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Graphene-based materials are not skin sensitizers:
adoption of the in chemico/in vitro OECD test
guidelinest
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The boost in the market size of graphene-based materials (GBMs) requires a careful evaluation of their
impact on human health, acquiring robust and reliable data, also suitable for regulatory purposes.
Considering cutaneous contact as one of the most relevant GBM exposure routes, this study is focused
on skin sensitization, aimed at assessing the possibility to adopt the three in chemicolin vitro test guide-
lines (TGs) defined by the Organization for Economic Cooperation and Development (442C, D and E) to
predict the first three phases of the skin sensitization adverse outcome pathway. Being originally validated
for chemicals, modifications allowing their adoption for GBMs were evaluated. TG 442C was found to be
not suitable for testing GBMs due to their reactivity, leading to possible misclassifications. In contrast, TG
442D and E can generally be applied for GBMs. However, protocol adjustments were required to assess
cell viability reducing interferences for TG 442D, whereas caution should be exercised regarding dose-
finding selection and GBM dispersion stability for TG 442E. When applying these modifications, GBMs
were found to be unable to activate keratinocytes and promote dendritic cell differentiation, so they can
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Introduction

Two-dimensional (2D) nanomaterials have attracted increasing
interest and expectations in the scientific community during
the last few decades. Notably, graphene-based materials
(GBMs) represent the most renowned members of 2D nano-
materials to such an extent that a recent meta-market analysis
anticipated a significant graphene market growth over the next
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profiles of GBMs and to improve testing methodologies to obtain reliable toxicological data.

few years, reaching 1.5 billion US$ in 2027.> GBMs, including
few layer graphene (FLG), graphene oxide (GO), reduced GO
(rGO), graphene nanoplatelets (GNPs) and other functiona-
lized and/or composite derivatives, show unique physico-
chemical properties.> Considering their high surface-area-to-
volume ratio, mechanical resistance, thermal and electrical
conductivity, light weight, flexibility, chemical inertness,
atomic thickness and optical transparency, GBMs are widely
used as advanced materials for a large variety of applications
spanning from nanoelectronics and energy technology to bio-
sensing and biomedicine.*® An active field of GBM investi-
gation is their use at the skin level, mainly as artificial and
electronic skin, wound healing applications, wearable techno-
logies, skin sensors and scaffolds for tissue engineering.®® In
all these cases, skin exposure to GBMs, either as direct contact
with GBM-enriched devices or released GBM particles, is
highly feasible. Moreover, cutaneous exposure can be defi-
nitely assumed as one of the most important exposure routes
to GBMs considering both occupational and consumer
exposure.' "'
sensitization may be considered the most feasible adverse out-

In this scenario, skin irritation, corrosion and
comes after cutaneous exposure to GBMs. In this framework,

an emerging area of concern is associated with human
exposure to these manufactured nanomaterials, making the

This journal is © The Royal Society of Chemistry 2025
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assessment of their safety profile a challenging research field.
Our previous studies demonstrated that GBMs are non-corros-
ive and non-irritant for the skin;**'* however, skin sensitiz-
ation potential cannot be excluded, also considering the
ability of GBMs to interact with proteins and, therefore, behav-
ing as possible haptens. In fact, it has been reported that
GBMs can be detected by immune system components
through attachment of proteins, such as the complement
factors and/or damage- and stress-signals produced by cells in
contact with the materials.">'® On top of that, literature data
already reported the ability of different GBMs to be interna-
lized into the outer layers of epidermis™®'’ and in
keratinocytes,"®*° ultimately leading to different events such
as oxidative stress,”’ metabolic alterations?*>* and other
effects such as those on cell proliferation,>* probably due to
alteration of the cell cycle, as assessed on other cell
models.>>*® Nevertheless, it should be noted that skin sensitiz-
ation does not necessarily require substance internalization
into keratinocytes, since haptenization of the substance may
also occur as a result of reaction with extracellular or cell mem-
brane proteins.?”*®

In agreement with European Union regulations, manufac-
turing companies need to comply with the REACH (regis-
tration, evaluation, authorization and restriction of chemicals)
regulation for all chemical substances produced and/or
imported at a volume of 1 ton per year or more.>® To this aim,
reliable toxicological data should be collected following
robust, repeatable, predictive, and accurate toxicity studies. In
this context, a significant tool is represented by test guidelines
(TGs) given by the Organization for Economic Co-operation
and Development (OECD), a series of international consoli-
dated methods that should be adopted to assess the potential
toxic effects of marketed substances. Considering skin
exposure, several OECD TGs are currently available to evaluate
the main adverse outcomes at the skin level, including irri-
tation, corrosion, sensitization and phototoxicity, using
approaches both in vitro and in vivo.>°* Nevertheless, these
TGs were originally set up and validated only for chemicals,
but their suitability for GBMs, and in general nanomaterials,
needs to be evaluated due to their unique physicochemical
properties. The OECD started a preliminary revision about the
applicability of OECD TGs to manufactured nanomaterials
already in 2009, highlighting these drawbacks.>* Regarding
skin sensitization, many efforts have been currently made to
assess the possibility to adopt the relevant OECD TGs, introdu-
cing, if necessary, appropriate modification(s) to the original
procedures when not adoptable for manufactured nano-
materials. For instance, the OECD Chemicals and
Biotechnology Committee recently published a report on the
applicability of TG 442D for in vitro skin sensitization testing
of selected manufactured nanomaterials on the basis of the
knowledge gained in several EU projects [OECD Series on
Testing and Assessment No. 382; ENV/CBC/MONO(2023)18].
Hence, herein we assessed if the three OECD TGs able to
evaluate in chemico/in vitro skin sensitization potential (OECD
TGs 442C, D and E) can also be adopted for GBMs. These TGs
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allow the assessment of the first three key events of the
adverse outcome pathways (AOP) of skin sensitization, includ-
ing the molecular initiation event (reactivity towards skin pep-
tides; OECD TG 442C) and cellular responses (keratinocyte and
dendritic cell activation; OECD TG 442D and E, respectively).

Materials and methods
Materials

Three representative GBMs were evaluated for their skin sensit-
ization potential: (i) GO, considered a reactive material, (ii)
rGO, the reduced form of GO, and (iii) GNPs, materials with
potentially lower oxidizing and reactivity properties. GO (Batch
#GOP20010) and rGO (Batch #rGOP20003) powders were
kindly provided by Graphenea S.A. (Spain) and their complete
physicochemical characterization is reported in our previous
study.>®> GNPs (Grade 4) were purchased from CheapTube
(Grafton, VT, USA) and their complete physicochemical charac-
terization can be found in our previous study.'*

OECD TG 442C - direct peptide reactivity assay (DPRA)

Skin sensitization potential was initially assessed using an in
chemico test, namely the direct peptide reactivity assay (DPRA),
able to determine the activation of the first AOP key phase.
Following OECD TG 442C,*® the DPRA consists of the quanti-
tation of the reactivity of a test substance with specific syn-
thetic peptides by high performance liquid chromatography
(HPLC) after the exposure time stated by the guideline (i.e.
24 h). According to this TG, a 100 mM stock solution of each
test substance should be prepared in a suitable solvent.
However, being not soluble, powdered GBMs can form only
suspensions in appropriate buffers. In order to prepare
approximately 100 mM suspensions of GBMs, the molecular
weight (MW) of each test material was calculated according to
the following formula:

MW = [C%] - mc + [H%)] - my + [N%] - m
+ [S%)] - ms + [0%] - mo

where [element%)] is the weight percentage extracted from
elemental analysis of each tested GBM and m is the atomic
mass of each element.

