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Tissue engineering is a continuously evolving field. One of the main lines of research in this field focuses on the
replacement of bone defects with materials designed to interact with the cells of a living organism in order to
provide the body with a structure on which new tissues can easily grow. Among the most commonly used
materials are bioglasses, which are frequently used due to their versatility and good properties. This article
discusses the results of the production of an injectable paste of Bioglass® 45S5 and hydroxyapatite on a 3D

printed porous structure by additive manufacturing, using a thermoplastic (PLA). The results were evaluated in a
specific application of the paste, so the mechanical and bioactive properties were studied to show the multiple
possibilities of using this combination for its application in regenerative medicine and more specifically in bone

implants.

1. Introduction

Tissue engineering is a branch of bioengineering that offers very
interesting solutions for tissue and organ procurement in regenerative
medicine by combining cells, growth factors, biomaterials and 3D
printing technology to fabricate biological constructs (Langer and
Vacanti, 1993). When tissues are injured or diseased, regeneration is in
many cases not possible, and the use of permanent implants is limited.
This causes a serious problem, mainly because of the need for organ
transplantation for many patients (Langer and Vacanti, 1993) or because
of the long waiting times for recovery of some tissues, such as bone
tissue.

Our body has two mechanisms for wound healing: by repair or by
regeneration (Langer and Vacanti, 1993). The problem arises when our
organism, and more specifically the bone, is unable to regenerate the
damaged structure. It is at this point that tissue engineering must
develop methods that overcome the organism’s capacity to spontane-
ously regenerate tissues (Langer and Vacanti, 1993; “Objetivos con-
ceptuales y metodoldgicos de, 1575; Schneider et al., 2010; Cuende,
2013).

Tissue engineering is postulated as a fundamental tool, with the
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capacity to solve, in the future, the problems derived from the regen-
eration of any type of tissue together with 3D printing, allowing these
tissues to adapt to the necessary morphology (Mavili et al., 2007; Faber
et al., 2006; D’urso et al., 2000; Shor et al., 2009).

Currently, most implants are made of materials that are much more
resistant than bone, such as metals. These implants cannot adapt to
changing physiological conditions. Therefore, better substitutes such as
synthetic biomaterials are needed (Fu et al., 2011a). A biomaterial is a
material intended to interact with biological systems to assess, treat,
augment or replace a tissue or organ. In addition, they can be 3D printed
to be used as structural materials for scaffolds (“The Williams Dictionary
of Biomaterials, 2021).

A scaffold is a material designed to interact with the cells of a living
organism to provide the body with a structure on which new tissue can
easily grow (Favaro-Pipi et al., 2011). Scaffolds, as an indispensable part
of tissue engineering, are versatile in promoting cell-scaffold in-
teractions, cell adhesion and extracellular matrix secretion. They also
enable the transport of nutrients, debris and regulatory signals to allow
cell proliferation and differentiation (Wang et al., 2023). To achieve this
characteristic, high porosity is required, with sufficiently large pore size.
This facilitates cell adhesion and diffusion in the structure, useful also
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for nutrient supply. Sometimes also biodegradability is an important
factor, to allow the natural tissue to regain all its former structure.
Scaffolds are commonly used to repair bone damage, and are a valid
alternative to grafting (Baino and Vitale-Brovarone, 2011).

Scaffolds made of bioinert and biodegradable materials filled with
bioglass are a very good option as they have mechanical properties
similar to those of natural bone. They have good bioactivity, i.e., they
have a high capacity to interact chemically with tissues. In addition,
bioglass forms a silica gel very quickly in a biological environment, and
on that layer calcium phosphates, the mineral part of bone, can strongly
adhere and grow. One of the most widely used, due to its optimal
bioactivity, is a bioactive glass called Bioglass® 45S5 (Baino and
Vitale-Brovarone, 2011), (Li et al., 1991).

On the other hand, scaffolds filled with natural inorganic compo-
nents have circumstantial biological or physiological functions. An
example is hydroxyapatite (HA), which is the main component of bones
and teeth (Wang et al., 2023). Bioceramics such as hydroxyapatite are
composed of calcium phosphate, which has positive effects on osteoblast
proliferation and adhesion, due to its chemical structure comparable to
that of human bone (Filova et al., 2014).

