
����������
�������

Citation: Salesa, B.; Tuñón-Molina,

A.; Cano-Vicent, A.; Assis, M.;

Andrés, J.; Serrano-Aroca, Á.

Graphene Nanoplatelets: In Vivo and

In Vitro Toxicity, Cell Proliferative

Activity, and Cell Gene Expression.

Appl. Sci. 2022, 12, 720. https://

doi.org/10.3390/app12020720

Academic Editor: Morgan Hamon

Received: 13 December 2021

Accepted: 10 January 2022

Published: 12 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Graphene Nanoplatelets: In Vivo and In Vitro Toxicity, Cell
Proliferative Activity, and Cell Gene Expression
Beatriz Salesa 1 , Alberto Tuñón-Molina 1 , Alba Cano-Vicent 1 , Marcelo Assis 2 , Juan Andrés 2 and
Ángel Serrano-Aroca 1,*

1 Biomaterials and Bioengineering Lab, Centro de Investigación Traslacional San Alberto Magno, Universidad
Católica de Valencia San Vicente Mártir, c/Guillem de Castro 94, 46001 Valencia, Spain;
beatriz.salesa@ucv.es (B.S.); alberto.tunon@ucv.es (A.T.-M.); alba.cano@mail.ucv.es (A.C.-V.)

2 Department of Physical and Analytical Chemistry, University Jaume I (UJI), 12071 Castellon, Spain;
marcelostassis@gmail.com (M.A.); andres@qfa.uji.es (J.A.)

* Correspondence: angel.serrano@ucv.es; Tel.: +34-963637412 (ext. 5256)

Abstract: Multi-layer graphene (2–10 layers), also called graphene nanoplatelets (GNPs), is a carbon-
based nanomaterial (CBN) type with excellent properties desirable for many biomedical applications.
Despite the promising advantages reported of GNPs, nanoscale materials may also present a potential
hazard to humans. Therefore, in this study, the in vivo toxicity of these nanomaterials at a wide range
of concentrations from 12.5 to 500 µg/mL was evaluated in the Caenorhabditis elegans model for 24 h
(acute toxicity) and 72 h (chronic toxicity). Furthermore, their in vitro toxicity (from 0 to 10 µg/mL
for 12 and 24 h), proliferative activity at 72 and 96 h, and their effect on the expression of thirteen
genes in human keratinocytes HaCaT cells were studied. The physico-chemical and morphological
aspects of the GNPs used in this study were analyzed by Raman scattering spectroscopy, electron
microscopy, zeta potential as a function of pH, and particle size measurements by dynamic light
scattering. The results of this study showed that GNPs showed in vivo non-toxic concentrations of
25 and 12.5 µg/mL for 24 h, and at 12.5 µg/mL for 72 h. Moreover, GNPs present time-dependent
cytotoxicity (EC50 of 1.142 µg/mL and 0.760 µg/mL at 12 h and 24 h, respectively) and significant
proliferative activity at the non-toxic concentrations of 0.005 and 0.01 µg/mL in the HaCaT cell line.
The gene expression study showed that this multi-layer-graphene is capable of up-regulating six of
the thirteen genes of human keratinocytes (SOD1, CAT, TGFB1, FN1, CDH1, and FBN), two more
genes than other CBNs in their oxidized form such as multi-layer graphene oxide. Therefore, all these
results reinforce the promising use of these CBNs in biomedical fields such as wound healing and
skin tissue engineering.

Keywords: graphene nanoplatelets; human keratinocytes; toxicity; proliferative activity; gene expres-
sion; Caenorhabditis elegans