As reported in the TG, an appropriate solvent that comple-
tely dissolves (in this case, disperses) the test substance
should be selected. Hence, according to the list of suitable sol-
vents reported in the TG, water was selected to obtain homo-
geneous dispersions of GO and rGO. In contrast, acetonitrile
(ACN) was used for preparing cinnamic aldehyde solution at a
concentration of 100 mM (positive control) and was chosen as
the solvent for GNP dispersion due to the low aqueous disper-
sibility of this GBM. Stock solution of a cysteine peptide
(C32Hs50N190S1, Ac-RFAACAA-OH, MW = 750.87 g mol ™,
purity = 98.06%; RS Synthesis; Louisville, KY, USA) was pre-
pared at 0.667 mM in phosphate buffer (pH 7.5). Samples for
HPLC analysis were prepared in glass vials at a 1:10 ratio
(0.5 mM cysteine peptide and 5 mM test substance) and incu-
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bated for 24 h in the dark at 25 °C. To maintain stable suspen-
sions of the GBM samples during 24 h of incubation, magnetic
stirring (150 rpm) was used, as an additional tip not provided
by the TG. After the incubation period, the GBM samples were
filtered (PTFE syringe filter, 0.2 pm) prior to HPLC injection to
avoid any damage related to the presence of solid particles to
the system. In addition, reference controls that only contained
the peptide solution in the appropriate solvent were included
to examine protein stability and confirm that solvents did not
negatively affect peptide depletion. Furthermore, a calibration
curve was determined. Serial dilutions of the peptide stock
solution, encompassing the range of 0.0167-0.534 mM, were
prepared using a 20% solution of ACN in phosphate buffer. A
system was considered suitable if the standard calibration
curve was linear with 7* > 0.99 and the mean of peptide con-
centration of the reference control was 0.50 + 0.05 mM.

After incubation, the samples (40 pL) were injected in an
HPLC-UV Agilent 1260 Infinity II equipped with a C;g reverse-
phase column (Poroshell 120 EC-Cyg; 4.6 x 100 mm, 4 pm) and
coupled with a UV detector operating at 220 nm. A binary
mobile phase composed of 0.1% (v/v) trifluoroacetic acid (TFA)
in water (A) and 0.085% (v/v) TFA in ACN (B) was used. The
HPLC analysis was conducted at a flow rate of 0.35 mL min™"
according to the gradient program reported in Table 1.

Quantitation of the free cysteine peptide was measured and
compared to that of the reference control prepared in the
appropriate solvent. The percentage of cysteine peptide
depletion was calculated using the following equation:

%Peptide depletion =
Peptide peak area in replicate injection 100
Mean peptide peak area in reference control

Data are presented as the mean % of peptide depletion of
three independent experiments conducted in triplicate. A sub-
stance can be considered positive to the DPRA if it determines
a cysteine peptide depletion above 13.89%. Positive results
could also be used for classifying a substance based on its

Table 1 Gradient program of HPLC analysis

Time Flow A (H,O + TFA) B (ACN + TFA)
0 0.35 mL min™* 90 10
10 min 0.35 mL min™* 75 25
11 min 0.35 mL min™* 10 90
13 min 0.35 mL min~* 10 90
13.5 min 0.35 mL min™* 90 10
18 min 0.35 mL min™* 90 10

Table 2 Cysteine prediction model of the DPRA®
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reactivity with the cysteine peptide, as reported in the predic-
tion model in Table 2.

'H-NMR analysis. To verify if the tested materials (GO, GO
and GNPs) induced oxidation of cysteine, 'H-NMR analyses
were performed in deuterated water (D,0). A stock solution of
-cysteine (C3H,NO,S, MW = 121.16 g mol™") was prepared at
6.67 mM. Aliquots of r-cysteine solution were incubated with
the test materials in glass vials at a 1: 10 ratio (5 mM cysteine
and 50 mM test substance). The samples were incubated at
25 °C under magnetic stirring (150 rpm) for 24 h in the dark
and filtered (PTFE syringe filter, 0.2 pm) prior to the "H-NMR
analysis. In addition, as a reference control, 5 mM r-cysteine
solution in D,O was incubated in the absence of the tested
materials under the same conditions. NMR spectra were
recorded using a Varian 400 spectrometer (*H: 400 MHz). The
chemical shift (§) for 'H is given in ppm relative to residual
signals of the solvents. The concentration of the samples was
increased ten-fold to perform "H-NMR analyses.

OECD TG 442D - ARE-Nrf2 Luciferase KeratinoSens™ test
method

KeratinoSens™ cell line. The transgenic KeratinoSens™ cell
line, derived from HaCaT keratinocytes, was purchased from
acCELLerate GmbH (Hamburg, Germany) under license of the
originator Givaudan SA (Vernier, Switzerland). These cells
contain a stable insertion of the luciferase reporter gene under
control of the antioxidant responsive element (ARE) of the
AKR1C2 gene (Nrf2-Keap1l-ARE dependent gene). The cells
were cultured in Dulbecco’s Modified Eagle’s medium
(DMEM) containing GlutaMAX (Thermo Fisher Scientific;
Segrate, Italy) supplemented with 9.1% fetal bovine serum
(FBS) and 500 pg mL~" of geneticin (G418; Sigma-Aldrich;
Milan, Italy). KeratinoSens™ cells were sub-cultured every 3-4
days at 80-90% confluence for a maximum of 25 passages. For
the analysis, KeratinoSens™ cells were seeded into 96-well
plates at a density of 1 x 10* cells per well in fresh medium
(DMEM containing Glutamax supplemented with 9.1% FBS
and without G418) and then incubated at 37 °C under a 5%
CO, atmosphere. After 24 h, the cell medium of each well was
replaced with fresh medium without G418 containing 1% FBS
and the cells were exposed to the test substances. For nano-
material exposure, the cell medium was used to prepare dis-
persions of each GBM that were further diluted to obtain 12
final concentrations ranging from 0.196 to 400 pg mL ™.
Cinnamic aldehyde (Sigma-Aldrich; Milan, Italy) was used as
the positive control at five concentrations (4-64 pM). Cell
exposure to each substance was carried out for the time

Cysteine (Cys) peptide % depletion Reactivity class DPRA prediction
0% < Cys peptide % depletion < 13.89% No or minimal reactivity Negative
13.89% < Cys peptide % depletion < 23.09% Low reactivity Positive
23.09% < Cys peptide % depletion < 98.24% Moderate reactivity Positive
98.24% < Cys peptide % depletion < 100% High reactivity Positive
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suggested by the TG (i.e. 48 h) under standard cell culture
conditions.

