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A B S T R A C T   

Skin contact is one of the most common exposure routes to graphene-based materials (GBMs) during their small- 
scale and industrial production or their use in technological applications. Nevertheless, toxic effects in humans 
by cutaneous exposure to GBMs remain largely unexplored, despite skin contact to other related materials has 
been associated with adverse effects. Hence, this in vivo study was carried out to evaluate the cutaneous effects of 
two GBMs, focusing on skin sensitization as a possible adverse outcome. 

Skin sensitization by few-layer graphene (FLG) and graphene oxide (GO) was evaluated following the Orga-
nization for Economic Cooperation and Development (OECD) guideline 442B (Local Lymph Node Assay; LLNA) 
measuring the proliferation of auricular lymph node cells during the induction phase of skin sensitization. Groups 
of four female CBA/JN mice (8–12 weeks) were daily exposed to FLG or GO through the dorsal skin of each ear 
(0.4–40 mg/mL, equal to 0.01–1.00 mg/ear) for 3 consecutive days, and proliferation of auricular lymph node 
cells was evaluated 3 days after the last treatment. During this period, no clinical signs of toxicity and no al-
terations in body weight and food or water consumptions were observed. In addition, no ear erythema or edema 
were recorded as signs of irritation or inflammation. Bromo-deoxyuridine (BrdU) incorporation in proliferating 
lymphocytes from ear lymph nodes (stimulation indexes <1.6) and the histological analysis of ear tissues 
excluded sensitizing or irritant properties of these materials, while myeloperoxidase activity in ear biopsies 
confirmed no inflammatory cells infiltrate. On the whole, this study indicates the absence of sensitization and 
irritant potential of FLG and GO.   

1. Introduction 

The growing industrial and commercial production of manufactured 
nanomaterials has been leading to an increased risk for human health by 
the potential exposure to these materials. In this view, a perfect example 
is represented by graphene-based materials (GBMs), a family of bidi-
mensional (2D) materials (Geim and Novoselov, 2007), including few- 
layer graphene (FLG) and its oxidative product graphene oxide (GO), 
graphene nanoplatelets (GNP) and other functionalized graphene ma-
terials (Wick et al., 2014; Bianco et al., 2013). GBMs have been sur-
rounded by increasing interest and expectation due to their unique 

physicochemical properties. Indeed, basing on their high surface area, 
extraordinary electrical and thermal conductivity and strong mechani-
cal strength, GBMs are promising tools for a wide range of applications 
in the fields of nanoelectronics and energy technology, biosensoristic 
and biomedicine (Guo and Mei, 2014). Given these properties, an active 
field of research is related to GBM applications at the skin level, mainly 
as artificial and electronic skin, wound healing materials and smart 
electronic devices for health-care monitoring directly in contact with the 
skin (Kim et al., 2016; Shin et al., 2016). For instance, GBMs are the most 
used nanomaterials for the production of transparent conformable 
electronic skins (E-skins) (Ho et al., 2016), but also for multifunctional 
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wearable e-textiles materials, equipped with durability, washability and 
flexibility (Karim et al., 2017). GBMs represent also excellent candidates 
for the development of 3D scaffolds for tissue engineering, including the 
skin, mimicking the extracellular matrix (ECM) as structural support in 
the regenerating tissues, promoting cells growth, angiogenesis and ECM 
components deposition (Geetha Bai et al., 2019; Thompson et al., 2015). 

Thus, at least considering these promising applications, skin contact 
can be assumed as one of the most important exposure routes to GBMs. 
However, since the majority of these applications are still at the exper-
imental stage (Park et al., 2017), the risk for human health associated 
with GBM skin exposure is currently related mainly to the occupational 
exposure rather than to exposure by consumers. Anyway, skin contact, 
together with inhalation, may be considered the main exposure route to 
GBMs during their industrial or laboratory production (Fadeel et al., 
2018; Pelin et al., 2018a). 