Our aim is to design a 3D printed biodegradable hollow cube of PLA
and its subsequent filling by injection of a paste based on bioglass and
hydroxyapatite with good mechanical properties and high bioactivity
(Baino and Vitale-Brovarone, 2011), in order to consider its use in tissue
engineering for bone implants (Li et al., 1991).

2. Materials and methods
2.1. Starting materials
The following starting materials have been used for this work:

2.1.1. Bioglass® 45S5 commercial bioactive glass

Commercial bioactive glasses are ceramic materials with a chemical
composition that induces and conducts tissue mineralisation. They are
therefore of great interest due to their excellent bioactivity and
biocompatibility, as well as being available in different families with
different compositions (Aguilar-Reyes et al., 2012).

Bioactive glass 45S5 was developed by Hench in 1971 by fusing a
mixture of oxides in the following proportions: 45% SiO3, 24.5% Na5O,
24.5% CaO and 6% P05 (weight percentage) (Hench et al., 1971). Its
name is due to the SiO2 content (45% by weight) and the Ca/P molar
ratio (5% by weight). This material is most commonly used in clinical
applications (dentistry, bone regeneration, ear prostheses, etc.) (Poh
et al., 2013), (Farooq et al., 1001).

Bioactive glass can be obtained by the sol-gel process. This technique

Fig. 1. Cube design for 3D printing where you can see the spaces that will be
filled with the pastes studied in this work.
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allows to control the composition and homogeneity of the glass, due to
the low working temperature required (Li et al., 1991), (Hench, 2013),
(Jonasova et al., 2002).

2.1.2. Polyvinyl alcohol (PVA)

Polyvinyl alcohol (PVA), also called polyethenol or poly (vinyl
alcohol), is a water-soluble synthetic polymer with the general chemical
formula (CoH40). It has excellent film-forming, emulsifying and adhe-
sive properties. It is also resistant to oil, grease and solvents. It is
odourless and non-toxic with high barrier properties for oxygen and
flavours. However, these properties are moisture-dependent, i.e., the
higher the moisture, the more water is absorbed. Water, which acts as a
plasticiser, will in turn reduce its tensile strength, but increase its
elongation and tear strength. PVA is fully degradable and dissolves
quickly.

2.1.3. Hydroxyapatite (HA)

Hydroxyapatite (Ca;o(PO4)6(OH)2) is a compound of great interest in
the field of biomedicine, because it has characteristics that make it
suitable for use in bone regeneration. These characteristics are its
bioactivity, exceptional biocompatibility, biodegradability, osteo-
conductivity and lack of toxicity, in addition to being an inorganic, non-
inflammatory and non-immunogenic material (Salahuddin et al., 2022).
Furthermore, under physiological conditions, hydroxyapatite (HA) is
the most stable crystalline form of calcium phosphate. These charac-
teristics are due to its chemical composition, which mimics the inorganic
components of human teeth and bone (Qi et al., 2014). This makes HA
biocompatible and it can be firmly combined with natural bone (Bai
et al., 2018).

2.1.4. Polylactic acid (PLA)

PLA is a thermoplastic, biodegradable and biocompatible
biopolymer that is widely used in medical applications. This material
has a high tensile strength and low elongation, which gives it a high
Young’s modulus. This makes it a very suitable material for load-bearing
applications such as sutures and orthopaedic fixations (“Injertos susti-
tutos no 6seos, 1699).

High-resolution PLA structures for medical purposes can be obtained
by 3D printing with a nozzle-based system.

2.2. Characterisation of commercial Bioglass ® 4555

The 45S5 bioglass was characterised by X-ray diffraction and FT-IR
spectrophotometry.

2.2.1. X-ray diffractogram

X-ray diffraction is a powerful non-destructive technique for char-
acterizing crystalline materials (Sima et al., 2016) based on the
constructive interference of monochromatic X-rays generated by a
cathode ray tube, filtered to produce monochromatic radiation, colli-
mated to concentrate them and directed towards the crystalline sample.
This interaction of the incident rays with the crystal causes them to
diffract in a pattern determined by the position, arrangement and size of
the crystal components (Donnelly et al., 2011).

