Express Polymer Letters Vol.18, No.6 (2024) 656—672
Available online at www.expresspolymlett.com
https://doi.org/10.3144/expresspolymlett.2024.48

express
pOlymer letters

Research article

Biodegradable scaffold: integration of polylactic acid,
hydroxyapatite, and graphene oxide via FDM 3D printing

André da Silva Siqueira', Natdlia Ferreira Braga'?, Pablo Andrés Riveros Muiioz*>,

Lucas Freitas de Freitas>*®, Aryel Heitor Ferreira®>*®, Guilhermino José Macédo Fechine'*"

School of Engineering, Mackenzie Presbyterian University, Rua da Consolagdo, 930, CEP 01302-907 Sao Paulo, Brazil

2Mackenzie Institute for Research in Graphene and Nanotechnologies — MackGraphe, Rua da Consolagio, 896, CEP
01302-907, Sao Paulo, Brazil

3Faculdades Oswaldo Cruz, R. Brg. Galvio, 540, CEP 01151-000, Sao Paulo, Brazil

“Instituto de Pesquisas Energéticas e Nucleares, IPEN-CNEN/SP, Av. Lineu Prestes 2242, 05508-000 Sio Paulo, Brazil

5 Mackenzie Evangelical College of Parana — Mackenzie Presbyterian University, 80730-000 Curitiba, Brazil

Received 23 February 2024, accepted in revised form 3 April 2024

Abstract. Extensive research and practical applications have been conducted within the biomaterials domain, focusing on
polylactic acid (PLA) based composite. These composites have been explored for their favorable attributes, such as excellent
processability, biodegradability, and bioactivity properties, but still lack mechanical properties. In this work, PLA-based
nanocomposites were prepared by incorporating hydroxyapatite (HA) and graphene oxide (GO) via melt mixing (extruder).
Filaments were obtained to develop scaffolds through 3D printing, utilizing the fused deposition method (FDM). The GO
was produced using Hummer’s method and characterized by X-ray diffraction (XRD), thermogravimetric analysis (TGA),
and Raman Spectroscopy. The composites were analyzed using Fourier-transform infrared spectroscopy (FTIR), molecular
weight, contact angle measurements, and thermal, mechanical, and rheological analysis. Adding only 0.05 wt% of GO to
both PLA and PLA/HA resulted in enhancements in mechanical properties, particularly tensile strength, and significantly
modified the surface properties of the materials studied. Specifically, formulation involving PLA/HA/GO was the only one
to exhibit rheological properties compatible with the scaffold production process via FDM. These specific formulations were
also investigated regarding cytotoxicity, and the presence of GO induces good cytocompatibility in mouse osteoblast cells
(MC3T3). These results suggest that FDM technology can be used to fabricate higher-performance (mechanical and biolog-
ical) scaffolds for tissue engineering.
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1. Introduction

In recent years, bone issues have become more
prevalent for numerous reasons, such as fractures,
disease, cancer, etc. In that regard, the development
of scaffolds has been widely studied in the biomed-
ical field as a treatment strategy to overcome tissue
regeneration problems. A scaffold is a mechanical
structure that aims to support cell proliferation to
generate new tissue [ 1, 2]. The scaffold should mimic
the structure of an extracellular matrix. Moreover,
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the main requirements for manufacturing scaffolds
are biocompatibility, mechanical strength, high poros-
ity, and biodegradability [2].

There are many additive manufacturing (AM) tech-
niques for scaffold fabrication, such as stereolithog-
raphy (SLA), selective laser sintering (SLS) and
fused deposition modeling (FDM) [3]; between them,
the FDM is a technique of prototyping capable of
using thermoplastics materials for 3D printing (3DP)
[4], with the advantage of being a simple and fast
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process with high productivity [3] Furthermore, FDM
permits the production of a 3D elaborate parts with
many details and adaptable shapes [5] by the deposi-
tion of a thin layer of the material producing the part.
Many biodegradable materials can be used to pro-
duce scaffolds by the FDM process, such as poly-
caprolactone (PCL) [6], polylactic acid (PLA) [7, &],
poly(hydroxyalkanoates) (PHASs) as poly-3-hydrox-
ybutyrate-co-3-hydroxyvalerate (PHBV) [9], and its
blends [10]. One of the most promising biopolymers
used for biomedical applications is the PLA. Being
both biocompatible and biodegradable, this polymer
permits its use in the human body [11, 12]. However,
PLA has many limitations, such as slow biodegrada-
tion rates, poor mechanical ductility, and thermal sta-
bility [12]. So, alone, it cannot require all the prop-
erties needed for this accomplishment. Incorporating
osteoconductive fillers, such as hydroxyapatite (HA),
is a valuable way to improve clinical performance
due to its similar composition to bones and teeth
[13]. The introduction of HA into the PLA matrix
neutralizes the PLA’s degraded acid products and in-
creases the implant osteoconductivity, thus improv-
ing tissue compatibility [14]. Many authors have
studied the introduction of HA in PLA [8, 15-19].
Backes et al. [15] used the AM to prepare compos-
ites of PLA/HA and found an improvement of 12%
in the thermomechanical properties of PLA with the
addition of 10 wt% of HA; also, the authors ob-
served a slight enhancement in cell proliferation test.
Introducing a carbon filler can provide better me-
chanical properties and extra functional features;
consequently, the PLA matrix can be restored even
in the presence of HA. Graphene and its derivatives
have been at the vanguard of technological applica-
tions, and it has been used as a nanofiller to reinforce
several polymer matrices [20, 21]. Graphene oxide
(GO) has also been extensively explored in the bio-
medical field due to its cytocompatibility, antibac-
terial properties, and excellent flexibility [22, 23].
Gong et al. [24] studied the composite PLA/HA/GO
properties produced by solution blending and casting
methods. With the increase of GO content, the ten-
sile strength of PLA/HA/GO composites is en-
hanced, and this behavior can be assigned to the in-
crease in hardness of PLA/HA/GO composites
aroused by the rise of GO addition content with ex-
traordinary mechanical properties. Other publica-
tions have also prepared PLA/HA/GO composites
[25, 26] but always using a solvent mix strategy that

is not environmentally friendly. Only one publication
focused on producing a biocompatible nanocompos-
ite based on HA and GO with a polymer matrix
using a melt mixing strategy; instead of PLA, the
poly(e-caprolactone) — PCL was used [27]. Based on
this prior knowledge acquired by our research group,
we will develop a biocompatible nanocomposite
with adequate characteristics to produce scaffolds
via FDM.

