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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• hBN induces low cytotoxicity despite its 
high internalization into keratinocytes.

• hBN affects the same cellular parame
ters altered by graphene, with a lower 
potency.

• hBN is not skin corrosive.
• hBN is not skin irritant.
• hBN pro-inflammatory potential is 

extremely low at the skin level.
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A B S T R A C T

Hexagonal boron nitride (hBN) is a promising two-dimensional (2D) material of interest to the scientific com
munity and industry due to its revolutionary physico-chemical features. Skin contact is one of the most feasible 
exposure routes both for workers, producing hBN, and consumers, using hBN-enabled nanotechnologies. Hence, 
the toxic potential of hBN at the cutaneous level was evaluated following an in vitro approach with different 
degree of complexity, using a simplified cell model (HaCaT keratinocytes), and a more predictive and complete 
skin tissue (a 3D model of human epidermis). Despite its significant uptake by keratinocytes, hBN exerted only 
weak adverse effects, such as slight alterations of cells parameters indices of cytotoxicity (cell viability, cell mass 
and plasma membrane integrity) and mitochondrial-related dysfunctions (mitochondrial depolarization, ATP 
depletion and reactive oxygen species production), detectable only at high concentrations (>25 µg/mL) and 
mainly after a long exposure (72 h). In addition, adoption of the OECD TG 431 and 439 on the 3D reconstructed 
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human epidermis model demonstrated hBN as a non-corrosive and non-irritant material, with an extremely low 
pro-inflammatory potential. These results denote a good biocompatibility of hBN at the skin level.

1. Introduction

Two-dimensional (2D) nanomaterials are a diverse class of materials 
possessing advantageous physico-chemical properties, such as atomic- 
thin morphology, broad surface area and layered structure [43]. Look
ing beyond the well-studied graphene, a wide number of 2D nano
materials has been explored [49]. One of them is hexagonal boron 
nitride (hBN), known as “white graphene”, consisting in a hexagonal 
sp2-bonded network with strong in-plane polar bonds between nitrogen 
and boron atoms [31]. Due to its chemical structure, hBN exhibits 
chemical inertness, unique mechanical properties, superb thermal con
ductivity, oxidation stability and piezoelectric properties. Moreover, 
atomic films of hBN show insulating properties with consistent energy 
band-gap and transparency over a wide wavelength range [3,31,67,73, 
8]. All these features open up new scenarios for innovative applications 
and attract considerable interest as insulator [12,35], lubricant additive 
[17], heat dissipator for electronic devices [33,45] and textile compo
nent [79], but also in biomedical fields, such as drug delivery and cancer 
therapy [15,52,71], and cosmetics [26].

Although hBN may allow solutions to current challenges in many 
technological fields, scientific concern for human health safety cannot 
be excluded considering the occupational and/or consumer exposure to 
this material. In particular, one of the most important exposure routes 
for 2D nanomaterials could be the cutaneous one [23,42,60]. To date, 
even though some in vitro studies on the cutaneous effects of other boron 
nitride (BN) allotropes (such as BN nanotubes and BN quantum dots) on 
skin fibroblasts [14,19–21,65,69] and keratinocytes [25,77] are avail
able, only few studies report the cutaneous effects of the corresponding 
2D nanoform (hBN). The effects of hBN (0.025–0.4 mg/mL) were firstly 
assessed on human normal skin fibroblasts by means of metabolic ac
tivity, DNA and protein cellular content, recording only mild effects 
after 24 and 48 h exposure to high concentrations (0.2–0.4 mg/mL) 
[38]. Another study on human dermal fibroblasts demonstrated that 
hBN did not impact cell viability up to 100 μg/mL, with significant ef
fects only at high concentrations (150.0–500.0 μg/mL). Moreover, 
non-toxic hBN concentrations increased fibroblasts proliferation and 
migration, improving wound healing process, also by lowering reactive 
oxygen species (ROS) production [70]. In addition, different studies 
evaluated the effects of hBN and different hBN-containing composite
s/hybrid materials on HaCaT keratinocytes [1,50,7]. In the effort to 
assess its antibacterial activity, cytotoxicity of a composite made of 
polyhydroxyalkanoate, chitosan and hBN (1.0 %) was evaluated on 
HaCaT cells. Using the lactate dehydrogenase (LDH) release assay, this 
material showed no cytotoxic effects on keratinocytes [50]. Later, 
studying amoebicidal effects of a nanocomposite made of polyaniline 
and hBN (PANI/hBN), Abdelnasir and colleagues found that hBN alone 
exhibited a minimal cytotoxicity at concentrations up to 83.3 μg/mL, in 
terms of LDH release [1]. Lastly, a recent work demonstrated the 
optimal cutaneous biocompatibility of hBN and a relevant thermoplastic 
polyurethane composite (TPU-hBN) across their life cycle. Despite evi
dence of cellular uptake, no major effects at the cellular level (in terms of 
cell viability, pro-inflammatory response and changes of proteo
mic/metabolomic profiles) were found in keratinocytes exposed up to 4 
weeks to pristine or photo-chemically degraded hBN or TPU-hBN com
posite [7].

Considering the relevance of hBN cutaneous exposure and the 
limited data on its effects at the skin level currently available, this study 
is aimed at deeply investigating the potential cutaneous toxicity of hBN, 
using HaCaT keratinocytes as in vitro immortalized human non-tumor 
cell model, broadly adopted as a screening tool to assess skin toxicity 
of several substances [30]. Furthermore, to provide robust and reliable 

toxicological data, an in vitro three-dimensional (3D) model of Recon
structed human Epidermis (RhE) was used following specific test 
guidelines (TGs) established by the Organization for Economic 
Co-operation and Development (OECD), to assess skin corrosion and 
irritation, as two of the most important adverse outcomes at the cuta
neous level.

2. Materials and methods

2.1. Materials

The hBN 2D material was synthesized using bulk boron nitride, 
which was exclusively sourced from Sigma-Aldrich (Milan, Italy). 
Glycine, also obtained from Sigma-Aldrich (Milan, Italy), was used as 
exfoliating agent of the bulk material.

If not otherwise specified, all reagents for in vitro experiments were 
purchased from Sigma-Aldrich (Milan, Italy).

2.2. Preparation and characterization of hBN

hBN 2D material was obtained through a mechanochemical 
approach, using bulk boron nitride as the precursor and glycine as the 
exfoliating agent [32]. In a typical procedure, bulk boron nitride 
(75 mg) and glycine (2.5 g) were placed in a 250 mL stainless steel jar 
containing 15 stainless steel balls (diameter: 2 cm). The mixture un
derwent mechanochemical processing in a Retsch PM100 ball-milling 
machine at 250 rpm for 15 min. The resulting material was dispersed 
in 100 mL water and subjected to dialysis at 70◦C, with five solution 
changes every 90 min and one additional change left overnight. Then, 
the dispersion was freeze dried at − 80◦C and 0.005 bar, yielding the 
hBN 2D material in powdered form.

