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Boron Nitride Nanosheets Induce Lipid Accumulation and
Autophagy in Human Alveolar Lung Epithelial Cells
Cultivated at Air-Liquid Interface

Govind Gupta, Ziting Wang, Vera M. Kissling, Alexander Gogos, Peter Wick,
and Tina Buerki-Thurnherr*

Hexagonal boron nitride (hBN) is an emerging 2D material attracting
significant attention due to its superior electrical, chemical, and therapeutic
properties. However, inhalation toxicity mechanisms of hBN in human lung
cells are poorly understood. Here, cellular interaction and effects of hBN
nanosheets is investigated in alveolar epithelial cells cultured on porous
inserts and exposed under air−liquid interface conditions for 24 h. hBN is
taken up by the cells as determined in a label-free manner via
RAMAN-confocal microscopy, ICP-MS, TEM, and SEM-EDX. No significant (p
> 0.05) effects are observed on cell membrane integrity (LDH release),
epithelial barrier integrity (TEER), interleukin-8 cytokine production or reactive
oxygen production at tested dose ranges (1, 5, and 10 μg cm−2). However, it is
observed that an enhanced accumulation of lipid granules in cells indicating
the effect of hBN on lipid metabolism. In addition, it is observed that a
significant (p < 0.05) and dose-dependent (5 and 10 μg cm−2) induction of
autophagy in cells after exposure to hBN, potentially associated with the
downstream processing and breakdown of excess lipid granules to maintain
lipid homeostasis. Indeed, lysosomal co-localization of lipid granules
supporting this argument is observed. Overall, the results suggest that the
continuous presence of excess intracellular lipids may provoke adverse
outcomes in the lungs.

1. Introduction

Understanding biological interactions, cytocompatibility and cel-
lular responses of nanomaterials is a prerequisite to address
the safe use and regulatory acceptance of novel engineered
nanomaterials, including the emerging two-dimensional (2D)
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materials.[1–4] 2D materials especially
graphene or related materials are exten-
sively exploited for numerous industrial
and biomedical applications that include
energy storage, superconductors, cata-
lysts, drug delivery, and therapeutics.[5]

Hexagonal boron nitride (hBN) is a
promising non-carbon 2D material that has
received great attention in recent years
for its potential applications in electronic
and optoelectronic devices,[6,7] and as an
outstanding thermal conductive material
with higher chemical stability compared to
metals.[8,9] In addition, hBN nanosheets or
nanoparticles have been demonstrated as
an excellent and promising alternative to
elemental boron (B10) in boron neutron
capture therapy for cancer treatment.[10–13]

hBN nanosheets provide higher accumu-
lation efficiency as well as on-demand
biodegradation in tumors than the ele-
mental B10, providing an opportunity for
successful cancer therapy with the least
off-target effects.[14–16] Besides cancer ther-
apy, hBN coupled to serum protein has
been used as a nanovector in adjuvant
production to achieve immunomodulatory

effects in mice.[17] Considering the extensive exploitation and use
of hBN in many different application fields, including direct hu-
man exposure for medical treatment, it is of utmost importance
to understand potential human health hazards early in the devel-
opment of products.

Inhalation is one of the most relevant and sensitive expo-
sure routes for engineered nanoparticles including 2D materi-
als at workplaces.[18–20] Numerous studies evidenced the cyto-
toxic and immunomodulatory potential of some carbon-based
2D materials, including graphene oxides in lung cells in vitro
and in vivo.[3,21–23] Boron nitride nanotubes (BNNTs), another
boron nitride allotrope besides hBN, have also been shown to
trigger cytotoxic effects in vitro and in vivo in mice lungs af-
ter inhalation exposure.[24–26] Pulmonary exposure to commer-
cial or industrial-grade BNNTs in mice has been demonstrated to
cause an acute inflammatory response in the lungs,[27,28] similar
to the extensively studied toxic multi-walled carbon nanotube-7
(MWCNT-7 or MITSUI-7).[29,30] Furthermore, Kodali et al.
(2017)[27] could show lysosomal destabilization, inflammasome
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Figure 1. A schematic illustration of the study design. In vitro exposure and safety assessment of hBN in lungs using an air-liquid interface (ALI) models
of alveolar epithelial cells (A549) cultivated to a confluent monolayer on a permeable support.

activation, and pyroptosis as potential cytotoxic mechanisms
of BNNTs exposure in vitro (using THP1 cells) and in vivo.
This cytotoxicity was not due to impurities introduced dur-
ing the manufacturing of BNNTs (as is the case for carbon
nanotube materials[31,32]) but is likely an inherent property of
the BNNTs (e.g., high aspect ratio) since high-purity mate-
rials exhibited a greater cell membrane damage and higher
cytotoxicity than those retaining manufacturing impurities
(i.e., polymers).[33]

There have been limited and rather conflicting studies on bi-
ological interactions and cytotoxicity of hBN nanosheets. Similar
to BNNTs, a recent study demonstrated that the shape of hBN
nanosheets contributes to potential biological effects.[34] Authors
could show that sharp-cornered (rhomboidal, cornered morphol-
ogy) hBN nanosheets bind to the cell membrane of lung epithe-
lial cells and create water channels across the lipid bilayer that
facilitate their entry into lysosomes, followed by cathepsin B re-
lease and apoptotic cell death after lysosomal permeabilization.
However, such adverse effects were not observed in the case of
exposure to round-shaped hBN nanosheets. In another study, Lin
et al. (2022)[35] demonstrated no significant effects of hBN expo-
sure on cell viability or ROS production in primary human den-
dritic cells (DCs). However, they could show that hBN triggered
the maturation of DCs followed by increasing the proliferation of
T cells in the presence or absence of DCs.