This work aimed to investigate the properties of
PLA/HA composites with a fixed amount of 30 wt%
of HA, with the addition of different concentrations
(0.05, 0.1, and 0.3 wt%) of GO to obtain scaffolds
produced by FDM 3D printing. To achieve this goal,
the GO and HA were incorporated into the PLA ma-
trix using a melt mix strategy with a twin-screw ex-
truder. After the blending step, the filament was pro-
duced by in-house equipment coupled to a single-
screw extruder. The scaffolds were prepared by 3DP
using the most suitable compositions that managed
to make the filaments. The graphite and graphite oxide
(GrO) were analyzed by their structure to confirm
the oxidation process. The PLA/HA, PLA/GO, and
PLA/HA/GO composites were characterized by
Fourier-transform infrared spectroscopy (FTIR),
Raman, molecular weight (Size Exclusion Chro-
matography), contact angle, Differential scanning
calorimetry (DSC) and mechanical tensile tests. The
rheological tests were conducted to verify which
compositions could be used in the filament-produced
process. The scaffolds were prepared, and vitro cy-
totoxicity was subsequently evaluated for cytocom-
patibility assessment.

2. Experimental

2.1. Materials

Polylactic acid (PLA) (INGEO Biopolymer from
Natureworks LLC — grade 3251D, Plymouth, United
States) with molecular weight (M,,) 96000 g/mol,
melt flow index (MFI) of 35 g/10 min and density
of 1.24 g/cm?. Hydroxyapatite (HA) powder (purity:
99%; diameter: 20-40 nm) supplied from Sigma-
Aldrich (MilliporeSigma — Burlington, United
States). Graphite in powder with 99.9% purity from
Sigma-Aldrich (MilliporeSigma - Burlington, United
States). Dulbecco’s Modified Eagle’s Medium
(DMEM, GIBCO) from Thermo Fisher Scientific
(Waltham, United States). Fetal bovine serum (FBS),
Penicillin-Streptomycin, Dimethylsulfoxide (DMSO),
DAPI (fluorescent dye for nuclei), and formaldehyde
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from Sigma-Aldrich (MilliporeSigma — Burlington,
United States). XTT assay kit from Abcam® (Cam-
bridge, UK).

2.2. Graphite oxidation

The graphite oxidation was firstly done by adding
1 g of graphite and 60 mL of sulfuric acid (VETEC
— Duque de Caxias, Brazil) in a 500 mL volumetric
flask (previously placed in an ice bath) and kept
under stirring conditions for 15 min. After this,
100 mL of a solution of KMnOy (Sigma-Aldrich —
Burlington, United States) 35 mg/L was slowly added
to the mixture using a peristaltic pump at a
6.8 mL/min flow rate. This system was maintained
for 5 min in an ice bath. This mixture was stirred for
2 h in an ice bath and then diluted with 100 mL of
water. To remove the excess oxidizing agent, 0.5 mL
of aqueous hydrogen peroxide (H,O; — 30% from
VETEC — Duque de Caxias, Brazil) solution was
slowly dropped until the system stopped bubbling
and stirred for 5 min. The system was kept at rest for
24 h. After this period, the supernatant was removed.
The precipitated was filtered and washed with
500 mL of deionized water and then with 250 mL of
a 10% aqueous hydrochloric acid (HC1 37% —VETEC
— Duque de Caxias, Brazil) solution to remove sul-
fate ions, 250 mL of ethanol to remove organic con-
taminants and then washed with additional 200 mL
of deionized water. The material was placed in a vac-
uum oven at 60 °C for 24 h, which is the graphite
oxide (GrO).

2.3. GrO exfoliation

Initially, 240 mg of GrO was added to an amber
flask, along with 480 mL of ethyl alcohol (99.8%
from Synth — Brazil), and placed in an ultrasound
bath (Elmasonic — Germany) in sweep mode with a
frequency of 37 Hz at 30 °C for 120 min. Thus, a dis-
persion of GO of 0.5 mg/mL in ethanol was obtained
and maintained by magnetic solid stirring for 12 h
to further use in the solid-solid deposition process to
prepare the composites.

2.4. Composites preparation

Initially, PLA pellets were immersed in liquid ni-
trogen for 20 min and ground using a knife mill
machine (SOLAB SL 31 — Brazil). Then, the pow-
der was sieved in a 30 mesh mechanical sieve shak-
er. As described in the literature, the solid-solid
deposition technique (SSD) was applied to perform
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a homogeneous mechanical deposition of the GO on
top of the polymer granules [28]. This method uses
a rotary evaporator to deposit the exfoliated GO on
the surface of the polymer powder while the exfoli-
ation medium (water) is evaporated. The main dif-
ferentiating factor of this strategy is that it allows the
exfoliated nanomaterial to be deposited over the
polymer granules’ surface without them restacking
to a bulky state. The PLA/HA/GO was made the
same way, adding the HA in the fixed concentration
of 30% with the PLA powder and GO suspension,
and the PLA/HA mixture was made directly in the
extrusion without using the SSD technique.

After that, the materials were vacuum oven dried at
100 °C for eight h and extruded using a co-rotating
twin screw extruder (Thermo Fisher Scientific U.S.
— Process 11, L/D = 40). The feed was 4 g/min, and
the screw speed was held constant at 100 rpm. The
temperature profile was 180, 190, 190, 185, 185,
190, 190, and 185°C from the feed section to the
die. The circular cross-section of the matrix used
was 2 mm in diameter. The filaments were produced
by a system coupled to the end of the extruder with
pull speed control, keeping the filament diameter
around 1.75 mm. The extrudate was cooled using an
air-cooled conveyor belt, and the material in the
form of a filament was wound onto a reel. Table 1
shows all formulations obtained. Based on a previ-
ous study, 30 wt% of HA was used in all composi-
tions [29].

