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Abstract

In this study, composite scaffolds based on poly(caprolactone) (PCL) and non-covalently
functionalized few-layer graphene (FLG) were manufactured by an extrusion-based sys-
tem for the first time. For that, functionalized FLG powder was obtained through the

evaporation of a functionalized FLG aqueous suspension prepared from a graphite pre-
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cursor. Cryomilling was shown to be an efficient mixing method, producing a homoge-
neous dispersion of FLG particles onto the PCL polymeric matrix. Thereafter, fused

European Institute of Excellence on Tissue deposition modeling (FDM) was used to print 3D scaffolds and their morphology, ther-
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mal, biodegradability, mechanical, and cytotoxicity properties were analysed. The pres-
ence of functionalized FLG demonstrated to induce slight changes in the microstructure
of the scaffold, did not affect the thermal stability and enhanced significantly the com-
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pressive modulus. The composite scaffolds presented a porosity of around 40% and a
mean pore size in the range of 300 um. The cell viability and proliferation of SaOs-2
cells were assessed and the results showed good cell viability and long-term prolifera-
tion onto produced composite scaffolds. Therefore, these new FLG/PCL scaffolds com-
prised adequate morphological, thermal, mechanical, and biological properties to be

used in bone tissue regeneration.
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1 | INTRODUCTION scaffolds and other complex structures with varied geometries are

some of the examples of what can be obtained by 3D printing.2 Fused

Recently 3D printing techniques provided new approaches for the
fabrication of biomedical structures, offering the possibility to pre-

cisely control the geometry and size of the structures.! Fibers,
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deposition modeling (FDM) is one of the fabrication methods available
for the production of three-dimensional structures, enabling the
extrusion of thermoplastic material through an extrusion nozzle in a
layer-by-layer way.2 FDM comprises the simplicity and flexibility in
material handling and processing, being a highly reproducible method,
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with a relatively moderate speed, which allows control over the major
physical characteristics of the resulting scaffolds, like mechanical
properties, porosity and pore shape.*

The combination of two or more materials with different composi-
tions and properties can result in composites with tunable physical and
chemical characteristics, and increased mechanical properties or bioactiv-
ity.> Composite materials are used in different applications due to their
enhanced capabilities.® In the past few years, polymer-based composites
have emerged owing to their enhanced toughness and diversity of
processing methods. Regarding scaffolds for bone regeneration, different
biodegradable polymers have been recognized as potential candidates,
for instance, polycaprolactone (PCL), polylactic acid (PLA), and also natu-
ral polymers such as chitosan and collagen.” Depending on the
processing method, those structures may present highly tunable mechan-
ical properties, porosity and degradation rate. Furthermore, some of the
polymeric materials enable scaffolds to be loaded with osteoinductive
proteins or osteogenic cells, to better mimic native tissues.® PCL is an ali-
phatic polyester approved by the Food and Drug Administration, being
considered as a soft- and hard-tissue-compatible bioresorbable material.”
However, disadvantages such as its poor hydrophilicity and low degrada-
tion rate can reduce its biological performance.l® A good strategy to
improve its performance could be the incorporation of another material
as a filler, like few-layer graphene (FLG).1*

Graphene is a planar sheet of sp? hybridized carbon atoms densely
arranged into a 2D hexagonal lattice.2? Its great properties have been a
point of interest to many researchers. Graphene is difficult to obtain in
large amounts as a bulk material, however FLG, which is formed by
flakes with stacks of a few graphene layers (up to 10 maximum), can be
produced by exfoliation of graphite. Graphene presents a high elastic
modulus (~1TPa), a tensile strength of 130 + 10 GPa,*** presents a
high thermal conductivity, above 3,000 W mK™2, and a large theoretical
specific area of 2,630 m? g~ and can sustain extremely high electric
current densities.!>*® FLG properties are close to those of graphene,
being an excellent reinforcement material for the preparation of polymer
composites.” Besides, FLG can interact with other biomolecules such
as DNA, enzymes, proteins, or peptides for regenerative medicine and
tissue engineering. These bioactive compounds can be used as func-
tionalization agents via physical adsorption.t®> The functionalization is
usually carried out to increase biocompatibility and, in many cases, the
hydrophilicity of the FLG forms.® The functionalization can be achieved
either by covalent®” or non-covalent binding of a variety of chemical
moieties.?® Non-covalent functionalization is an attractive method based
on hydrophobic interactions with amphiphilic molecules, offering the
possibility of attaching functional groups to FLG without disturbing its
electronic network.2! It should be mentioned that non-covalent func-
tionalization of graphite with specific amphiphilic molecules is frequently
used to achieve its liquid phase exfoliation (LPE) in water and form FLG
suspensions. Water is a preferred solvent for the preparation of mate-
rials for biomedical applications, however its high surface tension and
polar nature hampers the interaction with graphene and the ability to
form stable suspensions. The LPE of graphite into FLG can be achieved
in agueous solutions of amphiphilic molecules that strongly interact with
water through their polar moiety and with graphene through their non-
polar moiety. These molecules adsorb at the graphene surface

