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A recently made available form of graphene nanoplatelets (GNP-C) is investigated for the
first time as reinforcement filler for PLA. GNP-C, with thickness of about 2 nm and length
1 — 2u m, was incorporated at different loadings (0.1-0.5 wt%) in poly(lactic acid) (PLA)
by melt blending. The effect of varying mixing time and mixing intensity was studied and
the best conditions were identified, corresponding to mixing for 20 min at 50 rpm and
180°C. Thermal analysis (differential scanning calorimetry and thermogravimetric
analysis) indicated no relevant differences between pristine PLA and the composites.
However, the rate of thermal degradation increased with loading, due to the dominant
effect of heat transfer enhancement over mass transfer hindrance. Raman spectroscopy
allowed confirming that increasing graphene loading or decreasing mixing time translates
into higher nanoplatelet agglomeration, in agreement with the observed mechanical
performance and scanning electron microscopy imaging of the composites. The
composites exhibited maximum mechanical performance at a loading of 0.25wt% : 20%
increase in tensile strength, 12% increase in Young's modulus, and 16% increase in
toughness. The incorporation of 0.25wt% GNP-C did not affect human fibroblasts (HFF1)
metabolic activity or morphology.



INTRODUCTION

In the last two decades, polymer composites have been studied as a strategy to provide
added value properties to neat polymer without sacrificing its processability or adding
excessive weight. Particular attention has been given to reinforcement with nanosized
materials, which have the potential to present improved or even new properties when
compared to conventional filled polymers [1].

Poly(lactic acid) (PLA) has great worldwide demand due to versatile applicability in
packaging, pharmaceutical,
textiles, automotive, biomedical, and tissue engineering [2]. It has been widely
investigated for biomedical applications due to its biodegradability, bioresorbability, and
biocompatibility [3, 4]. Several applications have been described in tissue and surgical
implant engineering, for production of bioresorbable artificial ligaments, hernia repair
meshes, scaffolds, screws, surgical plates, and suture yarns [5]. PLA is also used in
production of nano/microcapsules for drug delivery, and in packaging of pharmaceutical
products [6]. Improvement and tuning of its properties has been reported by
incorporation of plasticizers, blending with other polymers, and addition of nanofillers [7-

9].

Carbon-based fillers offer the potential to combine several unique properties, such as
mechanical strength, electrical conductivity, thermal stability, and physical and optical
properties, required for a spectrum of applications [10-12]. Graphene, in particular, has
been playing a key role in modern science and technology. Its remarkable properties and
the natural abundance of its precursor, graphite, make it an interesting option for
production of functional composites [13]. Graphene is a one-atom-thick planar sheet of
sp?-bonded carbon atoms densely packed in a honeycomb crystal lattice. It possesses very
high mechanical strength, surface area per unit mass, and thermal and electrical
conductivities. In the last years, there has been a surge in research work involving this
material, with reported applications in diverse fields, including biomedical engineering
and biotechnology [14-20]. On the other hand, not many studies are yet available
concerning biocompatibility of graphene and graphene-based materials (GBM). These
often show contradictory results [21-26]. In our recent study, graphene nanoplatelets with
smaller size (GNP-C) revealed to be biocompatible with human fibroblasts (HFF-1) until
a concentration of 50u gmL™!, opposing to larger GNP-M, which are toxic above
20ugmL™! [27]. Since several authors have shown that effective reinforcement of
polymeric matrices can be obtained with small loadings of GBM [28-32], toxic
concentrations achievement can be prevented. Additionally, graphene oxide (GO) and
graphene nanoplatelets (GNP), grade M (GNP-M), have shown not to affect mouse embryo
fibroblasts metabolic activity when incorporated in PLA at a loading of 0.4wt% [33].

Many graphene-related materials have been reported in literature as potentially
interesting fillers for polymer reinforcement. One commercial product that has been
receiving particular attention, and is the object of study in this paper, is GNP: stacks of few
graphene layers obtained by rapid heating of intercalated graphite. The platelets surface
consists of mostly defect-free graphene, while oxygen is present in the sheet edges, in the
form of, for instance, hydroxyl or carboxyl groups. Even though different grades are
available for this material, grade M, with average platelet thickness of 6 — 8 nm and
maximum length of 54 m, is the most often tested in the available literature [31].