However, epidemiological and clinical data on GBM skin toxicity are 
currently missing, probably due to the relatively novel and still limited 
commercialized technology. Only few cases have been reported for 
related carbon-based materials, such as carbon fibers, able to induce 
irritant contact dermatitis, as shown in a worker while drilling, cutting 
and grinding these fibers (Eedy, 1996). Similarly, an epidemiological 
study involving 746 graphite workers highlighted an increased inci-
dence of skin diseases, such as hyperkeratosis and naevi (Kasparov et al., 
1989). Anyway, given the chemical nature of GBMs, the most feasible 
outcome after cutaneous exposure can be represented by contact 
dermatitis, which can be either irritant or allergic contact dermatitis, the 
latter based on skin sensitization. In this view, in the attempt to inves-
tigate the skin irritation potential of GBMs, we have recently applied the 
Organization for Economic Cooperation and Development (OECD) test 
guideline (TG) 439 as an in vitro test, replacing the Draize in vivo one, 
validated also for regulatory purposed. The study used the Recon-
structed Human Epidermis (RHE), a fully differentiated three- 
dimensional epidermal tissue constituted of normal keratinocytes, on 
which we demonstrated that GBMs with very low residues of surfactants 
(or GBMs exfoliated with non-toxic agents) are not skin irritants. The 
study suggested that any irritation potential of these GBMs could derive 
from surfactant residues in the final product rather than to the graphene 
material itself (Fusco et al., 2020a). 

Even though skin irritation potential of GBMs appeared to be low, 
skin sensitization cannot be excluded, also considering GBM ability to 
interact with proteins (Kenry and Lim, 2016; Mondal et al., 2016) with a 
possible action as haptens to elicit an immune response. In fact, it has 
been reported that nanomaterials can be detectable by the skin immune 
system components after their reaction with proteins, such as comple-
ment factors and/or damage- and stress-signal proteins produced by 
cells interacting with the materials (Kotagiri and Kim, 2014). In line 
with these observations, an in vivo study suggested a cell-mediated im-
mune response elicited by exposure to GO. The study used a minimally 
invasive model to investigate the local immune reaction induced by 
intradermal GO injection in the growing feather sites of chicks. Results 
suggested an interaction of this material with host proteins, but no other 
signs of toxicity (Erf et al., 2017). 

Hence, this study was carried out with the aim to investigate the in 
vivo skin sensitization potential of FLG and GO, as representative GBMs, 
following the specific OECD TG 442B, namely the Local Lymph Node 
Assay: BrdU-ELISA (OECD, 2018). 

2. Materials and methods 

2.1. Materials 

All reagents of analytical grade, if not otherwise stated, were pur-
chased from Sigma-Aldrich (Milan, Italy). GO (batch #GOB067) was 
kindly supplied by Graphenea (San Sebastián, Spain). FLG was obtained 
by ball-milling under solvent-free conditions, as previously reported 
(León et al., 2011, 2014, 2016). Briefly, a mixture of 7.5 mg of graphite 

and 22.5 mg of melamine (1,3,5-Triazine-2,4,6-triamine) was ball- 
milled at 100 rpm for 30 min through a Retsch PM 100 planetary mill 
under air atmosphere and subsequently sonicated for 1 min in 20 mL of 
water. Melamine was afterwards eliminated by dialysis and the resulting 
FLG water dispersion was lyophilized. 

Both materials were previously physico-chemically characterized as 
reported in Table 1. For the complete characterization, refer to our 
previous studies performed with the same batches of both materials 
(Fusco et al., 2020a; Cavion et al., 2020). 

2.2. Animals 

Female CBA/JN mice (18–20 g body weight, 10-week old), bedding 
and feed were purchased from Envigo RMS SRL (S. Pietro al Natisone, 
UD, Italy). Animals were acclimatized for one week before treatment in 
the animal room set to maintain controlled temperature (22 ± 3 ◦C) and 
humidity (50–60%), in presence of a fixed artificial light cycle with 12 h 
light (7:00 a.m. – 7:00 p.m.) and 12 h dark (7:00 p.m. – 7:00 a.m.). Mice 
were caged in groups of 4 animals, using dust-free poplar chips for 
bedding and fed with a standard diet for rodents. Water and feed were 
provided ad libitum during all phases of the study. Experiments were 
carried out at the University of Trieste in conformity with the Italian law 
decree (D.L.) n. 26 of 4th March 2014 and associated guidelines of the 
European Union on the protection of animals used for scientific purposes 
(Directive 2010/63/EU of the European Parliament and of the Council 
of 22nd September 2010). Experiments were approved by the University 
Body for Animal Well-being (OPBA) of the University of Trieste and by 
Italian Ministry of Health (authorization n◦ 296/2017-PR). 