preventing its re-staking and allowing solvation of the FLG flakes. Typi-
cally, amino-pyrene, aminomethyl pyrene, pyrene carboxylic acid, pyrene
butyric acid and pyrene sulfonic acid derivatives have been used in the
graphite exfoliation process at concentrations that range from 0.1 to
10 mM. In this work, an aqueous solution with 0.05mM of
functionalized pyrene containing a carboxyl group (PY) was used
(Figure S1). PY was prepared following a synthetic procedure developed
previously.?2 This approach was used aiming at two goals: first, to pro-
duce FLG by exfoliation of the graphite nanoplatelets in water; second,
after drying the PY-functionalized FLG, to disperse it in PCL by melt
mixing, to produce a composite material with enhanced interfacial bond-
ing. In this study, PCL and FLG were blended for the first time to obtain
FDM-based 3D-printed composite scaffolds. To achieve that, it was
necessary to homogeneously mix PCL with FLG ensuring a good disper-
sion of the FLG particles onto the polymeric matrix. Herein, a solvent-
free blending technique was used, the cryomilling, which is an environ-
mentally friendly and versatile approach for processing materials in their
dry state used to prepare polymer composites with a high degree of
filler dispersion.2® This work investigated the use of an extrusion-based
3D printing system to produce new PCL scaffolds reinforced with a
functionalized FLG, fG(Micrograf), and also, the influence of the FLG
reinforcement on the scaffolds microstructural, mechanical and cellular

behavior properties, envisaging bone tissue regeneration applications.

2 | MATERIALS AND METHODS

21 | Materials

Micrograf® HC11, was provided by Nacional de Grafite, Ltda (Brazil)
and it is a micronized graphite, with 99.5% purity and an average par-
ticle diameter (d50) of 11 pm. The few-layer graphene (FLG) obtained
from the previous pristine material will be designated by
fG(Micrograf), which was obtained by exfoliation of graphite in the
form of a stable FLG suspension. Non-covalent functionalization of
the graphite was performed using a pyrene derivative (PY) with amide
and carboxylic groups presented in Figure S1, (Z)-4-oxo-4-(pyren-
1-ylamino)but-2-enoic acid, which was synthesized following the pro-
tocol optimized by our group.*® This pyrene derivative soluble in
water was chosen since it showed to be effective in the exfoliation
and stabilization of graphene nanoplatelets in aqueous media. Medical
grade polycaprolactone (Mn = 80 kDa, Mw/Mn < 2) was purchased
from Sigma-Aldrich (Australia). Before its use for the fabrication of the
scaffolds, PCL was blended with fG(Micrograf) through the cryomilling

technique.

2.2 | Production and characterization of
functionalized FLG suspension

The production of a homogeneous suspension of fG(Micrograf) was
carried out by stabilizer-assisted liquid-phase exfoliation of Micrograf,
a non-covalent approach using PY as a stabilizer, in an aqueous solu-
tion. Briefly, a 5x 10™> M PY solution was prepared at pH 7 and
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under sonication until the total dissolution of PY. Then, 250 mg of
Micrograf was added to this solution to form a 0.5 mg mL™2 suspen-
sion by sonication for 4 hr. The forces applied through cavitation
effects enhanced the dispersion of the graphite agglomerates and
their exfoliation, increasing the surface of FLG available for adsorption
of PY molecules via n-r interactions.?*

Raman spectroscopy analysis was performed on a LabRAM HR
Evolution Raman Microscope (Horiba Scientific, Japan) using a
532 nm laser and the results were analysed using the LabSpecé soft-
ware. The pristine Micrograf and fG(Micrograf) solutions were
sprayed on a glass slide, positioned on a heating plate for faster water
evaporation and deposition of the FLG, and analysed. The thermal sta-
bility of fG(Micrograf) was evaluated by thermogravimetric analysis,
TGA, performed on a TA Q500 equipment (TA Instruments, USA), and
all measurements were carried out under a nitrogen atmosphere,
heating from 40 to 900°C at a rate of 10°C min~2. Finally, the FLG
flakes were observed by scanning transmission electron microscopy
(STEM) on a NanoSEM FEI Nova 200 microscope operating at 15 kV
accelerating voltage.

2.3 | Fabrication of 3D-printed scaffolds
Firstly, the composite powder was produced by cryomilling, providing
a homogeneous mixture of PCL powder with FLG. The FLG powder
was obtained from the fG(Micrograf) suspension, which was dried in
the oven at 90°C for approximately 1 day. Then, PCL and FLG pow-
ders were properly cryomilled in a 6,770 SPEX Freezer/mill resulting
in a composite powder of PCL and 0.5 wt% of fG(Micrograf). The
choice of 0.5 wt% filler content in the composite was based on several
previous studies that reported successful composite scaffold produc-
tion and good cellular behavior with this graphene content.?>-2°

Based on previous studies to mitigate possible re-agglomeration
effects during the freezing step of the cryomilling process,*® a protocol
was implemented based on 10 min pre-cooling in liquid nitrogen and
20 min of continuous milling per cycle. After this procedure, the composite
powder was collected and kept in a sealed container, ready for 3D printing.

