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A B S T R A C T

Background: Barium sulfate nanoparticles (BaSO4-NPs) are considered to be poorly soluble, chemically inert, and 
therefore relatively non-toxic. For humans, inhalative exposure represents the most significant route of uptake.
Objective and methods: Cellular effects after exposure to BaSO4-NPs for 24 and 72 have been investigated in this 
study on primary human lung cells. To track the fate of BaSO4-NPs in human lung cells, we used inductively 
coupled plasma mass spectrometry (ICP-MS) to quantify cellular uptake of NPs, as well as transmission electron 
microscopy (TEM) and nanoscale secondary ion mass spectrometry (NanoSIMS) to investigate subcellular dis
tribution of NPs through high-resolution elemental imaging.
Results and conclusions: We show that BaSO4 nanoparticles have been taken up by normal human bronchial 
epithelial cells (NHBEC) in a dose-dependent manner. However, no clear time-dependent uptake could be 
observed. The barium sulfate nanoparticles were visible in vesicles within the cytosol by TEM, which was 
confirmed by high-resolution NanoSIMS images. Nevertheless, no uptake of the particles into the nucleus was 
observed in this study. However, it was shown that BaSO4-NPs were partly dissolved, and barium ions were 
distributed throughout the entire cell. Toxicity of the particles was indicated by a dose- and time-dependent loss 
of viability in human lung cells.

1. Introduction

Today, nanomaterials are used in a variety of industrial processes 
and thus they can enter the environment and under some circumstances 
even the food chains [1]. These nanomaterials, mostly produced from 
carbon or metals with diameters ranging of 1–100 nm, can consist of a 
mix of materials, and be coated with inorganic or organic compounds 
[2]. Toxicological evaluation of potentially hazardous properties of 
nanoparticles and associated health effects have been a major focus over 
the last two decades, with publications on nanoparticle toxicity rapidly 
increasing [3]. Metal nanoparticles such as titanium oxide, cerium 

oxide, barium sulfate, silver, gold, platinum and alumina have been 
widely used for industrial purposes. Some of the toxicological effects of 
nanoparticles (NP) are related to their physical properties and some 
highly soluble NPs exhibit higher toxicity than poorly soluble NPs due to 
better absorption and increased ion release after oral or inhalation 
exposure [4].

Barium sulfate (BaSO4) is a nanomaterial with a very low solubility. 
Its most significant properties include high density (4.5 g cm-3), chem
ical inertness, and reflectivity of electromagnetic radiation. BaSO4 is 
considered a poorly soluble particle (PSP) or poorly soluble low toxicity 
(PSLT) due to its low solubility (2.2 mg L− 1, at 18 ◦C) [5]. Cerium 
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1 present address: Helmholtz Centre for Environmental Research GmbH (UFZ), Department of Solar Materials Biotechnology (SOMA), Permoserstr. 15, 04318 
Leipzig, Germany

Contents lists available at ScienceDirect

Journal of Trace Elements in Medicine and Biology

journal homepage: www.elsevier.com/locate/jtemb

https://doi.org/10.1016/j.jtemb.2025.127650
Received 4 December 2024; Received in revised form 27 February 2025; Accepted 8 April 2025  

Journal of Trace Elements in Medicine and Biology 89 (2025) 127650 

Available online 9 April 2025 
0946-672X/© 2025 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0003-3495-9677
https://orcid.org/0000-0003-3495-9677
mailto:dirk.schaumloeffel@univ-pau.fr
www.sciencedirect.com/science/journal/0946672X
https://www.elsevier.com/locate/jtemb
https://doi.org/10.1016/j.jtemb.2025.127650
https://doi.org/10.1016/j.jtemb.2025.127650
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtemb.2025.127650&domain=pdf
http://creativecommons.org/licenses/by/4.0/


dioxide (CeO2) and titanium dioxide (TiO2) also belong to these cate
gories [6]. Barium sulfate is almost insoluble in water, acids, and alka
line solutions, with the exception of hot, concentrated sulfuric acid. Due 
to these properties, it is often used as a color pigment or to enhance 
weathering resistance of paints. It is also used as a filler in the paper and 
plastics industries to improve smoothness and fire-resistance of paper 
[7], processability [8] and sound absorption of plastics. Additionally, 
BaSO4 is used as a contrast agent in medical implants such as catheters 
or bone cement [9,10], improving antimicrobial properties, cyto
compatibility with osteoblasts as well as radio-opacity [11,12].

Due to this extensive commercial use, the quantitative uptake and 
cellular fate of NPs is crucial for further toxicological assessment, even 
though these so-called biodurable nanomaterials are assumed to be 
poorly absorbed from the gut or lungs into the blood [13]. BaSO4-NPs 
introduced into the lungs of rats were shown to cause less injury and 
inflammation compared to CeO2-NPs with similar size and dose based on 
number concentration [14,15]. However, particles of different sizes with 
the same composition can trigger different biological reactions [16]. 
Particle transport, distribution and deposition in the respiratory system 
depend on the structure of the lung, airflow characteristics, and particle 
properties such as size, shape and density [17].

Element-specific imaging can localize chemical elements, including 
metals and metal-containing nanoparticles, in biological tissues and 
cells, thus providing the potential to study the uptake and fate of 
nanoparticles at the cellular or even subcellular level [18]. Nanoscale 
secondary ion mass spectrometry (NanoSIMS) is an analytical technique 
using a primary ion beam to sputter the sample surface and which 
separates and detects the generated secondary ions in a mass spec
trometer. A primary ion beam of cesium (Cs+) or oxygen (O-) scans the 
sample surface, producing elemental maps with resolutions down to 
40–50 nm. Cesium ion sources are well established for producing 
negative secondary ions and mapping elements such as nitrogen, phos
phorus and sulfur in biological samples. Recently, a bright RF plasma O- 

primary ion source was implemented in NanoSIMS to generate positive 
secondary ions [19], capable of mapping metals and metal-containing 
nanoparticles in cells with a spatial resolution similar to the cesium 
source. Other chemical imaging techniques, such as laser ablation 
inductively coupled plasma mass spectrometry (LA-ICP-MS), typically 
provide probe sizes in the micron range but cannot achieve spatial res
olution small enough for nanoparticle studies. Additionally, NanoSIMS 
offers high sensitivity compared to other imaging methods like trans
mission electron microscopy coupled with energy-dispersive X-ray 
spectroscopy (TEM/X-EDS). Therefore, NanoSIMS provides excellent 
lateral resolution and high sensitivity for element-specific nanoparticle 
analysis. However, for very small nanoparticles, the minimum beam size 
of approximately 40–50 nm may be similar to or even larger than the 
nanoparticle itself, potentially leading to an overestimation of the 
nanoparticle size [20]. Therefore, an additional TEM observation for NP 
size measurement is useful.

