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Abstract: There is an essential clinical need to develop rapid process scaffolds to repair bone defects.
The current research presented the development of calcium zirconium silicate/polycaprolactone for
bone tissue engineering utilising melt extrusion-based 3D printing. Calcium zirconium silicate (CZS)
nanoparticles were added to polycaprolactone (PCL) porous scaffolds to enhance their biological
and mechanical properties, while the resulting properties were studied extensively. No significant
difference was found in the melting point of the samples, while the crystallisation temperature
points of the samples containing bioceramic increased from 36.1 to 40.2 ◦C. Thermal degradation
commenced around 350 ◦C for all materials. According to our results, increasing the CZS content
from 0 to 40 wt.% (PC40) in porous scaffolds (porosity about 55–62%) improved the compressive
strength from 2.8 to 10.9 MPa. Furthermore, apatite formation ability in SBF solution increased
significantly by enhancing the CZS percentage. According to MTT test results, the viability of MG63
cells improved remarkably (~29%) in PC40 compared to pure PCL. These findings suggest that a
3D-printed PCL/CZS composite scaffold can be fabricated successfully and shows great potential as
an implantable material for bone tissue engineering applications.

Keywords: calcium zirconium silicate; PCL; fused deposition modelling; cytocompatibility; bioactivity

1. Introduction

Over the past few decades, remarkable progress has been made in the subject of bone
tissue engineering, particularly in the development of bone reconstruction, which is at
the forefront of this approach [1]. Extensive research has focused on the vulnerability
of bone to trauma and fractures in the field of bone tissue regeneration [2]. Bone has
complex structures with their own mechanical, chemical, and biological functions [3]. Any
missing piece of bone must be replaced with a proper alternative. Today, many methods
are used for bone transplantation, including autograft, allograft, xenograft, and substitute
bone transplantation [4].

Scaffolds act as a temporary structures, with biocompatibility, strength, osteocon-
ductivity, and sometimes osteoinductivity, that allow for cell proliferation, adhesion, and
differentiation, with gradual degradation of the graft being replaced with host cells [5].
Using different methods, scaffolds are formed using a wide array of materials, such as
synthetic, biodegradable, and non-biodegradable substances, including polymers, ceramics,
metals, and composites. Each offers different properties, such as specific resorption, surface
reactivity, and biocompatibility affecting osteoconduction and osteoinduction [6].
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Various scaffold fabrication techniques can be applied to form scaffolds, including
solvent casting, electrospinning, particular leaching, freeze-drying, melt-moulding, phase
separation, and gas foaming [7,8]. However, it is important to state that the majority of
these methods have limitations when it comes to creating structures in three dimensions or
controlling precise geometrical features. This becomes particularly relevant when consider-
ing in vivo conditions, as cells face stress and strain in three dimensions. Therefore, it is
highly recommended that 3D structures be utilised in order to achieve the desired outcome.

Three-dimensional printing technology, also known as the additive manufacturing
process, is based on the principle of layered manufacturing and layer-by-layer superposi-
tion. Recently, numerous studies have been conducted to utilise 3D printing techniques to
facilitate the advancement of a novel category of multifunctional nanocomposites for bone
tissue engineering applications [9–11]. Depending on the feedstock or the raw material
before the printing process, the additive manufacturing techniques can be classified into
powder-based 3D printing, selective laser-sintering (SLS), selective laser-melting (SLM),
digital light processing (DLP), stereolithography (SL), inkjet printing (IJP), melt extrusion
deposition-based three-dimensional printing (MED), etc. [12]. Today, one of the most
common processes of additive manufacturing is melt extrusion-based 3D printing, in which
the layers build the specimen up from a melted thermoplastic material [13]. The simplic-
ity of the process, reduced costs, and sufficient speed are the significant advantages of
extrusion base-melting [14].

Due to its significant properties, polycaprolactone (PCL), a part of the polylactone fam-
ily, has received attention from scientists due to its significance in bone tissue engineering
research. This biocompatible polymer’s features are its low degradation rate and less acidic
breakdown products compared to other polyesters. The slow degradation of PCL makes
it a suitable candidate for bone remodelling, which can be used to control degradation
rates [15]. Furthermore, PCL, due to its low melting temperature, a practical polymer for
extrusion-based 3D printing [16]. However, pure PCL has low mechanical strength and low
bioactivity, while it is expected that it is not osteogenic. Thus, researchers have combined
PCL with various bioceramics to improve its properties as a composite scaffold [17,18].

Calcium zirconium silicate (Ca3ZrSi2O9), also known as baghdadite, shows superior
bioactivity, cell attachment, proliferation, and biodegradability in comparison to calcium
phosphate ceramics, e.g., β-tricalcium phosphate and hydroxyapatite [19,20]. Increased
mineral metabolism and ossification are the result of the simultaneous presence of calcium
and zirconium in the mentioned ceramic. According to the literature, incorporating ele-
ments such as Zr, Zn, and Mg into the network of calcium silicates can control the scaffolds’
mechanical properties and biological performance [21]. Silicon has similar properties to
phosphorus in terms of bone formation and growth [22]. Materials based on silicon are
important in facilitating bioactivity on surfaces via ion exchange at the interface between
the scaffold and tissue, leading to the creation of a layer with a mineral content similar to
that of bone [23].

Our previous study [24] evaluated composite scaffolds fabricated with the robocasting
method and containing baghdadite nanoparticles and PCL as the matrix. In the cur-
rent study, the researchers have created PCL/CZS composite scaffolds through the melt
extrusion-based 3D printing process. This study aims to comprehensively evaluate the
mechanical, thermal, structural, and biological properties of PCL/CZS composite scaffolds
for bone tissue engineering.

2. Materials and Methods
2.1. Materials

Calcium nitrate tetrahydrate and ethanol were obtained from Merck. Other materials
used in this study, including polycaprolactone (PCL), zirconium (IV) oxynitrate hydrate,
and tetraethyl orthosilicate (TEOS), were all obtained from Sigma-Aldrich (Burlington, MA,
USA). PCL has a 1.45 g/mL density and a molecular weight (Mn) of 80,000.
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2.2. CZS Synthesis

The sol-gel technique was applied to synthesise CZS powder from TEOS (C2H5O)4Si
and calcium nitrate tetrahydrate [Ca(NO3)2·4H2O] as described in our previous study [24].
The solution was stirred for 5 h at room temperature (25 ◦C) and then dried in two steps:
one day at 60 ◦C and two days at 100 ◦C. The obtained dried gel was then exposed to a
1150 ◦C calcination process lasting three hours.

2.3. PCL/CZS Composites Preparation

To create composite samples of PCL/CZS, the technique of mixing the polymer and
powder was employed. In this way, PCL was initially melted. Following this, CZS nanopar-
ticles were introduced into the molten PCL in concentrations of 0, 20, 40, and 60 wt.% and
mixed completely to achieve a uniform composite.

2.4. 3D Printed Scaffolds Fabrication

At this stage, it is worth mentioning that the sample containing 60 wt.% CZS did not
show its printability, and in this way, the samples containing 0 to 40 wt.% were selected
for further processing. The samples were labelled based on their respective CZS content
(0, 20, and 40 wt.%) as PCL, PC20, and PC40, respectively. The composite materials were
fabricated into porous scaffolds using the technique of melt extrusion-based 3D printing
system (Chakad, CSS1, Iran, Isfahan). A deposition velocity of 250 mm/min and melting
temperature of 80–120 ◦C was used in this section. The scaffolds exhibited a dimension of
2 × 2 cm2, a height of 5 mm, and a pore geometry of 0◦/90◦.

