCT3-E1 subclone 4 cells (mouse calvaria preosteoblasts) were used (ATCC, LGC Stan-
dards s.r.l., Milan, Italy) because they show a strong ability to differentiate and mineralise and
are considered a good model for studying in vitro osteoblast differentiation. In addition, the
behaviour of this cell line is very similar to that of primary calvarial preosteoblasts.

2.6. Biocompatibility Tests: Cell Adhesion on the Substrate

The MC3T3-E1 pre-osteoblasts were placed at a density of 5000 cells/cm2 into 12 well
culture plates (Euroclone, SpA, Milano, Italy) and onto the previously sterilised 3D printed
PCL+β-TCP 20% substrates. The cells were grown for four days in a minimum essential
medium (α-MEM; Life Technologies, Monza, Italy) which was supplemented with 10%
heat-inactivated fetal calf serum (HIFCS) (Life Technologies, Monza, Italy), penicillin, and
streptomycin (Sigma Aldrich, Milano, Italy). Control cultures were produced by growing
the cells on culture plates as substrates.

Then, all cultures were washed three times with phosphate-buffered saline (PBS) 0.1 M,
pH 7.4 and fixed in 4% paraformaldehyde (PFA) which was diluted in PBS for 20 min at room
temperature. The cultures were then washed three times with PBS, and the cells were stained
with haematoxylin (5 min) and eosin (30 s). Following Dellinger et al. [43], 5% toluidine blue
(5 s) was used to point out the extracellular matrix (ECM). After washing with tap water, the
substrates were mounted on slides and imaged using a light microscope (Axiophot, Zeiss,
Oberkochen, Germany). Image analysis was performed using NIH ImageJ software [44].

2.7. Biocompatibility Tests: F-Actin Labelling and FilaQuant Software

The MC3T3-E1 preosteoblasts were treated as described above (cell adhesion on the
substrates), and after fixation, they were washed three times in PBS, permeabilised with
0.3% Triton X-100 in PBS for 30 min on ice, and incubated with 0.5% bovine serum albumin
(BSA) which was diluted in PBS for 20 min at room temperature. Then, the cultures were
incubated with a 4 × 10−6 mol/L phalloidin tetramethylrhodamine isothiocyanate (TRITC)
conjugate (Sigma-Aldrich, Milan, Italy) which was diluted in PBS for 30 min at room
temperature. Finally, the cultures were mounted on slides with 1:1 PBS/glycerol.

The slides were then analysed with a C2 Plus confocal laser scanning microscope (Nikon
Instruments, Florence, Italy). The microscope images were converted into a TIFF format and
processed using NIS-Elements imaging software (Nikon Instrument, Florence, Italy).

2.8. Biocompatibility Tests: Evaluation of the Metabolic Activity of Viable Cells on Substrates
(MTS Assay)

The MC3T3-E1 preosteoblasts were plated at a density of 5000 cells/cm2 onto the
sterilised 3D printed PLC+β-TCP 20% substrates which were contained in 48 well culture
plates (Euroclone, SpA, Milano, Italy). The cells were grown for three days to an 80%
confluence in α-MEM (Life Technologies, Monza, Italy) and supplemented with 10%
HIFCS (Life Technologies, Monza, Italy), penicillin, and streptomycin (Sigma Aldrich,
Milan, Italy). The control cultures were produced by growing cells on culture plates as
substrates. Then, the cells were incubated with a CellTiter 96 Aqueous One Solution
Reagent (Promega Italia Srl, Milan, Italy) for 2 h in a humidified 5% CO2 atmosphere. The
coloured formazan was measured by reading the absorbance at 490 nm using a Tecan
fluorometer (Tecan Italia Srl, Cernusco Sul Naviglio, Milan, Italy).

2.9. Statistical Analysis

The statistical analyses were performed using MATLAB software (The Math-Works, Inc.
MathWorks 1 Apple Hill Drive, Natick, MA, USA) and compared the means ± standard
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deviations. Values of p < 0.05 were considered significant. The results were representative
of those acquired by independent experiments which were repeated at least three times [45].