Combining TEM and NanoSIMS techniques is optimal for localizing 
nanoparticles within cells, tissues and organs. To date, only few nano
particle studies have applied NanoSIMS and NanoSIMS/TEM, focusing 
on silver, titanium dioxide, silicon oxide, copper oxide, mercury selenide 
and gadolinium NP analysis [21]. However, barium sulfate nano
particles have not been studied with NanoSIMS so far. Most studies used 
exclusively the Cs+ primary ion source for NP analysis, limiting in
vestigations to elements (e.g., Ag, Ti, Si, and Cu) detectable in this ion 
source mode. For example, the uptake and fate of silver, titanium oxide 
and silicon oxide NPs were studied in Daphnia magna [22]. The envi
ronmental impact of silver nanoparticles has been studied through in
teractions with various aquatic organisms such as the green algae 
Raphidocelis subcapitata [23], the unicellular alga Chlamydomonas rein
hardtii [24], the oyster larvae Crassostrea angulate [25] and the gill fil
aments of oysters [26], the gammarid Gammarus fossarum [27], the 
algae Desmodesmus subspicatus, the bacterium Vibrio fischeri, and the 
crustacean Daphnia magna [28]. The capacity of Ag-NPs to cross the 

gastrointestinal epithelium was studied in vitro in a co-culture model 
with Caco-2/TC7:HT29-MTX intestinal cells [29]. Combining confocal 
imaging, synchrotron-based X-ray fluorescence (XRF) and NanoSIMS 
demonstrated that TiO2-NPs could cross the gut barrier of rats [30]. 
Furthermore, NanoSIMS and TEM revealed that human HaCaT cells took 
up TiO2-NPs through autophagosomes [31]. Another NanoSIMS study 
demonstrated the uptake of copper oxide NPs by human HepG2 cells 
[32]. Recently, mercury analysis by NanoSIMS was developed, which 
enabled localization of HgSe nanoparticles in the liver of sperm whales 
using both O- and Cs+ primary ion sources [33]. Additionally, NanoSIMS 
(both ion source modes) combined with STEM-EDX and single-particle 
ICP-MS showed the accumulation gadolinium nanoparticles in deep 
cerebellar nuclei of rats [34]. A comprehensive overview of NanoSIMS 
for nanoparticle and nano-pollutant analysis was recently published by 
Subirana and Schaumlöffel [21].

In this study, we investigated the relative toxicity, quantitative up
take, and cellular distribution, as well as accumulation of BaSO4-NPs in 
normal human bronchial epithelial cells (NHBEC). The high-sensitivity 
and high-resolution imaging of macro and trace elements using Nano
SIMS, equipped with a bright RF plasma O- primary ion source and a 
conventional cesium ion source, enabled us to trace the fate of BaSO4- 
NPs at cellular and subcellular levels. Thus, we were able to correlate the 
cell shape and structure determined by the subcellular distribution of 
macroelements with the fate of NPs detected based on the metal barium 
(Ba) and the nonmetal sulfur (S). Quantitative analysis by ICP-MS 
allowed us to infer concentration- and/or time-dependent cellular up
take and accumulation, while semi-quantitative analysis by NanoSIMS 
image treatment facilitated determination of the subcellular dissolution 
of the particles, establishing a causal correlation to toxicity.

2. Materials and methods

2.1. Cell culture and growth conditions

The toxicological investigations within the scope of this work were 
carried out with in normal human bronchial epithelial cells (NHBEC). 
The cultivation and application of NHBECs were performed according to 
[35]. NHBECs were grown out of tumor-free specimens of human 
bronchus obtained from partial lung resections. Patients underwent 
surgery at the Hospital Martha-Maria Halle-Dölau, Germany. Each pa
tient had individual characteristics with respect to age, sex, occupation, 
smoking status, pathological diagnosis and medication. None of the 
parameters were exclusion criteria. The tissue for the cultures was ob
tained from resected specimens that were removed after tumor surgery 
(non-targeted tissue removal for experiments). Approval of the ethics 
committee of the Martin-Luther-University Halle-Wittenberg, Germany, 
for the use of the samples for research purposes had been obtained in 
advance (vote of August 16, 2017, reference no.: 2016–20).

Tissue pieces were washed several times with cold PBS after removal 
and subsequently transported in cold Leibovitz L-15 medium. Tissue was 
separated from unwanted tissue mechanically, using scissors, forceps, 
and scalpel under sterile conditions and cleaned. Tissue pieces from the 
bronchus were then cut into approximately pieces of 10 mm3 and 
washed three times with PBS containing 1 % penicillin/streptomycin. 
The pieces were then placed on 60 mm culture dishes. Subsequently, 
serum-free airway epithelial cell growth (AECG) medium (PromoCell, 
Heidelberg, Germany) with supplement (0.4 % bovine pituitary extract; 
0.5 ng mL-1 EGF; 5 μg mL− 1 insulin; 0.5 μg mL− 1 hydrocortisone; 
0.5 μg mL− 1 epinephrine; 6.7 ng mL− 1 triiodothyronine; 10 μg mL− 1 

transferrin; 0.1 ng mL− 1 retinoic acid) was added. The medium was 
changed three times a week. After two to three weeks, the cells grew out 
of the tissue pieces and formed a monolayer with a confluence of about 
80–90 %. These cells are referred to as the first generation. By trans
ferring the tissue pieces to new culture dishes, further generations could 
be obtained. The sub-confluent cell cultures can be detached and 
passaged enzymatically using trypsin, as contained in the detach kit 
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from PromoCell (Heidelberg, Germany). First, the supernatant medium 
was aspirated and cells were washed with warm HBSS. Cells were de
tached by adding 100 μL of trypsin/EDTA- solution per 13 cm2 of culture 
area and incubating for 5 min at 37 ◦C. After addition of 100 μL trypsin 
neutralization solution (TNS) per cm2 to stop trypsinization the cell 
suspension was transferred to a 15 mL centrifugation tube. Cells were 
centrifuged at 1000 rpm for 5 min and pelleted. The cell pellet was 
resuspended in fresh AECG medium and cell number was determined 
using a Fuchs-Rosenthal chamber. To perform the experiments, cells 
were seeded at appropriate cell numbers and used at 40–50 % con
fluency for the 72 h experiments or at 60–70 % for the 24 h experiments.

2.2. Barium sulfate nanoparticles and suspension preparation

BaSO4 nanoparticles were obtained from Huntsman/Venator, Duis
burg, Germany. According to the manufacturer, the particles are un
coated and have a primary particle size of 40 nm.

Different preparation methods for BaSO4-NP suspensions (24 h stir
ring, treatment in an ultrasonic bath or using an ultrasonic probe) were 
tested and compared. Based on microscopic images and particle size 
measurement by dynamic light scattering preparation of the NP sus
pensions with an ultrasonic probe was established as standard operating 
procedure. Stock solutions were subjected to ultrasonic probe treatment 
in sterile glass test tubes for three minutes. A SONOPLUS from Bandelin 
(HD3100) with sonication cup (BB 2 G) was used, which applied an 
energy of about 5 kJ to the suspension. Subsequently, the appropriate 
dilutions were prepared and also treated with ultrasound. During 
treatment, solutions were cooled using ice water. Suspensions were 
prepared in AECG medium. All stock solutions had a concentration of 
10 g L− 1. Nanoparticle suspensions with concentrations of 10 and 
100 mg BaSO4 L− 1 were used for cell exposure and further experiments.

