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Abstract: The design of scaffolds with optimal biomechanical properties for load-bearing appli-
cations is an important topic of research. Most studies have addressed this problem by focusing
on the material composition and not on the coupled effect between the material composition and
the scaffold architecture. Polymer-bioglass scaffolds have been investigated due to the excellent
bioactivity properties of bioglass, which release ions that activate osteogenesis. However, material
preparation methods usually require the use of organic solvents that induce surface modifications on
the bioglass particles, compromising the adhesion with the polymeric material thus compromising
mechanical properties. In this paper, we used a simple melt blending approach to produce poly-
caprolactone/bioglass pellets to construct scaffolds with pore size gradient. The results show that
the addition of bioglass particles improved the mechanical properties of the scaffolds and, due to
the selected architecture, all scaffolds presented mechanical properties in the cortical bone region.
Moreover, the addition of bioglass indicated a positive long-term effect on the biological performance
of the scaffolds. The pore size gradient also induced a cell spreading gradient.

Keywords: 3D printing; bioglass; bone scaffolds; PCL; tissue engineering

1. Introduction

The use of additive manufacturing techniques, also known as 3D printing, for the fabri-
cation of customised bone tissue engineering architectures has developed very rapidly [1-3].
These fabrication techniques allow high reproducibility and repeatability, and they can
process a wide range of natural and synthetic polymeric and composite materials, allowing
for the fabrication of interconnected porous structures [4-7]. Different techniques have been
used for the fabrication of bone scaffolds [8-12], such as: vat photopolymerisation, which
uses light to selectively solidify a liquid photo-sensitive polymeric material; powder-bed
fusion, which uses a laser beam to selectively fuse powder material; and extrusion-based
processes, which heat materials in a pellet or filament form to solidify the molten material
in a printing platform. Among these techniques, extrusion-based additive manufacturing
is the most commonly used due to its low cost, high simplicity and ability to print multiple
materials [13-15]. This technique comprises pneumatic systems using air pressure as the
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dispensing force, solenoid-based systems using electromagnetic forces and mechanical sys-
tems based on the use of a piston or screw [16]. The use of screw-assisted extrusion-based
systems is the ideal technique to process high viscosity composite materials [17].

Polycaprolactone has been extensively investigated for use in bone scaffolds [18,19]. It
is a semi-crystalline, biocompatible, biodegradable and hydrophobic synthetic polymer that
presents good physicochemical characteristics and slow degradation kinetics [20,21]. Due to
its low melting temperature, PCL is a suitable material to be printed using extrusion-based
additive manufacturing [22]. To improve bioactivity, different concentrations of hydrox-
yapatite (HA) and tricalcium phosphate (TCP) have been added to PCL scaffolds [23-28].
This improves both the mechanical and hydrophilicity properties and accelerates mineral-
isation [29-35]. However, these scaffolds still present limitations in terms of mechanical
properties and slow degradation. To decrease hydrophobicity and thus increase cell attach-
ment, strategies such as plasma and NaOH surface treatment or the addition of graphene
have also been proposed [36—-40]. The incorporation of bioglasses, such Bioglass 45S5 that
contains 45 wt% SiOy, 24.5 wt% NayO, 24.5 wt% CaO and 6 wt% P,Os, has attracted signifi-
cant attention due to its bone-bonding, osteogenic and osteoconductive capabilities [41-43].
However, several studies have reported that its incorporation in polymer-based scaffolds
decreases the mechanical strength and causes frequent fractures or cracks, which com-
promises the use of such composite scaffolds for load-bearing applications [44—46]. This
has been explained by the poor interfacial adhesion, with the bioglass particles acting as
defects in the polymer matrix [47]. Moreover, most PCL-bioglass blends are prepared
using toxic solvents, such as chloroform and dichloromethane, to dissolve the polymeric
material [47,48].

Bone tissue engineering scaffolds have been designed with the aim of achieving
optimal biomechanical performance. Usually, scaffolds present pore sizes in the range of 100
to 1000 um in order to facilitate vascularisation and new tissue formation [49-52]. However,
large pores reduce the overall mechanical properties, making it difficult for cells to bridge.
The pore size design that can achieve both optimal mechanical and biological performance
is a complex task and has not been fully addressed. Most studies have addressed this issue
by assuming that the scaffold’s properties mainly depend on the material composition
rather than considering the coupling effect between the composition and the architecture.
Previous studies investigating the mechanical performance of PCL scaffolds and PCL
scaffolds reinforced with ceramic particles, carbon nanotubes and graphene, presenting
uniformly distributed porousness with constant pore size, have found that they do not
exhibit the mechanical properties suitable for load-bearing applications [53,54]. This study
investigated the behaviour of PCL-Bioglass 4555 3D printed scaffolds. Blends (10 wt%,
15 wt% and 20 wt% bioglass) were prepared using a simple melt blending approach, which
did not require the use of hazardous solvents. Moreover, contrary to previously reported
studies that investigated simple rectangular and circular scaffold architectures, this research
investigated anatomically designed scaffolds with pore size gradients that mimicked the
architecture of bone and thus, aimed to improve the overall mechanical behaviour of the
scaffolds and thereby making them suitable for load-bearing applications [55-57].

2. Materials and Methods
2.1. Materials

Poly-¢e-caprolactone (PCL) (CAPA 6500, Mw = 50,000 Da) was provided by Perstorp
Caprolactones (Cheshire, UK) in a pellet shape. Bioglass 4555 was supplied by CeraDynam-
ics Ltd. James Kent Group (Stoke, UK) in powder form (<10pum particle size). PCL-based
composite blends containing different bioglass concentrations (10 wt%, 15 wt%, 20 wt%
bioglass) were fabricated using a melt blending procedure. Briefly, PCL pellets were melted
at a temperature of 150 °C prior to the addition of bioglass particles at the desired con-
centrations. The blends were mixed for at least an hour to guarantee a good bioglass
dispersion.
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2.2. Scaffold Fabrication

A screw-assisted extrusion-based additive manufacturing system (3D Discovery sys-
tem from RegenHU, Switzerland) was used for the fabrication of the PCL-bioglass bone
bricks. The 3D Discovery system comprised a material chamber, where the material in a
pellet form was melted and pushed into the screw chamber using air pressure (Figure 1).
The screw system facilitates the printing process of high viscous materials and guarantees
a good mixture in the case of composite materials. Contrary to the commonly used simple
0°/90° or 0° /45° lay-down patterns, a continuous path algorithm was created based on
anthropometric measurements using zigzag double filaments (38) and spiral filaments (14),
which allowed us to create scaffolds with an overall porosity of 52% (Figure 2 and Figure
51). Scaffolds were fabricated considering the following processing parameters: a melting
temperature of 90 °C; the deposition velocity of 20 mm/s; and the screw rotational velocity
of 12 rpm. The filaments were extruded using a 0.33 mm diameter needle.

Figure 1. The 3D Discovery system. (A) The screw and (B) the material chamber and extrusion head.
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Dimensions Values of Fabricated
Scaffolds

Width (mm) 26.7

Length (mm) 31.0

Height (mm) 10.0

Internal Circle 11.0
(mm)

Internal Pore Size 200
(um)

External Pore Size 650
(hm)

Figure 2. The anthropometric-based geometry and scaffolds dimensions.

2.3. Morphological Characterisation

The scanning electron microscopy (SEM) system FEI ESEM Quanta 200 (FEI Company,
Oregon, USA) was used to investigate the morphological characteristics of the 3D printed
scaffolds. The samples were sliced with a razor and coated (gold coating) with the use
of EMITECH K550X sputter coater (Quorum Technologies, Sussex, UK) before imaging.
SEM images were analysed by Image] (National Institutes of Health, Bethesda, WA, USA)
(10 measurements) to determine the pore size (PS), filament width (FW) and the layers gap
(LG).

2.4. Water Contact Angle

Surface wettability was determined through water contact angle (WCA) tests, carried
out using the OCA 15 system (Data Physics, San Jose, CA, USA). During the tests, deionised
water (4 puL of volume drop, 1 uL/s of velocity), in the form of a droplet, was dropped onto
the surface of the scaffolds by a fixed pipet, with the scaffolds aligned with the camera,
and recorded with a high-speed framing camera. Two time points (0 s and 20 s) were
considered and all tests were performed in triplicate, considering three different regions on
the scaffolds (Figure 3).