For experiments on HaCaT cells, hBN powder was suspended in 
sterile and endotoxin-free MilliQ water to obtain a 2 mg/mL stock sus
pension. Before use, the suspension was vortexed and sonicated by a 
bath sonicator for 10 min. Stock dispersions were further diluted in cell 
culture medium for cell exposure. For experiments on the 3D RhE model, 
hBN was tested directly as powder, put above the epidermis surface 
grown at the air-liquid interface.

2.3. Characterization of hBN

2.3.1. Raman spectroscopy
Raman spectra were obtained using an InVia Renishaw micro

spectrometer equipped with a 785 nm laser source (1 mW/μm²). To 
ensure reproducibility, measurements were taken at 30–40 randomly 
selected points across the surface of the nanomaterial.

2.4. Thermogravimetric analysis (TGA)

Thermal stability was assessed using a TGA Q50 instrument (TA 
Instruments) under nitrogen, increasing the temperature from 100 ◦C to 
800 ◦C, at a uniform rate of 10 ◦C per minute.

2.5. High-resolution transmission electron microscopy (HR-TEM) 
analysis

Structural imaging was conducted with a JEOL 2100 HRTEM oper
ating at 100 kV. Samples were prepared by depositing a stable, diluted 
dispersion of hBN onto Lacey copper grids (3.00 mm, 200 mesh) via a 
dip-casting method, followed by drying under vacuum.
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2.6. Detection of endotoxin content

2.6.1. Limulus amoebocyte lysate (LAL) assay
The presence of endotoxin (or lipopolysaccharide, LPS) in hBN was 

initially detected using a chromogenic LAL assay (Pierce™ Chromogenic 
Endotoxin Quantitation Kit; Thermo Fisher Scientific, Milan, Italy), 
which detection range was 0.1–1.0 endotoxin units/mL (EU/mL). To 
check the possible interference of hBN with the test, hBN samples were 
spiked with endotoxin at a concentration within the detection range (0.5 
EU/mL) and submitted to the LAL assay. Measurements were performed 
following manufacturer’s instructions. Results are reported as the mean 
LPS concentration (EU/mL) ± standard error (SE) in each sample.

2.6.2. Tumor necrosis factor (TNF)-α expression test (TET)
Endotoxin presence in hBN was evaluated also by a modified TET 

assay, as previously described [51,61]. Briefly, THP-1 cells, differenti
ated to macrophages by 24 h exposure to 
phorbol-12-myristate-13-acetate (PMA; 50 nM), were exposed to a 
non-cytotoxic hBN concentration (12.5 μg/mL) for 24 h, with or without 
polymyxin B sulfate (10 μM). A standard curve, built on TNF-α cell 
release data, was then obtained exposing macrophages to LPS 
(0.01–100 ng/mL); 100 ng/mL LPS was included as internal control. 
Supernatants were then collected and TNF-α was quantified by ELISA, 
according to the manufacturer’s instructions (Diaclone; Besançon, 
France). Quantitation of LPS in hBN was extrapolated by the standard 
curve. Results are reported as the mean LPS concentration 
(EU/mL) ± standard error (SE).

2.7. HaCaT cells

Immortalized human HaCaT keratocytes were obtained from Cell 
Line Service (DKFZ; Eppelheim, Germany). Cells were cultured in high- 
glucose Dulbecco’s Modified Eagle’s medium (DMEM) containing 10 % 
FBS, 2 mM L-glutamine, 100 IU/mL penicillin and 100 mg/mL strep
tomycin, at 37◦C in a 5 % CO2 atmosphere. Cell passage was performed 
when the culture reached confluence, once a week.

2.8. Structured illumination microscopy (SIM) analysis

HaCaT cells were seeded in complete growth medium and cultured 
for 24 h before exposure to hBN (50 μg/mL) for 24 and 72 h. This 
concentration corresponds to the lowest one that significantly altered 
the majority of the considered cell parameters, indices of cytotoxicity. 
Part of the samples were prepared as follows: plasma-membranes were 
stained with the 1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine 
perchlorate fluorescence probe (DiL; 1 μM) for 10 min at room tem
perature (RT). Then, cells were washed twice with phosphate buffer 
solution (PBS), fixed for 30 min in 4 % paraformaldehyde (PFA). After 
three washing steps with PBS, nuclei were stained with 2 μg/mL Hoechst 
reagent (Life Technologies; Milan, Italy) for 10 min. The other samples 
were fixed with PFA, as reported above, and cells were incubated with 
0.1 M glycine for 5 min. After three washing steps with PBS, cells were 
permeabilized with 0.1 % Triton-X 100 for 5 min. Then, cells were 
washed three times and co-labelled with phalloidin-iFluor™ 488 con
jugate (1:1000, Cayman Chemical; Ann Arbor, MI, USA) and 2 μg/mL 
Hoechst reagent (Life Technologies; Milan, Italy) for 10 min at RT to 
stain F-actin filaments and nuclei, respectively. Finally, all samples were 
mounted on 1 mm thick coverslips using Mowiol. Images were taken by 
a super-resolution structured illumination microscope (Elyra 7, Zeiss; 
Milan, Italy) at a 63x magnification, using the following channel setting: 
red fluorescence with excitation laser line 561 nm, green fluorescence 
with excitation laser line 488 nm and blue fluorescence with excitation 
laser line 405 nm. Nanomaterial images were acquired in bright field. 
The image-processing package Fiji was used for offline reconstructions 
of images and colors inversion.

2.9. Transmission electron microscopy (TEM) analysis

HaCaT cells were seeded in complete growth medium one day before 
exposure to hBN (50 μg/mL) for 24 and 72 h. Thereafter, control and 
exposed cells were detached by trypsinization, centrifuged, and resus
pended in 2.5 % glutaraldehyde (Electron Microscopy Sciences; Hat
field, PA, USA) in 0.1 M phosphate buffer. After 1 h incubation, each 
sample was immersed in a 1 % solution of osmium tetroxide in 0.1 so
dium phosphate buffer for 1 h, at 4◦C. Subsequently, samples were 
dehydrated using a gradient of ethanol, followed by propylene oxide, 
and embedded in epoxy resin (Durcupan™ ACM). Ultrathin sections 
(70–90 nm) were prepared using a UltraCut Microtome (Reichert-Jung; 
Depew, NY, USA) and were further contrasted with UranyLess (Electron 
Microscopy Sciences; Hatfield, PA, USA) and lead citrate (Electron Mi
croscopy Sciences; Hatfield, PA, USA). Samples were examined using a 
Philips FEI EM208 transmission electron microscope. Acquisition of 
images was carried out using the digital camera QUEMESA and the 
RADIUS 2.0 EMSIS software.