2.5. Graphite and GrO characterization

To characterize the graphite materials, Raman scat-
tering analysis, X-ray diffraction (XRD), and Ther-
mogravimetric analysis (TGA) were performed.
The Raman spectra were carried out with a Witec
UHTS 300 (Germany) spectrometer coupled to a
50x resolution optical microscope using a laser with
a wavelength of 532 nm.

Table 1. Composites formulation in wt%.

Sample PLA HA GO
[wt%] [wt%] [wt%])

PLA 100.00 - -
PLA/GO-0.05 99.95 - 0.05
PLA/GO-0.1 99.90 - 0.10
PLA/GO-0.3 99.70 - 0.30
PLA/HA 70.00 30 -
PLA/HA/GO-0.05 69.95 30 0.05
PLA/HA/GO-0.1 69.90 30 0.10
PLA/HA/GO-0.3 69.70 30 0.30
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The samples’ crystalline structure analyses were per-
formed by X-ray diffraction in a Rigaku Miniflex II
(Tokyo, Japan) diffractometer with a Cu-tube
(Cu K, =0.15418 nm) at a 5°/min scanning rate over
a range from 5° to 60°.

The thermal properties of the materials were meas-
ured on a thermogravimetric analyzer STD Q600 of
TA instruments (New Castle, U.S.) under a nitrogen
atmosphere (40 mL/min) from 30 to 700 °C at a heat-
ing rate of 10°C/min, held for 5 min and cooled
down to room temperature.

2.6. HA characterization

HA was characterized by Raman and XRD in the
same conditions as GrO, described above. The HA
was also characterized by Fourier transform infrared
spectroscopy (FTIR) using a Shimadzu (Kyoto,
Japan) Spectrophotometer, IRAffinity-1, using acces-
sory Attenuated total reflectance (ATR) with ZnSe
crystal. The spectra were recorded within a range of
4000-500 cm™!.

2.7. PLA/GO and PLA/HA/GO composites
characterization

Raman spectroscopy

For the Raman analysis of the composites, films

were prepared, approximately 120 pum thick, by hot

press (Solab SL12/20 — Brazil) at 190°C, 1.2 tons

for 1 min. A Witec UHTS 300 (Germany) spectrom-

eter was used, coupled to a 50% resolution optical

microscope, using a laser with a wavelength of

532 nm.

FTIR-ATR (Fourier-transform infrared
spectroscopy in attenuated total reflectance)

The polymeric films were also used for the FTIR-
ATR analysis, using a Cary 630 FTIR of Agilent
Technologies (Santa Clara, U.S.) with 64 scans for
each composition, 4 cm ! of resolution and a meas-
urement range of 500 and 4000 cm™'.

Size exclusion chromatography

For the determination of the number average molec-
ular weight (M,), Weight average molecular weight
(M) and polydispersity (M,/M,) of pristine PLA
and the composites, size exclusion chromatography
(SEC) was performed. About 60 mg of each com-
posite was dissolved in 20 mL chloroform (Clorosolv
Plus for HPLC from Sigma-Aldrich — U.S.) into a
40 mL vial and put in stirring for 30 min, then filtered

on a nanoporous filter (Millipore) for removing the
fillers. The SEC was performed on a Viscotec (Ger-
many) 430 chromatograph (GPC-HT 350) with a re-
fractive index detector. The column set consisted of
a guard column and a combination of three separa-
tion columns (K-806M, Shodex), with 1 mL/min
flow, where the eluent solvent used was Tetrahydro-
furan (THF, Sigma Aldrich — U.S.). Each run was
performed 60 and 10 min post-running, and the in-
jection volume was 100 mL.

Mechanical properties

Tensile strength tests were performed according to
ASTM D638 to evaluate the mechanical properties
using a type IV specimen. The extruded filament
was granulated, and the pellets obtained were
processed in a Plastic Injection Molding Machine
model Haake Minijet Pro (Thermo Scientific —
U.S.). The specimens were produced with a barrel
temperature of 190 °C, 200 bar of injection pressure,
100 bar of holding pressure, and a mold temperature
of 60 °C. The specimens were stood for 48 h at room
temperature for stabilization and then dried for 12 h
in a vacuum oven.

A tensile test was performed on at least eight speci-
mens of each composite in a universal electro-
mechanical testing machine (Instron 3369 — Nor-
wood, U.S.) at 20°C with a 10 mm/min crosshead
speed and a cell load of 10 kN.

Contact angle and surface free energy

The tests were carried out on the specimens obtained
for the tensile strength test using a DAS 100B
(KRUSS® — Hamburg, Germany) goniometer by the
sessile drop method. The solvents were deionized
water obtained by the MiliQ® system and Ethylene
glycol PA. 5 puL of each solvent were injected. The
drops transferred to the surface of the composites
were evaluated by the ADVANCE® software, where
the angles were obtained.

Besides that, this method allows the calculation of
the surface free energy and its polar and dispersive
components. The relationship between surface free
energy and contact angles is given by Fowkes equa-
tion (Equation (1)) [30]:

Y, (1+cos®) = 2(*{27‘5)1/2 + 2(7?75)1/2 (1)

where 0 is the contact angle; v is the surface tension
of the liquid, and y; is the surface free energy. The
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terms with the superscript d and p are the dispersive
and polar components of the surface free energy.

Differential scanning calorimetry (DSC)
Approximately 6 mg of sample (removed from the
tensile tests specimen) of each composition were
sealed in aluminum pans and analyzed using a dif-
ferential scanning calorimeter DSC 7000X —
HITACHI (Chiyoda, Japan). The samples were ini-
tially heated from 30 to 200°C at 10°C/min and
cooled at 10°C/min to 30 °C. All the measurements
were carried out under the nitrogen atmosphere, with
a flow rate of 100 mL/s.

It was evaluated transitions temperatures, as glass
transition temperature (7}), melting temperature (77,)
and cold crystallization temperature (7). Also, the
crystallinity degree of the samples was calculated
using the Equation (2):

_ AH_ +AH,,

oA 100

c )
where AH,,, and AH, are the melting and cold crys-
tallization enthalpy, respectively, and o is the weight
fraction of PLA in the sample. AHp, is the heat of fu-
sion corresponding to the enthalpy of 100% crys-

talline PLA, which is 93.7 J/g [31].

