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Introduction

In vitro assessment of skin irritation and corrosion
properties of graphene-related materials on a 3D
epidermis+
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The increasing use of graphene-related materials (GRMs) in many technological applications, ranging
from electronics to biomedicine, needs a careful evaluation of their impact on human health. Skin contact
can be considered one of the most relevant exposure routes to GRMs. Hence, this study is focused on
two main adverse outcomes at the skin level, irritation and corrosion, assessed following two specific Test
Guidelines (TGs) defined by the Organization for Economic Co-operation and Development (OECD) (439
and 431, respectively) that use an in vitro 3D reconstructed human epidermis (RhE) model. After the
evaluation of their suitability to test a large panel of powdered GRMs, it was found that the latter were not
irritants or corrosive. Only GRMs prepared with irritant surfactants, not sufficiently removed, reduced RhE
viability at levels lower than those predicting skin irritation (<50%, after 42 min exposure followed by 42 h
recovery), but not at levels lower than those predicting corrosion (<50%, after 3 min exposure or <15%
after 1 h exposure). As an additional readout, a hierarchical clustering analysis on a panel of inflammatory
mediators (interleukins: IL-1a, IL-1p, IL-6, and IL-18; tumor necrosis factor-a and prostaglandin Ej)
released by RhE exposed to these materials supported the lack of irritant and pro-inflammatory pro-
perties. Overall, these results demonstrate that both TGs are useful in assessing GRMs for their irritant or
corrosion potential, and that the tested materials did not cause these adverse effects at the skin level.
Only GRMs prepared using toxic surfactants, not adequately removed, turned out to be skin irritants.

billion dollars within 2028, with respect to 125.7 million
dollars of 2021.>

In the last few years, the development of new nanomaterials
and nanotechnologies has widely increased. Due to their
unique physical and chemical properties, carbon-based
materials (CBMs), and in particular graphene-related materials
(GRMs), can be integrated into a large number of application
areas, including electronics, biomedical technologies, energy
storage, composites, coatings, and water and wastewater treat-
ments." The use of these materials is so promising that market
forecasts predict the global graphene market size to reach 1.6

“Department of Life Sciences, University of Trieste, Via Fleming 22, 34127 Trieste,
Italy. E-mail: mpelin@units.it; Tel: +39 040 5588620

bDepartment of Chemical and Pharmaceutical Sciences, University of Trieste, Via
Giorgieri 1, 34127 Trieste, Italy

‘IMDEA Nanociencia, C/Faraday 9, Ciudad Universitaria de Cantoblanco, 28049
Madrid, Spain

dCenter for Cooperative Research in Biomaterials (CIC biomaGUNE), Basque
Research and Technology Alliance (BRTA), San Sebastidn, 20014, Spain

°Basque Foundation for Science (IKERBASQUE), Bilbao, 48013, Spain

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3nr03081d

This journal is © The Royal Society of Chemistry 2023

Until a few years ago, the risk for human health associated
with GRMs was mainly correlated with occupational settings,
during their industrial or small-scale production. In this scen-
ario, skin exposure and inhalation can be considered the most
feasible exposure routes to GRMs for workers.” However,
Graphene Market, Production and Pricing Report 2022 states a
remarkable market increase in commercial graphene collabor-
ations, agreements, investments and, most importantly,
product launches.* Especially considering the latter, European
Union (EU) companies need to comply with the EU regulation
on registration, evaluation, authorisation, and restriction of
chemicals (REACH), applied to chemical substances produced
and/or imported for a total amount higher than 1 ton per year.
According to REACH regulation, a registration dossier for gra-
phene is currently present at the European Chemical Agency
(ECHA), even though with limited toxicological data.’
Considering the REACH regulation, toxicological data should
be collected following robust, reliable, predictive and accurate
toxicity studies.® In this context, an important role is estab-
lished by validated test guidelines (TGs) for safety evaluation,
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such as those given by the Organization for Economic Co-oper-
ation and Development (OECD) and the International
Organization for Standardization (ISO). Examples may be pre-
sented by the ISO/TC 229 Nanotechnologies and the OECD
Guidelines for the Testing of Chemicals, a series of commonly
accepted procedures that should be rigorously followed to
identify and characterize hazards from chemical substances,
suitable also for regulatory purposes.

In general, cutaneous exposure can be considered one of
the most relevant exposure routes for GRMs.” Due to its ana-
tomical structure, human skin, and in particular its outermost
layer epidermis, plays an important role as a barrier, since it
forms the first line of defence with repeated exposure to physi-
cal, chemical and biological external agents. On top of that,
several studies define GRMs as useful nanotools for a wide
range of applications, including those involving a possible
skin exposure, such as flexible electronics, smart textiles,
wound healing dressing, electronic skin, skin sensors and
drug delivery systems.*' Given the importance of skin
exposure to GRMSs, some in vitro studies on the effects of
different GRMs towards fibroblasts and keratinocytes are
available.”*° It was demonstrated that few layer graphene
(FLG) and graphene oxide (GO), after a strong and only par-
tially reversible interaction with the cell membrane,'” reduced
HacCaT keratinocyte viability with an effect depending on their
oxidation state and, secondly, on their lateral dimensions."
These materials caused a reactive oxygen species (ROS)-depen-
dent mitochondrial dysfunction'®'>'® by the activation of
flavon-based oxidative enzymes,"®> with a consequent
rearrangement of the keratinocyte metabolome.">"® Moreover,
exposure of HaCaT cells to graphene nanoplatelets (GNP) for
12 and 24 h induced a time-dependent cytotoxicity, with a pro-
liferative activity at non-cytotoxic concentrations.'® Subsequent
studies showed that endotoxin-free FLG and thermally de-
hydrated GO (d-GO) trigger a pro-inflammatory response in
skin keratinocytes by inducing the release of cytokines (e.g.,
IL-1a, IL-6, IL-8 and TNF-a), particularly under recovery con-
ditions (4 h exposure, followed by 20 or 64 h incubation
without the materials).>' However, these materials were unable
to further modulate monocyte differentiation and migration, a
result arguing against a sensitization potential. In this view,
skin sensitization properties have been recently excluded for
different GRMs both by in vitro (GNP)**> and in vivo studies
(GNP, FLG and GO)**** carried out following specific OECD
guidelines.

Considering the need for robust toxicological data on the
cutaneous effects of GRMs, in this study we focused on two
main adverse outcomes at the skin level (irritation and cor-
rosion), following two specific OECD TGs (439 and 431,
respectively) that use an in vitro model constituted by the
three-dimensional (3D) reconstructed human epidermis. This
epidermal model, characterized by a tissue morphology
similar to that of human epidermis, provides toxicological
data suitable to characterize the hazard at the skin level, avoid-
ing the use of animals.>* Regarding skin irritation, a prelimi-
nary study was already published by our group, focusing on a
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limited panel of GRMs.>® In the present follow-up study, the
panel of GRMs has been widened, investigating not only their
irritant, but also their corrosive, potential. The study includes
also other related nanomaterials, such as multi-walled carbon
nanotubes (MWCNTs) and carbon black (CB) as reference
carbon-based materials (CBMs). In addition, being originally
validated for chemicals, OECD TGs were carefully character-
ized for these materials, considering different parameters, to
exclude any bias due to technical issues, limiting the possible
adoption of these guidelines for GRMs.

Materials and methods

Materials

GNP (GNP Grade 4) was purchased from CheapTube (Grafton,
USA), whereas GO (Batch #DGOP21001) and reduced GO (rGO;
batch #rGOP20006) were kindly provided by Graphenea S.A.
(San Sebastian, Spain). Their complete physico-chemical
characterization was previously reported.>® Regarding CBMs,
carbon black (CB) was purchased from Sigma-Aldrich (Milan,
Italy; product code 699632; CAS 1333-86-4), whereas multi-wall
carbon nanotubes (MWCNTs) were purchased from Nanoamor
(Katy, USA; stock # 1237YJS, 95%, OD 20/30 nm, length
0.5-2 pm) and Nanocyl (Sambreville, Belgium; 7000 series, lot
number MWM P031105, 90%, average diameter: 9.5 nm,
average length: 1.5 um). All the other reagents, if not otherwise
stated, were purchased from Sigma-Aldrich (Milan, Italy).