3. Results
3.1. Weight Evaluation

All samples were evaluated before and after the sterilisation procedures to identify
changes in their weights. As shown in Table 2, the statistical analysis did not show
significant differences between the weights (p > 0.05).

Table 2. Weight evaluation before and after the samples’ immersion in a solution of peracetic acid 2%
for 12 min. The means ± the standard deviations were calculated for five samples from each group.
No statistically significant differences were observed (p > 0.05).

Material Weight Before (g) Weight After (g)

PCL 2.11 ± 0.01 2.12 ± 0.01

PCL+ β-TCP 20% 2.26 ± 0.01 2.27 ± 0.01

3.2. Infrared Spectroscopy

All samples that were immersed in the peracetic acid solution were tested. The PCL
samples showed an ester group peak at 1750 cm−1. No interaction between the solution of
peracetic acid and the polymers was highlighted by the analysis (Figure 3A). The absence of any
interaction between the ester group and the solution used for the sterilization was also evident.
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Figure 3. (A) Fourier transform infrared (FT-IR) spectrum of poly(ε-caprolactone) (PCL) samples.
The black arrow indicates that there was no interaction in the ester group between the unsterilized
PCL (blue line) and sterilized PCL (red line) samples. (B) FT-IR spectrum of PCL compounded
with beta-tricalcium phosphate 20% (PCL+β-TCP 20%) samples. The green arrows indicate the
interactions in the ester group between the unsterilized composite (blue line) and the sterilized
composite (red line) samples.

Different results were revealed in the spectra of the PCL+β-TCP 20% composite
polymers (Figure 3B). The polymer bands remained unchanged and evident, but the
presence of β-TCP might have induced hydrophilic behavior. Therefore, changes in the
spectrum were noticed after sterilization. Particularly, changes occurred in the bands
relating to the -OH functional groups (3000–3600, 1500–1670, and below 700 cm−1) because
of the adsorption of water.

3.3. Static Mechanical Tests—Three-Point Bending Zwick Roell Test

The results described above suggest that changes in the mechanical properties of the
studied samples occurred. Therefore, destructive three-point bending Zwick Roell tests
were performed.

The PCL samples showed an elastic behavior without statistically significant alter-
ations (p > 0.05) due to the sterilization process (Table 3 and Figure 4A,B). The composite
polymer PCL+β-TCP 20% samples did not show any significant changes (p > 0.05) in their
mechanical properties (Table 3 and Figure 5A,B).
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Table 3. Three-point bending Zwick Roell tests on the studied poly(ε-caprolactone) (PCL) samples.
All samples were evaluated before and after the sterilization processes. The means ± the standard de-
viations were calculated for five samples from each group. No statistically significant differences were
observed (p > 0.05). Similarly, the tests were conducted on the studied poly(ε-caprolactone) (PCL) com-
pounded with beta-tricalcium phosphate 20% (PCL+β-TCP 20%) samples. The means ± the standard
deviations were calculated for five samples from each group. No statistically significant differences
were observed (p > 0.05).

PCL before Sterilization

Ef sfM efM

MPa MPa %

PCL
(mean ± standard deviation) 338.5 ± 30.0 20.6 ± 1.0 11.4 ± 0.3

PCL after sterilization

Ef sfM efM

MPa MPa %

PCL
(mean ± standard deviation) 301.2 ± 19.6 19.4 ± 0.4 11.3 ± 0.2

PCL+β-TCP 20% before sterilization

Ef sfM efM

Mpa Mpa %

PCL+β-TCP 20%
(mean ± standard deviation) 382.1 ± 21.0 15.3 ± 0.5 9.5 ± 0.4

PCL+β-TCP 20% after sterilization

Ef sfM efM

Mpa Mpa %

PCL+β-TCP 20%
(mean ± standard deviation) 335.5 ± 6.9 14.5 ± 0.1 9.6 ± 0.1
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3.4. Biocompatibility Test

