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In the present work, scaffolds with gyroid TPMS geometry were obtained from a commercial resin of
acrylic nature loaded with 0.5% and 1% w/V of calcium phosphate nanoparticles through DLP. The
scaffolds obtained presented Young’s Modulus between 300 and 400 MPa, which makes them suitable
for bone applications. The surface treatment by oxygen plasma carried out on the scaffolds resulted in a
notable improvement in the wettability of the surfaces, which favours cell adhesion on the surface of the
materials. The in vitro bioactivity assay conducted on the resin/calcium phosphate particles composite
material showed that an apatitic layer forms on the surface of the samples from the third day of exposure
to simulated body fluid (SBF), indicating that the composite material has in vitro bioactive behaviour.
Biological tests demonstrated that the material is not cytotoxic and favours cell adhesion and that the

gyroid geometry promotes cell proliferation.

The incidence of fractures in the population is considered to
present one peak in young people and another in older adults.
In the young population, fractures are generally associated with
significant trauma, which typically occur in long bones and
being more frequently in men than in women. In the case of
older adults, one in two women and one in five men will experi-
ence a fracture that will have a lasting impact on their lives due
to diseases such as osteoporosis [1]. In the year 2000, there were
an estimated 9 million new fractures caused by osteoporosis, of
which 1.6 million were in the hip, 1.7 million in the forearm,
and 1.4 million were clinically diagnosed vertebral fractures.
[1-3]. Currently, bone fractures, degenerative diseases, and
various neoplastic diseases are the most common clinical prob-
lems associated with the bone and skeletal system [4]. Most of
these cases need to be treated with surgery, requiring the use of

implantable devices with custom sizes and shapes, with a latent

©The Author(s), 2023

risk for bacterial infections, the main cause of bone implant fail-
ure [5, 6]. In response to the need for substitute manufacturing
methods for bone grafts, additive manufacturing technologies
have been used to create structures that can be used as replace-
ments that mimic the characteristics of the extracellular matrix
of the affected organs or tissues [7, 8]. Tissue engineering ena-
bles strategies to be used for the deposition of cells in natural
or artificial structures, known as scaffolds and their subsequent
implantation [9].

Scaffolds must have high porosity and well-distributed and
interconnected pores to facilitate cell penetration, nutrient dif-
fusion, vascular growth, and other processes. Triply Periodic
Minimal Surfaces (TPMS) are well suited for use in scaffold
manufacture since they have the optimal relationship between
stiffness and porosity levels to facilitate cell growth [10]. Geo-
metric characteristics of scaffolds such as surface curvature,

pore size, and shape have been shown to have a major influence
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on scaffold cell performance [8]. These structures show high
fluid permeability, which may be beneficial for nutrient delivery
in vivo [11].

Additive manufacturing (AM), generally called 3D printing,
has emerged as an alternative to address the need to manufac-
ture substitutes for bone grafts or scaffolds, with morphological
and size characteristics that can not be achieved through con-
ventional process. AM allows great geometric freedom, facilitat-
ing the creation of complex surgical pieces or implants without
the need to use additional molds or assemblies [12, 13]. In addi-
tion, it allows variables such as pore size, shape, and intercon-
nectivity to be controlled [14, 15]. Stereolithography (SLA) and
digital light processing (DLP) are notable among the available
3D printing techniques due to their precision and resolution
[16, 17]. They enable control over the internal macro/micro-
architecture, degree of porosity, and organization of pores, as
well as providing freedom in terms of customized composition,
design, and shape of the fabricated geometries [7]. Additionally,
they offer low manufacturing costs [16] due to reduced print-
ing time requirements [18] and the ability to work with various
composite materials utilizing commercial raw materials [13].
These processes consist of the solidification of a resin or pho-
topolymer that is initially in a liquid state, using a laser beam
or the digital projection of light for images, with a very specific
light frequency and power, normally in the UV spectrum. The
light follows the surface and its contour successively layer by
layer, solidifying the material until the final piece is obtained
[13].

The component materials of the resins used in stereolithog-
raphy are mixtures between polyacrylates and epoxy macrom-
ers. However, in recent years, resins have been developed that
include biodegradable and biocompatible biomaterials, which
make it easier for them to adapt to contact with living tissue
without adverse effects [16]. Nonetheless, the characteristics of
the scaffolds that are intended to be used in bone must include a
structure similar to the extracellular matrix in order to promote
cell adhesion, proliferation, and differentiation, as well as not
generating a toxic environment and providing adequate load-
bearing support [17]. For this reason, when designing a scaf-
fold produced by SLA or DLP, it is important to consider not
only specific morphologies or structures but also the addition
of materials to the photocurable resins, such as nanoparticles,
to facilitate the best biological and mechanical conditions [16].