Figure 3. The different regions for the water contact angle tests: (a) the internal region; (b) the central
region; and (c) the external region.
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2.5. Thermal Gravimetric Analysis

A Netzsch TGA-DTA system (Erich Netzsch GmbH & Co. Holding KG, Selb, Ger-
many) machine was used to determine the material degradation and bioglass concentration
in the scaffolds. Tests were conducted in air atmosphere (50 mL/min) with temperatures
ranging from 25 °C to 1000 °C at a rate of 10 °C/min. Each test was conducted twice with
the use of platinum pans.

2.6. X-ray Diffraction

X-ray diffraction (XRD) was used for the crystalline pattern analyses of the PCL
and composite bone bricks. Tests were performed using the D2 PHASER Bruker (Bruker
Corporation, Billerica, Massachusetts, USA) with a copper anode source. The samples were
flattened on a metal holder and data were recorded with a 0.02 20° step for a total recording
time of 75 min. The detector recording time was 1 s per point. A total of 4500 points were
recorded.

2.7. Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) tests were conducted using the Nicolet
iS5 10 system (Thermo Scientific, Altrincham, Manchester, UK) to determine any potential
structural changes in both the PCL and composite bone bricks caused by the material
preparation and 3D printing process. The transmittance was evaluated considering wave
numbers ranging from 3500 to 500 cm ! at room temperature.

2.8. Energy Dispersive X-ray Spectroscopy

The chemical composition of the bone bricks, before and after cell seeding, was
analysed with the use of Energy dispersive x-ray (EDX) spectroscopy, thereby determining
the concentration of calcium (Ca), carbon ©, oxygen (O) and phosphorous (P). The analysis
was performed using the SEM FEG FEI Quanta 200 (FEI company, United States). The bone
bricks were gold coated prior imaging. The obtained SEM images were analysed using the
Oxford AZtec software (Oxford Instruments, Abingdon, Oxford, UK).

2.9. Mechanical Characterisation

Compression tests were performed to investigate the influence of the material compo-
sition and scaffold architecture. Tests were conducted using the INSTRON 3344 system
(Instron, High Wycombe, UK). The scaffolds were compressed with the use of a 2 kN load
cell and a 0.5 mm/min displacement rate, according to the ASTM D695-15 standards [58,59].
The dimensions of the bone bricks were 31 mm X 26.7 mm x 10 mm (length x width x
height) and tests were repeated four times. Force versus displacement curves that were
obtained using the Bluehill Universal Software (Instron, UK) were then converted into
stress—strain curves and the compressive modulus was determined using the GraphPad
Prism software (GraphPad Software Inc., San Diego, CA, USA) considering the linear
portion of the curve.

2.10. In Vitro Biological Characterisation

The ability of the printed scaffolds to sustain cell attachment and proliferation was
investigated using human adipose derived stem cells (hADSCs) (STEMPRO, Invitrogen,
Waltham, Massachusetts, USA) (passage 5). For cell culture, MesenPRO RSTM basal media,
2% (v/v) growth supplement, 1% (v/v) glutamine and 1% (v/v) penicillin/streptomycin (Invit-
rogen, Waltham, Massachusetts, USA) was used as a nutritional supplement. Cells were har-
vested at approximately 90% confluency with 0.005% trypsin-ethylenediaminetetraacetic
acid (Sigma-Aldrich, Dorset, UK) before cell seeding on the scaffolds.

The scaffolds were sterilised prior to the cell seeding. Briefly, the scaffolds were placed
into 50 mL tubes containing 80 wt% of pure ethanol (Thermo Fisher Scientific, Altrincham,
Manchester, UK) and 20 wt% of distilled water for 4 h. Then, the liquid was poured
out and the scaffolds were washed two times with Dulbecco’s phosphate buffered saline
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(PBS) (Thermo Fisher Scientific, Altrincham, Manchester, UK) and left to dry for 24 h.
Approximately 50,000 cells (counted by Cellometer Auto 100 Bright Field Cell Counter
(Nexcelom Bioscience, Lawrence, Massachusetts, USA)) in 89 uL cell suspension were
poured onto the top surface of each scaffold with the use of pipettes [60].

Cell viability was investigated at days 1, 7 and 14 after cell seeding using the Alamar
Blue assay, which provided a qualitative indication of the metabolic activity of the cells and
allowed for indirect information on cell attachment and proliferation on the scaffolds [61,62].
Briefly, at each time point, 90 uL of medium containing 0.001 wt% of Alamar Blue (Sigma-
Aldrich, Dorset, UK) was poured in each well and placed in the incubator for 4 h. Then, a
certain amount of the sample solution (200 pL) was conveyed into a 96 well plate and the
fluorescence intensity was determined using the microplate reader Synergy HTX Multi-
Mode Reader (BioTek, Winooski, Vermont, USA) (530 nm excitation wavelength and
590 nm emission wavelength). Then, the scaffolds were washed with PBS and fresh media
was added.

On day 14, the morphology of the attached cells and the cell spreading was investigated
using SEM imaging. The cells were fixed using 10 wt% neutral buffered formalin (Sigma-
Aldrich, Dorset, UK) for 30 min at room temperature and then the scaffolds were rinsed
twice with PBS. After the fixation procedure, the scaffolds were dehydrated using graded
ethanol mixed with deionised water (50%, 60%, 70%, 80%, 90% and two times with 100%),
followed by the addition of 50/50 ethanol /hexamethyldisilazane (HDMS) (Sigma-Aldrich,
Dorset, UK) (v/v) solution and 100%HDMS, leaving the liquid to evaporate overnight under
a hood. Each concentration of ethanol/deionised water and HDMS was used for 15 min.

2.11. Data Analysis

Mechanical and biological data are represented as mean =+ standard deviation. The
statistical analysis was conducted with the use of one-way ANOVA analysis of variance
with Tukey’s post hoc test with the use of GraphPad Prism software. Statistically significant
differences were considered as * p < 0.05, ** p < 0.01, ** p < 0.001 and **** p < 0.0001. TGA,
XRD and FTIR data were analysed using Origin 2021 (OriginLab Corporation, Northamp-
ton, MA, USA).

3. Results and Discussion
3.1. Morphological Analysis

3D printing was successfully used to create well-defined scaffolds that presented a
gradient of pore sizes, as shown in Figure 4. This figure shows a printed scaffold containing
10 wt% bioglass and the corresponding SEM image of the top, exhibiting a decrease in
pore size from the outer region to the internal region of the scaffold. Figure 5 presents the
SEM images of the printed scaffolds with different material compositions. The geometrical
characteristics are presented in Table 1. As observed, there were some differences between
the obtained and designed filament diameter results, which can be attributed to the fact
that the same processing conditions were applied to all material compositions. This can be
solved by optimising the processing parameters for each material composition. However,
such optimisation will result in different melting and cooling processes and, therefore,
in different crystallisation conditions with impacts on the biomechanical properties [63].
The results also show that the filament diameter decreased by increasing the ceramic
content and, consequently, the pore size increased. This can be explained by the increase
in the molten viscosity due to the addition of bioglass. As the processing conditions were
constant, the amount of extruded material decreased with the increasing viscosity due to the
addition of the reinforcement particles, thus decreasing the filament diameter. Moreover,
the SEM images show that the PCL scaffolds presented microporosity at the filament
surface (Figure 6A), while the PCL-bioglass scaffolds exhibited a smoother filament surface
(Figure 6C,E,G) due to the bioglass concentration, bioglass particle size, recrystallisation
process and the crystal size of the bioglass particles [64-71].
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Figure 4. The top view of the 10 wt% bioglass bone bricks: (A) The fabricated bone brick and (B) the
SEM image exhibiting the gradient pore size.

Figure 5. The top and cross-section SEM images of the scaffolds with different material compositions:
(A,B) PCL; (C,D) bioglass 10 wt%; (E,F) bioglass 15 wt%; and (G,H) bioglass 20 wt%.
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Table 1. The geometric characteristics of the scaffolds.
. . Pore Size (um)
Material Composition Filament Width (um)
Internal Region External Region

PCL 172 £ 0.01 398 £ 0.08 341 £3
PCL/Bioglass (90/10 wt%) 264 £+ 0.04 445 £+ 0.10 335 £11
PCL/Bioglass (85/15 wt%) 289 £ 0.07 541.5 4+ 0.09 327+8
PCL/Bioglass (80/20 wt%) 330 + 0.06 573.4 £ 0.10 325£3
A) B)

Figure 6. The water drop test on a PCL scaffold filament at 0 s (A) and 20 s (B).