2.3. Local Lymph Node Assay: BrdU-ELISA (OECD TG 442B) 

Skin sensitization properties of FLG and GO were evaluated 
following the specific OECD TG 442B, namely the Local Lymph Node 
Assay (LLNA): BrdU-ELISA (OECD, 2018). It consists in a non- 
radioactive modification of the LLNA test method, which uses non- 
radiolabeled 5-bromo-2-deoxyuridine (BrdU) in an ELISA-based test 
system to measure lymphocyte proliferation, therefore measuring the 
last phase of skin sensitization Adverse Outcome Pathway (AOP) (OECD, 
2010). 

Animals (4 for each treatment group) were randomly selected and 
kept in their cages for one week prior to the start of dosing to allow their 
acclimatization. FLG or GO were dispersed in polyethylene glycol (PEG) 
60% (w/w in distilled water), chosen among the buffers suggested by the 
OECD TG 442B, being able to maintain stable GBM dispersions. FLG or 
GO dispersions (25 μL) were daily applied to the dorsum of both ears of 
mice, for three consecutive days (days 0–2), at three doses: 0.4, 4.0 and 
40 mg/mL (equal to 0.01, 0.10 and 1.00 mg/ear). Being a nanomaterial, 
FLG and GO have been considered as solid test substances to be sus-
pended as a slurry for guaranteeing that after their application on mice 
ears they are not removed, for instance by rubbing, considering their 
fluffy lightweight nature. Therefore, the dose choice was based on the 
maximum possible concentration for these solids in suspensions to 
obtain slurries easily applicable on mice ears while avoiding their 
removal. The negative control group was exposed to vehicle (60% PEG) 
whereas positive control groups were exposed to 25% eugenol or 1% 
2,4-dinitrochlorobenzene (DNCB). On day 4 (48 h after the last treat-
ment), all mice were intraperitoneally (i.p) injected with 500 μL sterile 
BrdU solution (10 mg/mL; equal to 5 mg BrdU/mouse) and after 24 h 
(day 5), mice were sacrificed by CO2 euthanasia to collect their auricular 
lymph nodes. 

From each mouse, a single-cell suspension from bilateral lymph 
nodes was prepared by gentle mechanical disaggregation using a 
disposable plastic pestle to crush the lymph nodes, followed by passage 
through a #70 nylon mesh (Corning; Milan, Italy) and cells suspension 
in 15 mL phosphate buffered saline (PBS). Lymph node cells (LNC) 
proliferation was then quantified as BrdU incorporation using the BrdU 
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Cell Proliferation Assay (Sigma-Aldrich; Milan, Italy), according with 
the manufacturer’s instructions. Briefly, LNC suspensions (100 μL) were 
added in triplicate in each well of a flat-bottom 96-well microplates. 
After LNC fixation and denaturation, peroxidase-conjugated anti-BrdU 
antibody was added; after washing, the substrate solution was added 
and the absorbance was read at 450 nm using the FLUOstar Omega 
Automated Microplate Reader (Bio-Tek Instruments GmbH; Bad Frie-
drichshall, Germany) to calculate the BrdU-labeling index of each 
sample. Stimulation index (SI) was then calculated by dividing the BrdU- 
labeling index of each test group by that of the vehicle control group. In 
accordance to the OECD TG 442B, the criteria for considering posi-
tiveness of the results relies on SI values ≥1.6, therefore predicting skin 
sensitization properties. 

2.4. Clinical observations 

Animal were carefully checked for signs of toxicity during all the 
experiment period. In particular, body weight as well as feed and water 
consumption were daily monitored. In addition, other signs of toxicity 
were daily recorded. 

Ear edema formation was monitored by ear thickness measurements 
using a digital micrometer (Mitutoyo Inc.; Tokyo, Japan) on Day 0 (pre- 
dose), Day 2 (48 h after the first dose) and Day 5. On Day 5, edema was 
measured also after euthanasia by ear punch (Ø 6 mm) weight using an 
analytical balance. In each mouse, edema was expressed as mean value 
from the two bilateral measurements. In parallel, signs of skin irritation 
were evaluated by visual inspection following the erythema scoring 
reported in the OECD TG 442B. 

2.5. Histological analysis 

Ear biopsies, fixed in 10% formalin, were dehydrated in ascending 
grades of ethanol, cleared in xylene, and embedded in paraffin wax. 
Sections (20 μm) were stained with hematoxylin-eosin or Giemsa stain, 
and observed using an inverted light Leica DMi1 microscope equipped 
with a FLEXACAM C1 standard camera (Leica Microsystems; Milan, 
Italy). 