The production of 3D-printed scaffolds was carried out on a Bio-
Extruder system developed at the Polytechnic Institute of Leiria (I.P.L.,
Portugal), which is a melt extrusion-based additive manufacturing pro-
cess with controlled internal/external geometry suitable for tissue
engineering applications, as described by Domingos et al.2132 Con-
trol and composite scaffolds were fabricated using the same process
parameters to focus the analysis on the effects of graphene incorpora-
tion. Briefly, PCL ground pellets and cryomilled composite powder
were melted in a reservoir (155°C), forced with pressurized air into a
single-screw extruder, and printed at 155°C in a 0°/90° lay-down pat-
tern with fiber spacing of 0.75 mm through a 22G nozzle. The deposi-
tion rate and translational collector speed were adjusted in order to
achieve continuous and stable printing conditions. The produced scaf-
folds presented a honeycomb-like structure of fully interconnected

square pores, which were cut in cylinders with 5 mm diameter and,
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before cellular tests, sterilized through ethylene oxide (EO) exposure
(42°C, 3 hr).

24 | Thermal analysis

Differential scanning calorimetry (DSC) was used to evaluate the melt-
ing temperature (T,,), melting enthalpy (AH), and crystallinity degree
(xc) of PCL and PCL + fG(Micrograf) scaffolds. The analysis was car-
ried out on a DSC131 evo (SETARAM instrumentation, France), all the
experiments were conducted at a constant heating/cooling rate of
10°C min~! under a nitrogen flow. The analysis was programmed in
two stages: heating the sample to 100°C and keeping under isother-
mal conditions for 5 min to erase any prior thermal history; then,
cooling to 0°C and finally, reheating to 100°C. The same procedure
was carried out on the control scaffolds of neat PCL. T,, and AH of
PCL were determined from the first and the second heating scans. yc
was calculated by applying the following Equation (1):

AH
XC—THB w, (1)

where AH®, is the melting enthalpy of 100% crystalline PCL, that is,
166 J g%, and w is the weight fraction of PCL in the composite.®?

In order to estimate the amount of FLG incorporated in the com-
posite scaffolds, thermogravimetric analysis, TGA, was performed
using a TA Q500 equipment (TA Instruments, USA) under a nitrogen

atmosphere, heating at 10°C min~!

in the temperature range from
40 to 900°C. At least three measurements were carried out for each

sample.

2.5 | Microstructural analysis

Firstly, the morphological analysis of the scaffolds produced was car-
ried out using a JSM-6010LV scanning electron microscope (JEOL,
Japan) operating at 15 kV accelerating voltage. The fibers deposited
layer was observed as well as its cross-section. For the cross-section
preparation, the scaffolds were immersed in liquid nitrogen for 5 min
and sectioned with a sharp razor blade. Immediately before SEM
observation, the samples were coated with a thin gold layer.

In addition, to evaluate alterations in the 3D microstructure of
the scaffold during the accelerated degradation test, a high-resolution
uCT Skyscan 1072 scanner (Skyscan, Kontich, Belgium) was used to
scan scaffolds with a pixel size of 11 pm and the X-ray source
adjusted at 43 keV of energy and 230 pA of current. Data acquisition
(SkyScan 1072), data reconstruction (NRecon, SkyScan), and data
analysis (CTAnN, SkyScan) software were used for image processing in
CT reconstructions, and to create and visualize the reconstructed
microstructures. Three-dimensional images of the scaffold's structure
were obtained and the main microstructural parameters were deter-

mined, the porosity, the mean pore size, and the mean wall thickness.
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2.6 | Accelerated degradation

Since PCL is a semi-crystalline bioresorbable synthetic polymer
belonging to the aliphatic polyester family, and it is known to have a
very slow degradation rate of up to 4 years in certain conditions.>* As
so, to assess the weight loss of the produced scaffolds within a
shorter time scale, an accelerated hydrolytic degradation study was

performed based on the protocol proposed by Lam et al. 343>

using a
basic medium (5 M NaOH), which would enhance the hydrolysis of
polyesters. Composite and control scaffolds with 5 mm diameter and
3 mm height were immersed in the basic solution during 7, 14,
21, and 28 days. The scaffolds were kept in tubes with their screw-
caps tightened according to the time points in a 37°C incubator. The
samples were removed after weekly time points, rinsed thoroughly
with osmotized water, and dried in the oven for 12 hr at 35°C. Finally,
the samples were kept for further analysis. At least three samples
were used for each time point. The weight loss from each scaffold

was determined using Equation (2).

weight loss (%) = Wiz Wr o 100, (2)

where W; and W; are, respectively, the initial dry weight and the final
dry weight of the sample. Each experiment was repeated three times
and the average value was taken as the weight loss. The sample mor-
phology was analysed through SEM and pCT.