Several studies exist on reinforcement of PLA with GBM. Even though performance
improvements are reported, quantitative results are usually distinct, owing mainly to
differences in chemical and morphological nature of GBM, filler incorpo-
ration and processing methods, and filler loadings. Cao et al. observed an 18% increase in
Young's modulus with addition of only 0.2wt% of reduced graphene oxide [30]. The
composite was prepared by solution mixing, followed by flocculation and drying. Pinto et
al. showed that small loadings of GO and GNP-M (0.4 wt%) in PLA thin films produced by
solvent evaporation significantly improved mechanical and gas permeation barrier
properties [31]. Tensile strength and Young's modulus were increased by about 15% and
85%, respectively. Chieng et al. investigated PLA/PEG melt blends with GNP-M loadings
of 0.3wt%, obtaining increases of 33%,69%, and 22% in tensile strength, Young's
modulus, and elongation at break [34]. Bao et al. prepared PLA/graphene composites by
melt blending and observed 58% improvement in storage modulus at 0.2wt% loading [35].
Yang et al. prepared poly(Llactic acid) (PLLA)/thermally reduced graphene oxide
composites via in situ ring-opening polymerization of lactide. The composite materials
obtained, with loadings up to 2wt%, showed improved thermal stability, electrical
conductivity, and crystallization rate [36]. In the work of Kim and Jeong, exfoliated
graphite was incorporated in PLLA at different loadings by melt blending [37]. At 2wt%
loading, tensile strength increased by about 13% and Young's modulus by 33%. Wenxiao
et al. studied PLLA composites containing different low-dimensional carbonaceous fillers,
with constant filler content of 0.5wt%. The fillers were pristine and silanized multiwalled
carbon nanotubes (MWNTs) and exfoliated graphene [38]. All composites were prepared
by solution mixing. It was found that tensile strength, elongation at break, and Young's
modulus showed similar improvements when using carbon nanotubes or graphene (about
20%,39%, and 33%, respectively). Silane modification of both fillers further improved
elongation at break and Young's modulus, without sacrificing tensile strength. More
recently, Wenxiao et al. successfully grafted GO with PLLA by in situ polycondensation
[39]. This material was incorporated in PLLA by solution mixing, and the composite with
0.5wt% loading showed improvements in flexural and tensile strengths of 114% and
106%, respectively.

In this study, a recently made available commercial grade of GNP (grade C), made of
thinner and shorter platelets than existing grades, is investigated for the first time as
reinforcement filler for PLA. Melt blending is used for preparing the composite material
as this is an economically attractive and industrially scalable method for efficiently
dispersing nanofillers in thermoplastic polymers. The effects of blending conditions
(mixing time, intensity, and temperature) and filler loading on the composite properties
are analyzed, and the best conditions identified. This is an important aspect since results
are often dependent on processing conditions, and this type of analysis is often absent
from the literature. Melt blending is an environmentally friendly method for filler
incorporation that does not involve use of solvents. It avoids concerns with human health
during processing and with toxicity of remaining solvent residues.

The quality of filler dispersion in the PLA matrix is investigated by SEM and Raman
spectroscopy, and is seen
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FIG. 1. (a) XPS spectrum for atomic composition of GNP-C powder; (b) TGA curve for
GNP-C powder.
to have a major influence on mechanical properties. For the first time, the biocompatibility
of PLA/GNP-C composites is studied, namely, in terms of effects on cell metabolic activity
and morphology.

EXPERIMENTAL



Materials

Poly(lactic acid) (PLA) 2003D (4% d-lactide, 96% Llactide content) was purchased from
Natureworks (Minnetonka, USA).

GNP, grade C750 (GNP-C), was acquired from XG Sciences (Lansing, USA), with the
following characteristics, according to the manufacturer: average thickness lower than

2 nm and surface area of 750 m? g~1. The platelet diameters have a distribution that
ranges from tenths of micrometer up to 1 — 2u m. GNP production is based on exfoliation
of sulphuric acid-based intercalated graphite by rapid microwave heating, followed by
ultrasonic treatment [64].

Preparation of PLA/GNP Composites

The PLA/GNP composites were prepared by melt blending in a Thermo Haake Polylab
internal mixer (internal mixing volume 60 cm?) at different temperatures (180,200, 225,
and 250°C ) mixing times ( 10,15, and 20 min ) and rotor speeds ( 25,50 , and 75 rpm ).
The GNP contents tested were 0.1,0.25, and 0.5wt%. After removal from the mixer, the
composites were molded in a hot press at 190°C for 2 min, under a pressure of 150 kg/cm?,
into sheets with approximately 0.5 mm thickness. After pressing, the sheets were rapidly
cooled in water at room temperature. Samples with different dimensions were cut from
these sheets, depending on the characterization test.