Synthesis of GRMs

Sodium dodecyl sulfate (SDS)-exfoliated few-layer graphene
(FLG-SDS). Washed and non-washed FLG-SDS samples were
prepared as previously described.>® Briefly, graphite (1 g) was
added to 200 mL SDS/Milli-Q water solution (0.05 mg mL™").
The dispersion was then sonicated for 2 h and subsequently
centrifuged for 45 min at 500 rpm. Finally, the supernatant
was collected and lyophilized, affording the final non-washed
FLG-SDS powder. Washed FLG-SDS was prepared in the same
manner, but the supernatant was filtered and cleaned with
Milli-Q water several times, in order to remove SDS residues.

Research-grade graphene oxide (GO). GO was prepared
using a modified Hummers’ method.”® Graphite (3 g) and
NaNO; (1.5 g) were dry-mixed in a 500 mL round bottom flask.
Then H,SO, (conc. 69 mL) was added, and the mixture was
stirred at 0 °C on an ice bath. When the powder was fully dis-
persed, KMnO, (9 g) was added slowly to the suspension. The
addition rate was carefully controlled to keep the temperature
below 20 °C. After the addition was completed, the suspension
was stirred at 0 °C for an additional 10 min. The reaction
mixture was warmed to 35 °C and stirred for 30 min.
Afterward, water (138 mL) was added slowly, producing a large
exotherm at 98 °C. External heating was introduced to main-
tain the reaction temperature at 98 °C for 15 min. Then, the
heat was removed, and the reaction mixture was cooled using a
water bath for 10 min. Additional water (420 mL) and 30%
H,0, (10 mL) were added, producing other exotherms. The

This journal is © The Royal Society of Chemistry 2023
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reaction mixture was cooled to room temperature and the
brown suspension was filtered under vacuum on a PTFE mem-
brane and dried for 24 h at 80 °C. The solid obtained (4.12 g)
was divided into three fractions to prepare three kinds of GO
with different cleaning degrees (non-clean GO, HCl-clean GO
and clean-GO).

Non-clean GO. One fraction of the previous three samples
was employed without further purification for the exfoliation
step. GO (500 mg) was suspended in 200 mL of Milli-Q water,
sonicated for 2 h and subsequently centrifuged for 45 min at
500 rpm. Finally, the supernatant was collected and lyophi-
lized, affording the final non-clean GO powder.

HCl-clean GO. The remaining initial two fractions were re-
dispersed in 200 mL of 1 M HC], sonicated for 10 min, filtered
under vacuum on a PTFE membrane and cleaned with
additional 1 M HCI until the collected filtrate solution became
nearly transparent. The obtained solid was dried for 24 h at
80 °C and then divided into two fractions. One of these frac-
tions was employed for the exfoliation step. The exfoliation
procedure is the one described for non-clean GO. After the lyo-
philization, HCl-clean powder was obtained.

Clean GO. The remaining fraction was dispersed in 200 mL
warm Milli-Q water, sonicated for 10 min, filtered under
vacuum on a PTFE membrane and cleaned with additional
warm Milli-Q water until the pH was neutralized. The obtained
solid was dried for 24 h at 80 °C. The obtained powder was
employed for the exfoliation step, similar to the other frac-
tions. After the lyophilization, clean GO powder was obtained.

Characterization techniques

Raman spectra were recorded on a Renishaw inVia Raman
Microscope at room temperature using an exciting laser source
of 532 nm. Raman samples were measured in the solid state
under ambient conditions. Transmission electron microscopy
(TEM) micrographs were obtained using a Philips EM208 TEM
and RADIUS 2.0 software (EMSIS GmbH, Muenster, Germany).
The samples were dispersed in Milli-Q water and dropped onto
a lacey carbon copper grid (300 mesh); the solvent was
removed at room temperature. Thermogravimetric analyses
(TGA) were performed with a TGA Q500 (TA Instruments)
under a N, atmosphere. The sample was introduced inside a
platinum crucible and equilibrated at 100 °C followed by a
10 °C min~" ramp between 100 and 800 °C. Elemental analyses
(CHNS) were performed with a Flash 2000 Thermo Scientific
Analyzer. X-ray diffraction (XRD) analyses were performed with
a Bruker D8 diffractometer equipped with a Gobel mirror and
a CuKa X-ray source (4 = 1.5418 A). ICP/MS analyses were per-
formed with an iCAP-Q ICP-MS equipment (Thermo Scientific,
Bremen, Germany) equipped with an autosampler ASX-500
(CETAC Technologies, Omaha, USA).

SkinEthic™ reconstructed human epidermis model

The SkinEthic™ reconstructed human epidermis (RhE) model
is a completely differentiated 3D epidermal tissue composed
of normal human keratinocytes cultured at the air-liquid inter-
face on an inert polycarbonate filter, grown in a chemically

This journal is © The Royal Society of Chemistry 2023
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defined medium. This model is histologically similar to
normal human epidermis. The SkinEthic™ RhE was pur-
chased from Episkin (Lyon, France) and produced under
ISO9001 certification. Every batch of RhE was accompanied by
a quality control data sheet including data on histology, mor-
phology, cell viability, barrier function integrity and tissue
safety.

Skin irritation

Skin irritation induced by GRMs, and CBMs as reference
materials, was assessed on the SkinEthic™ RhE model follow-
ing OECD Test Guideline (TG) no. 439.>” Before using RhE
tissues, technical proficiency was assessed® testing ten
Proficiency Chemicals, according to OECD TG 439.
Considering the OECD TG acceptability parameters, quality
control criteria were met (ESI Table T1%).

As indicated in the OECD TG 439, RhE tissues (0.5 cm?, day
17) were incubated in 6-well plates containing 1 mL growth
culture medium for 2 h at 37 °C, 5% CO, and 95% humidity.
Afterwards, 10 pL distilled H,O were added to RhE tissue
before its exposure for 42 min to 16 mg of each GRM or CBM
(32 mg em™?), in duplicate. As negative and positive controls,
RhE was exposed to 16 pL phosphate buffered saline (PBS) or
5% sodium dodecyl sulfate (SDS) solution, respectively. The
tissues were then washed thoroughly 25 times with 1 mL PBS
and transferred into a 6-well plate containing 2 mL growth
culture medium for 42 h post-treatment incubation at 37 °C,
5% CO, and 95% humidity. Subsequently, the inserts were
transferred into a 24-well plate containing 300 pL of methyl-
thiazolyldiphenyl-tetrazolium bromide (MTT; 1 mg mL ") solu-
tion. The plate was then incubated for 3 h at 37 °C, 5% CO,
and 95% humidity. Formazan salts were then extracted from
both the top and bottom sides of each tissue insert with
1.5 mL isopropanol, for 2 h under gentle shaking at room
temperature (RT). The tissues were than perforated and the
formazan extract was homogenized. For each tissue, 200 pL of
this solution were transferred into each well of a 96-well plate,
in triplicate; isopropanol was used as a blank. Tissue viability
was evaluated in terms of formazan concentration, measuring
the optical density (OD) of each extract at 570 nm using the
FLUOstar® Omega microplate reader (BMG LABTECH;
Ortenberg, Germany). After subtracting the blank OD from all
raw data, the mean OD and standard error were calculated.
The results of tissue viability are reported as % of negative con-
trols (vehicle) and are the mean + standard error (SE) of three
independent experiments. As a threshold given by OECD TG
439, tissue viabilities <50% define a substance as an irritant.