2.7 | Mechanical analysis

In order to investigate FLG's addition effect on the mechanical proper-
ties of the 3D printed scaffolds, compression and tensile tests were per-
formed. For the compression tests, the samples were cut into 5 mm
diameter and 3 mm thick cylinders. The produced scaffolds were tested
on an universal mechanical testing equipment (INSTRON 5540) using a
1 kN load cell. Each specimen was compressed to a strain of approxi-
mately 50% at a rate of 1 mm.min~%. The compressive elastic modulus
was determined from the linear region of the compressive stress-strain
curve (from O to 0.1% strain). At least five samples of PCL and compos-
ite scaffolds were analysed. For the tensile tests, the specimens were
cut into a rectangular shape (5 x 40 mm?). The produced scaffolds were
tested on the INSTRON equipment, using a 1 kN load cell, a speed of

1 mm min~!

, and a gauge length of 20 mm. At least five samples were
tested for both scaffold conditions to obtain the mean and standard

deviation values for each mechanical parameter.

2.8 | Invitro cellular tests

Envisaging orthopedic applications, the human osteosarcoma cell line
SaOs-2 obtained from the European Collection of Cell Cultures (ECCC,
UK), which presents an osteoblastic phenotype, was used for the in vitro

experiments. Briefly, SaOs-2 were cultured in a low glucose Dulbecco's

modified minimum essential medium (DMEM) with phenol red and sup-
plemented with sodium bicarbonate, 10% FBS and 1% penicillin-
streptomycin (pH 7.4), and then, incubated at 37°C in a humidified air
atmosphere of 5% CO,. After trypsinization, SaOs-2 were seeded onto
the surface of scaffolds cut in cylinders (5 mm diameter and 1 mm height),
which were cultured during different time points (1, 3, 7, 14, and) to quan-
tify the osteoblastic bone formation and the cell proliferation on the mate-
rial. Per condition, three scaffolds were studied using non-adherent
24 well plates and 1.5 ml of the cell suspension (3.3 x 10* cells mL™%) was
seeded onto each sample. Plates were incubated at 37°C in a humidified
air atmosphere of 5% CO,, and the medium was replaced every 2-3 days.

The osteoblastic bone formation was assessed through the quantifi-
cation of alkaline phosphatase, the most frequently used biochemical
marker since its expression can be a strong indicator of osteoblast's pres-
ence in culture. Therefore, ALP quantification was performed in lysed
cells at days 1, 3, 7, and 14. After each incubation period, cells that grow
and proliferate into each sample were lysed by osmotic (by adding ultra-
pure water) and thermal shock (firstly with a water bath at 37°C for 1 hr,
and then, by ultra-freezing at —80°C at least 1 hr before use). The
obtained supernatant was analysed by measuring the ALP expression fol-
lowing the p-nitrophenol assay (Sigma). Briefly, all samples were defrosted
and adequately prepared (avoiding the light), to obtain their absorbance
values at 405 nm. The ALP amounts were calculated using a standard
curve previously obtained with the ALP standards freshly prepared.

To investigate the cell proliferation into the produced scaffolds,
the quantification of double-stranded DNA (dsDNA) was made for all
culturing period of cells tested (1, 3, 7, and 14 days). Initially, cells
were lysed and the obtained supernatant was analysed using the
PicoGreen dsDNA kit (Life Technologies, UK). The recovered superna-
tant was carefully read (avoiding the light) on a microplate reader
(Biotek, USA) using 485 and 528 nm as excitation and emission wave-
lengths, respectively. The DNA amounts were calculated using a stan-
dard curve previously obtained. For all cellular tests, at least three

triplicates were used for each condition.

2.9 | Statistical analysis

Some experimental results were presented as mean + standard devia-
tion based, at least, in three replicates (n = 3). Statistical significance
between groups was determined by two-way ANOVA with Tukey's
Multiple comparison test, using GraphPad Prism version 6.0
(GraphPad software, San Diego, CA). Statistical differences were rep-
resented and set to p < .01(**), p < .001(***), and p < .0001(****).