X-ray Photoelectron Spectroscopy
(XPS)

GNP-C powder was analyzed with an Escalab 200 VG Scientific spectrometer working in
ultrahigh vacuum ( 1 X 107° Pa ) and using achromatic AlKa radiation (1486.6eV). The
analyzer pass energy was 50 eV for survey spectra and 20 eV for high-resolution spectra.
The spectrometer was calibrated using ( Au3 d5/2 at 368.27 eV ). The core levels for O 1s
and C 1s were analyzed. The photoelectron takeoff angle (the angle between the surface of
the sample and the axis of the energy analyzer) was 90°. The electron gun focused on the
specimen in an area close to 100 mm?.

Fourier Transform Infrared
Spectroscopy (FTIR)

PLA and PLA/GNP-C FTIR spectra were obtained between 600 and 4000 cm™?, with 100
scans and a resolution of 4 cm™1, using a spectrometer ABB MB3000 (ABB, Switzerland)
equipped with a deuterated triglycine sulphate detector and using a MIRacle single
reflection horizontal attenuated total reflectance (ATR) accessory (PIKE Technologies,
USA) with a diamond/Se crystal plate.
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FIG. 2. FTIR spectra for PLA and PLA/GNP-C 0.25wt%(180°C, 20 min, and 50 rpm ).
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FIG. 3. Effect of increasing nanofiller content on mechanical properties of PLA/GNP-C
composites under the same processing conditions (180°C,20 min, and 50 rpm) : (a)
Young's modulus; (b) tensile strength; (c) toughness. Error bars represent standard
deviations computed from measurements on at least 10 samples.

Tensile Properties

Tensile properties of the composites (dimensions of 60 X 15 mm, thickness of 300 —
500u m ) were measured using a Mecmesin Multitest-1d motorized test frame, at room
temperature. Loadings were recorded with a Mecmesin BF 1000N digital dynamometer at
a strain rate of 10 mm min~?1. The test parameters were in agreement with ASTM D 882-
02. At least 10 samples were tested for each composite.

Glass transition temperatures ( T, ) and melting temperatures ( Ty, ) of samples were
determined with a Setaram DSC 131 device. The thermograms were recorded between 30
and 200°C at a heating range of 10°Cmin~! under nitrogen flow. Only the second heating
thermograms were collected. Sample amounts ranged from 10 to 12 mg .

Thermal stability of samples was determined with a Netzsh STA 449 F3 Jupiter
simultaneous thermal analysis device. Sample amounts ranged from 10 to 12 mg . The
thermograms were recorded between 25 and 800°C at a heating rate of 10°Cmin~! under
nitrogen flow.

(JAHc+]JAHmM)
JAHE,
AH. is the cold crystallization enthalpy, AH,, is the melting enthalpy, and AHS, is the

melting enthalpy of purely crystalline poly(L-lactide) [65].

The degree of crystallinity was determined as follows: yc(%) = 100 X , where

Scanning Electron Microscopy (SEM)

The morphology of the PLA/GNP composites was observed using SEM (FEI Quanta
400FEG, with acceleration voltage of 3 kV ) at Centro de Materiais da Universidade do
Porto. Composites selected for SEM analysis were fractured transversely under liquid
nitrogen, applied on carbon tape, and sputtered with Au/Pa ( 10 nm film). The number of
agglomerates per unit of area (mm?) as a function of agglomerate length, for different
GNP-C loadings, was evaluated by direct measurements from 5 SEM images collected for
each material, using ImageJ 1.45 software.

Raman Spectroscopy

The unpolarized Raman spectra of GNP-C powder, PLA, and PLA/GNP-C composites were
obtained under ambient conditions, in several positions for each sample. The linear
polarized 514.5 nm line of an Ar*laser was used as excitation. The Raman spectra were
recorded in a backscattering geometry by using a confocal Olympus BH-2 microscope with
a 50 x objective in a volume of 10u m3. The spatial resolution is about 2y m. The laser
power was kept below 15 mW on the sample to avoid heating. The scattered radiation was
analyzed using a Jobin-Yvon T64000 triple spectrometer, equipped with a charge-coupled

device. The spectral resolution was better than 4 cm™?.