The samples were analysed by X-ray crystallography, using a Rigaku
“MiniFlex+" tabletop X-ray diffractometer and an XPERT-PRO system,
in which the X-rays were formed by a copper ampoule subjected to a
potential of 45 kV and a current of 40 mA. The scanning (20) was per-
formed between 20° and 60-90°, with steps of 0.0334225°. Thus, X-ray
diffraction is a useful technique for the analysis of the crystallinity of
solid samples.

2.2.2. FT-IR spectrophotometry

Fourier transform infrared (FT-IR) is one of the most important
analytical techniques for researchers because this type of analysis can be
used to characterise samples in the form of liquids, solutions, pastes,
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Fig. 2. Tests for filling the 3D cubes with the different pastes.

powders, films, fibres and gases (Nandiyanto et al., 2019).

In the FTIR analysis procedure, samples are exposed to infrared (IR)
radiation. The IR radiation then impacts the atomic vibrations of the
sample molecule, causing specific absorption and/or energy transfer,
which makes FTIR useful for determining the specific molecular vibra-
tions contained in the sample (Wang and Wang, 2009).

For the analysis of the samples by infrared spectroscopy, a Thermo
Scientific Nicolet 6700 FT-IR spectrophotometer was used. For this,
tablets were prepared by adding 1 mg of sample to 200 mg of KBr, and
pressing the powders with the help of a 13 mm diameter SPECAC mould.
Subsequently, the infrared spectrum obtained was analysed, identifying
the characteristic absorption bands and comparing them with available
references and databases.

2.3. Sample preparation

A hollow 3D cube model was designed with PLA by 3D printing
(Fig. 1) to be filled by injection moulding with a paste as shown in Fig. 2.

The filler paste was obtained by mixing a bioactive glass (BGP)
consisting of 45S5 bioactive glass with 95% PVA and H0 (20% PVA,
80% H»0) and HA hydroxyapatite in the following proportions:

- 25% BGP/75% HA (sample 1)
- 50% BGP/50% HA (sample 2)
- 75% BGP/25% HA (sample 3)

2.4. Characterisation of the samples (BGP + HA)

The prepared samples were characterised by determining viscosity,
setting time and bioactivity.

2.4.1. Viscosity and setting time

The viscosity of a fluid is a measure of its resistance to flow. It de-
scribes the internal friction of a moving fluid. Viscous fluids resist
movement because their molecular composition creates a lot of internal
friction, while fluids with low viscosity flow easily because their mo-
lecular composition creates little friction when in motion.

A viscometer was used to determine the viscosity, and the setting
time was determined using the line-drawing and gap-filling method with
the manufactured pastes.

The viscosity was measured using the HAAKE RV2 MK 500 viscom-
eter. For this purpose, the sample was introduced into the viscometer
and the system was subjected to different angular velocities. The
measured values were calculated manually, and the viscosity curve was
obtained in Excel.

The characteristic equation for non-Newtonian fluids is the power
law (equation (2.1)):
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n—1
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Where:

Uefy is the apparent or effective viscosity.
g—‘; is the shear velocity.

n is the empirical flow behaviour index.
K is the consistency index.

From the representation of the apparent or effective viscosity as a
function of shear rate, the values of K and n can be determined. The

value of K and n can be obtained from the equation log(u.s) and log 3—;‘,
The slope line gives the value of n-1 from which n can be calculated. The
intersection at log ‘;—;‘, =0 gives the value of K.

The cohesion and setting times of the specimens were determined by
the following tests:

- Cohesion time (CT): time elapsed from when the sample is deposited
until it acquires a consistency such that, without having hardened
completely, it can be injected. To determine the cohesion time, a line
is drawn on a piece of paper with a syringe filled with sample and the
time elapsed until the line drawn on the paper acquires a certain
consistency and no longer sticks to the glove when touched is
measured.

Setting time (ST): The time elapsed from the start of mixing and
loading into a syringe until the mass has acquired the necessary
firmness, consistency, hardness and strength to prevent the sample
from flowing through it. To determine the setting time, holes are
created in a surface, and the syringe filled with sample until the
sample no longer fills the holes created. This time will indicate that
the sample is no longer flowing.

