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Graphene-related materials (GRMs) such as graphene oxide (GO) and few-layer graphene (FLG) are used
in multiple biomedical applications; however, there is still insufficient information available regarding their
interactions with the main biological barriers such as skin. In this study, we explored the effects of GO and
FLG on HaCaTs human skin keratinocytes, using NMR-based metabolomics and fluorescence microscopy
to evaluate the global impact of each GRM on cell fate and damage. GO and FLG at low concentrations
(5 pg mL™) induced a differential remodeling of the metabolome, preceded by an increase in the level of
radical oxygen species (ROS) and free cytosolic Ca®*. These changes are linked to a concentration-
dependent increase in cell death by triggering apoptosis and necrosis, the latter being predominant at
higher concentrations of the nanostructures. In addition, both compounds reduce the ability of HaCaT
cells to heal wounds. Our results demonstrate that the GO and FLG used in this study, which mainly differ
in their oxidation state, slightly trigger differential effects on HaCaTs cells, but with evident outcomes at
the cellular and molecular levels. Their behavior as pro-apoptotic/necrotic substances and their ability to
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1. Introduction

GRMs (graphene-related materials) have emerged as promising
tools in the field of biomedicine, and have found applications
in bio-imaging," drug delivery,> diagnosis® and many other
areas.””® However, despite the rapid progress in the develop-
ment of new applications, there is still not enough information
about how GRMs could affect human health, particularly
regarding such highly exposed barriers as skin.

The toxic effects of GRMs seem to be influenced by concen-
tration, lateral dimension, surface structure, functionalization
and dispersion method.’®™® As such, it is very important to
perform studies in which GRMs are thoroughly characterized,
defining the relationships between physicochemical character-
istics and biological responses.’

Among the GRMs, graphene oxide (GO) has become the
most used because of its solubility in water."” Some studies
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inhibit cell migration, even at low doses, should be considered in the development of future applications.

have already described how GO induces cytotoxicity through
an increase in reactive oxygen species (ROS), which drives the
activation of the intrinsic (mitochondrial) apoptotic pathway
but also provokes necrosis.'®?° FLG also seems to interact
with HaCaT keratinocytes by altering the plasma membrane
and inducing significant mitochondrial damage at high con-
centrations.>” However, to date there has been no in-depth
comparison of the effects of both GRMs (GO and FLG) on
human cells going from the molecular level (small scale), to
the cell process level (large scale). Regarding information at
the molecular level, metabolomics, the study of small mole-
cules in living organisms, provides useful information for
understanding the physiological state of living systems.
Nuclear magnetic resonance (NMR) spectroscopy is one of the
leading analytical techniques for performing metabolomics
studies. NMR spectroscopy provides unique structural infor-
mation among the most abundant compounds present in a
mixture without the need for sample fractionation or derivati-
zation.>” Most importantly, NMR spectroscopy allows accurate
quantification over a wide dynamic range, it is highly reprodu-
cible and is non-destructive. To our knowledge, our work is the
first study on the effects of FLG on non-transformed human
cell metabolomics, and the first to compare those effects with
GO-induced metabolomics alterations, and also the first that
correlates those effects with other cellular alterations such as
cytotoxicity, ROS alterations or motility alterations. There has
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been only one previous study reporting metabolomics changes
in human tumor cells treated with reduced GO (rGO).*®
Previous works have studied the effects of GO in zebrafish,**
Chlorella vulgaris (bacteria),>>*® and plant cells.?’

Herein, we report a systematic study involving the analysis
of two GRMs (GO and FLG), which mainly differ in their oxi-
dation state. We evaluated the effects of these two nano-
structures on metabolome remodeling, cytotoxicity and cell
motility, dissecting the cellular processes governing these
responses, as the alteration of mitochondrial ROS and free
cytosolic Ca®>* levels. We used HaCaT cells as a model of the
skin barrier. HaCaTs are non-transformed keratinocytes,
which are the most suitable model for skin cytotoxicity
studies*® and also the most used to assess the toxicity of new
nanomaterials at the skin level.”?' NMR spectroscopy was
chosen to identify and quantify the most abundant meta-
bolites present on exposed HaCaT cells. Statistical analysis of
the NMR data revealed the metabolites that were altered by GO
and FLG in our assays.

2. Results and discussion

Skin is the main human barrier and the first likely to interact
with GRMs by direct contact. Using human HaCaT keratino-
cytes, we have analyzed the effects of two different, yet related
GRMs (GO and FLG) at the molecular level on metabolomic,
ROS, Ca®" and cell processes, cell death and motility. Special
attention has been paid to the physicochemical characteriz-
ation of the GRMs.