2.5. Scaffolds Characterisations

The surface morphology of the samples in different CZS percentages was carried out
using a scanning electron microscope (SEM, Philips XL30, Holland, Amsterdam) at a 20 kV
acceleration voltage. All samples were coated with a thin layer of gold before imaging to
improve image quality and prevent charging effects. Also, the porosity of the resulting
scaffolds was evaluated by Archimedes’ method.

The phase structure of PCL/CZS composites was analysed using an X-ray diffractome-
ter (XRD, PMD Philips X-Pert) with CuKα radiation = 0.154 nm. The patterns obtained
through experimentation were contrasted with the reference patterns developed by the
Joint Committee on Powder Diffraction and Standardization (JCDPS) for Ca3Si2O4, specifi-
cally CZS (PDF ref. 00-033-0876). The samples were subjected to scanning at a speed of
0.04◦ per minute, covering a range of 10 to 60 degrees. Utilising the Scherrer method, the
size of the crystallites in the CZS nanoparticles was estimated.

Dp =
0.94λ

β Cosθ
(1)

In this equation, λ represents the radiation wavelength, β corresponds to the diffraction
peak width at half maximum intensity, θ denotes the angle of Bragg diffraction, and Dp
refers to the average crystallite size. To analyse the size, shape, and distribution of the
CZS powder particles, transmission electron microscopy (TEM, Philips CM-200, Holland,
Amsterdam) and Image j software (1.52 V) were used.

2.6. Mechanical Characterisation of the Scaffolds

In order to assess the mechanical properties, a total of five samples for each group were
tested. The researchers performed compression tests using a Hounsfield Materials Testing
Machine (Model H25KS, Hounsfield, UK) equipped using a crosshead speed of 1 mm/min
and 50% compression strain. The elastic modulus of the specimens was determined by
measuring the slope of the stress–strain curves in the elastic region. Compressive stress
was calculated at the strain of 50% of each curve. Moreover, the area under the stress–strain
curves determined the samples’ toughness and the material’s ability to absorb energy and
plastically deform without fracturing.
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2.7. Thermogravimetric Analysis (TGA)

A thermogravimetric analyser (STA, 449F3, Jupiter, Netzsch GmbH, Selb, Germany)
measured the thermal stability of the composite materials. In order to analyse the samples,
a heating process was conducted, starting at room temperature and gradually raising the
temperature to 600 ◦C at a rate of 10 ◦C per minute, with each sample weighing 8–10 mg.

2.8. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were conducted on the com-
posites using a STA 449F3 thermo-gravimetric analyser at a heating rate of 3 ◦C/min,
covering the temperature range from room temperature to 75 ◦C. Also, the thermal prop-
erties of the composites needed to be analysed to evaluate their melting temperature and
crystallisation temperature.

2.9. In Vitro Bioactivity Evaluation

Bioactivity testing in vitro, which was conducted by immersing the PCL specimens
with 20 wt.% and 40 wt.% CZS in simulated body fluid (SBF), was prepared based on a
previous report [25]. The cubic scaffolds, measuring 5 × 5 × 5 mm3, were placed in 20 mL
of SBF and incubated at 37 ◦C for a duration of 28 days. The pH of the SBF solution was
regularly measured using a pH meter at predetermined time intervals (0–28 days). After
the 28-day immersion period, the specimens were taken out of the SBF, gently rinsed with
distilled water, and dried at room temperature. To assess the ability to induce apatite
formation on the specimen’s surface, SEM and energy-dispersive X-ray spectroscopy (EDS)
were utilised. Furthermore, a comparison between the initial and final concentrations of
Ca, Si, and P elements was made by analysing the SBF solutions collected after the 28-day
immersion using an inductively coupled plasma-optical emission spectrometer (ICP-OES:
Perkin Elmer, Optima 7300DV, PerkinElmer, Waltham, MA, USA).

2.10. Biodegradation Study

The degradation rate of scaffolds was calculated after placing them in phosphate-
buffered saline solution (PBS) with a pH of 7.40. Scaffolds were soaked in 10 mL of PBS
solution at 37 ◦C for 8 weeks. At each time point, samples were monitored for weight loss
using the following equation:

mass loss% =
(w0 − wd)

w0
× 100 (2)

The initial weight of the scaffolds denoted as w0 was measured before the incubation
period, while the final weight, represented by wd, was determined after the scaffolds had
been incubated for a specific duration until they had completely dried.

2.11. Cell Viability

The cells’ relative viability was assessed using 3-(4,5-dimethyl thiazolyl-2)-2,5-diphenyl
tetrazolium bromide (MTT) obtained from Sigma-Aldrich. At 1, 3, and 7-day intervals, the
culture medium was extracted. Both the cell-cultured samples and the control group (with
3 samples in each group) were treated with MTT solution, which consisted of 0.5 g/mL
MTT reagent in PBS. After a 4-h incubation period at 37 ◦C, the dark blue formazan crystals
were dissolved in MTT solvent by dimethyl sulfoxide (DMSO) (Bioidea, Iran) and allowed
to sit at 37 ◦C for 30 min. Following this, 100 µL of the dissolved formazan solution from
each sample was transferred to a 24-well plate. A microplate reader (Bio Rad, Model
680 Instruments) was used to measure the optical density (OD) of each well at 490 nm
wavelength. The relative cell viability was determined using Equation (3) [26]:

Relative cell viability(%) =
Asample − Ab

Ac − Ab
(3)
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ASample, Ab, and Ac represent the absorbance values of the sample, blank (DMSO),
and control (TCP), respectively.

3. Results
3.1. Morphological Properties

The morphology of the synthesised CZS nanoparticles and the XRD pattern of the pure
PCL and PCL/CZS composite scaffolds are demonstrated in Figure 1. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) were used to analyse the
shape and size of the synthesised calcium zirconium ceramic. XRD analysis was used to
examine the phase structure of the prepared CZS. This confirmed that the CZS phase had
formed according to the JCPDS reference pattern 96-901-220. By comparing XRD results, it
is evident that the intensity of the CZS peaks increases with the increase in its content in
PC20 and PC40 specimens.
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Figure 1. (a) XRD pattern of CZS and composites scaffolds, (b) SEM, (c) nanoparticle size distribution,
and (d) TEM images of CZS nanoparticles.

The morphology of the pure PCL and composite PCL/CZS scaffolds is represented
in Figure 2a–c. The presence of CZS nanoparticles and the increase in their concentration
are obvious when the SEM images of three samples are compared, especially in higher
magnification images. The change in porosity is represented in Figure 2d. The porosity
value is almost constant in all three samples, as it changes in the 55–60% range.
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Figure 2. SEM images of PCL and composite scaffolds: (a) PCL, (b) PC20, (c) PC40, and (d) their porosity.

3.2. Mechanical Properties of the Scaffolds

Figure 3 compares the compressive strength, elastic modulus, and toughness of pure PCL
and PCL/CZS composite scaffolds. As is evident, the scaffolds’ mechanical characteristics
are enhanced by increasing the CZS content. The elastic modulus of PCL, PC20, and PC40
are 12.88 ± 2.96 MPa, 25.76 ± 3.98 MPa, and 39.44 ± 9.46 MPa, respectively. Moreover,
the compressive stress of PCL, PC20, and PC40 are 2.64 ± 1.61 MPa, 6.58 ± 0.65 MPa, and
10.34 ± 1.34 MPa, respectively, while the toughness is 80.19 ± 20.81 J/cm3, 176.69 ± 7.79 J/cm3,
and 269.45 ± 28.424 J/cm3 for PCL, PC20, and PC40, respectively.
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3.3. Thermal Properties

During the scaffold fabrication process in the bio-extruder, temperature plays a signifi-
cant role as one of the processing parameters. Hence, in order to determine the suitable
temperatures for the extrusion process, the thermal properties of PCL were investigated
along with its composite materials, using DSC and TGA analysis. The composition of the
3D-printed scaffolds and the quantity of PCL and CZS incorporated within them were
assessed using thermogravimetric analysis by measuring mass loss at 25–600 ◦C.