Cell adhesion and viability/proliferation are fundamental parameters for biocompati-
bility analyses. The cell adhesion onto the PCL+β-TCP 20% substrates was evaluated by
hematoxylin/eosin staining. Figure 6 shows that the scaffolds were remarkably suitable for
cell attachment. Indeed, the preosteoblasts displayed a high level of adhesion and regular
distribution along the scaffold after four days of culture.
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Figure 6. (A) Spatial representation of the poly(ε-caprolactone) (PCL) compounded with beta-tricalcium
phosphate 20% (PCL+β-TCP 20%)-based biomaterial with toluidine blue-stained preosteoblasts, magnifi-
cation 20×. (B) Surface plot of the PCL+β-TCP 20% compounds with the relevant expansion of white dots
(pre-osteoblasts) on almost the whole surface. (C) Toluidine blue staining of preosteoblasts expanding on
the central meshes or the peripheral (D,E) meshes of the compound, magnification 20× (C,D) and 40×
(E, as magnification of black dashed square of D). The hematoxylin/eosin staining of the proliferating pre-
osteoblasts on the biomaterial network better elucidates the affinity of the compound with the developing
cells in the centre (F) or peripheral parts of the substrate (G).

In addition, the substrates were able to induce cell viability and proliferation on a
level comparable to that of the culture plates (Figure 7).
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Figure 7. MTS assay. Note the suitability of the poly(ε-caprolactone) (PCL) compounded with beta-
tricalcium phosphate 20% (PCL+β-TCP 20%) samples for supporting the growth and viability of the
preosteoblasts relative to those cultured in the normal culture dishes. The values from three different
experiments were calculated as the means ± the standard deviations. No statistically significant
differences were observed (p > 0.05).
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3.5. Actin Distribution

The reorganisation of the actin cytoskeleton is considered a fundamental mechanism
in numerous cell metabolic activities, including those that involve structural modifications,
proliferation, and differentiation. In particular, actin rearrangement plays a fundamental
role in both cell adhesion and cellular spreading [46]. Therefore, the actin distribution on
the cells that were grown on the substrates was studied using a controlled low-strength
material (CLSM) and a combination of 2D and 3D images. As shown in Figure 8, the actin
filaments appeared to be regularly organised as stress fibres running in parallel at the cell
body level and in the cellular extension, which indicates that the substrates did not alter the
actin assembly. In addition, multiple adhesion points (white arrows) and protrusions were
revealed, which demonstrates the efficacy of the substrates in favouring the establishment
of cell–cell and cell–substrate junctions (Figure 8).
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Figure 8. Preosteoblast growth over the poly(ε-caprolactone) (PCL) compounded with beta-tricalcium
phosphate 20% (PCL+β-TCP 20%)-based substrate which was stained with phalloidin (TRITC-conjugate)
for F-actin detection. (A) Map of the minimum of n nearest neighbour cells on the compound. (B) Con-
focal microscopy captured the preosteoblast actin filaments spreading on the surface of the substrate.
(C–H) Confocal microscopy 3D illustration of the phalloidin-labelled F-actin of preosteoblasts over the
substrate. Note the F-actin distribution over the substrate in multiple scans. (I,J) 3D surface plot of the
substrate. (K) Projections of cell maps on the biomaterial. The numbers in yellow represent the pixel
distances between the cultured cells and the substrate. (L) A map of proximal neighbour preosteoblasts on
the substrate meshes. Note the actin adhesion points (white arrows) between the cells (M) and the actin
filament skeleton in expansion on the substrate (N). (O) Filopodium formation is tagged with a purple
colour. The open-source image processing software ImageJ [version ImageJ2 2.9.0/1.53t] was used for
image analysis [47].

4. Discussion

The concepts of both personalised medicine [33] and overcoming healthcare inequali-
ties [6,48] have become extremely popular in recent decades. Polymers represent a perfect
compromise as they enable cost reduction and the simplicity of a customised 3D printing
process and they may lead to future wide-scale expansion. The need to reach underdevel-
oped markets is supported by research on plastic materials.

However, ensuring equal access to healthcare through the development of less expen-
sive treatments and targeted solutions cannot be dissociated from minimising the impact
on the planet. Indeed, achieving an ethical and ecological global healthcare system is an
important challenge for the future [49].
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From this perspective, samples of PCL+β-TCP 20% polymer were prepared in this
study using a commercialised and well-established 3D printing system.