2.6. Myeloperoxidase activity 

Myeloperoxidase activity was quantified as previously described 
(Giangaspero et al., 2009) as index of neutrophilic granulocytes infil-
trate to measure the inflammatory response, in the same ear plug used to 
evaluate edema formation. Briefly, each ear plug, suspended in 1 mL 
buffered saline (0.1 M sodium acetate buffer at pH 4.2), containing 0.1% 
(w/v) hexadecyltrimethylammonium bromide (HTAB), was homoge-
nized by Ultra-Turrax (Ika-Werk; Staufen, Germany) for 5 s at 20,000 
rpm. The homogenate was centrifuged at 15,000 g for 5 min, and 25 μL 
of the supernatant were added to each well of a flat-bottom 96-well 
microplate. Then, the supernatant was mixed with 50 μL of the 

chromogen solution [2.83 mM 3,3′,5,5′-tetramethylbenzidine (TMB) 
dissolved in 0.1 M sodium acetate buffer at pH 4.2, containing 0.1% (w/ 
v) HTAB]. The enzyme reaction was started adding 75 μL of 0.7 mM 
hydrogen peroxide and, after 5 min incubation at 25 ◦C, it was blocked 
by 50 μL of 4 M acetic acid, containing 10 mM sodium azide. The 
absorbance was read at 620 nm using the FLUOstar Omega Automated 
Microplate Reader (Bio-Tek Instruments GmbH; Bad Friedrichshall, 
Germany). Myeloperoxidase activity was expressed as enzyme units in 1 
mL supernatant. One unit of myeloperoxidase activity (U) was defined as 
the amount of enzyme oxidizing 1 nmol TMB/min. The enzyme activity 
of each sample was determined in duplicate. 

2.7. Statistical analysis 

Skin sensitization prediction was evaluated in compliance with the 
OECD TG 442B, considering positive criteria for SI values ≥1.6 as pos-
itive threshold response for sensitizers. Negative criteria (SI < 1.6) and 
borderline criteria (SI between 1.6 and 1.9) were also considered, as 
suggested by the OECD TG 442B. Edema and myeloperoxidase activity 
data are expressed as mean ± standard error (SE) of at least 3 inde-
pendent measurements. Data were analyzed by a one-way analysis of 
variance (ANOVA) followed by Bonferroni’s post-test (GraphPad Prism 
software, version 6) with significant differences for p < 0.05. 

3. Results 

3.1. Skin sensitization potential of FLG and GO 

Skin sensitization potential of FLG and GO was evaluated in female 
CBA/JN mice according to the OECD TG 442B, by 3-day cutaneous 
exposure to each of three doses of the materials dispersed in 60% PEG 
(0.4, 4.0 and 40 mg/mL, equal to 0.01, 0.10 and 1.00 mg/ear). Pre-
diction of skin sensitization was based on SI calculated in LNC collected 
from the auricular lymph nodes 3 days after the last treatment. Fig. 1 
shows the mean SI calculated for FLG- or GO-treated mice in comparison 
to that of the untreated control group (vehicle) as well as the mean SI 
value for the two positive controls (mice exposed to 25% eugenol or to 
1% DNCB). SI values measured in LNC from all the FLG- or GO-treated 
mice were lower than 1.6, regardless the dose, which suggests that 
both materials are not skin sensitizers. As expected, eugenol, and to a 
greater extent DNCB, significantly increased SI at 2.4 ± 0.6 (p < 0.05) 
and 3.9 ± 0.5 (p < 0.01), respectively, which confirm their skin sensi-
tization properties. 

3.2. Clinical observations 

All throughout the experiment, animals were checked for any clinical 
sign of toxicity. In general, no behavioral changes or other changes 
indices of altered neuromuscular, respiratory or cardiac activities were 
noticed in all the groups of treatment. Fig. 2 shows the mean body 

Table 1 
Physicochemical properties of FLG and GO as previously reported for the same batches of materials (Fusco et al., 2020a; Cavion et al., 2020).  