Several materials have been studied as potential additions
to photocurable resins to be used for these technologies, with
a view to improving certain characteristics of the polymeric
material such as mechanical, optical, and electrical proper-
ties. These include bioactive glass, zirconia, alumina, and cal-
cium phosphates [16, 18-20]. Calcium phosphates have high
mechanical resistance and good bioactivity, and for this reason,

they have been used as reinforcements in biocompatible resins
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to increase cell proliferation and adhesion and promote bone
repair [16, 21]. Calcium phosphates have shown great potential
through their excellent biocompatibility, good performance,
degradation capacity [22, 23], good mechanical stability, and
wear and corrosion resistance [24]. They are considered an ideal
material for the repair of bone defects because they have a com-
position that is very similar to that of natural bone tissue [22,
23]. Hydroxyapatite is a primary mineral component of teeth
and bones that is recognized for its ability to interconnect with
neighbouring tissues and promote cell attachment within its
pores, it also has osteoinductive properties [24, 25]. Other cal-
cium phosphates also present high biocompatibility and excel-
lent biodegradability. The latter property is especially important
as it allows the ceramic material to be absorbed and promotes
the creation of new bone tissue [23, 26], favouring the adhesion
and proliferation of bone cells, in turn leading to mineralization
of the surface [19, 27].

This study aims to create scaffolds in the form of gyroid
TPMS through the digital light processing (DLP) technique,
using a commercial biocompatible resin with the addition of
low amounts of calcium phosphate nanoparticles synthesized in
the laboratory. The physical-chemical and biological behaviour
of this material was evaluated, with the aim to demonstrating its

potential for use in tissue engineering.

Ceramic powder characterization

The calcium phosphate particles used to make the suspen-
sions in the resin were synthesized through the self-combus-
tion method. The results of the tests carried out to character-
ize the particles obtained can be found in some works carried
out previously [28-30]. The calcium phosphates present were
hydroxyapatite (HAP) and p-tricalcium phosphate and calcium
pyrophosphate was found in a minority. With the thermal treat-
ment, the crystallization of the majority phases improved, and
the pyrophosphate phase disappeared. These materials have
excellent biocompatibility, bioactivity, osteoconductivity, and
compositional similarities to bone [14, 31]. The prior characteri-
zations carried out on the powders obtained by self-combustion
and heat-treated at 800 °C found the presence of aggregates of
approximately 5 um in diameter, composed of nanoparticles
with a granular or spherical morphology [28]. The grain size of
the particles, obtained by statistical counting of 200 of them, was
approximately 42.9 nm £ 1.12 nm. It is important to know and
control the size of the particles and of the aggregates that can be
formed, since for 3D printing using the stereolithography (STL)
or digital light processing (DLP) technique, the average size of
the ceramic particles or aggregates that are added to the poly-
mer must be smaller than the thickness of the layer. Otherwise,
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the vertical resolution of the piece could be affected [32]. In
this case, since the particles were approximately in the order
of nanometers in size and the aggregates were smaller than the

layer size used, the print resolution was not affected.

Resin characterization

The viscosity of the liquid resin without ceramic filler at 25 °C
was 952 mPa-s. Typically, higher viscosity resins that can be used
for uncomplicated stereolithography printing reach approxi-
mately 5 Pa-s [13]. In addition, for a resin-particle suspension
to be appropriate for SLA or DLP processes, its viscosity must
be relatively low so that the material in the vat of the machine
self-levels during printing. Resins loaded with solid materials
must have viscosities of less than 3000 mPa-s, which corresponds
to loads of less than 50 vol% [32]. Both conditions are met in
this work. The resin used has a viscosity of less than 5 Pa-s and
is thus considered a low viscosity resin; and the ceramic loads
used of 0.5 and 1% w/V of calcium phosphate particles were very
low, which facilitates DLP printing of the prepared suspension.

The FTIR result for the resin after being cured is presented
in Fig. 1(a), showing a range between 500 and 4000 cm™'.
There is quite a high level of similarity between the spectrum
of the uncured resin (not showed)) and that of the cured resin
[Fig. 1(a)], so there is no evidence of the formation of functional
groups due to the ultraviolet light-curing process. The band that
occurs at 1717 cm ™! was attributed to the stretching vibrations of
the C=0 bonds, the band at 1638 cm™" is characteristic of C=C
bonds and the band at 832 cm™ is characteristic of C-H bonds.
All three bands are inherent to acrylic groups [33-38] indicating
that the unpigmented Portux Print 3D Model resin used in this
work contains mainly acrylic oligomers.