2.1 Characterization of FLG and GO

From the different characterization techniques applied to both
nanostructures, we obtained the following results (Fig. 1). The
composition of GO and FLG was assessed by TGA and elemen-
tal analysis. Thermogravimetric plots (Fig. 1A) show very
different thermal profiles for both nanostructures, in agree-
ment with their distinct functional group contents. GO
showed a weight loss of 42.7%, while FLG only displayed a
6.1 wt% loss. Both results are consistent with their respective
elemental analyses (Fig. 1B) where the oxygen content was
drastically different, as expected. GO has abundant functional
groups, while FLG is mostly composed of carbon, with
minimal amounts of heteroatoms. From the atomic content of
nitrogen in FLG (Fig. 1B), a residual melamine content of
0.65 wt% was estimated. This value has been used to calculate
melamine concentration in control samples for FLG.

Structural features in both nanostructures were assessed
using Raman spectroscopy (Fig. 1C). GO exhibits prominent
G and D bands (Ip/Ig = 0.94), ascribed to its highly defective
structure.”® In contrast, FLG has a Raman profile consistent
with its high crystallinity. In this case, In/Is = 0.35, and the
fullwidth at half maximum (FWHM) of the 2D band
(66.2 cm™) confirmed the few-layered nature.*®* Additional
insight into the number of layers in FLG was acquired via an
established formula,** which relates the different intensities of
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G and 2D bands of FLG and graphite, respectively. According
to this calculation, our FLG was composed of ~4 layers.*> For
GO, the characterization performed by the supplier suggests
that its thickness was close to the monolayer.*®

In addition, since a stainless-steel flask was used during
the ball-milling process, TXRF was performed to ensure the
absence of metals (especially Fe) in the FLG sample, revealing
a Fe content of only 0.19 ppm. TXRF results from both GO and
FLG are available in the ESI (Table S17).

TEM characterization (Fig. 1D-E) provided a direct visual-
ization of the sheet morphology in GO and FLG. The lateral
size distribution (Fig. 1F) sampled in both nanostructures con-
firmed their similarity in size and shape.

2.2 Metabolomic cell profile

Metabolomics can generate much information about the
relationship between nanomaterials and human cells.””*78
Fig. S1f shows the typical '"H NMR spectrum of an aqueous
extract from untreated HaCaT cells, our control experiment.
Focusing on the analysis of the '"H NMR spectrum of the
aqueous extract from untreated cells, we identified NMR peaks
to elucidate which metabolites could be detected in our experi-
mental conditions. The NMR peak identification was carried
out by matching spectral data to reference spectra from the
Human Metabolome Database (HMDB) and from Birmingham
Metabolite Library (BML-NMR) (see Fig. S21 as an example) as
well as by assistance from the software Chenomx Profiler. In
addition, 2D NMR experiments, J-resolved, 'H-'"H-TOCSY and
'H-"*C HSQC, were conducted to assist with spectral assign-
ment (Fig. S3-S5t). The 2D NMR experiments were carried out
using a Bruker 800 MHz spectrometer equipped with a cryo-
probe for gaining signal sensitivity, thus enabling the detection
of the "*C NMR peaks for certain metabolites that were present
at very low concentrations, as observed for succinate, methion-
ine, phosphocholine, glycerophosphocholine, among others.
For selected metabolites, i.e. phosphocreatine, ATP, UTP, UDP,
the addition of standard samples further assisted in peak
identification. A total of 27 metabolites (Fig. S1f) could be
identified in our experimental conditions. A list is shown in
Fig. 2A. Comparison with previous NMR metabolomics studies
on HaCaT cells indicated a correct assignment of NMR
peaks.*”

Focused on investigating the influence of GO and FLG on
the metabolomics cell profile, HaCaT cells were treated with
5 ug mL™" of GO or FLG for 7 days. We considered this concen-
tration because it is a dose that triggers cell death in a low per-
centage. This fact allows the analysis of the main metabolic
changes in the viable, but probably damaged, remaining cells.
'"H-NMR experiments for both the control samples and the
cells treated with GO or FLG were registered at 298 K with a
500 MHz NMR spectrometer. The control sample for the cell
extract treated with GO corresponded to a cell extract that was
not exposed to any material. Since FLG contains trace amounts
of melamine, the latter was used in exactly the same concen-
tration in control experiments with the cell extracts.*?
Comparison of the treated and untreated "H NMR spectra did
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Fig. 1 Physicochemical characterization of the GO and FLG used in this study. (a) Thermogravimetric analysis, (b) elemental analysis, (c) Raman
spectroscopy, (d—e) TEM images, (f) lateral size distribution from TEM observations.

not show any new metabolites for the treated sample, as was
expected. The variations in concentration induced in the
metabolites were investigated through quantification of all
NMR signals in the 'H-NMR spectra for all samples. Focused
on avoiding the integration of overlapped signals and thus
achieving higher accuracy in the absolute amount of every
metabolite, the quantification was carried out by manual peak
picking using Global Spectral Deconvolution (GSD) from
Mnova (MestreLab Research). The selected signals for all
metabolites detected in the "H-NMR spectrum were quantified
using the module from Mnova for a targeted spectral analysis,
Simple Mixture Analysis (SMA), which uses the integral of a