GBMs Elemental Analysis ± SD (%) TGA weight loss 
(%)a 

Lateral dimension ± SD 
(nm) 

Lateral dimension distribution 
(nm) 

n◦

layers 
C H N S O 

FLG 94.93 ±
0.28 

0.55 ±
0.02 

0.54 ±
0.02 

0.32 ±
0.03 

<3.7 6 171 ± 147b 50-600b 4d 

GO 59.40 ±
0.10 

1.40 ±
0.10 

0.07 ±
0.02 

2.92 ±
0.52 

<36.6 58 15,100 ± 400c 6000-30000c 6e 

FLG: few-layer graphene; GO: graphene oxide; TGA: thermogravimetric analysis; SD: standard deviation. 
a Values determined at 600 ◦C. 
b Value determined by TEM on at least 100 sheets. 
c Values determined by laser diffraction in the GO slurry. 
d Value determined according to Paton et al., 2014. 
e Value determined by X-ray diffraction (XRD) analysis. 
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weight data of mice treated with each dose of FLG (panel A) or GO 
(panel B), in comparison to those of negative (vehicle; 60% PEG) or 
positive (25% eugenol or 1% DNCB) controls. No reduction of body 
weight was recorded in each group of treatment as compared to negative 
control. Individual weights of mice at start of dosing and at scheduled 

humane kill as well as mean and associated error terms for each treat-
ment group are reported in Supplementary fig. 2. Similarly, no changes 
in feed consumption were recorded (data not shown). 

At the end of the experiment, edema was measured on euthanized 
animals by the mean weight of a punch (Ø 6 mm) from the two ears’ 
pinna. Fig. 3 shows the mean weight of the ear punches from mice 
exposed to each dose of FLG or GO, in comparison to that of negative 
(vehicle; 60% PEG) or positive (25% eugenol or 1% DNCB) controls. No 
increase of ear weight as index of edema formation was recorded in mice 
exposed to FLG or GO for all the treatment, suggesting the lack of irri-
tation or inflammation for both materials. On the other hand, only 1% 
DNCB induced edema formation, increasing the ear punch weight by 2.8 
folds as compared to the negative control. Similar results were obtained 
measuring ear pinna thickness at Day 0 (pre-dose), Day 2 (48 h after the 
first exposure) and Day 5 (at the end of experiment): exposure to FLG or 
GO did not increase ear pinna thickness due to oedema formation, 
whereas only 1% DNCB induced a significant thickness increase at Days 
2 and 5 (Supplementary Fig. 1). 

Irritation potential was also evaluated at the end of the experiment 
(Day 5: 3 days after the last treatment) by erythema scoring, as reported 
by the OECD TG 442B (OECD, 2018). On the basis of visual inspections 
performed on mice after sacrifice (Supplementary fig. 3), only mice 
exposed to 1% DNCB showed signs of moderate-to-sever erythema on 
the ear dorsal part (erythema score = 3), whereas no signs of erythema 
were noticed in mice exposed to the other substances or to vehicle (er-
ythema score = 0; Table 2). 

3.3. Histological analysis 

The potential pro-inflammatory effect of FLG and GO was further 
evaluated by histological analysis of ear biopsies from euthanized mice 
(Day 5). Negative control (vehicle) displayed a regular tissue organi-
zation in the ear pinna with (1) the thin epidermis, visible as dark pink 
tissue formed by multiple layers of flattened cells on the ventral and the 
dorsal surface of the ear pinna; (2) the dermis, visible as thicker 

Fig. 1. Prediction of skin sensitization potential of FLG and GO according to the 
OECD TG 442B, expressed as stimulation index (SI) for LNC collected from 
auricular lymph nodes 3 days after the last treatment (doses: 0.01, 0.10 and 
1.00 mg/ear). The dashed line represents the threshold set by the guideline 
above which skin sensitization prediction is positive. As positive control, mice 
were exposed to 25% eugenol or 1% DNCB, whereas negative control consisted 
in mice exposed to the vehicle (60% PEG). Statistical analysis vs vehicle to 
determine the significance of prediction: *, p < 0.05; **, p < 0.01 (One-way 
ANOVA and Bonferroni’s post-test). 

Fig. 2. Mean body weight (g) of mice (n = 4) exposed to FLG (A) or GO (B) in comparison to the negative control (vehicle; 60% PEG) and positive controls (25% 
eugenol or 1% DNCB) during the experiment period. 
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connective tissue below the epidermis, with scattered purple stained cell 
nuclei; (3) a cartilage layer (clear white circles) at approximately 1/3 of 
the distance between the ventral and dorsal epidermis layers. The ear 
pinna of positive controls exposed to 25% eugenol did not show any 
significant morphological skin alterations. On the contrary, 1% DNCB 
induced degeneration of epidermis and infiltration of neutrophilic 
granulocytes, evidenced as increased number of cells containing purple 
stained nuclei, especially in the dermis at contact with dorsal epidermis. 
After exposure to FLG- or GO, neither significant morphological skin 
tissues alteration nor infiltration of inflammatory cells was observed. 
However, black-brownish depots were observed above and within the 
epidermis of mice exposed to FLG, and in the dermis of those exposed to 
GO (Fig. 4). 