The curve corresponding to the thermogravimetric analysis
(TGA) of the resin pellets manufactured by DLP printing is pre-
sented in Fig. 1(b). The range for the thermal decomposition of
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the polymer was 260-470 °C. The TGA curve shows that mass
losses are minimal between 21 and 300 °C, with the most signifi-
cant decrease being observed between 300 and 470 °C. Thereaf-
ter, the rate of mass change decreased steadily, until reaching a
decrease of almost 100%. The characteristics of the resin used in
this work are consistent with those obtained in other studies[26,

26,27, 39-41] and are typical of acrylic resins.

Scaffolds characterization

The scaffolds obtained after the DLP printing of the polymer-
ceramic composite and the post-curing treatment can be
observed in Fig. 2(a-c). Cylindrical scaffolds with dimensions
of 10 x5 mm (diameter x height) with gyroid geometry were
successfully obtained, which are very similar to the CAD design,
presented in Fig. 2(d). Macroscopically, no differences in mor-
phology were observed between the scaffolds obtained with the
different percentages of particles. The scaffolds have intercon-
nected porosity and curved walls. A significant difference can
be perceived in the opacity of each scaffold, with 0CaP being the
brightest and most translucent [Fig. 2(a)] and 1CaP the opaquest
[Fig. 2(c)]. These changes in hue indicate the presence of differ-
ent amounts of particles in the scaffolds.

Figure 3(a-f) shows the SEM images obtained in the scaf-
folds. The regularity and precision of the surfaces of the scaffolds
obtained with DLP technology can be noticed. In Fig. 3(b), lines
transversal to the surface of the scaffold can be observed, which
represent the different layers of the printing process. No pro-
truding pores or irregularities are observed between the layers
or on the surface they form. Figures 3(c-f) present images of
the scaffolds made with 05CaP and 1CaP respectively, in which
it is possible to distinguish the ceramic particles. The differ-
ence between the concentration of these on the surface of the
05CaP scaffold [Fig. 3(d)] and the 1CaP scaffold [Fig. 3(f)] is

significant, the latter having the higher number of particles and
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Figure 1: (a) FTIR spectra of the commercial Resin without particles post-curing, (b) Thermogravimetric curve of commercial resin.
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Figure 2: Digital photographs of the Scaffolds obtained by DLP printing and CAD model. Top and side views of (a) 0CaP (b) 05CaP (c) 1CaP and (d) CAD
model.
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Figure3: Scanning Electron Microscopy (SEM) images of scaffolds obtained by DLP printing. (a—b) 0CaP scaffolds. (c-d) 05CaP scaffolds. (e-f) 1CaP
scaffolds.
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aggregates. The EDS carried out on one of the particles observed
through scanning electron microscopy, corroborated that they
are formed by phosphorus (P) and calcium (Ca), confirming
what was observed for the previously synthesized CaP nano-

particles added to the resin.

Mechanical behavior

Figure 4 shows the mechanical results obtained for the samples
tested. Figure 4(a) shows the stress-strain results obtained for
the scaffolds with 0CaP, 05CaP and 1CaP. After an initial defor-
mation, corresponding to the adjustment of the sample to the
testing plates, can be seen a linear elastic response used to calcu-
late the Young’s modulus of the samples. Soon after, the sample
reach its maximum followed by a sudden drop in load due to
the failure of the sample. The maximum stress reached by the
sample was used as a measure of the compressive strength of the
samples. The stress—strain results for the all the samples showed
a similar response. Figures 4(b) and (c) show the results for the
compressive strength and Young’s modulus for the different scaf-
folds obtained by DLP. There are no significant differences in the
compressive strength [Fig. 4(b)] between the scaffolds with and
without ceramic filler, demonstrating that the aggregated par-
ticles are well adhered to the resin and don 't cause defects that
decrease the strength of the scaffolds. There are also no signifi-
cant differences between Young’s modulus of the specimens with
and without ceramic load or between the two evaluated ceramic
loads [Fig. 4(c)], although a slight tendency of Young’s modulus
towards higher values is noted for the scaffolds with ceramic

load (05CaP and 1CaP) indicating that the presence of ceramic

particles adds stiffness to the polymeric material. Young’s Modu-
lus values between 300 and 400 MPa indicate that scaffolds can

be used for bone biomedical applications [42].

Contact angle

Figure 5 shows the average contact angle measurements made
of the 10 mm diameter tablets obtained by DLP with and with-
out plasma treatment. The average results of these measure-
ments are found in Fig. 5(c). The pellets obtained with 0CaP,
05CaP, and 1CaP that were not subjected to surface treatment
with plasma present average contact angles between 80° and
90°. This indicates that the resin has hydrophobic behavior,
which is normal in resins of an acrylic nature [43]. However,
there is a notable decrease for the tablets of the 3 types of sam-
ples that were treated with oxygen plasma, with average angles
between 47.7° and 55°. This indicates that the surface treat-
ment carried out favors the interaction of the samples with
surrounding aqueous liquids and thus cell adhesion. Oxygen
plasma modification promotes the formation of free radicals
that can act as binding sites for active species [44]. Thus,
the incorporation of different polar groups such as hydroxyl
(-C-OH), carbonyl (C=0) or carboxyl (-OH-C=0) [45, 46]
that favor hydrogen bonds could be induced, allowing the
accommodation of water droplets [42]. No significant differ-
ences were observed between the contact angles measured in
the samples treated with the 0CaP, 05CaP, and 1CaP plasma,

so it can be assumed that the CaP particles do not alter the
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Figure 4: Mechanical behaviour of the 0CaP, 05CaP, and 1CaP scaffolds. (a) Stressstress-strain curves obtained for the scaffolds with 0CaP, 05CaP and