11606 | Nanoscale, 2018, 10, 11604-11615

standard solution of known concentration (TSP, 0.1 mM) for
extracting absolute concentration amounts of each metabolite.
For higher accuracy in the quantification, a separated sample
containing only TSP at pH 7.4 was prepared and its 'H NMR
spectrum was registered at 298 K and with similar acquisition
parameters to the study sample. The extracted values for the
absolute amount (mM) for every metabolite were treated stat-
istically by differential analysis and classification, which was
performed with MEV4,
MetaboAnalyst.

The addition of GO to HaCaT cells resulted in an increase
in alanine, pyruvate, phosphocreatine, glycerophosphocholine

and pathway enrichment with

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The impact of GO and FLG on HaCat cells: (a) relative changes in the identified metabolites induced by GO (blue) and FLG (red) (n = 6).

(b), (c) Representative altered cellular pathways.

and UDP levels by 0.3, 1.2, 0.8, 0.6 and 0.5-fold vs. control,
respectively (Fig. 2A).

Treatment of HaCaT cells with FLG resulted in 0.7 and 0.6-
fold increases in fumarate and glycerophosphocholine levels
vs. control, respectively, and a decrease in pyruvate, phospho-
creatine and phosphocholine levels of —0.5, —0.3 and —0.6-fold
vs. control, respectively. Treatment with GO or FLG also reduced
glucose levels by —0.5 and —0.9-fold vs. control, respectively, and
was correlated with the slight decrease in leucine, acetate and
phenylalanine levels. Enrichment analysis revealed the alteration
in major metabolic pathways including those related to protein
biosynthesis, the urea cycle, ammonia recycling and methionine
metabolism, among others (Fig. 2B). All these changes are
related to critical cell processes (Fig. 2B and C) and could prob-
ably directly impact cell viability and motility.

The down-shift in the glucose level is especially relevant as
it is usually associated with increased cell death. Different
studies, including ours, have shown that a 5 pg mL™" dose of
GRMs slightly increases apoptosis and cell toxicity.>'***° The
observed decrease in glucose denotes that GO and FLG
remodel cellular energetic pathways, probably by interaction
with mitochondria and the overproduction of ROS.*°

This journal is © The Royal Society of Chemistry 2018

Moreover, the levels of some of the metabolites located in
mitochondria, such as phosphocholine, are altered by both
FLG and GO treatment, which could be associated with mito-
chondrial damage.

Interestingly, cells treated with GO exhibited an increase of
pyruvate levels, while the opposite trend was observed for FLG.
This fact could account for a differential effect of GO and FLG
in glycolysis and the tricarboxylic acid cycle (TCA) or Krebs
cycle. Pyruvate plays a critical role as an intermediate com-
pound in the metabolism of carbohydrates, proteins, and fats.
In our study, we did not notice significant alterations in
valine, leucine, isoleucine and lactate levels, which are directly
related to pyruvate. In fact, pyruvate also acts as an intermedi-
ate in alanine metabolism, and in our study, we observed an
increase in alanine levels in cells treated with GO (Fig. 2A).

Significant and differential changes in fumarate levels were
found in cells treated with GO (decrease) or FLG (increase).
Fumarate is a precursor of r-malate in the TCA cycle. It is
formed by the oxidation of succinic acid by succinate dehydro-
genase. It is also considered an oncometabolite because of its
high levels observed in tumors or biofluids surrounding
tumors and because of its stabilization of HIFla, promoting

Nanoscale, 2018, 10, 11604-11615 | 11607
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tumor growth and development.*** Fumarate also plays a
pivotal role in the TCA cycle,*® which is altered in cells treated
with GO or FLG (Fig. 2B). Therefore, these findings suggest
that the TCA cycle may be compromised in cells treated with
FLG. Recently, Oliveira et al. observed a decrease in creatine/
creatine phosphate in HaCaT cells treated with cobalt ferrite
nanoparticles** and also an increase in fumarate levels in cells
treated with silver nanoparticles.’” Decreased levels of phos-
phocreatine can be linked to diverse consequences for the
cells, such as increased permeability of the plasma mem-
brane.” In our study, increased levels of phosphocreatine
induced by GO could probably be due to a cytoprotective
mechanism triggered by cells to overcome the damage.