Rheological analysis

The rheological behavior of neat PLA and compos-
ites was analyzed using a rheometer ANTON
PAAR® (Graz, Austria) model MCR 102, using a
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25 mm radius parallel plate geometry with a 1 mm
gap. The filament was pelletized and dried in a vac-
uum oven at 60 °C for 12 h, and the pellets were po-
sitioned directly onto the preheated bottom geometry
of the equipment for the analysis. All the tests were
performed under a nitrogen atmosphere to avoid ox-
idation.

Three oscillatory tests were carried out: first, the dy-
namic strain sweep pre-test was conducted at a fre-
quency of 6.8 rad/s to determine the linear viscoelas-
tic regime (LVR). Subsequently, temperature sweep
tests were carried out in the oscillatory regime (fre-
quency of 6.8 rad/s) to determine the dynamic prop-
erties of the materials. For frequency scanning as-
says in the frequency sweep test, the temperature
was set at 140 °C and 1.0% deformation. Rotational
tests were performed to obtain steady-state shear
flow in the 0.01 to 100 s™' range.

Processing scaffolds by FDM

The scaffolds were made using FDM 3D printing
(Cliever CL PRO — Belo Horizonte, Brazil) consist-
ing of a printing platform with dimensions of
230 mm wide x 230 mm long x 200 mm high, with
two extrusion heads. The impressions were made
with a 0.4 mm nozzle and a layer resolution of
0.1 mm. The platform was heated to 50°C, and all
printing parameters were controlled by CLIEVER
STUDIO® 5.0 software. Figure 1 presents the draw
scheme of the scaffolds made with 6 mm in edge,
the Gyroid structure.

o 0 S|

2,
s

Figure 1. Gyroid structure.
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2.8. In vitro biocompatibility

Cytotoxicity test

Before seeding MC3T3 cells (mice osteoblasts) on
the scaffolds, an assessment of the cytotoxicity of
PLA/HA and PLA/HA/GO material was conducted.
The cell viability was tested using the 3D scaffolds
(Test by direct contact) and their extracts according
to ISO 19993-5 with additional time points. The ex-
tracts were obtained by incubating the scaffolds in
Dulbecco’s Modified Eagle’s medium (DMEM,
GIBCO) supplemented with 10% fetal bovine serum
(FBS), 100 TU/mL penicillin and 100 pg/mL strep-
tomycin for 24, 48 h, or 1 week, at 37°C. After the
incubation periods, the extracts were used in the ex-
periment. MC3T3 cells were seeded in 48 well
plates (10° cells/well) containing the 3D scaffolds or
extracts. After 48 h, the metabolic activity was tested
using the XTT assay kit (Abcam®), according to the
manufacturer’s instructions; the results are expressed
in the percentage of cell viability compared to neg-
ative controls. Positive controls consisted of cells in-
cubated with 50% dimethylsulfoxide (DMSO).

Cell seeding

MC3T3 cells were seeded on the surface of discs
made from the same material as the scaffolds at the
density of 10* cells and cultured in DMEM medium
supplemented with 10% fetal bovine serum (FBS),
100 IU/mL penicillin and 100 pg/mL streptomycin
on 96 well plates. This way, the cells would grow on
top of the discs, which would be compared with cells
grown on the plate substrate (Control cells).

The cells were cultured for 5 days; the discs were re-
moved and placed in cell-free wells so that only the
cells growing on the discs contributed to the result.

Then, the cell viability was measured using the XTT
assay. The results are expressed in the percentage of
cell growth compared to control cells. ANOVA one-
way with the Tukey test was used to assess statistical
significance among the sample means (p < 0.05).

Cell visualization on the disc surface

Three discs were used for cell growth and image ac-
quisition: pure PLA, PLA with 0.05% graphene
oxide (GO 0.05), and PLA with 0.3% GO, apart
from a glass cover slide used as a control for cell
growth. All discs had a diameter of 0.5 cm and were
placed in 24 well plates on the bottom of each well.
5-10* (MC3T3 cells) were seeded on top of them and
placed in an incubator for 72 h. Then, the cells were
dyed with DAPI (fluorescent dye for nuclei). Finally,
the cells were fixed with 4% formaldehyde, and the
scaffolds were placed on a glass slide to acquire con-
focal images.

DAPI was excited with a 405 nm light source, and
brightfield images were also taken. However, it is
worth mentioning that brightfield images were not
always possible as the discs containing graphene
oxide were too opaque.

3. Results and discussion

GrO and HA characterization

Figure 2a shows the Raman spectra for the pristine
graphite and GrO. Differences in the material’s
structure can be observed after oxidation. The band
at 1572 cm™, presented in the graphite and GrO, is
related to the G-band, which is attributed to the C=C
symmetric stretching mode [32]. The band at
2690 cm™! is the 2D-band, which is inherent in the
graphitic structure.

G
D 1572

1348

Intensity [a.u.]

D b+ Gro

Graphite
A

(002)

Graphite
rO

-~ (001)

Intensity [a.u.]

T T T
2000 2500 3000

Raman shift [cm™]

T
1000 1500

a)

3500

b)

Figure 2. a) Raman spectrum and b) XRD pattern of graphite and GrO.
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The D-band at 1348 cm™! is related to sp? carbon hy-
bridization due to the defects in the graphitic struc-
ture and incomplete bonds at the edges of the
graphene sheets. This band is more intense on GrO
because the oxidation process induces defects in the
material due to the oxidation method allowing oxy-
gen functional groups to be introduced. In the same
way, the D+G-band at 2920 cm™! is related to defects
of the structure [33].

The intensity ratio between D- and G-bands, Ip//g,
determines the disorder of the crystal structure of the
material [34]. The Ip/Ig of GrO is 0.98, which is sig-
nificantly higher than the /p//; of graphite (0.08), in-
dicating increasing defects after the oxidation
process.

Figure 2b presents the XRD for graphite before and
after oxidation. There is an intense and tight peak at
20 = 26° for graphite, which corresponds to the re-
fraction of the (002) plane, as well as another peak
at 20 = 55° corresponding to the plane (004) [35].
After oxidation, the 20 = 26° peak decreased its in-
tensity drastically, and a new peak occurred at about
20 =11°, which evidences the increase of the inter-
planar spacing in the direction (002) for dygp =
0.803 nm. The 26 = 55° peak has disappeared, thus
showing a change in the structure of graphite due to
the increase in the distance between layers caused
by the oxidation process that produced oxygen func-
tional groups [35, 36].