The characterization of the suspensions with respect of nanoparticle 
diameter and Zeta potential was carried out using dynamic light scat
tering on a Zetasizer (Nano Series, Nano-Sizer/Nano-ZS from Malvern). 
The stock solutions were diluted accordingly for the measurement so 
that the lens aperture of the instrument was optimal. The measurements 
were performed in triplicate at a measurement angle of 173◦ (back
scatter). The measurement time was determined automatically. The 
method was created with the following data: Refractive index of barium 
sulfate is 1.64; absorbance is 0.1; measurement temperature is 25 ◦C 
with an adjustment time of 120 s; viscosity of the solvent is 0.89 mPa×s 
and refractive index is 1.33. Measurements were made in a DTS0012 
cuvette.

2.3. Cytotoxicity assays

At the beginning of the toxicological investigations of the barium 
sulfate nanoparticles and the surfactants used, their effects on the 
viability of the cells were determined. Cytotoxicity-tests were the 
starting point for further investigations to determine the sub-toxic 
concentration range of the particles. Three different test systems were 
used.

2.3.1. Resazurin assay
The resazurin test is a rapid and sensitive viability test that uses the 

nontoxic reagent resazurin. The resazurin assay was performed in a 24- 
well plate. After treatment of the cells with the nanoparticles for 24 or 
72 h, the medium supernatant was removed and the cells were washed 
three times with 37 ◦C PBS. Washing was followed by incubation with 
the 10 % resazurin solution at 37 ◦C for 30 or 60 min. Fluorescence was 
measured after both 30 minutes and 60 minutes in the plate reader at an 
excitation wavelength of 530 nm and an emission wavelength of 
590 nm.

2.3.2. MTT assay
The MTT assay was used to determine the cytotoxicity of the 

surfactant required for suspension preparation and was performed 
analogously to the resazurin assay protocol. After washing the cells with 
warm PBS, the cells were incubated with the MTT-use solution at 37 ◦C 
for 30 min. After incubation, the cells were washed again and incubated 
with a mixture of formic acid and isopropanol (5:95). The measurement 
was made in a glass cuvette in the photometer against a blank.

2.3.3. Lactate dehydrogenase assay
The lactate dehydrogenase assay is a viability test that determines 

membrane integrity. For the LDH assay, 25 μL of cell supernatant from 
controls or treated cells, respectively, were transferred to a well of a 96- 
well plate. Then, 125 μL of a 0.4 mM NADH solution and 125 μL of a 
2 mM sodium pyruvate solution were sequentially added to every well, 
without delay and free of air bubbles. The plate was transferred to a 
plate reader and measurement of absorption (340 nm) was performed 
over twelve cycles (one cycle corresponds to 90 s).

2.4. Biochemistry assays for cell culture characterization

2.4.1. Determination of cellular glutathione-content
Cellular glutathione was determined as total glutathione. After 

reduction of the oxidized GSH (GSSG) with 1,4- dithiothreitol, specific 
derivatization of the GSH with monobromobimane, modified according 
to Newton et al., was conducted [36] and GSH was quantified by HPLC 
with fluorescence detection. For the experiments cells were cultured in 
6 cm dishes. After incubation of the cells with particles for 24 or 72 h, 
they were carefully washed with warm PBS and harvested by trypsini
zation. The cell pellet obtained by centrifugation was frozen away at 
− 80 ◦C until further processing. After thawing, the pellet was lysed in 
0.1 N HCl and sonicated for 3 min. Subsequently, the cell suspension was 
centrifuged at 13,000 rpm for 20 min at 4 ◦C. The supernatant was used 
to determine GSH content and protein content by bicinchoninic acid 
assay. For determination of GSH content, 120 μL of the supernatant were 
mixed with 180 μL CHES and 30 μL DTT and vortexed briefly. After 
incubation in the refrigerator (4 ◦C) for one hour, 10 μL of mono
bromobimane (mBrB) were added to each sample. After mixing the 
samples thoroughly, they were incubated for 15 min at room tempera
ture (protected from light). The reaction was stopped with 250 μL of 5 % 
acetic acid. Before measurement, the samples were vortexed and 
centrifuged briefly. Chromatographic conditions were as follows: sta
tionary phase was an RP-18 column (Chromolith RP-18 100–4.6 mm) 
with an RP-C18 end capped pre-column, also from Chromolith. The 
mobile phase consisted of two different eluents (phase A: 2 % methanol / 
98 % H20 / 0.25 % acetic acid (100 %) (pH 4.3) and phase B: 90 % 
methanol/ 10 % H2O/ 0.25 % acetic acid (100 %) (pH 3.9)). The flow 
rate was 3 mL min-1. For each sample, a volume of 30 μL was injected 
into the HPLC. Detection was performed by fluorescence detector with 
wavelengths λex 380 nm and λem 480 nm.

For comparability of glutathione levels, protein content of the sam
ples was determined and used as a reference (μg/mg protein). Deter
mination was made by bicinchoninic acid test. For this purpose, 10 μL of 
the cell supernatant of cells lysed in 0.1 N HCl, were incubated with 
200 μL of a copper (II) solution and bicinchoninic acid (BCA) for 30 min 
at 37 ◦C, followed by photometric measurement of absorbance at 
562 nm. A dilution series of serum albumin (BSA) in the concentration 
range of 0.1–1 mg mL-1 BSA served as calibration.

2.4.2. Detection of induced apoptosis
Induction of apoptosis was measured by flow cytometry in a MUSE 

cell analyzer. Cells were seeded onto 6 cm dishes and incubated with 
BaSO4-NPs for 24 or 72 h until they reached the appropriate confluence. 
Then the medium was removed and cells were washed twice with warm 
HBSS. Trypsinization was performed for exactly 5 min at 37 ◦C. The 
reaction was stopped with TNS and the detached cells were transferred 
to a centrifugation tube. Cells were centrifuged for 5 min at 1000 rpm at 
20 ◦C and the resulting cell pellet was resuspended in warm PBS. 50 μL 
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of the cell suspension were transferred to an Eppendorf tube, that 
already contained 5 μL of FBS. Subsequently, 50 μL of the reagent so
lution were added, samples were mixed well and incubated for 20 min in 
the dark. The measurement was performed with the appropriate in
strument program and separate adjustment or optimization of the pa
rameters. Untreated samples resuspended in AECG medium after 
harvesting and then incubated at 55 ◦C for 30 min served as positive 
controls.