MTT assay. As originally reported by OECD TG 442D,*” the
viability of KeratinoSens™ cells was assessed by the (3-(4,5-di-
methylthiazo-2-yl)-2,5-diphenyl-tetrazolium bromide) (MTT)
assay (Sigma-Aldrich; Milan, Italy). The original protocol con-
sisted of the addition of a MTT solution (0.5 mg mL™" in the
cell medium containing 1% FBS) to each well after 48 h of cell
culture, followed by plate incubation for 4 h at 37 °C under 5%
CO,. As an additional step, not included in the TG, the cells
were washed twice with PBS (200 pL per well) before MTT
addition to reduce its interferences with GBMs. After removing
the MTT containing medium, formazan salts were solubilized
by isopropanol (50 pL per well). After 30 min of shaking, the
optical density (OD) was measured at 570 nm using an
FLUOstar® Omega microplate reader (BMG LABTECH;
Ortenberg, Germany). Data are reported as % of cell viability
with respect to the negative control (non-treated cells) and are
the mean of 3 independent experiments.

CCK-8 assay. As additional cell viability measurement not
reported in OECD TG 442D, the viability of KeratinoSens™
cells was evaluated by the 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium  reduction
assay using the Cell Counting Kit (CCK)-8 assay (Sigma-
Aldrich; Milan, Italy). The cells were incubated for 4 h with
fresh medium containing 10% WST-8 reagent with or without
two washing steps using PBS (200 pL per well). The absorbance
was determined at 450 nm using an FLUOstar® Omega micro-
plate reader (BMG LABTECH; Ortenberg, Germany). Data are
reported as % cell viability as compared to the negative control
(non-treated cells) and are the mean of 3 independent
experiments.

MTS assay. As additional cell viability measurement, the via-
bility of KeratinoSens™ cells was also measured by the 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl )-2-(4-sulfo-
phenyl)-2H-tetrazolium (MTS) assay (CellTiter 96® AQueous
One Solution Cell Proliferation Assay; Promega; Madison, WI,
USA) according to ISO 19007:2018.3% After exposure to nano-
materials, the cells were incubated for 4 h with fresh medium
(100 pL per well) containing MTS reagent (20 pL per well) with
or without two washing steps using PBS (200 pL per well). The
absorbance was determined at 490 nm using an FLUOstar®
Omega microplate reader (BMG LABTECH; Ortenberg,
Germany). The data are reported as % cell viability as com-
pared to the negative control (non-treated cells) and are the
mean of 3 independent experiments.

Measurement of luciferase activity. After the exposure of
KeratinoSens™ cells to GBMs for 48 h, their luciferase activity
was assessed using the One-Glo™ Luciferase assay kit
(Promega; Madison, WI, USA) following the manufacturer’s
instructions. The luminescence intensity of each sample was
measured using a luminometer (BMG LABTECH; Ortenberg,
Germany). Luciferase induction was calculated using lumine-
scence values compared to those of the negative control and
blank. For each material, the maximal average fold induction
of luciferase activity (I;,ax) and the average concentration for

This journal is © The Royal Society of Chemistry 2025
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which induction of luciferase activity is above the 1.5-fold
threshold (EC; ;) were calculated. EC, 5 was determined by
linear interpolation using the following equation:

1.5-1,
ECi5 = (Cp — Ca) X (—) + Cy

I, — I
where C, is the lowest concentration with >1.5-fold luciferase
induction, C}, is the highest concentration with <1.5-fold luci-
ferase induction, I, is the fold induction measured at the
lowest concentration with >1.5-fold luciferase induction, and
I,, is the fold induction measured at the highest concentration
with <1.5-fold luciferase induction. The results are the mean
of 3 independent experiments.

As done for cell viability assessment, as an additional step,
not included in OECD TG 442D, two washing steps with
200 pL per well of PBS were performed after GBM treatment.

Prediction model. A substance can be considered positive in
the ARE-Nrf2 Luciferase KeratinoSens™ test method if (i) Imax
> 1.5-fold and statistically significant as compared to the nega-
tive control (unpaired Student’s T-test), (ii) cell viability > 70%
at the lowest concentration with induction of luciferase activity
> 1.5-fold, (iii) EC;5 < 200 ug mL™" and (iv) there is a dose-
dependent increase in luciferase induction.

OECD TG 442E - human cell line activation test (h-CLAT)

Dose finding assay. According to OECD TG 442E,*® a dose-
finding assay was used to identify the GBM concentration
range for the main test (CD86/CD54 expression measurement).
The range was calculated on the basis of the concentration,
resulting in 75% cell viability after the exposure time
suggested by the TG (i.e. 24 h) to the test substance (CV75), as
compared to that of the negative control. Trypan blue stain
(50% in PBS) is indicated by the TG as an alternative to propi-
dium iodide (PI) for the cytotoxicity assay to avoid any issue
with flow cytometry analysis in the presence of very high con-
centrations of solid nanoparticles. Briefly, THP-1 cells were
cultured in RPMI complete medium added with 0.05 mM
2-mercaptoethanol (cell density of 0.2 x 10° cells per mL). After
48 h of incubation at 37 °C and 5% CO,, the cells were seeded
in a 24-well plate (1 x 10° cells per well) and exposed for 24 h
to GBMs at the fixed concentration range (7.81-1000 pg mL ™)
in cell culture medium containing 0.2% dimethylsulfoxide
(DMSO). After treatment, the cells were collected and 10 pL of
each cell suspension was added to 90 pL of trypan blue solu-
tion (50% in PBS). Viable cells (cells not incorporating trypan
blue dye) were counted using a Biirker chamber by light
microscopy. However, due to the low cytotoxicity of GBMs, it
was not possible to calculate CV75. In this case, as suggested
by OECD TG 442E, the highest stably dispersed concentration
(7.8 pg mL™") was chosen as the starting one to determine the
concentration range (1.2-fold dilution) for the subsequent
CD86/CD54 expression measurement. The stability of GBM
dispersions was evaluated by UV-Vis absorption analysis at
660 nm after 24 h in cell culture medium containing 0.2%
DMSO.