Here, we performed a comprehensive assessment of the up-
take, subcellular localization and cellular responses of hBN

nanosheets in alveolar (A549) epithelial cells representing a sim-
plified human alveolus cultivated on permeable supports un-
der realistic air−liquid interface exposure conditions (Figure 1,
schematics of the study design). A specific focus was set on poten-
tial toxicity mechanisms related to intracellular lipid accumula-
tion and homeostasis in order to expand on previous work, which
postulated an interference of hBN with membrane lipid bilayers
in submerged lung epithelial cells.[34] All the experiments were
conducted at occupationally relevant doses (1-10 μg cm−2) based
on potential lifetime exposure to nanomaterials in occupational
settings.[36]

2. Results and Discussion

2.1. Characteristics of hBN Nanosheets

hBN nanosheets were obtained within the Graphene Flagship
project consortium (https://graphene-flagship.eu/) and carefully
characterized. The lateral primary size distribution of the par-
ticles was determined using transmission electron microscopy
(TEM), revealing an average lateral diameter of 253.6 ± 110.9 nm
for the single and multiple-layer hBN sheets (Figure 2a). The aver-
age hydrodynamic size of the particles measured with DLS in wa-
ter and cell culture medium was 1670 ± 99 nm and 849 ± 46 nm,
respectively (Figure 2b). The particles were observed to be less
agglomerated and more stable in the cell culture medium possi-
bly due to the presence of serum proteins.[37,38] The zeta potential
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Figure 2. Characterization of hBN nanosheets. a) Representative TEM images of the particles in water and lateral primary particle diameter distribu-
tion determined from TEM micrographs for 112 distinguishable particles along their longest axis, revealing a mean lateral primary diameter of 253.6 ±
110.9 nm (± SD). Histogram with 100 nm binning and normal distribution fit. The inset image shows a higher magnification view of a few particles.
b,c) Average hydrodynamic size (b), and zeta potential c), of the particles in water (Milli-Q) and cell culture medium (RPMI1640 with 10% FCS) deter-
mined by DLS. Data presented as mean ± SD from three independent measurements. d) SEM image indicates sheet-like morphology of hBN with round
edges. e) Raman spectrum of thBN indicating the presence of a characteristic hBN peak at 1365 cm−1. a.u.: arbitrary units.

of the particles was similar in water (−9.9 ± 3.1 mV) and cell cul-
ture medium (−11.5± 0.4 mV) (Figure 2c). Scanning electron mi-
croscopy (SEM), as well as the TEM micrographs of the particles
showed particles with a dominantly round shape (Figure 2a,d).
Raman analysis of the hBN powder disclosed the presence of a
characteristic peak at 1365 cm−1 (Figure 2e). A similar peak was
also shown by others for hBN nanosheets.[39,40] The particles were
found endotoxin-free (0.095EU mL−1) as determined by running
a LAL assay.

2.2. hBN Nanosheets are taken up by Alveolar Epithelial Cells
with Partial Co-Localization in Lysosomes

A549-ALI cultures were exposed to hBN for 24 h and uptake
was determined by applying flow cytometry, ICP-MS, confocal-
RAMAN scanning and transmission electron microscopy (TEM).
The results are presented in Figure 3; Figure S1 (Supporting

Information). Flow cytometry results showed a dose-dependent
increase in the side scatter intensity (a proxy for cellular up-
take) of hBN-exposed cells as compared to the untreated con-
trol (Figure S1, Supporting Information). Previous studies have
also applied such a flow cytometry-based approach to measure
the cellular uptake of carbon-based nanoparticles including 2D
materials.[41–43] Furthermore, to quantify the intracellular boron
content as a measure of hBN uptake/adhesion, we performed
ICP-MS analysis of cells exposed to hBN (10 μg cm−2) or boric
acid (10 μg cm−2-equivalent concentration of B) (Figure 3a). The
B content was higher in the cells exposed to hBN as compared to
boric acid controls suggesting different uptake mechanisms for
ionic versus particle-bound B. Since the delivered cellular dose
is key to determining the subsequent bioresponses, the toxic-
ity of hBN will likely be different from its ionic counterparts. In
this context, a higher uptake of certain metal/metal-oxide-based
NPs (e.g., Cu and Ag NPs) than their ionic counterparts has been
shown to modulate cytotoxicity.[44,45] However, the cytotoxicity of
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Figure 3. Cellular uptake of hBN in A549-ALI cultures after exposure for 24 h. a) Boron (B) content in cells after exposure to hBN (10 μg mL−1) or
equivalent concentration of boric acid (BA, ionic control). The boron content in the untreated cells (control) was below the detection limit (marked as
not detected, ND). Data presented as mean ± SD (n = 3). b) Confocal-Raman scanning (scan area 30×30 cm2) analysis indicates the presence of hBN
in A549-ALI cultures. White arrows designate the presence of hBN in the exposed cells. Specific spectra at 1365 cm−1 correspond to hBN. a.u.: arbitrary
units. c) i-v: TEM images of hBN-exposed cells cultivated on a transwell membrane show the accumulation of hBN (black arrows) in the cytosol next
to cellular organelles such as multi-lamellar bodies (MLB), lysosomes (L) and mitochondria (M), and occasionally clearly inside cytotic vesicles (V) or
phagosomes of intact cells (Figure 3d,iii), excluding the nucleus (N). The black-outlined images show higher magnification views of hBN accumulations
at the specified region. Refer to Figure S3 (Supporting Information) for the corresponding TEM image of untreated (control) cells. vi-vii: SEM imaging
and EDX point analysis of hBN accumulation inside cells cultivated on a transwell membrane indicate comparable intracellular localization of hBN
accumulations as in TEM excluding the nucleus (vi), and confirm the high boron (B) and nitrogen (N) content of the hBN particles (blue point 1, vii),
in contrast to electron-dense cellular structures (lysosome, orange point 2) with higher carbon (C) and oxygen (O) content. The Si content observed at
both points stems from the Si-wafer support (vii).

the two NPs differed with respect to their salt counterpart. CuO
NPs induced higher cell death and DNA damage compared to
CuCl2.[44,45] On the other hand, Ag had the opposite effect, where
no toxicity (cell death) was observed for NPs, while AgNO3 in-
duced a high level of cell death.[45]

To understand whether intact hBN nanosheets are present
in the cells after 24 h of exposure, we performed Raman spec-
troscopy on the cells (Figure 3b). For the reference of intact
hBN, Raman spectra were recorded for pure hBN nanosheets de-
posited on a glass slide (Figure 2e). The hBN nanosheets showed

a specific Raman peak at 1365 cm−1, consistent with a previ-
ous study.[35] The same characteristic peak was determined from
hBN particles in exposed cells following Raman mapping to-
gether with a cell-specific peak at ≈2800 cm−1 corresponding to
biomolecules. The presence of hBN peak at 1365 cm−1 in the
exposed cells confirms the occurrence of intact hBN after 24 h
of exposure (Figure 3b). Furthermore, to visualize the intracel-
lular localization of hBN nanosheets, we performed TEM and
SEM-coupled energy-dispersive X-ray spectroscopy (EDX) anal-
ysis of cells (Figure 3c). TEM and SEM micrographs of hBN
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(10 μg cm−2) exposed A549 cells showed cellular uptake and an
accumulation of hBN sheets in the cytosol next to cellular or-
ganelles such as multi-lamellar bodies and occasionally clearly in-
side cytotic vesicles or phagosomes of intact cells (Figure 3c,iii).
A similar localization of hBN in the cytoplasm was also shown
in a previous study using immune cells (dendritic cells).[35] We
additionally analyzed these specific structures using SEM-EDX.
Intracellular objects of this morphology showed elevated levels
of both boron (B) and nitrogen (N), in contrast to other electron-
dense structures found in the cells (Figure 3c,vi–vii). This addi-
tionally supports the interpretation that the observed structures
were indeed intracellular hBN.