2.5. PLA scaffold 3D printing

Polymers are widely used biomaterials for 3D printing. Specifically,
PLA polymers are mainly used in FDM printers, as fused deposition
modelling is a cost-effective method to create scaffolds with controlled
porosity and architecture. Scaffold design directly affects mechanical
properties, cell response, permeability and nutrient diffusion (Serra
etal., 2013). For this purpose, a cube-shaped scaffold was designed with
Autodesk Fusion. The model was translated into g-code using Cura
software. Based on this, a cube-shaped scaffold (1 cm x 1 cm x 1 cm) was
manufactured by 3D printing (standard 3D printer, Ender 3) with
Smartfil PLA filament from Smart Materials 3D. This PLA filament offers
excellent mechanical properties and high quality in 3D printing. Each
cube has six layers, and each layer is made with 6 parallel lines (Fig. 1).

2.5.1. Characterisation of the scaffold

2.5.1.1. Porosity. To determine the porosity of the cube-shaped scaf-
fold, its pscaffold density was calculated using the mass and volume of the
3D printed cubes. The porosity p was calculated with the formula:

_ Pscafola

p=1 2.4

Prra

where = 1.25 g/cm? is the theoretical density of PLA.

2.5.1.2. Mechanical properties of the scaffold (hollow PLA cube). The
compressive strength test consists of applying a constant load on a
specimen along its vertical axis, in which the load bridge descends at a
constant speed, compressing the piece between the compression plates.

The Simadzu Autograph universal mechanical testing machine with a
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maximum load capacity of 50 kN, computer-controlled by means of the
Shimadzu Trapezium application, is used to carry out the tests. This
machine allows tensile, bending and compression tests to be performed,
using the corresponding heads for each test.

Before performing the tests, the test parameters are configured
manually using the computer connected to the machine. Values such as
specimen dimensions, test speed (in this case 1 mm/min) and maximum
displacement (in this case 1 mm) are entered).

To test the compressive strength of the PLA-printed cubes, pressure
was applied to the cubes with the universal mechanical testing machine
up to the previously configured point, and both the result recorded by
the machine and the state of the cube were observed.

2.6. Hollow cube scaffold filling and characterisation

From the pastes (BGP + HA) prepared with different proportions of
HA, 3D PLA cubes were filled, as shown in Fig. 2.

2.6.1. Mechanical properties of the filled scaffold

To perform compression tests with the pastes injected into the PLA
scaffold, a Shiadzu AG-IS machine was used and the stress vs. strain
curves were determined.

2.6.2. Bioactivity test of samples

The concept of bioactivity arises from the ability of some bioactive
glasses to spontaneously form bonds with bone. One of the methods to
evaluate the bioactivity of materials is to immerse the material in a
liquid medium with characteristics similar to those of physiological
fluids. Kokubo (1991) determined that in order to create a direct bond
between the bone and the material, the formation of an apatite layer on
the material once implanted in the human body is necessary. In order to
reproduce this formation in humans, a Simulated Body Fluid (SBF) was
used. The bioactivity of a material can be predicted by the formation of
apatite on the surface, so that the formation of apatite in these materials,
when immersed in SBF, correlates well with their bioactive behaviour in
vivo studies (Kokubo and Takadama, 2006). For the bioactivity test, SBF
with an ion concentration approximately equal to that of human blood
plasma has been used (Li et al., 1991), (Hench, 2013), (Jonasova et al.,
2002).

The bioactivity test was carried out by contacting the prepared
samples with 20 ml of SBF for different periods of time (1, 3, 5 and 7
days).

Bioactivity evaluation was performed using scanning electron mi-
croscopy (SEM) to obtain images of the Surface.

2.6.2.1. Scanning electron microscopy (SEM). By imaging the samples by
scanning electron microscopy, it is possible to observe the morpholog-
ical evolution of the surface, the macroporosity and microporosity, as
well as the presence of apatite. To determine the bioactivity of the
samples, an SEM equipment model Quanta 3D FEG//FEI Company has
been used.