2.5. Cellular uptake of BaSO4-NPs quantified by ICP-MS

Uptake of BaSO4-NPs into the cells was quantified by inductively 
coupled plasma mass spectrometry (ICP-MS). Cells were seeded onto 
6 cm dishes and incubated with the particles for 24 h and 72 h, 
respectively. After repeated and careful washing of the cells with warm 
PBS, cells were harvested using the Detach kit. The cell pellet was 
resuspended in PBS and the cell number per milliliter was determined. 
The resulting pellet was suspended in concentrated 67 % (w/v) HNO3 
trace metal grade (BDH Prolabo®, VWR, Darmstadt, Germany) and 
mineralized at 70◦C for 2 h. Samples were diluted to a final concentra
tion of 2 % (w/v) nitric acid. Indium was added as an internal standard 
at a final concentration of 10 ppb. Elemental analysis was performed via 
ICP-MS using the ESI-sampler SC-2 (Elemental Scientific Inc., Omaha, 
NE, USA) and an X-Series II ICP-MS instrument (Thermo Fisher Scien
tific, Bremen, Germany) operating with a collision/reaction cell and 
flow rates of 5 mL/min of He/H2 93 % / 7 %), with an Ar carrier flow 
rate of 0.76 L min-1 and an Ar make-up flow rate of 15 L min− 1. An 
external calibration curve was recorded with ICP-multi element stan
dard solution XVI (Merck, Darmstadt, Germany) in 2 % nitric acid. Each 
sample was introduced via a peristaltic pump and analyzed for its metal 
content. For blank measurement and quality / quantity thresholds, 
calculations were performed based on DIN32645 (standard procedure 
describing decision limit, detection limit, and determination limit in 
chemical analysis under repeatability conditions terms, methods, eval
uation; ICS Code 71.040.01). Results were transformed from barium 
concentrations (µg L− 1) to the amount of barium per 106 cells.

The release of barium ions from the suspended nanoparticles into the 
cell culture medium was quantified using ICP-MS, too. Suspensions with 
concentrations of 10 and 100 mg BaSO4 L− 1 in AECG medium were left 
at 37 ◦C for 72 h under the same conditions as in the cell incubation 
experiments. Subsequently, 5 mL of the NP suspension were transferred 
by pipette into a Sartorius centrifugation tube with filter unit (3 kDa). 
Centrifugation was carried out for 60 min at 4000 rpm and 20 ◦C. The 
barium concentration was determined in the filtrate.

2.6. Sample preparation for NanoSIMS analyses and TEM observations

After cultivation and exposure to BaSO4-NP, cells were fixed directly 
with 3 % glutaraldehyde (Sigma, Taufkirchen, Germany) in 0.10 M so
dium cacodylate buffer (SCB) for 3 h, centrifuged at 5000 rpm for 5 min 
and taken up in 4 % agar/SCB, followed by one wash-step with SCB- 
buffer overnight at 4◦C and three wash- steps with the same buffer for 
5 min. For TEM analysis the samples were postfixed with 1 % osmium 
(VIII) tetroxide in SCB for 1 h. After washing with H2O, samples were 
dehydrated in a graded series of ethanol (30 min with 10 %, 30 %, 50 %, 
70 %, 90 %, and two times 100 % ethanol). Thereafter, samples were 
infiltrated with Spurr’s epoxy resin and polymerized at 70◦C. Ultrathin 
sections of 80 and 300 nm were cut with an Ultracut R ultramicrotome 
(Leica, Wetzlar, Germany). The 80 nm ultrathin sections were placed on 
formvar coated copper grids for TEM and the 300 nm sections were 
placed on silicon wafers for NanoSIMS analysis. TEM observations were 
done with an EM900 transmission electron microscope (Carl Zeiss Mi
croscopy, Oberkochen, Germany) operating at 80 kV. Images were 
recorded using a Variospeed SSCCD camera SM-1k-120 (TRS, Moor
enweis, Germany). TEM images were processed using the open-source 
software Fiji (https://fiji.sc) for linear contrast and brightness 

adjustment and measurement of the NP size.

2.7. NanoSIMS analysis

The elemental distribution of non-metals, micronutrients, and trace 
metals was analyzed on the 300 nm sections with a NanoSIMS 50 L 
(Cameca, Gennevilliers, France), equipped with seven parallel electron 
multiplier detectors. A Cs+ ion source was used for the mapping of 
carbon (12C2

–), nitrogen (12C14N–), sulfur (32S–), and phosphorus (31P–) in 
previously selected cells (via the build-in CCD camera), with a current of 
0.15 pA. Areas of 50 μm × 50 μm were pre-sputtered (10 min at 100 pA, 
for cesium implantation in order to increase the secondary ion yield). 
Subsequently, a region of 40 μm × 40 μm was analyzed with 512 × 512 
pixels and a dwell time of 10 ms per pixel. The cluster ion 12C14N– was 
detected to maximize the signal measured for 14N, and the mapping of 
12C, originating from the resin, was used to control homogeneous 
sputtering of the area. A Hyperion™ RF plasma O– ion source was used 
to map carbon (12C+), sodium (23Na+), and two barium isotopes (135Ba+

and 138Ba+) with a current between 0.20 pA and 1.7 pA. Areas of 50 μm 
× 50 μm were pre-sputtered (2 min at 200 pA) and then regions between 
32 μm × 32 μm and 45 μm × 45 μm were analyzed with 512 × 512 pixels 
and 10 ms dwell time. Again, the mapping of 12C was used to control 
homogeneous sputtering of the resin, while the two isotopes of barium 
were used to ensure the accuracy of mass calibration and the lack of 
interferences. Mass calibration was performed with element standards 
obtained from standard solutions (PlasmaCAL, SPC Science, Canada) 
dropped and evaporated on silicon wafers. Mass resolution was opti
mized to resolve possible interferences, but entrance and aperture slits 
were open to allow maximum transmission of ions of the trace elements, 
which resulted in a mass resolution of ~3000–5000. Three maps of the 
same area were acquired and stacked to obtain the final image. Image 
processing was performed using the software WinImage (Cameca). A 
logarithmic scale was applied to the barium images to visualize the 
dissolution of trace amounts of barium from the NPs into the cytoplasm 
of the cells (when indicated in the figure caption). Semi-quantitative 
estimation of barium dissolution was performed with the Fiji open- 
source software (https://fiji.sc). From the 138Ba isotope, thresholds 
were defined for barium counts to select each region of interest (ROI): 
the highest 0.25 % of the barium counts in an image were used to select 
the ROI containing the nanoparticles, the next lower 0.25–2 % to select 
the ROI of dissolved barium around the nanoparticles and the next lower 
25 % to select the ROI of dissolved barium inside the cell. The bottom 
75 % were pixels with only one count, which was considered to be part 
of the background noise. In this way ROIs within the selected thresholds 
were established and the area inside (by pixel number) the total in
tensity and the mean intensity were determined. The background 
barium signal was calculated from the images of unexposed cells, and 
subtracted from the barium signal in each region. Then, these values 
were used to calculate the percentage of barium in each ROI with respect 
to the total barium signal in the image. Calculations were done for 3 
NHBE cells of each condition (unexposed, 10 and 100 mg BaSO4 L− 1 

nanoparticle suspension) after 72 h and the results were averaged. Re
sults are given in Table 2.