The spectra were quantitatively analyzed by fitting a sum of damped oscillator to the
experimental data, according to the equation [66]:

wQf;Ty;

N
I(w,T) = (1 + n[w, T])Z Agj— )
= (9%

2
— wz) + wzFOZ]-

Here n(w, T) is the Bose-Einstein factor: 4y, Q,;, and I; are the strength, wave number,
and damping coefficient
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FIG. 4. Effect of mixing time and rotation speed on mechanical properties of PLA/GNP-C
composites processed at 180°C, for a filler content of 0.25wt% : (a) Young's modulus; (b)
tensile strength; (c) toughness. Error bars represent standard deviations computed from
measurements on at least 10 samples.
of the j th oscillator, respectively. In this work, the background was well simulated by a
linear function of the frequency, which enables us to obtain reliable fits of Eq. 1 to the
experimental data.

The fitting procedure was performed for all Raman bands collected from the same sample,
but in different positions. This procedure allows us to determine the average and standard
deviation (SD) values of the phonon parameters, namely, the wave number and intensity.
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FIG. 5. DSC thermograms for PLA and PLA/GNP-C (180°C,20 min, and 50 rpm )
composites with different filler contents.

Biocompatibility Assays

Human foreskin fibroblasts HFF-1 (from ATCC) were grown in DMEM+ (Dulbecco's
modified Eagle's medium (DMEM, Gibco) supplemented with 10% (V/V) newborn calf
serum (Gibco) and 1% (V/V) penicillin/ streptomycin (biowest) at 37°C, in a fully
humidified air containing 5%CO0,. The media were replenished every 3 days. When
reaching 90% confluence, cells were rinsed with PBS ( 37°C ) and detached from culture
flasks ( TPP® ) using 0.25% (w/V) trypsin solution (Sigma Aldrich) in PBS. All
experiments were performed using cells between passages 10-14. Biocompatibility of the
materials was evaluated using HFF-1 cells cultured at the surface of PLA and PLA/GNP-C



0.25wt% films (@ = 5.5 mm). Cells were seeded at a density of 2 x 10* cells mL™L.
Resazurin ( 20u L ) solution was added at 24,48 , and 72 h and incubated for 3 h ,
fluorescence ( Aex/em = 530/590 nm ) read and metabolic activity evaluated (metabolic
activity (%) = Fgample /Fpra X 100 ). All assays were performed in sextuplicate and
repeated 3 times. Cell morphology was evaluated by immunocytochemistry at 72 h . Cells
were washed with PBS and fixation was performed with paraformaldehyde (PFA, Merck)
4wt% in PBS for 15 min . PFA was removed, cells were washed with PBS, and stored at
4°C. Cell membrane was permeabilized with Triton X-100 0.1wt% at 4°C for 5 min .
Washing was performed with PBS and incubation performed with phalloidin (Alexa Fluor
488; Molecular Probes) solution in

TABLE 1. Glass transition temperature ( T, ) and melting temperature (T,,) for PLA and
PLA/GNP-C composites (180°C, 20 min, and 50 rpm ) with different filler contents

Samples (wt%) | Ty (°C) | Ty (°C) | T (°C) | AHc(J/g) | AHm (J/g) | Xc (%)

PLA 63.2 155.7 125.4 25.3 22.0 3.57
GNP-Co.10 63.6 155.5 126.0 25.4 22.1 3.50
GNP-C 0.25 63.4 154.8 122.5 28.2 22.1 6.42

GNP-Co0.50 63.6 155.9 126.1 26.0 21.6 4.75
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FIG. 6. (a) TGA; (b) - dTG curves for PLA and PLA/GNP-C composites with different filler
contents (180°C, 20 min, and 50 rpm).

PBS in a 1:80 dilution for 20 min in the dark, to stain cell cytoskeletal filamentous actin.
After rinsing with PBS, 4',6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma-
Aldrich) solution at 3u g mL~! was added to each well and incubated for 15 min in the dark
to stain the cell nucleus. Finally, cells were washed and kept in PBS to avoid drying. Plates
with adherent cells were observed in an inverted fluorescence microscope (Carl Zeiss -
Axiovert 200). For both assays, negative control for toxicity were cells cultured at the
surface of PLA incubated in DMEM+, for positive control cells at PLA surface were
incubated in DMEM+ with Triton 0.1wt%.