Nanoscale, 2025, 17,10932-10945 | 10935


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr00307e

Open Access Article. Published on 09 Agda Baxis 2025. Downloaded on 30/07/2025 11:59:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Cell staining and analysis. THP-1 cells (1 x 10° cells per well)
were exposed for 24 h to each of the 8 concentrations of GBMs
defined by the dose finding assay (2.6-9.4 pg mL™"). The cells
were then transferred to sample tubes, collected by centrifu-
gation, and then washed twice with 1 mL of fluorescence-acti-
vated cell sorting (FACS) buffer composed of PBS with 0.1%
(w/v) bovine serum albumin (BSA) (Sigma-Aldrich; Milan,
Italy). The samples were then blocked with 600 pL of blocking
solution (FACS buffer containing 0.01% (w/v) human globulin
Cohn factors II and III; Sigma-Aldrich; Milan, Italy) at 4 °C for
15 min. Then, the cells were divided into three aliquots
(approximately 0.3 x 10° cells per aliquot). The samples were
stained with FITC-labelled anti-CD86 (Clone: Fun-1,
BD-PharMingen; San Diego, CA, USA), CD54 antibody (Clone:
6.5B5; DAKO; Santa Clara, CA, USA) and mouse IgG1 (DAKO;
Santa Clara, CA, USA) for 30 min at 4 °C with a staining con-
centration specific for each antibody, according to the manu-
facturer’s instructions. Subsequently, the cells were washed
three times with 300 pL of FACS buffer and collected and the
expression of cell surface antigens was analyzed by flow cyto-
metry. The dead cells were detected by staining with PI
(0.625 pg mL™Y; Sigma-Aldrich; Milan, Italy). 1-Chloro-2,4-dini-
trobenzene (DNCB, 4 pg mL ') and nickel sulfate (NiSO,,
100 pg mL ") were added as positive controls, while lactic acid
(LA, 1000 pg mL™") was added as the negative control. An
additional negative control was represented by the vehicle
alone (0.2% DMSO in cell culture medium). Flow cytometry
analyses were performed using an Attune NxT flow cytometer
(Thermo Fisher Scientific; Segrate, Italy) equipped with an air-
cooled 15 mW argon-ion laser operating at 488 nm. The FITC
green fluorescence (FL1) was collected using a 525 nm band-
pass filter and the red fluorescence emitted from PI (FL3) was
collected by using a 610 nm bandpass filter. The data were col-
lected using linear amplification for the forward scatter (FSC)
and the side scatter (SSC) and logarithmic amplification for
FL1 and FL3. Ten thousand events were counted and analyzed
per sample. The data were then analyzed using FCS Express V7
software. Based on the geometric mean of fluorescence inten-
sity (MFI), the relative fluorescence intensity (RFI%) of CD86
and CD54 was calculated with respect to the vehicle control
according to the following equation:

RF1% =

(MFI of chemical treated cells — MFI of chemical treated isotype ctrl cells)
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Results and discussion

In the last few years, alternative methods to the use of
animals, named new approach methodologies (NAMs), have
been pushed forward in hazard prevention strategies and regu-
latory frameworks. In compliance with the 3Rs principles (re-
placement, reduction, and refinement), NAMs provide infor-
mation on chemical hazard and risk assessment while redu-
cing or avoiding the use of animal models in laboratories.® In
detail, several NAMs for skin sensitization prediction were
included in OECD TGs 442 (442C, 442D and 442E). However,
none of them are considered sufficiently stand-alone replace-
ments of animal test to conclude on skin sensitization poten-
tial or to provide information for potency sub-categorization
according to the United Nations Globally Harmonized System
of Classification and Labelling of Chemicals. OECD TG 497
presents the defined approaches (DAs) on skin sensitization
that consist of a selection of information sources used in a
specific combination and the resulting data are understood
using a fixed data interpretation procedure to overcome some
limitations of the stand-alone methods."’ DAs either provide
the same level of information or are more informative than the
murine local lymph node assay (LLNA); OECD TG 429** for
hazard identification (i.e., sensitizer versus non-sensitizer). In
detail, the 2-out-of-3 (203) DA is intended for the discrimi-
nation between sensitizers and non-sensitizers, but it is not
designed to provide information on the potency of a sensitizer.
The combination of test methods included in the 203 DA
covers at least two of the first three key events of the skin sen-
sitization AOP as formally described: (i) the first key event
(protein binding via the DPRA; OECD TG 442C), (ii) the
second key event (keratinocyte activation via the
KeratinoSens™ test method; OECD TG 442D), and (iii) the
third key event (dendritic cell activation via the h-CLAT test
method; OECD TG 442E). According to the 203 DA, two con-
cordant results obtained from methods addressing at least two
of the first three key events of the AOP determined the final
classification of a substance.

However, it should be considered that important limit-
ations can be foreseen when adopting these TGs for sub-
stances other than chemicals. For instance, when testing nano-

100

For CD54/CD56 expression measurement, each test sub-
stance was tested in at least two independent runs to derive
the prediction. A human cell line activation test (h-CLAT) pre-
diction was considered positive if at least one of the following
conditions was met in 2 out of 2 or in at least 2 out of 3 inde-
pendent runs, otherwise the h-CLAT prediction was considered
negative: (i) the RFI of CD86 is equal or greater than 150% in
at least one of the tested concentrations (with cell viability
>50%) and (ii) the RFI of CD54 is equal or greater than 200%
in at least one of the tested concentrations (with cell viability
>50%).

10936 | Nanoscale, 2025, 17,10932-10945

(MFI of vehicle treated ctrl cells — MFI of vehicle treated isotype ctrl cells) x

materials, the test substance should be analyzed in dispersion
form, not as powders. It is noteworthy that the dispersion of
2D nanomaterials, including GBMs, in different buffers may
alter their characteristics, including agglomeration/aggrega-
tion, surface charge and others. Hence, it is fundamental to
take into account that this limitation, together with others,
could represent a bias when trying to adopt these TGs for 2D
nanomaterials. Hence, according to the effort made by the
Malta Initiative and the OECD Working Party on Manufactured
Nanomaterials (WPMN), this study was aimed at: (i) assessing
the possibility to adopt these OECD TGs to GBMs; (ii) in the

This journal is © The Royal Society of Chemistry 2025
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case of limitations in this adoption, defining any modification
to the procedures, if necessary; and (iii) assessing the skin sen-
sitization potential of GBMs using robust and reliable animal-
free approaches.

To this aim, we tested 3 representative GBMs that a priori
may lead to different skin sensitization potential on the basis
of their different physicochemical properties: (i) GO, an oxi-
dized and reactive material due to the presence of oxygenated
functional groups on its structure, (ii) rGO, the reduced form
of GO with a significant lower content of oxygenated moieties,
and (iii) GNPs, materials with lower oxidizing and reactivity
properties.