2.10. WST-8 assay

Viability of HaCaT cells was assessed by the 2-(2-methoxy-4-nitro
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2 H-tetrazolium (WST- 
8) reduction assay (Cell Counting Kit-8 assay; Sigma-Aldrich; Milan, 
Italy). HaCaT cells exposed to hBN (0.8–400.0 μg/mL) for 24 and 72 h 
were washed thrice with PBS (200 μL/well) before incubation with fresh 
medium containing 10 % WST-8 reagent for 4 h. Absorbance was 
measured at 450 nm by the FLUOstar® Omega microplate reader (BMG 
LABTECH; Ortenberg, Germany). Data are reported as % of cell viability, 
as compared to negative control (HaCaT cells not exposed to hBN).

2.11. Sulforhodamine B assay

Cell mass, as index of viable adhered cells, was assessed by the Sul
forhodamine B (SRB) assay. Briefly, after exposure to hBN 
(0.8–400.0 μg/mL) for 24 and 72 h, HaCaT cells were washed thrice with 
PBS (200 μL/well), fixed for 1 h with 50 % trichloroacetic acid at 4 ◦C, 
and subsequently stained with 0.4 % SRB in 1 % acetic acid for 30 min. 
After washings with a 1 % acetic acid solution, the dye incorporated in 
each cell sample was dissolved in 10 mM TRIZMA base solution, and the 
absorbance was measured at 570 nm by the FLUOstar® Omega micro
plate reader (BMG LABTECH; Ortenberg, Germany). Data are presented 
as % of cell mass with respect to negative control (HaCaT cells not 
exposed to hBN).

2.12. Propidium iodide uptake assay

Necrotic cells were quantified measuring cells uptake of propidium 
iodide (PI). HaCaT cells exposed to hBN (0.8–400.0 μg/mL) for 24 and 
72 h were washed thrice with PBS (200 μL/well) and incubated for 
30 min at 37◦C with 3 µM PI dissolved in PBS. Cells treated with 0.2 % 
Triton-X 100 were used as positive control. Fluorescence intensity was 
read by the FLUOstar® Omega microplate reader (BMG LABTECH; 
Ortenberg, Germany) with excitation and emission wavelengths of 
485 nm and 590 nm, respectively. Samples were then permeabilized for 
additional 30 min with 0.2 % Triton-X to measure total fluorescence, as 
an index of total cell content. Data are reported as % of PI uptake as 
compared to positive control, after normalization on total cell content.

2.13. JC-1 mitochondrial depolarization assay

Mitochondrial depolarization in HaCaT cells was assessed by the JC- 
1 Mitochondrial Staining Kit (Sigma-Aldrich; Milan, Italy) according to 
the manufacturer’s instructions. After exposure to hBN (0.8–400.0 μg/ 
mL) for 24 and 72 h, cells were washed thrice with PBS (200 μL/well). 
Then, cells were incubated with 0.5 μM JC-1 (100 μL/well) for 20 min at 
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37 ◦C. After two washings with ice-cold culture medium, fluorescence 
was immediately quantified using the FLUOstar® Omega microplate 
reader (BMG LABTECH; Ortenberg, Germany). JC-1 aggregates (index of 
intact mitochondria) were detected with excitation and emission 
wavelengths of 530 nm and 590 nm, respectively; JC-1 monomers 
(index of disrupted mitochondria) were measured with a 485 nm and 
570 nm filter combination. Results are expressed as a ratio between red 
and green fluorescence and are represented as % relative to negative 
control (HaCaT cells not exposed to hBN).

2.14. ATP detection assay

Intracellular ATP levels were quantified using the Luminescent ATP 
Detection Assay Kit (Abcam; Cambridge, UK), following the kit in
structions. Briefly, after exposure to hBN (0.8–400.0 μg/mL) for 24 and 
72 h, cells were washed thrice with PBS (200 μL/well) and treated with a 
detergent solution (50 μL/well) for 5 min on an orbital shaker. After
wards, 50 μL/well of Substrate Solution were added. After 5 min on an 
orbital shaker in the dark, luminescence was detected by the FLUOstar® 
Omega microplate reader (BMG LABTECH; Ortenberg, Germany). Data 
are presented as % of intracellular ATP level with respect to negative 
control (HaCaT cells not exposed to hBN).

2.15. Dichlorofluorescin diacetate (DCFDA) assay

Reactive oxygen species (ROS) generated by HaCaT cells exposed to 
hBN were measured using the 2′,7′-dichlorofluorescin diacetate 
(DCFDA) fluorescence probe. After exposure to hBN (0.8–400.0 μg/mL) 
for 24 and 72 h, cells were washed thrice with PBS (200 μL/well). Then, 
cells were incubated with 100 μM DCFDA (100 μL/well) for 30 min at 37 
◦C, in the dark. After two washings with 200 μL/well of PBS containing 
Ca2+ and Mg2+, fluorescence was read by the FLUOstar® Omega 
microplate reader (BMG LABTECH; Ortenberg, Germany), using an 
excitation and emission wavelengths combination of 485 nm and 
570 nm. Results are presented as % of ROS production with respect to 
negative control (HaCaT cells not exposed to hBN).

2.16. SkinEthic™ reconstructed human epidermis model

SkinEthic™ Reconstructed human Epidermis (RhE), a commercial 
3D epidermal tissue (EpiSkin; Lion, France) reconstructed from normal 
human keratinocytes, was used to assess corrosion and irritation po
tential of hBN. RhE was cultured on an inert polycarbonate filter at the 
air-liquid interface.

2.17. Skin corrosion evaluation

Skin corrosion potential of hBN was assessed on the SkinEthic™ RhE 
(0.5 cm2, 17-day) following the OECD TG 431 [55]. Briefly, after RhE 
tissue equilibration period, tissue inserts were transferred onto fresh 
maintenance medium and topically exposed to powdered hBN 
(40 mg/cm2) or 8 N potassium hydroxide (KOH; positive control) for 3 
and 60 min at RT. Then, RhE tissue was washed 20 times with 1 mL PBS 
and subsequently incubated for 3 h with 1 mg/mL 
methylthiazolyldiphenyl-tetrazolium bromide (MTT) solution. Inserts 
were subsequently immersed in 1.5 mL isopropanol for 120 min under 
shaking at RT to extract formazan salts. RhE inserts were then perfo
rated, and the formazan extract homogenized. Optical density (OD) was 
measured at 570 nm through the FLUOstar® Omega microplate reader 
(BMG LABTECH; Ortenberg, Germany). Data are expressed as % of RhE 
viability as compared to negative control (RhE not exposed to hBN). As a 
threshold given by the OECD TG 431, viabilities < 50 % after 3 min 
exposure or ≥ 50 % after 3 min exposure and < 15 % after 1 h exposure 
designate a corrosive substance.