1CaP (b) compressive strength (c) Young’s modulus.
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Figure 5: Contact angles. (a) Contact angle of 05CaP pellet without plasma treatment. (b) Contact angle of 05CaP pellet with plasma treatment. (c)

Average measurements of pellets 0CaP, 05CaP and 1CaP.

relationship of the surface of the printed bodies with water
molecules.

In vitro bioactivity test

According to the methodology described by Kokubo et al. [23,
47-49] and Ramila et al. [44], the 10 mm diameter pills with
plasma treatment with and without particles were immersed
in SBF for 18 days, in order to evaluate the formation of apa-
titic phases on their surface. An apatite layer was formed on
the surface of the 05CaP and 1CaP pills treated with oxygen
plasma after being immersed in simulated body fluid (SBF),
while no such layer was formed on the 0CaP pellets. The samples
loaded with nanoparticles are potentially bioactive in vitro due

to the presence of calcium phosphate particles, which promote
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reactivity with the SBE. The first appearance of apatite on the
surface of the samples is recorded after 3 days of immersion
in SBE, and this increases with time until day 18, with no sig-
nificant differences between the reactivity of the 05CaP and
1CaP samples. Figure 6 shows the surface of the 05CaP (a-b)
and 1CaP (c-d) pills after three days of exposure to SBE. In the
images, the apatite depositions are indicated with white arrows.
Figure 6(e-f) shows the EDS analysis that was performed on
one of the deposited particles, corroborating the presence of
phosphorus and calcium in the particles. The calculated Ca/P
ratio from the EDS data is 2,3. This ratio could correspond to
initial precipitations of TTCP (tetracalcium phosphate) with a
Ca/P ratio of approximately 2.00, which is highly soluble [50].
The phosphorus (P) peak is shielded by the gold (Au) peak
from the coating made prior to observation. FTIR spectra of
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Figure 6: SEM images of (a-b) 05CaP and (c-d) 1CaP pellets treated with oxygen plasma after 3 days immersed in SBF. Depositions of calcium
phosphates are indicated by arrows. (e—f) EDS analysis of the deposited calcium phosphate particles (g) FTIR Spectra of the depositions after 0, 3 7 and

15 days of immersion in SBF. The phosphate bands are indicated.
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the material formed on the surface of the pellets after 0, 3, 7
and 15 days of immersion in SBF were included in the Fig. 6(g).
It is possible identify some bands characteristic of the apatite
phases. The bands that appear around 570 to 600 cm™!, which
become more intense as the immersion time in SBF increases,
can be assigned to the absorption modes of the PO, groups of
calcium phosphates, indicating the incipient formation of this
material on the surface of the samples. Similarly, it is possible to
identify a peak around 1040 cm™! also associated with phosphate
groups. The band at 1450 cm ™ is assigned to the stretching of
CO,*" [33]. There is no good definition in the bands because
the process of formation of the apatite layer begins with the
formation of amorphous materials. The formation of this kind
of apatitic layer is a necessary condition for a material to bind
to living tissue when implanted. Based on this, it can be stated
that scaffolds with calcium phosphate particles are potentially
bioactive [23, 47, 48, 51].

Biological tests

Cytotoxicity

Figure 7(a) shows the cell viability results obtained by MTT of
the L929 culture exposed to the 0CaP material. For the 4 types
of extracts made, viability is not affected and is very similar to
the negative control and cells, with values close to 100% viability.
Likewise, the cell viability of the culture exposed to the different
concentrations of the 05CaP and 1CaP materials [Fig. 7(b) and
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(c)] respectively, do not present variations in comparison with
the controls. This indicates that neither the polymeric material
or the polymer-ceramic compound is toxic to these cells and
provide a favorable environment for their growth and prolifera-
tion. Figure 7(d) shows the comparison of cell viability between
the highest concentrations of the different scaffolds, showing
that there are no significant differences between them. From
this, it can be concluded that the presence of a greater number
of ceramic nanoparticles does not affect the biocompatibility of
the material.