A recent study demonstrated lysosomal deposition of hBN
(cornered morphology with lateral polar edges) in lung epithe-
lial cells that eventually leads to cell death by causing lysoso-
mal permeabilization followed by cathepsin B release.[34] On the
other hand, round-shaped hBN nanosheets did not localize the
lysosomes, therefore no toxicity was observed. To follow up on
whether the hBN used in our study co-localizes and deposits in
lysosomes, we labeled the hBN with green fluorescent (FITC)
bovine serum albumin (BSA) protein by physical interaction of
hBN nanosheets and FITC-BSA as illustrated in Figure S2a (Sup-
porting Information). The A549-ALI cultures were then exposed
to the FITC-BSA@hBN complex for 24 h and cellular uptake was
confirmed again by measuring an increase in green fluorescence
intensity with respect to untreated controls using flow cytome-
try (Figure S2b, Supporting Information). Next, the cells were
co-stained with Lysotracker deep red and imaged under a con-
focal microscope. As shown in Figure S2c (Supporting Informa-
tion), the particles (which appeared like nanosheets) with green
fluorescence accumulated in the cells, with partial co-localization
in lysosomes observed in a few cells as shown in the magnified
image (Figure S2c, Supporting Information). In addition, con-
focal images showed heterogeneous uptake of labeled hBN in
the cells, where hBN was not taken up by some cells. The par-
tial co-localisation of label-free hBN (not with FITC-BSA) with
lysosomes was also seen in TEM micrographs (Figure S2d, Sup-
porting Information‘). Since the hBN used here has a round
morphology, our data is in line with the previous study showing
no lysosomal colocalization of such materials.[34] Overall, hBN
nanosheets predominantly accumulated in the cytoplasm of lung
alveolar epithelial cells with no potential sign of biotransforma-
tion (based on structural appearance in TEM and SEM, and con-
firmation of hBN peak in RAMAN spectra and SEM-EDX) ob-
served up to 24 h.

2.3. hBN nanosheets do not Trigger Cytotoxicity, loss of Epithelial
Barrier Integrity, Oxidative Stress or Interleukin-8 Release

To understand the cytocompatibility of hBN nanosheets in lung
cells, A549-ALI cultures were exposed to 1–10 μg cm−2 of hBN
for 24 h. hBN did not affect cell viability (based on LDH release)
and only induced a slight but non-significant decrease of ep-
ithelial barrier integrity as determined by measuring the TEER
value before and after hBN exposure (Figure 4a,b). In addition,
hBN did not induce intracellular ROS production (Figure 4c) or
lipid peroxidation at the tested dose range of up to 10 μg cm−2

(Figure 4d). Next, we evaluated whether hBN exposure in A549-

ALI cultures induced cytokine/chemokine production. IL-8 is an
oxidative stress-responsive proinflammatory cytokine constitu-
tively produced by epithelial cells,[46,47] therefore, the release of
IL-8 from hBN-exposed cells was measured. Results showed no
significant (p > 0.05) increase in IL-8-release in hBN (10 μg cm−2)
exposed cells when compared with untreated control (Figure S4,
Supporting Information). These results are in agreement with
previous studies showing no cytotoxicity or oxidative stress af-
ter exposure to hBN nanosheets in human alveolar lung epithe-
lial cells (A549 cells) or dendritic cells.[35,48] Recently, Lucherelli
et al. 2021 have shown that the shape of hBN nanosheets plays
a crucial role in their cytotoxicity in human lung epithelial cell
line (H460 cells).[34] Only hBN with sharp edges but not with
round edges triggered a dose-dependent (10–40 μg mL−1) cyto-
toxic effect. By applying molecular dynamics (MD) simulations,
they could further show that such effects of sharp-edged hBN
were observed due to the formation of cross-membrane water
channels in the lipid bilayer membrane that facilitated their cellu-
lar entry and lysosomal permeabilization. Similar to sharp-edged
hBN nanosheets, the toxicity of BNNTs has also been proposed
to be driven by piercing the cell membrane[26] and/or by extrac-
tion of lipids from lipid bilayer membranes.[49] Taken together,
boron nanoparticle toxicity appears to be governed by the pres-
ence of sharp edges. SEM and TEM images of hBN nanosheets
used in our study showed the absence of sharp edges, which
could explain the overall low cytotoxicity on A549-ALI cultures
(Figure 2a,d).

2.4. hBN Nanosheet Exposure Leads to Lipid Accumulation in
Human Alveolar Epithelial Cells

Dysregulation of lipid homeostasis in the lungs could be a cause
of pulmonary diseases in children or adults.[50,51] The alveolar
type II cells are one of the most active cell types in the lungs with
a high lipid metabolism.[51] These cells regularly produce and
degrade surfactant lipids (i.e., dipalmitoylphosphatidylcholine)
that are essential for lowering respiration-mediated surface ten-
sion in the alveoli and maintaining the respiratory system.[52,53]

Therefore, any effects on lipid homeostasis in alveolar lung cells
may contribute to the development of pulmonary illness. Here,
we examined whether exposure to hBN nanosheets in A549-
ALI cultures (type II alveolar cells) could affect lipid accumu-
lation. To this end, we probed the cells with Bodipy493/503, a
lipophilic green fluorescent dye that stains neutral lipids in the
cells including in lipid granules (e.g., lipid droplets).[54] Lipid
granules are the dynamic cytosolic organelles involved in buffer-
ing excess lipids in the cells to maintain lipid homeostasis.[55–57]