Figure 4 displays the TGA and DTG curves. Figure 4a demonstrates the mass loss
of samples after exposure to heat. As can be seen, the PCL sample had the maximum
degradation, while the PC40 sample had the maximum mass remaining. Figure 4b shows
the mass loss derivation for samples after heat exposure. The first derivative of TGA helps
identify the temperature range with the most significant mass loss.
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Table 1 indicates the predicted thermal parameter values from TGA analysis. The
parameters in this table are mass loss percentages at 150 and 600 ◦C, remaining mass per-
centages at 150 and 600 ◦C, and inflection points (temperatures at the samples’ DTG peaks).

Table 1. Thermal parameters from TGA analysis of PCL-based porous scaffold.

Sample Mass Loss
at 150 ◦C (%)

Remained Mass
at 150 ◦C (%)

Mass Loss
at 600 ◦C (%)

Remained Mass
at 600 ◦C (%)

Inflection Point
(◦C)

PCL 0.3 99.7 99.1 0.9 390.5
PC20 1.0 99.0 80.7 19.3 394.9
PC40 0.6 99.4 61.3 38.7 386.6

Figure 5 displays the DSC curves for the cooling and the second heating phases of
the PCL and PCL/CZS composites. In Figure 5a, the cooling scan analysis of the samples
can be observed. In this figure, the peaks indicate the crystalline regions. In the second
heating scan (Figure 5b), the melting range of the samples can be recognised. Two distinct
thermal effects can be detected in all the DSC curves: melting temperatures across 55–60 ◦C
and crystallisation at around 35–40 ◦C. It can be observed that the melting temperature
remains consistent between 55 ◦C and 60 ◦C for all materials, regardless of the inclusion of
ceramic filler.
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Figure 5. (a) DSC cooling and (b) second heating curves of PCL/CZS nanocomposite scaffolds.

Table 2 indicates the predicted thermal parameter values. Parameter values in this table
are, respectively, onset crystallisation temperature (TC onset), crystallisation temperature
(TC), onset melting temperature (Tm onset), melting temperature (Tm), and melting and
crystallisation enthalpies (∆Hm and ∆Hc) obtained from the DSC peak analysis.

Table 2. Crystallisation and melting temperature parameters of PCL-based porous scaffold.

Sample Tc Onset
(◦C) Tc (◦C) ∆Hc (J/g) Tm Onset

(◦C) Tm (◦C) ∆Hm (J/g)

PCL 38.2 36.1 31.15 54.0 57.5 −21.45
PB20 38.6 36.6 24.62 54.0 57.5 −16.26
PB40 41.5 40.2 20.79 54.0 56.8 −12.47
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3.4. Biological Properties of the Scaffolds

Figure 6 shows the surface of the scaffolds and the energy-dispersive X-ray spec-
troscopy (EDS) of the deposits formed on their surface after 28 days of immersion in
simulated body fluid (SBF) solution.
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Table 3 also shows the weight percent distribution of the elemental composition of the
precipitates on the surface scaffold based on EDS analysis. It can be seen that the number
of deposits increases by enhancing the CZS content from 0% in pure PCL to 40% in the
PC40 specimen. The Ca and P peaks sharpen in EDS results as the amount of CZS increases
in the samples.

Table 3. Specific element content values results of the EDS analysis.

Element
(Weight %)

Sample
PCL PC20 PC40

C 54.5 33.1 19.5
O 41.3 31.2 23.1
Ca 2.7 14.9 24.3
P 1.5 7.5 13.3
Zr - 7.1 10.1
Si - 6.2 9.7

Figure 7 represents the EDS map of the pure PCL and PCL/CZS composite scaffolds
after 28 days of immersion in SBF solution. According to Figure 7a–c, the concentration
of Ca and P increases by increasing the CZS content in the scaffolds, representing the
formation of Ca-P deposits. Furthermore, the Si and Zr contents increase remarkably due
to the higher amount of CZS in composite scaffolds.

Figure 8 demonstrates the pH variation in pure PCL and PCL/CZS scaffolds after
30 days of immersion in SBF solution. The increase in pH after 7 days of immersion is
higher in the PC40 specimen compared to pure PCL and PC20 due to the higher CZS
content and, hence, higher Ca ion release in the SBF.
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Figure 8. pH evaluation of PCL and composite scaffolds after 28 days’ immersion in SBF solution.

Table 4 compares the concentration of Ca, P, and Si ions in the SBF solution after
28 days of immersion to their original concentration (SBF is used as a control sample). The
PC40 specimen experienced the highest decrease in Ca and P concentration, which confirms
the SEM results, which show higher Ca-P deposit formation on the PC40 specimen.

Table 4. Ion concentration of Ca, P, and Si elements in SBF solution after 28 days of immersion.

Ion Con. (mg/L)

Specimen
SBF PCL PC20 PC40

Ca 104 80.1 63.3 59.9
P 35 27.2 19.3 14.2
Si 0 0 1.2 3.3

3.5. Biodegradation Evaluation

Figure 9 compares the mass loss percentage in pure PCL and PCL/CZS composites
after 28 days of immersion in phosphate buffered saline (PBS) solution. According to the
results, the degree of degradation increases remarkably with the increase of the CZS content
from 0 wt.% to 40 wt.%. The concentration of Si and Ca ions in PBS solution after 21, 42,
and 70 days of immersion is represented in Table 5. According to these data, the amount of
Ca decreased with time, while the Si ion content increased within this period.
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Table 5. Ion concentration of Ca and Si elements in PBS solution at different times.

Specimen PCL (mg/L) PC20 (mg/L) PC40 (mg/L)

Time Ca Si Ca Si Ca Si

Day1 - - - - - -
Day21 - - 5.3 0 3.8 1.3
Day42 - - 4.8 1 3.3 4.0
Day70 - - 3.5 2.2 2.9 14.8

3.6. Cell Viability

Figure 10 represents the relative MG63 cell viability in pure PCL and PCL/CZS
specimens after 1, 3, and 7 days of culture. According to these results, the PC40 sample
shows significantly higher viability after 3 and 7 days, which can be related to the higher
CZS content.
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4. Discussion
4.1. Morphological Properties

Figure 1 shows TEM and SEM images of CZS powders and XRD patterns of CZS and
PCL/CZS composites. According to SEM and TEM images (Figure 1b,d), CZS nanoparticles
possess semi-spherical morphology. Due to the fact that the sphere has the minimum
surface area among all geometric shapes, material tendencies naturally favour spherical
shapes to ensure the lowest possible state of energy. However, due to the nanostructure’s
high surface energy and the agglomeration of nanoparticles, the shape created by placing
particles next to each other is not completely spherical, so the images showed that the
CZS powder consisted of semi-spherical particles. Previously, Pahlevanzadeh et al. [27]
observed semi-spherical shapes in nanobaghdadite powder particles. The diagram of
the CZS particle size distribution based on TEM images is represented in Figure 1c. The
results show that about 60% of the particles were in the range of 20–40 nm, and the average
particle size is 26.5 ± 13 nm. The crystalline size of synthesised CZS powder calculated by
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the modified Scherrer equation (Equation (1)) was about 33 ± 7 nm, which was in good
agreement with the particle size observed in the TEM image.

Figure 1a demonstrates the XRD patterns of the CZS, pure PCL, PC20, and PC40
scaffolds. The noises observed in the XRD pattern of the scaffolds are due to their porous
nature. The CZS peaks were more detectable in the PC40 specimen as it contains higher
CZS values. In contrast, the PC20 pattern is more inclined towards polycaprolactone peaks.