Figure 3 presents the TGA curves for graphite and
GrO. At the temperature range studied, the graphite
is very thermally stable and did not show weight
loss, indicating the absence of functional groups,
which can also be related to the purity of the mate-
rial. However, in a different behavior, the GrO
curve presented three stages of weight loss. First,
from 30 to 100°C, the material lost about 10% in
mass, which can be attributed to the loss of water

100°C i
100 / Graphite
240°C
90+
X 80+
z
ke
2 701
60+ GrO
501
100 200 300 400 500 600 700

Temperature [°C]

Figure 3. TGA curves of graphite and GrO.

molecules adsorbed [37]. From 100 to 240 °C can be
seen in the second stage, when the material lost
around 25% in mass, attributed to the remotion of
oxygenated groups, evidencing the oxidation process
once these groups turn the material more unstable.
Finally, at 240 °C, the material loses mass due to py-
rolysis.

The results of FTIR, Raman and XRD of HA are pre-
sented in the Figure 4 respectively. In FTIR spec-
trum, the bands related are: 1460 cm™, referring to
water absorbed, 1414 cm™!, referent to Cng groups,
the intense band at 1022 cm™' which accompanies
two less intense bands at 963 and 879 cm™' are re-
lated to PO3™ [38].

In Raman spectrum, the band at 1047 cm™! is from
asymmetric stretch mode PO3 . The intense band at
964 cm™! is related to the fully symmetrical stretch
mode of PO?{. The bands at 585 and 433 cm™! are
related to the bending mode of the groups HPOj3 and
PO3 ", respectively [39].

The most critical peaks from XRD are presented at
20 =32°,32.5° 33°, and 34°, referring respectively
to the planes (211), (112), (300), (202) of the crystal
structure of HA [39].
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Figure 4. FTIR spectrum (a), Raman spectrum (b), and XRD pattern (c) for HA.
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Composites characterization

Regarding the structural chemical changes and in-
teractions between the PLA, HA, and GO that may
have happened after processing, FTIR analysis is an
important data source, and it is presented in Figure 5a.
In FTIR spectra of HA, there is an intense band at
~1022 cm™, related to PO?(, characteristic of this
material. There is a band at around 1019 cm™ in the
neat PLA spectra. In PLA/HA and PLA/HA/GO
composites, an overlap of these two bands occurred,
and a broader and more intense band can be ob-
served. Thus, the results confirmed the existence of
HA in the PLA/HA composites. Concerning the com-
posites containing GO, the bands related to it coin-
cide with the bands of the PLA. Commonly, the GO
presents peaks related to the carboxyl groups
~3400 cm™!, carbonyl (~1720 cm™), and epoxy
(~1240 cm™") [40]. Also, the PLA/GO and PLA/HA/
GO composites present a very low GO content (from
0.05 to 0.3 wt%) compared to HA (30%), making
verifying its presence and interaction within the
polymer more difficult.

In Raman spectra (Figure 5b) of the composites con-
taining HA, a 960 cm™' band, like that typically iden-
tified in the pristine HA (as shown in Figure 4b), can
be identified. Therefore, this band can be considered
evidence of the presence of HA in the composites.
Another inference is that the interaction of HA in
composites is strictly physical since its characteristic
band was not displaced.

Another band to be noticed, but with low intensity,
occurs only in the composites with higher amounts
of GO close to 1595 cm™!. This band is attributed to
the G-band identified in the GrO before the disper-

sion and mixing processes (Figure 2a). Still, this
band exhibits a displacement of ~20 cm™', evidenc-
ing the occurrence of chemical interactions with the
other components of the composite, which may re-
sult in a high transferability of GO properties to the
composite.

Molecular weight data

The molecular weight can allow the evaluation of
the degradation of PLA during the extrusion process-
ing, which may cause scission and crosslink reac-
tions. So, it was compared to the PLA as received (un-
processed PLA before extrusion) and the processed
PLA after extrusion. The results of M, and M,, are
shown in Table 2. Firstly, there was an increase in
M, and a reduction in M,, of the processed PLA com-
pared to the unprocessed PLA. This change indicates
the occurrence of scission reactions in the larger
chains because of thermo-oxidative degradation

Table 2. Numerical (M,) and weight (M,,) average molar
masses and polydispersity (M,/M,) of unprocessed
and processed PLA in the presence or absence of

PLA/HA/GO 0.3%

PLA/HA/GO 0.1%

HA and/or GO.

Sample []]‘)4;] [1]‘)121 My/M,
Unprocessed PLA 44700 96 600 2.16
PLA 54100 80700 1.49
PLA/GO 0.05 50800 73900 1.45
PLA/GO 0.1 45500 74220 1.63
PLA/GO 0.3 47200 75540 1.60
PLA/HA 54600 83400 1.53
PLA/HA/GO 0.05 59700 79000 1.33
PLA/HA/GO 0.1 58700 79400 1.35
PLA/HA/GO 0.3 54500 77900 1.43
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Figure 5. FTIR (a) and Raman (b) are for PLA and composites PLA/GO, PLA/HA, and PLA/HA/GO.
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during processing, reducing the M, and increasing
the average number of smaller chains. Nonetheless,
this increased effect of M, was reduced by the addi-
tion of GO, as the presence of water adsorbed on the
surface of the GO sheets (even after drying in an
oven, adsorbed water remains in the structure) leads
to hydrolysis reactions of the polymeric chains of
PLA during processing causing a reduction in both
in M, and M, This effect worsens with the increase
in the concentration of GO. On the other hand, the
addition of HA appears to have no degradation reac-
tions, but when combined with GO, a reduction in
M, is observed again. It is possible to infer that ad-
sorption on GO can intensify the degradation of
water through the PLA chains of hydrolysis mecha-
nisms. For PLA/HA/GO composites, the M,, display
values close to each other, indicating that the scission
chain reactions were very similar for all systems.