We also noticed significant changes in phosphocholine
levels. Phosphocholine is the precursor metabolite of choline
in the glycine, serine and threonine metabolism pathways and
an intermediate between choline and cytidine-diphosphate
choline in the glycerophospholipid metabolism pathway.
Phosphocholine together with glycerophosphocholine (GPC) are
the two major forms of choline storage in the cytosol. We also
observed a non-significant increase in GPC levels in cells treated
with GO and FLG. Alterations observed in phosphocholine could
be directly related to an increase in 1-alkyl-2-acetyl GPC levels, a
GPC-derived lipid mediator involved in numerous inflammatory
processes and stress responses in keratinocytes, which could
compromise processes as would healing.’® However, it has
recently been reported that the immunomodulatory effect of GO
functionalized with NH, groups avoids this problem, shifting the
immune response to T helper-1/M1."°

In summary, in this study, GO and FLG treatment of HaCaT
cells caused altered concentrations of metabolites related to
glycolysis, the TCA cycle and butanoate metabolism (Fig. 2B),
and there are some interesting alterations that should be
studied more deeply, such as fumarate increase induced by
FLG. Some of the alterations induced by GRMs imply the
remodeling of cellular energetic pathways, probably by inter-
action with mitochondria and overproduction of ROS.

2.3 The effects of GO and FLG on ROS and free cytosolic Ca**
levels

ROS and Ca** are essential and interconnected signaling mole-
cules in homeostatic/normal cell conditions.”” However, the
overproduction of ROS and increased levels of Ca** are linked
to diverse cellular processes, from metabolic alterations to cell
death.*®>?

Our results show that GO and FLG increase the levels of
ROS and Ca®" in a concentration- and time-dependent manner
for up to 7 days. Specifically, GO induced a significant increase
of 64.8% in mitochondrial ROS after 24 h in cells treated with
100 pg mL™" (***p < 0.001). After 7 days of GO exposure, mito-
chondrial ROS was 39.1% (*p < 0.05), while cells treated with
FLG elicited an increase of 61.1% at 100 ug mL~"' for 7 days
(" p < 0.001). Thus, GO showed a stronger effect compared to
FLG (a < 0.05) even at short incubation times (Fig. 3A).

The significant difference could be related to different
levels of oxidation in the GRMs used. GO also induced a sig-
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Fig. 3 The impact of GO and FLG on O, and H,O, levels: (a),
(b) MitoSOX-AM (O,"7) and H2DCF-DA (H,0,) levels in cells treated with
GO (blue) or FLG (red) for 24 h or 7 d (n = 4) (ESI Fig. 67).

nificant increase in cytosolic ROS of 114.8% and 140% in cells
treated for 24 h with 50 pg mL™" and 100 pg mL™", respectively
(***p < 0.001). Cells incubated for 7 days with 50 ug mL™" and
100 pg mL™' showed an increase of 28% (**p < 0.001) and
67.7% (****p < 0.0001), respectively (Fig. 3B). Meanwhile, in
cells incubated with 100 pg mL™" of FLG for 24 h we observed
a significant increase of 118.5% (**#p < 0.0001). In cells incu-
bated for 7 days with 100 pg mL™", O, increased by 48%
(*p < 0.001) (Fig. 3B). To sum up, GO is more potent at
increasing ROS levels, specifically at short incubation times,
but levels tend to recover at longer incubation times, leading
to the activation of a protective cellular antioxidant response.
It is well known that overproduction of ROS can trigger the
calcium-signaling pathway.'” Moreover, Ca®" plays an impor-
tant role in numerous cellular processes related to metab-
olism, cell death, signaling processes, etc.*>>® Nevertheless,
elevated free cytosolic Ca®* levels can damage the mitochon-
drial electron transport chain, leading to mitochondrial
damage and overproduction of ROS.>® This fact motivated us
to check the effect of GO and FLG on the free cytosolic Ca>*
levels. Our results show that the addition of 100 pg mL™" of
GO to HaCaTs elicited a 47% increase (*p < 0.05) in Ca*" levels
over a very short time of 2 h (Fig. 4). At an intermediate time of
24 h, 5, 50 and 100 pg mL™" GO increased Ca>" levels by 40%
(*p < 0.05), 70% and 82% (****p < 0.0001), respectively (Fig. 4).
Over the long-term (7 days), GO induced a significant increase
in Ca®" levels of 118.2% in cells treated with only higher doses
(100 pg mL™") (****p < 0.0001) (Fig. 4). Similar results were
obtained for FLG at short (2 h) and moderate (24 h) incubation
times (Fig. 4). Remarkably, over long incubation times (7 days),

This journal is © The Royal Society of Chemistry 2018
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(n = 4) (ESI images Fig. 7).

FLG was more potent than GO at increasing the free cytosolic
Ca”" levels. Specifically, 50 and 100 pg mL™" of FLG increased
Ca*" levels to 124% (***p < 0.0001) and 174.2% (**p <
0.0001), respectively, compared to 78% (**p < 0.01) and 56%
(*p < 0.05) for the same doses of GO (Fig. 4).