2.18. Skin irritation evaluation

Skin irritation potential of hBN was assessed using the SkinEthic™ 
RhE according with the OECD TG 439 [56]. After RhE tissue equili
bration period, tissue inserts were transferred onto fresh medium and 
topically exposed to powdered hBN (32 mg/cm2) for 42 min at RT, or to 
32 mg/cm2 of the following compounds used as positive controls: so
dium dodecyl sulphate (5 % SDS),1-chloro-2,4-dinitrobenzene (DNCB) 
or nickel sulfate (NiSO4). RhE tissue was then rinsed 25 times with 1 mL 
PBS and subsequently incubated for 42 h. Then, tissues were incubated 
for 3 h with 1 mg/mL MTT solution. Inserts were subsequently immersed 
in 1.5 mL isopropanol for 120 min to extract formazan salts. RhE inserts 
were then perforated, and the formazan extract homogenized. OD was 
measured at 570 nm through the FLUOstar® Omega microplate reader 
(BMG LABTECH; Ortenberg, Germany). Data are expressed as % of RhE 
viability as compared to negative control (RhE not exposed to hBN). As 
stated in OECD TG 439, RhE viability ≤ 50 % defines an irritant 
substance.

2.19. Inflammatory mediators’ release

To implement data on irritation potential, after RhE exposure to hBN 
(42 min) followed by 42 h post-treatment incubation, tissue media were 
collected and stored at − 80◦C. A number of inflammatory mediators 
[interleukin (IL)-1α, − 1β, − 6, − 8, − 7, − 18, − 33, tumor necrosis factor 
(TNF)-α, prostaglandin E2 (PGE2), and the chemokine regulated upon 
activation, normal T cell expressed and secreted (RANTES)], was 
quantified by commercial ELISA from Diaclone (Besançon, France) or 
Elabscience (Houston, TX, USA) according with the manufacturer’s in
structions. The amounts of inflammatory mediators in tissue media are 
expressed as pg/mL and results are the mean ± SE of three independent 
experiments performed in duplicate. Heatmap and clustering analysis 
were carried out to identify similar pattern of inflammatory mediators’ 
release induced by the tested substances.

2.20. Statistical analysis

Data are expressed as the mean ± standard error (SE) from at least 
three independent experiments in triplicate. Results obtained in HaCaT 
cells were analyzed by two-way ANOVA analysis followed by Bonfer
roni’s post-test (PrismGraphPad, Inc.; Boston, USA). One-way ANOVA 
followed by Bonferroni’s post-test (PrismGraphPad, Inc.; Boston, USA) 
was used to analyzed results obtained from RhE tissues. Data were 
considered significant for p values lower than 0.05. Hierarchical clus
tering analysis of the inflammatory mediators’ data and heatmap were 
obtained using the R Software (version 4.1.2).

3. Results and discussion

3.1. Physico-chemical characterization of hBN

Results on physico-chemical characterization of hBN are represented 
in Fig. 1. High-resolution transmission electron microscopy (HR-TEM) 
revealed flakes with a mean lateral size of 119.82 ± 55.58 nm, as 
determined from the size distribution analysis (Fig. 1, panels A, B). 
Raman spectroscopy (Fig. 1, panel C) showed a distinct peak at 
1368.79 cm⁻¹ , corresponding to the E2 g vibrational mode, characteristic 
of the hexagonal structure of hBN [16]. The sharpness and position of 
this peak highlight the structural integrity and successful exfoliation of 
the material. Thermogravimetric analysis (TGA) performed under a ni
trogen atmosphere demonstrated a residual weight loss of 1.6 wt% at 
600◦C (Fig. 1, panel D), that can be due to the presence of minimal 
oxygen functional groups. These findings corroborate the high thermal 
stability and purity of hBN, with no evidence of residual exfoliating 
agents [39,40].
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3.2. Detection of endotoxin

To exclude a possible hBN contamination by endotoxin, LAL chro
mogenic assay was initially performed. According to U.S. Food and Drug 
Administration (FDA), the endotoxin limit in medical devices for 
considering them not contaminated materials is 0.5 EU/mL [24]. As hBN 
showed a level of endotoxin equal to 0.39 EU/mL, below the threshold 
limit established by FDA (0.5 EU/mL), it can be considered 
non-contaminated by endotoxin (Table 1). However, considering that 
endotoxin quantitation by the conventional LAL assay could be tricky 
due to possible interference with some 2D nanomaterials [51], such 
possibility was ruled out spiking hBN (100 μg/mL) with 0.5 EU/mL 
endotoxin. LAL assay showed that endotoxin content in the 
endotoxin-spiked hBN sample (0.96 EU/mL) was comparable to the sum 
of endotoxin concentrations measured in hBN and the quantity of added 
endotoxin (0.91 EU/mL), suggesting lack of interferences (Table 1).

To further confirm the absence of endotoxin, a modified TET assay 

[61], originally set up for graphene-related materials to avoid in
terferences with the measurement [51], was performed using macro
phages obtained from THP-1 cells differentiation. Cell media were 
collected from macrophages exposed for 24 h to a sub-cytotoxic con
centration of hBN (12.5 μg/mL) with or without polymyxin B sulfate. 
Endotoxin content in hBN was extrapolated from a standard curve 
generated by LPS-induced TNF-α release by macrophages. Results, rep
resented in Figure S1, are expressed as endotoxin units/mL (EU/mL) and 
demonstrated that endotoxin level in hBN was below the threshold of 
0.5 EU/mL. In addition, the levels quantified in presence or absence of 
polymyxin B sulfate did not differ, confirming that hBN was not 
contaminated by endotoxin, as previously shown by the LAL assay.

3.3. Effects of hBN on HaCaT keratinocytes

3.3.1. Cellular internalization of hBN
Initially, hBN was investigated for its effects on human HaCaT skin 

keratinocytes, an in vitro model for cutaneous toxicity screening [30]. To 
evaluate hBN capability to interact with plasma membranes and to be 
internalized by keratinocytes, HaCaT cells exposed to hBN (50 μg/mL) 
for 24 and 72 h were analyzed by super-resolution SIM technique and, 
subsequently, by TEM. For SIM analysis, plasma membranes were 
labelled with red fluorescent DiL (Fig. 2, panel A) or F-actin filaments 
were stained with green fluorescent phalloidin (Fig. 2, panel B). In both 
cases, nuclei were labelled with Hoechst staining. Signals associated 
with the presence of hBN particles were acquired in bright field and 
colors were inverted off-line to allow their mapping at the cellular level. 
hBN particles were clearly able to interact with keratinocytes and to be 
internalized into cells. By merging the white signal given by hBN with 

Fig. 1. A) Representative HR-TEM image showing hBN 2D material morphology; B) Lateral size distribution of the flakes derived from HR-TEM image analysis of 
hBN; C) Raman spectra highlighting the characteristic vibrational modes of hBN; D) TGA curve illustrating the thermal stability of hBN under a nitrogen atmosphere.