In addition, it is worth highlighting that the GO may
contain acidic residues from its synthesis process,
which catalyze the hydrolysis of PLA. The HA, on
the other hand, has basic characteristics that would
reduce the effects of the residual acid of GO, leading
to a smaller reduction in the M, of the hybrid com-
posites compared to PLA/GO nanocomposites.

Contact angle and surface free energy

Contact angle analysis is an essential technique to
obtain information about the surface properties of
the materials, as well as their hydrophilic and hy-
drophobic characteristics. Table 3 presents the re-
sults of the contact angle in water and ethylene gly-
col of PLA and all compositions with HA and/or GO.
PLA is a nonpolar polymer with low surface energy,
which makes its wettability difficult. In applications
such as biomedical, the increase in surface hy-
drophilicity and reduction in the angle of contact en-
ables cell growth [41]. Studies indicate that the ideal

contact angle for cell adhesion is between 60° and
70° between the surface of the bioimplant and the
water [42]. With the incorporation of 0.05 wt% of
GO, there was a reduction in the contact angle in
water, which leads to improved wettability and al-
lows an interaction with aqueous fluids, which helps
cell adhesion in biological environments. However,
further increasing the concentration of GO, the con-
tact angle returns to higher values, evidencing once
again that the efficiency of this property modifica-
tion occurs in very low GO mass proportions. Prob-
ably, as the concentration of GO increases, the par-
ticle-particle interactions increase, and the effect on
the polymer matrix due to the presence of GO is not
as strongly observed. When HA is added to the sys-
tem, the contact angle also decreases. In the concen-
tration of 0.05 wt% of GO in PLA/HA, the contact
angle reached the smallest value (average of 67°);
however, this value increased again in the samples
with 0.1 wt% (84°) and 0.3 wt% (88°) of GO. There-
fore, under the conditions analyzed, the best compo-
sition achieved for biomedical application was the
PLA/HA/GO 0.05% composite.

Another factor that demonstrates the improvement
of the surface properties is the increase, mainly in
the polar component of surface energy (Table 3). The
neat PLA has a surface energy of approximately
38 mJ/m?, with meager participation of the polar
component, about 1.5 mJ/m?. The outstanding dis-
persive contribution in its surface properties is due
to the high amount of CH3 groups, thus determining
a great hydrophobic character [43]. When HA is in-
corporated, the surface energy decreases; however,
the polarity increases due to the hydrophilic charac-
ter of HA [44]. Interactions of the polar groups of
HA with the external surface probably occur. The
PLA/GO composite showed a similar effect, but a
much smaller amount of GO was required to produce

Table 3. Contact angle in water and ethylene glycol and surface energy components for PLA and the composites.

Contact angle Energy
Sample [° [mJ/m?]
Water Ethylene glycol Surface energy Dispersive component| Polar component
PLA 99+0.81 65+0.2 38.77+2.41 38.7£2.2 1.44+40.1
PLA/GO 0.05 80+0.7 63+0.73 22.78+1.03 20.92+0.55 9.01+0.87
PLA/GO 0.1 91£2.91 63+3.3 23.26+2.98 21.64+2.3 8.54+1.9
PLA/GO 0.3 94+0.5 65+2.4 23.09+2.38 21.52+1.64 8.38+1.73
PLA/HA 9143 6146 24.4742.6 22,742 9.15+£2.2
PLA/HA/GO 0.05 68+2.5 62+2.2 35.79+2.32 54+0.3 3544423
PLA/HA/GO 0.1 75+3 58+6 25.9942.8 10.08+2 23.9642.6
PLA/HA/GO 0.3 89+1.1 65+1.5 18.68+2.57 14.15+2.03 12.20+1.57
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the same effect as HA. GO also has a hydrophilic
character due to the oxygenated groups present on
its surface [45]. In the PLA/HA/GO composite, the
polar portion increased even more, which demon-
strates a synergistic effect of increasing the polarity
of the HA and GO fillers.

Thermal analysis

Figure 6 show the DSC curves of the first heating
scan for PLA and PLA/GO and PLA/HA/GO com-
posites, respectively. From these curves, it was pos-
sible to obtain information such as glass transition
temperature (7,), cold crystallization temperature
(T¢c), melting temperature (71,), crystallinity degree
(X, and cold crystallization and melt enthalpy (AH.
and AH,,), which are summarized in Table 4.

The 7, of PLA is around 55°C and the addition of
GO or HA increased the Ty, reaching 68 °C in PLA
with 30 wt% of HA, indicating that, initially, this
filler interfered considerably in the energy needed for
the amorphous phase of the PLA to acquire mobility.
Also, the addition of GO increased the T, of PLA.
From the curves of the first heating, it is possible to
see that all the samples presented an exothermic

peak around 100 °C, corresponding to the cold crys-
tallization temperature (7¢.), where the polymer crys-
tallizes during the heating process. With the incorpo-
ration of GO or HA, the T, tends to decrease due to
the formation of nucleation centers of PLA crystals
promoted by the filler. Similar results can be found
in the literature, as reported by some authors [17].
The heating scans indicate that GO alone decreases
the Ty, values. As mentioned before, with the molec-
ular weight data, GO strongly degrades PLA. As a
consequence of the scission reactions that can occur
at the lamellar fold surfaces, the crystals’ surface free
energy increases, and the melting temperature de-
creases [46].

The X, of PLA was found at 9.67% and considerably
increased to 18.65% with the addition of 30 wt% of
HA; thus, the HA acted as a nucleating agent for nu-
clei formation and crystal growth. Following the
same pattern, the X, of PLA/HA/GO also increased
compared to the neat PLA.

Mechanical properties
From the tensile test, it was possible to determine vari-
ations in the mechanical behavior of the composites

Table 4. Values of Ty, T¢e, AHe, Ti, AH,, and X, obtained by first heating of DSC.