RESULTS AND DISCUSSION

GNP-C Physicochemical
Characterization

XPS results (Fig. 1a) show that GNP-C presents a low degree of oxidation (atomic
percentage of oxygen, O 1 s = 4% ), as expected for a graphene-based material that should
present oxygen-containing functional groups mostly at the platelet edges.
Thermogravimetry results
(Fig. 1b) show that most of the thermal degradation of GNP-C occurs above 450°C, the
initial slight decrease in weight being associated with desorption of impurities. About 9%
weight decrease is observed between 450 and 800°C, probably due to loss of oxygen-
containing groups. In many works, GBM with single or few layers are obtained by
exfoliation of graphite through oxidative processes, which lead to obtainment of materials
with high oxygen content [40]. On the other hand, GNP-C is exfoliated by rapid microwave
heating, followed by ultrasonic treatment; therefore, oxygen content is only associated to
structural defects at the edges of basal planes. For comparison, Haubner et al. observed
that pristine graphite presents an oxygen content of 1.4% and weight loss below 5% when
heated until 800°C [41].

FTIR Analysis

Figure 2 shows the spectra typical for PLA presenting peaks from 3000 to 2850 cm™*,
correspondent to alkyl C —H stretches. The C = O stretching region appears around
1750 cm™. A band at 1450 cm™?! attributed to CHj; is found. The C — H deformation and
asymmetric bands are present at 1380 and 1355 cm™?. The C — O stretching modes of the
ester groups are present around 1178 cm™!. A band correspondent to C— 0 —C
asymmetric stretching is present around 1078 cm™1, and C — O alkoxy stretching vibration
mode is at 1060 cm™1. Also, a band correspondent to C — CH; vibrations is present around
1041 cm™!. Bands at 865 and 754 cm™! are attributed to the amorphous and crystalline
phase of PLA, respectively [42, 43].

FTIR spectra for PLA and PLA/GNP-C 0.25wt% are similar. The low filler content makes
it difficult to detect characteristic bands. Kong et al. also observed that incorporation of



small amounts (0.3-3 wt%) of carbon fillers (MWNTS) in the polyester poly(caprolactone)
did not change the pristine polymer FTIR spectra [44].

Mechanical Characterization

By adjusting operation parameters in melt blending, one can try to obtain a compromise
between maximizing filler exfoliation and minimizing thermal/oxidative PLA
degradation. In the literature, typical conditions for PLA melt processing correspond to
temperatures of 160180°C, mixing times of 10 — 20 min, and rotation speeds around 50
rpm [3, 34, 45]. In this work, PLA/GNP-C blends were initially prepared by mixing at
180°C during 20 min and at 50 rpm . The resulting composites were characterized in terms
of Young's modulus, tensile strength, and toughness (area under stress-strain curve,
AUCQC). Figure 3 shows that Young's modulus and tensile strength are maximum for a
loading of 0.25wt%, with 20% increase in tensile strength, 12% increase in Young's
modulus, and 16% increase in toughness. In comparison, Chartarrayawadee et al. [46]
observed an increase of 32%




FIG. 7. (a) SEM images of GNP-C powder at 100,000 X magnification; (b) fracture surfaces
(under liquid nitrogen) of PLA/GNP-C composites ( 180°C, 20 min, and 50 rpm ), showing
GNP-C agglomerates at 40,000 x magnification; (¢, d) individualized platelets at
200,000 x magnification, for loadings of 0.25 and 0.5wt% in PLA (180°C, 20 min, and 50
rpm), respectively.
in tensile strength with the incorporation of 1wt% graphene oxide and stearic acid (1:1
ratio) in PLA. Also, Li et al. [47] reported an increase in tensile strength of 39% with the
incorporation of 1wt% graphene sheets in PLA. On the other hand, Narimissa et al. [48]
observed PLA/ GNP-M 1wt% composites to have similar tensile strength and Young's
modulus as pristine PLA, becoming brittle at 3wt% loading.

Figure 3 shows the decrease in mechanical performance when loading is raised to 0.5wt%,
which can be attributed to increased platelet agglomeration introducing defects in the
polymer matrix. The relation between agglomeration and loading level will be discussed
further below. Toughness improves for 0.1 and 0.25wt% loadings, when compared to
pristine PLA, but the two results are undistinguishable. Elongation at break results was of
about 3.8%, with no significant differences observed between PLA and its composites.

The effects of varying mixing time and rotation speed were analyzed for the optimal
loading of 0.25wt%. Fig-
ure 4 compares the results obtained for mixing times of 10, 15, and 20 min , and rotation
speeds of 25 and 50 rpm . At 75 rpm , a brittle material was obtained, probably due to PLA
degradation under high shear. The results show that the best processing conditions
correspond to 20 min and 50 rpm . Lower mixing time or rotation speed probably yield
worse GNP dispersion and hence lower mechanical performances. A higher mixing
temperature of 200°C was tested, but yielded very brittle materials, probably due to
thermoxidative degradation of PLA. These results show that tuning of melt blending
operation conditions can have an impact on the final properties of the nanocomposite, as
it directly affects the quality of nanofiller dispersion and then possibility of polymer
degradation.