Table 1 
Endotoxin quantitation in hBN using LAL chromogenic assay. Endotoxin (E.coli 
O111:B4; 0.5 EU/mL) was included as control. U.S. FDA suggested acceptable 
limit for endotoxin: 0.5 EU/mL.

Sample Concentration Measured endotoxin 
[EU/mL] 
Mean ± SE

Endotoxin (E.coli O111:B4) 0.5 EU/mL 0.52 ± 0.02
hBN 100.0 μg/mL 0.39 ± 0.03
hBN + Endotoxin (E.coli 

O111:B4)
100.0 μg/mL + 0.5 
EU/mL

0.96 ± 0.04

EU = endotoxin units.
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red/blue or green/blue fluorescence given by plasma membranes/nuclei 
or actin filaments/nuclei, respectively, hBN appeared to be partially 
associated with plasma membranes as well as dispersed into cytoplasm. 
Interestingly, hBN was clearly found inside cells, in particular around 
nuclei, suggesting massive penetration inside skin keratinocytes. How
ever, despite this high internalization, morphological alterations in 
keratinocytes were not observed.

To confirm these findings, TEM analysis was performed, and relevant 
images are shown in Fig. 3. hBN particles were massively taken up by 
HaCaT cells already after 24 h exposure, confirming their localization 
around nuclei, but not inside them. After entering into HaCaT kerati
nocytes, hBN particles seemed also to be accumulated into lysosomes.

A recent study already reported hBN internalization by HaCaT ker
atinocytes after 24 h exposure at a slight lower concentration (20 μg/ 
mL) [7]. Furthermore, our findings are supported also by a study 
exploiting forward scatter and side scatter in flow cytometry analysis 
demonstrating massive uptake of hBN nanosheets in human dermal 
fibroblast and human umbilical vein endothelial cells [70]. In addition, 
different theoretical studies demonstrated that, for hydrophobic nano
particles, such as hBN, a direct interaction with the hydrophobic core of 
plasma membranes can promote cells internalization [13,41]; however, 
the uptake and the trafficking of nanomaterials strictly depend on their 
physico-chemical properties, such as surface chemistry, shape and 
especially size [66]. Moreover, using a combination of molecular dy
namics simulations and in vitro tests on lung epithelial H460 cells, a 
recent study demonstrated lysosomal deposition of hBN sheets (with 
sharp and cornered morphology and polar edges) leading to intracellular 
consequences, such as lysosomal membrane permeabilization. The latter 
represents an emerging mechanism of cytotoxicity involving cathepsin B 
release and ROS production, ultimately triggering cell death [46].

3.4. Cytotoxic effects of hBN towards HaCaT cells

To assess cytotoxicity of hBN on HaCaT keratinocytes, different 
cellular parameters were evaluated: cell viability (WST-8 assay), cell 
mass (SRB assay) and integrity of plasma membrane (PI uptake assay). 
Then, three additional parameters were examined to investigate 
mitochondrial-related damages induced by hBN in HaCaT keratinocytes: 
mitochondrial membrane potential (JC-1 fluorescent assay), intracel
lular ATP levels (ATP detection assay) and ROS production (DCFDA 
fluorescent assay), which are the ones mostly affected by related 2D 
materials, such as graphene-related materials (GRMs), considered as 
reference [59,62]. Fig. 4 shows the effect of hBN (0.8–400 μg/mL) on 
these endpoints after 24 and 72 h exposure. WST-8 assay, widely 
exploited to investigate the effect of different 2D nanomaterials [59,76]
on cell viability in terms of mitochondrial activity, was used to firstly 
assess hBN effect on keratinocytes. While no effects were observed after 
24 h exposure, a significant reduction of cell viability down to 71 % 
(p < 0.01) was recorded after 72 h exposure to hBN concentrations 
equal or higher than 100 μg/mL (Fig. 4, panel A). Thus, the relatively 
low cytotoxic effect of hBN, not allowing the computation of EC50 
values, suggests its good biocompatibility with HaCaT cells. Subse
quently, the low hBN cytotoxicity was confirmed in terms of cell mass, 
evaluated by the SRB assay. Compared to WST-8 assay, hBN cytotoxic 
potency was slightly enhanced only after 72 h exposure, when the ma
terial provoked a significant concentration-dependent decrease of cell 
mass at concentrations ranging from 100 to 400 μg/mL (57–44 % of cell 
mass, respectively; p < 0.001) (Fig. 4, panel B). Then, PI uptake assay 
was carried out to verify if these effects could be related to a plasma 
membrane damage. After 24 h exposure, hBN caused a weak, but sig
nificant, increase of PI uptake only at the highest concentrations (19 % 

Fig. 2. Representative SIM images of HaCaT cells after exposure to hBN (50 μg/mL) for 24 or 72 h. Nuclei are labelled with Hoechst stain (blue); plasma membranes 
are labelled with the fluorescence dye DiL (red); F-actin filaments are labelled with fluorescence phalloidin (green); hBN particles are visualized in white (after colors 
inversion) and merged images represent the reconstruction of red/blue or green/blue labelled HaCaT cells merged with hBN particles’ white signal. Magnification: 
63X. Scale bar: 30 μm.
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and 24 % at 200 and 400 μg/mL, respectively; p < 0.05). On the con
trary, a pronounced concentration-related increase of PI uptake 
occurred after 72 h exposure to the concentration of 25 μg/mL (20 %; 
p < 0.05) and above (up to 65 % at400 μg/mL; p < 0.0001) (Fig. 4, 
panel C).

Altogether, these observations lead to hypothesize that HaCaT cells 
exposure to very high hBN concentrations, mainly for 72 h, could allow 
a material interaction with plasma membrane, impairing its integrity 
and cell viability. Our findings are in accordance with those of previous 
studies on hBN nanoparticles, demonstrating slight cytotoxic effects on 
fibroblasts and keratinocytes only after exposure to high concentrations 
(>80 μg/mL) for 24 h [1,18,38,50], even though these findings were 
recorded by other cytotoxicity assays (i.e., lactate dehydrogenase cell 
release). Intriguingly, these effects seem to be exerted by hBN with a 
potency lower than that of some GRMs, previously studied using the 
same cell model with the same experimental settings. Indeed, few layers 
graphene (FLG) and graphene oxide (GO) induced a significant cellular 
damage already at lower concentrations (>30 μg/mL and >1 μg/mL for 
FLG and GO, respectively), and their potency was influenced by the 
oxidation state [59].