T, Tee AH,. Tm AH, X,

Sample [°C] °C] /gl °C] gl [%]
PLA 55 106 29.40 173 38.46 9.67
PLA/GO 0.05 61 104 28.15 172 36.09 8.48
PLA/GO 0.1 59 97 19.10 170 28.49 10.03
PLA/GO 0.3 64 98 12.92 171 18.92 6.42
PLA/HA 68 100 20.17 171 32.27 18.45
PLA/HA/GO 0.05 66 100 23.35 172 36.52 20.09
PLA/HA/GO 0.1 66 100 22.62 173 35.96 20.37
PLA/HA/GO 0.3 63 99 13.40 172 25.67 18.71

! Tm ! Tg ) ch Tm
PLA PLA/HA

\/ PLA/GO 0.05

\/ A/GO 0.1

N\/

50 100 150 200
a) Temperature [°C]

/\
/\

Heat flow
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' PLA/HA/GO 0.1
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b) Temperature [°C]

Figure 6. First heating DSC curves of PLA, a) PLA/GO, and b) PLA/HA/GO composites.
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compared to neat PLA, such as Young’s modulus
(E), ultimate tensile strength (UTYS), and elongation
at break. The results obtained are summed up in
Table 5. The results showed considerable changes in
E when inserting the fillers in the system: an increase
of approximately 20% in E could be observed in the
composite with 0.05 wt% of GO compared to the
neat polymer. This demonstrates a strong interaction
between GO and PLA, even in small content, as a
large load transfer was applied in the matrix to the
dispersed phase. This behavior also evidences the ef-
ficiency of GO dispersion in the matrix, as the more
dispersed the filler, the better the load transfer to the
particulate, proving the excellent performance of GO
as filler and the effectiveness of the processing
method used [47]. The mechanical properties depend
on the crystallinity of PLA, so, by DSC results, the X
of PLA/GO is 0.3% reduced, and so on the E, prob-
ably by the formation of aggregates that reduce the
interfacial area between polymer and particle. Fur-
ther, the incorporation of HA in PLA led to a marked
enhancement of almost 36% in Young’s modulus and
areduction of 31% in elongation at break, compared
to the pure PLA. Such high proportions (30 wt%) of
HA in the polymeric matrix are typical of agglom-
erates that can act as stress concentrators in the struc-
ture, leading to the material’s embrittlement [48].
Additionally, with the addition of 0.05 wt% of GO
in PLA/HA, there was an increase of 18% in E, reach-
ing the highest value of 5314 MPa; this demonstrates
that in these proportions, the GO and HA are acting
to improve the material’s mechanical performance.
However, the same trend in PLA/GO composites
reappears in PLA/HA/GO composites, where £ de-
creases with increasing GO concentration.

About the UTS, there was a reduction in this property
with the addition of a more significant amount of GO
and even more with the addition of HA. The amount

Table 5. Mechanical results obtained by tensile test for PLA,
PLA/GO, and PLA/HA/GO composites.

Sample E UTS | Elongation at break
[MPa] [MPa] [%]
PLA 3273£143 | 59+2 1.7£0.1
PLA/GO 0.05 3947+270 | 58+6 1.9£0.1
PLA/GO 0.1 3457+213 | 5444 1.9+0.1
PLA/GO 0.3 32344910 | 5547 1.7+0.2
PLA/HA 44794244 | 45+4 1.1£0.1
PLA/HA/GO 0.05| 5314+183 | 47+3 1.2+0.2
PLA/HA/GO 0.1 | 4123+£150 | 45+3 1.1+0.1
PLA/HA/GO 0.3 | 3821+434 | 46+4 1.1+0.2
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of 0.05 wt% GO does not show any significant vari-
ation when compared with neat PLA. The combina-
tion of HA and GO also does not affect the UTS.
However, it is evident that the GO acted as a recovery
filler to overcome the mechanical properties and dis-
advantages imposed by the presence of HA.

Rheological analysis

Rheological analyses were carried out to adjust the
correct parameters for FDM processing for all types
of samples. A commercial PLA (CLIEVER®) was
taken as a reference, and it was very used to the
FDM process to compare with the neat PLA and
composites produced here.

It was found that the liner viscoelastic regime started
from 10%. So, all rheological tests were performed
at a constant deformation of 12%, eliminating vari-
ables in the process.

First, the temperature sweep test was executed from
170 to 250°C since the range of temperature indi-
cated for the commercial filament is between 180
and 215°C. The results of the rheological tests re-
vealed that the best temperature for processing each
composite was identified in viscosity conditions
close to those used commercially.

Figure 7 shows the storage modulus (G") and loss
modulus (G") as a function of the temperature for
the commercial and neat PLA. It was observed two
different behaviors. In the temperature range indi-
cated by the commercial filament, G’ and G" values
of neat PLA are lower than the commercial PLA. Be-
yond the polymer, commercial filaments usually
have additives to tune the desired rheological prop-
erties for the FDM process or a molecular weight ap-
propriated for this processing [49]. The neat PLA
used here does not have any additional additives, and
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Figure 7. Rheological curves for commercial and pure PLA:
G" and G" versus temperature.
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the molecular weight is probably not adequate for
the FDM technique as filament. Consequently, the
rheological properties do not match those of com-
mercial ones. In FDM, the processing must occur so
that the material presents good flow when flowing
through the extruder nozzle and quickly solidifies
when deposited [50]. So, the G” (component linked
to the viscous behavior of the material) of neat PLA
must be approximately the same as G” from com-
mercial PLA. It is noted that neat PLA only resem-
bles the commercial PLA in terms of G” when sub-
jected to lower temperatures, indicating that the
process with neat PLA to be used by FDM must be
carried out at lower temperatures when compared
with the commercial PLA. For example, if the com-
mercial PLA temperature is 210°C, the adjustment
of processing temperature of neat PLA must be
175°C (according to match values of G").

Figure 8 present the G" and G, respectively, for
commercial PLA and PLA/GO composites. Note
that both G’ and G” did not show a similar behavior
compared to commercial PLA, which difficulties the
FDM processing. To achieve the desired behavior
like the commercial PLA, the processing tempera-
ture reduction goes below the 7}, of PLA, making its
use in FDM processing unfeasible.

The G" and G’ curves for commercial PLA and PLA/
HA/GO composites are also presented in Figure 8,
respectively. Here, it is interesting to note that when
HA is incorporated, the moduli approximate those
verified in the commercial PLA, demonstrating an
increase in flow resistance provided by HA, making
the application of PLA/HA and PLA/HA/GO com-
posites feasible in FDM processing.