3. Results and discussion

3.1. Characterization of the BaSO4-NP suspension

Microscopic observation of the BaSO4-NP (Huntsman nanomaterials) 
suspensions showed that the most uniform particle distribution was 
achieved using an ultrasonic probe or ultrasonic bath for preparation. In 
contrast, stirring for 24 hours resulted in very inhomogeneous suspen
sions. Characterization of the suspensions using dynamic light scattering 
(DLS), which determines the hydrodynamic diameter of the NP in sus
pension, confirmed the uniform and stable size distribution of the par
ticles when the suspension was processed using an ultrasonic probe. 
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Since primary cells were incubated with the particle suspension, barium 
sulfate (NPs) had to be suspended in the culture medium. Additionally, 
the surfactant Dispex AA4040 (BASF, Ludwigshafen, Germany) was 
added to the AECG medium to obtain a homogeneous nanoparticle 
suspension. A MTT assay to investigate the cytotoxicity of the surfactant 
revealed that 0.005 % surfactant addition to the AECG medium resulted 
in an approximate 10 % loss of viability in NHBECs.

Hydrodynamic diameter and Zeta potential were determined by DLS 
in triplicate for suspensions in AECG medium with surfactant as well as 
in water. As expected, the hydrodynamic diameter of around 100 nm 
was larger than the primary particle size of 40 nm specified by the 
manufacturer, due to the presence of a solvent layer of surfactant and 
water molecules around the particles (see Table 1). Several studies have 
addressed the challenges and peculiarities of nanosuspension prepara
tion as well as the influence of the constituents of the medium on toxicity 
[37–39].

In addition, the release of Ba2+ ions from the BaSO4-NP suspension 
into the cell culture medium was determined by ICP-MS after 72 h in 
AECG medium. When using the lower concentrated suspension (10 mg 
BaSO4 L− 1) 0.128 mg Ba2+ L− 1 (equivalent to 0.218 mg BaSO4 L− 1) were 
found in the medium, while the higher concentrated (100 mg BaSO4 
L− 1) suspension released 0.273 mg Ba2+ L− 1 (equivalent to 0.464 mg 
BaSO4 L− 1). This dose-dependent release of barium ions into the me
dium indicated that the solution equilibrium of barium sulfate (2.2 mg 
BaSO4 L− 1) was far from being reached within 72 h.

The dissolution of nanoparticles is dependent on their size, shape 
[40], coating and possible agglomeration or aggregation. Moreover, 
incubation time, pH of the medium (pH 7.6 for AECG medium) and its 
components such as various inorganic salts, influence the solubility of 
barium sulfate. For example, Keller et al. found 2.9 mg Ba2+ L− 1 in 
phagolysosomal simulant fluid (pH 4.5) after suspension of BaSO4-NP 
for 28 days. Considering the relative fraction of Ba2+ ions released from 
the particles in our experiment, 2.18 % of the total barium was dissolved 
from the less concentrated suspension, while only 0.46 % was dissolved 
from the higher concentrated suspension. This effect indicates possible 
aggregation – and thus reduced specific surface area – of the particles in 
the higher concentrated suspension, leading to a reduced dissolution of 
barium sulfate. Although suspending particles in a medium, incubating, 
removing the remaining solids and analyzing the analyte in solution is a 
common approach to assess the solubility of nanoparticles, it must be 
considered that the static abiotic solubility measured in this way may 
differ from the dynamic dissolution processes of nanoparticles in vivo 
[41].

3.2. Cellular uptake

The cellular uptake of BaSO4-NPs in normal human bronchial 
epithelial cells (NHBECs) was demonstrated by barium determination by 
ICP-MS, showing a dose-dependent increase in barium concentration 
within the cells (Fig. 1). This roughly reflects the ratio of the BaSO4 
concentrations (Huntsman nanomaterials) of both suspensions. How
ever, a clear dependence on the exposure time could not be observed. 
The uptake of BaSO4 particles by other cell types has also been 
demonstrated. Sokolova et al. [42] studied primary phagocytosing 
mouse bone marrow cells and found that both dendritic cells and mac
rophages took up particles of sizes 40 nm, 420 nm, and 1 μm in a dose- 
and time-dependent manner, with macrophages having a higher particle 

concentration inside than dendritic cells. Particles were localized in 
phagosomes and heterophagosomes, confirming NP uptake via phago
cytosis [43]. In a recent study, Lehner et al. [44] demonstrated uptake of 
poorly soluble NP of BaSO4, CeO2, TiO2, and ZnO at the lung epithelial 
tissue barrier and into different cell compartments through cellular 
fractionation and ICP-OES analysis.

3.3. Toxic effects of BaSO₄ nanoparticles on NHBECs

Various toxicological endpoints were analyzed in order to gain 
insight into the mechanisms of the effects of BaSO₄ nanoparticles 
(Huntsman nanomaterials) on normal human bronchial epithelial cells 
(NHBECs) after incubation for 24 h and 72 h, respectively. A loss of 
viability of up to 20 % was defined as a subtoxic concentration range. 
Experiments to determine glutathione content and induction of 
apoptosis were performed within this concentration range or slightly 
above it (i.e., in the mildly toxic range).

3.3.1. Resazurin assay
The resazurin assay demonstrated a dose- and - at higher exposure 

concentrations - a time-dependent loss of viability of NHBECs when 
treated with nanoscale BaSO4. After 24 h and 72 h exposure to 10 mg 
BaSO4-NP L− 1, NHBECs showed a decrease in viability to about 90 % but 
not significant without clear effect of exposure time. With increasing 
concentrations time dependence could additionally be observed. Incu
bation with a BaSO4-NP concentration of 100 mg L− 1 resulted to a not 
significant decrease in viability to 87 % after 24 h, however, after 72 h 
of treatment, viability decreased significantly to 69 %. At the highest 
concentration of 1000 mg BaSO4-NP L− 1, the viability was still 80 % 
after 24 h, but dropped to only 28 % after 72 h of treatment (Fig. 2).

3.3.2. LDH assay
A significant increase in lactate dehydrogenase (LDH) activity in the 

medium, which would have indicated cell membrane damage, could not 
be measured in the LDH assay at BaSO4 concentrations up to 
1000 mg L− 1. The positive control (PK; 0.01 % TritonX-100) resulted in 
significant LDH activity in the assay (data not shown).

3.3.3. Glutathione content
The intracellular glutathione content of primary cells was deter

mined by HPLC after acid lysis of the cells, reduction of GSSG and 
derivatization of the total amount of GSH with monobromobimane. 
Determination of the intracellular GSH content allows conclusions to be 

Table 1 
Hydrodynamic diameter and Zeta potential of the barium sulfate nanoparticle 
(Huntsman nanomaterials) suspension.