In the XRD patterns, two peaks were characterised by PCL at 2θ = 21.7◦ and 2θ = 23.9◦.
The intensity of the PCL peaks was different in various samples as a result of crystallinity
alteration after composite extrusion. According to the literature, PCL-hydroxyapatite
composites have shown a similar pattern before, where an increase in the HA content
caused a decrease in the intensity of the polymer peaks [28,29].

According to JCPDS reference pattern 96-901-2206, the predominant detected phase
is baghdadite with the chemical formula of Ca12Zr4Si8O36, which has a monoclinic struc-
ture. Besides baghdadite, new and tiny peaks were detected and indexed as dicalcium
silicate phase (Ca2SiO4 with monoclinic structure), also known as larnite, at approximately
2θ = 28.10, 32.17, and 32.78, according to JCPDS reference pattern 96-901-2793. According
to the literature [30], at the temperature of 925 ◦C, the formation of calcium silicate, larnite
2CaO·SiO2, begins. As the sintering temperature was 1150 ◦C in the present study, the
formation of this phase is explained. Sadreddini et al. [31] also synthesised baghdadite
particles and observed larnite as an impurity in their XRD pattern. They attributed the
formation of this impurity to the fast reaction of Si with Ca, even before the presence of Zr,
and the creation of the Ca–Si phases.

The morphology of scaffolds incorporating different concentrations of CZS nanoparticles
is depicted in Figure 2. SEM images clearly demonstrate the scaffold’s porous structure. The
CZS particles were found to be dispersed homogeneously throughout the polymer matrix.
However, with the increase in the CZS content in the scaffolds to more than 40 wt.%, particles
tended to form agglomerates and cover the surface of the scaffolds, and the ink produced was
no longer printable. One major benefit of 3D-printed scaffolds is the presence of interconnected
pores. As tissue engineering scaffolds, such structures can mimic the natural extracellular
matrix (ECM) well. The scaffolds produced in this study demonstrate a significant level
of porosity and interconnected pore morphology, as presented in Figure 2. This enables
efficient oxygen and nutrient transfer in the scaffolds, leading to improved cell migration
and regulation of ECM formation [32]. The bone regeneration process begins when cells
and nutrients penetrate the scaffold through interconnected pores, and osteoblast cells begin
growing on the scaffold’s surface. Besides improving nutrient and oxygen transfer into the
inner pores, high porosity and pore interconnectivity are also effective at removing metabolic
waste products [33,34]. The porosity of scaffolds can be seen in Figure 2d. An appropriate
porous scaffold with interconnected pores provides an environment for promotion of cell
infiltration, migration, and vascularisation, facilitating the flow of nutrients and oxygen and
waste removal while maintaining mechanical stresses [35]. In this study, the results show that
the porosity of scaffolds is in the range of 50–60%, and there is no significant difference in the
porosity of PCL, PC20, and PC40 scaffolds.

4.2. Mechanical Properties

Figure 3 demonstrates the influence of CZS inclusion on the mechanical properties
of the PCL-based scaffolds containing various CZS concentrations (0 wt.%, 20 wt.%, and
40 wt.%). According to Figure 3, Young’s modulus, compressive stress, and toughness were
increased by adding CZS nanoparticles. The bulk properties of PC40 scaffolds increased
more than three times compared to the PCL scaffolds. The inclusion of CZS particles in
the PCL matrix improved the strength and stiffness of scaffolds. For example, based on
Figure 3d, the toughness of PC20 and PC40 is about 2.2 and 3.3 times higher than that of the
PCL scaffold. This issue could be caused by the fact that CZS has increased strength in the
composite structure, which is also in line with the law of mixtures, where the combination
of constituent materials determines the composite properties, following the mixture rule.
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Figure 3b shows a notable increase in compressive strength, from 2.64 MPa to 6.58 MPa
and then 10.34 MPa when the CZS content increased from 0 wt.% to 20 and 40 wt.%.
Other studies have confirmed that adding ceramic to the scaffold increases its mechanical
properties [36–38]. According to Sadeghzade et al. [39], the addition of CZS to hardystonite
significantly increased the compressive modulus and strength.

The scaffold’s mechanical properties should be in line with those of the surrounding
tissue in the implantation site. Consequently, cells must not be subjected to excessive
compressive or tensile loading because they may affect the physiological conditions, which
will then not be properly functionalised [40]. One of the key challenges in regenerating
different tissues, especially bone, is manufacturing scaffolds with appropriate mechanical
properties [41]. The compressive strength of human cancellous bone is about 4–50 MPa, and
tensile values range from 5 to 40 MPa, according to various studies [42–44]. This study’s
compressive test results indicated PCL/CZS scaffolds had mechanical properties similar to
those of bone; therefore, they can be considered for bone regeneration applications. As a
result, the specimen containing 40 wt.% CZS would have the highest strength in healing
injured bone.

4.3. Thermal Properties

Figure 4 displays the TGA and DTG curves. The behaviour of thermal decomposition
can be categorised into three separate regions. It can be observed in Table 1 and Figure 4
that the mass loss is minimal, reaching a maximum of only one percent, up to 150 ◦C. In
these areas, removing water and moisture from the scaffold structure (including absorbed
and bound water) leads to partial mass loss.

However, with the addition of CZS at 150 ◦C, PC20’s mass loss is three times higher
than PCL’s, and PC40’s mass loss is twice as high as PCL’s. The issue can be attributed to
PCL’s hydrophobicity. By introducing CZS, the hydrophobicity of the scaffolds decreases,
leading to higher water absorption. Also, the addition of inorganic fillers such as CZS
can decompose some polymer chains [45]. High temperatures weaken and break bonds
between polymer chains, forming smaller molecules [46]. Also, in the presence of oxidising
agents such as oxygen, this process can speed up, resulting in exacerbated degradation [47].

No significant mass loss was detected at room temperature to 360 ◦C. Tran and Trakool-
wannachai et al. [25,39] reported that this finding demonstrated the PCL surface’s hydrophobic
nature. The thermograms exhibit a sharp decrease in sample mass occurring at degradation
temperatures ranging from 360 to 430 ◦C (Figure 4). This reduction corresponds to the poly-
mer’s structural decomposition. No significant mass loss was seen over 430 ◦C. The mass of
all samples remained relatively constant after reaching a temperature of 475 ◦C, and this mass
was directly proportional to the amount of CZS present in the samples (Figure 4b).

Scaffold mass losses at 600 ◦C were 99.1%, 80.7% and 61.3% in PCL, PC20, and PC40,
respectively. Most likely, these values are slightly lower than the targets of 20 and 40 wt.%
due to minor moisture content and organic composition of the PCL, especially in bio-CZS
powders, which are estimated to range between 1 and 4 wt.% in scaffolding structure. This
thermal degradation behaviour has been observed previously in 3D printed bio-composites
such as PCL/hydroxyapatite scaffolds [48,49]. The explanation is the release of water
that has been absorbed from the surface of CZS, constituting approximately 5% of the
partial weight of the particle’s total weight. It is evident from the results that a pure
PCL scaffold has no residual material at 600 ◦C, suggesting that this scaffold consisted of
organic components and had completely decomposed at this temperature. Researchers
have previously observed this similar thermal behaviour of polycaprolactone [49–51].