Interestingly, semi-quantitative analysis of lipid accumulation
(based on a change in Bodipy493/503 fluorescence) in cells us-
ing flow cytometry demonstrated a relatively dose-dependent (1 –
10 μg cm−2) increase in lipid accumulations after 24 h of exposure
to hBN when compared with the untreated control (Figure 5a).
To localize the lipid accumulation, we performed confocal imag-
ing of the cells followed by transmission electron microscopy.
As shown in Figure 5b, the lipid accumulation in the cells
mainly occurred in the lipid granules, which increased in their
number after exposure to hBN (10 μg cm−2) for 24 h. TEM im-
ages further confirmed the increased presence of lipid granules
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Figure 4. Cytotoxicity and oxidative stress in A549 cells after 24 h of hBN exposure. a,b) No cytotoxicity or loss of barrier integrity was observed in cells
as determined by measuring LDH release (a), and TEER (b), respectively. c) No change in cellular total ROS content was observed as determined by
the DCF assay. Data presented as mean ± SD (n = 3). **p < 0.01 is statistically significant with respect to control. p > 0.05 considered statistically not
significant (ns). p-value was calculated by applying One-way ANOVA and Dunnett’s multiple comparison test for post hoc analysis. d) No effect in cellular
lipid oxidation was observed as measured by C11-BODIPY(581/591) staining of the cells. The dotted line indicates no notable shift in green fluorescence
intensity (reflecting to lipid oxidation) to the right between control and the different treatments. The lipid oxidation experiment was repeated twice with
similar observations and a representative histogram is presented.

in hBN-exposed cells (Figure 5c). Although this is, to our knowl-
edge, the first demonstration of intracellular lipid accumulation
in lung epithelial cells from hBN exposure, previous studies
have shown similar effects for other nanoparticles. For instance,
metal or metal oxide nanoparticles have been shown to modulate
cellular lipid homeostasis and metabolism in rats and mice.[58,59]

Furthermore, Ma et al. (2021)[60] could demonstrate the effect of
amorphous silica nanoparticles (known biocompatible material
with no pronounced cytotoxicity) on lipid metabolism in RAW
264.7 macrophage cell lines by proteomic analysis of lysosomes.
They also observed an accumulation of cholesterol lipids in the
cytosol which co-localized with lysosomes. Since lysosomes per-
form a crucial role in the breakdown of excess or abnormal cel-
lular lipids,[61] it is important to investigate their potential con-
tribution towards nanoparticle-induced toxicity, especially those
involving disturbances in lipid metabolism.

Therefore, to further understand whether lysosomes are po-
tentially involved in the breakdown of hBN-induced lipid changes
in A549-ALI culture, we co-stained the lipid granules and lyso-
somes using BODIPY493/503 and Lysotracker deep red, respec-

tively. The confocal micrographs showed a co-localization of
lipid granules and lysosomes only in some cells of hBN-exposed
(10 μg cm−2) cultures, however, co-localization was not seen in
control cells (Figure 5d). Despite the low co-localization of lipid
droplets and lysosomes, we performed further studies on au-
tophagy to better understand the potential role of lysosomes to-
wards the observed toxicity of hBN on lipid homeostasis.

2.5. hBN Nanosheet Exposure Induces Autophagy in Human
Alveolar Epithelial Cells

Autophagy is a lysosome-dependent cellular degradation mech-
anism that could play a protective function under stress in the
lung.[63–65] Singh et al. (2009)[66] uncovered the crucial function of
autophagy in regulating the intracellular stores of lipids (termed
lipophagy) and eventually maintaining lipid homeostasis. Oth-
ers have also identified autophagy as a potential caretaker of
cellular lipid homeostasis and its associated cellular
functions.[67,68] A recent study demonstrated an impaired
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Figure 5. Lipid accumulation in A549 cells after hBN exposure for 24 h under ALI conditions. a) A dose-dependent increase in BODIPY493/503 fluorescence
intensity in the cells was determined using flow cytometry. b) Confocal micrographs confirmed the accumulation of lipids in the lipid granules (white
arrows in the magnified images). The flow cytometry and confocal imaging experiments were repeated three times (n = 3) and a representative histogram
or image was presented. c) Representative TEM micrographs show the presence of lipid granules with their characteristic thin dark outline (see, e.g.,[62])
in the cytosol (white arrows). Note that the control and hBN-treated cells were inevitably cut at different cellular z-axis depths, making the control cells
appear larger at the same magnification. d) Lysosomal co-localization of lipid granules in hBN-exposed cells at the indicated concentration. Arrowheads in
the magnified image indicate the yellow/orange puncta in cells formed due to the co-localization of lipid granules (green, BODIPY493/503) with lysosomes
(Lysotracker deep red).

lysosomal function and autophagy in human alveolar epithelial
cells upon exposure to silica nanoparticles, leading to fibrosis
and cell death.[69] However, reverting the lysosomal function
and autophagy protected the cells from fibrosis and cell death
confirming the protective function of autophagy in lung cells.
Therefore, we investigated whether the accumulation of lipid
granules could induce autophagy in hBN-exposed A549-ALI
cultures. Our results showed a dose-dependent (5-10 μg cm−2)
and statistically significant (p < 0.05) increase in autophagy
after 24 h of exposure to hBN (Figure 6a,b). Moreover, confocal
micrographs revealed a higher number of autophagic vacuoles
in cells exposed to 10 μg cm−2 hBN compared to untreated
controls (Figure 6c). Rapamycin, a known autophagy inducer,
also triggered autophagy response in the cells.

We further validated autophagy induction in cells by mea-
suring the accumulation of LC3B-positive punctuated struc-
tures and then explored the autophagy flux by co-staining the
cells with lysosomal-associated membrane protein 1 (LAMP-

1) (Figure 7a). The immunofluorescence images of cells re-
vealed an increased presence of LC3B -positive punctuated struc-
tures in hBN-exposed cells, confirming the accumulation of
autophagosomes after 24 h (Figure 7a). Following autophago-
some formation, the next step in autophagy process involves
their fusion with lysosomes (known as autophagolysosomes)
and then subsequent degradation of the cargo. However, an
impairment in the function of lysosomes could lead to the
accumulation of autophagosomes in the cells. Therefore, we
evaluated autophagosome-lysosome fusion by observing the co-
localization of LC3B (green puncta) and LAMP1 (red puncta)
in the cells. The results showed an enhanced autophagosome
formation (LC3B positive green puncta) with some colocaliza-
tion of LC3B with LAMP1 (yellow puncta, autophagolysosomes)
in hBN-treated cells, suggesting that lysosomal degradation of
autophagosomes was partially decreased but not completely
impaired (Figure 7a), Chloroquine was used as a positive con-
trol for autophagy flux since it is known to block the fusion
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Figure 6. Autophagy induction in A549-ALI cultures after exposure to hBN nanosheets for 24 h. a,b) Flow cytometry measurements showed a dose-
dependent increase in the cellular fluorescence intensity of the green-detection reagent corresponding to autophagy induction in cells, a) representative
histogram overlay, and b) median cellular intensity of green-detection reagent presented as mean ± SD (n = 3). Rapamycin is used as a positive
control to induce autophagy in cells. *p < 0.05, **p < 0.01, ***p < 0.001 are statistically significant with respect to untreated control. p-value was
calculated by applying One-way ANOVA and Dunnett’s multiple comparison test for post hoc analysis. c) Confocal micrographs indicate an increase
in the accumulation of autophagy vacuoles (green) in the cells after exposure to rapamycin or hBN nanosheets at indicated concentrations. Scale bar:
10 μm.