As preliminary analysis, the possible interference between
nanomaterials and MTT was investigated. To identify if GRMs
and CBMs were direct MTT reducers, each material was added
to freshly prepared MTT solution (1 mg mL™") for 3 h. An
additional check employed killed tissues to evaluate non-
specific reduction of MTT. As reported in the OECD TG 439,
killed RhE tissues were obtained by freezing RhE at —80 °C for
48 h and further processed for GRM and CBM treatment and
MTT assay as reported above. None of the materials showed
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any non-specific color interferences and non-specific MTT
reduction.

Before the use of OECD TG 439, to assess the irritation
potential of the selected GRMs, two critical parameters were
considered to evaluate its possible adoption for GRMs: (i) the
final readout, since GRMs may interfere with the OD measure-
ment of the MTT-derived formazan®® and (ii) the materials
concentrations to be tested since, volumetrically speaking,
32 mg cm™? represents a too big concentration for GRMs, con-
sidering their lightweight nature. Regarding the first point, the
2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfo-
phenyl)-2H-tetrazolium (WST-8) assay was proposed in place of
the MTT assay, since WST-8 does not seem to suffer from any
unspecific interference with GRMs.*® After RhE treatment
(42 min + 42 h post-treatment incubation), the inserts were
transferred into each well of a 24-well plate containing 270 pL
maintenance culture medium with 30 pL of WST-8. The plate
was then incubated for 3 h at 37 °C, 5% CO, and 95% humid-
ity. For each tissue, 100 pL of this solution were transferred
into each well of a 96-well plate, in triplicate, and tissue viabi-
lity was quantified by measuring the OD at 450 nm using a
FLUOstar® Omega microplate reader (BMG LABTECH,
Ortenberg, Germany). The results of tissue viability are
reported as % of negative controls (vehicle) and are the mean +
SE of three independent experiments.

Considering the second parameter, the procedure described
by the OECD TG 439 was applied using lower GRM concen-
trations (0.5-2.0-8.0 mg cm™?) in addition to that stated in the
TG (32.0 mg cm™?).

Release of inflammatory mediators

To evaluate the pro-inflammatory response by GRM- or CBM-
exposed RhE, tissue media were rapidly and directly collected
after RhE treatment (42 min exposure with nanomaterials or
controls, followed by 42 h post-treatment incubation), and
stored at —80 °C. A panel of inflammatory mediators, includ-
ing interleukin (IL)-1a, —1p, —6, —8, and —18, tumour necrosis
factor (TNF)-a and prostaglandin E, (PGE,), was quantified by
a sandwich or competitive ELISA from Diaclone (Besancon,
France) or Elabscience (Bologna, Italy) following the manufac-
turers’ instructions. The concentration of each inflammatory
mediator in tissue media (pg mL™") is the mean + SE of three
independent experiments. A heatmap was used to visualize the
pattern of inflammatory mediators’ release induced by
different nanomaterials and a hierarchical clustering analysis
between the different samples was performed.

Skin corrosion

Skin corrosion induced by GRMs and CBMs was assessed on
the SkinEthic™ RhE model following the OECD Test
Guideline (TG) no. 431.>° Before using RhE tissues, quality
control criteria were checked (ESI Table T1t) and technical
proficiency was assessed testing twelve reference Proficiency
Substances, according to OECD TG 431.

Similar to what has been previously reported for skin irri-
tation (OECD TG 439), the possible interference between nano-
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materials and MTT was excluded by preliminary analysis
suggested by the TG. As indicated in OECD TG 431, RhE
tissues (0.5 cm?, day 17) were transferred into 1 mL mainten-
ance medium in a 6-well plate, and incubated overnight at
37 °C, 5% CO, and 95% of humidity. RhE samples were then
exposed to 20 mg of each GRM or CBM (40 mg cm?) for
3 min and 1 h, after adding 20 pL of distilled H,O, in dupli-
cate. As negative and positive controls, tissues were exposed to
distilled H,O and 8 N potassium hydroxide (KOH), respect-
ively. The tissues were then washed thoroughly 20 times with
1 mL PBS and transferred into each well of a 24-well plate con-
taining 300 pL of MTT solution (1 mg mL™"). The plate was
then incubated for 3 h at 37 °C, 5% CO, and 95% humidity.
Formazan salts were extracted from both the top and bottom
sides of each tissue insert with 1.5 mL isopropanol, for 2 h
under gentle shaking at RT. The tissues were than perforated
and the formazan extract was homogenized. For each tissue,
200 pL of this solution were transferred into each well of a
96-well plate, in triplicate, and isopropanol was used as a
blank. Tissue viability was evaluated in terms of formazan con-
centration, measuring the OD of each extract at 570 nm using
the FLUOstar® Omega microplate reader (BMG LABTECH;
Ortenberg, Germany). After subtracting the blank OD from all
raw data, the mean OD and standard error were calculated.
The results of tissue viability are reported as % of negative con-
trols (vehicle) and are the mean + SE of three independent
experiments. As thresholds given by OECD TG 431, skin cor-
rosion was predicted by one of the following parameters: (i)
viability <50% after 3 min exposure or (ii) viabilities >50%
after 3 min exposure and <15% after 1 h exposure (Table 1).

Statistical analysis

The results on skin corrosion and irritation (OECD TG 431 and
439, respectively) are expressed as the % of viability with
respect to the negative control, and are the mean + SE of three
experiments performed in duplicate. Statistical analysis was
performed by a one-way analysis of variance (ANOVA) followed
by Bonferroni’s post-test (GraphPad Prism version 8.0); statisti-
cal significance was considered for p values <0.05. Heatmap
and hierarchical clustering analyses for inflammatory
mediators were performed using the R software (version 4.1.2).

Table 1 Prediction model for the SkinEthic™ RhE skin corrosion test
method, associated with the UN GHS classification system>°

Prediction to be
considered

Viability measured after exposure time
points (3 and 60 min)

Step 1

<50% after 3 min exposure

>50% after 3 min exposure AND

<15% after 60 min exposure

>50% after 3 min exposure AND

>15% after 60 min exposure

Step 2 for substances identified as corrosive in step 1

<18% after 3 min exposure Optional sub-category 1A

>18% after 3 min exposure Optional sub-category 1B
and 1C

Corrosive (C)
Corrosive (C)

Non-corrosive (NC)

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Physico-chemical characterization of non-washed FLG-SDS (A, B and C) and washed FLG-SDS (D, E and F). (A and D) Raman spectra; (B and
E) lateral dimension distribution; and (C and F) representative TEM image. Scale bar: 200 nm (C) and 500 nm (F).

Results

Characterization of GRMs

Non-washed and washed FLG-SDS. Both materials were
characterized by Raman spectroscopy, TEM, TGA and elemen-
tal analysis. Raman spectroscopy allows us to obtain structural
information about the prepared materials, such as the number
of layers or the presence of defects.”’ In the non-washed and
washed FLG-SDS spectra, the three characteristic peaks of gra-
phitic materials (D, G and 2D bands) are clearly observed
(Fig. 1, panels A and D).

The number of layers can be determined from the change
of intensity and position of the 2D band (~2700 cm™): 4 layers
were calculated for non-washed FLG-SDS and 6 layers for
washed FLG-SDS.?” In addition, the intensity ratio between the
D (~1350 cm™') and G (~1580 cm™ ") bands, I(D)/I(G), allows us
to evaluate the number of defects. Being 0.18 in the non-
washed material and 0.28 for the washed one, these values
suggest low levels of defects.

The lateral dimensions of both materials were estimated by
TEM analysis after the measurement of 100 different sheets
for each.

The lateral size distribution was located between 150 and
3350 nm with an average lateral dimension of 956 + 553 nm
for non-washed FLG-SDS (Fig. 1, panel B) and between 250
and 2750 nm with an average lateral dimension of 1016 +
564 nm for washed FLG-SDS (Fig. 1, panel E). Representative
TEM images are shown in Fig. 1.