Figure 5 displays the DSC curves for the cooling and the second heating phases of
PCL and PCL/CZS composites. Table 2 displays the anticipated values of the thermal
parameters. Both the composite and the pure PCL melted at around the same temperature
(55–60 ◦C). In another study, results indicated almost the same melting temperature range
for 3D-printed scaffolds containing PCL [48]. According to Figure 5, the melt crystallisation
exotherm was observed in the pure PCL, PC20, and PC40 composites. The onset of PCL
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crystallisation occurred at 37.3 ◦C during cooling after the melting process. The melt
crystallisation temperature for both composites was marginally greater than that for pure
PCL scaffolds. Based on these results, it seems that CZS content influences nucleating
activity. This effect has also previously been observed in hydroxyapatite PCL L-lysine
composites [50]. Endothermic melting peaks are visible in DSC curves when the samples
are heated for a second time. The findings indicate that the melting point of pure PCL is
57.5 ◦C, which is about 0.7 ◦C higher than the melting point of composite scaffolds.

The melting point of PCL is typically around 55 to 60 ◦C [52–54]. Regardless of
the inclusion of ceramic filler, the melting temperature remains consistent between 55
and 60 ◦C for all scaffolds. Similar results were observed for PCL/diatomaceous earth
nanocomposites [55]. Also, in their study, the addition of diatomaceous earth within the
PCL matrix slightly decreased Tm (by up to 4 ◦C), which agrees with the results obtained
in this research.

The melting and crystallisation enthalpies from the integration of DSC peaks are
shown in Table 2. As is known, melting enthalpy decreases from 31.15 to 20.79 J/g, and
crystallisation enthalpies decrease from 21.45 to 12.47 J/g in PC40 compared to PCL with
the addition of CZS.

Several studies have shown that fillers within the polymeric matrix can decrease
∆H, indicating a decrease in polymer crystallinity, as reported in the literature [56,57].
According to the obtained results, the crystallinity of the samples decreases with the
increase of CZS. This issue leads to an increase in the rate of degradation of scaffolds in
aquatic environments, which is consistent with the results obtained in the biodegradability
assessment in Section 3.5.

The present study shows that the PCL/CZS composite’s melting endotherm peaks
reached a maximum of 61.4 ◦C. Considering that thermal degradation commences around
300 ◦C for all materials, as revealed by TGA analyses, this implies that no deterioration is
expected when 3D printing is carried out within the 80–120 ◦C range.

4.4. Bioactivity Assessment

Figure 6 represents apatite formation on the surface of the PCL, PC20, and PC40
specimens after 28 days of immersion in SBF solution. As is obvious, by increasing the CZS
content in the composite, the number of apatite nuclei is enhanced significantly. Previously,
nanocomposite films that contained CZS particles showed an outstanding apatite layer on
their surface and more bioactivity than pure polymer films when subjected to a simulated
body solution for 28 days [58].

The EDS test results represented in Table 3 show how the elements are spread out
on the scaffold surface. It is shown that the surface of composite scaffolds has more
calcium and phosphorus than the surface of PCL scaffolds, and it provides a favourable
environment for the development and germination of apatite compounds suitable for bone
regeneration. The decrease in the percentage of carbon in PC20 and PC40, in addition to the
decrease in the percentage of polymer chains in the scaffold structure, indicates an increase
in the formation of apatite on the scaffold surface, which leads to a decrease in carbon on
the composite scaffolds.

The incorporation of CZS in the structure of PC20 and PC40 scaffolds leads to the
presence of silicon and zirconium elements, causing the release of ion exchange with the
SBF solution. By immersing the specimen containing CZS in SBF solution, the first reaction
that takes place is ion exchange with the solution. In this way, Ca2+, Zr4+, and Si4+ dissolve
in SBF, and ion exchange happens when H+ and H3O+ are present in the solution, which
results in pH enhancement. Increased pH leads to silica bond breakup and reformation
of silanol groups on the surface of composite specimens containing CZS. The next step
consists of the formation of calcium phosphate groups, which results in a reduction in pH.
By diffusing carbonate present in SBF into the calcium-phosphate deposits, crystallisation
occurs and hydroxy carbonate apatite forms [59].
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According to Figure 7, which demonstrates the EDS map and hence the distribution of
Si, O, Zr, P, and Ca elements in the PCL, PC20, and PC40 specimens, it is obvious that the
surface of PC40 is enriched with calcium-phosphorous deposits significantly higher than
those of the two other specimens, which is related to the higher content of calcium in this
specimen, which dissolves in SBF solution and redeposits as calcium-phosphorous nuclei.

Figure 8 illustrates pH changes in the SBF solution caused by 28 days of immersion
with the PCL, PC20, and PC40 specimens. According to this figure, the pH value in all
specimens experiences an increase and then gradually stabilises. By immersing the scaffolds
in SBF solution, PCL hydrolysis starts on the scaffolds’ surface because of the PCL’s low
hydrophilicity. However, in PC20 and PC40 specimens that contain CZS, the hydrolysis
process occurs simultaneously on the surface and in the interior of the scaffolds, resulting
in the release of Si, Ca, and Zr ions into the SBF solution.

The degradation of the polymeric part of the scaffolds (PCL) leads to a decrease in
pH due to the acidic degradation products, which is an autocatalytic phenomenon, as
these acidic products remain inside the scaffold and accelerate the degradation and pH
decrease [60]. By incorporating CZS into the scaffold matrix, the release of Si and Ca ions
compensates for the reduction of pH due to the acidic degradation of PCL. Therefore, the
pH of SBF experiences a higher increase compared to the PCL specimen.

The results of the ICP test, which shows the variation in Ca, P, and Si ion concentrations
over a period of 28 days of immersion in SBF solution, are represented in Table 4. According
to Table 4, the concentration of Ca and P ions decreased in all specimens after 28 days of
immersion, confirming the formation of calcium-phosphate deposits. After immersing
the specimens in the SBF solution, the Ca-P crystals re-precipitate onto the surface of the
scaffolds due to the supersaturation of Ca2+ and P5+ ions.

When the Si-O-Si network undergoes dissolution, it leads to the creation of silanol
bonds. These bonds then act as a substrate for the deposition of apatite when both Ca and
P are present. However, due to the higher apatite-forming ability of the PC40 specimen
compared to the other specimens with lower or no CZS content, the concentration of Ca
and P ions is lower in the SBF solution, which is in agreement with the results obtained
from the EDS map and FESEM images which represented higher apatite formation in PC40
specimen. The higher Si content in the PC40 specimen is due to higher CZS concentration
in this specimen and, hence, higher Si release into the SBF solution.

4.5. Biodegradation Evaluation

It is imperative for a scaffold to be biodegradable in order to facilitate the replacement
of the implanted structure by body tissues, allowing for cell growth and eventual replace-
ment of the scaffold. Additionally, the implant must be non-toxic and easily degradable
without causing any disruption to surrounding tissues or organs. To achieve degradation
while simultaneously promoting tissue formation, there needs to be a regulated transport
of cells, such as macrophages, with controlled inflammatory responses [61]. Figure 9
represents the percentage of mass loss in PCL, PC20, and PC40 scaffolds after 8 weeks
of immersion in PBS solution. As shown, the mass loss percentage in the PC40 speci-
men is approximately 6% and a great deal higher than in other specimens (PCL~1% and
PC20~2.5%).