To further assess the presence of GBM depot within the ear pinna 
skin, sections were observed at 40× magnification. As depicted in Fig. 5, 
brownish dots were observed in the ear tissues of mice exposed to FLG or 
GO, but not in those of negative or positive controls. In particular, GBM 

agglomerates/aggregates were noted above the epidermis (especially 
after exposure to FLG) and small depots localized between cells of the 
dorsal dermis (after exposure to FLG or GO). 

3.4. Myeloperoxidase activity 

The pro-inflammatory potential by skin exposure to FLG or GO was 
evaluated also quantifying the neutrophilic granulocytes infiltrate 
through the measurement of myeloperoxidase activity in the ear punch 
of mice at Day 5. As shown by Fig. 6, both FLG and GO did not induce 
any significant increase of myeloperoxidase activity in the ear pinna 
with respect to the negative control (vehicle). On the contrary, 25% 
eugenol or 1% DNCB significantly increased the enzyme activity from 
5.3 ± 0.3 U/mL x min (negative control) to 7.6 ± 0.8 U/mL x min (43% 
increase; p < 0.05) and 21.8 ± 4.4 U/mL x min (311% increase; p <
0.01), respectively. 

4. Discussion 

Among the various types of carbon-based nanomaterials, GBMs have 
attracted remarkable attention due to their versatile applications in 
different technological fields, leading to an increased production, but 
also raising concerns about their harmful potential to humans and the 
environment (Fadeel et al., 2018; Xiaoli et al., 2020; Ding et al., 2022). 
Exposure to GBMs occurs mainly by occupational-related routes during 
manufacturing procedures and the intentional ones associated with 
particular technological applications of these materials. In this scenario, 
skin contact is one of the most feasible routes of exposure to GBMs, but 
also one of the most underestimated (Pelin et al., 2018a; Chen et al., 
2020). 

With the aim to characterize the hazard posed by GBMs at the 
cutaneous level, a series of in vitro studies on keratinocytes (i.e. HaCaT 
cells) has been previously carried out on selected materials. The mech-
anism of GBM toxicity toward HaCaT cells seems to be related to a 
reduced mitochondrial activity associated with their sustained interac-
tion with plasma membrane (Pelin et al., 2017). Moreover, both FLG and 
GO induced a concentration- and time-dependent ROS production in 
HaCaT cells, GO being slightly more toxic than FLG, tentatively through 
flavoprotein-based enzymes (NADH dehydrogenase and xanthine oxi-
dase) activation (Pelin et al., 2018b), leading to a metabolic rear-
rangement due to a compromised mitochondrial function (Frontiñán- 
Rubio et al., 2018). Metabolome remodeling was noticed in keratino-
cytes also after 1-week exposure to sub-cytotoxic concentrations of FLG, 
with alterations in the cellular energetic metabolism, calcium ions and 
redox homeostasis (Frontiñan-Rubio et al., 2020). Intriguingly, the 
cytotoxic effects of FLG and GO toward HaCaT keratinocytes seem to be 
only partially reversible after their withdrawal, an important aspect for 
the hazard characterization of skin devices containing GBMs (Pelin 
et al., 2020). 

Quite recently, we also demonstrated that HaCaT cells exposed to 
sub-cytotoxic concentrations (0.01–1.0 μg/mL) of endotoxin-free FLG or 
thermally dehydrated GO (d-GO) released pro-inflammatory cytokines 
(e.g., IL-1α, IL-6, IL-8 and TNF-α), suggesting keratinocytes ability to 
sense GBMs even at very low concentrations. However, conditioned 
media collected from GBM-treated keratinocytes were unable to influ-
ence monocytes differentiation and migration, two crucial events in 
inflammatory and immune responses involving activated monocytes. In 
particular, even though the study was not aimed at assessing GBM skin 
sensitization potential, the lack of monocyte differentiation seems to 
argue against a sensitization potential of these materials (Fusco et al., 
2020b). 