TCP is known to support bone augmentation, and the higher the percentage of poly-
mers, the better osteoconductive support of the material for a ameliorate biological re-
sponse [24]. However, a limit of conventional, commercialized, and low-cost 3D machines
is the percentage of the TCP that can be incorporated into the polymeric phase. In this
study, we identified the correct match between the two mentioned phases and to print
devices with no alteration of their structure and geometry.

Indeed, the material flowed successfully through the core of the printer and could thus
potentially be used by clinicians worldwide seeking to print their own medical devices.
Due to the implant destination of the scaffold, its sterilisation is an essential aspect of safe
surgical practices [50]. Single-use critical devices that come into contact with human tissues
and blood must be decontaminated and sterilised before their employment, which is in
accordance with European law 93/4236 [40] on medical meshes and scaffolds. Therefore, a
material for biomedical applications that exhibits biocompatibility, bioresorbability, and
biomimetic properties must remain stable during its sterilisation to be used for medical
purposes [51,52].

However, although the sterilization of 3D printed critical devices is key for their safe
usage, Tipnis et al. and Gulden et al. [50,53] recently stated that no standard methods for the
sterilization of polymeric 3D printed materials had been developed. Essentially, the sterilization
process must be optimised according to the material and the type of the device used.

Through a revision of the literature on the sterilisation of bedside 3D printed devices
for use in operating rooms, Wiseman et al. [54] showed that peracetic acid and other
low-temperature sterilization techniques that were analysed, such as 100% ethylene oxide,
hydrogen peroxide, ozone, and gamma irradiation, exhibited ideal features for their use in
routine preclinical sterilization approaches.

Immersion in peracetic acid is the most commonly used technique in the United States,
and automated machines that use this compound are already commercially available.
However, as suggested by Wiseman et al. [54], peracetic acid may be corrosive and has the
potential to induce changes in the structural and biochemical properties of materials.

Our printable polymer showed no interactions between its ester double bonds and
the peracetic acid employed in the sterilization. Conversely, although changes in the
FT-IR spectrum of the materials were observed, notably, in the bands related to the -OH
functional groups (3000–3600, 1500–1670, and below 700 cm−1), these were only related
to water absorbance. Therefore, they were unlikely to represent any potentially harmful
biological effects. In addition, no differences were found in the IR-ATR spectra of the
PCL+β-TCP 20% samples.

In terms of mechanical tests, flexural static tests were conducted following the ISO
178 ASTM D790 standards [36] to identify the maximum deformation before rupture when
applying a progressive force. The tests executed on the pure polymers yielded results in
agreement with previously published data in terms of their tensile modulus and tensile
strength [33]. No tensile tests were performed. The parameters tensile strength and tensile
modulus were substituted for flexural strength and flexural modulus.

To evaluate whether the PCL characteristics were modified in the composite PCL+β-
TCP 20%, the pure PCL samples were compared with the PCL composites. A tensile
modulus of 0.2–0.5 GPa and tensile strength of 4–42 MPa were obtained for the PCL
samples. The tests revealed that the PCL+β-TCP 20% samples exhibited a 0.3–0.4 GPa
tensile modulus and 13–15 MPa tensile strength. Therefore, it could be deduced that the
addition of the osteoconductive material did not change the mechanical behaviour of
the composite in a statistically significant way. Moreover, our evidence suggests that the
PCL+β-TCP 20% material withstood the chemical sterilization treatment and maintained
consistent chemical–physical properties.

Additionally, in the interpretation of the mechanical properties, a relevant aspect to
consider is that regardless of the different values of tensile modulus and other mechanical
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aspects between polymers and/or composite polymers and titanium, the devices used as
scaffolds for periodontal bone regeneration do not have any support function [55].

This is the greatest difference between dental and maxillofacial surgeries and or-
thopaedic ones, where plaques, screws, and endoprosthesis must withstand different
solicitations, such as compression and torsion [14,30]. Therefore, although the latest re-
search efforts in the biomedical orthopaedic field have aimed to tailor materials with
physical characteristics that are more similar to that of bone, the main goal in dental bone
augmentation should be to contain the graft and protect bone growth throughout the
mineralisation process with no stresses applied [12,56].