According to a study by Sung et al. [62], polymers with a fast degradation rate, such
as PLGA, can lead to a decrease in pH due to the hydrolysis of the ester bond into acidic
monomers. This also happens for PCL polymers. However, as the degradation rate of
PCL is significantly lower than that of PLGA (as PCL has higher molecular weight and
hydrophobicity), the pH of the environment is less detrimental to cell proliferation. Conse-
quently, the rate of degradation can affect cellular interactions, including cell proliferation,
tissue synthesis, and host response [63]. In the present study, part of the PCL polymer was
replaced by CZS, which resulted in higher degradation and compensation for the probable
adverse effect of PCL and improved apatite formation and cell viability, which will be
discussed further in the next section.
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Scaffold degradation typically involves two main mechanisms: bulk degradation
and surface erosion. The degradation process commonly consists of a blend of these two
methods, with varying proportions based on the material composition. Surface erosion
takes place at the scaffold’s interface with the external environment, progressing from the
outer layer towards the inner core, whereas bulk degradation occurs uniformly through-
out the scaffold’s entire volume [61]. The degradation of biopolymers involves breaking
atomic bonds, resulting in the formation of oligomers, monomers, or other species with low
molecular weight. The hydrolytic breakdown of PCL leads to the formation of carboxylic
acid terminal groups. These groups lower the pH in the vicinity of the scaffold, which in
turn negatively affects bone response. Additionally, this process can cause an excessive
depletion of mineral and organic salts from bone tissue, potentially resulting in cytotoxic
effects. Hence, adding CZS and reducing PCL content is advantageous in controlling the
pH variation in the same conditions as the body’s environment. Bioceramics undergo
biodegradation through various mechanisms, such as hydrolytic decomposition, degrada-
tion mediated by cells, and fragmentation into smaller particles due to mechanical stresses
and scaffold deterioration [61].

In Section 3.1, it was demonstrated that by increasing CZS content, porosity percentage
decreased. According to a review by Tajvar et al. [61], in certain polymeric scaffolds like
PCL or PLGA, a reduction in porosity can result in increased degradation caused by the
autocatalytic impact of acidic degradation products. This phenomenon can be attributed
to the accumulation of degradation products, which amplifies their autocatalytic effect.
This can explain the lower degradation rate of PCL specimen despite its higher porosity.
However, biodegradable bioceramics such as CZS are more effective in the degradation
field than the porosity percentage.

Table 5 represents the variation in Ca and Si ions in PBS solution after 70 days of
immersion for all specimens. In all specimens, the number of Ca ions present in the PBS
solution decreases with the passage of time, while the Si content increases due to lack of
Si consumption. The decrease in the content of Ca ions in PBS solution by increasing the
CZS is due to the precipitation of Ca deposits on the surface of scaffolds. Silicon ion release
can signify the level of degradation and decomposition of the scaffolds since silicon is not
naturally found in the PBS solution.

4.6. Cell Viability

CZS exhibits extraordinary biological characteristics along with its physical and me-
chanical attributes. In contrast to pure wollastonite, CZS demonstrates enhanced degrad-
ability, resulting in a more stable structure that is highly suitable for cell culture and the
treatment of extensive bone defects [59]. According to the literature [64], the stability of pH
around 7.2–7.4 is a vital factor for cell metabolism and hence for cell proliferation. Hoomehr
et al. [64] reported that the presence of zirconia controls the Ca ion release from bioactive
glass and develops a stable pH in the surrounding medium, which favours cell proliferation.
As stated by Sadeghzade et al. [59], the presence of Si, Ca, Mg, and Zr in CZS and diopside
play vital roles in bone formation, regeneration and remodelling in vivo. Furthermore,
the release of these elements, due to the degradation of the mentioned ceramics, results
in differentiation and proliferation of osteoblast cells in vitro. Figure 10 demonstrates the
variation in cell viability in PCL, PC20, and PC40 specimens after seeding MG63 cells from
day 1 to day 7. According to Figure 10, the viability of the cells after 1, 3, and 7 days is
significantly higher in the PC40 specimen compared to the two other groups.

The PC40 specimen exhibited a remarkable increase in cell viability (121 ± 10% (con-
trol)) after 7 days of culture, surpassing the PC20 (104% (control)) and PCL (94% (control))
specimens. A notable observation was made regarding the MG63 cells, as they exhibited
a substantial improvement in proliferation when cultured on the PC40 specimen, rising
from 67 ± 6% (control) on day 1 to 121 ± 10% (control) on day 7 by a significant margin
(80.6%). In comparison, the data collected over a period of 7 days revealed that PC20 and
PCL had much lower proliferation rates. According to the results reported in Figure 9,



Polymers 2024, 16, 1389 18 of 21

the improvement in cell viability in the PC40 specimen compared to PCL (28.7%) after
7 days of culture is remarkably higher than that in the PC20 specimen compared to the
same group (10.6%). These observations can be related to the higher release of Si and Ca
ions from the PC40. According to the literature [65–67], the release of Si element results in
higher differentiation and proliferation of osteoblast cells.

5. Conclusions

This study aims to expand 3D-printed polycaprolactone-based scaffolding containing
calcium zirconium silicate for accelerating bone regeneration. By using melt extrusion-
based 3D printing, PCL/CZS scaffolds with various CZS percentages were produced. The
fabricated scaffolds were compared in terms of thermal, mechanical, and morphological
properties and in vitro bioactivity. SEM images revealed the presence of 3D scaffolds with
open and interconnected pores. PC40 exhibited a significantly higher Young’s modulus and
compressive strength, approximately 3 and 4 times greater, respectively, than those of the
PCL reference sample. Moreover, it had a porosity level exceeding 55%. The behaviour of
thermal decomposition was assessed, and the thermal stability of 3D-printed scaffolds was
shown, while TGA analysis indicates that mass loss remained dependent on the quantity
of CZS present in the sample. Increasing the CZS content significantly enhanced the
bioactivity of the scaffolds. Degradability testing indicated that a higher concentration of
CZS nanoparticles led to a greater decomposition of silicon-containing groups, resulting
in a faster degradation rate for the composite scaffolds in comparison to the PCL scaffold.
Furthermore, the cell viability improved remarkably (29%) in 40 wt.% CZS compared to
the pure PCL. In summary, the combination of a porous structure, excellent biological
responses and great mechanical properties makes PCL/CZS scaffolds highly promising for
use in bone tissue engineering.

Author Contributions: Conceptualisation, H.E., M.B. (Majid Baniassadi) and M.B (Mostafa Baghani);
methodology, H.E.; validation, M.B. (Majid Baniassadi), M.M.R., M.B. (Mostafa Baghani) and S.L.;
formal analysis, H.E. and B.H.; investigation, H.E., M.B. (Majid Baniassadi) and S.L.; resources, H.E.
and M.M.R.; data curation, H.E.; writing—original draft preparation, H.E. and B.H.; writing—review
and editing, H.E., M.M.R., B.H., M.B. (Majid Baniassadi) and S.L.; visualisation, H.E.; supervision,
M.B. (Majid Baniassadi), M.B. (Mostafa Baghani) and S.L. 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.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data is not publicly available because it is part of an ongoing study.

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

References
1. Ahmed, S.; Chauhan, V.M.; Ghaemmaghami, A.M.; Aylott, J.W. New Generation of Bioreactors That Advance Extracellular Matrix

Modelling and Tissue Engineering. Biotechnol. Lett. 2019, 41, 1–25. [CrossRef]
2. Koons, G.L.; Diba, M.; Mikos, A.G. Materials Design for Bone-Tissue Engineering. Nat. Rev. Mater. 2020, 5, 584–603. [CrossRef]
3. Ma, C.; Du, T.; Niu, X.; Fan, Y. Biomechanics and Mechanobiology of the Bone Matrix. Bone Res. 2022, 10, 59. [CrossRef]
4. Parvizi, J.; Kim, G.K. Bone Grafting. In High Yield Orthopaedics; Elsevier: Amsterdam, The Netherlands, 2010; pp. 64–65.
5. Valtanen, R.S.; Yang, Y.P.; Gurtner, G.C.; Maloney, W.J.; Lowenberg, D.W. Synthetic and Bone Tissue Engineering Graft Substitutes:

What Is the Future? Injury 2021, 52, S72–S77. [CrossRef]
6. Stevens, B.; Yang, Y.; Mohandas, A.; Stucker, B.; Nguyen, K.T. A Review of Materials, Fabrication Methods, and Strategies Used to