These results are in line with that reported previously for
GO and FLG in other cell lines. Indeed, GO and FLG were pre-
viously shown to increase ROS generation,>"*® which was par-
alleled by an increase in the free cytosolic Ca*>" levels in a con-
centration-dependent way. Whereas increased ROS levels had
been postulated as a primary cytotoxicity mechanism of
GO,>>”° cytosolic Ca®" is strongly related to several key glyco-
lytic and Krebs cycle enzymes that generate or metabolize pyr-
uvate.’>>”*® Moreover, several nanomaterials induced Ca*"
homeostasis changes and apoptosis®® " through direct
damage to the mitochondria.*®>® The decrease in glucose
observed in our metabolomics study in cells treated for 7 days
with 5 ug mL™" of GO and FLG denotes changes in cellular
energetic pathways, probably by interaction with mitochondria
and overproduction of ROS.>® With this dose, we observed a
non-significant increase in ROS levels (Fig. 3) so we tested the
total antioxidant capacity in these cells and noticed a signifi-
cant decrease of 18% (**p < 0.01) and 10% ("p < 0.05) in cells
treated with GO and FLG, respectively (ESI Fig. 97).

In summary, although our results obtained for GO and FLG
are quite similar in terms of the elevation of ROS and free cyto-
solic Ca®* levels, the effect of FLG is greater at regulating both
0,”” and Ca®" at high concentrations and long incubation
times.

2.4 The influence of GO and FLG on cell necrosis and apoptosis

It has been previously reported that different GRMs could
provoke cell toxicity, inducing apoptosis, necrosis and auto-
phagy, and all these processes are related to -cellular
stress.>">*%% Indeed, a recent study describes significant cel-

This journal is © The Royal Society of Chemistry 2018

lular damage induced by FLG and GO (1-100 pg mL™') in
HacCaT cells after 72 h,*' similar to that reported for skin fibro-
blasts exposed to 50 pg mL™" GO.**

We assessed the effect of GO and FLG on cell viability,
necrosis and apoptosis at different times from 24 h to 7 d.
First, there was a dose- and time-dependent reduction in the
number of cells per field, which was significant with doses
higher than 100 pg mL™" for both compounds, with a stronger
effect from GO compared to FLG (Fig. 5A and ESI Fig. 87). In
particular, the incubation of HaCaTs with 100 and 200 pg
mL™" of GO for 24 h exhibited a reduction of 47.5% and
46.3%, respectively (***p < 0.001; **p < 0.01, Fig. 5A). This was
mainly due to the induction of necrosis, reaching values of
13% and 23% (****p < 0.001, Fig. 5B) and apoptosis to a minor
extent, reaching low but significantly increased values of 5%
and 6.5% (****p < 0.0001, Fig. 5C). At this same time, FLG
showed similar cytotoxic effects, being slightly less potent
than GO (Fig. 5A-C).

Results for both compounds were similar after 48 h of
incubation, with GO being slightly more potent than FLG
(Fig. 5A-C and ESI Fig. 4f) at reducing the number of total
cells per field, probably by its pro-apoptotic effect but also by
the inhibition of cell adhesion, as described before.®®> A 7-day
incubation of HaCaTs with 100 and 200 pg mL™" GO provoked
a reduction of 36.2% (***p < 0.001) and 55% (****p < 0.0001),
respectively (Fig. 5A and ESI Fig. 4}), which was mainly due to
an induction of necrosis, yielding values of 14.8% and 25.2%
(****p < 0.0001) (Fig. 5B), respectively, and to apoptosis to a
minor extent, reaching low but significantly increased values
of 9.36% and 14.18% (****p < 0.0001, Fig. 5C). Lower doses
such as 0.5, 5 and 50 ug mL™" also increased apoptosis by
5.9% (*p < 0.05), 6.3% (**p < 0.01) and 8.22% (***p < 0.001),
respectively. For this same incubation time, FLG showed
similar cytotoxic effects, being slightly less potent than GO
(Fig. 5A-C).
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Our results support the ability of GO and FLG to increase
the levels of mitochondrial and cytosolic ROS as well as the
levels of free cytosolic calcium,>>® which are known to affect
metabolism®*”*® and lead to apoptosis.>*®' Surprisingly, the
cytotoxicity induced by both compounds is due to cell necrosis,
preferentially from apoptosis, which is indicative of the induction
of physical cell damage. This may be caused by the interaction of
the GRMs with the plasma membrane presenting damage-associ-
ated molecular patterns (DMAPs), as previously suggested by
Pelin and colleagues for the same cell model.>* Interestingly, Li
et al.®® observed and modeled the interaction between FLG and
keratinocyte plasma membranes, associating it with cell damage
possibly activated by DAMPs.*” %

2.5 GO and FLG inhibit cell motility but regulate different
structures of the actin cytoskeleton

Actin polymerization can be altered by an increase in Ca®*
levels, which impairs the dynamics of the actin cytoskeleton
and reduces cell motility.”” The physical interaction of GRMs

11610 | Nanoscale, 2018, 10, 11604-11615

with cell membranes also alters the dynamics of actin and
may lead to cytoskeletal disruption.®®”"”* Furthermore, GRMs
can make contact with actin filaments, interfering with their
dynamics.”® Since cell motility is a critical step in wound
closure after injury, we wondered if motility and actin struc-
tures related to cell movement and adhesion to the substrate
were affected by GO and FLG in HaCaTs human keratinocytes.