Figure 8 presents the photographs of the cell cultures
exposed to the positive and negative controls and to the materi-
als with different concentrations of calcium phosphate particles.
Figure 8(a) and (b) show the elongated morphology typical of
L1929 cells when they are in an environment that guarantees their
proper growth and adhesion to the dish when in contact with a
non-toxic material (negative control). These photographs show
the conditions of a culture in which viability is not affected, since
the morphology does not change and there is a high conflu-
ence in the dish. On the contrary, in Fig. 8(c) dead cells that are
circular in shape and detached from the dish can be observed.
This is due to their proximity to a toxic material (positive con-
trol), which produces an inhibition halo on its periphery i.e., an
area where there are no living cells around the cytotoxic mate-
rial. Figures 8(d-f) show the appearance of the cell culture after
3 days in contact with the scaffolds 0CaP [Fig. 8(d)], 05CaP
[Fig. 8(e)], and 1CaP [Fig. 8(f)]. It can be observed that the
morphology of the cells does not change, and they do not detach
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Figure7: Cell viability with extracts at 100, 75, 50, and 25% V/V of extracts in cellular medium (a) 0CaP (b) 05CaP, and (c) 1CaP. (d) Comparison between

scaffolds 0CaP, 05CaP, and 1CaP at maximum extract concentration.
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Figure 8: Light microscopy photographs of the in vitro inhibition halo cytotoxicity assay. (a) Control of cells. (b) Negative control. (c) Positive control. (d)

Scaffold 0CaP (e) Scaffold 05CaP. (f) 1CaP scaffold. All the images are at 50x.

from the plate or die when in contact with the different scaffolds.
Therefore, the formation of an inhibition halo is not observed.
Hence, the biocompatibility of the materials with which the
scaffolds were manufactured, regardless of their ceramic load,
is once again confirmed. This result is comparable with those
of Guillaume et al. [52] where different ceramic loads within a

polymeric resin did not affect cytotoxicity.

Cell adhesion test

Once the test started, the cells deposited in each scaffold could
be observed both on the scaffold and in the surrounding area.
The cells had rounded morphology, which is characteristic of
not adhering to any surface. Over time, a greater number of cells
adhering to the surface of the scaffolds could be observed, which
presented elongated shapes, [Fig. 9(a), (c), (e)]. On the third
day, although a noticeable increase in the number of cells was
not observed, some differences could be seen in the number of
cells on the surface of the 05CaP and 1CaP scaffolds compared
to those of 0CaP. The sites where the greatest number of adhered
cells were observed were the areas of the gyroid geometry with
much more pronounced curves and in the more internal spaces
of the scaffolds. When observing the scaffolds on the eighth day

©The Author(s), 2023

by scanning electron microscopy (SEM) [Fig. 9(b), (d) and (f)],
it could be seen that the number of cells had increased, being
significantly higher in the 05CaP and 1CaP scaffolds than in
those of 0CaP. The cells observed had elongated shapes and were
interconnected with each other.

The cells almost filled the surface of the scaffolds that
contained ceramic loads, with large cell conglomerates in the
curved zones of the pores of the gyroid geometry. In previous
work, the authors verified that geometry with interconnected
porosity favors cell adhesion [8]. Other authors have high-
lighted the importance of geometries like gyroid in biologi-
cal behaviour of the scaffolds [53]. Similar results were also
found by Gauvin et al. [54], who found that when making
porous structures by the stereolithography technique, the
interconnectivity of the pores favors the proliferation and
uniform distribution of human umbilical vein endothelial
cells (HUVEC) in the scaffolding. It has also been verified in
several studies that the presence of calcium phosphate par-
ticles promotes cell proliferation [21, 26, 55-57]. However,
no reports have been found of works where cell adhesion is
studied in scaffolds with different concentrations of calcium
phosphate particles in a polymeric resin matrix. In addition,
it was found in this study that surface treatment with oxygen
plasma, which promotes the formation of polar functional
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Figure9: Fluorescence microscopy images of the scaffolds subjected to the cell adhesion assay after three days. (a) 0CaP scaffolds, (c) 05CaP scaffolds,
(e) 1CaP scaffolds. All the fluorescence images at 200 x and scanning electron microscopy (SEM) images after 8 days of assay (b) 0CaP scaffolds, (d)

05CaP scaffolds, and (f) 1CaP scaffolds.

groups, facilitates cell adhesion to the walls of the scaffolds.
Moreover, this remained stable over time, since after eight
days the cells continued to adhere and grow.