1. Introduction

Carbon-based nanomaterials (CBNs) are very promising functional materials with
many advanced biomedical applications, including medical imaging and nanotherapeu-
tics [1–3]. In fact, CBNs have been recently proposed as next-generation antimicrobials
to combat infectious diseases such as the current Coronavirus disease 2019 (COVID-19)
because they have unique biological properties such as antimicrobial activity against a
broad range of microorganisms, the capacity of inducing tissue regeneration, and low risk
of antimicrobial resistance [4]. The antimicrobial mechanism of CBNs is usually attributed
to a combination of physical and chemical processes such as membrane structure disrup-
tion, microorganism entrapment, electron transfer, and/or oxidative stress by the action of
reactive oxygen species (ROS) [5]. Moreover, they possess many other excellent physical
and biological properties such as high thermal and electrical conductivity, excellent me-
chanical performance, immunomodulatory potential and can be combined with stem cells
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in regenerative medicine [4,6–10]. CBNs are a broad class of materials that involve single
layer graphene, few-layer composed of 2–5 layers of graphene sheets packed together,
and multi-layer graphene (2–10 layers), also called graphene nanoplatelets (GNPs) [11].
All these types of CBNs can also be produced in their oxidized form and have shown
many different biological properties in terms of cytotoxicity, proliferative activity, and
capacity of up-regulating genes in human keratinocytes HaCaT cells. Thus, CBNs such as
few-layer graphene have shown to be less cytotoxic than few-layer graphene oxide (GO) in
HaCaT cells [12]. Other CBNs in their oxidized form such as multi-layer GO, which contain
hydroxyl (-OH), carboxyl (-COOH) and epoxy (C–O–C) groups on the basal planes and at
the edges of the GO nanosheets, has shown to be much more cytotoxic than few-layer GO,
which has shown very weak cytotoxicity in a broad range of cell lines, including glioma and
human skin HaCaT cells [13]. Furthermore, few-layer GO have shown anti-proliferative
effects in several cell lines including the HaCaT cell line in contrast to multi-layer GO,
which showed similar proliferative activity to an epidermal growth factor (EGF) [13]. In
that study, multi-layer GO showed to be able to up-regulate four genes (CAT, TGFB1, FN1,
and CDH1) that are relevant in biomedicine [13]. Another CBN in the form of carbon
filamentous hollow materials has recently been shown to be capable of up-regulating many
more genes than other types of nanomaterials, silver nanoparticles, and thus showing the
great potential of CBNs in the biomedical field [14].

GNPs have shown excellent physical and biological properties such as antimicro-
bial activity [15,16]. Despite the promising advantages of GNPs in the biomedical field,
nanoscale materials may also present a potential hazard to human health, requiring ex-
tensive investigation into their in vitro and in vivo toxicity to guarantee safe use of this
emerging nanotechnology. Thus, in this study, we analyze the cytotoxicity, proliferative
activity, and the effect of GNPs on the expression of thirteen genes (SOD1, CAT, MMP1,
TGFB1, GPX1, FN1, HAS2, LAMB1, LUM, CDH1, COL4A1, FBN, and VCAN) in human
keratinocytes HaCaT cells. These genes were chosen because they are highly associated
with biochemical processes, including oxidative stress, extracellular matrix regulation,
and the synthesis of proteins to maintain and repair tissues, which can provide valuable
information to know the potential use of these CNBs in biomedical applications such as
wound healing and skin tissue engineering. Furthermore, the toxicity of this advanced tech-
nology will be evaluated using the nematode Caenorhabditis elegans in vivo model, which
is a well-establish animal model with digestive, reproductive, endocrine, sensory and
neuromuscular systems frequently used to study human development and disease [17,18].

2. Materials and Methods
2.1. Materials

Graphene nanoplatelets, GNPs, xGnP® (2 µm particle size, surface area 500 m2/g,
<2 µg) were purchased from Sigma-Aldrich (Buchs, Switzerland). Fetal bovine serum (FBS),
low glucose Dulbecco’s modified Eagle medium (DMEM), peniciline-streptomicine (P/S),
L-glutamine, and epidermal growth factor (EGF) were supplied by Life Technologies (Gibco,
Karlsruhe, Germany). RNA purification kit and PrimeScript™ RT Reagent kit (perfect real
time) were obtained from Norgen (Thorold, Canada) and Takara Bio Inc. (Kusatsu, Japan),
respectively.