3 | RESULTS

3.1 | Production and characterization of
functionalized FLG suspension

Figure 1 presents the Raman spectra of pristine Micrograf, and

fG(Micrograf), and both spectra exhibit the three characteristic bands
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fG(Micrograf)

of graphite-based carbon materials (D, G, and 2D). The D band is posi-
tioned near 1,342 cm~* and is due to the presence of defects in the
hexagonal sp? carbon lattice of FLG. The G band is located near
1,580 cm™! and results from in-plane vibrations of the ordered sp?
bonded carbon hexagonal lattice.3® The intensity ratio between D and
G peaks (Ip/lg) has been used as an indicator of the increase in disor-
der of FLG structure caused by covalent chemical modification, rip-
ples, edges, and charged impurities.®” The 2D band, near 2,700 cm™,
has approximately the double frequency of the D band and results
from the second-order Raman scattering.>® This peak may be used to
determine the number of stacked layers (up to 5) in n-layer FLG, by
the analysis of its shape, width, and position of the 2D band. Regard-
ing pristine graphite, the 2D band appears at approximately
2,720 cm~* and consists of two components,® while in graphene it is
observed as a single sharp peak.*®

The functionalization of Micrograf with PY was studied by TGA,
comparing the weight losses of PY, Micrograf and fG(Micrograf) pow-
ders heated under nitrogen, as represented in Figure 2. The TGA
results show that PY alone presented the lowest thermal stability,
starting a thermal degradation process at approximately 150°C.
Micrograf is thermally stable under the test conditions and does not
show evidence of thermal degradation. After functionalization with
PY, the onset of thermal degradation is observed at approximately
150°C, with a major weight loss below 200°C in close resemblance
with PY, demonstrating the functionalization of FLG with PY.

Additionally, STEM was used to image the FLG obtained after the
functionalization process, and, as Figure S2 shows, a flake of

fG(Micrograf) can reach tens of micrometers.

3.2 | Thermal analysis

DSC analysis was conducted on the composite scaffolds to study the
influence of FLG presence on the crystallization kinetics of PCL. The
DSC curves for the first (H1) and second (H2) heating cycles of PCL

FIGURE 2 TGA thermographs of PY, Micrograf (pristine), and
fG(Micrograf)
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FIGURE 3 DSC first (H1) and second (H2) heating scans for
control (PCL) and composite (PCL + fG(Micrograf)) scaffolds

and PCL + fG(Micrograf) scaffolds are shown in Figure 3. The melting
temperature (T.,), the melting enthalpy (AH), and the crystallinity
degree (yc) for PCL and PCL + fG(Micrograf) scaffolds regarding the
two scans are presented in Table 1.

Attending to the results presented in Figure 3 and Table 1, no sig-
nificant changes are observed between control and composite scaf-
folds for both heating scans, meaning that the FLG incorporation did
not affect the melting transition of PCL in the scaffolds. The first
heating stage provides the melting temperature and crystallinity of
the as-produced PCL scaffolds. Higher values of Tm, AH, and yc were
obtained for the as-produced composite structures, when compared
to the results obtained for the second heating scan, after erasing the
thermal history of the PCL and cooling under controlled conditions.

TGA analysis was performed to evaluate the thermal stability and

FLG weight composition of the produced scaffolds. The TGA curves
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shown in Figure 4 demonstrate that both control and composite scaf-
folds present similar thermal stability when heated up to 900°C under
an inert atmosphere, which means that the incorporation of 0.5 wt%
of fG(Micrograf) did not affect the thermal stability of the scaffolds.
For both cases, the major weight loss happened between 350 and
450°C, due to the decomposition of PCL. Above 450°C, the weight
loss stabilized for both control and composite scaffolds. However, a
higher residual weight was noted for the composite scaffolds due to
the presence of fG(Micrograf), consistent with the incorporation of

0.5 wt% of reinforcing material.

3.3 | Microstructural analysis

The surface topography of the scaffolds was assessed using SEM.
Figure 5a shows its surface morphology, Figure 5b represents their
cross-section and Figure 5c illustrates the macroscopic aspect of the
printed scaffolds. Noticeably, the PCL fibers form a regular cross-
section of circular shape when compared to PCL composite fibers.
The fiber diameters were measured using ImageJ) software (version
1.52a, NIH, USA)
465 + 20 pm for control scaffolds and 390 + 51 um for composite

and the following values were obtained:

TABLE 1 Melting temperature (T,,), melting enthalpy (AH) and
crystallinity (X.) of first and second heating scans for PCL and PCL
+ fG(Micrograf) scaffolds

Material T (°C) AH (J/g) xc (%)
Scan 1
PCL 62 90 54
PCL + fG(Micrograf) 59 92 56
Scan 2
PCL 54 75 45
PCL + fG(Micrograf) 54 76 45
a)1004
(a)100 — Control scaffolds
— Composite scaffolds
X
Rl
E 2.
5 50- N
g 1.0
o L] L] L]
0 200 400 600 800

Temperature [°C]

scaffolds. The SEM micrographs showed a well-defined porous struc-
ture, homogeneous and consistent, of the deposited scaffold struc-
ture. The scaffold morphology presented a neat spatial arrangement
of pores and channels fully interconnected throughout each specimen.
Nevertheless, it should be mentioned that only the composite scaf-
folds depicted some microstructural defects, namely, the surface

roughness and shape distortion in the filaments.