Thermogravimetric analyses (TGA) were carried out to
determine the amount of SDS present in the exfoliated
materials after the synthetic procedure. As can be seen in the

This journal is © The Royal Society of Chemistry 2023

curves, the bulk graphite does not exhibit a significant weight
loss (1%) (Fig. 2, panel A). Taking this into account, the weight
loss observed in the as prepared FLG materials is due to the
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Fig. 2 Thermogravimetric analyses (TGA) of non-washed FLG-SDS and
washed FLG-SDS (A), GNP (B), research-grade GO (C), CB (D) and
MWCNTs NanoAmor and Nanocyl (E).
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presence of the surfactant. In fact, the weight loss for washed
FLG-SDS (4% at 600 °C) is significantly lower than the one
determined for non-washed FLG-SDS (16% at 600 °C), confirm-
ing the successful removal of the surfactant. These results are
compatible with the quantity of SDS calculated from elemental
analysis (1.4 mg and 41.6 mg of SDS in 100 mg of washed and
non-washed FLG-SDS, respectively; Table 2).

GNP. In this case, in addition to the above-mentioned
characterization techniques, GNP was subjected to ICP/MS
analysis to determine the possible presence of metals. As in
the two previous GRMs, Raman spectroscopy was performed
to determine the number of layers, and it was calculated as 3
layers for GNP.** In this case, the I(D)/I(G) ratio value was 0.29
(Fig. 3, panel A).

TEM analysis was conducted to assess the lateral dimen-
sions of GNP. After the evaluation of 100 different sheets, it
was found that the lateral size distribution was centered
between 270 and 4500 nm with an average lateral dimension
of 1360 + 695 nm (Fig. 3, panels B and C).

In the TGA curve (Fig. 2, panel B), a weight loss of 4% at
600 °C was noticed, indicating a low quantity of oxygenated
groups in the material. This result was corroborated by the
slight oxygen content determined by elemental analysis (less

Table 2 Elemental analysis of GBMs and CBMs

Elemental analysis (%)

C H N S O

Non-washed FLG-SDS 49.62 1.93 0.12 4.63 <43.70
Washed FLG-SDS 65.54 0.75 0 0.16 <33.55
GNP 96.40 0.24 0.14 0.16 <3.06
Non-clean GO 44.30 2.51 0.13 3.25 <49.81
HCl-clean GO 51.18 2.18 0.16 1.05 <45.43
Clean GO 55.13 2.07 0.23 1.35 <41.22
GO* 59.40 1.40 0.07 2.50 <36.6

rGO* 81.30 0.82 0.21 0 <17.7

Carbon black 98.35 0.17 0.11 0.46 <0.91
MWCNTs NanoAmor 96.13 0.19 0.20 0 <3.48
MWCNTs Nanocyl 94.89 0.52 0.15 0.14 <4.30

“For a complete physico-chemical characterization refer to Fusco et al.
(2020).>°
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than 3.06%; Table 2). In addition, ICP/MS analyses revealed a
Fe concentration of 1.734 mg L™" (ESI Table 27).

Research-grade GO. With the aim to determine the influence
of different impurities that can be present in GO not properly
purified, three GO samples with diverse cleaning degrees were
prepared (non-clean GO, HCl-clean GO and clean GO). These
three GRMs were characterized by Raman and X-ray diffraction
(XRD) TEM, TGA, elemental and ICP/MS
analyses.

In the case of GO, Raman spectroscopy allows us to detect
in a fast and simple way if the oxidation of bulk graphite was
successful, since significant changes in its Raman spectrum
can be noticed.>® An intense D band arises as a consequence
of high defect concentration introduced by the oxidative treat-
ment. Besides, the intensity of the 2D band decreases and
splits.>* All these features were observed in the Raman spectra
of non-clean GO (Fig. 4, panel A), HCl-clean GO (Fig. 4, panel
D) and clean GO (Fig. 4, panel G).

Since the 2D band of GO is not well-defined in its Raman
spectrum, the number of layers of this GRM was determined
by XRD spectroscopy. For this purpose, the characteristic peak
of GO, corresponding to its (002) plane, located at 26 = 10.9°-
11.9°, was used to calculate the interlayer space and sub-
sequently the number of layers of the three as-prepared GO*’
(see ESI, Fig. S1f for calculation details). For non-clean GO,
the analysis of the XRD spectrum revealed 7 layers. In the case
of HCl-clean GO and clean-GO, the number of layers was 5 for
both (ESI Fig. S17).

The lateral dimensions of these materials were estimated by
TEM analysis after the measurement of 100 different sheets
for each case. The lateral size distribution was located between
60 and 9210 nm with an average lateral dimension of 1204 +
1638 nm for non-clean GO (Fig. 4, panels B and C), between
150 and 10 700 nm with an average lateral dimension of 2415
+ 2173 nm for HCl-clean GO (Fig. 4, panels E and F) and
between 490 and 8700 nm with an average lateral dimension
of 2350 + 1521 nm for clean-GO (Fig. 4, panels H and I).

TGA was accomplished to corroborate the oxidation of
graphite and to follow the purification procedure (Fig. 2, panel
C). As observed in the Raman spectrum of GO, the first deriva-
tive of its TGA curve presents a distinctive peak in a specific

spectroscopy,

GNP

Normalized Intensity
Counts

T T T T " o
1000 1500 2000 2500 3000 o
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500 1000 1500 2000 2500 3000 3500 4000 4500 5000
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QU
g

==

Fig. 3 Physico-chemical characterization of GNP. (A) Raman spectrum; (B) lateral dimension distribution; and (C) representative TEM image. Scale

bar: 200 nm.
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spectra. (B, E and H) Lateral dimension distribution. (C, F and I) Representative TEM images. Scale bar: 200 nm (C and F) and 500 nm (l).

range of temperature (Tjax ~ 180-220 °C) that allows us to dis-
tinguish GO from other GRMs.?® Indeed, this peak is evident
in the first derivative curve of the three different GO prepared.
In addition, it can be noticed that after each purification step
(cleaning with HCI and neutralization with Milli-Q water) the
weight loss decreases, being 43% for non-clean GO, 32% for
HCl-clean GO and 28% for clean-GO, proving the successive
cleaning of the material. These results can be explained by the
chemical composition revealed by elemental and ICP/MS ana-
lyses. In the first one, it can be noticed that the content of
oxygen and sulphur is reduced after each cleaning step due to
the removal of the different salts produced during the syn-
thetic procedure (Table 2). A similar trend can be noticed in
ICP/MS analysis. The Mn concentration (from the KMnO,
used in the oxidation) diminishes from 1.469 mg L™" in non-
clean GO to 0.069 mg L™' in HCl-clean GO and to 0.058 mg
L™ in clean GO, corroborating the success of the washing
steps (ESI Table T37).

Characterization of CBMs

Carbon black (CB). CB is composed of aggregates of primary
particles with a spherical shape. These particles are in the

This journal is © The Royal Society of Chemistry 2023

range of 10-100 nm and contain graphitic and amorphous
domains.?” Their characterization was carried out by Raman
and XRD spectroscopy, TEM, TGA, elemental and ICP/MS
analyses.

In this case, Raman spectroscopy provides information
about the size of the graphitic domains (L,) and the proportion of
amorphous carbon (Fig. 5, panel A). Making use of the empirical
formula described by Tuinstra and Koenig (L, = 4.35% (nm)), it
is possible to evaluate the size of the graphitic domains, obtain-
ing a value of 4.48 nm.*® The proportion of amorphous carbon
can be evaluated by the presence of a broad peak around
1530 cm™" and its relative intensity compared to the G band. This
value was calculated as the ratio between the areas of both peaks,
equal to 0.86 (ESI Fig. S2, panel A¥).