3.2. Water Contact Angle Analysis

The water contact angle results at two different time points for the different scaffolds
that were considered in this study are presented in Figure 6 and Table 2. As observed, the
contact angle on a small timescale decreased with time, showing that the scaffolds were
absorbing the water or that the water was penetrating through the scaffolds. Moreover,
the results at 20 s seem to suggest that the water contact angle slightly decreased from
the internal regions of the scaffolds to the external regions. This behaviour, topologically
dependent to the scaffold architecture, is due to the gradient increase in the pore size
from the internal region to the external region. Furthermore, the addition of bioglass
particles into the polymer showed no difference on the overall hydrophilic properties of
the scaffolds.

Table 2. The WCA results of the different regions of the scaffolds and the different time points.

Material WCA at0s WCA at20s
Composition

Regiona  Regionb  Regionc Regiona Regionb  Regionc
PCL 54°+05 53°+0.7 53°+£09 53°+£03 53° £ 05 53° +1.2

PCL/Bioglass o o o o o o
(90/10 wto%) 60° + 0.7 54° + 0.9 47° + 1.1 56° + 0.8 50° + 0.8 43° £ 1.5
PCL/Bioglass ° ° o o o o
(85/15 wtd%) 59° +0.3 58° + 0.6 58° +1 56° + 1.3 56° + 1.1 55° +1.2
PCL/Bioglass ° o o o ° °
(80/20 wtd%) 69° + 04 67° £ 0.7 67° £ 09 67° £ 05 66° + 0.7 63° + 1.1

3.3. Thermal Gravimetric Analysis

Thermal gravimetric analysis (TGA) showed that the different material compositions
exhibited degradation temperatures ranging between 412.67 °C and 437.1 °C (Table 3).
After these temperatures, the only remaining content corresponded to bioglass (Figure 7).
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Moreover, the results show that the addition of bioglass decreased the degradation temper-
ature. This was previously reported by other authors as a consequence of the degradation
mechanism between the Si-O~ present on the surface of the bioglass particles and the C=O
groups on the polymer backbone [72]. The surface modification of the bioglass particles has
been proposed to improve the thermal stability of the composite materials [73]. However,
considering the processing temperatures used in this study (90 °C), the results suggest that
the extrusion process did not induce any material degradation. Moreover, the levels of
bioglass present in the scaffolds suggested that the melt blending process was a simple
and effective method for the preparation of composite blends without requiring the use of
organic solvents to dissolve the polymer.

Table 3. The designed and manufactured concentrations of the bioglass bone bricks.

Material Designed Measured Degradation
Concaellftraation Concentration Concentration Temperature
(wt%) (wt%) Q)

PCL 0 0 437.11
PCL/Bioglass (90/10 wt%) 10 10.61 £ 0.12 41547 +0.26
PCL/Bioglass (85/15 wt%) 15 15.42 £+ 0.08 413.93 +0.31
PCL/Bioglass (80/20 wt%) 20 20.68 £ 0.05 412.67 £0.18

= PCL
o0 ——— PCL/Bioglass (90/10wt%)
—— PCL/Bioglass (85/15wt%)
PCL/Bioglass (80/20wt%)
80
3
[}
o 604
c
@©
S
40 4
2 |
© ]
=
20
0 -
T T T T T T T T T T T
0 200 400 600 800 1000

Temp. (°C)
Figure 7. The Thermal Gravimetric Analysis (TGA) curves of the bioglass bone bricks.

3.4. X-ray Diffraction Analysis

Figure 8 shows the XRD pattern of the PCL and PCL-bioglass 20 wt% scaffolds. In
both cases, it is possible to observe strong peaks at 20, ranging from 20-24°, which can
be associated with the PCL crystal planes (110), (111) and (200). Moreover, the bioglass
peaks were similar to the PCL peaks, indicating that the bioglass did not have a crystal
structure. According to these results, no chemical transformations were induced during the
material preparation and printing process and the bioglass was well-laden in the scaffolds.
Moreover, as indicated in Table 4, the full width at half maximum (FWHM) of the PCL-
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bioglass was lower in comparison to PCL. According to the Scherrer equation [74], the
crystallinity and crystallite size decreases with increasing FWHM value, so the addition
of bioglass had an impact on the morphological structure of the polymeric matrix and
reduced the PCL crystallinity and crystallite size.

PCL-BG

Intensity (a. u.)

(110)

(200)

PCL AJ\

T g T % T : T

30 35 40 45 50
20 (deg.)

Figure 8. The XRD patterns of the PCL and PCL-bioglass scaffolds (80/20 wt%) in the range of
20 = 20-24.

Table 4. The calculated PCL crystallinity in the scaffolds and their crystallite size. * The highest peak
(crystal plane 110) was used to calculate the crystallinity and crystallite size.

Samples PCL Crystallinity (%) FWHM (°) * Crystallite size (nm) *
PCL 68.9 0.3726 21.7
PCL-Bioglass 59.1 0.2981 20.8

3.5. Fourier-Transform Infrared Spectroscopy Analysis

FTIR analysis was used to investigate the chemical structure of the filament sur-
face. The results shown in Figure 9 confirm the presence of bioglass particles within the
PCL-bioglass scaffolds. For all considered scaffolds, PCL-related stretching modes were
observed: asymmetric CH2 stretching peaks at 2949 cm™~!; symmetric CH, stretching at
2865 cm~!; carbonyl stretching at 1727 cm~!; C-O and C-C stretching in the crystalline
phase 1293 cm~!. The asymmetric and symmetric C-O-C stretching can be observed at
1240 cm~ ! and 1164 cm ™1, respectively. However, the Si-O-5i bands associated with the
bioglass particles cannot be observed due to an overlap with the previously mentioned PCL
bands (Figure 9) and the relatively low concentration of bioglass. Nevertheless, the different
shape of the PCL peaks at 1164 cm ! in the PCL-bioglass scaffolds can be attributed to the
overlap with the Si-O-5i group [75].
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PCL-BG

Pure PCL

Transmittance (%)

3000 2500 2000 1500 1000 500
Wavenumber (1/cm)

Figure 9. The FTIR spectra of the PCL and PCL-bioglass scaffolds.

3.6. Energy Dispersive X-ray Spectroscopy Analysis

Chemical composition analysis was carried out on the PCL and PCL-bioglass scaffolds
using EDX spectroscopy to calculate the percentage (wt%) of carbon (C), calcium (Ca), oxy-
gen (O), Silicon (Si) and phosphate (P) (Figure 10). Table 5 shows the element composition
on the scaffold’s surface. As observed, the scaffolds containing ceramic bioglass showed
less C content, but higher Ca, O, Si and P contents compared to the PCL bone bricks. The
results also show that by increasing the bioglass content, the Ca, O, Si and P contents were
also increased, confirming the presence of bioglass particles on the filament surface.

Table 5. The element composition of the printed scaffolds.

Material
Composi- PCL PCL/Bioglass PCL/Bioglass PCL/Bioglass
tion/Element (90/10 wt%) (85/15 wt%) (80/20 wt%)
Composition (wt%)
C (Carbon) 77.65 67.7 66.6 63.6
Ca (Calcium) 0 1.6 1.8 2.1
O (Oxygen) 22.35 19.7 19.8 21
Si (Silicon) 0 10.3 10.8 11.9

P (Phosphate) 0 0.7 1 1.4
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Figure 10. The SEM and EDX spectra of the PCL bone brick (A,B); the PCL-bioglass 10 wt% scaffolds
(C,D); the PCL/HA 15 wt% scaffolds (E,F); and the PCL-bioglass 20 wt% scaffolds (G,H).