3. Results
3.1. Characterisation of commercial Bioglass ® 4555

The bioactivity of 45S5 is based on its low SiO, content and high

Table 1
Parameters of two different compositions studied.

Parameter test for different samples

Sample 2 Sample 3
k 5.61 5.15
n 0.22 0.20
R? 0,9372 0,9934
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Nay0 and CaO content, as well as the CaO/P50s ratio (Jones, 2015).

X-ray diffraction was applied to the 45S5 bioglass particles to obtain
a structural analysis of the particles. FT-IR spectroscopy allows us to
understand the structure of the 45S5 bioglass powders by determining
the vibrations of the different groups on the surface of the sample.

The X-ray diffractogram (XRD) of the 45S5 bioglass powders shows
in Graph 1 that the material has a crystalline structure due to the number
of peaks corresponding to the formation of crystals.

The peaks corresponding to NayCaSi>Og are related to the treatment
of the sintering material and start to form at around 6000 °C (Ramila and
Vallet-Regi, 2001). These characteristic peaks are located at 26 of 22.4°,
23.4°, 24.8°, 32.6°, 33.1°, 33.8°, 34.4° and 42.3°.

Other peaks corresponding to the crystalline phase combeite (min-
eral with formula NayCaySi3Og) are also observed, probably related to
the high sintering temperatures of the bioglass (Sanders et al., 2016),
(Serra et al., 2003), and as a consequence of the partial devitrification
that occurs in the last step of the synthesis. These peaks are located at 260
of 24.9°, 44.6°, 48.9° and 49.7°.

On the other hand, it has been observed by some authors the for-
mation of a new small peak at 26 of 31.7° corresponding to high sin-
tering temperatures that suggests the formation of a new secondary
crystalline phase which was identified as silicorerhenanite NayCay(-
P04)2Si04 (Macias Andrés, 2016). In the 45S5 bioglass, phosphorus
tends to depolymerise the silicon lattice and enter as a quadruple cation
in the lattice (Lefebvre et al., 2007).

Graph 2 shows the FT-IR spectra of the 45S5 bioglass powders where
two crystalline phases are observed, a sodium calcium silicate phase and
a secondary phosphate phase (Bretcanu et al., 2009).

The FT-IR results of the 45S5 bioglass after the sintering process are
shown below:

- Between 400 and 600 cm™! we can observe the bending vibration
bands of the Si-O-Si bonds.

- The bending mode signal of the P-O band is observed at 635 cm™!
(Peitl et al., 2001), (Vallet-Regi et al., 1999).

- The bands located approximately around 900 and 1100 cm-1 can be
attributed to the Si-O and Si-O-Si stretching vibrations respectively
(Peitl et al., 2001), (Filgueiras et al., 1993).

In summary, the levels of silicon present in the sample are optimal, as
can be seen from the XRD and FT-IR tests, favouring the bonding and
formation of the new bone, since the speed of the process can vary
depending on the percentage of the element (being slower the higher the
percentage of silicon in the glass, and may not even present direct
bonding between the material and the bone) (Chen et al., 2008).

On the other hand, it has been observed that the high CaO/P,0s ratio
stimulates the reactivity of the bioglass surface in a physiological envi-
ronment (Chen et al., 2008).

3.2. Characterisation of the samples

3.2.1. Viscosity and setting time

One of the fundamental parameters to be analysed in the formulation
of this type of paste for scaffold injection moulding is the viscosity.
Viscosity is a physical parameter of fluids that quantifies their resistance
to movement. At the molecular level, viscosity is a measure of the fric-
tion existing between the particles that make up the fluid, given that the
higher the viscosity, the more energy it will be necessary to invest in
order to impart a certain speed to the flow.

Thus, when rheological tests were carried out, sample 1 (25%BGP/
75% HA) was discarded as it presented a compact solid state with no
capacity to flow.

By means of rheological measurements, the variation of viscosity
with respect to shear rate was determined for the two remaining sam-
ples, as shown in Graph 3. The viscosity decreased with increasing shear
rate, indicating a typically pseudoplastic profile, which coincides with
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Table 2
Setting times of two different compositions studied.