Additional structural information was obtained from XRD
analysis, such as the distance between carbon layers and the
height of the graphitic domains (L.).*” For the CB employed in
this study, the distance between layers is 0.353 nm, in the
range reported in the literature for other CBs.*® The value of L,
was estimated using the Debye-Scherrer formula, being
0.99 nm, in agreement with other reported data® (ESI Fig. S2,
panel BY).
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TEM analysis was performed with the aim to estimate the
lateral dimensions of the material. For this purpose, 100
different particles were evaluated. The lateral size distribution
was located between 28 and 118 nm with an average lateral
dimension of 68 + 22 nm (Fig. 5, panels B and C).

In the TGA curve, a weight loss of 2% at 600 °C was
noticed, indicating a low quantity of oxygenated groups in the
material (Fig. 2, panel D). This result was corroborated by the
slight oxygen content determined by elemental analysis (less
than 0.91%; Table 2). Besides, ICP/MS analysis was carried out
to determine the presence of metals in CB, revealing a very low
concentration of Fe and Co (ESI Fig. S2, panel Ct).

MWCNTs: NanoAmor and Nanocyl. Two types of MWCNTs,
with different diameters, were used in this work. Their charac-
terization was accomplished by Raman spectroscopy, TEM,
TGA, elemental and ICP/MS analyses.

In the Raman spectra of both MWCNTSs, the three charac-
teristic peaks of graphitic materials are present (Fig. 6, panels
A and D). The value of the I(D)/I(G) ratio in NanoAmor
MWCNTSs is 1.46 and it is 1.49 for Nanocyl MWCNTSs.

The MWCNT diameter was assessed by TEM analysis,
measuring 100 different MWCNTs for each type. The diameter
distribution was located between 14 and 46 nm with an
average diameter of 24 + 6 nm for NanoAmor MWCNTs (Fig. 6,
panels B and C) and between 6 and 34 nm with an average
diameter of 13 + 4 nm for Nanocyl MWCNTs (Fig. 6, panels E
and F).

The TGA curves showed a weight loss of 6% and 10% for
the MWCNTs NanoAmor and Nanocyl, respectively (Fig. 2,
panel E). Also in this case, this low value indicates a small
quantity of oxygenated groups, as corroborated by elemental
analysis (Table 2).
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Fig. 6 Physico-chemical characterization of MWCNTSs. Raman spectra of MWCNTs NanoAmor (A) and Nanocyl (D); lateral dimension distributions
of MWCNTs NanoAmor (B) and Nanocyl (E); representative TEM images of MWCNTs NanoAmor (C) and Nanocyl (F). Scale bar: 200 nm.
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Since MWCNTs were employed without further purification,
ICP/MS analyses were performed to study the existence of
metals derived from the synthesis. These analyses revealed
concentrations of 0.443 mg L', 0.073 mg L™" and 6.562 mg
L™ for Fe, Co and Ni, respectively, in the case of NanoAmor
MWCNTs. For Nanocyl MWCNTs, an Fe concentration of
12.787 mg L™" and a Co concentration of 4.099 mg L™ were
determined (ESI Table T47).

Skin irritation. The irritation potential of the selected GRMs
was evaluated following the procedure stated in OECD TG 439:
after the addition of 10 pL distilled H,O for tissue wetting,
RhE samples were exposed for 42 min to each material (32 mg
cm™>, as a powder), and post-incubated for 42 h. Then, MTT
assay was carried out to evaluate tissue viability as a parameter
for irritation prediction.

Firstly, to assess the suitability of OECD TG 439 for GRMs,
two parameters were assessed: (i) the final readout, since
GRMs may interfere with the OD measurement of formazan
produced by MTT reduction®® and (ii) materials concen-
trations, since 32 mg cm™? represents a very high concen-
tration of GRMs, volumetrically speaking, considering their
lightweight nature.

For the first parameter, two materials were considered: (i)
an irritant GRM, represented by non-washed FLG-SDS,
obtained through exfoliation with SDS and (ii) a non-irritant
material, represented by washed FLG-SDS, a FLG-SDS sample
subjected to washing procedures to remove surfactant resi-
dues. Fig. 7 shows the viability of RhE exposed to washed
FLG-SDS or non-washed FLG-SDS (0.5-2.0-8.0-32.0 mg cm™2),
assessed by the MTT assay in comparison with that measured
by the WST-8 assay. Panel A shows RhE viability measured by
the MTT assay: only non-washed FLG-SDS induced a signifi-
cant reduction of tissue viability at levels below the threshold
given by the TG to define an irritant substance (<50%), at con-
centrations of 8.0 mg cm™? (6.7%, p < 0.001) and 32.0 mg cm >
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(4.5%, p < 0.001). At these concentrations, almost comparable
results were obtained by measuring tissue viability by the
WST-8 assay (Fig. 7, panel B): non-washed FLG-SDS reduced
RhE viability to 8.0% at 8.0 mg cm™> (p < 0.001) and 4.2% at
32.0 mg cm ™2 (p < 0.001). In addition, WST-8 assay appeared
to overestimate the effect of non-washed FLG-SDS at a concen-
tration of 2.0 mg cm ™2 (30.3% viability, p < 0.001) with respect
to the MTT assay (63.8% viability, p < 0.05). These results
could be due to the already reported higher sensitivity of the
WST-8 assay as compared to that of the MTT assay. In contrast,
as expected, washed FLG-SDS did not affect tissue viability,
evaluated by both assays. Hence, since at GRM concentrations
reducing tissue viability at levels predicting skin irritation pro-
perties, MTT and WST-8 assays provided comparable results,
the substitution of the MTT assay with the WST-8 one appears
to be unnecessary.

The results reported in Fig. 7 suggest the possibility to
reduce the amount of materials down to 8.0 mg cm >, the
lowest amount of the irritant non-washed FLG-SDS able to
reduce RHE viability at a level lower than 50% as the threshold
predicting irritation potential. To verify this possibility, the
MTT assay was repeated with rGO (0.5-2.0-8.0-32.0 mg cm™2),
a mild toxic material for RhE. Fig. 8 shows that rGO induced a
significant reduction of RhE viability only at 32.0 mg cm™>
(88.8%, p < 0.05), at a level above the threshold given by the
TG (<50%). Thus, it can be considered as a non-irritant, but
mildly toxic, material for RhE. Nevertheless, rGO at lower
amounts (0.5-2.0-8.0 mg cm>) did not induce any significant
alteration of tissue viability. Hence, to assess slightly toxic
materials, such as rGO, RhE exposure to amounts reduced up
to 8.0 mg cm > appears unfeasible for evaluating skin irri-
tation since the effects could not predict the real toxicity
potential of these materials.

On the basis of the previous results and considerations,
OECD TG 439 was followed without any modification to evalu-

WST-8 @R washed FLG-SDS

non-washed FLG-SDS

#H#

80 320 SDS5%

[mg/cm2]

Fig. 7 RhE viability after exposure to washed FLG-SDS, non-washed FLG-SDS or sodium dodecyl sulfate (SDS 5%; positive control) for 42 min, fol-
lowed by 42 h post-treatment, in compliance with OECD TG 439. Tissue viability was assessed by MTT assay (A) and WST-8 assay (B). Red columns
represent the viability of RhE exposed to the materials concentration indicated by OECD TG 439. Data are expressed as % tissue viability with respect
to negative controls and are the mean + SE of three independent experiments. Irritation prediction was defined considering the threshold given by
OECD TG 439 (dashed red line). Statistical differences vs. negative controls: *, p < 0.05; *** p < 0.001; statistical differences (washed FLG-SDS vs.
non-washed FLG-SDS): ###, p < 0.001 (one-way ANOVA and Bonferroni's post-test).
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Fig. 8 RhE viability after exposure to rGO or sodium dodecyl sulfate
(SDS 5%; positive control) for 42 min, followed by 42 h post-treatment
incubation, in compliance with OECD TG 439. Tissue viability was
assessed by MTT assay. Data are expressed as % tissue viability with
respect to negative controls and are the mean + SE of three indepen-
dent experiments. Irritation prediction was defined considering the
threshold given by OECD TG 439 (dashed red line). Statistical differences
vs. negative controls: *, p < 0.05; **** p < 0.0001 (one-way ANOVA and
Bonferroni's post-test).

ate the irritation properties of a wide panel of GRMs. A set of
CBMs, including different types of multiwall carbon-nano-
tubes (MWCNTs) and carbon black (CB), was added as refer-
ence materials.