Conclusions

In the present work, scaffolds with gyroid TPMS geometry
were developed through the DLP 3D printing technique with
a commercial resin of acrylic nature and loaded with calcium
phosphate nanoparticles at 0.5% and 1% w/V. the printing
of a composite material was achieved and demonstrated that
with these amounts of particles there is no interference with
the light so that the printing is fast and efficient. The resin
presented behavior typical of an acrylic resin in the TGA test
and a low viscosity, making it suitable for printing. The scaf-
folds were analyzed by scanning electron microscopy, verify-
ing the regularity and precision of the surfaces of the scaffolds
obtained with DLP technology. The presence of ceramic parti-
cles in the bodies formed was also verified, with a higher con-
tent in the scaffolds with 1CaP than those with 05CaP or 0CaP.
The mechanical strength to compression tests carried out on
the scaffolds confirmed that the presence of ceramic parti-
cles in the scaffolds did not affect their mechanical behavior,

©The Author(s), 2023

making them suitable for use in biomedical applications. The
surface treatment by oxygen plasma carried out on the sam-
ples resulted in a remarkable improvement in the wettability of
the surfaces, which is a favorable condition for cell adhesion,
whereby this technique can be considered in cases where is
going to be use a polymer or composite with a considerable
hydrophobicity for biological applications to improve the wet-
tability. The in vitro bioactivity test showed that, in contact
with SBE, the resin-ceramic composite forms an apatitic layer
from the third day of exposure, indicating its in vitro bioac-
tive behavior. This result was corroborated by biological tests,
where it was shown that the material is not cytotoxic and
favors cell adhesion, biologically, there is no significant dif-
ference with particles, which means that with only 0.5% w/V
of particles the resin is bioactive and the response with cells is
favorable. however, it is possible to evaluate the behavior with
a greater number of particles in future work, to determine a
concentration where the adhesion is higher and faster so that
the material is enhanced for more permanent bone repairs.
Additionally, as in previous work was demonstrated, it was
verified that the gyroid geometry promotes cell proliferation,
since the characteristic curves of this geometry were the sites

of highest cell concentration in the cellular adhesion test.

www.mrs.org/jmr

2023

Journal of Materials Research



Journal of
MATERIALS RESEARCH

N

m

Resin and calcium phosphate particles

For the manufacturing of the scaffolds by stereolithography,
the commercial resin Portux Print 3D Model without pigment
(New Stetic) was used. The calcium phosphate particles used
in the resin-ceramic suspension that served as raw material
in the printing of the samples were obtained by the solution
self-combustion method [28]. Calcium nitrate tetrahydrate
Ca(NO;),4H,0 (Merck) was used as a calcium source and
diammonium hydrogen phosphate (NH,)2HPO, (Alfa Aesar)
was used as a phosphorus source. Glycine C,H;NO, (Merck)
was used as fuel and 65% nitric acid HNO; (Biochemical) as
a catalyst. The powders obtained were characterized in terms
of their structure and morphology. The results of which were
published in previous work [28]. In order to avoid agglomerates
the particles were subjected to grinding in a ball mill (Retsch PM
100) for 20 min at 200 rpm with intervals of 5 min and rotation

reversal, before being mixed with the resin.

Suspension of calcium phosphate particles
in the resin.

The commercial resin was subjected to several characteriza-
tions. Thermogravimetry (TGA) was performed on a specimen
of cured resin in a TA Instruments Discovery 550 device with an
air atmosphere and a heating ramp of 10 °C/min up to 1000 °C.
Fourier transform infrared (FTIR) spectroscopy was performed
in a Shimadzu IRTracer-100 device with an accessory to meas-
ure transmittance, before and after curing. The spectra were
acquired in a spectral range of 500-4000 cm™. The viscosity of
the liquid resin was measured at room temperature (approxi-
mately 25°C) with a rotational viscometer (LCD digital NDJ-8S)
at a speed of 60 rpm with a #3 rotor.

Suspensions with concentrations of 0% (0CaP), 0.5%
(05CaP), and 1% (1CaP) w/V of calcium phosphate particles
were used. The amount of resin required for the preparation of
each batch was placed in a beaker. To achieve this, the nano-
particles were gradually added while mixing with a high-shear
mixer (Heidolph) for 3 min to homogenize the mixture, avoid-
ing large bubbles that could affect printing and drastic tem-
perature increases that could trigger unwanted polymerization

processes.

Obtention of the scaffolds

The 3D printer used was a Wanhao Duplicator 7 (Wanhao) that
works by digital light processing (DLP) with a 405 nm wave-
length light source. The CAD file, which contained the proto-
type, underwent a slicing process. This information is sent to

the machine which, using masks, projects each section or plane

©The Author(s), 2023

onto the liquid resin. The mobile platform of the machine is
located in the lower part of the z-axis. It is submerged in the vat
with resin, leaving a thin bed of material between itself and the
bottom of the container that solidifies when the light hits it, giv-
ing the shape of the layer. The platform rises with the solidified
resin mechanically adhered to it, before being submerged at the
bottom of the container once again. The process is repeated as
many times as necessary until all the layers have been solidified
one on top of the other and an object with the designed geom-
etry is obtained.