Parameter Value

d [nm] AECG/0.005 % Dispex 107 ± 5
d [nm] H2O 93 ± 7
Zeta- Potential [mV] AECG/0.005 % Dispex − 25,4

Fig. 1. Quantitative uptake of BaSO4-NP into NHBECs after incubation with 
BaSO4 suspensions in different concentrations for 24- and 72-hour, compared to 
untreated controls. Concentrations determined by quantitative ICP-MS analysis 
of barium (n = 3).
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drawn about the formation of reactive oxygen species (ROS). GSH is the 
most important antioxidant in human cells. Under the influence of ROS, 
the reduced form of GSH is oxidized to GSSG and an altered GSH/GSSG 
ratio can lead to increased GSH synthesis [45]. Treatment of NHBECs 
with 10 and 100 mg L− 1 nanoscale BaSO4 for 24 h caused no change in 
GSH content, nor did it show any effect on GSH content after 72 h of 
incubation (data not shown). Thus, no indication of ROS formation 
could be found in these experiments under the selected conditions.

3.3.4. Apoptosis assay
Treatment of NHBECs with nanoscale BaSO4 up to 1000 mg L− 1 for 

24 h and 72 h, respectively, resulted in no induction of apoptosis (data 
not shown). Treatment of cells at 55 ◦C for 30 min induced apoptosis in 

approximately 50 % or more of the cells, demonstrating that primary 
cells are sensitive to apoptotic stressors and that this treatment is suit
able as a positive control. Thus, no evidence of BaSO4-NPs-induced 
apoptosis could be found in this experiment under the chosen 
conditions.

3.4. TEM and NanoSIMS analysis of BaSO₄-NP uptake and localization 
in NHBECs

Based on the results of the viability assay, 72-hour incubations with 
nanoparticle suspensions of 10 mg BaSO4 L− 1 (no cytotoxic effect) and 
100 mg BaSO4 L− 1 (mild cytotoxic effect) were chosen for subcellular 
investigations of NHBECs. Sections of resin-embedded control and 
exposed NHBECs were investigated using transmission electron micro
scopy (TEM) and nanoscale secondary ion mass spectrometry (Nano
SIMS) to examine nanoparticle uptake and subcellular localization.

3.4.1. TEM observations
TEM images (Fig. 3) allowed the identification of key cellular 

structures such as nucleus, nucleolus and vesicles of the NHBECs. After 
72 h of exposure to both 10 mg BaSO4 L− 1 and 100 mg BaSO4 L− 1 

nanoparticle suspensions, numerous BaSO4-NPs could be observed as 
black spots within the vesicles. Cells exposed to the suspension with the 
higher concentration exhibited a greater number of NPs and more pro
nounced aggregation.

Size measurement of individual NP in TEM images revealed an 
average size of 41 ± 9 nm, corroborating the manufacturer’s informa
tion. Based on the cellular uptake of barium determined by ICP-MS in 
this study, high amounts of NPs were expected inside the NHBECs. 
Although the TEM images represent ultra-thin sections of only a few 
single cells and thus lack statistical significance, the observations of 
dense areas with barium sulfate nanoparticles suggest a substantial 
number of NPs throughout the entire cells. These findings align with 
other studies, such as one involving rats instilled with 1 mg BaSO4 L− 1 

which also demonstrated significant internalization of BaSO4-NPs into 

Fig. 2. Relative viability of NHBECs in resazurin assay after incubation with 
BaSO4 suspensions in different concentrations for 24 and 72 hours, compared to 
controls (n = 3). Relative viability is shown related to untreated controls 
(100 % viability).

Fig. 3. TEM images of NHBE cells. (A) Control (unexposed) cell showing the nucleus (N) the nucleolus (Nu), and vesicles (v). (B) Magnification of vesicles of the 
control cell. (C) Cell exposed to 10 mg BaSO4 L− 1 suspension and (D) magnification of vesicles with (1) single NP and (2) aggregation of NP. (E) Cell exposed to 
100 mg BaSO4 L− 1 suspension and (F, G, H) magnifications of vesicles with single NP (1) and aggregation of NP (2). Scale bars 2 µm (A, C, E) and 500 nm (B, D, F, 
G, H).
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lung alveolar macrophages and type II epithelial cells observed by TEM 
[46].

3.4.2. NanoSIMS imaging
NanoSIMS imaging of NHBECs was performed using two different 

primary ion beams: Cs+ and O-. The Cs+ primary ion beam was 
employed for mapping of non-metals (N, P, S), while the O- primary ion 
beam was used for mapping of barium isotopes and other metals (Na) in 
a subsequent analysis of the same area.

Nitrogen maps (measured via the CN- cluster ion) indicated pre
dominantly protein distribution, thus revealing the cellular structure as 
observed in TEM, while mapping of phosphorus highlighted the nucleus 
and nucleolus in addition to the general cellular structure. In control 
cells, the sulfur maps displayed the basal sulfur distribution mainly from 
sulfur-containing proteins, mirroring the nitrogen images. Using the O- 

primary ion source, sodium maps also revealed the cellular structure, 
enabling the overlay of images obtained from both primary ion beam 
modes.

In control NHBECs, no barium signal could be detected, besides the 
background noise of the detector, confirming the absence of barium in 
unexposed cells (Fig. 4). In exposed NHBECs (Fig. 5 and Fig. 6), BaSO4- 
NPs were detected as small spots via the sulfur signal (obtained with the 
Cs+ beam) and the signal of both barium isotopes, 135Ba and 138Ba 
(obtained with the O- beam). The distinct overlay of 32S, 135Ba and 138Ba 
signals confirmed unambiguously the identity and localization of BaSO4- 
NPs within the cytosol and vesicles of NHBECs (Fig. 5 and Fig. 6). 
However, an uptake of the particles into the nucleus was not observed 
during our experiments, which is consistent with findings from other 
studies [42]. NanoSIMS imaging further illustrated that higher con
centrations of BaSO4-NP suspension (100 mg L− 1) led to more signifi
cant aggregation of NPs within the cells (Fig. 6).

Other studies also examined the uptake of nanoparticles into the cell 

using different microscopic techniques. For example, Llop et al. showed 
that aluminum oxide, titanium dioxide, iron oxide, zinc oxide and 
cerium oxide NPs were attached to the cell surface, first, and then taken 
up into endosomes by lung cells. However, no particles were found in
side the nucleus, too [47]. Lichtenstein et al. compared the internali
zation of silver and iron oxide nanoparticles in human intestinal 
epithelial cells (Caco-2), revealing differences in uptake of particles 
similar in size, shape and coating depending on the core material of the 
NPs [48].

When transferring toxicological in vitro data to the whole organism, 
the influence of the surfactant (consisting of phospholipids and proteins) 
present in the lung and the movement of cells by the respiratory process 
are important factors influencing particle uptake of the cells. It is known 
from older studies that alveolar type II (ATII) cells have increased 
secretion of surfactant when stretched [49]. The extent to which the 
surfactant in turn enhances or diminishes NP uptake and possible toxic 
effects is subject of current research and not fully understood, yet [50].