of lysosomes with autophagosomes.[70] As expected, autophago-
some accumulation was increased in chloroquine-exposed cells
(Figure 7a). Next, we examined whether inhibiting autophagy us-
ing a pharmacological inhibitor (wortmannin) could affect hBN
cytotoxicity in lung cells. Wortmannin is a phosphatidylinositol 3-
kinase inhibitor widely used for inhibiting cellular autophagy.[71]

The results showed a slight increase (p > 0.05) in cytotoxicity
of hBN (10 μg cm−2) nanosheets in the cells pre-incubated with
wortmannin with respect to control (or only wortmannin exposed
cells), indicating a protective function of autophagy in hBN-
exposed cells (Figure 7b). In a recent study, Wei et al. (2021)[72]

demonstrated that dietary exposure to copper ions in catfish in-
creased lipid deposition, which was reverted to normal levels by
induction of lipophagy upon subsequent exposure to zinc. Oth-
ers have also demonstrated the protective role of lipophagy or
autophagy to counteract abnormal lipid accumulation and lipo-
toxicity in cells.[73–75] Taken together with the results obtained
in the study, our current model (depicted in Figure 7c) poten-
tially suggests that hBN exposure enhances the accumulation
of lipid granules in alveolar lung cells, followed by activation of
autophagy. Next. the excess lipid granules undergo autophagy-

mediated degradation (also known as lipophagy) that subse-
quently protects cells from lipotoxicity and enhances cell survival.
On the other hand, continuous production of lipid granules due
to the biopersistence of hBN in the cells may ultimately decrease
the lysosomal function or lead to lysosomal insufficiency, which
could be a potential cause for the accumulation of autophago-
somes observed in our study.

Therefore, a long-term exposure study is needed for a com-
plete hazard assessment of hBN, and our study emphasizes the
importance of placing a specific focus on the impact of chronic
hBN exposure on lipid metabolism and homeostasis.

3. Conclusion

Hexagonal boron nitride is a promising 2D material exploited for
a wide range of applications in biomedical, therapeutic, energy
and electronic sectors. However, the potential impact of hBN ex-
posure on lung cells and its toxicity mechanisms have not been
well studied. In the present study, we have demonstrated cellular
uptake and subtoxic effects of hBN nanosheets in lung alveolar
epithelial cells and further explored the mechanism of subtoxic
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Figure 7. Autophagy flux in hBN (10 μg/cm2) exposed A549-ALI cultures after 24 h. a) Immunofluorescence images of lung cultures with a zoomed
section showing a few cells from corresponding regions (white square) of the image to indicate enhanced accumulation of LC3B-positive (green punta)
autophagosomes (arrowheads) in chloroquine (positive control) or hBN-exposed cells. Few autophagosomes were seen to be co-localized with lyso-
somes (LAMP1-positive, LC3B-positive, yellow punctae) forming autophagolysosomes (white arrows). Immunofluorescence experiments were repeated
at least twice in replicates and representative images are shown here. b) Pre-incubation of cells with autophagy inhibitor wortmannin (100 nM) slightly
(not statistically significant, p > 0.05) improved the cytotoxicity of hBN as indicated by an increase in LDH release. Data presented as mean ± SD (n =
3). p > 0.05 considered statistically not significant (ns). p-value was calculated by applying One-way ANOVA and Tukey‘s multiple comparison test for
post hoc analysis. (c) Schematic Figure depicts the current model of hBN-triggered cellular autophagy. hBN is taken up by alveolar lung cells leading to
the induction of lipid granules. Excess production of cellular lipid granules activates autophagy, which degrades the lipid granules to maintain cellular
lipid homeostasis. However, continuous production of lipid granules may reduce lysosomal function, resulting in autophagosome accumulation in the
cells.
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responses in the cells. Our results show that hBN nanosheets did
not affect cell viability and epithelial barrier integrity of A549-ALI
cultures after 24 h exposure to a dose range of 1–10 μg cm−2 de-
spite being taken up by the cells. However, the observed subtoxic
effects of hBN on lipid homeostasis and subsequent induction of
autophagy could be of potential concern. In particular, long-term
and/or repeated exposure to hBN may “overload” the autophagy-
mediated protective function of the lung cells and may give rise to
delayed adverse effects or even lead to the development of lipid-
mediated lung diseases (i.e., asthma and COPD). This study rec-
ommends future investigations on the long-term impact of hBN
exposure and its correlation to chronic lung diseases.

4. Experimental Section
Material Dispersion and Characterization: The exfoliated hBN

nanosheets were obtained in powder form from the Graphene Flagship
consortium (Provider: BeDimensional, Italy). For the cell experiments, a
dispersion of hBN nanosheets was prepared in endotoxin-free BSA water
(0.1%). Briefly, 2 mg of hBN powder was weighed in a sterile vial followed
by adding 4 mL of BSA water (0.1%) to achieve a 0.5 mg mL−1 stock
suspension. The particles were vortexed briefly and sonicated using a
bath sonicator for 15 min followed by another 15 min, before use. Stock
dispersions were diluted in a cell culture medium for exposure or in water
for characterization to the final working experimental concentrations (1–
10 μg cm−2). The characterizations were performed using the following
techniques:

Material Dispersion and Characterization–Transmission Electron Mi-
croscopy (TEM): Morphology and primary particle size of hBN were in-
vestigated using TEM. Briefly, 5 μL of 50 μg mL−1 hBN nanosheets in
water were drop-casted onto a 200-mesh copper grid with holey carbon
film (Electron Microscopy Resolutions, HC200Cu). Then the grid was air-
dried before imaging with a Zeiss EM 900 microscope at 80 kV (Carl Zeiss
Microscopy GmbH, Germany). The primary particle diameters were mea-
sured for 112 hBN particles (that were distinguishable inside agglomer-
ates) along their longest axis with the TEM user interface iTEM 5.1 soft-
ware (Build 1700, Olympus), plotted and statistically analyzed using Ori-
gin 2022.

Material Dispersion and Characterization–Scanning Electron Microscopy
(SEM): For SEM analysis, hBN nanosheets dispersed in BSA water were
filtered onto anodized Al-oxide disk filters (TedPella, USA) and dried. SEM
imaging was performed using an Axia ChemiSEM (Thermo Fisher Scien-
tific).