OECD TG 442C - direct peptide reactivity assay (DPRA)

The DPRA is the main method reported in OECD TG 442C
aiming at determining if a chemical substance is sufficiently
electrophilically reactive towards peptides to initiate a skin
sensitization process. According to the exposure time and the
prediction threshold given by the TG, after 24 h of incubation
of the test substance (5 mM) with a cysteine-enriched peptide
(0.5 mM) containing reactive thiol units as surrogates of
nucleophiles, a peptide depletion equal to 13.89% or above
predicts activation of the first key event of the skin sensitiz-
ation AQP.>>*

In OECD TG 442C, several limitations for DPRA application
were already reported.*® Among the known restrictions, some
might be crucial when considering the adoption of this
method for GBMs. First, the tested chemical should be soluble
in an appropriate solvent at a final concentration of 100 mM
and should not precipitate in the reaction solution. However,
it should be noted that for GBMs, being insoluble materials, it
is not possible to obtain solutions, but only homogeneous
nanomaterial dispersions were obtained. Magnetic stirring
was found to be essential to maintain a stable GBM dispersion
during 24 h of incubation with the cysteine peptide, avoiding
the formation of precipitates and ensuring continuous contact
between the GBM particles and the cysteine peptide.

Second, OECD TG 442C reports that predicting the correct
calculation of peptide depletion for test substances absorbing
at 220 nm is not feasible. This characteristic is met in the case
of GBMs," per se potentially restricting the adoption of this
TG for these materials. Hence, to overcome this issue, after
24 h of incubation with the peptide, the GBM samples were fil-
tered before HPLC injection to prevent possible interferences
of the nanomaterials with the absorbance observed at 220 nm:
in this manner, in the solution injected in the HPLC system,
only the non-interacting peptide fraction, but no interacting
and/or free-standing GBMs, is present, allowing a potentially
unbiased calculation of peptide depletion. In addition, fil-
tration was found to be also necessary to avoid any damage
(e.g., blocking the capillary tubes or the pumps) provoked by
the presence of solid particles to the HPLC system. Once this
modification was applied, HPLC analyses were carried out.

Before performing HPLC analysis, the system performance
was assessed. Calibration standards of the cysteine peptide
(0.0167-0.534 mM) were prepared and analyzed in triplicate;
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the calibration curve was constructed by plotting the peptide
concentrations versus the areas of each corresponding peak,
resulting in a calibration linearity of * = 0.9972, as shown in
Fig. S1.1 The reference control standards were also analyzed in
each analytical run and their stability over analysis time
resulted in a coefficient of variation (CV) of 4.9%, well below
the acceptance threshold stated in the TG (<15%).

Once verified, the suitability of the system performance,
HPLC-UV analyses of the GBM-treated samples were per-
formed. After 24 h of incubation of GBMs (5 mM) with the
cysteine peptide (0.5 mM) under magnetic stirring in the dark,
the samples were filtered and loaded into the HPLC autosam-
pler. Fig. S21 shows the chromatograms of cysteine peptide
reference controls dissolved in ACN (a) or deionized water (b).
The characteristic peak of the cysteine peptide has a retention
time of 14.6 min in both solvents, proving that the dissolution
solvent does not influence the HPLC retention time of the
peptide. Fig. 1 shows representative chromatograms of the
cysteine peptide incubated with GO (a), rGO (b), GNPs (c) or
cinnamic aldehyde used as the positive control (d). Peptide
depletion for each sample was calculated referring to the
corresponding untreated control (cysteine peptide in water for
GO and rGO or in ACN for GNPs and cinnamic aldehyde).
Specifically, the mean percentage of peptide depletion of the
three biological replicates is shown in Table 3. After 24 h of
incubation, peptide depletions above the 13.89% threshold
were recorded for both GO and rGO. Hence, these materials
can be considered positive according to the OECD TG 442C
DPRA prediction model. In particular, GO induced a peptide
depletion of 14.52%, suggesting a low reactivity towards the
cysteine peptide, whereas rGO induced a higher peptide
depletion (56.65%), suggesting a moderate reactivity. In con-
trast, GNPs induced an extremely low peptide depletion
(8.34%); being below the threshold given by the TG, GNPs can
be considered negative to the DPRA. As expected, the positive
control cinnamic aldehyde induced 73.53% cysteine peptide
depletion within the acceptability range criteria defined by
OECD TG 442C (between 60.8% and 100% peptide depletion).

These results demonstrate that both GO and rGO are reac-
tive towards cysteine-enriched peptides, at levels showing posi-
tivity to the DPRA. In contrast, the reactivity of GNPs is lower
with respect to the threshold given by the TG. However, no
definitive conclusions should be drawn from these results,
since this prediction could not be reliable considering the
physicochemical properties of GBMs, such as their oxidative
potential. In fact, as reported by the TG, test substances that
spontaneously promote cysteine-enriched peptide oxidation
(i.e., cysteine dimerization, sulfone or sulfoxide formation)
could lead to false positive predictions and overestimation of
peptide depletion, resulting in a possible assignment to a
higher reactivity class.’® The literature data already reported
that GO can oxidize cysteine-containing peptides: indeed, GO
is reported to be able to oxidize thiol groups of glutathione to
disulfide bonds to form glutathione disulfide, leading to the
reduction of GO, in different biological systems.*>*® To
confirm the capability of GBMs to oxidize cysteine residues

Nanoscale, 2025,17,10932-10945 | 10937
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Fig. 1 Representative chromatograms obtained by HPLC analysis showing the retention times and peak intensities of the free cysteine peptide
(marked with *) incubated with GO ((a); retention time: 14.616 min), rGO ((b); retention time: 14.686 min), GNPs ((c); retention time: 14.590 min) or

the positive control cinnamic aldehyde ((d); retention time: 14.712 min).

Table 3 Cysteine peptide depletion induced by GO, rGO, GNPs and
cinnamic aldehyde. The results are reported as % with respect to
untreated controls and are the mean of three independent experiments
performed in triplicate. Reactivity classification and DPRA prediction are
based on the prediction model of OECD TG 442C3¢

% Cysteine peptide  Reactivity DPRA
Sample depletion class prediction
GO 14.52 Low reactivity Positive
rGO 56.65 Moderate reactivity ~ Positive
GNPs 8.34 Minimal reactivity Negative
Cinnamic  73.53 Moderate reactivity ~ Positive
aldehyde

into disulfides, a control experiment was performed using
L-cysteine instead of the cysteine peptide due to its simpler
structure. The results of "H-NMR analyses are presented in
Fig. 2 and their integrals are presented in Fig. S3.T In particu-

10938 | Nanoscale, 2025, 17,10932-10945

lar, panel a of Fig. 2 shows the spectra of the control experi-
ment (red, r-cysteine incubated in the absence of the tested
materials) and the freshly prepared i-cysteine solution (black).
After its incubation, r-cysteine was spontaneously partially oxi-
dized cystine (its disulfide form) under ambient
conditions, with a cysteine/cystine ratio of 9. The results
presented in panel b demonstrate that r-cysteine incubated
with GO or GNPs was also partially oxidized, with the cysteine/
cystine ratio being equal to 2.5 or 4, respectively. Therefore,
the presence of both GBMs accelerates the r-cysteine oxidation.
In the case of the incubation performed in the presence of
rGO, it can be observed that r-cysteine was fully oxidized to
cystine, with the acceleration of the oxidation process being
higher. These findings clearly demonstrate the capability
GBMs to oxidize cysteine to cystine, with different degrees
depending on the material. Hence, we cannot exclude that the
positive results of GO and rGO in the DPRA might be ascribed

to
47,48

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Representative 'H-NMR spectra of 5 mM L-cysteine solution in D,O freshly prepared and after 24 h (black and red, respectively). The
peaks highlighted in grey refer to L-cysteine and the peaks highlighted in red refer to cystine. (b) Representative *H-NMR spectra of 5 mM L-cysteine
solution in D,O after 24 h of incubation with GO, rGO or GNPs (green, purple, and blue, respectively). The peaks highlighted in grey refer to