3.4 | Accelerated degradation

The degradation study performed in this work was based on the pro-

3435 where a rapid degradation analysis

tocol proposed by Lam et a
of PCL scaffolds was made. Alkali promoted hydrolysis is similar to
when degradation is made using water (or PBS), although in this situa-
tion a higher concentration of OH- is present in the solution, contrib-
uting to accelerating the degradation reaction. Figure 6 shows the
scaffolds' weight loss rate for 28 days and a constant degradation rate
for both control and composite scaffolds was found, suggesting that
both had a similar degradation behavior. The mean original weight loss
of the 0.075+0.001g for
0.051 £+ 0.001 g for the composite ones. After 28 days, it was possible
to observe that PCL and PCL + fG(Micrograf) suffered a weight loss
of 88.70% and 85.88%, respectively, that is, the scaffolds were almost
fully degraded.

scaffolds was the control and

During the degradation tests, the analysis of the porosity, mean
pore size and mean wall thickness was also carried out to analyze pos-
sible changes on the microstructure of the scaffold - Figure 7. The
pCT images of the scaffolds were acquired along with the degradation
exposure, showing the microstructure's modification of the scaffolds
along time - Figure 7c. Unsurprisingly, for both scaffolds, it was
observed that the porosity increased with the degradation exposure,
consistently throughout the 4 weeks experienced. It reached values
of approximately 90% for the control scaffolds and 83% for the com-

posites, after 28 days of degradation. The rate of porosity increase

_
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FIGURE 4 Thermogravimetric analysis of control and composite scaffolds, (a) TGA curves and (b) derivative of the weight loss curves (DTGA)

for both scaffold conditions, as a function of temperature
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FIGURE 5 SEM images of control and composite scaffolds from (a) the top view, (b) their cross-section, where scale bars represent 200 pm;
(c) and macroscopic images of the printed scaffolds and the respective cylinders cut for further characterization

was observed to be higher along the first 14 days, and fading towards
the end of the degradation test, in the case of composite scaffolds.
With increasing porosity, an increase in mean pore size is expected as
well - Figure 7a.

At the beginning of the test, the mean pore size of the scaffolds
was 322 * 141 pm for composite scaffolds and 263 + 103 pm for
control scaffolds. Regarding the mean wall thickness measured for the
fibers (Figure 7b), consistently with other microstructural parameters,
the value of the wall thickness decreased with the degradation time.
After 28 days of degradation, the composite scaffolds presented a
mean wall thickness value of 214.95 + 91.54 pm while the control
ones presented 205.66 + 84.96 pm. Thus, after degradation PCL + fG
(Micrograf) scaffolds presented a larger wall thickness compared to
PCL scaffolds, suggesting a barrier effect of fG(Micrograf) delaying
the composite degradation when compared to the control one.

3.5 | Mechanical analysis

Compression tests were conducted to investigate the effect of
fG(Micrograf) incorporation on the mechanical properties of PCL scaf-
folds - Figure 8. Representative compressive stress-strain curves are
depicted in Figure 8a. It was observed that the mechanical properties
of the composite samples were greatly reinforced even with a low
FLG incorporation (0.5 wt%), since the compressive modulus of the
scaffolds increased significantly, from 50 MPa for the control to
200 MPa for the composite (Figure 8b).

Attending the biomedical application of these scaffolds, besides
compression loading, tensile tests were also performed to comple-
mentary characterize the mechanical performance of the scaffolds
under tensile loading, and representative tensile stress-strain curves

obtained were represented in Figure S3a, where the control scaffolds
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FIGURE 6 Mean percentage weight loss of control (PCL) and
composite (PCL + fG(Micrograf)) scaffolds (n = 5), degraded over
4 weeks
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presented slightly higher toughness than the composite ones. The
determined ultimate tensile strength is plotted in Figure S3b and
the tensile modulus is presented in Figure S3c, showing that the
fG(Micrograf) scaffolds presented a slightly higher tensile strength
and stiffness than PCL ones.

3.6 | Invitro cellular tests

Human primary osteosarcoma cell line (SaOs-2) was used to evaluate
the in vitro cytotoxicity and the osteogenic differentiation ability of
the produced scaffolds. The ALP activity was measured to assess the
osteogenic differentiation of SaOs-2 seeded onto the PCL based scaf-
folds. Figure 9 shows that ALP activity of both control and composite
scaffolds increased significantly from day 7 to day 14. At days 1, 3,
and 7 no significant differences were stated between the two condi-

tions, however, the ALP quantification increased over time. At
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FIGURE 7 3D microstructural characterization of control and composite scaffolds, (a) mean pore size, (b) mean wall thickness, and (c) their
representative pCT images during degradation tests. Scale bars represent 800 pm
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FIGURE 8 Compressive mechanical properties of control and composite scaffolds, (a) Representative stress-strain curves and
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FIGURE 9 Alkaline phosphatase (ALP) activity of SaOs-2 versus
incubation time performed on PCL and PCL + fG(Micrograf) scaffolds
for 1, 3, 7, and 14 days. Statistically significant differences were found
for p < .01 (**) and for p < .0001(****)