Enhance Bone Regeneration in Engineered Bone Tissues. J. Biomed. Mater. Res. Part B Appl. Biomater. 2008, 85, 573–582. [CrossRef]
[PubMed]

7. Bhushan, S.; Singh, S.; Maiti, T.K.; Sharma, C.; Dutt, D.; Sharma, S.; Li, C.; Tag Eldin, E.M. Scaffold Fabrication Techniques of
Biomaterials for Bone Tissue Engineering: A Critical Review. Bioengineering 2022, 9, 728. [CrossRef]

8. Mohseni, M.; Castro, N.J.; Dang, H.P.; Nguyen, T.D.; Ho, H.M.; Tran, M.P.N.; Nguyen, T.H.; Tran, P.A. Adipose Tissue Regeneration.
In Biomaterials in Translational Medicine; Elsevier: Amsterdam, The Netherlands, 2019; pp. 291–330.

https://doi.org/10.1007/s10529-018-2611-7
https://doi.org/10.1038/s41578-020-0204-2
https://doi.org/10.1038/s41413-022-00223-y
https://doi.org/10.1016/j.injury.2020.07.040
https://doi.org/10.1002/jbm.b.30962
https://www.ncbi.nlm.nih.gov/pubmed/17937408
https://doi.org/10.3390/bioengineering9120728


Polymers 2024, 16, 1389 19 of 21

9. Pahlevanzadeh, F.; Emadi, R.; Kharaziha, M.; Poursamar, S.A.; Nejatidanesh, F.; Emadi, H.; Aslani, R.; Moroni, L.; Setayeshmehr,
M. Amorphous Magnesium Phosphate-Graphene Oxide Nano Particles Laden 3D-Printed Chitosan Scaffolds with Enhanced
Osteogenic Potential and Antibacterial Properties. Biomater. Adv. 2024, 158, 213760. [CrossRef]

10. Nadgorny, M.; Ameli, A. Functional Polymers and Nanocomposites for 3D Printing of Smart Structures and Devices. ACS Appl.
Mater. Interfaces 2018, 10, 17489–17507. [CrossRef]

11. Petretta, M.; Gambardella, A.; Desando, G.; Cavallo, C.; Bartolotti, I.; Shelyakova, T.; Goranov, V.; Brucale, M.; Dediu, V.A.;
Fini, M.; et al. Multifunctional 3D-Printed Magnetic Polycaprolactone/Hydroxyapatite Scaffolds for Bone Tissue Engineering.
Polymers 2021, 13, 3825. [CrossRef]

12. Lamnini, S.; Elsayed, H.; Lakhdar, Y.; Baino, F.; Smeacetto, F.; Bernardo, E. Robocasting of Advanced Ceramics: Ink Optimization
and Protocol to Predict the Printing Parameters—A Review. Heliyon 2022, 8, e10651. [CrossRef]

13. Löffler, R.; Koch, M. Innovative Extruder Concept for Fast and Efficient Additive Manufacturing. IFAC-PapersOnLine 2019,
52, 242–247. [CrossRef]

14. Kholgh Eshkalak, S.; Rezvani Ghomi, E.; Dai, Y.; Choudhury, D.; Ramakrishna, S. The Role of Three-Dimensional Printing in
Healthcare and Medicine. Mater. Des. 2020, 194, 108940. [CrossRef]

15. Yang, X.; Wang, Y.; Zhou, Y.; Chen, J.; Wan, Q. The Application of Polycaprolactone in Three-Dimensional Printing Scaffolds for
Bone Tissue Engineering. Polymers 2021, 13, 2754. [CrossRef]

16. Fazeli, N.; Arefian, E.; Irani, S.; Ardeshirylajimi, A.; Seyedjafari, E. 3D-Printed PCL Scaffolds Coated with Nanobioceramics
Enhance Osteogenic Differentiation of Stem Cells. ACS Omega 2021, 6, 35284–35296. [CrossRef] [PubMed]

17. Altunordu, G.; Tezcaner, A.; Evis, Z.; Keskin, D. Improvement of Bioactivity with Dual Bioceramic Incorporation to Nanofibrous
PCL Scaffolds. Materialia 2023, 27, 101699. [CrossRef]

18. Helaehil, J.V.; Lourenço, C.B.; Huang, B.; Helaehil, L.V.; de Camargo, I.X.; Chiarotto, G.B.; Santamaria-Jr, M.; Bártolo, P.; Caetano,
G.F. In Vivo Investigation of Polymer-Ceramic PCL/HA and PCL/β-TCP 3D Composite Scaffolds and Electrical Stimulation for
Bone Regeneration. Polymers 2021, 14, 65. [CrossRef] [PubMed]

19. Arefpour, A.; Kasiri-Asgarani, M.; Monshi, A.; Karbasi, S.; Doostmohammadi, A. Baghdadite/Polycaprolactone Nanocomposite
Scaffolds: Preparation, Characterisation, and in Vitro Biological Responses of Human Osteoblast-like Cells (Saos-2 Cell Line).
Mater. Technol. 2020, 35, 421–432. [CrossRef]

20. Soleymani, F.; Emadi, R.; Sadeghzade, S.; Tavangarian, F. Applying Baghdadite/PCL/Chitosan Nanocomposite Coating on AZ91
Magnesium Alloy to Improve Corrosion Behavior, Bioactivity, and Biodegradability. Coatings 2019, 9, 789. [CrossRef]

21. Sadeghzade, S.; Shamoradi, F.; Emadi, R.; Tavangarian, F. Fabrication and Characterization of Baghdadite Nanostructured
Scaffolds by Space Holder Method. J. Mech. Behav. Biomed. Mater. 2017, 68, 1–7. [CrossRef]

22. Li, R.; Ying, B.; Wei, Y.; Xing, H.; Qin, Y.; Li, D. Comparative Evaluation of Sr-Incorporated Calcium Phosphate and Calcium
Silicate as Bioactive Osteogenesis Coating Orthopedics Applications. Colloids Surf. A Physicochem. Eng. Asp. 2020, 600, 124834.
[CrossRef]

23. Yang, Y.; Kulkarni, A.; Soraru, G.D.; Pearce, J.M.; Motta, A. 3D Printed SiOC(N) Ceramic Scaffolds for Bone Tissue Regeneration:
Improved Osteogenic Differentiation of Human Bone Marrow-Derived Mesenchymal Stem Cells. Int. J. Mol. Sci. 2021, 22, 13676.
[CrossRef] [PubMed]

24. Emadi, H.; Baghani, M.; Khodaei, M.; Baniassadi, M.; Tavangarian, F. Development of 3D-Printed PCL/Baghdadite Nanocompos-
ite Scaffolds for Bone Tissue Engineering Applications. J. Polym. Environ. 2024, 1–19. [CrossRef]

25. Kokubo, T.; Takadama, H. How Useful Is SBF in Predicting in Vivo Bone Bioactivity? Biomaterials 2006, 27, 2907–2915. [CrossRef]
[PubMed]

26. Mokhtari, H.; Ghasemi, Z.; Kharaziha, M.; Karimzadeh, F.; Alihosseini, F. Chitosan-58S Bioactive Glass Nanocomposite Coatings
on TiO2 Nanotube: Structural and Biological Properties. Appl. Surf. Sci. 2018, 441, 138–149. [CrossRef]

27. Pahlevanzadeh, F.; Bakhsheshi-Rad, H.R.; Ismail, A.F.; Aziz, M. Apatite-forming Ability, Cytocompatibility, and Mechanical
Properties Enhancement of Poly Methyl Methacrylate-based Bone Cements by Incorporating of Baghdadite Nanoparticles. Int. J.
Appl. Ceram. Technol. 2019, 16, 2006–2019. [CrossRef]