Setting time test for different samples

Sample 2 Sample 3
CT (min) 29 42
ST (min) 36 50

that described in the literature (Steffe, 1996), (Elleuch et al., 2007).
Increasing the shear rate causes irreversible damage to the structure
(Kiani et al., 2008), (Towler et al., 2007).

The consistency coefficient K and the flow behaviour index n of the
specimens are given in Table 1.

The parameter n indicates the degree of deviation from the Newto-
nian behaviour of the fluids, when it is less than unity, 1, the fluid is non-
Newtonian, and when this value is less than 0.7 it is pseudoplastic,
therefore samples 2 and 3 fulfil both requirements.

The flow consistency factor K can be described identically to the
concept of plastic viscosity since an increase in K indicates an increase in
solids concentration. It indicates the consistency of the fluid, i.e., if the
value of K is high, the fluid is more “viscous” and vice versa. In view of
the results in Table 1, sample 3 has the lowest viscosity and could be
optimal for filling the scaffold.

In summary, the flow properties are significantly affected by the
percentage of HA, which leads to a decrease in the consistency coeffi-
cient K and the flow behaviour index n as the proportion of HA decreases
(Eseller-Bayat et al., 2013).

The study of the cohesion time (CT) and setting time (ST) of the
prepared samples (Table 2) is of great importance to determine the
handling time of the samples and their ability to flow with a given
consistency by an injector.

In view of the results, it is observed that the CT is lower than the ST,
which allows the sample manipulation until the time of 3D printing
(D’urso et al., 2000). Previous studies by M. D. Vlad in 2012 (Vlad et al.,
2012), established that the Ca/P ratio exerted a significant influence on
ST setting times, so the lower the HA ratio, the more homogeneous
cohesion and uniform setting were observed.

From these results it can be seen that sample 3 has better starting
properties and was selected for the rest of the test.

3.3. Characterisation of the scaffold (Hollow PLA Cube)

3.3.1. Porosity

The existence of pores in the scaffold is necessary to allow the
migration and proliferation of osteoblasts and mesenchymal cells, and to
promote vascularisation (Zeimaran et al., 2015), (Gerhardt and Boc-
caccini, 2010).

Generally, pores with an average diameter of 100 pm and porosity
<50% (Fu et al., 2011b), (Rahaman et al., 2011) are considered to be the
minimum requirements for tissue growth and functionality of scaffolds.

The fabrication of porous scaffolds as a support medium for tissue
growth is key to facilitating the diffusion of nutrients and oxygen, as well
as the removal of metabolic waste (Loh and Choong, 2013). The control
of pore size is one of the parameters that most affect the mechanical
properties of the structure, as well as its cell affinity. Thus, in addition to
the pore size, it is interesting to determine the overall porosity values of
the structure. For this purpose, a method based on the determination of
the bulk density of printed parts and its comparison with the density of
the solid material has been used. This procedure is widely used in the
study of the porosity of parts obtained by additive manufacturing
(equation (2.4)) (Domingos et al., 2013), (Domingos et al., 2012).

Taking into account that the density of PLA is 1.25 g cm ™, and the
density of the porous scaffold is 0.25 g cm >, this resulted in a porosity
of 80%, which is considered optimal for this type of process.
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Table 3
Average values of mechanical properties studied on the PLA 3D printed filled
with injectable paste composites.

Mechanical test

Young’s Modulus [MPa] Compressive strength [MPa]

PLA Filling 20000 510
Hollow PLA 80% 433,6 11,44

3.3.2. Mechanical properties of the scaffold

The biocompatibility of PLA has been proven since the 1970s and its
use is widely reported in the literature (Schneider et al., 2010), (Hench
et al,, 1971), (Poh et al., 2013), (Qi et al., 2014). According to its
biocompatibility and use, the PLA scaffold was fabricated as described
above, and its mechanical properties were assessed.

The mechanical properties that PLA scaffolds possess decide their
application. In our work, it is intended that the mechanical properties of
the PLA scaffold should be as close as possible to the properties of the
host bone for adequate load transfer to adjacent tissues (Costa-Pinto
et al., 2011), (Saravanan et al., 2016).