Material Dispersion and Characterization–Zeta Sizer: Hydrodynamic
size and z-potential of hBN (50 μg mL−1) in water and complete cell cul-
ture medium (containing 10% FBS) were determined using a Zetasizer
Nano ZS instrument (Malvern Instruments, UK).

Material Dispersion and Characterization–RAMAN Spectroscopy: Ra-
man spectrum of the exfoliated hBN particles was obtained using a WITec
Alpha 300 RAS system (Oxford Instruments, Germany) equipped with a
532 nm and 488 nm excitation laser. For the measurement, a thick layer
of hBN nanosheets was prepared in a glass slide and then a single-point
spectrum was recorded using a 532 nm laser.

Material Dispersion and Characterization–Endotoxin Chromogenic Assay:
The endotoxin concentration in hBN suspension (100 μg mL−1) was mea-
sured using the Pierce LAL Chromogenic Endotoxin Quantitation kit (sen-
sitivity 0.1 EU mL−1; Thermo Fisher Scientific, USA), following the manu-
facturer’s instructions.

Air-Liquid Interface Culture of Alveolar Epithelial Cells (A549-ALI Cul-
ture) and hBN Exposure: Human alveolar pulmonary epithelial cells
(A549) were obtained from the American Type Culture Collection CCL-
185, Lot number 60 120 896) and were cultured and maintained in RPMI-
1640 (Rosewell Park Memorial Institute-1640 medium, Sigma-Aldrich)
medium supplemented with 10% fetal calf serum (Gibco, Germany), 1% L-
glutamine (Gibco, Germany), and 1% penicillin-streptomycin (Gibco, Ger-

many). The cells were sub-cultured regularly and maintained at 37 °C in
the CO2 (5%) incubator. For the experiments, the A549 cells (2.5 × 105)
were seeded on the apical side of microporous transwell inserts (PET,
pore diameter 3 μm, 113.1 mm2 growing area, Thincerts, Greiner Bio-
One Vacuette Schweiz GmbH, Switzerland), and cultured for five days at
submerged condition (0.5 mL and 1.5 mL of cell medium at apical and
basolateral sides, respectively). To establish the air-liquid interface (ALI)
environment, the cell culture medium was removed from both apical and
basolateral sides after five days and replenished with fresh medium only
at the basolateral side. The cells were maintained at ALI conditions for
another 24 h. Cells were then exposed to the hBN (1, 5, or 10 μg cm−2 cor-
responding to 10.3, 56.65, or 113.3 μg mL−1) or other tested materials by
dropping 100 μL of suspensions at the apical side of the cultures for 24 h
unless otherwise noted. Triton-X-100 (0.2%; Sigma-Aldrich) was used as
a positive control for cytotoxicity assay and added to the cultures only for
2 h.

Cellular Uptake and Subcellular Distribution of hBN–Flow Cytometry:
Flow cytometry was applied to evidence the cellular uptake of hBN in A549
cells based on measurement of side scatter (SSC) intensity in the hBN-
exposed cells with respect to control after 24 h. After exposure, the cells
were dissociated from transwell membranes by incubating in 1x Trypsin
(0.025%) (Gibco, Germany) for 15 min. The single-cell suspension of dis-
sociated cells was analyzed using an Attune flow cytometer operating with
Attune software (ThermoFisherScientific, U.S.A.). Data were analyzed us-
ing FCS Express software.

Cellular Uptake and Subcellular Distribution of hBN–RAMAN-Confocal
Mapping: Raman spectroscopy and confocal mapping were carried out
using a WITec Alpha 300 RAS system (Oxford Instruments, Germany)
equipped with a 532 nm and 488 nm excitation laser. The measure-
ments were performed using a 50x ZEISS LD EC Epiplan-Neofuar Dic
50x/NA 0.55 objective and with a 532 nm laser. Laser power was opti-
mized and set to 10 mW to minimize heat-induced effects in the cells.
The spectrometer diffraction grating of 600 L mm−1 was implemented.
First, the cultures were exposed to the hBN (10 μg cm−2) as indicated for
24 h. Following exposure, the cultures were washed with phosphate buffer
saline (1x PBS, Gibco) and fixed using Histofix (4% formaldehyde, Sigma-
Aldrich, Germany) for 15 min and washed again with PBS. Next, the cul-
tures with transwell membranes were mounted in the glass slides using
Mowiol 4–88 (Sigma-Aldrich) and left overnight at 37 °C for curing. The
Raman spectrum of hBN alone was also recorded as a reference. For the
Raman mapping, a Raman spectrum was recorded in every image pixel.
Raman maps indicating hBN intensity distributions were reconstructed
using true component analysis. All spectra were analyzed using WITec
Project Plus 6.1 software (Oxford Instruments, Germany) using cosmic
ray removal and baseline correction filters.

Cellular Uptake and Subcellular Distribution of hBN–Inductively Coupled
Plasma Mass Spectrometry (ICP-MS): For quantitative analysis of cellu-
lar uptake, A549-ALI cultures were exposed to 10 μg/cm2 of hBN or boric
acid (equivalent concentration) for 24 h as described above. Following ex-
posure, the transwell membrane from ALI cultures was collected and pro-
cessed for boron analysis using ICP-MS. The samples were predigested in
1 mL of concentrated HNO3 (65-67%, puriss. p.a. grade, Sigma Aldrich,
Germany) and 0.2 mL of H2O2 (30%. EMSURE, Supelco, Switzerland)
for at least 72 h at room temperature (RT) followed by a pressurized mi-
crowave (turboWAVE 1500 MWS GmbH, Germany) digestion at 1000 W,
200°C, and 150 bar pressure for 40 min to ensure complete mineralization.
Before analysis, all the samples were diluted to reach ≈2% of HNO3. For
all samples, boron (11B isotope) was quantified using an Agilent 7900 ICP
MS (Agilent, USA) instrument. Calibration standards of 0.01, 0.5. 0.1, 1, 5,
and 10 μg L−1 B were prepared in 2% HNO3 using a certified 1000 mg/L B
reference standard (MSB-100PPM, Inorganic ventures, Suisse Technology
Partners, Switzerland). The isotope 9Be at a concentration of 100 μg L−1

was used as an internal standard to correct for non-spectral interferences
and was always mixed online with the standards and samples at a ratio
of 1:10 using a T-piece. For quality assurance, a reference material with
a certified B concentration of 158 μg L−1 was measured along with the
samples (IV Stock 1643 Trace elements in water, Inorganic ventures) and
the recovery for B was 98%. The results were presented as pg/mL B in
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approximately two million cells. The average number of cells in transwell
inserts was pre-determined by counting at least three independent tran-
swells following trypsinizing. The average number of cells in each tran-
swell insert was ≈2 × 106, which was further used in the calculation of
total cellular B content.