Increasing concentrations of GO and FLG resulted in a con-
centration-dependent inhibition of HaCaT cells (Fig. 6), which
were reduced by 80% at 200 pg mL™' GRMs (*** & "p <
0.001). Since cell motility depends on actin specialized struc-
tures such as lamellipodia, filopodia and stress fibers (related
to cell polarization, anchorage and contraction, respectively),
we used confocal microscopy to analyze the impact of GRMs
on these structures. This strategy revealed that treatment with
GO reduced the number of lamellipodia positive cells at 50,
100 and 200 pg mL™' by 17.6 (*p < 0.05), 17.5 (*p < 0.05)
and 23.7% (***p < 0.001), respectively (Fig. 6B). At 100 and
200 pg mL™", the number of invadopodia positive cells (21.9%

This journal is © The Royal Society of Chemistry 2018
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with GO (blue) or FLG (red) over 7 days (n = 4).

and 33.5%) (Fig. 6C) and stress fiber positive cells (18.6% and
22.9%) (Fig. 6D) were also reduced. Moreover, GO at 50 and
200 pg mL™" doses increased the number of filopodia positive
cells (Fig. 6E). FLG decreased the number of lamellipodia posi-
tive cells (Fig. 6B) at concentrations from 5 pg mL™" (11.9%;
#p < 0.01) to 200 pg mL™" (27%; " p < 0.0001). At higher
doses of 100 and 200 pg mL™", it also reduced the number of
invadopodia positive cells (15.9% and 15% respectively; “p <
0.05) (Fig. 6C) without altering stress fibers (Fig. 6D).
Moreover, filopodia were increased (Fig. 6E) at 50 pg mL ™"
("p < 0.05).

Overall, the data indicate that FLG and GO, besides inhibit-
ing cell migration, affect the dynamics of the actin cytoskele-
ton in human non-transformed epithelial cells in a differential
manner, probably by their effect on ROS and free cytosolic
Ca”" levels, though we cannot discard the involvement of the
regulation of genes related to the actin cytoskeleton as
described before.”

These results indicate that both GO and FLG could signifi-
cantly affect biological processes like wound healing, where
the proliferation and migration of skin cells are mandatory.

This journal is © The Royal Society of Chemistry 2018

This fact is clearly in contrast to different recent publications
that show that graphene-containing scaffolds induce wound
healing, at a faster rate in comparison to other compounds, in
mice, rat and rabbit models.”>””” A recent study indicated that
skin grafts, based on hybrid graphene oxide-natural bio-
polymer nanofibers, are effective in wound healing in vivo.”®
These polymers stimulate the proliferation of fibroblasts and
the infiltration of immune cells as polymorphonuclear cells.
Another study showed that graphene foams loaded with bone
marrow-derived mesenchymal stem cells can be used in
wound healing processes.”’ However, in all these studies,
GRMs are immobilized in other materials. As a whole, our
study shows that GO or FLG reduces wound healing and actin-
motility structures, probably by the direct effect of GRMs on
the cell, altering redox homeostasis, metabolism, etc. For
future biomedical applications, it is essential to characterize
the impact of GRMs according to their functionalization, size,
lateral dimensions, incubation time and dose, etc. It is also
critical to determine whether GRMs could be released from
the different scaffolds and interact directly with cells, inducing
irreversible damage.
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3. Conclusions