Considering the mechanical properties observed in Graph 4 and
Table 3 of the cube-shaped scaffold made of PLA with 20% filler, they
show a modulus of elasticity of 433.60 MPa and a compressive strength
of Rc = 11.44 MPa, so we can state that PLA scaffold has a disadvantage
when used in tissue engineering due to a lower mechanical strength than
normal bone (Lee et al., 2014), (Rodriguez-Vazquez et al., 2015).

Therefore, scaffold has poor mechanical properties and it is neces-
sary to combine it with another natural or synthetic polymer or other
type of material to provide better mechanical properties (Beladi et al.,
2017).

3.4. Characterisation of the filled scaffold

In accordance with the previous section, and in order to improve the
results obtained, the PLA Scaffold was filled with a paste composed of
HA and BG 458S5.

HA has been widely studied for its biocompatibility and osteogenic
potential, which has led it to be used as a material for grafts in bone
defects. BG 45S5 has been the most extensively investigated glass in
biomedical applications. BG also possesses the great property of chem-
ically bonding to bone tissue. Its bonding to bone is attributed to the
formation of a biologically active carbonate hydroxyapatite (CAH) layer
on the surface of the BG when in contact with body fluid, which gen-
erates the bond between the living tissue and the biomaterial.
Combining these three materials in the form of a filled scaffold blends
the properties of the materials, enhancing their potential use in tissue
engineering (Altamirano et al., 2016; Hench and Polak, 2002; Hench,
1998).

3.4.1. Properties of the filled scaffold

To improve the mechanical characteristics of the scaffold, it was
filled with a mixture of bioglass and hydroxyapatite, and its mechanical
properties were evaluated (Fig. 5).

Young’s modulus, also known as the modulus of longitudinal elas-
ticity, is a constant that materials possess that reflects the degree of
elasticity that a given material possesses. Materials with higher Young’s
modulus are less elastic, i.e. stiffer, and materials with lower Young’s
modulus have higher elasticity. Therefore, in view of the results ob-
tained for the PLA and filled PLA scaffold, it follows that the latter is
more elastic than the PLA scaffold.

The scaffold must provide the cells with a three-dimensional struc-
ture and appropriate mechanical support for adhesion and proliferation,
allowing growth into a suitable biomimetic functional structure (Little
et al.,, 2011). In particular, biomaterials applied to bone tissue repair
must have mechanical properties similar to bone tissue. Therefore, our
results suggest that sample 3 exhibited an elastic modulus that is
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Graph 5. Stress-strain of hollow PLA + sample 3.

Fig. 3. SEM image of reference scaffold with 200x ampliation.

appropriate for use in this area. Considering that bone tissue is organised
into cancellous bone (about 20% of the total skeleton) and cortical or
compact bone (about 80% of the total skeleton), the proportions of these
two architectural forms differ at various locations in the skeleton.
Cortical bone is almost solid, with 10% porosity, while trabecular bone
has porosity between 50 and 90%, making its modulus and maximum
compressive strength approximately 20 times lower than that of cortical
bone (Salgado et al.,, 2004). In vitro, scaffolds must have sufficient
mechanical strength to withstand hydrostatic pressures and to maintain
the spaces necessary for cell growth and matrix production (Leong et al.,
2003).

In addition, the rate of scaffold degradation must be appropriately
matched to the rate of new tissue growth, so that by the time the injury
site is fully regenerated, the scaffold is fully degraded (Salgado et al.,
2004).

Considering the mechanical properties observed in Graph 5 and
Table 3, when comparing the Young’s modulus of cortical bone (15 GPa)
(Al-Barqawi et al., 2022) with that of the samples analysed, it can be
observed that the value offered by sample 3 (20 GPa) is higher, which
means that the scaffold has as much mechanical strength as the bone.
Therefore, these scaffolds can be used in bones exposed to stress.

As can be seen in Table 3, the combination of the written materials to
generate a filled scaffold presents very interesting properties compared
to those found in the literature (Cannillo et al., 2010; Li et al., 2014;
Seidenstuecker et al., 2017; Haghighi et al., 2021).