Since the best processing conditions for PLA and PLA/GNP-C were determined to be
180°C, 20 min, and 50 rpm , only the materials produced using these conditions were
further characterized on physicochemical and biological studies.
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Thermal Analysis

Differential scanning calorimetry (DSC) was performed for all PLA/GNP-C loadings
tested. The results are shown in Fig. 5. Glass transition occurs in the range 60 — 65°C,
followed by a small hysteresis peak, associated
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FIG. 9. Representative unpolarized Raman spectra for PLA, GNP-C powder, and
PLA/GNP-C 0.5wt%20 min, recorded at ambient conditions with physical relaxation.
Melting takes place at around 155°C, preceded by a broad cold-crystallization peak. It is
interesting to note that PLA presents two combined melting peaks, which can be ascribed
to differences in crystal morphology (e.g., lamellar thickness) [49]. As GNP-C content
increases, the higher temperature peak diminishes in intensity, indicating that polymer-
nanoplatelet interaction leads to crystallinity uniformization.

Table 1 shows the estimated values of glass transition temperature ( T, ) and melting
temperature ( Ty, ) for all samples tested. As the material is loaded with GNP-C, both T,
and Ty, do not change significantly in relation to pristine PLA. An increase in Ty is often
expected as a consequence of segment mobility being restricted due to filler-induced chain
confinement. However, other studies have reported similar behavior for PLA loaded with
nanofillers, concomitantly with observation of mechanical reinforcement [35, 39]. A
decrease in T,,, would be observed if phase separation had occurred [50,51].

The computed degree of crystallinity ( y. ) is also shown in Table 1. Crystallinity seems to
increase with GNP addition, but the differences are very small and are not expected to
have a significant influence on the
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FIG. 11. Unpolarized Raman spectra of PLA and PLA/GNP-C 0.1, 0.25, and 0.5wt% for (a)
10 and (b) 20 min mixing times.
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3 ).
mechanical properties of the material. Interestingly, for the condition that resulted in
better dispersion and mechanical performance (PLA/GNP-C 0.25wt%, 180°C, 20 min , and
50 rpm ), T. is decreased by 3°C, AH, increased by 3] g1, and crystallinity increased by
3%. This probably occurs because GNP-C particles cause heterogeneous nucleation,
anticipating and increasing crystallization, as proposed by Kong et al. [52] for MWNTs,
and similarly observed by Wang et al. [53] for GO.

Figure 6a shows the thermogravimetric curves obtained for pristine PLA and PLA/GNP-
C. Thermal degradation is very similar for all samples: a single step between 300°C and
370°C, as expected for PLA [54]. Figure 6b, which represents the weight loss derivative
(dTG) curves, allows a better differentiation between the results. The peak maximum
values increase with graphene loading, indicating faster degradation rates. Similar
behavior has been reported by Bao et al. [35] for PLA/graphene composites, which was
attributed to the high thermal conductivity of graphene being the dominant contribution
at low loadings. As a consequence, facilitated heat transfer overcomes the mass transfer
barrier effect that often leads to improved thermal stabilities when lamellar fillers are
used. In our particular case, the relatively small diameter of the GNP-C platelets may
contribute to it being a less effective barrier, as the effect of path tortuosity is small. For a
loading of 0.5wt%, the onset of degradation is shifted toward higher temperatures, which



may indicate that at this concentration, diffusion of pyrolysis products is more effectively
restrained.

Scanning Electron Microscopy

SEM imaging was performed on PLA/GNP-C composites fractured under liquid nitrogen.
Figure 7 shows the original GNP-C powder (Fig. 7a) and platelets found in
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FIG. 13. Metabolic activity of HFF-1 cells cultured at the surface of PLA/GNP-C
0.25wt%(180°C, 20 min , and 50 rpm ) in DMEM+, at 24,48 , and 72 h . Cell metabolic