L-cysteine and the peaks highlighted in red refer to cystine.

to their ability to oxidize cysteine. Therefore, even though
OECD TG 442C can be slightly modified to overcome some
technical limitations hindering its application for GBMs, it
anyway cannot be adopted, since results could lead to false
positive prediction of skin sensitization properties given the
ability of GBMs to spontaneously oxidize cysteine. In addition,
it should be noted that GO and rGO can also strongly adsorb
peptides and this property can be another important limiting
factor.*’

This journal is © The Royal Society of Chemistry 2025

However, it should be noted that some studies already pre-
dicted the skin sensitization potential of other related carbon-
based nanomaterials through the DPRA. For instance, Bezerra
et al. reported moderate skin sensitization properties of single
Nonetheless, the meth-
odological procedures were not reported and, considering the
several criticisms and issues related to the suitability of this
method, at least to carbon-based nanomaterials, these data
Other studies assessed

walled carbon nanotubes and Cg.>°

should be considered with caution.>®
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the reactivity of other types of metal-based nanomaterials,
including TiO,, CeO,, Co3;0,4, NiO, Fe,O;, and gold nano-
particles, towards the cysteine peptide.>*> However, consider-
ing the different physicochemical features and behaviors of
metal-based nanoparticles with respect to GBMs, it is not poss-
ible to make the same assumptions when applying the DPRA
protocol.

OECD TG 442D - ARE-Nrf2 Luciferase KeratinoSens™ test
method

The skin sensitization potential of GBMs was subsequently
assessed using the ARE-Nrf2 Luciferase KeratinoSens™ assay,
addressing the second key event of the skin sensitization AOP,
namely keratinocyte activation. The analysis was carried out
after 48 h of exposure to the test substances, as suggested by
the method described in OECD TG 442D.

Although some limitations for testing water-insoluble sub-
stances were highlighted using this method, the TG reports
the possibility to refer to weight per volume (w/v) concen-
trations (ug mL™") instead of molarity, also allowing the
testing of insoluble materials, such as GBMs. However, proper
and homogeneous GBM dispersions in culture media are fun-
damental to correctly predict their effects. Initially, two para-
meters were considered to assess the suitability of OECD TG
442D: (i) the final readout to assess cytotoxicity, since GBMs
may interfere with the OD measurement of formazan produced
by MTT reduction®® and (ii) the possible unspecific interfer-
ences of GBMs, both with the cytotoxicity assay and with the
luciferase measurement, since GBMs tend to precipitate above
the cells, interacting with them and altering the signal.

First, as shown in Fig. S4(a, d and g),T the effects of GO,
rGO and GNPs on the viability of KeratinoSens™ cells was
evaluated after 48 h of exposure by the MTT assay, as stated in
the TG. The results demonstrate that, strictly following the TG
procedure, the effects of GBMs on cell viability were clearly
concentration-independent, probably due to interferences with
formazan measurement. As already reported in the literature,"®
two washing steps with PBS (200 pL per well) could be
sufficient to remove unbound GBMs from the cells, therefore
reducing this interference and obtaining a correct prediction
of the cytotoxic effect.

Second, the choice of the cytotoxicity test to be used was
considered, since the MTT assay is reported to give artifacts
with GBMs.>® Hence, the results obtained by the MTT test
were compared to those obtained with two other related
assays, WST-8 (Fig. S4b, e and ht) and MTS (Fig. S4c, f and it),
which were potentially affected to a lower extent by interfer-
ences with carbon-based nanomaterials. In all cases, when
washing steps were not performed, unclear effects of GBMs on
cell viability were recorded, since alterations of cell viability
were not concentration-dependent and interferences between
GBMs and cytotoxicity readouts were found. In contrast, after
washing steps, clear concentration-dependent effects of GBMs
were observed. However, the MTT assay underestimated cell
viability reduction induced by 48 h of exposure to GBMs with
respect to WST-8 and MTS assays, in line with the literature
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data.”® Hence, being already regulated by an ISO guideline for
measuring the cytotoxic effect of nanoparticles,®® the MTS
assay was chosen for the replacement of the MTT assay, to be
performed after two washing steps with PBS, when OECD TG
442D is applied to GBMs.

As a second step, the activity of luciferase was measured in
parallel to the MTS assay under the same experimental con-
ditions. Considering the significant tendency of GBMs to pre-
cipitate the above cells, two washing steps with PBS (200 pL
per well) were added before luciferase measurement to reduce
at maximum any interference, and the results were compared
to those obtained without performing the washing steps. A
slight underestimation of luciferase induction was found
under the second conditions, suggesting possible lumine-
scence quenching properties of these materials,>" > unlike
luciferase measurements of cinnamic aldehyde-treated cells
that were not affected by washing steps (Fig. S51). Therefore,
when measuring luciferase activity, two washing steps with
PBS are also necessary to avoid any false negative results.

Hence, Fig. 3 shows the results obtained through the adop-
tion of OECD TG 442D with the procedural modifications
reported above (i.e., the MTS assay for cell viability assessment
and two washing steps before cell viability and luciferase
measurement). Only the positive control cinnamic aldehyde
induced a significant increase in luciferase activity, higher
than the threshold reported by OECD TG 442D (1.5-fold induc-
tion), confirming its ability to activate keratinocytes, with an
Imax (maximal induction factor of luciferase activity compared
to the negative control measured at any test chemical concen-
tration) of 3.39-fold and an EC, 5 value (interpolated concen-
tration for a 1.5-fold luciferase induction) of 10.74 uM.
Acceptance criteria for the TG were met, since the luciferase
activity induction recorded with the positive control should be
above the threshold of 1.5-fold in at least one of the tested con-
centrations (4-64 pM).

GO, rGO and GNPs did not significantly increase luciferase
activity, with I,,,x values being 1.01-, 1.06-, and 1.17-fold,
respectively, all below the 1.5-fold threshold set by the TG
(Fig. 3). In addition, the calculated EC, 5 values were >400 pg
mL™" for all GBMs. Moreover, the ICs, values (concentration
inhibiting cell viability by 50%) were equal to 69.63 pg mL ™"
and 81.80 pg mL~"' for GO and rGO, respectively. For GNPs,
the ICs, value cannot be calculated (>400 pg mL™") since no
cytotoxic effect was found. A summary of GBM-relevant para-
meters to be considered in the KeratinoSens™ test method is
reported in Table 4.