2.2. Material Characterization

Transmission electron microscopy (TEM) was performed on a Jeol 2100 microscope,
operated at 200 kV. The GNPs were dispersed in water under sonication for 5 min. After
this procedure, the carbon and copper sample holder (grid) were immersed in this solution
and dried at room temperature. Raman scattering spectroscopy was performed on a JASCO
spectrometer coupled to a CCD detector. This analysis was performed with an argon-ion
laser with a wavelength of 514.5 nm operated at a power of 200 mW. The Zetasizer NanoZS
equipment was used to obtain the zeta potential (ζ), dynamic light scattering (DLS), and
polydispersity index (PdI). For the pH variation (pH = 3, 5, 7, 10, and 12) used in the
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zeta potential measurements, the pH was adjusted with HNO3 (Synth, 70%) and NH4OH
(Synth, 24%). The particle hydrodynamic size of the GNPs was evaluated by DLS in water
and in the same DMEM used in this study to determine the biological properties of these
nanomaterials.

2.3. Culture Maintenance

HaCaT cell line (immortalized human keratinocytes), provided by the Medical Re-
search Institute Hospital La Fe, was used to perform in vitro assays. Cells were cultured
in a humidified atmosphere inside a CO2 incubator at 37 ◦C, using for their growth and
maintenance low glucose DMEM, supplemented with P/S 1%, L-glutamine 2%, and FBS
10%. The medium was renewed each third day, and culture was always below 80% of
confluence. This was possible to trypsinize and reseed at low density when necessary.

2.4. Preparation of Nanomaterials Stock Solution

To prepare GNPs stock solutions, the same culture medium as for culture maintenance
was used avoiding FBS supplementation. Once the stock solution was prepared, it was
sonicated for 2 h to homogenize the solution, and it was used immediately after sonication.
A vial with the medium was also exposed to the same conditions using it then with the
control groups, and for the preparation of the different concentrations of the stock.

2.5. Cytotoxicity Assay

Plates with 96 wells were seeded with HaCaT cells at 1 × 104 cells/well. The mi-
croplates were placed inside a CO2 5% incubator (37 ◦C, humidified atmosphere). The
medium was replaced after 24 h with 100 µL with the different concentrations of each
compound, ranging from 0 to 10 µg/mL. To evaluate the toxicity of the compound in the
cell line, the different experimental conditions were tested per sextuplicate (n = 6) for 12,
and 24 h. The concentrations selected to calculate the EC50 were 0.01, 0.05, 0.1, 0.5, 1, 5
and 10 µg/mL at 12 and 24 h. After an incubation period of 12 or 24 h with the com-
pound, cytotoxicity was measured using the (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl
tetrazolium) (MTT) test, incubating the HaCaT cells with the reagent for 5 h and measuring
the absorbance at 550 nm, after solubilized the formazan crystals with DMSO. A Varioskan
microplate reader was used to it (ThermoScientific, Canada). The background color was
subtracted from the final absorbance values by performing the same experiment in parallel
but without adding the MTT reagent.

2.6. Proliferation Assay

HaCaT cells were seeded with a density of 5 × 103 cells/well in 96-microplates. Assay
culture conditions and stock preparation were the same as following on cytotoxicity, by
adding 0.5% FBS to void total starvation of cells. The proliferation activity was measured
during 72 and 96 h using two non-cytotoxic concentrations of GNPs (ten-time diluted based
on cytotoxicity at 24 h). EGF at a concentration of 15 ng/mL was used as positive control
on each proliferation experiment. MTT assay was conducted before the incubation period.
Each experimental condition was tested per sextuplicate.

2.7. Gene Expression

Cells were seeded in microplates with 6 wells at 1.5 × 106 cells/well to perform gene
expression analysis. The non-cytotoxic concentrations were selected based on results of
cytotoxicity at 24 h, and each condition was tested per triplicate. After 24 h of incubation,
the supernatant was removed and wells were washed twice with phosphate-buffered saline
(PBS) 1×. After that, RNA extraction, cDNA synthesis, and RT-qPCR were carried out. The
entire data analysis was performed with the QuantStudioTM Design & Analysis Software
(ThermoFisher, Canada). A reference gene was used for data normalization. The primers
of the genes that were analyzed in this study are shown in Table A1 of Appendix A. All of
them were obtained using Primer-Blast software [19].
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2.8. In Vivo Toxicity