3.7. Mechanical Characterization Analysis

The design of scaffolds for load-bearing applications is a complex task due to the
complex mechanical nature of human bone, which depends on the age, health condition,
activity and location (e.g., cortical or compact bone, less porous and presenting high
mechanical properties; and trabecular or cancellous bone, presenting high porosity and
low mechanical properties) [76-78]. Figure 11 shows both the compressive strength and
yield strength. The results show that the mechanical properties increased by increasing the
bioglass content, highlighting the positive impact of the reinforcement and suggesting a
good interface adhesion between the polymeric material and the bioglass particles. This can
be attributed to the blend preparation method that, contrary to solvent-based approaches,
does not induce any surface changes in the reinforcement particles. Moreover, the pore
size gradient allowed us to increase the overall mechanical properties, with all scaffolds
(including PCL scaffolds) presenting mechanical properties in the cortical (118-209 MPa
compressive strength) bone region [76-78].
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Figure 11. (A) The compressive modulus and (B) 0.2% offset yield strength results as a function of
bioglass content. * Statistical evidence (p < 0.05) analysed by one-way ANOVA, and Tukey post hoc
test. The * statistical evidence (p < 0.05), **, *** and **** is the one-way analysis of variance (one-way
ANOVA) and Tukey’s post hoc test with the use of GraphPad Prism software and is used to show the
difference between the results. The * is a small difference, while more * are added as the differences
between the results increases.

3.8. In Vitro Biological Performance

Figure 12 shows the fluorescence intensity for the different scaffolds at different time
points (days 1, 7 and 14) after cell seeding. As high fluorescence intensity values correspond
to high cell metabolic activity, the results suggest that the 3D printed scaffolds did not
present any cytotoxicity that was able to support cell attachment and proliferation. The
results show high cell metabolic activity on the PCL scaffolds at days 1 and 7 in comparison
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to the PCL-bioglass, which can be attributed to the smooth filament surface of the composite
scaffolds that limited cell attachment. This also explains the decrease in metabolic activity
when increasing the bioglass content, suggesting low cell attachment and proliferation.
However, from day 7 to day 14, a significant increase in cell metabolic activity was observed
in the bioglass scaffolds. This can be explained by the improved bioactivity nature of the
composite scaffolds, suggesting that bioglass may have a long-term positive biological
impact (Figure 13 and Table 6). The results also show that the Ca, O and P contents increased
by increasing the bioglass content. This may be attributed to the presence of bioglass acting
as a nucleating agent for the precipitation of apatite crystals on the scaffold’s surface [79].
Moreover, Figure 14 shows that the pore size gradient also induced a cell density gradient,
with more cells found in the outer regions (large pores, better permeability) and a lower
number of cells in the inner regions.

v
*%
i
= —
g 30000 F N PCL
2 L O 10wt% Bioglass
)
§ 20000 I L [l 15wt% Bloglass
= O 20wt% Bioglass
3
3
$ 10000
®
e
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| || [l |
Day 1 Day 14

Day 7
Scaffold Composition

Figure 12. The average fluorescence intensity for the different scaffolds at different days after cell
seeding. * Statistical evidence (p < 0.05) analysed by one-way ANOVA, and Tukey post hoc test. The
* Statistical evidence (p < 0.05), ** and *** is the one-way analysis of variance (one-way ANOVA) and
Tukey’s post hoc test with the use of GraphPad Prism software and is used to show the difference
between the results. The * is a small difference, while more * are added as the differences between the
results increase.

Table 6. The element composition of the 3D printed scaffolds at day 14 after cell seeding.

Element PCL PCL/Bioglass PCL/Bioglass PCL/Bioglass
Composition (wt%) (90/10 wt%) (85/15 wt%) (80/20 wt%)
C (Carbon) 62.46 494 53.3 56.2
Ca (Calcium) 4.2 34 2.8 2.5
O (Oxygen) 32.84 313 28.5 25.6
Si (Silicon) 0 13.8 14.1 14.8

P (Phosphate) 0.5 2.1 1.3 0.9
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Figure 13. The SEM and EDX spectra of the scaffolds at day 14 after cell seeding: PCL scaffold (A,B);
PCL-bioglass 10 wt% scaffold (C,D); PCL-bioglass 15 wt% scaffold (E,F); and PCL-bioglass 20 wt%

scaffold (G,H).
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Figure 14. The cell count at day 14 after cell seeding in different regions of the scaffolds. * Statistical
evidence (p < 0.05) analysed by one-way ANOVA, and Tukey post hoc test. The * statistical evidence
(p < 0.05), **, *** and **** is the one-way analysis of variance (one-way ANOVA) and Tukey’s post hoc
test with the use of GraphPad Prism software and is used to show the difference between the results.
The * is a small difference, while more * are added as the differences between the results increases.

The SEM images of the scaffolds (Figure 15) after 14 days of cell seeding show that the
cells were well-spread over the scaffolds (Figure 15A,C,E,G). It is also possible to observe
that the number of cells seems to decrease by decreasing the pore size, indicating that the
gradient structure could induce cell growth in a gradient manner (cross-section images and
clearly indicating the effect of cell density as a function of pore size (Figure 15B,D,FH). The
results also show that cell bridging mainly occurred in the cross-sections of adjacent layers
and filaments with higher pore size (Figure 16).
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Figure 15. The top and cross-section SEM images showing cell spreading on the scaffolds with
different material compositions on day 14: (A,B) PCL; (C,D) 10 wt% bioglass; (E,F) 15 wt% bioglass;
and (G,H) 20 wt% bioglass.
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Figure 16. The cell bridging between the 3D printed filaments at day 14 after cell seeding: (A) PCL
scaffold; (B) PCL-bioglass 10 wt%,; (C) PCL-bioglass 15 wt%; and (D) PCL-bioglass 20 wt%.

4. Conclusions

This paper investigated the coupled effect of scaffold architecture and material compo-
sition on the biomechanical performance of PCL-bioglass scaffolds. Scaffolds with pore size
gradients ranging from 172 um to 573 pm were produced using an extrusion-based additive
manufacturing system and PCL-bioglass pellets prepared by melt blending. This method
avoided the use of organic solvents, which induce chemical changes on the bioglass surface
and reduce the adhesion between the polymeric matrix and the reinforcement particles,
contributing to a decrease in the mechanical properties. In this study, scaffolds presented
mechanical properties in the cortical bone region, with the mechanical performance increas-
ing with increasing the bioglass content. The addition of bioactive glass particles had no
significant impact on the hydrophilic characteristics of the bone bricks and, consequently,
had no major impact on the initial cell attachment process and the results suggest a positive
long-term impact of bioglass. At day 14 after cell seeding, high metabolic cell activity was
observed on the PCL-bioglass 10 wt%. This can be explained by the formation of a calcium
phosphate layer on the scaffolds that significantly improved bioactivity. Moreover, the
results also show that the gradient structure induced cell growth in a gradient manner.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym14030445/s1, Figure S1: The continuous path algorithm
used to fabricate the scaffolds.

Author Contributions: Conceptualization, E.D. and P.B.; methodology, E.D., B.H., C.V,, A A A. and
AF; software, E.D. and A F; validation, E.D., B.H., C.V,, A A A, AF. and P.B.; formal analysis, E.D.,
B.H. and P.B,; investigation, E.D., B.H., C.V,, A.F. and P.B.; resources, all authors.; data curation,
all authors; writing—original draft preparation, E.D.; writing—review and editing, all authors;
visualization, E.D. and P.B.; supervision, G.C., A\W., G.B.,, BK. and P.B.; project administration, P.B.;
funding acquisition, P.B. All authors have read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/polym14030445/s1
https://www.mdpi.com/article/10.3390/polym14030445/s1

Polymers 2022, 14, 445 19 of 22

Funding: This project has been supported by the University of Manchester and the Engineering and
Physical Sciences Research Council (EPSRC) of the UK, the Global Challenges Research Fund (GCRF),
grant number EP/R01513/1 and EPSRC Doctoral Prize Fellowship EP/R513131/1.

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

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank both the University of Manchester and the
Engineering and Physical Sciences Research Council (EPSRC) of the UK for the support received.

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

References

1.