14 days, PCL scaffolds showed a slightly higher ALP activity when
compared to PCL + fG(Micrograf)

389.96 pmol min~t mL~! against 229.28 pmol min~! mL~? from com-

scaffolds, with a value of
posites. Globally, the results showed that PCL scaffolds with or with-
out fG(Micrograf) had very similar ALP activity values considering
each time point. Regarding the cell proliferation of SaOs-2 (1, 3,
7, and 14 days) analysed on the scaffolds by assessing the DNA con-
tent, the results were presented in Figure 10. No significant differ-
ences were observed between PCL and PCL + fG(Micrograf) scaffolds
until day 7. However, for the composite scaffolds, the values were
slightly superior for each time point. Particularly, from day 7 to day
14, as expected, a significant increase in the DNA content was

observed.
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FIGURE 10 Cell proliferation through the determination of the
DNA content (DNA quantification assay) performed on PCL and PCL
+ fG(Micrograf) scaffolds for 1, 3, 7, and 14 days. Statistically
significant differences were found for p < .0001(****)

TABLE 2 Mechanical properties obtained from compressive and
tensile tests for control and composite scaffolds

Material Tensile Compressive

(n=5) modulus (MPa) modulus (MPa)

Control 50.2 +11.6 53.6+23

Composite 403 +£5.6 198.8 £ 55.1
4 | DISCUSSION

Raman spectroscopy is one of the most used techniques for the char-
acterization of carbon and FLG based materials. The analysis of
Raman spectra in Figure 2 shows an increase in the Ip/Ig ratio from
0.13 to 0.22 after functionalization (formation of fG(Micrograf)).
According to Parviz et al.*! this small increase might be a conse-
quence of a decrease in the flake size when sonicating pristine Micro-
graf to produce fG(Micrograf). With the flake size decreasing, the
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extension of exposed edges per flake rises, increasing the intensity of
the D band relative to the G band. The position around 2,719 cm~?
and symmetric shape of the 2D band in fG(Micrograf) confirm the
few-layer nature of the functionalized FLG obtained from pristine
Micrograf. Pristine Micrograf was thermally stable along the tempera-
ture range analysed, as expected for pristine graphite-based materials
with low contamination level, as reported by Parviz et al..**

From DSC analysis evaluated, it was observed that FLG incorpo-
ration did not affect the melting transition of PCL in the scaffolds
(Figure 3). This may be due to the different crystallization conditions
of PCL when prepared by 3D printing compared to cooling at
10°C min~* from a quiescent melt.*? Under both crystallization condi-
tions, no differences were noted between scaffolds produced using
only PCL or PCL composites incorporating FLG. These results are in
agreement with a study made by Heidari et al*®
ing temperature of PCL nanofibers did not change after 1.5 wt% of FLG
being incorporated in a PCL/gelatin matrix. Another study performed by
Murray et al** has also shown that the addition of FLG did not affect

the melting temperature in FLG/PCL composites. However, Diban and

showing that the melt-

coworker® showed that the crystallinity degree of PCL-graphene oxide
membranes produced by the phase inversion technique, increased when
compared to PCL membranes. This was due to the nucleating effect
caused by the presence of graphene oxide-based nanoplatelets in the
polymer matrix, which was also responsible to increase the temperature
of crystallization of the composite membranes.

Regarding the thermogravimetric analysis (Figure 4), the residual
weight of PCL + fG(Micrograf) scaffolds measured at 700°C was
approximately 1.22 wt%, while for the control scaffolds it was
0.69 wt%. Thereafter, the weight content of fG(Micrograf) in the scaf-
folds was estimated to be approximately 0.5 wt%.

The surface topography of the scaffolds was assessed by SEM
and slight differences were detected in the fiber diameter from PCL
and composite scaffolds. The higher deformation and plasticity of
composite fibers may result from the addition of fG(Micrograf), since
the addition of a small amount of graphene may have a lubricating
effect on the polymer melt, reducing the melt viscosity. In fact, it was
in agreement with a previous work that reported that the incorpora-
tion of a small concentration of functionalized carbon nanoparticles
may considerably decrease the viscosity of the composite melt.*¢ This
reduction of the melt viscosity for the composite material may be
interpreted as resulting from an increase in the free volume when
fG(Micrograf) is dispersed in PCL. The functional groups attached to
the FLG surface may increase the free volume compared to bulk PCL
molecules.*® Consequently, this lower viscosity of the composite melt
may be responsible for some defects detected in the composite scaf-
folds (Figure 5), specifically, the surface roughness and shape distor-
tion in the filaments. As reported in previous works,*”* this kind of
structural defect is commonly detected in FDM-printed scaffolds and
they cannot be rectified only by optimization of printing condition,
being due to the nature of this printing process.*® These drawbacks
may affect the strength of the printed scaffolds, however, in the pre-
sent work the mechanical performance of the composite scaffolds

was not compromised.