A solution of GNPs in autoclaved potassium (K) medium composed of 2.36 g KCl
and 3 g NaCl in 1 L of distilled water was prepared in a concentration of 1000 µg/mL. The
number of GNPs was first sterilized under UV light radiation for 1 h. After mixing with
K medium, the solution was sonicated for 2 h at maximum frequency. After sonication,
serial dilutions were carried out in order to prepare concentrations of 800, 500, 400, 300,
200, 100, 50, and 25 µg/mL, considering that the final concentration would be half of the
prepared one after mixing these nanomaterial dispersions with the growth medium. The
maintenance and propagation of the N2 worms, supplied by the Caenorhabditis Genetics
Center (CGC, Minneapolis, MN, USA), were performed on OP50 Escherichia coli seeded
nematode growth medium (NGM) at 25 ◦C [20]. The nematodes and their eggs were
washed off NGM plates with 5 mL of distilled water and collected in falcon tubes of 15 mL
to produce an L1 stage-synchronized C. elegans population. The centrifugation of the falcon
tubes was performed at 1300 r.p.m. (2209× g) for 3 min and the supernatant was removed.
The pellets of C. elegans’ were resuspended in 100 µL of deuterated water (dH2O) and placed
in Eppendorf tubes with 700 µL of a bleaching solution at 5%. Subsequently, incubation
for 15 min while vortexing every 2 min was carried out. After that, centrifugation of the
Eppendorf tubes was performed at 700× g for 3 min. The supernatant was removed and
washing of the pellets was carried out three times in 800 µL of dH2O. Subsequently, the
pellets were resuspended in 100 µL of dH2O and introduced in NGM plates seeded with
100 µL of an OP50 E. coli culture. Egg incubation was carried out for 72 h at 25 ◦C. To
pellet the L1 staged populations, centrifugation at 1300 r.p.m. (2209× g) for 3 min was
performed, and, after that, it was resuspended in 3 mL of K medium. Plates with 48 wells
were utilized to have wells with 62.5 µL of a 1:250 suspension of cholesterol (5 mg/mL
in ethyl alcohol) in sterile K medium, 62.5 µL of a 50× concentrated OP50 E. coli culture
with an optical density of 0.9, pelleted by centrifugation at 4000 r.p.m. (6797× g) for 10 min
and resuspended in K medium, 115 µL of K medium and 250 µL of the pertinent GNPs
solution. A volume of K medium with 50–100 nematodes was then added. Parafilm was
used to seal 48-well plates that were placed in an orbital shaker at 25 ◦C and 120 r.p.m.
for 24 h, to study acute toxicity, or 72 h, to study chronic toxicity. After, mixing the GNPs
dispersions with the growth medium, the final concentrations of the nanomaterials studied
in this experiment were 500, 400, 250, 200, 150, 100, 50, 25, and 12.5 µg/mL. In the plates
with 48 wells, the volume of each well was divided into 10 drops of 50 µL to be evaluated
under a light microscope (Motic BA410E including Moticam 580 5.0 MP) and thus count
the number of living and dead C. elegans worms. The survival rate of the nematodes was
also measured in the medium and in a toxic zinc chloride (1000 µM) solution as a positive
and negative control, respectively. These assays were performed in quintuplicate to ensure
reproducible results.

2.9. Statistical Analysis

The one-way analysis of variance (ANOVA) with Tukey’s post-hoc analysis was
employed to determine the significant differences in this study. The median effective
concentration (EC50) was determined by Probit analysis. The statistical GraphPad Prism
software version 6 was utilized with a minimum significance of p < 0.05.

3. Results and Discussion
3.1. Material Characterization

The transmission electron microscopy images of the GNPs at two magnifications are
shown in Figure 1.
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Figure 1. Transmission electron micrographs of graphene nanoplatelets (GNPs). The enlarged image
shows the 8 layers of these GNPs.

TEM images show the predominance of GNP agglomerate with sizes ranging between
12 and 97 nm. Furthermore, these GNPs fit as graphene-based materials (GBMs), having
a thickness between 2 and 10 layers (Figure 1) according to the European GRAPHENE
Flagship Project for the classification of GBMs [21]. The zeta potential (ζ) values of the
GNPs are shown in Table 1 as a function of pH, with negative results between pH 5 and 12.