@

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Eivazzadeh-Keihan, R.; Bahojb, N.E.; Khanmohammadi, C.K.; Jafari, A.; Radinekiyan, F.; Hashemi, S.; Ahmadpour, E.; Behboudi,
A.; Mosafer, ].; Mokhtarzadeh, A.; et al. Metal-based nanoparticles for bone tissue engineering. J. Tissue Eng. Regener. Med. 2020,
14, 1687-1714. [CrossRef]

Wang, W.; Zhang, B.; Li, M.; Li, ].; Zhang, C.; Han, Y.; Wang, L.; Wang, K.; Zhou, C.; Liu, L; et al. 3D printing of PLA/n-HA
composite scaffolds with customized mechanical properties and biological functions for bone tissue engineering. Compos. Part B
Eng. 2021, 224, 109192. [CrossRef]

Koons, L.G.; Diba, M.; Mikos, G.A. Materials design for bone-tissue engineering. Nat. Rev. Mater. 2020, 5, 584-603. [CrossRef]
Collins, N.M,; Ren, G.; Young, K.; Pina, S.; Reis, L.R.; Oliveira, M.]. Scaffold Fabrication Technologies and Structure/Function
Properties in Bone Tissue Engineering. Adv. Funct. Mater. 2021, 31, 2010609. [CrossRef]

Ulson, O.; Zamboni, C.; Durigan, R.J.; Hungria, S.0.J.; Neto, ].S.H.; Christian, R W.; Mercadante, T.M.; Santili, C. Treatment of
femur pseudoarthrosis using wave plate: Evaluation of consolidation and its relationship with graft type. Injury 2021, 52, S18-S22.
[CrossRef] [PubMed]

Dai, Y.; Huang, L.; Zhang, H.; Hong, G.; He, Y.; Hu, J.; Liu, Y. Differentially expressed microRNAs as diagnostic biomarkers for
infected tibial non-union. Injury 2021, 52, 11-18. [CrossRef] [PubMed]

Rodriguez-Merchan, C.E. A Review of Recent Developments in the Molecular Mechanisms of Bone Healing. Int. J. Mol. Sci. 2021,
22,767. [CrossRef] [PubMed]

Bartolo, P.; Kruth, J.; Silva, J.; Levy, G.; Malshe, A.; Rajurkar, K.; Mitsuishi, M.; Ciurana, J.; Leu, M. Biomedical production of
implants by additive electro-chemical and physical processes. CIRP Ann. 2012, 61, 635-655. [CrossRef]

Xu, X.; Awad, A.; Robles-Martinez, P.; Gaisford, S.; Goyanes, A.; Basit, W.A. Vat photopolymerization 3D printing for advanced
drug delivery and medical device applications. ]. Control. Release 2021, 329, 743-757. [CrossRef] [PubMed]

Awad, A ; Fina, F; Goyanes, A.; Gaisford, S.; Basit, A. Advances in powder bed fusion 3D printing in drug delivery and healthcare.
Adv. Drug Deliv. Rev. 2021, 174, 406-424. [CrossRef]

Azad, AM.; Olawuni, D.; Kimbell, G.; Badruddoza, M.Z.A.; Hossain, M.S.; Sultana, T. Polymers for Extrusion-Based 3D Printing
of Pharmaceuticals: A Holistic Materials—Process Perspective. Pharmaceutics 2020, 12, 124. [CrossRef]

Melchels, EP.W.; Domingos, M.A.N.; Klein, T.J.; Malda, J.; Bartolo, PJ.; Hutmacher, D.W. Additive manufacturing of tissues and
organs. Prog. Polym. Sci. 2012, 37, 1079-1104. [CrossRef]

Samaro, A.; Janssens, P.; Vanhoorne, V.; Van Renterghem, J.; Eeckhout, M.; Cardon, L.; De Beer, T.; Vervaet, C. Screening of
pharmaceutical polymers for extrusion-Based Additive Manufacturing of patient-tailored tablets. Int. J. Pharm. 2020, 586, 119591.
[CrossRef] [PubMed]

Spoerk, M.; Arbeiter, E; Koutsamanis, I.; Cajner, H.; Katschnig, M.; Eder, S. Personalised urethra pessaries prepared by material
extrusion-based additive manufacturing. Int. J. Pharm. 2021, 608, 121112. [CrossRef] [PubMed]

Jin, M.; Neuber, C.; Schmidt, H.W. Tailoring polypropylene for extrusion-based additive manufacturing. Addit. Manuf. 2020, 33,
101101. [CrossRef]

Park, S.; Fu, K. Polymer-based filament feedstock for additive manufacturing. Compos. Sci. Technol. 2021, 213, 108876. [CrossRef]
Huang, B.; Vyas, C.; Byun, ].J.; EI-Newehy, M.; Huang, Z.; Bartolo, P. Aligned multi-walled carbon nanotubes with nanohydrox-
yapatite in a 3D printed polycaprolactone scaffold stimulates osteogenic differentiation. Mater. Sci. Eng. C 2020, 108, 110374.
[CrossRef] [PubMed]

Pan, Q.; Gao, C.; Wang, Y.; Wang, Y.; Mao, C.; Wang, Q.; Economidou, N.S.; Douroumis, D.; Wen, F,; Tan, L.; et al. Investigation
of bone reconstruction using an attenuated immunogenicity xenogenic composite scaffold fabricated by 3D printing. Bio-Des.
Manuf. 2020, 3, 396-409. [CrossRef]

Mabharjan, B.; Kaliannagounder, K.V.; Jang, R.S.; Awasthi, P.G.; Bhattarai, P.D.; Choukrani, G.; Park, H.C.; Kim, S.C. In-situ
polymerized polypyrrole nanoparticles immobilized poly(e-caprolactone) electrospun conductive scaffolds for bone tissue
engineering. Mater. Sci. Eng. C 2020, 114, 111056. [CrossRef] [PubMed]


http://doi.org/10.1002/term.3131
http://doi.org/10.1016/j.compositesb.2021.109192
http://doi.org/10.1038/s41578-020-0204-2
http://doi.org/10.1002/adfm.202010609
http://doi.org/10.1016/j.injury.2021.01.045
http://www.ncbi.nlm.nih.gov/pubmed/34088464
http://doi.org/10.1016/j.injury.2020.09.016
http://www.ncbi.nlm.nih.gov/pubmed/32972721
http://doi.org/10.3390/ijms22020767
http://www.ncbi.nlm.nih.gov/pubmed/33466612
http://doi.org/10.1016/j.cirp.2012.05.005
http://doi.org/10.1016/j.jconrel.2020.10.008
http://www.ncbi.nlm.nih.gov/pubmed/33031881
http://doi.org/10.1016/j.addr.2021.04.025
http://doi.org/10.3390/pharmaceutics12020124
http://doi.org/10.1016/j.progpolymsci.2011.11.007
http://doi.org/10.1016/j.ijpharm.2020.119591
http://www.ncbi.nlm.nih.gov/pubmed/32640268
http://doi.org/10.1016/j.ijpharm.2021.121112
http://www.ncbi.nlm.nih.gov/pubmed/34547391
http://doi.org/10.1016/j.addma.2020.101101
http://doi.org/10.1016/j.compscitech.2021.108876
http://doi.org/10.1016/j.msec.2019.110374
http://www.ncbi.nlm.nih.gov/pubmed/31924043
http://doi.org/10.1007/s42242-020-00086-4
http://doi.org/10.1016/j.msec.2020.111056
http://www.ncbi.nlm.nih.gov/pubmed/32994008

Polymers 2022, 14, 445 20 of 22

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Kundu, J.; Shim, J.; Jang, J.; Kim, S.; Cho, D. An additive manufacturing-based PCL-alginate-chondrocyte bioprinted scaffold for
cartilage tissue engineering. J. Tissue Eng. Regen. Med. 2013, 9, 1286-1297. [CrossRef]

Sousa, I.; Mendes, A.; Pereira, R.E; Bartolo, PJ. Collagen surface modified poly(e-caprolactone) scaffolds with improved
hydrophilicity and cell adhesion properties. Mater. Lett. 2014, 134, 263-267. [CrossRef]

Garcia-Giralt, N.; Izquierdo, R.; Nogués, X.; Perez-Olmedilla, M.; Benito, P.; Gémez-Ribelles, J.L.; Checa, M.A.; Suay, J.; Caceres,
E.; Monllau, J.C. A porous PCL scaffold promotes the human chondrocytes redifferentiation and hyaline-specific extracellular
matrix protein synthesis. |. Biomed. Mater. Res. Part A 2008, 85A, 1082-1089. [CrossRef]