Hence, to verify the absence of skin sensitization potential of FLG and 
GO, two of the main representative GBMs, this study was carried out 
following the specific OECD TG 442B and, in particular, using the LLNA: 
BrdU-ELISA procedure. This is a stand-alone OECD TG able to predict 
the fourth key event of skin sensitization AOP, namely lymphocytes 

Fig. 3. Mean ear pinna punch weight (mg) of mice (n = 4) exposed to FLG or 
GO (0.01, 0.10 or 1.00 mg/ear) in comparison to that of the negative control 
(vehicle; 60% PEG) and positive controls (25% eugenol or 1% DNCB) at Day 5 
(3 days after the last treatment). Statistical analysis vs vehicle: ***, p < 0.001 
(One-way ANOVA and Bonferroni’s post-test). 

Table 2 
Erythema scores by visual inspections in compliance with the OECD TG 442B 
performed at Day 5 (3 days after the last treatment).  

Treatment 
group 

Observation Erythema 
score 

Incidence of 
erythemaa 

Vehicle No erythema 0 – 
Eugenol 25% No erythema 0 – 
DNCB 1% Moderate to severe 

erythema 
3 4/4 

FLG (0.01 mg/ 
ear) 

No erythema 0 – 

FLG (0.10 mg/ 
ear) 

No erythema 0 – 

FLG (1.00 mg/ 
ear) 

No erythema 0 – 

GO (0.01 mg/ 
ear) 

No erythema 0 – 

GO (0.10 mg/ 
ear) 

No erythema 0 – 

GO (1.00 mg/ 
ear) 

No erythema 0 –  

a Number of animals with erythema/total animals. 
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activation (OECD, 2010). In contrast, the three in vitro OECD TG able to 
predict the first three AOP key events (peptide reactivity, keratinocytes 
and dendritic cells activation) cannot be used as stand-alone TG and, 
therefore, must be applied together to predict a skin sensitization po-
tential (OECD TG 497; OECD, 2021). In particular, the LLNA:BrdU- 
ELISA procedure consists of an in vivo method on a limited number of 
animals as compared to the previously available tests on guinea pigs 
(OECD TG 406), refined in the way by which animals are used for 
allergic contact sensitization testing, in compliance with the 3Rs 

principle (OECD, 2018). The assay uses a non-radioactive procedure to 
predict skin sensitization potential by evaluating the fourth key event of 
skin sensitization pathway, namely the proliferation of lymphocytes in 
the local lymph nodes draining the site of test substance application 
(mice ears pinna). An increased lymphocytes proliferation expressed as 
SI ≥ 1.6-fold with respect to untreated controls is a predictive index of 
skin sensitizers (OECD, 2018). In our study, SI of both FLG and GO were 
lower than the threshold limit of 1.6 and, consequently, these GBMs can 
be considered as non-skin sensitizers, in contrast to eugenol and DNCB 

Fig. 4. Light micrographs of mice ear pinna at Day 5: 3 days after the last exposure to the vehicle (60% PEG; negative control), 25% eugenol or 1% DNCB (positive 
controls), or the highest dose of FLG or GO (40 mg/mL; 1.00 mg/ear). Black arrows show black/brownish depots of GBMs. Hematoxylin and eosin stain. Magni-
fication: 20×. 

Fig. 5. Light micrographs of mice ear pinna at Day 5: 3 days after the last exposure to the vehicle (60% PEG; negative control), 25% eugenol or 1% DNCB (positive 
controls), or the highest dose of FLG or GO (40 mg/mL; 1.00 mg/ear). Black arrows show black/brownish depots of GBMs above the epidermis and/or within the 
dermis. Hematoxylin and eosin stain. Magnification: 40×. 
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used as positive controls. This finding is in line with the records of a very 
recent study on graphene nanoplatelets (GNP) suggesting the lack of 
skin sensitization properties (Kim et al., 2021), even though the actual 
GNP doses were not clearly stated. Notwithstanding, the results of our 
study suggest that the two kinds of GBMs are non-sensitizers after skin 
exposure, including GO which could highly react with host skin proteins, 
in view of its higher content of reactive O2-bearing groups as compared 
to FLG or GNP. 

As suggested by OECD TG 442B, the study was implemented by the 
evaluation of additional adverse effects, including clinical signs of 
general toxicity (i.e. body weight, water and feed consumption, changes 
in behavior, neuromuscular, cardiac and respiratory functions) and skin 
toxicity (edema and erythema induction). Our results demonstrate that 
neither FLG nor GO influenced the body weight and feed consumption 
with respect to negative controls. Similarly, no signs of edema and er-
ythema were noted, suggesting the absence of skin irritation or 
inflammation. Lack of skin inflammation was further confirmed by 
histological analysis and the measurement of myeloperoxidase activity 
in ear pinna biopsies as index of neutrophilic granulocytes infiltrate. In 
particular, histological analysis of ear biopsies from mice exposed to FLG 
or GO did not show any tissue alteration or inflammatory cells infiltra-
tion in the skin. The latter was confirmed quantifying myeloperoxidase 
activity. As expected, the positive control DNCB induced a visible ery-
thema and edema, with tissues alterations and infiltration of inflam-
matory cells observable by light microscopy. 