In Fig. 9, the results show that only non-washed FLG-SDS
and the positive control (SDS) significantly decreased tissue
viability at 4.5% (p < 0.0001) and 1.3% (p < 0.0001), respect-

120+
100+
804

60

RhE Viability
(% of negative control)

Fig. 9 RhE viability after exposure to GRMs of CBMs (32 mg cm™) or
sodium dodecyl sulfate (SDS 5%; positive control) for 42 min, followed
by 42 h post-treatment incubation, in compliance with OECD TG 439.
Data are expressed as % tissue viability with respect to negative controls
and are the mean + SE of three independent experiments. Irritation
classification was defined on the basis of the threshold given by OECD
TG 439 (dashed red line). Statistical differences vs. negative controls: *, p
< 0.05; **** p < 0.0001 (one-way ANOVA and Bonferroni's post-test).
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ively. These levels, lower than the threshold predicting skin
irritation (<50%), suggest irritant properties. Moreover, rGO
reduced RhE viability at 88.8% (p < 0.05), which do not
suggest an irritation potential. All the other tested materials
did not reduce tissue viability at levels below the threshold
given by OECD TG 439 (<50%), suggesting that they are not
skin irritants.

Inflammatory mediators’ release

To implement the information given by the application of
OECD TG 439, the medium of each RhE tissue exposed to each
material (42 min exposure, followed by 42 h post-treatment
incubation) was collected. Each medium was analysed quanti-
fying selected inflammatory mediators (IL-1a, —1p, —6, —8,
—18, TNF-a and PGE,) to evaluate GBMs’ ability to stimulate
epidermal keratinocytes as initiators of a possible skin inflam-
mation. Fig. 10 shows the inflammatory mediators (pg mL ™)
released by RhE exposed to GBMs, CBMs or 5% SDS (positive
control), in comparison with those by RhE exposed to PBS
(negative control).

Regarding IL-1a (Fig. 10, panel A), only non-washed
FLG-SDS significantly increased IL-la release, by 9.7-fold
(from 42 pg mL™"' of negative control to 406 pg mL™"; p <
0.0001). Its effect was significantly higher than that of washed
FLG-SDS (63 pg mL™'; p < 0.001). SDS (positive control)
exerted a comparable effect, inducing a 10.9-fold increase of
IL-1a release (458 pg mL™'; p < 0.0001). Only non-washed
FLG-SDS induced a slight but significant release of IL-6 (1.7-
fold increase, from 7 pg mL™" of negative control to 12 pg
mL™%; p < 0.0001) (Fig. 10, panel C) and IL-8 (2.9-fold increase,
from 58 pg mL™' of negative control to 169 pg mL™; p <
0.0001). IL-6 and IL-8 release induced by non-washed FLG-SDS
was significantly higher than that induced by washed FLG-SDS
(7 pg mL™" IL-6, p < 0.001; 67 pg mL™" IL-8, p < 0.001).
Moreover, IL-8 release induced by non-washed FLG-SDS was
higher than that induced by SDS as a positive control (1.9-fold
increase, 112 pg mL™%; p < 0.001). Also GO determined a
slight, but significant, increase of IL-8 release (1.7-fold, 98 pg
mL™"; p < 0.01) (Fig. 10, panel D). Regarding TNF-«, almost all
the tested materials, except non-washed FLG-SDS, caused a
slight, but significant, TNF-a release: as compared to negative
controls, TNF-a was released at concentrations equal to 30 pg
mL™" for GNP (p < 0.05), 31 pg mL™" for washed FLG-SDS (p <
0.01), non-clean GO (p < 0.05), clean GO (p < 0.01), CB (p <
0.01) and NanoAmor MWCNTSs (p < 0.01), 32 pg mL™" for GO
(p < 0.0001), rGO (p < 0.0001) and HCl-clean GO (p < 0.0001),
and 33 pg mL™' for Nanocyl MWCNTs (p < 0.0001) (Fig. 10,
panel F). In addition, only non-washed FLG-SDS induced a
slight PGE, release (from 1.6 pg mL™" of negative control to
1.8 pg mL™"; p < 0.01), similar to SDS as a positive control (1.8
pg mL™; p < 0.05) (Fig. 10, panel G). In contrast, none of the
GBMs or CBMs and SDS influenced the release of IL-1f
(Fig. 10, panel B) and IL-18 (Fig. 10, panel E).

Hierarchical cluster analysis was performed to define
association dendrograms between the patterns of inflamma-

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Inflammatory mediators’ release from RhE exposed to GRMs or
CBMs for 42 min, followed by 42 h of post-treatment incubation. IL-1a
(A), IL-1p (B), IL-6 (C), IL-8 (D), IL-18 (E), TNF-a (F) and PGE, (G) were
quantified in RhE media by specific ELISA assays. As a positive control,
RhE was exposed to 5% SDS. Data, expressed as inflammatory mediators’
concentration in the media (pg mL™), are the mean + SE of three inde-
pendent experiments. Statistical differences vs. negative controls: *, p <
0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. Statistical differences
among materials of the same subgroup: #, p < 0.05; ###, p < 0.001
(one-way ANOVA and Bonferroni's post-test).

tory mediators’ release for each tested material, as presented
in Fig. 11. The analysis showed three major clusters: (i) the
first comprising non-washed FLG-SDS and the positive control
SDS, which suggests a comparable release pattern among the
two treatments, supporting the results obtained adopting

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 Hierarchical cluster analysis of inflammatory mediators released
by RhE exposed to GRMs or CBMs for 42 min, followed by 42 h of post-
treatment incubation. As positive control, RhE was exposed to 5% SDS.
Each branch in the dendrograms shows similarity among samples, with
shorter branches representing more comparable samples. Association
clusters for samples and inflammatory mediators are represented by
dendrograms at the left and at the top of the heatmap, respectively.

OECD TG 439; (ii) a second cluster consisting of washed
FLG-SDS, CB and the two types of MWCNTSs, and (iii) a third
one composed of all the other GRMs and negative control,
suggesting a very low pro-inflammatory potential of these
materials.

Skin corrosion

Considering the similarities between the protocols of OECD
TG 439 and 431, the same assumptions to adopt OECD TG
439 for GRMs was made also for the latter. Therefore, skin
corrosion was assessed adopting OECD TG 431 without any
modification. The corrosion potential of GRMs, and CBMs
as reference materials, was evaluated by exposing RhE to
20 mg of each powdered material (40 mg cm™?) for 3 min
and 1 h, after wetting with 20 pL distilled H,O. At the end
of each treatment period, RhE viability was evaluated by the
MTT assay.

As shown in Fig. 12, none of the GRMs or CBMs tested
reduced RhE viability at levels below the threshold defined by
OECD TG 431 after 3 min or 1 h exposure (tissue viability
<50% after 3 min exposure or <15% after 1 h exposure).
Therefore, they can be considered as non-corrosive (NC)
materials. However, 1 h treatment with non-washed FLG-SDS
significantly reduced RhE viability to 83% (p < 0.05), similar to
non-clean GO and clean GO that significantly decreased tissue
viability at 83% (p < 0.05) and 80% (p < 0.01), respectively.
However, these viability levels are far higher than the threshold
defining corrosive properties. In contrast, the positive control
(8 N KOH) significantly reduced tissue viability to 3% after
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Fig. 12 RhE viability after 3 min (A) or 1 h (B) exposure to GRMs or CBMs (40 mg cm™2), or potassium hydroxide (8N KOH, positive control), in com-
pliance with OECD TG 431. Data are expressed as % of RhE viability with respect to the negative control and are the mean + SE of three independent
experiments. Corrosion classification was defined on the basis of the thresholds given by OECD TG 431, represented by the dashed red lines.
Statistical differences vs. negative controls: *, p < 0.05; **, p < 0.01; ****, p < 0.0001 (one-way ANOVA and Bonferroni’s post-test).