When comparing the Young’s modulus of cortical bone (15 GPa)
(Al-Barqawi et al., 2022), with that of the samples analysed, it is
observed that the value offered by sample 3 (20 GPa) is higher, which
means that the scaffold has as much mechanical strength as the bone.
Therefore, these scaffolds can be used in bones exposed to stresses.

nev 8 1lew
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Fig. 5. SEM image of 3-day SBF scaffold with 3000x ampliation.

3.4.2. Assessment of the bioactivity of the filled scaffold

The bioactivity of the filled scaffolds was evaluated by immersion in
simulated body fluid (SBF) and subsequent SEM analysis. For this, five
trials were prepared with sample 3 and introduced into the PLA scaf-
folds. The first sample was not immersed in SBF, and was used as a
reference sample. The rest of the samples were immersed in SBF for 1, 3,
5 and 7 days respectively (Figs. 3-7).

The SEM images corresponding to Fig. 3 (reference sample without
contact with SBF) show an irregular surface with the presence of pores of
different sizes. Also, the presence of hydroxyapatite can be observed,
probably on the bioglass. In the following images we can already see the
growth of hydroxyapatite on the surface, a process that takes place over
the course of the days of contact of the SBF with the samples, until the
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Fig. 7. SEM image of 7-day SBF scaffold with 3000x ampliation.

formation of the thick layer of calcium phosphate that can be seen in
Fig. 7. This shows the optimal behaviour of the substrate under bio-
logical conditions.

5000
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4. Discussion

The use of Bioglass® 45S5 in tissue engineering has been widely
studied due to its versatility and good properties. Bioglass forms a silica
gel very quickly in a biological environment, which allows calcium
phosphates to strongly adhere and grow on its surface. Hydroxyapatite is
another commonly used material in tissue engineering, as it is the main
component of bones and teeth. Scaffolds filled with natural inorganic
components like hydroxyapatite have circumstantial biological or
physiological functions. Calcium phosphate, which is the main compo-
nent of hydroxyapatite, has positive effects on osteoblast proliferation
and adhesion due to its chemical structure comparable to that of human
bone.

In this study, an injectable paste was produced by combining Bio-
glass® 45S5 and hydroxyapatite on a 3D printed porous structure using
a thermoplastic (PLA). The mechanical and bioactive properties of the
scaffold were evaluated, and the results showed that the scaffold had
good mechanical strength, which is essential for bone regeneration ap-
plications. Additionally, the scaffold exhibited excellent bioactivity due
to the presence of both bioglass and hydroxyapatite.

The results of this study demonstrate the potential of an injectable
paste of Bioglass® 45S5 and hydroxyapatite on a 3D printed porous
structure for use in regenerative medicine.

5. Conclusion

After characterising the two samples, the following conclusions were
reached:

- Samples 2 and 3 presented a decrease in viscosity with increasing
shear rate, this being a typical behaviour of a non-Newtonian ma-
terial, but sample 3 presented a higher linearity and a lower
dispersion of the data provided. In addition, this sample has a longer
setting time compared to sample 2. In view of these results, sample 3
is more suitable for the requirements of this work as it has an easier
injection from the start, so it is the one used in the rest of the work.

- The porosity of 80% obtained as a result of filling the PLA cube with

the BGP + HA paste was appropriate for carrying out the experiment,

as this value is considered optimal for this type of process.

Sample 3 has a Young’s modulus of 20 GPa (Table 3), higher than

that of cortical bone, so that the scaffolds generated with this paste,

in origin, have sufficient mechanical strength to be used in possible
bone implants.
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Graph 1. X-ray Diffraction (XRD) results of the Bioglass powders.
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- The bioactivity results were really promising, as the samples - Following the above results, it can be concluded that this work
immersed in SBF for 1, 5 and 7 days respectively showed cell growth demonstrates that, although some studies with similar pastes had
on the surface, and even in the sample immersed for 7 days a stacked already been carried out, they had never been carried out with this
cell growth was observed. This event demonstrates the optimal application and in combination with PLA structures. This particular
behaviour of the substrate under biological conditions. mixture of materials can be developed for high precision scaffolds.
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The results showed very interesting mechanical and bioactivity
properties for use in bone implants.
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