Table 1. Zeta potential (ζ) in mV versus pH of graphene nanoplatelets (GNPs) in water solution.

pH GNPs

12 −38, 6
10 −33, 2
7 −20, 9
5 −2, 13
3 2, 69

The DLS values (Table 2) show that the rate of aggregation of particles in solution
depends on the preparation of the nanofluid with an aqueous solution or DMEM as
expected [22].

Table 2. Dynamic light scattering (DLS) particle sizes in nm and polydispersity index (PdI) values of
the GNPs in water and in Dulbecco’s modified Eagle medium (DMEM).

Material
DLS (nm) PdI

Water DMEM Water DMEM

GNPs 625, 8 2042 0, 557 0, 137

The GNPs show different PdI values in DMEM than in water, which could explain the
different DLS sizes determined in bod fluids. These high differences in particle sizes found
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in DMEM and water must be related to components present in DMEM that facilitate the
aggregation rate, as well as the formation of corona in the particles [23].

The Raman spectrum of the GNPs is shown in Figure 2.
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Figure 2. Rama spectrum of graphene nanoplatelets.

The Raman spectroscopy shown in Figure 2 can be used to define the defects of
GNPs [24]. The D band, located at 1351 cm−1, refers to defects located in graphene, and
the G band, located at 1578 cm−1, is related to sp2 hybridized carbon bonds ordered in
the graphene lattice [25]. Thus, the relation of the intensity of the D band with the G band
(ID/IG) is related to the degree of defects in this material. The ID/IG value of the GNPs was
0.11, indicating the structural quality of the GNPs [24]. The position of the 2D band, for
smaller values (in this case 2676 cm−1), also indicates that the material has few layers of
graphene sheets in its composition, as indicated in the HR-TEM images [26].

3.2. Cytotoxicity Assay

The cytotoxicity of GNPs in human keratinocytes cells for two different exposure
periods (12 and 24 h) and concentrations from 0 (control) to 10 µg/mL were studied. Thus,
at 12 h of exposure, higher concentrations of 0.05 µg/mL GNPs showed significant cytotoxic
effects in the HaCaT cell line (Figure 3).

The cytotoxicity results at 24 h-exposure of GNPs in HaCaT cells showed also signifi-
cant non-cytotoxicity for concentrations ≤ 0.05 µg/mL (Figure 4).

These results performed at different exposure times clearly shows that the principal
cytotoxic effect occurs during the first 12 h. The cell viability of the HaCaT cells after expo-
sure for 12 and 24 h to a GNP concentration of 0.1 µg/mL also showed cell viability higher
than 70% indicating non-cytotoxicity according to the ISO-10993 standard (Figures 3 and 4).
Studies based on bronchial epithelial cell line (BEAS-2B) cytotoxicity showed similar results
at 24 h of cell exposure with GNPs [27].
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Figure 3. Human keratinocyte HaCaT cell viability after 12 h exposure to GNPs at different concentra-
tions (from 0 µg/mL (control sample) to 10 µg/mL) measured by the (3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyl tetrazolium) (MTT) assay. Results are expressed as % of the control sample and as the
mean ± standard deviation of six replicates. The results of the statistical analysis with respect to
control are indicated in the graph: **** p < 0.0001; n.s: not significant. The limit is 70% of cell viability
for the materials to be considered non-cytotoxic according to the ISO-10993 standard.
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Figure 4. Human keratinocyte HaCaT cell viability after 24 h exposure to GNPs at different concentra-
tions (from 0 µg/mL (control sample) to 10 µg/mL) measured by the (3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyl tetrazolium) (MTT) assay. Results are expressed as % of the control sample and as the
mean ± standard deviation of six replicates. The results of the statistical analysis with respect to
control are indicated in the graph: **** p < 0.0001; n.s: not significant. The limit is 70% of cell viability
for the materials to be considered non-cytotoxic according to the ISO-10993 standard.

From these results performed at 12 and 24 h of exposure (Figures 3 and 4), the EC50
was calculated for the GNPs (Table 3).

Table 3 shows that these non-oxidized CBNs are about five times higher cytotoxic than
the oxidized GO nanosheets [13]. This fact can be attributed to smaller sizes of the GO
nanosheets used in that study and the hydrophilic functional groups present on their basal
planes and at the edges, which decreases toxicity according to previous studies performed
with other graphene-based materials [28]. Thus, small and hydrophilic graphene-based
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nanomaterials form more stable dispersions significantly reducing aggregation, which can
render easier the internalization and excretion cell processes.