3 minutes treatment (p < 0.0001), demonstrating that it is a
corrosive (C) substance, as expected.

Discussion

In the last few years, the use of CBMs, in particular GRMs, has
widely increased due to their unique physical, chemical, elec-
trical, thermal, mechanical and optical properties. The broad
applications of these materials range from electronics, bio-
medical technologies and energy storage to composites, coat-
ings, water and wastewater treatments."*® Given the wide
range of potential uses and considering the entry of GRM-
enabled products into the market, the actual risk for human
health posed by these materials should be deeply assessed.
Until a few years ago, this risk was exclusively correlated with
occupational settings, during their industrial or small-scale
production. In this context, skin contact and inhalation could
be considered the most relevant exposure routes for workers.?
Nowadays, the development of applications and industrial
implementations of GRMs have heavily increased® and skin
contact could be considered one of the most relevant exposure
routes in these situations. Indeed, GRMs can be considered
useful nanotools for a wide range of applications at the skin
level, such as drug delivery systems, flexible electronics, smart
textiles, wound healing dressings, electronic skin and skin
sensors.® ™! Thus, to characterize the hazard posed by these
materials at the skin level, several in vitro studies have been
carried out on fibroblasts and keratinocytes.'*>°

However, common in vitro 2D cell cultures do not appropri-
ately mimic the physiological and morphological features of
the skin, including its barrier properties. In this view, 3D
models of epidermis are more complete and predictive
models. These models have been further developed in compli-
ance with the 3R’s principles (replacement, reduction and

14434 | Nanoscale, 2023,15, 14423-14438

refinement) aiming at minimizing and optimizing in vivo
testing.”! Recently, 3D skin models have been included in the
New Approach Methodologies (NAMs) as alternative methods
and strategies useful in providing information on hazard and
risk assessment of a substance while avoiding the use of
animals.*>*? Furthermore, the potential skin irritation and
corrosion are important factors that must be considered in
establishing procedures for safe handling, packing and trans-
port of these materials. Indeed, the evaluation of skin irri-
tation and corrosion potential is mandatory for all substances
to be placed into the market under international regulatory
requirements.*®**

Thus, this study was aimed at assessing skin irritation and
corrosion properties of GRMs on the SkinEthic™
Reconstructed human Epidermis (RhE), a standardized 3D
model of epidermis obtained from human-derived non-trans-
formed keratinocytes, which closely simulates the histological,
morphological, biochemical and physiological properties of
the upper part of human skin, the epidermis.”® Using this
model, two in vitro methods were developed to evaluate skin
irritation and corrosion potential of chemical substances.*>*®
These procedures were reported in two specific test guidelines
(TGs) given by the Organization for Economic Co-operation
and Development (OECD),>”*° which defines wide commonly
accepted processes that should be strictly followed to identify
and characterize the hazards of chemicals, allowing us to
achieve toxicological data suitable to assess their safety also
for regulatory purposes.

In particular, we evaluated the skin irritation and corrosion
potential of GRMs, and some CBMs used as reference
materials, following OECD TG 439 and 431, respectively. The
protocols of the two TGs are similar in terms of model and
readout: they predict skin irritation or corrosion potential by
means of a reduced tissue viability after treatment with the
substances under test, using the well-known MTT assay.

This journal is © The Royal Society of Chemistry 2023
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However, these TGs were originally validated for chemicals,
even though OCTD TG 439 has been already applied to
different kinds of nanomaterials, including polymeric nano-
particles,” metal-based nanoparticles*® and CBMs, such as
MWCNTs* and a limited panel of GRMs.*® In particular,
despite the latter being previously tested by our group applying
OECD TG 439, a complete assessment of the TG suitability
without any drawbacks was not performed.>® Therefore, before
enlarging the panel of GRMs to be evaluated for their skin irri-
tation and corrosion properties, an initial step assessing the
suitability of the OECD TGs for GRMs was necessary. Given the
similarity between the two guidelines, this assessment was
carried out for OECD TG 439. In particular, two critical para-
meters were examined: (i) the final readout, since the MTT
reagent could be prone to give unspecific interferences with
GRMs*® and (ii) the amount of materials, since 32 mg GRMs
per cm” epidermis surface area represents a very high amount
in terms of volume, considering their weight-volume ratio and
their lightweight nature. Regarding the first point, we com-
pared the results obtained by the MTT assay suggested by the
TG with those obtained by the WST-8 assay, an MTT-analogue
test not affected by interferences with GRMs.*® Using a pre-
viously defined irritant (non-washed FLG-SDS) and a non-irri-
tant (washed FLG-SDS) GRM,>® our results demonstrated that
the MTT assay can be used to quantify RhE viability, without
the need for being substituted by the WST-8 assay. Indeed, no
differences in RhE viability were found using the two assays to
test GRMs at amounts above 8 mg cm™2, which excludes false
negative results by unspecific interactions between the
materials and the probe. This finding confirmed our previous
observation suggesting that the barrier property of RhE does
not allow GRMs deposited on the RhE surface to pass into the
compartment below the RhE tissue in which the MTT reagent
is added.” In addition, the WST-8 assay appeared to slightly
overestimate the effect of the irritant non-washed FLG-SDS, at
least at 2.0 mg cm™? probably due to its higher sensitivity as
compared to that of other tetrazolium dye assays, such as
MTT, XTT and MTS.”® Regarding the second parameter, our
results suggest that the amount of GRMs deposited on RhE
cannot be lowered since this modification could lead to a
wrong prediction of their toxicity potential. Indeed, while pre-
diction of skin irritation appeared accurate for non-irritant
and irritant GRMs down to an amount of 8 mg cm >, this was
not observed for a mildly toxic GRM, such as rGO. In fact,
8 mg rGO per cm® did not induce any significant effect on
RhE, in contrast to the amount recommended by OECD TG
439 (32 mg ecm™2) which significantly decreased the tissue via-
bility, even though at levels not predicting skin irritation.
Therefore, lowering the deposited amount of GRMs could not
allow an accurate discrimination of mildly toxic GRMs, leading
to possible misclassifications. Altogether, these findings
suggest that OECD TG 439, and by extension also to OECD TG
431 given their similarities, can be adopted for GRMs without
the need for protocol changes.

Consequently, we assessed the irritation potential of a wide
panel of GRMs, including FLG prepared with a toxic surfactant

This journal is © The Royal Society of Chemistry 2023
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(FLG-SDS) with or without washings to remove SDS residues,
commercially available GO, rGO and GNP as well as a set of
research-grade GOs obtained by a modified Hummers’ method
and characterized by different degrees of oxidation reagent
clean-up (clean GO, HCl-clean GO and non-clean GO), the
latter included to evaluate the impurities’ (i.e. chemical
reagent residues) influence on skin irritation by GO. Other
CBMs, such as CB and two types of MWCNTs, were tested as
reference materials. As stated by the TG, skin irritation predic-
tion is based on the ability of the test substance to reduce
tissue viability (measured by the MTT assay) at <50% after
42 min exposure, followed by 42 h of post-treatment RhE incu-
bation.>” The results showed that, among the panel of tested
GRMs, only non-washed FLG-SDS reduced tissue viability at a
level lower than the 50% threshold (4.5% tissue viability),
suggesting an irritation potential only for this material. In
addition, rGO induced a significant reduction of RhE viability
(at 88.8%), above the threshold level predicting an irritation
effect. Notably, GNP and all the GOs did not affect tissue viabi-
lity, independent of their clean-up degree. This observation
suggests that also GOs obtained by a modified Hummers’
method, in which the strong reducing reagents are not
sufficiently removed, are non-skin irritants, highlighting their
safety for the skin. Similar results were obtained also for the
reference CBMs (CB and MWCNTS): none of them significantly
reduced RhE viability and, therefore, they can be considered as
non-irritant materials, in accordance with previous findings
for MWCNTs assessed by OECD TG 439°' and in vivo by the
Draize test.*”' On the whole, these results demonstrate that
GRMs and CBMs are generally not skin irritants, in line with
our previous findings showing that only GRMs prepared with
specific toxic exfoliation agents (i.e. SDS), not sufficiently
washed out, are skin irritants, probably due to the high surfac-
tant residues.”