Regarding mitochondrial-related cytotoxic effects, mitochondrial 
depolarization was assessed in HaCaT cells exposed to hBN for 24 and 
72 h by JC-1 fluorescent assay. JC-1 is a fluorescent probe accumulated 
in functional mitochondria due to the polarized mitochondrial mem
brane. Any event that dissipates mitochondrial membrane potential, 
such as mitochondrial membrane disruption, avoids this accumulation, 
determining a shift in JC-1 fluorescence. As reported in Fig. 4 (panel D), 

already after 24 h treatment, hBN (0.8–100 μg/mL) caused a 
concentration-dependent increase of mitochondrial membrane depo
larization (38 % at 100 μg/mL; p < 0.001). After 72 h, the highest 
concentration tested (100 μg/mL) increased mitochondrial depolariza
tion by 44 % (p < 0.001). Concentrations of hBN higher than 100 μg/mL 
were excluded from the analysis due to interferences between hBN and 
the reagents used.

Subsequently, intracellular levels of ATP were detected through a 
luminescence assay to assess if HaCaT cells exposure to hBN could affect 
mitochondrial energy metabolism. Already after 24 h, hBN provoked a 
weak, but significant, reduction of ATP production at the concentrations 
of 200 μg/mL (78 % of ATP production; p < 0.01) and 400 μg/mL (74 % 
of ATP production; p < 0.001). Prolonging cells exposure to 72 h, hBN 
determined a concentration-dependent drop in ATP levels at the con
centration of 50 μg/mL (75 % of ATP production; p < 0.001) and above, 
with maximum effect at 400 μg/mL (19 % of ATP production; 
p < 0.0001) (Fig. 4, panel E). These results suggest that hBN can 
significantly alter mitochondrial membrane potential as a possible 
mechanism of mitochondrial damage in terms of impaired energy 
metabolism and mitochondrial activity, albeit only at high concentra
tions. These observations are in accordance with previous findings 
showing hBN ability to induce mitochondrial depolarization in different 
cell types [44,70].

Lastly, given the strong correlation between mitochondrial disfunc
tion and ROS generation, hBN ability to evoke oxidative stress in kera
tinocytes was measured by the DCFDA assay. As compared to negative 
control, 24 and 72 h treatment with 50 μg/mL hBN significantly 

Fig. 3. Representative TEM images of HaCaT cells after exposure to hBN (50 μg/mL) for 24 or 72 h. Red arrows indicate particles inside the cells.
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increased ROS levels by 16 % (p < 0.01) and 22 % (p < 0.0001), 
respectively. The highest concentration (400 μg/mL) induced 40 % 
(p < 0.0001) and 82 % (p < 0.0001) increase, respectively (Fig. 4, panel 
F). These findings are in agreement with those of a previous study on 
mHippo E-14 cells, showing a significant ROS production induced by 
hBN at the concentration of 44 μg/mL, both after 24 and 72 h exposure 
[75]. On the contrary, Şen and colleagues pointed out, not only the 
inability of hBN to induce ROS production, but also its capability to 
inhibit ROS generation at a high concentration (100 µg/mL) in human 
dermal fibroblasts and human umbilical vein endothelial cells [70]. 
However, these differences could be tentatively ascribed to diverse 
methods of hBNs production or to other hBNs features, such as their size 
and shape.

On the whole, our results suggest that mitochondrial dysfunction 
(mitochondrial depolarization and impairment of energy metabolism) 
and oxidative stress could represent key events involved in hBN cyto
toxicity towards keratinocytes. In particular, hBN seems to induce ROS 
production at concentrations higher than those inducing mitochondrial 
depolarization and perturbation of energy metabolism, suggesting that 
oxidative stress might be a consequence, and not the cause, of mito
chondrial dysfunction. However, it has be considered that also these 
parameters were affected by high hBN concentrations as compared to 
those of GRMs (Pelin et al., 2018b), highlighting, once again, a high 
biocompatibility of hBN.

With the attempt to elucidate the role of mitochondria in the 
mechanism of hBN cytotoxicity, a set of experiments was carried out in 

Fig. 4. Effects of hBN (0.8–400.0 μg/mL) on cell viability (WST-assay, panel A), cell mass (SRB assay, panel B), plasma membrane integrity (uptake of PI assay, panel 
C), mitochondrial depolarization (JC-1 fluorescent assay, panel D), ATP production (ATP detection assay, panel E), and ROS production (DFCDA assay, panel F) in 
HaCaT cells. Data are the mean ± SE of at least three independent experiments carried out in triplicate. Statistical differences vs negative controls: * , p < 0.05; * *, 
p < 0.01; * ** , p < 0.001; * ** *, p < 0.0001 (Two-way ANOVA and Bonferroni’s post test).
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presence of cyclosporine-a (CyclA), inhibitor of mitochondrial perme
ability transition pore (MPTP) formation [54], or N-acetyl-cysteine 
(NAC), an anti-oxidant able to protect mitochondria by reducing 
ROS-dependent mitochondrial depolarization [48,72]. HaCaT cells were 
pre-exposed to 0.2 μM CyclA or 1 mM NAC for 1 h before exposure to 
hBN (12.5–100.0 μg/mL) and CyclA or NAC for 72 h. Results showed in 
Supplementary Figure S2 demonstrate that both CyclA and NAC slightly, 
but significantly, inhibited mitochondrial depolarization induced by 
hBN, but they did not influence the reduced cell viability. This obser
vation suggests that: i) mitochondrial depolarization is only partially 
caused by a biochemically-modulated response, such as opening of 
MPTP, and ii) the inhibition of this phenomenon, only in a minor part 
responsible of mitochondrial dysfunction, is not sufficient to restore cell 
viability. On the whole, these data suggest that the reduced cell viability 
and the related mitochondrial depolarization induced by hBN are not 
primarily associated to a biochemically-controlled response, but could 
be rather ascribed to a physical damage at the plasma and mitochondrial 
membranes levels. Indeed, a recent study on neonatal human dermal 
fibroblasts demonstrated that low concentrations of BN nanosheets 
spontaneously penetrated mitochondrial lipid membranes through hy
drophobic interactions. Once penetrated, BN induced heterogeneous 
lipid packing and mitochondrial fragmentation, determining morpho
logical and functional alterations of mitochondria. These alterations 
activated cell autophagy as clearance mechanism to remove damaged 
mitochondria and maintain cell viability [64]. It should be underlined 
that results showed in Figs. 2 and 3 clearly demonstrate hBN internali
zation into cells, therefore supporting the hypothesis of a direct physical 
damage to mitochondria.