The histological analysis of ear biopsies from mice exposed to FLG or 
GO revealed the presence of black/brownish dots above and within the 
dorsal ear epidermis (FLG) and between cells of the dermis (FLG, GO). 
These dots can be referred as small depots of FLG or GO, even though we 
cannot exclude that those present at the dermis-epidermis junction level 
could consist also in melanin granules. Nevertheless, as these dark dots 
were not observed in negative or positive controls, it is likely that they 
consist in FLG or GO deposits. This observation is of particular impor-
tance, since it suggests that, even in the absence of skin sensitization, 
irritation and inflammation, FLG and GO can penetrate into the dermis. 
This finding is consistent with previous observations on other related 
carbon-based materials, such as C60 fullerenes, able to penetrate 
through the epidermis without inducing signs of irritation or sensitiza-
tion in animals (Xia et al., 2010; Dalla Colletta et al., 2022). At best of 

our knowledge, this is the first in vivo evidence of a possible GBM 
penetration into the dermis, corroborating a recent study demonstrating 
skin permeation of GO (about 55% of the total GO, after 6 h contact) 
using Franz diffusion cells (Silva et al., 2021). Other in vitro evidences 
suggested the capability of different GBMs to penetrate into keratino-
cytes and fibroblasts (Liao et al., 2011; Li et al., 2013; Pelin et al., 2018a, 
2018b; Pelin et al., 2020). Most importantly, recovery analysis per-
formed exposing HaCaT keratinocytes to FLG for 24 h followed by the 
material withdrawal for 48 h demonstrated the presence of FLG particles 
inside keratinocytes at the end of the recovery period (Pelin et al., 2020). 
This observation suggests that internalized FLG is retained by cells over 
time; therefore, we cannot exclude possible accumulation of GBMs and 
consequent long-term detrimental effects at the skin level. 

In addition, it is noteworthy that one of the main drawbacks of 
nanosafety studies, often reducing the quality of toxicological data, re-
lies on an incomplete physico-chemical characterization of the studied 
nanomaterial, beside an incomplete description of the experimental 
design, including the animal characteristics (i.e. species, gender, weight, 
age, etc.) (Fernández-Cruz et al., 2018). All these information have been 
considered to define a scoring system following the principles of the 
Klimisch score (K score), providing a comprehensive criteria and guid-
ance for reliability evaluations of toxicological data (Schneider et al., 
2009). K score analysis is freely available through the ToxRTool (https 
://joint-research-centre.ec.europa.eu/scientific-tools-and-databases/t 
oxrtool-toxicological-data-reliability-assessment-tool_en) through 
which application, the present study resulted in a score of 20 out of 21, 
indicating our study in the Klimisch category 1 (reliable without re-
strictions), therefore highlighting the reliability of the data. 

In conclusion, this in vivo toxicological study following the OECD TG 
442B demonstrates the absence of skin sensitization properties for two 
representatives of GBMs, FLG and GO. Beside the lack of skin sensiti-
zation properties, both FLG and GO seem unable to induce skin irritation 
and inflammation, despite their capability to slightly penetrate into the 
dermis. Overall, these results represent a significant step forward in the 
characterization of the hazard posed by GBM at the skin level, still 
incomplete (Dalla Colletta et al., 2022). Indeed, it should be noted that a 
registration dossier for graphene is currently present at the European 
Chemical Agency (ECHA), in which toxicological data on skin sensiti-
zation rely only on a non-referred study based on Buelher test on guinea 
pigs, following the OECD TG 406 version adopted in 1992 (https://echa. 
europa.eu/it/registration-dossier/-/registered-dossier/24678). Even 
though a recent revision and correction of this TG has been done in 2022 
(OECD, 2022), it should be noted that the OECD TG 406 involves the 
intradermal administration of the test substance, which effects may be 
heavily different than those induced by a topical exposure, as in the case 
of our study. Hence, on the whole, the results of this study acquire a 
significant importance for the assessment of the risk associated with 
GBM skin exposure, in particular for workers and consumers in case of 
GBM-enriched devices directly in contact with the skin. 
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