Concerning the accelerated degradation study, as reported by
Lam et al.®*3> the accelerated hydrolysis facilitates the study of
morphological and chemical changes during degradation in a more
acceptable time frame, since it has been reported that PCL presents a
long-term in vivo degradation (3-4 years).3> Herein, it was evaluated
the scaffolds' weight loss rate for 28 days and, similarly with Lam et al
findings,* a constant degradation rate for both control and composite
scaffolds was found, suggesting that the addition of fG(Micrograf) did
not change the degradation process of composite scaffolds in compar-
ison with the PCL scaffolds. This progressive increase in the weight
loss of the scaffolds was followed by an increase in their porosity dur-
ing degradation time: starting with 36.8% for PCL and 36.3% for PCL
+ fG(Micrograf), and reaching 90.4% for PCL and 83.3% for PCL + fG
(Micrograf) after 28 days. Effectively, the porosity is a key factor for
the production of scaffolds for tissue regeneration, to enable the
ingrowth and vasculature of the tissue. Hence, the developed scaf-
folds revealed microstructural parameters that could be suitable for
tissue engineering applications, in particular, adequate porosity
(<80%) and pore size (>100 um).*’

The compression tests showed evidence of the reinforcing
effect provided by the incorporation of fG(Micrograf) in the com-
posite scaffolds, that exhibited higher compressive modulus com-
pared to PCL scaffolds, in agreement with previous reports. For
instance, Wang et al.>® developed 3D printed scaffolds made of
PCL and pristine FLG, observing an increase in the compressive
modulus from 80 to 130 MPa with the incorporation of 0.75 wt%
FLG. In the present work, despite the microstructural defects
detected in the filaments of composite scaffolds, the incorporation
of only 0.5 wt% FLG resulted in scaffolds with higher compressive
modulus, increasing from 54 to 199 MPa for PCL and composite
scaffolds, respectively.

However, the incorporation of fG(Micrograf) in PCL did not lead
to an improvement in tensile properties. The tensile strength was
1.6 £+ 0.4 MPa for PCL scaffolds and 1.5+ 0.4 MPa for PCL + fG
(Micrograf) scaffolds and Young's modulus decreased from
50.2 £ 11.6 MPa for PCL to 40.3 + 5.6 MPa for PCL + fG(Micrograf)
scaffolds (see Table 2 and Figure S3c), but without any significant dif-
ference. In comparison with their compressive results, this lower
mechanical performance of scaffolds under tensile loading could be
related to the scaffold geometry implemented, a 0/90 lay-down pat-
tern of interconnected square pores, which might be less resistant
against tensile stress. Particularly, the lower tensile properties of the
composite scaffolds compared to PCL scaffolds may be associated
with the presence of defects in the extruded filaments, as observed
by SEM. Nevertheless, similar results were presented by Song et al.>!
that found an increase in the tensile strength of PCL/graphene oxide
composite scaffolds produced by electrospinning, but only for
graphene oxide concentrations up to 0.3 wt%. Higher concentrations
led to a decrease of the tensile strength, showing lower values com-
pared to PCL scaffolds. Qi and co-workers®? showed that for
PVA/graphene oxide scaffolds prepared by electrospinning with
1.5-5 wt%, the tensile strength was even lower than that of pure

PVA scaffolds. In agreement with these previous findings, the present
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study showed that the addition of FLG to PCL could not improve the
tensile properties of FLG/PCL composite scaffolds.

Finally, the preliminary cellular characterization performed con-
firmed the proliferation and osteoblastic differentiation of SaOs-2
cells in both structures, without cytotoxic or negative effect on the
osteoblastic differentiation of the scaffolds containing fG(Micrograf).
So, the incorporation of fG(Micrograf) into the PCL matrix revealed
also contributes to the long-term cellular proliferation into the man-
ufactured scaffolds.

5 | CONCLUSION

Porous degradable and non-cytotoxic PCL/fG(Micrograf) composite
scaffolds were successfully prepared using the promising cryomilling
technique, which enabled them to obtain homogeneous composites,
printable by an extrusion-based 3D printing system.

The incorporation of non-covalently functionalized graphene,
fG(Micrograf), in the composite scaffolds at approximately 0.5 wt%,
was confirmed. Compression tests revealed an outstanding reinforce-
ment effect of fG(Micrograf) in the PCL matrix, increasing by approxi-
mately four times the compressive modulus of the composite
scaffolds relatively to the control. No cytotoxicity was detected for
the composite scaffolds and a higher proliferation of SaOs-2 cells was
observed on the composite scaffolds compared to the PCL control,
suggesting adequate biological properties of FLG.

In summary, the cryomilled and 3D-printed PCL/fG(Micrograf)
scaffolds exhibited enhanced compressive strength, appropriate
microstructural and thermal properties, non-cytotoxicity and favorable
osteoblastic differentiation ability, confirming their high potential for
bone tissue engineering applications.
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