The main characteristic of a suitable material for tissue regeneration would be the
absence of cytotoxic effects, combined with a capacity to allow cells to grow and colonise the
substrate, as well as the deposition of an ECM over and inside the 3D scaffold meshes [57].

Our results show that the PCL+β-TCP 20% substrate supported cell growth within
the 3D substrate; in particular, this biomaterial consented to the expansion of the cells
into the “meshes” of the scaffold, which formed a 3D preosteoblast network characterised
by a physical interconnectedness of the osteo-lineage cells via filopodia-like protrusions.
The formation of these protrusions towards neighbouring cells is particularly important
since they provide the cells with a possibility of sensing their surrounding environment
and releasing osteo-building factors, thus reflecting the in vivo homeostatic behaviour
of bone. It is well known that actin networks are characterised by tensed elastic strings
and straws that are interconnected and control the fate of cells. Substrates with dissimilar
mechanical characteristics affect the rearrangement of F-actin cytoskeleton in the cell
maturation process and modulate peculiar cellular features, such as spreading, elasticity,
and intramural signalling [58,59]. In this context, we observed that the stiffness of the
PCL+β-TCP 20% substrate enhanced the stress fibre density and preosteoblast spreading.

Moreover, the MTS assay demonstrated that these substrates were biocompatible
and showed no cytotoxicity. Indeed, they displayed an ability to induce cell viability and
proliferation when compared with the culture plates.

The obtained results align with a recently published study by Akerlund et al. [34] in which
a combination of PLA, PCL, and HA was investigated to develop customized biocompatible
and bioresorbable polymer-based composite filaments, which finalised to faster healing. The
authors also highlighted that the studied mineral accelerated polymer degradation, thus
suggesting that the supports would only be required for a short period of time.

Therefore, according to the proliferation observed in our cultures, it is reasonable to
hypothesise that in the early phase, the presence of an osteoconductive material could
lead the cellular growth and further maturation, which, afterwards, would also fasten the
resorption of the scaffold itself.

Another recent review by Jodati et al. [12] described the additional value of nanocom-
posites. These are crucial in the analysis of viable treatment strategies for bone tissue
regeneration for specific bone defects such as craniofacial defects. In the review, the authors
pointed out that composite ceramic compounds with added osteoconductive materials
induced a greater adhesion of the bone cells on the scaffold.

Although there were no specific references about the timing of cell proliferation in the
analysed literature, the results of our investigation suggest a very quick process of adhesion
and proliferation. One possible reason for this positive outcome could also be related to the
original roughness of the 3D-printed product.

Therefore, the PCL+β-TCP 20% scaffold showed the reliable role of osteoconductivity
and provided a sort of network for the bone cells which could adhere and differentiate around
the granules of the scaffold material due to the action of bone morphogenetic proteins.

5. Conclusions

In summary, the data presented here showed that the studied PCL+β-TCP 20% com-
posite is satisfactory for commercial 3D printing and appears to be a suitable material to
sustain an ISO14937:200935 sterilisation procedure.
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In addition, the proper actin cytoskeleton rearrangement showed the biocompatibility of
the material and its ability to favour osteoblast adhesion, which is a pivotal condition for cell
proliferation and differentiation. The routine use of a reliable and low-cost polymer composite
such as PCL+β-TCP 20% in private medical practice could help tackle global inequalities in
oral health. Moreover, this material can be easily printed with an affordable 3D printer and can
help avoid the need for a second surgery. However, these encouraging results should be further
investigated through in vivo tests on animal models before being applied to humans.