Cellular Uptake and Subcellular Distribution of hBN–Transmission Elec-
tron Microscopy: To visualize hBN intracellularly, A549-ALI cultures were
exposed to hBN (10 μg cm−2) for 24 h. After exposure, the samples were
collected and processed for TEM analysis. First, the transwell cultures were
washed three times with sterile 1x PBS (Gibco) and fixed with 3% glu-
taraldehyde (Sigma-Aldrich, Germany) prepared in 0.1 M Na-Cacodylate
buffer (Electron Microscopy Sciences, U.S.A.) for 25 min at RT, and with
fresh fixative for 40 min at 4 °C and then 20 min again at RT. The transwell
cultures were washed twice for 20 min with 0.2 M Na-Cacodylate buffer
(Electron Microscopy Sciences, pH 7.4), once at RT and once at 4 °C. Fol-
lowing postfixation and contrasting with 2% OsO4 (Electron Microscopy
Sciences) in 0.1 M Na-Cacodylate buffer for 1.5 h at RT, the cultures were
washed with ultrapure water at 4 °C and then serially dehydrated at 4°C
with an ethanol gradient (50%, 75%, 100% from HoneyWell, Riedel-de-
Haen, 100% water-free from Sigma-Aldrich). The transwell membranes
were cut out from the culture inserts using a scalpel and immersed into
100% water-free acetone (Sigma-Aldrich, Germany) at RT, followed by an
Epon gradient in water-free acetone (33% at 4 °C overnight, 66% at 4 °C
for 6 h, 100% at RT for 2 h) using Epon 812 substitute resin (Epoxy em-
bedding kit 45 359, Sigma-Aldrich, Germany). The transwell membranes
were cut into smaller pieces using scissors, embedded in molds with fresh
100% Epon and cured in the oven at 60 °C for at least 2 days. Ultrathin
sections (80-100 nm) were cut using an ultramicrotome (Leica EM UC6,
Germany) and placed onto Formvar-coated copper grids (200-mesh, EM
Resolutions). The samples were examined with a Zeiss EM 900 micro-
scope (Carl Zeiss Microscopy GmbH, Germany) at 80 kV.

Cellular Uptake and Subcellular Distribution of hBN–Scanning electron Mi-
croscopy and Elemental Analysis: For SEM imaging of intracellular hBN
and elemental analysis with energy-dispersive X-ray spectroscopy (EDX),
200 nm-thick sections of the transwell membranes embedded as Epon
blocks were cut using an ultramicrotome as described above for TEM and
placed onto a silicon wafer (Tedpella, U.S.A.). The Si-wafer was pretreated
with 30% NaOH for 5 min and subsequently washed using ultrapure water
to promote hydrophilicity of the wafer surface. SEM imaging and EDX anal-
ysis were performed using an Axia ChemiSEM (Thermo Fisher Scientific,
U.S.A.) in beam deceleration mode with a concentric backscatter detector
(CBS) at 3 kV landing energy.

Cellular Uptake and Subcellular Distribution of hBN–FITC-BSA Label-
ing of hBN and Lysosomal Colocalization: For FITC-BSA coating, hBN
(0.5 mg mL−1) and 0.1% FITC-BSA (Sigma-Aldrich, Germany) were mixed
in water and bath sonicated for 30 min, followed by vigorous vortexing for
1 min before and after sonication. hBN and FITC-BSA suspension was then
left overnight at RT. Next, the suspension was centrifuged at 25 000 xg for
1 h at 4 °C to remove free (unbound) FITC-BSA. The supernatant was dis-
carded and the pellet, containing hBN coated with FITC-BSA (referred to
as FITC-BSA@hBN hereafter) was re-dispersed with an equal amount of
sterile endotoxin-free water and used further in the experiments. A similar
labeling approach using FITC-BSA has been used by others for amorphous
silica nanoparticles.[60] For uptake measurement of FITC-BSA@hBN in
A549 cells, flow cytometry measurement of cells was performed exposed
at 10 μg cm−2 FITC-BSA@hBN for 24 h. After exposure, the samples were
collected as described above and the green fluorescence (corresponds to
FITC) intensity was recorded using an Attune flow cytometer operated with
Attune software (ThermoFisherScientific, U.S.A.). Data were analyzed us-
ing FCS Express software.

For analysis of lysosomal co-localization of FITC-BSA@hBN, the
cells were co-stained with LysoTracker deep red (ThermoFisherScien-
tific) and images were captured using a confocal laser scanning mi-
croscope (CLSM; LSM 780, Zeiss, Germany). Briefly, the A549-ALI cul-
tures were washed thrice with PBS and incubated with 100 nM of Lyso-
Tracker deep red for 30 min followed by 4′,6-diamidino-2-phenylindole
(DAPI) for another 15 min. After staining, the cells were washed again
and fixed with Histofix (4% formaldehyde, Sigma-Aldrich, Germany)

for 15 min. After fixation, the samples were mounted on glass slides
using Mowiol 4–88 (Sigma-Aldrich, Germany) and left overnight at
37°C.

Cytotoxicity and Oxidative Stress Assays–Lactate Dehydrogenase (LDH)
Release Assay: LDH release from the cells indicates the loss of cellular
(plasma membrane) integrity and was used to measure the cytotoxicity
of hBN in A549-ALI cultures after 24 h. Triton-X-100 (0.2%) was applied
for 1 h as the positive control for LDH release. Cells without treatment
were used as a negative control. To understand the effect of autophagy
inhibition in hBN cytotoxicity, some A549-ALI cultures were pre-incubated
(at least 1 h) with wortmannin (100 nM, ThermoFisherScientific, Switzer-
land), a pharmacological inhibitor of cellular autophagy. The cultures were
then exposed to hBN (10 μg cm−2) for 24 h and LDH release was mea-
sured. For LDH assay, 50 μL of recovered supernatant from the basolat-
eral side was distributed in a 96-well plate and LDH assay was performed
using CytoTox96 non-radioactive cytotoxicity kit (Promega, Germany). The
absorbance of each well was measured at 490 nm with a microplate reader
(Mithras2 Plate reader, Berthold Technologies, Germany). Absorbance val-
ues were corrected with blank (cell medium only) and normalized to un-
treated controls. The experiments were carried out with a minimum of
three biological and three technical replicates. Results were shown as a
percentage of viable cells compared to the highest LDH release in positive
control.