On the whole, these results demonstrate the necessity of
introducing few minor modifications to the protocol, before
adopting OECD TG 442D for testing GBMs, including: (i) the
substitution of the MTT assay with the MTS assay for cell viabi-
lity assessment to avoid interferences between the assay and
the materials and (ii) the introduction of two washing steps
with PBS to further minimize these interferences. When adopt-
ing these modifications, the application of OECD TG 442D
showed that GO, rGO and GNPs did not significantly induce
luciferase, demonstrating their inability to activate keratino-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Effects on the viability of KeratinoSens™ cells and luciferase induction after 48 h of treatment with GO (a), rGO (b), GNPs (c) (0.2-400.0 ug
mL™?) and the positive control ((d); cinnamic aldehyde: 4-64 uM) measured after performing two washing steps with PBS, as an additional step to
the procedure described in OECD TG 442D. The dashed red line represents the 1.5-fold luciferase induction threshold defined by OECD TG 442D to
predict keratinocyte-activating substances. The cell viability was evaluated using the MTS assay and the data are reported as % of cell viability with
respect to negative controls. Luminescence activity is reported as fold induction. Data are the mean + SE of three independent experiments per-

formed in triplicate.

Table 4 Effects of GO, rGO and GNPs on the viability of
KeratinoSens™ cells and luciferase induction after 48 h of exposure
(0.2-400 pg mL™Y). Classification was made based on the prediction
model of OECD TG 442D*

KeratinoSens™ test method results

Material Imax  ECis 1Cso Classification

GO 1.01  >400 pg 69.63 pg Negative
mL™" mL™"

rGO 1.06 >400 pg 81.80 ug Negative
mL™" mL™"

GNPs 1.17 >400 pg >400 pg Negative
mL™" mL™"

Cinnamic 3.39 10.74 pM >64 UM Positive

aldehyde

cytes. These results are confirmed by previous studies, proving
the absence of sensitizing properties of GNPs and carbon
nanotubes using the same procedure.’®>” However, it should
be noted again that the authors did not check any interference
of materials with the readouts at any of the concentrations

This journal is © The Royal Society of Chemistry 2025

tested (up to 400 ug mL™"), an aspect that should be carefully
evaluated to demonstrate the reliability of the data.

OECD TG 442E - human cell line activation test (h-CLAT)

The h-CLAT method was carried out following OECD TG 442E,
addressing the third key event of the skin sensitization AOP,
namely the differentiation of monocytes to dendritic cells
(DCs). The assay quantifies the changes in the expression of
specific cell surface markers (CD54 and CD86) associated with
the activation of DCs derived from the human monocytic leu-
kemia cell line THP-1 after the exposure time to a test sub-
stance suggested by the TG (i.e., 24 h). Cytotoxicity measure-
ment was also performed concurrently to assess whether up-
regulation of surface marker expression occurs at sub-cytotoxic
concentrations.>

Initially, a dose-finding step should be performed to ident-
ify the test chemical concentration, resulting in 75% cell viabi-
lity compared to the solvent/vehicle control (CV75). OECD TG
442E indicates the use of the PI probe for the dose-finding
step based on flow cytometry analysis starting from the

Nanoscale, 2025,17,10932-10945 | 10941
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highest concentration of 1000 pg mL™" (dilution factor of 2 in
0.2% DMSO). However, the TG reported the possibility of
using other cytotoxicity markers, such as trypan blue, if PI
uptake cannot be performed. Hence, in the case of GBMs, con-
sidering their fluorescence quenching properties®*>> and the
possibility of inducing instrumental damage related to the
presence of particle aggregates in the fluidic system due to the
high GBM concentrations suggested by the TG, the trypan blue
exclusion assay was selected. THP-1 cells were exposed to GO,
rGO or GNPs for 24 h in the concentration range suggested by
the TG (7.8-1000 pg mL™") and cell viability was evaluated by
means of the trypan blue exclusion assay. Effects of GO, rGO
and GNPs (7.8-1000 pg mL™") on the viability of THP-1 cells
were investigated and are presented in Fig. 4. Regarding GNPs,
the highest concentration (1000 pg mL™") was not tested due
to the impossibility to form a homogeneous dispersion in
complete culture medium. However, for all GBMs, it was not
possible to determine the CV75 due to their low cytotoxicity.
Even at the highest concentration (1000 pg mL™"), GO and rGO
reduced cell viability at levels of 76.0% and 78.7%, respectively.
GNPs reduced cell viability at a level equal to 89.8% at the
highest concentration tested (500 pg mL™").

As stated by OECD TG 442E, since the CV75 could not be
determined, the highest stably dispersed concentration of the
test substance was chosen as the starting concentration to set
the concentration range for the subsequent CD54/CD86
expression measurement. To this aim, the suspension stability
of each material concentration (7.8-1000 pg mL~") was
assessed by UV-Vis analysis, measuring the absorbance at
660 nm up to 24 h. As shown in Fig. S6,T except for the con-
centration of 7.8 pg mL™", the dispersion stability at all the
other concentrations decreased starting from 2 to 4 h.
Therefore, the concentration of 7.8 pg mL™" is the most stable
one for all the tested materials. Thus, this concentration was
used to define the concentration range diluted by a 1:1.2
factor (2.6-9.4 pg mL™") to be tested for the quantitation of
CD54/CD86 markers.

Hence, THP-1 cells were exposed to GO, rGO or GNPs
(2.6-9.4 pg mL™") for 24 h. DNCB (4 pg mL™") and NiSO,

120+

3 -~ GO
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E 8 80— -+ GNPs
3¢
S5 60
> ©
3T e a0
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< 20+
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Fig. 4 Effects of GO, rGO and GNPs (7.8—1000 pg mL™?) on the viability
of THP-1 cells measured after 24 h using the trypan blue exclusion
assay. The data are the mean + SE of three independent experiments
performed in triplicate.
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(100 pg mL™") were included as positive controls, while lactic
acid (1000 pg mL™") was included as the negative control. An
additional negative control was represented by the vehicle
alone (complete cell culture medium containing 0.2% DMSO).
Table 5 shows the results obtained by flow cytometry analysis
from three independent runs. All the experiments were concor-
dant and the data were analyzed considering the changes in
the surface marker (FL1) expression analyzed by flow cytome-
try. For all samples, the cell viability was >50% as assessed by
PI uptake (FL3). In this last case, interferences given by GBMs
with PI fluorescence measurement were excluded by prelimi-
nary experiments (data not shown) given the lower concen-
tration range with respect to that used for the dose-finding
assay. Anyway, cell viabilities >50% were confirmed also by the
trypan blue exclusion assay. In particular, at the highest con-
centration tested (9.4 pg mL™'), RFI% values of CD54 with
respect to the vehicle control were 84.3% for GO, 81.4% for
rGO and 94.7% for GNPs. At the highest concentration tested,
RFI% values of CD86 with respect to the vehicle control were
120.5%, 91.4% and 92.7% for GO, rGO and GNPs, respectively.
These values are lower than the relevant RFI% thresholds
given by the TG (RFI% > 200 and >150 for CD54 and CD86,
respectively, with the corresponding cell viabilities >50%).
Thus, in accordance with OECD TG 442E, the tested GBMs
were not able to induce monocyte differentiation to dendritic
cells, the third key event of the skin sensitization AOP. In con-
trast, as expected, RF1% values of CD54 and CD86 calculated
for the positive controls DNCB (205.3% and 324.7%, respect-
ively) and NiSO, (484.1% and 170.1%, respectively) and the
negative control LA (87.3% and 71.2%, respectively) were corre-
spondingly higher and lower than the respective thresholds.
Similar results were obtained by testing all the other selected
concentrations of all the tested GBMs (see Table S17).