It has been shown that aluminum oxide (Al2O3), silicon dioxide 
(SiO2) and latex NP can interact with surfactant simulants and NP can 
act as links between surfactant vesicles. This ’sticker’ function is 
particularly pronounced when surface charges differ greatly. Some 
inhaled nanoparticles could thus affect the interfacial and overall 
properties of lung surfactant and disrupt lung physiology [51].

It is a well-established fact that, surface coating of NPs can have a 
decisive influence on their biological effects [52]. This was also shown 
in a study by Romera et al. for lipid-coated carbon nanotubes (CNTs), 
which showed reduced liver toxicity compared to uncoated CNTs [53].

In summary, it can be stated that, besides the intrinsic material- 
properties, possible toxic effects of NP are also influenced by extrinsic 
properties depending on the surroundings. Nevertheless, the exact cor
relations of properties and effects, as well as the interdependences of 
some material properties, still remain to be established [54]. Suggested 

Fig. 4. NanoSIMS imaging of three control (unexposed) NHBECs using Cs+ primary ions for 12C14N, 31P and 32S, and O- primary ions for 23Na and 138Ba mapping. 
Nucleus (N), nucleolus (Nu), vesicle (V). Scale bar 10 µm.
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relevant extrinsic properties comprise biological interactions, dissolu
tion under (relevant) physiological conditions, uptake and distribution, 
as well as early and apical biological effects [54]. In the case of dis
solving NPs sub-cellular distribution of dissolved ions or molecules 
should be investigated.

3.5. BaSO4-NPs dissolution and subcellular distribution of Ba2+visualized 
and quantified by NanoSIMS

NanoSIMS is a high-resolution imaging technique combined with 
sensitive detection of trace amounts of chemical elements. As already 
demonstrated in this study by quantifying the release of Ba2+ ions from 
BaSO4-NPs to the medium via ICP-MS, these nanoparticles are poorly 
soluble but not insoluble. In addition to this static abiotic dissolution, 
dynamic particle dissolution can take place in vivo [46]. For example, 

Fig. 5. NanoSIMS imaging of a NHBEC exposed to 10 mg BaSO4 L− 1 nanoparticles in suspension showing single NPs (1). Colocalization of sulfur and barium isotopes 
confirms the presence of BaSO4-NPs. Nucleus (N), nucleolus (Nu), vesicle (V). Scale bar 10 µm.

Fig. 6. NanoSIMS imaging of a NHBEC exposed to 100 mg BaSO4 L− 1 nanoparticles in suspension showing single NPs (1) and aggregation of NPs (2). Colocalization 
of sulfur and barium isotopes confirms the presence of BaSO4-NP. Nucleus (N), nucleolus (Nu), vesicle (V). Scale bar 10 µm.
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Konduru et al. demonstrated that in rats 28 days after intratracheally 
installation of BaSO4-NPs 29 % of the barium was incorporated into the 
bones and 7 % into all other tissues, suggesting in vivo nanoparticle 
dissolution [14].

In our work, the dissolution of BaSO4-NPs was detected and visual
ized on subcellular level by barium mapping of NHBECs using the O- ion 
beam of the NanoSIMS. A logarithmic scale of the ion counts allows the 
visualization of the distribution of dissolved barium in the cell together 
with nanoparticles. In addition, line scans within the NanoSIMS images 
through areas outside and inside the cells as well as through nano
particles demonstrate that the barium counts (15–25 cts) detected inside 
the cells next to the NPs are higher than the detector background noise 
(0–2 cts) registered outside the cells (Fig. 7 and Fig. 8). These mea
surements demonstrate that Ba2+ ions are spread throughout the whole 

cell. However, this could not be observed in each cell. When nano
particles are more aggregated, e.g., during incubation with the higher 
concentrated nanoparticle suspension, barium is rather detected around 
the aggregated particles than throughout the entire cell, as it can be seen 
for two cells in Fig. 8, and as demonstrated by the calculations in 
Table 2. In this case, higher aggregation of NPs led to less dissolution of 
barium sulfate as was also observed previously using ICP-MS 
quantification.

Secondary ion mass spectrometry (SIMS) is not considered a quan
titative imaging technique due to the high matrix dependency of the 
ionization process. However, using the same matrix within resin- 
embedded cells allows for a semi-quantitative comparison of the 
measured counts. For the calculation of the barium distribution in the 
different areas within an ultrathin section of an NHBE cell, three areas 

Fig. 7. NanoSIMS imaging of three NHBECs exposed to 10 mg BaSO4 L− 1 nanoparticle suspension. 12C14N mapping shows the cell morphology. 138Ba mapping is 
displayed in logarithmic scale (0–200 counts) and shows NP as well as dissolved barium in the cells. Dashed lines indicate the cell shapes. Line scans through the 
entire cells additionally confirm NPs and dissolved Ba. Scale bar 10 µm.
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(ROIs) were distinguished: (1) the nanoparticle itself, (2) the area with 
higher barium concentration surrounding the particles resulting from 
their dissolution, thus indicating the partial dissolution of the respective 
particles, and (3) the low concentration barium distribution throughout 
the NHBEC originating from the partial dissolution of the visible parti
cles, but also from particles in other planes (not visible in the analyzed 
ultrathin section but present in the cell), and potentially from particles 
that have already fully dissolved. After image processing of the Nano
SIMS analysis of NHBEC sections, the results showed, as a rough esti
mation, that in these sections between 45 % (for the exposure to 10 mg 
BaSO4 L− 1 nanoparticle suspension) and 57 % (for the exposure to 
100 mg BaSO4 L− 1 nanoparticle suspension) of the barium were still 
present in NPs, while 21 and 36 %, respectively, of the dissolved barium 
were located around the NPs and between 34 % and 8 % were spread 
over the entire cell (Table 2). This suggests that BaSO4-NPs dissolved to 

a significant extend in NHBECs within 72 h in both dose groups. How
ever, the aggregation of nanoparticles at the higher exposure concen
tration reduced the dissolution of NPs and substantially reduced the 
amount of barium that was spread throughout the whole cell, as 

Fig. 8. NanoSIMS imaging of three NHBEC exposed to 100 mg BaSO4 L− 1 nanoparticle suspension. 12C14N mapping shows the cell morphology. 138Ba mapping is 
displayed in logarithmic scale (0–200 counts) and shows NPs as well as dissolved barium in one cell. Dashed lines indicate the cell shapes. Line scans through the 
entire cells additionally confirm NPs and dissolved Ba. Scale bar 10 µm.

Table 2 
Percentage of the barium content, calculated from the number of 138Ba counts 
that is present in each distinguishable part of the NHBE cells after 72 h, related 
to the total barium content, after removing the background signal obtained from 
unexposed cells. Results given as mean ± SD with n = 3.