NMR-based metabolomics revealed the differential effects of
GO and FLG on HaCaT cells, altering the levels of different
metabolites involved in biochemical processes such as glycoly-
sis, TCA cycle and butanoate metabolism. These alterations
could be associated with the modulation of the global cell-
bioenergetics status, suggesting that mitochondria function
could be compromised. However long-term studies must be
performed to ascertain whether cells can recover from this
initial damage. The different oxidation states of GO and FLG
may be responsible for their subtle but differential effects on
HacCaT cells at cellular levels. Our results showed that GO and
FLG induced a significant dose- and concentration-dependent
increase in the levels of the free cytosolic Ca**, with both com-
pounds being indistinguishable in short time periods (up to
24 h), but FLG was more potent at 7 days and at high concen-
trations (>50 pg mL ™). FLG was also more potent than GO at
increasing the level of ROS at 24 h. Interestingly, the levels of
H,0, were higher at shorter times, but tended to recover the
basal level at 7 days. The differential regulation of Ca** and
ROS was reflected in a differential remodeling of the metabo-
lome related to processes like protein biosynthesis, the urea
cycle, the glucose and alanine cycle. After 7 days of incubation,
GO and FLG had different effects on cell death, with FLG
being more potent at triggering apoptosis by exerting similar
effects to provoking necrosis. Moreover, both compounds
reduced cell motility to a similar magnitude and in a dose-
dependent manner, although GO preferentially inhibited the
formation of lamellipodia and invadopodia, which are struc-
tures involved in directional cell migration and substrate
degradation. Since actin remodeling and cell migration are
impaired by treatment with free GRMs, our results suggest
that processes like wound healing could be compromised.
Graphene foam is a promising candidate for novel scaffolds in
skin tissue regeneration and bioengineering and it is therefore
essential to understand and dissect the mechanisms governing
its toxic effects and to determine the exact toxicity range for
each GRM. In summary, our results demonstrate that GO and
FLG, compounds with different oxidation states, trigger differ-
ential effects on HaCaTs cells, which are evident at cellular
levels and are governed at the molecular level.

4. Experimental section
4.1 FLG and GO production and characterization

FLG was prepared by a ball milling treatment following a pro-
tocol described elsewhere,*® using a Retsch PM 100 planetary
mill under air atmosphere. Graphite (7.5 mg SP-1 graphite
powder, purchased from Bay Carbon, Inc.) and melamine
(22.5 mg Sigma Aldrich ref. M2659) were ball milled at 100
rpm for 30 min, dispersed in 20 mL of water and sonicated for
1 min to produce a black suspension. Melamine was removed
by dialysis against hot water and the resulting dispersion was
left to settle for 5 days. The precipitate, consisting of poorly
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exfoliated graphite, was discarded and the liquid fraction was
carefully extracted, freeze-dried and used as a fine powder.

GO was obtained from Grupo Antolin Ingenieria (Burgos,
Spain); it was produced by the oxidation of carbon fibers
(GANF Helical-Ribbon Carbon Nanofibres, GANF®) with a
KMnO,/H,SO, mixture and sodium nitrate at 0 °C.*® The con-
comitant carbon debris and other possible acid traces were
removed by washing with Milli-Q water, with sequential cycles
of re-dispersion/centrifugation (4000 rpm, 30 min), discarding
the supernatant liquid in each cycle until the pH of the GO
aqueous suspension was ~5. The GO suspension was then
freeze-dried for further use.

Thermogravimetric analysis (TGA) was carried out, from
100 °C to 800 °C, using a TGA Q50 (TA Instruments) at 10 °C
min~" under nitrogen flow. For comparative purposes, GO and
FLG maximum weight losses were taken at 600 °C.

At least 20 individual Raman spectra, at different random
locations of the sample, were collected using an inVia Raman
microspectrophotometer (Renishaw ple, United Kingdom).
The laser wavelength was 532 nm, together with a 100x objec-
tive (N.A. 0.85) and an incident power density below
1 mW pm~? for FLG, or below 0.1 mW pm™ in the case of GO.

Elemental analysis was performed with a LECO CHNS-932
analyzer, completely burning the sample with four doses of
oxygen and quantifying the released gases by thermal
conductivity.

The morphologies and lateral sizes of both nanostructures
were analyzed using a Jeol JEM 1011 transmission electron
microscope (TEM) (Jeol, Japan). Lateral dimension distribution
was calculated by using Fiji® software and probing at least 100
flakes in each case.

In addition, total reflection X-ray fluorescence (TXRF) of
FLG and GO were performed using a Bruker-S2 PicoFox TXRF
spectrometer.

4.2 Cell culture

HacCaT cells were maintained in DMEM high glucose medium
(Sigma-Aldrich) containing 10% FBS (Sigma-Aldrich) and 1%
antibiotic/antimycotic (Sigma-Aldrich), at 37 °C and 5% CO,.
Experiments were performed in DMEM containing 10% FBS.

All cells used in this study were up to the 15" passage.

4.3 Sample preparation for NMR experiments

Cells were grown in 3 x 175 em?® flasks and treated for 7 days
with 5 pg mL™" GO or FLG. Cells were detached, rinsed twice
in PBS and homogenized by sonication in deuterated D,O
(99.98 atom% D) (Sigma-Aldrich) (n = 6).