activity is represented as percentage in comparison with cells cultured at PLA surface in
DMEM + ( 100% ). Results are presented as mean and standard deviation (n = 6). The
red line at 70% marks the toxicity limit, according to ISO 10993-5:2009(E). For positive
control of cell death, cells were cultured at PLA surface in DMEM+/Triton 0.1%, with
metabolic activity being close to 0% (data not shown). For representative
immunofluorescence images of HFF-1 at 72 h, cells were stained with DAPI (nuclei) blue
and phalloidin (F-actin in cytoskeleton) green. Bottom line presents the phase-contrast
images of materials surface. Scale bar represents 100u mfracture surfaces (Fig. 7b-d).
Figure 7a shows that the powder is composed of flat platelets, lower than 2u m in length,
and smaller flake agglomerates. Figure 7b displays one of the largest agglomerates found
in the fractured PLA matrix, which is seen to be composed of small aggregated flakes.
Planar GNP can also be found embedded in the matrix (Fig. 7¢ and d), showing that
platelet individualization was achieved in the melt dispersion process.

As previously discussed, agglomeration at the higher loadings is the probable cause for the
observed degradation of mechanical properties above 0.25wt% GNP-C
content. To obtain a better notion of the incidence of agglomeration in these composites,
different SEM images of fracture surfaces (at 5,000 x magnification) were inspected, and
the number of agglomerates with different average sizes was computed per unit area of
sample section, for the three loadings tested. Figure 8 shows the cumulative plots obtained
and representative images. Very few agglomerates were found with sizes above 0.8 um,
and therefore these were ignored in the calculations. From Fig. 8, the composites with 0.1
and 0.25wt% loadings show similar results. However, for 0.5wt%, there is a noticeably
higher concentration of agglomerates of all
sizes. This is consistent with the observed decrease in mechanical performance. At this
loading interplatelet interactions promote higher agglomeration, which cannot be
efficiently overcome by melt mixing. The agglomerates work as defects in the polymer
matrix, facilitating crack initiation during mechanical deformation [55].

Raman Spectroscopy

As observed in Fig. 9, the Raman spectrum of pristine PLA exhibits a well-defined band at
1458 cm™!, in the 1200 — 1700 cm™?! spectral range. The Raman spectrum of the "as-
received" GNP-C powder exhibits the strong Dand G-bands, located at 1345 cm™! and at
1575 cm™1, respectively, as well as the weak D’-band at 1615 cm™? [56, 57]. The G-band is
assigned to the in-plane TO and LO vibrations of the carbon lattice, while the D and D’
bands arise from double resonance processes involving the in-plane TO phonon with
defects and edge structure of the graphene sheets. The Raman spectrum of PLA/ GNP-C
0.5wt%, presented here as representative example, exhibits a band at 1458 cm™!, from
PLA matrix, and two sets of bands located at the left and right sides of this one, which
deserve detailed attention.

Figure 10 shows the best fit of Eq. 1 to the spectrum of PLA/GNP-C 0.5wt%. Both low and
high frequency sets can be deconvoluted into three main bands. The existence of several
bands in the spectral range where the Dband is expected and where the PLA matrix does
not exhibit any Raman band, evidencing structural disorder in the samples due to the
exfoliation degree of GNP. In fact, the width of the D bands increases in the composites,
evidencing disorder, as reported by Ramirez et al. [56]. The two bands, not presented in
pristine GNP-C or PLA matrix spectra, appear in the composite sample: peak 3 at
1390 cm™! and peak 5 at 1525 cm™!. The existence of these bands is an evidence of



physical interaction between polymer matrix and GNP-C, originating new modes in the
system. Moreover, the frequency upshifts, of about 5 and 10 cm™! observed for peaks 2
and 6, respectively, when GNP-C is incorporated in PLA, corroborates the fil-ler-matrix
interaction and compression of the filler by the polymer matrix upon cooling [58].

Figure 11 shows the representative Raman spectra of PLA and PLA/GNP-C composites
with different filler amounts, mixed during 10 (Fig. 11a) and 20 min (Fig. 11b). In both
cases, as the graphene concentration increases, the intensity of Raman bands assigned to
GNPC increases. The Raman signals recorded for different sample positions did not show
significant differences, pointing out the homogeneity of the graphene distribution within
the polymer matrix, considering both individualized platelets and agglomerates.