28. Motloung, M.P.; Mofokeng, T.G.; Ray, S.S. Viscoelastic, Thermal, and Mechanical Properties of Melt-Processed Poly (ε-
Caprolactone) (PCL)/Hydroxyapatite (HAP) Composites. Materials 2021, 15, 104. [CrossRef] [PubMed]

29. Trakoolwannachai, V.; Kheolamai, P.; Ummartyotin, S. Characterization of Hydroxyapatite from Eggshell Waste and Polycapro-
lactone (PCL) Composite for Scaffold Material. Compos. Part B Eng. 2019, 173, 106974. [CrossRef]

30. Siauciunas, R.; Prichockiene, E.; Valancius, Z. The Influence of Mg-Impurities in Raw Materials on the Synthesis of Rankinite
Clinker and the Strength of Mortar Hardening in CO2 Environment. Materials 2023, 16, 2930. [CrossRef] [PubMed]

31. Sadreddini, S.; Jodati, H.; Evis, Z.; Keskin, D. Novel Barium-Doped-Baghdadite Incorporated PHBV-PCL Composite Fibrous
Scaffolds for Bone Tissue Engineering. J. Mech. Behav. Biomed. Mater. 2023, 148, 106185. [CrossRef]

32. Pezeshki-Modaress, M.; Zandi, M.; Rajabi, S. Tailoring the Gelatin/Chitosan Electrospun Scaffold for Application in Skin Tissue
Engineering: An in Vitro Study. Prog. Biomater. 2018, 7, 207–218. [CrossRef]

33. Jiankang, H.; Dichen, L.; Yaxiong, L.; Bo, Y.; Bingheng, L.; Qin, L. Fabrication and Characterization of Chitosan/Gelatin Porous
Scaffolds with Predefined Internal Microstructures. Polymer 2007, 48, 4578–4588. [CrossRef]

https://doi.org/10.1016/j.bioadv.2024.213760
https://doi.org/10.1021/acsami.8b01786
https://doi.org/10.3390/polym13213825
https://doi.org/10.1016/j.heliyon.2022.e10651
https://doi.org/10.1016/j.ifacol.2019.10.071
https://doi.org/10.1016/j.matdes.2020.108940
https://doi.org/10.3390/polym13162754
https://doi.org/10.1021/acsomega.1c04015
https://www.ncbi.nlm.nih.gov/pubmed/34984260
https://doi.org/10.1016/j.mtla.2023.101699
https://doi.org/10.3390/polym14010065
https://www.ncbi.nlm.nih.gov/pubmed/35012090
https://doi.org/10.1080/10667857.2019.1692161
https://doi.org/10.3390/coatings9120789
https://doi.org/10.1016/j.jmbbm.2017.01.034
https://doi.org/10.1016/j.colsurfa.2020.124834
https://doi.org/10.3390/ijms222413676
https://www.ncbi.nlm.nih.gov/pubmed/34948473
https://doi.org/10.1007/s10924-023-03156-7
https://doi.org/10.1016/j.biomaterials.2006.01.017
https://www.ncbi.nlm.nih.gov/pubmed/16448693
https://doi.org/10.1016/j.apsusc.2018.01.314
https://doi.org/10.1111/ijac.13298
https://doi.org/10.3390/ma15010104
https://www.ncbi.nlm.nih.gov/pubmed/35009251
https://doi.org/10.1016/j.compositesb.2019.106974
https://doi.org/10.3390/ma16072930
https://www.ncbi.nlm.nih.gov/pubmed/37049225
https://doi.org/10.1016/j.jmbbm.2023.106185
https://doi.org/10.1007/s40204-018-0094-1
https://doi.org/10.1016/j.polymer.2007.05.048


Polymers 2024, 16, 1389 20 of 21

34. Pezeshki-Modaress, M.; Rajabi-Zeleti, S.; Zandi, M.; Mirzadeh, H.; Sodeifi, N.; Nekookar, A.; Aghdami, N. Cell-Loaded
Gelatin/Chitosan Scaffolds Fabricated by Salt-Leaching/Lyophilization for Skin Tissue Engineering: In Vitro and in Vivo Study. J.
Biomed. Mater. Res. Part A 2014, 102, 3908–3917. [CrossRef] [PubMed]

35. Abbasi, N.; Hamlet, S.; Love, R.M.; Nguyen, N.-T. Porous Scaffolds for Bone Regeneration. J. Sci. Adv. Mater. Devices 2020, 5, 1–9.
[CrossRef]

36. Jaiswal, A.K.; Chhabra, H.; Kadam, S.S.; Londhe, K.; Soni, V.P.; Bellare, J.R. Hardystonite Improves Biocompatibility and Strength
of Electrospun Polycaprolactone Nanofibers over Hydroxyapatite: A Comparative Study. Mater. Sci. Eng. C 2013, 33, 2926–2936.
[CrossRef] [PubMed]

37. Moeini, S.; Mohammadi, M.R.; Simchi, A. In-Situ Solvothermal Processing of Polycaprolactone/Hydroxyapatite Nanocomposites
with Enhanced Mechanical and Biological Performance for Bone Tissue Engineering. Bioact. Mater. 2017, 2, 146–155. [CrossRef]
[PubMed]

38. Momeni, M.; Amini, K.; Heidari, A.; Khodaei, M. Evaluation the Properties of Polycaprolactone/Fluorapatite Nano-Biocomposite.
J. Bionic Eng. 2022, 19, 179–187. [CrossRef]

39. Sadeghzade, S.; Emadi, R.; Labbaf, S. Hardystonite-Diopside Nanocomposite Scaffolds for Bone Tissue Engineering Applications.
Mater. Chem. Phys. 2017, 202, 95–103. [CrossRef]

40. Huang, L.; Meng, Y.; Ren, A.; Han, X.; Bai, D.; Bao, L. Response of Cementoblast-like Cells to Mechanical Tensile or Compressive
Stress at Physiological Levels in Vitro. Mol. Biol. Rep. 2009, 36, 1741–1748. [CrossRef]

41. Zhang, X.-Y.; Fang, G.; Zhou, J. Additively Manufactured Scaffolds for Bone Tissue Engineering and the Prediction of Their
Mechanical Behavior: A Review. Materials 2017, 10, 50. [CrossRef]

42. Weber, A.F.; Monteiro, R.S.; Malmonge, S.M.; Souza, M.T.; Petil, O.; Daguano, J.K.M.B. Mechanical Evaluation of Poly-ε-
Caprolactone and Biosilicate® Composites. In Proceedings of the XXVI Brazilian Congress on Biomedical Engineering, Armação
de Buzios, RJ, Brazil, 21–25 October 2018; pp. 89–92.

43. Mokhtari, S.; Eftekhari Yekta, B.; Marghussian, V.; Ahmadi, P.T. Synthesis and Characterization of Biodegradable AZ31/Calcium
Phosphate Glass Composites for Orthopedic Applications. Adv. Compos. Hybrid Mater. 2020, 3, 390–401. [CrossRef]

44. Liu, C.; Wan, P.; Tan, L.L.; Wang, K.; Yang, K. Preclinical Investigation of an Innovative Magnesium-Based Bone Graft Substitute
for Potential Orthopaedic Applications. J. Orthop. Transl. 2014, 2, 139–148. [CrossRef]

45. Yang, X.; Liu, J.; Pei, N.; Chen, Z.; Li, R.; Fu, L.; Zhang, P.; Zhao, J. The Critical Role of Fillers in Composite Polymer Electrolytes
for Lithium Battery. Nano-Micro Lett. 2023, 15, 74. [CrossRef] [PubMed]

46. Moldoveanu, S.C. Chapter 2 Thermal Decomposition of Polymers. In Techniques and Instrumentation in Analytical Chemistry;
Elsevier: Amsterdam, The Netherlands, 2005; pp. 31–107.
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