Table 3. Median effective concentration (EC50) in µg/mL of keratinocytes (HaCaT) treated with GNPs
for 12 and 24 h. Confidence limits (95% CI) and goodness of fitness (R square) are also presented.

Exposure (h) EC50 (µg/mL) 95% CI R Square

12 1.142 0.837–1.564 0.8961
24 0.760 0.585–1.004 0.9176

3.3. Proliferation Assay

The proliferative activity of GNPs in the keratinocytes cell line was studied with the
lowest two non-toxic concentrations (0.005 and 0.01 µg/mL) observed at 24 h (Figure 4) to
avoid any increase of toxicity by increasing the treatment time to 72 or 96 h (Figure 5).
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Figure 5. Proliferative activity of GNPs in human keratinocyte HaCaT cells treated with graphene
nanoplatelets (GNPs) at non-cytotoxic concentrations (0.005 and 0.01 µg/mL) for 72 (a) or 96 (b) h.
Data are expressed as the mean ± standard deviation of six replicates. The results of the statistical
analysis with respect to control and to the epidermal growth factor (EGF) are indicated in the graph:
** p < 0.01; *** p < 0.001; **** p < 0.0001; n.s: not significant.

Although the GNPs showed lower proliferative activity than the EGF growth factor,
both non-cytotoxic concentrations of GNPs showed a significant increase of proliferation
with respect to control at 72 and 96 h of exposure. It is important to remark that the required
exposure time (72 h) to induce proliferation in human keratinocyte HaCaT cells for the
GNPs was lower than the 96-h necessary for other nanomaterials such as carbon nanofibers
or silver nanoparticles [13]. Proliferative capacity was demonstrated also in GNPs/calcium
silicate composites, showing a synergic effect of both components after different periods of
exposition to human osteoblast cells [29]. However, the proliferative activity of GNPs in
pure state against HaCaT cells is reported here for the first time.

3.4. Gene Expression

The effect of GNPs on the expression of thirteen genes (genes SOD1, CAT, MMP1,
TGFB1, GPX1, FN1, HAS2, LAMB1, LUM, CDH1, COL4A1, FBN and VCAN) in human
keratinocytes cells at two non-cytotoxic concentrations (0.005 and 0.01 µg/mL) exposed for
24 h are shown in Figure 6.
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Figure 6. Gene expression in human keratinocyte HaCaT cells exposed at two non-cytotoxic con-
centrations (0.005 and 0.01 µg/mL) of graphene nanoplatelets (GNPs) for 24 h. Data are shown
as mean ± standard deviation from three replicates. Thirteen genes (SOD1, CAT, MMP1, TGFB1,
GPX1, FN1, HAS2, LAMB1, LUM, CDH1, COL4A1, FBN, and VCAN) are analyzed. The results of
the statistical analysis are presented as fold-change of control and relative expression to actin beta
(ACTB). * p < 0.05; ** p < 0.01; *** p < 0.001, **** p < 0.0001, n.s: not significant.

Figure 6 shows that GNPs can up-regulate the expression of six genes in HaCaT cells
(SOD1, CAT, TGFB1, FN1, CDH1, and FBN) in human keratinocytes cells after 24 h.

Thus, multi-layer graphene, GNPs, are able to up-regulate two more genes (SOD1 and
FBN) than multi-layer graphene oxide, GO, at 0.01 µg/mL in human keratinocytes [13].
The SOD1 gene encodes an isozyme that binds copper and zinc ions destroying free
superoxide radicals [30]. The expression increases of FBN enhance the skin structure and
firmness [31]. Therefore, these results reinforce the idea of using these nanomaterials for
biomedical applications such as wound healing and skin tissue engineering. Nonetheless,
it is important to mention that other carbon materials such as 1D filamentous hollow
carbon nanofibers showed effective results in up-regulating eight (FN1, MMP1, CAT, CDH1,
COL4A1, FBN, GPX1, and TGFB1) of the thirteen analyzed genes [14].