The TPMS selected for the scaffold geometry was a gyroid
with an external cylindrical shape. The interconnected pores
circuits of TPMS structures can be described through trigono-
metric functions, and these were modelled using MathMod®
software in previous work [51]. Initially The unit cell of each
TPMS was obtained, which was replicated in three dimensions,
5 times in each XYZ coordinate axis so that the resulting sur-
faces consisted of 125 unit cells total [51]. From the modelled
surfaces, Chitubox software (CBC-Tech) was used to impart the
final dimensions to these. The solids were designed with a wall
thickness of 0.5 mm and overall dimensions of 10x 10 x 5 mm?>,
The figure was designed for a porosity of 80%. Also, 10 mm
diameter and 2 mm high pill-shaped specimens were printed
and used for contact angle measurements, in vitro bioactivity,
and thermal tests. The printing and slicing parameters were
configured using too the Chitubox software (CBD-Tech), with
a layer thickness of 0.045 mm and exposure times of 43 s for the
lower layers and 20 s for the other layers, in the case of scaffolds,
and 43 s for all layers in the case of the pills. Once the samples
were printed, they were cleaned for 3 min using isopropyl alco-
hol and post-cured with a Next Dent LC-3D Print Box camera at
a wavelength between 300 and 550 nm for 10 min.

To decrease the hydrophobicity and improve the wettabil-
ity of the samples, the surface of the scaffolds and pellets were
subjected to treatment with oxygen plasma in a PLASMA
CLEANER PDC-32G Harrick plasma unit, exposing them for

4 min at maximum intensity on each side.

Characterization of the samples.

Scaffolds with and without calcium phosphate particles were
characterized by scanning electron microscopy (SEM). For this,
the samples were fixed on a graphite tape, thinly coated in gold
(Au) (DENTON VACUUM desk IV) and analyzed in the scan-
ning electron microscope (JEOL JSM 6490 LV, JEOL, Germany)
in a high vacuum to obtain high-resolution images. The second-
ary electron detector was used to evaluate the morphology and
topography of the samples. Elemental analysis was performed
using an EDX-X-ray microprobe (INCA PentaFETx3, Oxford
Instruments, UK). Additionally, the scaffolds with diameter
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of 10 mm and a height of 5 mm were subjected to monotonic
compressive tests using a universal testing machine (Instron
3366, Instron, MA, USA) with a constant displacement rate of
0.001 mm/s. Measurements were taken in 5 scaffolds of each
type under the same conditions.

The tablets with and without plasma surface treatment were
subjected to contact angle measurement, using a Dataphysics
device, OCA 15 EC, and analyzing the data through the ORCA
program. The purpose of this was to verify the variation and the
improvement in the wettability of the material. For this, meas-
urements were taken at 3 different points of the same sample,

applying a drop of distilled water with a dosage of 1 uL.

In vitro bioactivity assay

A material is considered bioactive when it has the ability to
induce the formation of connective tissue on its surface through
an apatitic layer that is generated when it is in contact with phys-
iological fluids and which in turn promotes bonding with the
living tissue [44, 47, 48, 58]. To test the in vitro bioactivity, simu-
lated body fluid (SBF) prepared as indicated by Kokubo et al.
[23, 49, 59] was used, using Tris(hydroxymethyl)aminomethane,
99.9+ % (Aldrich) and HCI concentrate as a buffer. Pills with a
diameter of 10 mm of each of the compounds obtained with
the different concentrations of calcium phosphate particles were
independently suspended in sealed polyethylene containers con-
taining 20 mL of SBF at pH 7.25-7.35 and 37 °C. The ratio of the
exposed area of the sample to fluid volume was 0.3 cm?/mL. The
samples were submerged for periods of up to 18 days. Every day
one sample was removed from its respective container, washed
with distilled water, and dried at room temperature. Analysis
of the surface and the presence of the apatitic phase were per-
formed by means of Fourier transform infrared (FTIR) spec-
troscopy performed in a Shimadzu IRTracer-100 and scanning
electron microscopy (SEM). The samples were fixed on a graph-
ite tape, thinly coated in gold (Au) (DENTON VACUUM desk
IV) and analyzed in a scanning electron microscope (JEOL JSM
6490 LV, JEOL, Germany) in a high vacuum. Elemental analysis
was performed using an EDX-X-ray microprobe (INCA Pen-
taFETx3, Oxford Instruments, UK).