Author Contributions: Conceptualization, A.L., F.B., M.G.S. and A.A.; methodology, A.A., A.L.
and M.G.S.; software, A.A. and D.A.; validation, A.A., A.L. and F.B.; formal analysis, N.D.A., D.A.
and A.A.; investigation, N.D.A., A.C. and D.A.; resources, N.D.A.; data curation, A.A. and C.P.;
writing—original draft preparation, N.D.A., D.A., A.C. and A.A.; writing—review and editing, A.L.,
F.B., C.P. and M.G.S.; supervision, M.G.S. and A.A.; project administration, F.B.; funding acquisition,
N.D.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are available upon request from the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Holt, R.; Roberts, G.; Scully, C. ABC of Oral Health. Oral Health and Disease. BMJ 2000, 320, 1652–1655. [CrossRef]
2. Paganini-Hill, A.; White, S.C.; Atchison, K.A. Dental Health Behaviors, Dentition, and Mortality in the Elderly: The Leisure

World Cohort Study. J. Aging Res. 2011, 2011, 156061. [CrossRef]
3. Slade, G.D.; Akinkugbe, A.A.; Sanders, A.E. Projections of U.S. Edentulism Prevalence Following 5 Decades of Decline. J. Dent.

Res. 2014, 93, 959–965. [CrossRef]
4. Shah, N.; Sundaram, K.R. Impact of Socio-Demographic Variables, Oral Hygiene Practices, Oral Habits and Diet on Dental Caries

Experience of Indian Elderly: A Community-Based Study. Gerodontology 2004, 21, 43–50. [CrossRef]
5. Qin, X.; Zi, H.; Zeng, X. Changes in the Global Burden of Untreated Dental Caries from 1990 to 2019: A Systematic Analysis for

the Global Burden of Disease Study. Heliyon 2022, 8, e10714. [CrossRef]
6. Elani, H.W.; Harper, S.; Allison, P.J.; Bedos, C.; Kaufman, J.S. Socio-Economic Inequalities and Oral Health in Canada and the

United States. J. Dent. Res. 2012, 91, 865–870. [CrossRef]
7. Tchicaya, A.; Lorentz, N. Socioeconomic Inequalities in the Non-Use of Dental Care in Europe. Int. J. Equity Health 2014, 13, 7.

[CrossRef]
8. Peres, M.A.; Macpherson, L.M.D.; Weyant, R.J.; Daly, B.; Venturelli, R.; Mathur, M.R.; Listl, S.; Celeste, R.K.; Guarnizo-

Herreño, C.C.; Kearns, C.; et al. Oral Diseases: A Global Public Health Challenge. Lancet 2019, 394, 249–260. [CrossRef]
9. De Angelis, N.; Benedicenti, S.; Zekiy, A.; Amaroli, A. Current Trends in Bone Augmentation Techniques and Dental Implantology:

An Editorial Overview. J. Clin. Med. 2022, 11, 4348. [CrossRef]
10. Raghoebar, G.M.; Onclin, P.; Boven, G.C.; Vissink, A.; Meijer, H.J.A. Long-Term Effectiveness of Maxillary Sinus Floor Augmenta-

tion: A Systematic Review and Meta-Analysis. J. Clin. Periodontol. 2019, 46 (Suppl. 2), 307–318. [CrossRef]
11. Bucchi, C.; del Fabbro, M.; Arias, A.; Fuentes, R.; Mendes, J.M.; Ordonneau, M.; Orti, V.; Manzanares-Céspedes, M.C. Multicenter

Study of Patients’ Preferences and Concerns Regarding the Origin of Bone Grafts Utilized in Dentistry. Patient Prefer. Adherence
2019, 13, 179–185. [CrossRef]

12. Jodati, H.; Yılmaz, B.; Evis, Z. A Review of Bioceramic Porous Scaffolds for Hard Tissue Applications: Effects of Structural
Features. Ceram. Int. 2020, 46, 15725–15739. [CrossRef]

13. Giannoudis, P.V.; Dinopoulos, H.; Tsiridis, E. Bone Substitutes: An Update. Injury 2005, 36, S20–S27. [CrossRef]
14. Sohn, H.S.; Oh, J.K. Review of Bone Graft and Bone Substitutes with an Emphasis on Fracture Surgeries. Biomater. Res. 2019, 23, 9.

[CrossRef]
15. Sanz-Sánchez, I.; Sanz-Martín, I.; Ortiz-Vigón, A.; Molina, A.; Sanz, M. Complications in Bone-Grafting Procedures: Classification

and Management. Periodontology 2000 2022, 88, 86–102. [CrossRef]
16. Hardwick, R.; Hayes, B.K.; Flynn, C. Devices for Dentoalveolar Regeneration: An Up-To-Date Literature Review. J. Periodontol.