3.5. Effects of hBN on 3D reconstructed human epidermis

3.5.1. Skin corrosion and irritation
It should be noted that, despite their functional and biochemical 

relevance, common in vitro 2D epidermal cell cultures do not completely 
resemble the intact epidermis morphology. Thus, 3D models of 
epidermis enable the formation of intercellular junctions, the mainte
nance of tissue integrity and barrier function, making them more reli
able and predictive [34]. In this study, we used the SkinEthic™ 
Reconstructed human Epidermis (RhE), a standardized 
commercially-available 3D model of epidermis, constituted by 
non-transformed human keratinocytes, closely simulating histological, 
biochemical, physiological and morphological properties of epidermis 
[53]. We focused on the assessment of two main adverse effects at the 
cutaneous level (corrosion and irritation), adopting two specific TGs 
defined by the OECD (431 and 439, respectively) [55,56]. OECD TGs 
define commonly accepted procedures that should be strictly followed to 
assess different adverse outcomes that must be considered for all sub
stances that should be commercialized, to collect toxicological data 
suitable for international regulatory requirements [22]. In fact, they 
have been included in New Approach Methodologies, as alternative 
non-animal methods useful for the hazard characterization and risk 
assessment of substances, in compliance with the 3 R’s principles 
(replacement, reduction and refinement) [57].

However, it should be noted that no OECD standards predicting skin 
adverse outcomes of 2D nanomaterials are currently available, and most 
TGs, originally validated for chemicals, need to be adapted to this 
particular category [5]. Recently, we carefully demonstrated the possi
bility to adopt TG 431 and 439 also for 2D GRMs without introducing 
any modifications to the protocol [6,28]. Given the similarities between 
GRMs and hBN in terms of physico-chemical behavior, the same as
sumptions could be made also for testing other 2D materials, such as 
hBN. The protocols described in the OECD TGs 431 and 439 are similar 
not only for the model (3D RhE), but also for the readout used for the 
prediction: skin corrosion and irritation potentials are assessed by means 
of reduced tissue viability after treatment with the test substances, using 
the MTT assay.

On these grounds, we firstly evaluated skin corrosion properties of 
powdered hBN (40 mg/cm2). As reported in Fig. 5 (panel A), 3 min or 
1 h exposure to hBN did not significantly reduce RhE viability with 
respect to untreated controls. Being below the thresholds defined by the 
OECD TG 431 (tissue viability <50 % after 3 min exposure or <15 % 
after 1 h exposure), the negligible reduction of tissue viability induced 
by hBN suggests that the material can be considered as non-corrosive. As 
expected, 3 min exposure to the positive control (8 N KOH) significantly 
decreased tissue viability to 0.7 % (p < 0.0001), confirming that it is a 
corrosive substance, belonging to the Sub-category 1 A of the United 
Nations Globally Harmonized System of Classification and Labelling of 
Chemicals (UN GHS) [78].

However, a substance identified as non-corrosive should be tested 
also for its potential as skin irritant. Such property refers to the ability of 
a topically applied substance to induce a reversible skin damage, typi
cally correlated with the development of an inflammatory reaction. As 
shown in Fig. 5 (panel B), hBN (32 mg/cm2) turned out to be non- 
irritant, since RhE viability reduction was below the threshold given 
by the OECD TG 439 (tissue viability: ≤50 %) after 42 min exposure 
followed by 42 h post-treatment incubation. In contrast, the positive 
control (5 % SDS) decreased tissue viability to 1.1 %, demonstrating its 
irritant properties (p < 0.0001). Moreover, two other chemicals were 
included into this analysis, DNCB and NiSO4 (32 mg/cm2), as reference 
agents, the first inducing both irritation and sensitizing effects, the 
second one being a skin sensitizer. These additional reference controls 
were added to subsequently investigate if the pattern of pro- 
inflammatory mediators released by hBN-treated RhE was comparable 
to an irritant (SDS) or a sensitizing agent (DNCB, NiSO4), given the 
involvement of an inflammatory reaction in both adverse outcomes. In 
detail, DNCB induced a considerable reduction of RhE viability to 1 % 
(p < 0.0001), confirming its irritant properties, besides its sensitizing 
ones. NiSO4 significantly decreased tissue viability to 72 % 
(p < 0.0001), above the threshold level predicting an irritant effect, 
indicating its slight toxicity towards RhE tissue, without skin irritant 
properties.

3.6. Pro-inflammatory effects of hBN

Inflammatory mediators quantitation is useful for an improved 
assessment of skin irritant properties, since even sub-cytotoxic concen
trations of a substance could activate inflammatory processes and also 
immune stress [58]. To assess the inflammation state of RhE and to 
implement the data obtained adopting the OECD TG 439, tissue media 
from treated RhE tissues were collected to quantify a panel of selected 
pro-inflammatory mediators (IL-1α, − 1β, − 6, − 7, − 8, − 18, − 33, TNF-α, 
PGE2 and RANTES) and to assess hBN ability to stimulate epidermal 
keratinocytes as initiators of a possible skin inflammation. Figure S3
shows the concentrations of each inflammatory mediator (pg/mL) 
measured in culture media after RhE exposure to hBN, DNCB, NiSO4 
(32 mg/cm2) or 5 % SDS (positive control), in comparison with that 
recorded in RhE exposed to PBS (negative control). In general, inflam
matory mediators’ release pattern induced by hBN seems to be compa
rable to that of negative control, suggesting the lack of pro-inflammatory 
potential, in accordance with the absence of irritation. Slight, but sig
nificant, alterations in the release of IL-1α, − 8, − 18, − 33, PGE2 and 
RANTES were found only for DNCB, NiSO4 or the positive control SDS.

With respect to negative control (IL-1α = 49 pg/mL; Fig. S3, panel 
A), a significant increase in the release of IL-1α, a useful marker for the 
discrimination between irritant and non-irritant substances [10], was 
found only for the positive control 5 % SDS (342 pg/mL, equal to a 
8.1-fold increase; p < 0.0001), confirming previously findings [37,47, 
63,74]. In addition, with respect to negative controls (IL-8 = 65 pg/mL; 
IL-33: 30.0 pg/mL), only the positive control SDS, but not the sensitizing 
substances, determined a mild, but significant, increase in the release of 
IL-8 (80 pg/mL, equal to a 1.2-fold increase; p < 0.01; Fig. S3, panel E) 
and IL-33 (36 pg/mL, equal to a 1.2-fold increase; p < 0.01; Fig. S3, 
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panel G). IL-8 is a chemotactic factor for neutrophils and T lymphocytes 
[4], while IL-33 is a mediator able to drive the T-helper type 2 cells 
responses acting as an alarmin [29]. The lack of IL-8 release by RhE 
tissues exposed to sensitizing DNCB and NiSO4 is not in line with the 
findings by other studies reported in literature [9,27]. However, the 
discrepancy in the results could be due to the short-term treatment of 
RhE (42 min) if compared to the treatments with sensitizers reported in 
other studies (up to 24 h).