Ocando, C.; Dinescu, S.; Samoila, I.; Daniela, G.C.; Cucuruz, A.; Costache, M.; Averous, L. Fabrication and properties of
alginate-hydroxyapatite biocomposites as efficient biomaterials for bone regeneration. Eur. Polym. J. 2021, 151, 110444. [CrossRef]
Jin, S.; Xia, X.; Huang, J.; Yuan, C.; Zuo, Y.; Li, Y; Li, ]. Recent advances in PLGA-based biomaterials for bone tissue regeneration.
Acta Biomater. 2021, 127, 56-79. [CrossRef]

Chen, S.; Wang, H.; Mainardi, V.L,; Talo, G.; McCarthy, A.; John, ].V.; Teusink, M.].; Hong, L.; Xie, ]. Biomaterials with structural
hierarchy and controlled 3D nanotopography guide endogenous bone regeneration. Sci. Adv. 2021, 7, eabg3089. [CrossRef]
[PubMed]

Liu, X.; Chen, M.; Luo, J.; Zhao, H.; Zhou, X.; Gu, Q.; Yang, H.; Zhu, X.; Cui, W,; Shi, Q. Immunopolarization-regulated 3D
printed-electrospun fibrous scaffolds for bone regeneration. Biomaterials 2021, 276, 121037. [CrossRef] [PubMed]

Brunello, G.; Panda, S.; Schiavon, L.; Sivolella, S.; Biasetto, L.; Del Fabbro, M. The Impact of Bioceramic Scaffolds on Bone
Regeneration in Preclinical In Vivo Studies: A Systematic Review. Materials 2020, 13, 1500. [CrossRef] [PubMed]

Mulazzi, M.; Campodoni, E.; Bassi, G.; Montesi, M.; Panseri, S.; Bonvicini, F; Gentilomi, G.A.; Tampieri, A.; Sandri, M. Medicated
Hydroxyapatite/Collagen Hybrid Scaffolds for Bone Regeneration and Local Antimicrobial Therapy to Prevent Bone Infections.
Pharmaceutics 2021, 13, 1090. [CrossRef] [PubMed]

Soni, R.; Kumar, N.V.; Chameettachal, S.; Pati, F.; Narayan Rath, S. Synthesis and Optimization of PCL-Bioactive Glass Composite
Scaffold for Bone Tissue Engineering. Mater. Today. Proc. 2019, 15, 294-299. [CrossRef]

Li, L; Yu, M; Li, Y;; Li, Q,; Yang, H.; Zheng, M.; Han, Y.; Lu, D,; Lu, S.; Gui, L. Synergistic anti-inflammatory and osteogenic
n-HA /resveratrol/chitosan composite microspheres for osteoporotic bone regeneration. Bioact. Mater. 2021, 6, 1255-1266.
[CrossRef]

Li, R; Sun, Y,; Cai, Z; Li, Y.; Sun, J.; Bi, W,; Yang, F.; Zhou, Q.; Ye, T,; Yu, Y. Highly bioactive peptide-HA photo-crosslinking
hydrogel for sustained promoting bone regeneration. Chem. Eng. J. 2021, 415, 129015. [CrossRef]

Gendviliene, I.; Simoliunas, E.; Alksne, M.; Dibart, S.; Jasiuniene, E.; Cicenas, V.; Jacobs, R.; Bukelskiene, V.; Rutkunas, V. Effect of
extracellular matrix and dental pulp stem cells on bone regeneration with 3D printed PLA/HA composite scaffolds. Eur. Cells
Mater. 2021, 41, 204-215. [CrossRef] [PubMed]

Pérez-Moreno, A.; Reyes-Peces, M.V,; Vilches-Pérez, ].I.; Fernandez-Montesinos, R.; Pinaglia-Tobaruela, G.; Salido, M.; de la
Rosa-Fox, N.; Pifiero, M. Effect of Washing Treatment on the Textural Properties and Bioactivity of Silica/Chitosan/TCP Xerogels
for Bone Regeneration. Int. J. Mol. Sci. 2021, 22, 8321. [CrossRef] [PubMed]

Ghayor, C.; Bhattacharya, I.; Weber, F.E. The optimal microarchitecture of 3D-printed 3-TCP bone substitutes for vertical bone
augmentation differs from that for osteoconduction. Mater. Des. 2021, 204, 109650. [CrossRef]

Rostami, F.; Tamjid, E.; Behmanesh, M. Drug-eluting PCL/graphene oxide nanocomposite scaffolds for enhanced osteogenic
differentiation of mesenchymal stem cells. Mater. Sci. Eng. C 2020, 115, 111102. [CrossRef] [PubMed]

Wang, S; Li, R.; Xu, Y,; Xia, D.; Zhu, Y.; Yoon, J.; Gu, R.; Liu, X.; Zhao, W.; Zhao, X.; et al. Fabrication and Application of a
3D-Printed Poly-e-Caprolactone Cage Scaffold for Bone Tissue Engineering. Biomed Res. Int. 2020, 2020, 2087475. [CrossRef]
He, M.; Zhu, C,; Xu, H.; Sun, D.; Chen, C.; Feng, G.; Liu, L.; Li, Y.; Zhang, L. Conducting Polyetheretherketone Nanocomposites
with an Electrophoretically Deposited Bioactive Coating for Bone Tissue Regeneration and Multimodal Therapeutic Applications.
ACS Appl. Mater. Interfaces 2020, 12, 56924-56934. [CrossRef]

Xynos, 1.D.; Edgar, A.J.; Buttery, L.D.K.; Hench, L.L.; Polak, ].M. Ionic Products of Bioactive Glass Dissolution Increase Proliferation
of Human Osteoblasts and Induce Insulin-like Growth Factor I mRNA Expression and Protein Synthesis. Biochem. Biophys. Res.
Commun. 2020, 276, 461-465. [CrossRef]

Hua, S;; Su, J.; Deng, Z.; Wu, J.; Cheng, L.; Yuan, X.; Chen, E; Zhu, H.; Qi, D.; Xiao, J.; et al. Microstructures and properties of 4555
bioglass®& BCP bioceramic scaffolds fabricated by digital light processing. Addit. Manuf. 2021, 45, 102074. [CrossRef]

Wang, W.; Caetano, G.; Ambler, W.; Blaker, J.; Frade, M.; Mandal, P; Diver, C.; Bartolo, P. Enhancing the Hydrophilicity and Cell
Attachment of 3D Printed PCL/Graphene Scaffolds for Bone Tissue Engineering. Materials 2016, 9, 992. [CrossRef]

Ma, Z.; Xie, J.; Shan, X.; Zhang, ].Z.; Wang, Q. High solid content 4555 Bioglass®-based scaffolds using stereolithographic ceramic
manufacturing: Process, structural and mechanical properties. |. Mech. Sci. Technol. 2021, 35, 823-832. [CrossRef]

Kargozar, S.; Baino, F.; Hamzehlou, S.; Hill, R.G.; Mozafari, M. Bioactive Glasses: Sprouting Angiogenesis in Tissue Engineering.
Trends Biotechnol. 2018, 36, 430—444. [CrossRef] [PubMed]

Zeimaran, E.; Pourshahrestani, S.; Fathi, A.; Razak, N.A.A ; Kadri, N.; Sheikhi, A.; Baino, F. Advances in bioactive glass-containing
injectable hydrogel biomaterials for tissue regeneration. Acta Biomater. 2021, 136, 1-36. [CrossRef]