Recent studies have tested GNPs not only in keratinocytes but also in mice, the toxicity
and activation of inflammatory processes, using the same homogenization technique as in
the present study [32]. They concluded that GNPs were not skin sensitizing. Exposure did
not induce any type of inflammatory reaction after measuring different interleukins and
TNFa, a fact that does not occur in all trials according to the verified bibliography, which
does not allow a comparison to be made with our results [33].

3.5. In Vivo Toxicity Test

The C. elegans nematode model was used to evaluate in vivo toxicity of the GNPs. The
use of this type of in vivo model is very useful and cost-effective for toxicity testing [34].
Furthermore, this nematode shares human proteins, lipids, genes, and signaling ways, and
its digestive system possesses many aspects that are similar to those of mammals [17,35–38].
Additionally, C. elegans’ genomics is used for the study of human development and dis-
ease [17]. Besides, it presents not many ethical difficulties. In contrast to cytotoxicity assays,
in vivo toxicity tests performed with C. elegans provide data from a complete animal [18].
Thus, the survival rate of the worms was analyzed after an exposure of 24 h (acute toxi-
city) and 72 h (chronic toxicity) to several concentrations of GNPs ranging from 12.5 to
500 µg/mL (see Figure 7).
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Figure 7. Survival rate of the Caenorhabditis elegans in vivo toxicity model after 24 h (acute toxicity)
and 72 h (chronic toxicity) of exposure to graphene nanoplatelets (GNPs). Data are expressed as the
mean ± standard deviation of five replicates (n = 5). The results of the statistical analysis with respect
to positive control and to the epidermal growth factor (EGF) are indicated in the graph: ** p < 0.01;
*** p < 0.001, n.s: not significant.

GNPs can be used in vivo at higher non-toxic concentrations as expected. Thus,
exposure of C. elegans to 25 and 12.5 µg/mL for 24 h showed no significant in vivo toxicity.
However, at a higher exposure time of 72 h (chronic toxicity), only a concentration of
12.5 µg/mL of GNPs showed non-cytotoxic effects. Since the concentrations of GNPs at 500,
400, 250, 200, 150, and 100 µg/mL of GNPs show toxic effects at 24 h, the chronic toxicity of
these concentrations was not evaluated at 72 h of exposure.

According to the current studies carried out in this emerging research field, the
generation of reactive oxygen species (ROS) in target cells is proposed as the most important
cytotoxic mechanism of graphene materials [28]. The capacity of cell proliferation and
up-regulation of the six genes of human keratinocytes (SOD1, CAT, TGFB1, FN1, CDH1,
and FBN) can also be attributed to the ROS generation of the GNPs. However, further
studies are necessary to better elucidate the toxicity pathways on a molecular level.

Therefore, GNPs used at non-cytotoxic concentrations are very promising functional
two-dimensional materials for biomedical applications.

4. Conclusions

The results of this study show that multi-layer graphene, also called graphene
nanoplatelets (GNPs), are carbon-based nanomaterials with great potential in biomedicine
and can be summarized as follows: (i) GNPs can be used in vivo at the non-toxic con-
centrations of 25 and 12.5 µg/mL for 24 h (acute toxicity), and at 12.5 µg/mL for 72 h
(chronic toxicity) of exposure in C. elegans model; (ii) GNPs present time-dependent cyto-
toxicity (EC50 of 1.142 µg/mL and 0.760 µg/mL at 12 h and 24 h, respectively) in human
keratinocyte HaCaT cells; (iii) GNPs showed significant proliferative activity at the non-
cytotoxic concentrations of 0.005 and 0.01 µg/mL in the keratinocytes; (iv) The gene
expression analysis showed that GNPs are capable of up-regulating six of the thirteen genes
(SOD1, CAT, TGFB1, FN1, CDH1, and FBN), which are involved with many important
features required in biomedical fields such as wound healing and skin tissue engineering.
However, more experimentation is required to provide strong scientific conclusions about
the potential biomedical use of these materials in humans.
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Appendix A

Table A1. Gene symbol, gene name, oligo sequences and function of gene-specific [19] used in
RTqPCR measurements.