Cytotoxicity test

A cytotoxicity test with MTT was performed according to ISO
10993-5-2009 Biological evaluation for medical [60] devices.
96-well plates were used. Initially, 10,000 cells of the L929 cell
line (NCTC clone 929 [L cell, L-929, derivative of Strain L])
ATCC Nr. CCL-1 were seeded in each well, using DMEM:F12
(Lonza, Switzerland) as medium at 10% V/V of fetal bovine
serum (Gibco, USA). Dimethyl sulfoxide (Merck, Germany) at
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10% V/V was used as a positive control, and an extract from the
tip of a micropipette previously sterilized with ethylene oxide
gas was used as a negative control. As an additional control, a
well was kept with only cells in its medium. Extracts were pre-
pared from each scaffold (0CaP, 05CaP, and 1CaP), previously
sterilized with ethylene oxide gas, and from the micropipette tip
following a ratio of 1 mL of medium per mg of weight. On the
second day, the medium was removed, and the extracts made
with the different scaffolds were deposited in the wells at con-
centrations of 100%, 75%, 50%, and 25% V/V of extract in cel-
lular medium. Each of these, as well as the controls and blank,
were done in triplicate. On the final day (the third), the extracts
were removed, 50 pL of MTT (Alfa Aesar, USA) were added to
each well and, after 2 h the absorbance compared to the blanks
was measured with a wavelength of 570 nm. As a variation to the
protocol, the MTT was prepared at 1 mg/mL in lactated Ringer’s
(Baxter, USA). The test was performed three times, each time in
triplicate with each type of scaffold. To determine the percentage
of cell viability, Eq. (1) presented in the standard ISO 10993- 5
[60] was used. Where OD;,, is the measured value of the opti-
cal density of the sample extracts at 100% and ODg,, is the
measured value of the optical density of the blank, understood

in this case as the positive control.

100 x OD570e

Cellviability(%) =
Y ODs70p

(1)

The cytotoxicity results were corroborated through a contact
test based on the ISO 10993-5 standard [60], with the 1.929 cell
line, verifying the appearance of inhibition halos around the
scaffolds. As positive and negative controls, pieces of filter paper
sterilized with ethylene oxide were used, with 4 pL of dimethyl
sulfoxide for the positive cases. 6-well plates were used. On the
first day in each well, 300,000 cells were seeded in DMEM:F12
medium (Lonza, Switzerland) at 10% V/V of fetal bovine serum
(Gibco, USA). On the second day, after confirming a conflu-
ence of 80%, the different types of scaffolds, previously sterilized,
were glued into the center of the well with commercial glue.
The commercial glue’s innocuousness was previously verified
by means of a contact test, and the medium was added again
until the scaffold was completely covered. On the third day, the
wells were observed under a microscope (Leica, Germany), and
the presence of inhibitory halos around the composite material
was determined and characterized. The test was performed in

triplicate with each type of scaffold.

Cell adhesion test

To evaluate the adhesion of the L929 cell line in the scaffolds
with the different concentrations of calcium phosphate par-
ticles superficially treated with oxygen plasma, the scaffolds

were placed in a 6-well plate without treatment on which
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100,000 cells were deposited. The dish was placed in an incu-
bator for 2 h, and after that, 3 mL of culture medium was
added before incubating again. The experiment was kept
under observation for 8 days. On the third day, the cells were
stained with a solution of calcein (Life Technologies, USA)
and dimethylsulfoxide to obtain images by fluorescence
microscopy. A working solution based on Ringer’s lactate
(Corpaul, Colombia) was prepared, which consisted of a ratio
of 2 uL of previously prepared calcein for each mL of Lactate.
The medium from each dish was discarded and washed with
Ringer’s lactate, and 500 uL of the working solution was added
to each scaffold. It was left to incubate for 30 min, after which
scaffolds were observed under a microscope with a UV light
source. The scaffolds were again left with 3 mL of medium in
the incubator until the remaining time was completed.

On the eighth day, the cells were fixed in the scaffolds for
observation by scanning electron microscopy. The fixation pro-
cess took 3 days. On the first day, the medium from each dish was
discarded, the dish was washed 3 times with Ringer’s lactate, and
4 mL of 10% formaldehyde (Merck, Germany) was added to each
one, leaving it completely covered in the laminar flow cabinet for
24 h. On the second day, the solution was discarded, and the dishes
were washed with water (Corpaul, Colombia) 3 times, adding 4 mL
of 3% glutaraldehyde (Merck, Germany) to each well and leaving it
completely covered for 24 h in the laminar flow cabinet. Finally, on
the third day, the solution from the previous day was discarded, the
dishes were washed 3 times with water and the dehydration process
was carried out using ethanol at different concentrations (30, 50,
70, 95,99% V/V) for times of up to 43 min. At the last concentra-
tion, each scaffold was left to dry completely at room temperature.
Subsequently, the samples were fixed on a graphite strip, previously
coated with a thin layer of gold (Au) and observed by a scanning
electron microscope (SEM) (JEOL JSM 6490 LV, JEOL, Germany)
in high vacuum (DENTON VACUUM desk IV). The test was per-
formed in triplicate with each type of scaffold.
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