Simpson, R.L.; Nazhat, S.N.; Blaker, ]J.J.; Bismarck, A.; Hill, R.; Boccaccini, A.R.; Hansen, U.N.; Amis, A.A. A comparative
study of the effects of different bioactive fillers in PLGA matrix composites and their suitability as bone substitute materials: A
thermo-mechanical and in vitro investigation. . Mech. Behav. Biomed. Mater. 2015, 50, 277-289. [CrossRef] [PubMed]


http://doi.org/10.1002/term.1682
http://doi.org/10.1016/j.matlet.2014.06.132
http://doi.org/10.1002/jbm.a.31670
http://doi.org/10.1016/j.eurpolymj.2021.110444
http://doi.org/10.1016/j.actbio.2021.03.067
http://doi.org/10.1126/sciadv.abg3089
http://www.ncbi.nlm.nih.gov/pubmed/34321208
http://doi.org/10.1016/j.biomaterials.2021.121037
http://www.ncbi.nlm.nih.gov/pubmed/34325336
http://doi.org/10.3390/ma13071500
http://www.ncbi.nlm.nih.gov/pubmed/32218290
http://doi.org/10.3390/pharmaceutics13071090
http://www.ncbi.nlm.nih.gov/pubmed/34371782
http://doi.org/10.1016/j.matpr.2019.05.008
http://doi.org/10.1016/j.bioactmat.2020.10.018
http://doi.org/10.1016/j.cej.2021.129015
http://doi.org/10.22203/eCM.v041a15
http://www.ncbi.nlm.nih.gov/pubmed/33641140
http://doi.org/10.3390/ijms22158321
http://www.ncbi.nlm.nih.gov/pubmed/34361087
http://doi.org/10.1016/j.matdes.2021.109650
http://doi.org/10.1016/j.msec.2020.111102
http://www.ncbi.nlm.nih.gov/pubmed/32600706
http://doi.org/10.1155/2020/2087475
http://doi.org/10.1021/acsami.0c20145
http://doi.org/10.1006/bbrc.2000.3503
http://doi.org/10.1016/j.addma.2021.102074
http://doi.org/10.3390/ma9120992
http://doi.org/10.1007/s12206-021-0144-9
http://doi.org/10.1016/j.tibtech.2017.12.003
http://www.ncbi.nlm.nih.gov/pubmed/29397989
http://doi.org/10.1016/j.actbio.2021.09.034
http://doi.org/10.1016/j.jmbbm.2015.06.008
http://www.ncbi.nlm.nih.gov/pubmed/26164218

Polymers 2022, 14, 445 21 of 22

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Fu, Q.; Saiz, E.; Rahaman, M.N.,; Tomsia, A.P. Bioactive glass scaffolds for bone tissue engineering: State of the art and future
perspectives. Mater. Sci. Eng. C 2011, 31, 1245-1256. [CrossRef]

Poh, PS.P,; Hutmacher, W.D.; Holzapfel, M.B.; Solanki, K.A.; Stevens, M.M.; Woodruff, A.M. In vitro and in vivo bone formation
potential of surface calcium phosphate-coated polycaprolactone and polycaprolactone/bioactive glass composite scaffolds. Acta
Biomater. 2016, 30, 319-333. [CrossRef]

Baier, R.V.; Contreras, R.J.I.; Giovanetti, C.M.; Palza, H.; Burda, I; Terrasi, G.; Weisse, B.; De Freitas, G.S.; Nystrom, G.; Vivanco,
J.E; et al. Shape fidelity, mechanical and biological performance of 3D printed polycaprolactone-bioactive glass composite
scaffolds. Mater. Sci. Eng. C 2021, 112540. [CrossRef]

Kim, Y,; Lim, J.Y,; Yang, G.H.; Seo, J.; Ryu, H.; Kim, G. 3D-printed PCL/bioglass (BGS-7) composite scaffolds with high toughness
and cell-responses for bone tissue regeneration. J. Ind. Eng. Chem. 2019, 79, 163-171. [CrossRef]

Karageorgiou, V.; Kaplan, D. Porosity of 3D biomaterial scaffolds and osteogenesis. Biomaterials 2005, 26, 5474-5491. [CrossRef]
Semitela, A.; Girdo, A.F; Fernandes, C.; Ramalho, G.; Bdikin, L; Completo, A.; Marques, P.A.A.P. Electrospinning of bioactive
polycaprolactone-gelatin nanofibres with increased pore size for cartilage tissue engineering applications. J. Biomater. Appl. 2020,
35, 471-484. [CrossRef]

Liu, R; Ma, L.; Liu, H.; Xu, B.; Feng, C.; He, R. Effects of pore size on the mechanical and biological properties of stereolithographic
3D printed HAp bioceramic scaffold. Ceram. Int. 2021, 47, 28924-28931. [CrossRef]

Tytgat, L.; Kollert, M.R.; Van Damme, L.; Thienpont, H.; Ottevaere, H.; Duda, G.N.; Geissler, S.; Dubruel, P.; Van Vlierberghe, S.;
Qazi, T.H. Evaluation of 3D Printed Gelatin-Based Scaffolds with Varying Pore Size for MSC-Based Adipose Tissue Engineering.
Macromol. Biosci. 2020, 20, 1900364. [CrossRef] [PubMed]

Huang, B.; Vyas, C.; Roberts, I; Poutrel, Q.; Chiang, W.; Blaker, ].].; Huang, Z.; Bartolo, P. Fabrication and characterisation of 3D
printed MWCNT composite porous scaffolds for bone regeneration. Mater. Sci. Eng. C 2019, 98, 266-278. [CrossRef] [PubMed]
Wang, W.; Junior, J.R.P.; Nalesso, PR.L.; Musson, D.; Cornish, J.; Mendonga, F.; Caetano, EG.; Bartolo, P. Engineered 3D printed
poly(e-caprolactone)/graphene scaffolds for bone tissue engineering. Mater. Sci. Eng. C 2019, 100, 759-770. [CrossRef]

Shirzad, M.; Matbouei, A ; Fathi, A.; Rabiee, S.M. Experimental and numerical investigation of polymethyl methacrylate scaffolds
for bone tissue engineering. Proc. Inst. Mech. Eng. Part L ]. Mater. Des. Appl. 2020, 234, 586-594. [CrossRef]

Mosaddad, S.; Yazdanian, M.; Tebyanian, H.; Tahmasebi, E.; Yazdanian, A.; Seifalian, A.; Tavakolizadeh, M. Fabrication and
properties of developed collagen/strontium-doped Bioglass scaffolds for bone tissue engineering. J. Mater. Res. Technol. 2020, 9,
14799-14817. [CrossRef]

Lu, E; Wu, R;; Shen, M,; Xie, L.; Liu, M.; Li, Y,; Xu, S.; Wan, L.; Yang, X.; Gao, C.; et al. Rational design of bioceramic scaffolds with
tuning pore geometry by stereolithography: Microstructure evaluation and mechanical evolution. J. Eur. Ceram. Soc. 2021, 41,
1672-1682. [CrossRef]

Daskalakis, E.; Liu, F.; Huang, B.; Anil, A.A.; Cooper, G.; Weightman, A.; Blunn, G.; Kog, B.; Bartolo, P. Investigating the Influence
of Architecture and Material Composition of 3D Printed Anatomical Design Scaffolds for Large Bone Defects. Int. ]. Bioprinting
2021, 7, 43-52. [CrossRef]

Hassan, M.H.; Omar, A.M.; Daskalakis, E.; Hou, Y.; Huang, B.; Strashnov, I.; Grieve, B.D.; Bartolo, P. The Potential of Polyethylene
Terephthalate Glycol as Biomaterial for Bone Tissue Engineering. Polymers 2020, 12, 3045. [CrossRef]

Huang, B.; Aslan, E.; Jiang, Z.; Daskalakis, E.; Jiao, M.; Aldalbahi, A.; Vyas, C.; Bartolo, P. Engineered dual-scale poly (e-
caprolactone) scaffolds using 3D printing and rotational electrospinning for bone tissue regeneration. Addit. Manuf. 2020,
36, 101452. [CrossRef]

Kranzler, M.; Frenzel, E.; Walser, V.; Hofmann, T.; Stark, T.D.; Ehling-Schulz, M. Impact of Phytochemicals on Viability and
Cereulide Toxin Synthesis in Bacillus cereus Revealed by a Novel High-Throughput Method, Coupling an AlamarBlue-Based
Assay with UPLC-MS/MS. Toxins 2021, 13, 672. [CrossRef] [PubMed]

Jafari, A.; Taziki, M.; Aski, H.; Mojtahedi, A.; Behnampour, N.; Atarjalali, M.; Rafiei, E. Evaluation of the accuracy of the microplate
alamar blue assay and the proportion method for the prompt detection of Mycobacterium tuberculosis and susceptibility of
multidrug-resistant Mycobacterium tuberculosis clinical isolates. Int. J. Mycobacteriol. 2021, 9, 67. [CrossRef]

Liu, F; Mishbak, H.H.; Bartolo, P. Hybrid polycaprolactone /hydrogel scaffold fabrication and in-process plasma treatment using
PABS. Int. ]. Bioprinting 2018, 5, 174-182. [CrossRef]