Gene Symbol
(Access Number) Gene Name Oligo Sequences Function

ACTB (NM_001101) Actin beta
5′-CCATGCCCACCATCACGC-3′ Highly conserved protein that is involved

in cell motility, structure, and integrity
5′-CACAGAGCCTCGCCTTTG-3′

CAT (NM_001752) Catalase
5′-TGAATGAGGAACAGAGGAAACG-3′

Encodes catalase, a key antioxidant
enzyme in the bodies defence against

oxidative stress5′-AGATCCGGACTGCACAAAG-3′

CDH1 (NM_001317184) Cadherin 1
5′-AACAGCACGTACACAGCCCT-3′

Loss of function of this gene is thought to
contribute to cancer progression by

increasing proliferation, invasion, and/or
metastasis.5′-TCTGGTATGGGGGCGTTGTC-3′

COL4A1 (NM_000088) Collagen type I alpha 1 5′-CAAGGGCGACAGAGGTTTGC-3′
Abundant in bone, cornea, dermis, and

tendon. Mutations in this gene are
associated with osteogenesis imperfect

types I-IV5′-AAAACTCACCAGGCTCCCCC-3′

FBN (NM_000138) Fibrillin 1
5′-ATCCAACCACGTGCATCAGT-3′

Extracellular matrix glycoprotein that is
useful as a structural component of

calcium-binding microfibrils, providing
force-bearing structural support in elastic

and nonelastic connective tissue
throughout the body

5′-AGAGCGGGTATCAACACAGC-3′

FN1 (NM_001306129) Fibronectin 1
5′-GGCCAGTCCTACAACCAGT-3′

Involved in cell adhesion and migration
processes including embryogenesis,

wound healing, blood coagulation, host
defence and metastasis.

5′-CGGGAATCTTCTCTGTCAGC-3′
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Table A1. Cont.

Gene Symbol
(Access Number) Gene Name Oligo Sequences Function

GPX1 (NM_000581) Glutathione peroxidase
1

5′-TTTGGGCATCAGGAGAACGC-3′
Catalyse the reduction of organic

hydroperoxides and hydrogen peroxide
by glutathione, and thereby protect cells

against oxidative damage
5′-ACCGTTCACCTCGCACTTC-3′

HAS2 (NM_005328) Hyaluronan synthase 2 5′-CCGAGAATGGCTGTACAATGC-3′
Serves a variety of functions, including
space filling, lubrication of joints, and

provision of a matrix through which cells
can migrate

5′-AGAGCTGGATTACTGTGGCAA-3′

LAMB1 (NM_002291) Laminin subunit beta 1
5′-CAGGGTGTGCAGTCAGGGAA-3′

Implicated in a wide variety of biological
processes including cell adhesion,

differentiation, migration, signalling,
neurite outgrowth and metastasis

5′-TGTGTCTGCGTTGAGGGTGT-3′

LUM (NM_002345) Lumican
5′-ACTTGGGTAGCTTTCAGGGCA-3′

Is the major keratan sulfate proteoglycan
of the cornea but is also distributed in

interstitial collagenous matrices
throughout the body

5′-TTCCTGGCATTGATTGGTGGT-3′

MMP1 (NM_001145938)
Matrix

metallopeptidase 1
5′-GGACCATGCCATTGAGAAAG-3′

Involved in the breakdown of extracellular
matrix in normal physiological processes

5′-TCCTCCAGGTCCATCAAAAG-3′

SOD1 (NM_000454) Superoxide dismutase 1 5′-GGTGTGGCCGATGTGTCT-3′
The protein encoded by this gene binds to
Cu2+ and Zn2+ cations and is one of two

isozymes capable of destroying free
superoxide radicals in the body

5′-TCCACCTTTGCCCAAGTCA-3′

TGFB1 (NM_000660) Transforming growth
factor beta 1

5′-AGCTGTACATTGACTTCCGCA-3′
Regulates cell proliferation, differentiation,

and growth
5′-TGTCCAGGCTCCAAATGTAGG-3′

VCAN (NM_001126336) Versican
5′-CTGGTCTCCGCTGTATCCTG-3′

Involved in cell adhesion, proliferation,
migration, and angiogenesis and plays a

central role in the morphogenesis and
maintenance of tissue

5′-ATCGCTGCAAAATGAACCCG-3′
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