Overall, these data suggest that OECD TG 442E can be
adopted for GBMs with the following cautions: (i) the dose-
finding step should be carried out using the trypan blue exclu-
sion assay instead of PI uptake measurement, due to the fluo-
rescence quenching properties of GBMs at high concentrations
and possible instrumental damage related to the presence of
particle aggregates in the fluidic system due to the high GBM
concentrations suggested by OECD TG 442E for this step and
(if) in the case of a low cytotoxic potential preventing CV75 cal-
culation, a careful check of the dispersion stability should be
required for the determination of the optimal concentration
range for CD54/CD86 expression measurements. Once these
precautions are applied, considering the thresholds given by
OECD TG 442E, the present results demonstrate that GO, rGO
and GNPs seem unable to activate DCs, as the third key event
of the skin sensitization AOP. Indeed, the relative expressions
of CD54 and CD86 were far lower than the 200% and 150%
thresholds, but were almost equal to the vehicle controls,
suggesting the absence of sensitization properties in terms of
DC activation. This observation is in line with previous in vitro
findings demonstrating, albeit using other methods, that GO
has a minimal impact on DC activation®® and that it is able to
regulate differentiation of dendritic cells by suppressing their

This journal is © The Royal Society of Chemistry 2025
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Table 5 Assessment of the skin sensitization properties of GO, rGO, and GNPs using the h-CLAT assay (OECD TG 442E). For each test substance,
the table reports the changes (RFI %) in the surface marker expression (FL1) and cell viability assessed by means of Pl uptake (FL3) analyzed by flow
cytometry. Classification was defined on the basis of the threshold given by OECD TG 442E. The results are the mean of 3 independent experiments.
Statistical differences vs. vehicle controls: ***, p < 0.001 (one-way ANOVA and Bonferroni's post test)

Material Concentration (pg mL™") RFI% CD86 RFI1% CD54 Viability (PI) Viability (trypan blue) Classification
LA 1000 71.2% 87.3% 98.4% 99.3% Negative
DNCB 4 324.7%*** 205.3%*** 63.5% 65.9% Positive
NiSO, 100 170.1%*** 484.1%*** 79.3% 76.1% Positive
GO 9.4 120.5% 84.3% 97.5% 98.6% Negative
rGO 9.4 91.4% 81.4% 98.2% 99.4% Negative
GNPs 9.4 92.7% 94.7% 97.7% 98.1% Negative
maturation.”®®" In contrast, other carbon-based nano- originally validated for chemicals, several technical limitations

materials seem to induce DC activation in vitro, such as func-

62 carbon black

tionalized carbon nanotubes in THP-1 cells,
nanoparticles in mouse bone marrow-derived DCs® and fuller-
ene derivatives in myeloid DCs.** These data demonstrate that,
in comparison with other carbon-based nanomaterials, GBMs
may be considered safer at least as they concern the third

phase of skin sensitization.

Conclusions

Mechanistically-based in chemico and in vitro methods, addres-
sing the first three key events of the skin sensitization AOP,
can be used to assess skin sensitization potential with a
battery of predictive tests completely substituting the use of
animals. According to the 203 DA defined by OECD TG 497,
two concordant results obtained from methods addressing at
least two of the first three key events of the skin sensitization
AOP (OECD TG 442C, D and E) determine the final classifi-
cation of a substance. Therefore, on the basis of these con-
siderations, our results allow a clear conclusion that the tested
GBMs (i.e., GO, rGO and GNPs) are not skin sensitizers since
at least 2 out of the 3 OECD TGs for skin sensitization predic-
tion were reliably negative. This conclusion was achieved
testing doses specifically defined by the OECD for each TG,
being able to correctly predict the activation of the first key
events of the skin sensitization AOP. These results are also con-
firmed and supported by previous in vivo studies assessing the
fourth and last AOP key event, namely lymphocyte proliferation
in the local lymph nodes draining the site of test substance
application. Indeed, FLG and GO'” as well as GNPs>® are non-
sensitizers, according to OECD TG 442B. These results,
together with previous studies reporting the inability of a wide
range of GBMs (including the same materials tested in the
present manuscript) to induce skin irritation and skin cor-
rosion through the adoption of the relevant OECD TGs,"**
highlight a high biocompatibility of these materials with the
skin and represent a significant advancement in the character-
ization of their safety profile at the cutaneous level.

Beside this important aspect, a central outcome of this
study is represented by the careful evaluation of OECD TG suit-
ability to predict skin sensitization of GBMs. In general, being

This journal is © The Royal Society of Chemistry 2025

can be expected when health-related OECD TGs are adopted
for nanomaterials because of their peculiar and diverse
physicochemical properties, as clearly reported by the OECD
WPMN, already established in 2006.°> In this scenario, the
data reported in our study represent a significant gain of
knowledge, considering GBMs as representative 2D nano-
materials. In particular, we clearly demonstrated that several
cautions should be taken when adopting the in chemico/in vitro
OECD TGs for skin sensitization prediction of GBMs. In par-
ticular: (i) even though OECD TG 442C can be slightly modi-
fied to overcome some technical limitations associated with
GBM testing, it anyway cannot be adopted, since the results
could lead to false positive prediction of skin sensitization pro-
perties given the ability of GBMs to spontaneously oxidize
cysteine; (ii) regarding OECD TG 442D, few minor modifi-
cations to the protocol should be introduced before its adop-
tion for GBM testing, including assay substitution for cell via-
bility assessment and introducing washing steps to avoid inter-
ferences between the assays and the materials; and (iii) OECD
TG 442E can be adopted for GBMs with few minor modifi-
cations to the procedure, such as particular cautions related to
the dose-finding step associated with the cell viability assay
and the careful check of GBM dispersion stability.

On the whole, these results represent significant progress
in the hazard characterization of GBMs at the skin level, being
particularly useful not only for assessing the safety profile of
skin-related GBM-based nanotechnologies, but also for
improving the knowledge on GBM testing to obtain reliable,
reproducible and consistent toxicological data.
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