From the fitting procedure, we have calculated the intensity of the observed Raman bands.
It is well established that the ratio between the intensities of the D - and G-bands, I/I,
is widely used for characterizing the level
of defect in graphene [59]. Moreover, the intensity of a Raman band depends on the
scattering cross-section of the corresponding mode and on the number of scatters per unit
volume. Therefore, the ratio between the intensities of two aforementioned modes gives
qualitative information regarding the ratio between the corresponding scatters
concentration [60]. Figure 12 shows the ratio between the intensities relative to the D and
G bands (peaks 2 and 6), for the as-received GNP-C powder and to the PLA/GNP-C
composites, for 10 and 20 min mixing times. In both cases, as the GNP-C concentration
increases, the ratio I,/I, tends to increase, which is interpreted as an evidence for the
increasing disorder in graphene, associated with defects arising from the interaction
between graphene sheets and the polymeric matrix, and from the agglomerates of
graphene in the matrix, as it is well evidenced by the SEM images. For a sufficiently high
filler loading ( 0.5wt% ), the content of agglomerated material introduces defects that can
have a negative impact on the mechanical performance of the composite. This detrimental
action surpasses the reinforcement effect, in agreement with the results of mechanical
testing. This interpretation of the I, /I ratio is consistent with the fact that, for the same
GNP-C initial concentration, the ratio decreases with increasing mixing time, evidencing
that longer mixing induces more efficient deagglomeration of the nanoplatelets within the
PLA matrix.

Biocompatibility with Fibroblasts

Biocompatibility was studied by culturing cells at materials' surface, evaluating cell
metabolic activity and morphology. For providing a negative control for cell death, cells
were cultured at the surface of PLA, presenting the typical "spindle"-like shape of
fibroblasts. This was expected, as PLA is generally a biocompatible material [61]. For
positive control of cell death, PLA cultured in DMEM+ with Triton 0.1%, metabolic activity
was close to 0% and cytoskeleton was disassembled. Since the best mechanical results
were obtained for PLA/GNP-C 0.25wt%(180°C, 20 min, and 50 rpm ), only these materials
were tested on biological assays.

HFF-1 cell metabolic activity at PLA/GNP-C 0.25 wt% surface never decreased below
97%, in comparison with PLA (Fig. 13). Also, immunocytochemistry images show no
morphological differences between PLA and PLA/GNP-C 0.25wt%. Thus, filler
incorporation has no impact on cell growth at materials surface. The fact that a small
amount of GNP-C is used, together with the platelets being well encapsulated in the



polymer may be on the base of the lack of toxicity observed [26]. Yoon et al. [62] observed
that the incorporation of 2wt%GO in poly(d, I-lactic-co-glycolic acid) matrix by solvent
mixing improved neuronal cell metabolic activity. However, Lahiri et al. [63] observed
ultrahigh molecular weight polyethylene/GNP-M 1wt% composites produced by
electrostatic spraying to be toxic to osteoblasts. Toxicity
can be caused by filler leaching [26], which suggests that electrostatic spraying may not
promote effective embedding of GBM in polymer matrix. Solvent mixing and melt
blending seem to be more effective in this sense, therefore, avoiding toxicity effects.

CONCLUSIONS

The purpose of this work was to evaluate the mechanical and thermal properties of PLA
filled with GNP-C, which presents particularly small platelet diameters and thicknesses.
The effects of blending conditions (mixing time, intensity, and temperature) and
nanofiller loading on the composite properties were analyzed. Both factors were observed
to have a major effect on the material's performance. The best processing conditions were
found to be mixing for 20 min at 50 rpm and 180°C. The optimum loading was 0.25wt%,
resulting in 20% increase in tensile strength, 12% increase in Young's modulus, and 16%
increase in toughness. At higher loadings, defects due to filler agglomeration cause decay
in mechanical performance. The higher incidence of agglomeration at 0.5wt% loading was
demonstrated by SEM and Raman analysis, in what we believe are novel approaches for
the use of these techniques in composite characterization.

Thermal analysis (DSC and TGA) showed no differences in glass transition or degradation
temperature between pristine PLA and the composites. However, an increase in rate of
thermal degradation with GNP-C loading was identified, which was interpreted in terms
of a dominant effect of enhanced heat transfer over mass transfer barrier, in agreement
with other reported works.

Melt mixing intensity and duration were found to have an impact on the mechanical
properties of PLA/GNP-C composites. Raman spectroscopy analysis, based on intensity
ratios of D and G bands, confirmed that longer mixing times yield better dispersion of
GNP. Evidence of effective interaction between the nanofiller and the polymer matrix was
found in the form of frequency shifts and appearance of new Raman bands.

HFF-1 cells metabolic activity and morphology were not affected by the incorporation of
0.25wt% GNP-C in PLA.

The increased mechanical performance of these composites, achieved at low filler
loadings, associated with their biocompatibility, provides interesting perspectives for use
in biomaterial applications.
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