Rheological tests of viscosity (1) versus shear rate
(v) were performed for a more in-depth analysis of
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FDM processing issues. Figure 9 shows the curves
for commercial and neat PLA, PLA/GO, and PLA/
HA/GO composites. As with most thermoplastic ma-
terials, the PLA presents a Newtonian behavior until
10 s7!; when increasing the shear rate, it becomes
pseudoplastic, with a remarkable reduction in vis-
cosity. Essential information can be verified that the
insertion of GO led to lower viscosity values than
neat PLA at the highest shear rates, inducing a lubri-
cation process [51]. However, the neat PLA and all
PLA/GO composites exhibited much lower viscosity
than commercial PLA, proving the unfeasibility of
using such materials in FDM processing. On the
other hand, when HA is added to the PLA/GO com-
posite, the values of viscosity are approached as ex-
hibited by the commercial material. They showed
similar behavior in the face of variations in the shear
rate range analyzed.

Finally, the compilation of the rheological results
demonstrated the feasibility of processing only in
PLA/HA and PLA/HA/GO composites. Based on
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Figure 9. Viscosity versus shear rate for commercial and
pure PLA, PLA/GO, PLA/HA and PLA/HA/GO
composites.
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Figure 10. Scaffolds produced by FDM a) PLA/HA/GO 0.05, b) PLA/HA/GO 0.1 and ¢) PLA/HA/GO 0.3.

these results, FDM processing parameters were cho-
sen for the samples. The temperature and the veloc-
ity processing were 174, 173 and 175°C, and 100,
120 and 100%, for PLA/HA/GO 0.05, 0.1 and
0.3 wt%, respectively. Figure 10 shows the scaffolds
produced by FDM for the PLA/HA/GO composites
with 0.05, 0.1, and 0.3 wt.% of GO.

Cytocompatibility tests

The cell viability assay revealed that neither the scaf-
folds tested nor their extracts significantly decreased
cell viability compared to the non-treated controls.
Indeed, a mild reduction in cell viability could be ob-
served with the scaffold containing 0.3% of GO.
Still, this decrease was not high enough for the bio-
material to be considered cytotoxic (Table 6).
When the cell growth on top of the biomaterials was
assessed, we observed that, although the scaffolds
led to a lower proliferation compared to a surface
that is industrially prepared for cell growth (the sub-
strate of culture-treated 96 well plates), there was a
significant growth of MC3T3 cell cells on the poly-
mer scaffolds. The higher GO concentration led to a
significantly lower cell proliferation than PLA scaf-

Table 6. Cell viability of MC3T3 cell in the presence of
PLA/HA scaffolds with GO and their extracts in
culture media.

Cell viability
Sample [%o]
24 h 48 h 1 week

PLA/HA/GO 0.05| 103.48+9.06 | 100.16+5.78 97.48+6.63
PLA/HA/GO 0.3 88.14+4.56 85.79+£3.31 84.64+4.16
Extract

PLA/HA/GO 0.05 106.30+13.35| 90.63+£10.47| 103.48+9.06
Extract

PLA/HA/GO 0.3 109.01+9.63 93.13+£2.60 88.14+4.56
Control + 8.34+0.35 7.81+0.36 8.34+0.35
Control — 100.00+7.04 | 100.00+11.72 | 100.00+7.04
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Table 7. Percentage of MC3T3 cell proliferation on top of
the PLA/HA/GO discs compared to their prolifera-
tion in 96-well plate substrates.

Sample Cell proliferation
[% of control]
PLA" 74.63+4.69
PLA/HA/GO 0.05 68.90+2.78
PLA/HA/GO 0.3" 66.89+2.07
Control cells 100.00+5.42

“Statistically significant difference with control (p < 0.05)

folds and over 30% lower than the 96 well plate sub-
strate (Table 7).

These results were confirmed by the confocal images
taken with cells seeded on top of PLA/HA discs with
or without GO and compared to cells growing on
glass cover slides (controls). The images (Figure 11
and Figure 12) show that the MC3T3 cells could ad-
here and grow successfully on the top of PLA discs
(although at a lower rate than controls). Still, they
were less able to multiply on top of PLA discs con-
taining GO, especially with the highest concentra-
tion. Brightfield images from PLA/HA/GO discs
were not taken as the materials were utterly opaque.

4. Conclusions

The production of a filament based on PLA as a
polymeric matrix and GO and HA as filler was car-
ried out to prepare scaffolds for tissue engineering.
For this goal, first, the GO was synthesized, and the
results obtained by Raman, XRD, and TGA con-
firmed the oxidative process of graphite, producing
graphite oxide (GrO), the precursor of GO. From
DSC results, the GO alone did not act as nucleating
for PLA crystal growth. However, the incorporation
of HA in the matrix led to an increase in the crys-
tallinity degree. The composite with lower GO con-
tent (0.05 wt%) achieved the best results regarding
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100 um

Figure 11. Confocal images of cells growing on PLA scaffolds (without hydroxyapatite of graphene oxide) a) the brightfield

image, and b) the DAPI fluorescence image.

a)

b)

Figure 12. Confocal images of cells growing on PLA/HA/GO scaffolds a) the DAPI fluorescence image of PLA/HA/GO
0.05, and b) the DAPI fluorescence image of PLA/HA/GO 0.3.

mechanical properties, mainly due to the production
process of composites via melt mixing, which prob-
ably led to good filler distribution and dispersion in
addition to a good filler/matrix interface interaction.
Regarding cytocompatibility, PLA/HA/GO 0.05 was
also the best option, as the cell viability remains
close to the control cells, and the cell proliferation
is more intense than the PLA/HA/GO with 0.3% of
GO. Even at low concentrations, GO facilitates pro-
cessing in the 3D printer. However, the rheological
parameters must always be adjusted to produce parts
with quality compared to commercial PLA. GO’s
properties are promising, and it can extend the range
of applications of PLA/HA-based biomaterials.

It is essential to point out that mechanical properties
improvements can affect scaffolds’ degradation rate
in a biological environment by influencing degra-
dation mechanisms, enhancing biocompatibility,
and providing mechanical stability. Balancing these
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factors is essential to designing scaffolds that support
tissue regeneration effectively while maintaining
structural integrity during degradation.
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