4.4 NMR measurements

The NMR experiments were carried out using a Varian Inova
500 spectrometer operating at 499.77 MHz for 'H and at
125.678 MHz for *C. The spectrometer was equipped with a
four-nucleus 5 mm "H {*’N-*'P}PFG high-field indirect detec-
tion probe. Standard 1D spectra with water suppression
(presat) were recorded as previously reported by us®® with a
spectral width of 8 kHz, 32k data points, a 90° pulse width of

This journal is © The Royal Society of Chemistry 2018
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11.5 ps, a 4 s relaxation delay and 400 scans, at 298 K and
using pulse sequences from the Varian library. Manual phase
and baseline corrections were applied to all 1D spectra for pro-
cessing. J-Resolved 2D homo- and heteronuclear correlation
experiments, 'H-'"H-TOCSY, and 'H-'*C HSQC studies were
carried out at 298 K for NMR peak assignment in an 800 MHz
(1H) Avance NMR spectrometer (Bruker, Billerica, MA, USA)
equipped with 'H, **C, '*N cryoprobe and Z-gradients, follow-
ing the Bruker library. In addition, matching 1D and 2D data
to reference spectra in both the Human Metabolome Database
(HMDB) and the Birmingham Metabolite Library (BML-NMR),
and the use of Chenomx NMR Suite 8.2 were used to assist in
peak identification. The addition of standard samples to the
mixture of metabolites was carried out to confirm peak identi-
fication for selected metabolites. The NMR peak quantification
was assessed by Simple Mixtures Analysis (SMA, Mnova 11.0)
by means of a known concentration of TSP (0.1 mM) as stan-
dard, and by manual peak picking using Global Spectral
Deconvolution (GSD) from Mnova. A separated sample tube
containing only TSP at pH 7.4 was prepared and its "H NMR
spectrum was registered at 298 K and with similar acquisition
parameters to the study sample.

4.5 Statistical analysis

Data are expressed as mean + S.E.M., obtained from a
minimum of three independent experiments. Statistical ana-
lysis was carried out with GraphPad Prism 6, using Two-way
ANOVA (Bonferroni test). Differences were considered signifi-
cant at p < 0.05.

4.6 Determination of apoptosis, necrosis and viability

HaCaT were seeded in 96 well plates and incubated for 24 h,
48 h and 7 d with increasing concentrations of GO and FLG.
After each treatment, cells were incubated with 10 pg mL™
EtBr and 1 uM Calcein-AM. Viable (green) and necrotic cells
(red) were determined using Cytation 5 (BioTek). Immediately
after image acquisition, the cells were fixed and permeabilized
for 2 min in ice-cold methanol and stained with 1 pg mL™"
Hoescht. Apoptotic nuclei were determined according to mor-
phological criteria.®® For viability, necrosis and apoptosis, the
results are expressed as percentage vs. total cells (n = 4).

4.7 Determination of total antioxidant capacity

Cells were seeded in 96 well plates and incubated for 24 h or 7
days with 5 pg mL™" of GO or FLG. Total antioxidant capacity
was determined in culture media using a commercial Kkit,
following the manufacturer’s instructions (MAK187, Sigma-
Aldrich). Results are expressed as ratios (vs. control) of nmol
(n=4).

4.8 Determination of O, ~, H,0, and Ca," in single cells

Mitochondrial O,"", total H,O, and free cytosolic Cca*" levels
were determined using the fluorescent probes MitoSox,
H2DCF-DA and Fluo-4, respectively (Thermo Fischer). HaCaT
cells were seeded in 96 well plates and incubated for 24 h, 48 h
or 7 days with increasing concentrations of GO and FLG. After

This journal is © The Royal Society of Chemistry 2018
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each treatment, the cells were loaded for 30 min with 1 pM of
the fluorescent probe (one independent probe per assay),
washed in fresh medium and imaged using a Nikon TiU
microscope (20% objective). Images were analyzed and pro-
cessed with Image]. Results show the percentage of cell signal
vs. control (n = 4).

4.9 Wound healing assay

HaCaT were plated in 12-well plates, cultured to confluence
and then serum-starved for 12 h in media. A cross was
scratched into the monolayer with a 10 mL pipet tip and the
medium was replaced with fresh medium containing GO or
FLG. The percentage of wound closure was calculated by
measuring the open area free of cells for each image, using
Image], immediately after making the scratch and 24 h after
treatment. Results shown are an average of n = 4.

4.10 Remodeling of the actin cytoskeleton

To assess the effect of the compounds on the remodeling of
the actin cytoskeleton, cells were incubated for 24 h with GO
and FLG ranging from 0.5 to 200 pg mL™", fixed for 10 min in
4% paraformaldehyde at room temperature, then washed three
times with PBS and incubated with ActinRed™ 555 Ready
Probes® (Thermo-Fisher). Images were obtained using a Zeiss
LSM-600 confocal microscope (63x objective). To quantify the
effects of the treatments on actin reorganization and therefore
on cell mobility, cells with a static (filopodia positive) and a
migratory (lamellipodia, invadopodia or stress fibers positive)
phenotype were counted in a double-blind procedure. At least
100 cells in 4 independent experiments were counted for each
group, considering positive cells with migratory phenotype.
Results are expressed as percentages of positive cells normal-
ized vs. control.
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