1995, 66, 495–505. [CrossRef]
17. Kadkhodazadeh, M.; Amid, R.; Moscowchi, A. Management of Extensive Peri-Implant Defects with Titanium Meshes. Oral.

Maxillofac. Surg. 2021, 25, 561–568. [CrossRef]
18. Rasia-dal Polo, M.; Poli, P.-P.; Rancitelli, D.; Beretta, M.; Maiorana, C. Alveolar Ridge Reconstruction with Titanium Meshes: A

Systematic Review of the Literature. Med. Oral. Patol. Oral Cir. Bucal 2014, 19, e639–e646. [CrossRef]

http://doi.org/10.1136/bmj.320.7250.1652
http://doi.org/10.4061/2011/156061
http://doi.org/10.1177/0022034514546165
http://doi.org/10.1111/j.1741-2358.2004.00010.x
http://doi.org/10.1016/j.heliyon.2022.e10714
http://doi.org/10.1177/0022034512455062
http://doi.org/10.1186/1475-9276-13-7
http://doi.org/10.1016/S0140-6736(19)31146-8
http://doi.org/10.3390/jcm11154348
http://doi.org/10.1111/jcpe.13055
http://doi.org/10.2147/PPA.S186846
http://doi.org/10.1016/j.ceramint.2020.03.192
http://doi.org/10.1016/j.injury.2005.07.029
http://doi.org/10.1186/s40824-019-0157-y
http://doi.org/10.1111/prd.12413
http://doi.org/10.1902/jop.1995.66.6.495
http://doi.org/10.1007/s10006-021-00955-x
http://doi.org/10.4317/medoral.19998


Biology 2023, 12, 536 14 of 15

19. De Angelis, N.; De Lorenzi, M.; Benedicenti, S. Surgical Combined Approach for Alveolar Ridge Augmentation with Titanium
Mesh and RhPDGF-BB: A 3-Year Clinical Case Series. Int. J. Periodontics Restor. Dent. 2015, 35, 231–237. [CrossRef]

20. Jacobsen, H.C.; Wahnschaff, F.; Trenkle, T.; Sieg, P.; Hakim, S.G. Oral Rehabilitation with Dental Implants and Quality of Life
Following Mandibular Reconstruction with Free Fibular Flap. Clin. Oral Investig. 2016, 20, 187–192. [CrossRef]

21. Xiao, Y. Bone Tissue Engineering for Dentistry and Orthopaedics. Biomed. Res. Int. 2014, 2014, 241067. [CrossRef]
22. Offner, D.; de Grado, G.F.; Meisels, I.; Pijnenburg, L.; Fioretti, F.; Benkirane-Jessel, N.; Musset, A.-M. Bone Grafts, Bone Substitutes

and Regenerative Medicine Acceptance for the Management of Bone Defects among French Population: Issues about Ethics,
Religion or Fear? Cell. Med. 2019, 11, 215517901985766. [CrossRef]

23. Hartmann, A.; Seiler, M. Minimizing Risk of Customized Titanium Mesh Exposures—A Retrospective Analysis. BMC Oral Health
2020, 20, 36. [CrossRef]

24. De Angelis, N.; Felice, P.; Pellegrino, G.; Camurati, A.; Gambino, P.; Angelis, N. De Guided Bone Regeneration with and without
a Bone Substitute at Single Post-Extractive Implants: 1-Year Post-Loading Results from a Pragmatic Multicentre Randomised
Controlled Trial. Eur. J. Oral Implantol. 2011, 4, 313–325. [PubMed]

25. Tumedei, M.; Mourão, C.F.; D’Agostino, S.; Dolci, M.; Di Cosola, M.; Piattelli, A.; Lucchese, A. Histological and Histomorphometric
Effectiveness of the Barrier Membranes for Jawbone Regeneration: An Overview of More Than 30 Years’ Experience of Research
Results of the Italian Implant Retrieval Center (1988–2020). Appl. Sci. 2021, 11, 2438. [CrossRef]