On the contrary, in comparison to negative control (IL-18 = 15 pg/ 
mL; Fig. S3, panel F), only DNCB and NiSO4 determined a weak but 
significant increase of IL-18 release to 16 pg/mL for both substances 
(1.1-fold increase; p < 0.01). IL-18 could be used to discriminate sen
sitizers from irritants [2,11]; since hBN did not induce IL-18 release, in 
contrast to DNCB and NiSO4 that slightly increased its release, this result 
supports the hypothesis that hBN is not a skin sensitizer. However, our 
findings using 3D RhE do not rule out a possible involvement of the 
immune system to exclude sensitizing potential of hBN. Nonetheless, a 
previous study reported extremely low irritant and sensitizing properties 
for boron nitride in different cosmetic formulations, assessed through 
human occlusive and/or repeated insult patch tests [26].

Regarding PGE2, a mediator able to regulate lymphocyte functions 
[36], only DNCB induced its significant increase to 28 pg/mL (1.2-fold; 
p < 0.05), as compared to negative control (23 pg/mL; Fig. S3, panel I). 
Lastly, “regulated upon activation normal T expressed and secreted” 
(RANTES) is a selective chemoattractant factor for monocytes and 
lymphocytes during early stages of inflammation in keratinocytes [68]. 
As shown in Figure S3 (panel J), both DNCB and the positive control 
(5 % SDS) induced a significant reduction of RANTES release to 
504 pg/mL (23.2-fold decrease; p < 0.05) and 3015 pg/mL (3.7-fold 
decrease; p < 0.05), respectively, in comparison with that induced by 
negative control (11219 pg/mL). On the contrary, none of the tested 
substances increased the release of IL-1β (Fig. S3, panel B), IL-6 (Fig. S3, 
panel C), IL-7 (Fig. S3, panel D) and TNF-α (Fig. S3, panel H).

Altogether, these data suggest the lack of pro-inflammatory potential 
for hBN, given the low amounts of released inflammatory mediators 
measured. To confirm this observation, associations among the pattern 
of inflammatory mediators’ release for each tested substance were 
evaluated by a hierarchical cluster analysis, as represented in Fig. 6. The 
analysis showed one major cluster comprising hBN, negative control and 
NiSO4, suggesting a comparable mediators’ release pattern, supporting 
the results obtained adopting the OECD TG 439 and suggesting a 
negligible pro-inflammatory potential of hBN after 42 min exposure 

followed by 42 h of post-treatment incubation. Intriguingly, the sensi
tizer, albeit not irritant, NiSO4, grouped together with this cluster, 
suggesting an extremely low pro-inflammatory potential despite its 
sensitization properties, considering this specific panel of inflammatory 
mediators. On the other hand, inflammatory mediators release induced 
by the irritant and strong sensitizer DNCB and the positive control SDS 
were not grouped in a specific primary cluster, suggesting different 
release patterns.

Fig. 5. Skin corrosion (panel A) and irritation (panel B) properties of hBN, controls and reference substances evaluated as SkinEthic™ Reconstructed Human 
Epidermis (RhE) viability. Results are the mean ± SE of three independent experiments. Corrosion was predicted on the basis of the relevant thresholds given by the 
OECD TG 431 (panel A, dashed red lines), while irritation was predicted on the basis of the threshold given by the OECD TG 439 (panel B, dashed red line). Statistical 
differences vs negative controls: * ** *, p < 0.0001 (One-way ANOVA and Bonferroni’s post-test).

Fig. 6. Heatmap and relevant hierarchical cluster analysis made on inflam
matory mediators data, released by RhE exposed to hBN, NiSO4 and DNCB 
(32 mg/cm2) and the positive control for irritation SDS (5 %) for 42 min, fol
lowed by 42 h of post-treatment incubation. Similarity among samples is 
depicted by each branch of the dendrograms, shorter branches representing 
more comparable patterns.
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4. Conclusions

Overall, the present in vitro study contributes to elucidate hBN toxic 
potential at the cutaneous level. In particular, despite its significant 
uptake into keratinocytes, hBN exerted only weak cytotoxic effects. Only 
slight alterations in viability, mass and plasma membrane integrity of 
HaCaT cells were recorded at high concentrations (>25 µg/mL), mainly 
after 72 h exposure. Moreover, in the effort to explore the mechanism 
underlying its cutaneous toxicity, even if low, hBN was evaluated for its 
ability to alter a series of cellular parameters known to be affected in the 
same cell model by 2D GRMs, considered as referenced 2D materials. In 
particular, the decreased cell viability and the disruption of plasma 
membrane integrity appeared associated with a mitochondrial damage 
causing secondary ROS production and drop of ATP intracellular level; 
however, these effects appear to be induced at hBN concentrations 
higher than those previously reported for different GRMs, suggesting a 
higher hBN biocompatibility with keratinocytes.

In addition, skin biocompatibility was further evaluated on the 3D 
RhE model, through the adoption of the OECD TG 431 and 439 to assess 
skin corrosion and irritation properties of hBN, respectively. No major 
limitations for the adoption of these TGs (originally validated for 
chemicals) to hBN were noticed, in line with the same observation 
previously made for GRMs. Their adoption allowed us to collect robust 
and reliable data demonstrating hBN as a non-corrosive and non-irritant 
material and with an extremely low pro-inflammatory potential.

Altogether, these results represent a significant gain on knowledge 
about the hazard characterization of hBN at the skin level. However, 
future studies will be necessary to investigate the role of key hBN 
physico-chemical properties in its toxic potential at the skin level, in line 
with the Safe-by-Design principle, as well as to study long-term effects. 
Anyway, these data acquire a particular interest for the safe use of hBN- 
enriched technological applications directly in contact with the skin 
and/or for workers involved in hBN manufacturing.

Environmental implication

Beside graphene, only limited information is available about the 
safety profile of other 2D materials, such as hexagonal boron nitride 
(hBN). Given the potential release of hBN into the environment during 
its whole life-cycle, the risk for the environment, as well as for human 
health, could not be excluded. Hence, this study provides robust toxi
cological data characterizing the hazard posed by hBN, considering skin 
contact as one of the most important exposure routes to this material 
once released in the environment as well as in an occupational scenario.
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