Fiume, E.; Ciavattini, S.; Verné, E.; Baino, F. Foam Replica Method in the Manufacturing of Bioactive Glass Scaffolds: Out-of-Date
Technology or Still Underexploited Potential? Materials 2021, 14, 2795. [CrossRef]

Kolan, C.R.K,; Huang, Y.; Semon, A.].; Leu, C.M. 3D-printed Biomimetic Bioactive Glass Scaffolds for Bone Regeneration in Rat
Calvarial Defects. Int. |. Bioprinting 2020, 6, 274-291. [CrossRef] [PubMed]

Nommeots-Nomm, A.; Ligorio, C.; Bodey, A.].; Cai, B.; Jones, ].R.; Lee, P.D.; Poologasundarampillai, G. Four-dimensional imaging
and quantification of viscous flow sintering within a 3D printed bioactive glass scaffold using synchrotron X-ray tomography.
Mater. Today Adv. 2019, 2, 100011. [CrossRef]

Elsayed, H.; Zocca, A.; Schmidyt, J.; Glinster, J.; Colombo, P.; Bernardo, E. Bioactive glass-ceramic scaffolds by additive manufac-
turing and sinter-crystallization of fine glass powders. J. Mater. Res. 2018, 33, 1960-1971. [CrossRef]

Poh, PS.P; Hutmacher, D.W.; Stevens, M.M.; Woodruff, M.A. Corrigendum: Fabrication and in vitro characterization of bioactive
glass composite scaffolds for bone regeneration (2013 Biofabrication 5 045005). Biofabrication 2014, 6, 029501. [CrossRef]


http://doi.org/10.1016/j.msec.2011.04.022
http://doi.org/10.1016/j.actbio.2015.11.012
http://doi.org/10.1016/j.msec.2021.112540
http://doi.org/10.1016/j.jiec.2019.06.027
http://doi.org/10.1016/j.biomaterials.2005.02.002
http://doi.org/10.1177/0885328220940194
http://doi.org/10.1016/j.ceramint.2021.07.053
http://doi.org/10.1002/mabi.201900364
http://www.ncbi.nlm.nih.gov/pubmed/32077631
http://doi.org/10.1016/j.msec.2018.12.100
http://www.ncbi.nlm.nih.gov/pubmed/30813027
http://doi.org/10.1016/j.msec.2019.03.047
http://doi.org/10.1177/1464420720901851
http://doi.org/10.1016/j.jmrt.2020.10.065
http://doi.org/10.1016/j.jeurceramsoc.2020.10.002
http://doi.org/10.18063/ijb.v7i2.268
http://doi.org/10.3390/polym12123045
http://doi.org/10.1016/j.addma.2020.101452
http://doi.org/10.3390/toxins13090672
http://www.ncbi.nlm.nih.gov/pubmed/34564676
http://doi.org/10.4103/2212-5531.307119
http://doi.org/10.18063/ijb.v5i1.174
http://doi.org/10.3390/ma14112795
http://doi.org/10.18063/ijb.v6i2.274
http://www.ncbi.nlm.nih.gov/pubmed/32782995
http://doi.org/10.1016/j.mtadv.2019.100011
http://doi.org/10.1557/jmr.2018.120
http://doi.org/10.1088/1758-5082/6/2/029501

Polymers 2022, 14, 445 22 of 22

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Shahin-Shamsabadi, A.; Hashemi, A.; Tahriri, M.; Bastami, F,; Salehi, M.; Mashhadi Abbas, F. Mechanical, material, and biological
study of a PCL/bioactive glass bone scaffold: Importance of viscoelasticity. Mater. Sci. Eng. C 2018, 90, 280-288. [CrossRef]
Petretta, M.; Gambardella, A.; Boi, M.; Berni, M.; Cavallo, C.; Marchiori, G.; Maltarello, M.C.; Bellucci, D.; Fini, M.; Baldini, N.;
et al. Composite Scaffolds for Bone Tissue Regeneration Based on PCL and Mg-Containing Bioactive Glasses. Biology 2021, 10, 398.
[CrossRef] [PubMed]

Chen, Q.Z.; Rezwan, K.; Armitage, D.; Nazhat, S.N.; Boccaccini, A.R. The surface functionalization of 45S5 Bioglass®-based
glass-ceramic scaffolds and its impact on bioactivity. J. Mater. Sci. Mater. Med. 2006, 17, 979-987. [CrossRef] [PubMed]
Larranaga, A.; Petisco, S.; Sarasua, ].R. Improvement of thermal stability and mechanical properties of medical polyester
composites by plasma surface modification of the bioactive glass particles. Polym. Degrad. Stab. 2013, 98, 1717-1723. [CrossRef]
Larrafaga, A.; Sarasua, J. Effect of bioactive glass particles on the thermal degradation behaviour of medical polyesters. Polym.
Degrad. Stab. 2013, 98, 751-758. [CrossRef]

Qu, H.; Fu, H,; Han, Z,; Sun, Y. Biomaterials for bone tissue engineering scaffolds: A review. RSC Adv. 2019, 9, 26252-26262.
[CrossRef]

Zhou, X.; Zhou, G.; Junka, R.; Chang, N.; Anwar, A.; Wang, H.; Yu, X. Fabrication of polylactic acid (PLA)-based porous scaffold
through the combination of traditional bio-fabrication and 3D printing technology for bone regeneration. Colloids Surf. B 2021,
197, 111420. [CrossRef]

Albert, D.L.; Katzenberger, M.].; Agnew, A.M.; Kemper, A.R. A comparison of rib cortical bone compressive and tensile material
properties: Trends with age, sex, and loading rate. J. Mech. Behav. Biomed. Mater. 2021, 122, 104668. [CrossRef] [PubMed]
Havaldar, R,; Pilli, S.; Putti, B.B. Insights into the effects of tensile and compressive loadings on human femur bone. Adv. Biomed.
Res. 2014, 3, 101. [CrossRef] [PubMed]

Morgan, E.E; Unnikrisnan, G.U.; Hussein, A.I. Bone Mechanical Properties in Healthy and Diseased States. Annu. Rev. Biomed.
Eng. 2018, 20, 119-143. [CrossRef] [PubMed]

Edén, M. Structure and formation of amorphous calcium phosphate and its role as surface layer of nanocrystalline apatite:
Implications for bone mineralization. Materialia 2021, 17, 101107. [CrossRef]


http://doi.org/10.1016/j.msec.2018.04.080
http://doi.org/10.3390/biology10050398
http://www.ncbi.nlm.nih.gov/pubmed/34064398
http://doi.org/10.1007/s10856-006-0433-y
http://www.ncbi.nlm.nih.gov/pubmed/17122908
http://doi.org/10.1016/j.polymdegradstab.2013.06.003
http://doi.org/10.1016/j.polymdegradstab.2012.12.015
http://doi.org/10.1039/C9RA05214C
http://doi.org/10.1016/j.colsurfb.2020.111420
http://doi.org/10.1016/j.jmbbm.2021.104668
http://www.ncbi.nlm.nih.gov/pubmed/34265671
http://doi.org/10.4103/2277-9175.129375
http://www.ncbi.nlm.nih.gov/pubmed/24800190
http://doi.org/10.1146/annurev-bioeng-062117-121139
http://www.ncbi.nlm.nih.gov/pubmed/29865872
http://doi.org/10.1016/j.mtla.2021.101107

	Introduction 
	Materials and Methods 
	Materials 
	Scaffold Fabrication 
	Morphological Characterisation 
	Water Contact Angle 
	Thermal Gravimetric Analysis 
	X-ray Diffraction 
	Fourier-Transform Infrared Spectroscopy 
	Energy Dispersive X-ray Spectroscopy 
	Mechanical Characterisation 
	In Vitro Biological Characterisation 
	Data Analysis 

	Results and Discussion 
	Morphological Analysis 
	Water Contact Angle Analysis 
	Thermal Gravimetric Analysis 
	X-ray Diffraction Analysis 
	Fourier-Transform Infrared Spectroscopy Analysis 
	Energy Dispersive X-ray Spectroscopy Analysis 
	Mechanical Characterization Analysis 
	In Vitro Biological Performance 

	Conclusions 
	References