26. Corsalini, M.; D’Agostino, S.; Favia, G.; Dolci, M.; Tempesta, A.; Di Venere, D.; Limongelli, L.; Capodiferro, S. A Minimally
Invasive Technique for Short Spiral Implant Insertion with Contextual Crestal Sinus Lifting in the Atrophic Maxilla: A Preliminary
Report. Healthcare 2020, 24, 11. [CrossRef]

27. De Santis, D.; Umberto, L.; Dario, D.; Paolo, F.; Zarantonello, M.; Alberti, C.; Verlato, G.; Gelpi, F. Custom Bone Regeneration
(CBR): An Alternative Method of Bone Augmentation-A Case Series Study. J. Clin. Med. 2022, 11, 4739. [CrossRef]

28. De Angelis, N.; Solimei, L.; Pasquale, C.; Alvito, L.; Lagazzo, A.; Barberis, F. Microscopical Analysis of Explanted Titanium Alloy
Customised Meshes for Bone Augmentation: A Case Series Study. Discov. Mater. 2022, 2, 9. [CrossRef]

29. De Angelis, N.; Solimei, L.; Pasquale, C.; Alvito, L.; Lagazzo, A.; Barberis, F. Applied Sciences Mechanical Properties and
Corrosion Resistance of TiAl6V4 Alloy Produced with SLM Technique and Used for Customized Mesh in Bone Augmentations.
Appl. Sci. 2021, 11, 5622. [CrossRef]

30. Rouf, S.; Malik, A.; Singh, N.; Raina, A.; Naveed, N.; Siddiqui, M.I.H.; Haq, M.I.U. Additive Manufacturing Technologies:
Industrial and Medical Applications. Sustain. Oper. Comput. 2022, 3, 258–274. [CrossRef]

31. Bardot, M.; Schulz, M.D. Biodegradable Poly(Lactic Acid) Nanocomposites for Fused Deposition Modeling 3D Printing. Nanomaterials
2020, 10, 2567. [CrossRef]

32. Corcione, C.E.; Gervaso, F.; Scalera, F.; Montagna, F.; Maiullaro, T.; Sannino, A.; Maffezzoli, A. 3D Printing of Hydroxyapatite
Polymer-Based Composites for Bone Tissue Engineering. J. Polym. Eng. 2017, 37, 741–746. [CrossRef]

33. Puppi, D.; Chiellini, F. Biodegradable Polymers for Biomedical Additive Manufacturing. Appl. Mater. Today 2020, 20, 100700.
[CrossRef]

34. Bharadwaz, A.; Jayasuriya, A.C. Recent Trends in the Application of Widely Used Natural and Synthetic Polymer Nanocomposites
in Bone Tissue Regeneration. Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 110, 110698. [CrossRef]

35. Azimi, B.; Nourpanah, P.; Rabiee, M.; Arbab, S. Poly (∈-Caprolactone) Fiber: An Overview. J. Eng. Fiber Fabr. 2014, 9,
155892501400900. [CrossRef]

36. Åkerlund, E.; Diez-Escudero, A.; Grzeszczak, A.; Persson, C. The Effect of PCL Addition on 3D-Printable PLA/HA Composite
Filaments for the Treatment of Bone Defects. Polymers 2022, 14, 3305. [CrossRef]

37. ISO 14937:2009; Sterilization of Health Care Products—General Requirements for Characterization of a Sterilizing Agent and the
Development, Validation and Routine Control of a Sterilization Process for Medical Devices. ISO: Geneva, Switzerland, 2009.
Available online: https://www.iso.org/standard/44954.html (accessed on 11 January 2023).

38. Chander, N.G.; Jayaraman, V.; Sriram, V. Comparison of ISO and ASTM Standards in Determining the flexural Strength of
Denture Base Resin. Eur. Oral. Res. 2019, 53, 137. [CrossRef]

39. Dlgs 46/97. Available online: https://www.parlamento.it/parlam/leggi/deleghe/97046dl.htm (accessed on 11 January 2023).
40. EUR-Lex—31993L0042—EN—EUR-Lex. Available online: https://eur-lex.europa.eu/legal-content/IT/TXT/?uri=CELEX%

3A31993L0042 (accessed on 11 January 2023).
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