Given the pro-inflammatory potential of an irritation
response, to implement the information given by OECD TG
439, GBMs and CBMs were evaluated for their ability to stimu-
late the release of inflammatory mediators by RhE. The quanti-
fication of inflammatory mediators can be a useful approach
to improve skin irritancy assessment, since an even slight cyto-
toxicity can act as a stimulus triggering an inflammatory
process and even immune stress.>® For instance, it is well
known that the pro-inflammatory cytokine IL-1a, constitutively
produced by keratinocytes, can stimulate its own release and
the release of other cytokines. Being an important mediator of
innate immunity and inflammation, it can be suitable to clas-
sify skin irritants using 3D models of epidermis.>
Accordingly, 5% SDS, used as a positive control for skin irri-
tation as suggested by OECD TG 439, significantly increased
IL-1a release by RhE, as previously reported in different
studies.>*™” In a similar way, the irritant FLG-SDS not sub-
jected to washing procedures increased IL-1a release at levels
comparable to those induced by the positive control SDS. In
contrast, washed FLG-SDS did not affect the cytokine release,
indicating that the irritant properties of non-washed FLG-SDS
can be ascribed to the surfactant residues in the material.
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Similarly, none of the other non-irritant GRMs or CBMs sig-
nificantly increased IL-la release, with evidence supporting
the lack of irritant properties of these materials. The release of
TNF-a, IL-6 and IL-8 was also analysed. All tested materials
caused a slight but significant increase of TNF-a secretion,
except non-washed FLG-SDS and the positive control SDS.
Furthermore, only non-washed FLG-SDS and the commercially
available GO induced a moderate release of IL-6 and the
chemokine IL-8, two well-known pro-inflammatory cytokines
involved in skin inflammation.’®*° In line with these results, a
slight but significant increase of PGE, release was found only
after RhE treatment with non-washed FLG-SDS or the positive
control SDS. Lastly, IL-1p and IL-18, mediators of the acute
inflammatory responses providing a link between innate and
adaptive immunity,®® were only barely secreted or not released
by RhE exposed to GRMs or CBMs, respectively. IL-18, a bio-
marker of allergic responses, was evaluated on the basis of lit-
erature data demonstrating its suitability to discriminate
between irritants and allergens in RhE models.®! Since none
of the tested GRMs, including the irritant FLG-SDS, and CBMs
significantly stimulated IL-18 release, our results seem to
argue against possible skin sensitization properties of these
materials. This observation is line with previous in vitro and
in vivo studies demonstrating that GRMs (FLG, GO and
GNP)***>  and MWCNTs (Nikkiso-MWCNTs, Mitsui-7
MWCNTs, and low-carboxylated MWCNTSs)®*™®> are not skin
sensitizers. Anyway, on the whole, the analysis of inflammatory
mediators’ release by RhE suggests a general low pro-inflam-
matory potential for both GRMs and CBMs, given the low
amounts measured. Only non-washed FLG-SDS appeared to be
the highest inflammogenic material; indeed, the clustering
analysis on pro-inflammatory mediators’ release data defined
a first high-affinity cluster of association, comprising non-
washed FLG-SDS and the positive control SDS, which suggests
a comparable release pattern between the two treatments,
driven mainly by the irritation biomarker IL-1a. In addition, it
should be also noted that, beside slight differences among
GO, rGO and GNP in inducing IL-6 release, major significant
differences related to inflammatory mediator (IL-1a, IL-6, and
IL-8) release were observed only between non-washed and
washed FLG-SDS, confirming that the washing procedure not
only neutralized the irritation potential of non-washed
FLG-SDS, but also reduced its pro-inflammatory properties.

In the second part of the study, the same panel of GRMs
and CBMs was tested for their skin corrosion potential,
referred to as the induction of an irreversible skin damage,
namely necrosis of the epidermis after its exposure to a sub-
stance. The method defined by OECD TG 431 is based on the
premise that a corrosive substance can penetrate the Stratum
corneum of epidermis by diffusion or erosion and it might be
cytotoxic to cells in the underlying layers.>*° The method
compliant with OECD TG 431 was set up and chosen as the
best for its high reproducibility, accuracy and predictive capa-
bility.>® Corrosion prediction is based on the ability of sub-
stances to reduce tissue viability (measured by the MTT assay)
at levels <50% after 3 min exposure and <15% after 1 h
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exposure. Given the similarity of OECD TG 431 to OECD TG
439 in terms of tissue model, exposure conditions and
readout, the same considerations made to adopt the latter for
GRMs was extended also to assess skin corrosion. Hence, TG
431 was adopted for GRMs, and CBMs as reference materials,
without any modification of the procedure. The results showed
that none of the tested materials reduced tissue viability at
levels lower than those predicting skin corrosion. Only 1 h
treatment with non-washed FLG-SDS significantly reduced
tissue viability to 83%, at a level higher than the threshold
given by the TG. A comparable effect was exerted also by non-
clean GO and clean GO, which significantly decreased RhE via-
bility at 83% and 80%, respectively. Therefore, it can be under-
lined that, not only GRMs, but also the irritant non-washed
FLG-SDS appears to be non-corrosive, despite its high surfac-
tant residues. Similarly, non-clean GO (potentially containing
a strong acid derived from the oxidation process of graphite)
and HCl-clean GO (potentially containing traces of corrosive
HCI) turned out to be non-corrosive for the skin. In addition,
to the best of our knowledge, no data on skin corrosion are
currently available for CBMs, tested as reference materials,
which for the first time suggests that also MWCNTs and CB
are not skin corrosive.

Conclusions

In conclusion, this study has successfully adopted OECD TG
439 and 431 to assess the skin irritation and corrosion pro-
perties of GRMs, respectively, without any required modifi-
cation of the procedures. It should be acknowledged that the
ToxRTool® was used to classify our study following the prin-
ciples of the Klimisch score (K score), providing comprehen-
sive criteria and guidance for reliability evaluations of toxico-
logical data.®”®® The present study resulted in a score of 17 out
of 18, indicating that it is in Klimisch category 1 (reliable
without restrictions), therefore highlighting the reliability of
the data. In general, the results of our study suggest that a
wide panel of different GRMs (including FLG exfoliated with
SDS, commercially available GO, rGO and GNP, and a set of
research-grade GOs characterized by different clean-up
degrees) as well as reference CBMs (MWCNTs and CB) can be
considered as non-irritant and non-corrosive materials. Only
FLG exfoliated with the toxic surfactant SDS, not sufficiently
removed from the final product, demonstrated irritant but not
corrosive properties, confirming the hypothesis that the irri-
tation potential can be ascribed to the surfactant residues in
the final material. Anyway, despite the general low inflammo-
genic potential of the tested materials, the slight but signifi-
cant release of some inflammatory cytokines (IL-1a, IL-6, IL-8,
and TNF-a) induced by a few GRMs, in particular non-washed
FLG-SDS, raises some concerns. Indeed, the findings using
this 3D RhE model do not rule out a possible involvement of
other immune-competent cells, such as neutrophils, or
Langerhans’ cells as the antigen-presenting cells of the skin.
Thus, the use of other advanced models, more predictive of

This journal is © The Royal Society of Chemistry 2023
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immune-based cutaneous outcomes, would be useful to
extend the knowledge on the adverse effects of GRMs at the
skin level.
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