Cytotoxicity and Oxidative Stress Assays–Evaluation of Epithelial Barrier
Integrity: The barrier integrity of A549-ALI cultures was determined by
measuring the transepithelial electrical resistance (TEER) of the cultures
before exposure and 24 h after exposure to hBN. At least three mea-
surements in different regions of the transwell cultures were recorded
from each sample. The TEER (Ω × cm2) values were calculated by
subtracting the resistance of a cell-free transwell insert and multiply-
ing it by the surface area (1.13 cm2) of the insert.[76] The experi-
ments were carried out at least three times and the mean value was
presented.

Cytotoxicity and Oxidative Stress Assays–Total Cellular Reactive Oxygen
Species (ROS) Content: H2DCF/DCF ROS assay was performed to mea-
sure the total ROS level in the cells. Briefly, A549-ALI cultures were exposed
to hBN for 24 h. Following exposure, the cells were harvested by trypsiniza-
tion for 25 min and pelleted by centrifugation (200 xg, 5 min). The cell pel-
let was stained with μM H2-DCF (Invitrogen, Switzerland) and incubated
for 30 min in the dark at 37°C. After incubation, DCF fluorescence in the
cells was recorded using an Attune flow cytometer operated with Attune
software (ThermoFisherScientific, U.S.A.). Data were analyzed using FCS
Express software.

Cytotoxicity and Oxidative Stress Assays–Lipid Oxidation: Lipid peroxi-
dation was determined after exposure of A549-ALI cultures to hBN at the
indicated concentrations for 24 h. After exposure, the cells were harvested
by trypsinization for 25 min followed by centrifugation (200 xg, 5 min).
The cells were resuspended in PBS containing 2 μM C11-BODIPY581/591

(ThermoFisherScientific, Switzerland) and incubated for 30 min in the
dark at 37°C. The C11-BODIPY581/591 analysis was performed using the
Attune flow cytometer operating Attune software (ThermoFisherScientific,
U.S.A.).

Lipid Accumulation: Lipid accumulation in A549-ALI cultures was de-
termined by staining the cells with BODIPY493/503 (Thermo Fisher Scien-
tific) for 30 min at 37°C, imaging by CLSM (LSM780, Zeiss, Germany), and
quantification of the increase in BODIPY493/503 intensity in hBN-treated
cultures with respect to untreated controls. Briefly, the A549-ALI cultures
were exposed to hBN at indicated concentrations for 24 h. Following ex-
posure, the samples were collected and processed for flow cytometry and
confocal imaging as described above. The confocal images were processed
using Zen software (Black or Blue Edition version 2.6).

For lysosomal colocalization after BODIPY493/503 staining, the cells
were probed with 100 nM of LysoTracker deep red (ThermoFisherScien-
tific, Switzerland) for 30 min followed by counterstaining with DAPI for
10 min. The slides for confocal imaging were prepared in the same way as
described above.

Autophagy Assay: The autophagy induction in A549-ALI cultures was
determined by using an autophagy detection kit (Cat. no. 139 484, Abcam,
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Germany). To this end, A459-ALI cultures were exposed to hBN (5 and
10 μg cm−2) or rapamycin (500 nM; positive control) and maintained for
24 h. Following exposure, the cells were washed with PBS and processed
for sample preparation for flow cytometry and confocal imaging. For flow
cytometry, the cells were first harvested by trypsinization and then stained
with a dual detection reagent and incubated for 30 min as suggested by the
manufacturer. Following incubation, the cellular fluorescence for the green
detection reagent was analyzed using an Attune flow cytometer operated
with Attune software (ThermoFisherScientific, U.S.A.). For confocal mi-
croscopy, the cells were directly stained in the transwell membranes with
the dual detection reagent for 30 min, followed by fixing the cells with 4%
formaldehyde. Finally, the cells in the transwell membrane were mounted
on glass slides as described above and imaged under a CLSM (LSM780,
Zeiss, Germany). The images were processed using Zen software (Black
or Blue Edition version 2.6).

Immunofluorescence: A549 cells were cultured on transwell mem-
branes under air-liquid interface conditions and then exposed to hBN
nanosheets (10 μg cm−2) or chloroquine (100 μM, positive control) (Invit-
roFit, InvivoGen, Germany) for 24 h. Cells exposed to the culture medium
only were used as a negative control. Following exposure, cells were
washed thrice using 1× PBS, fixed with Histofix (4% formaldehyde, Sigma-
Aldrich, Germany) for 15 min, and permeabilized with 0.2% Triton X-100
for 15 min at room temperature (RT). Next, cells were blocked using 10%
goat serum (Sigma-Aldrich, Germany) supplemented with 0.2% Triton X-
100 at RT for 1 h. Then, the cells were incubated overnight at 4 °C with pri-
mary antibodies: rabbit anti-LC3B (1:1000, ab192890, Abcam, Germany)
and mouse anti-LAMP1 (1:100, ab25630, Abcam, Germany). The follow-
ing day, cells were washed thrice with 1×PBS and then incubated with
Alexa Fluor 488-conjugated goat anti-rabbit (1:400, Invitrogen, Switzer-
land) and Alexa Fluor 633-conjugated goat anti-mouse (1:400, Invitrogen,
Switzerland) secondary antibodies (1:1000) for 1 h at RT. The cells were
further incubated with nuclear stain, DAPI (1:1000, Invitrogen) for 10 min
at RT. Finally, the samples were washed and mounted on glass slides using
Mowiol488 (Sigma-Aldrich, Germany) and left overnight at 37 °C. The im-
munofluorescence staining was visualized with a CLSM (LSM 780, Zeiss,
Germany) at 63x magnification. The images were processed using Zen
software (version 2.6).

Interleukin 8 (IL-8) ELISA: A549-ALI cultures were exposed to hBN
nanosheets (10 μg/cm2) for 24 h. Following exposure, the basolateral
medium was collected and stored at −80°C. IL-8 content was determined
using an uncoated IL-8 ELISA kit (Invitrogen, Switzerland) by following
manufacturer instructions. Absorbance was measured at 450 nm using
a microplate reader (Mithras2 Plate reader, Berthold Technologies, Ger-
many). Results were expressed as pg/mL of released IL-8, based on at
least three independent experiments.

Statistical Details: The results shown were derived from at least three
independent experiments. Data were presented as mean values ± stan-
dard deviation (SD). GraphPad Prism 5 (GraphPad) and Origin 2022 were
used for the statistical analysis. One-way ANOVA followed by Dunnett’s
or Tukey’s post hoc analysis was applied as indicated. A statistical signif-
icance was defined as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <

0.0001 compared to the negative controls.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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