Ba content (%)

​ Particles Dissolution Cell
10 mg BaSO4 L− 1 45 ± 8 21 ± 16 34 ± 13
100 mg BaSO4 L− 1 57 ± 22 36 ± 25 8 ± 9
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previously mentioned.
Using NanoSIMS imaging, we demonstrated the uptake of BaSO4-NPs 

by NHBECs for the first time, as well as a partial dissolution of these 
nanoparticles. Although the NPs remained in the cytosol and vesicles, 
the dissolved Ba2+ ions spread throughout the cells and penetrated into 
the nuclei. Cytotoxicity of BaSO4-NPs, as demonstrated in this study by 
the loss of viability with increasing BaSO4-NP concentrations (Fig. 2), 
and also by others after exposure of A549 cells to aerosols of BaSO4-NPs 
[55] could be related to the partial dissolution of the NPs within 72 h of 
exposure and the presence of Ba2+ ions in all parts of the cells, even 
though BaSO4-NPs are considered poorly soluble particles with low 
toxicity [5].

4. Conclusions

Our study primarily focused on the investigation of uptake and 
dissolution of nano-particles in cells and possible uptake of nano- 
particles into the nucleus. In order to gain insight into such processes 
occurring relatively short after exposure, experiments were conducted 
with short exposure times of 24 and 72 h, respectively. The cellular 
uptake of BaSO4-NPs by NHBECs quantified by ICP-MS shows a dose- 
dependent increase in the number of particles taken up. Also, a high 
number of nanoscale particles were observed in the cytosol and vesicles 
by TEM, which was unambiguously confirmed by element-specific 
NanoSIMS mapping. Uptake of particles into the nucleus could not be 
observed in this work. However, it was found that the NPs partially 
dissolved and the barium spread throughout the entire cell. BaSO4-NPs 
caused a dose- and time-dependent loss of viability in human lung cells. 
However, they did not alter the activity of lactate dehydrogenase and 
the associated membrane integrity. Moreover, no apoptosis was induced 
in NHBEC. The mechanism underlying the loss of viability caused by 
BaSO4-NP in our study does not seem to be associated with oxidative 
stress based on the measurements of the effects on the intracellular 
glutathione content. The extent to which released barium ions deter
mine the toxic effect in vitro should be investigated in future studies 
through a direct comparison with a soluble barium compound. This 
mechanism seems to be of particular importance, also considering the 
results from in vivo experiments and the short half-life of BaSO4 observed 
in those studies. Moreover, future studies should include longer expo
sure times as in vivo studies showed distribution of Ba ions in the body of 
experimental animals 28 days after intra-tracheal instillation.
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B. Niemann, C. Fahrenson, S. Selve, A.F. Thünemann, J. Meijer, I. Estrela-Lopis, 
A. Braeuning, A. Lampen, It takes more than a coating to get nanoparticles through 
the intestinal barrier in vitro, Eur. J. Pharm. Biopharm. 118 (2017) 21–29.

[49] H.R. Wirtz, L.G. Dobbs, Calcium mobilization and exocytosis after one mechanical 
stretch of lung epithelial cells, Science 250 (4985) (1990) 1266–1269.

[50] Q. Zhao, Y. Li, X. Chai, L. Zhang, L. Xu, J. Huang, P. Ning, S. Tian, Interaction of 
nano carbon particles and anthracene with pulmonary surfactant: the potential 
hazards of inhaled nanoparticles, Chemosphere 215 (2019) 746–752.

[51] F. Mousseau, J.F. Berret, The role of surface charge in the interaction of 
nanoparticles with model pulmonary surfactants, Soft Matter 14 (28) (2018) 
5764–5774.

[52] T.S. Hauck, A.A. Ghazani, W.C. Chan, Assessing the effect of surface chemistry on 
gold nanorod uptake, toxicity, and gene expression in mammalian cells, Small 4 (1) 
(2008) 153–159.

[53] G. Romero, I. Estrela-Lopis, P. Castro-Hartmann, E. Rojas, I. Llarena, D. Sanz, 
E. Donath, S.E. Moya, Stepwise surface tailoring of carbon nanotubes with 
polyelectrolyte brushes and lipid layers to control their intracellular distribution 
and “in vitro” toxicity, Soft Matter 7 (15) (2011) 6883–6890.

[54] A. Mech, K. Rasmussen, P. Jantunen, L. Aicher, M. Alessandrelli, U. Bernauer, E.A. 
J. Bleeker, J. Bouillard, P. Di Prospero Fanghella, R. Draisci, M. Dusinska, 
G. Encheva, G. Flament, A. Haase, Y. Handzhiyski, F. Herzberg, J. Huwyler, N. 
R. Jacobsen, V. Jeliazkov, N. Jeliazkova, P. Nymark, R. Grafström, A.G. Oomen, M. 
L. Polci, C. Riebeling, J. Sandström, B. Shivachev, S. Stateva, S. Tanasescu, 
R. Tsekovska, H. Wallin, M.F. Wilks, S. Zellmer, M.D. Apostolova, Insights into 
possibilities for grouping and read-across for nanomaterials in EU chemicals 
legislation, Nanotoxicology 13 (1) (2019) 119–141.

[55] M.J. Kustner, D. Eckstein, D. Brauer, P. Mai, J. Hampl, F. Weise, B. Schuhmann, 
G. Hause, F. Glahn, H. Foth, A. Schober, Modular air-liquid interface aerosol 
exposure system (MALIES) to study toxicity of nanoparticle aerosols in 3D-cultured 
A549 cells in vitro, Arch. Toxicol. 98 (4) (2024) 1061–1080.

M.A. Subirana et al.                                                                                                                                                                                                                            Journal of Trace Elements in Medicine and Biology 89 (2025) 127650 

12 

http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref24
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref24
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref24
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref25
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref25
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref25
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref26
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref26
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref26
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref26
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref27
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref27
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref27
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref27
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref27
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref28
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref28
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref28
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref28
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref28
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref29
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref29
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref29
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref29
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref29
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref30
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref30
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref30
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref30
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref30
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref30
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref31
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref31
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref31
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref32
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref32
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref32
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref32
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref33
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref33
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref33
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref33
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref34
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref34
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref34
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref34
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref34
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref35
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref35
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref35
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref35
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref36
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref36
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref36
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref37
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref37
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref37
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref37
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref38
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref38
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref38
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref38
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref38
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref39
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref39
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref39
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref39
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref40
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref40
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref40
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref41
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref41
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref41
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref41
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref42
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref42
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref42
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref42
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref43
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref43
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref43
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref43
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref44
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref44
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref44
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref45
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref45
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref46
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref46
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref46
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref47
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref47
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref47
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref47
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref48
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref48
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref48
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref48
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref49
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref49
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref50
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref50
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref50
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref51
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref51
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref51
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref52
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref52
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref52
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref53
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref53
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref53
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref53
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref54
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref54
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref54
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref54
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref54
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref54
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref54
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref54
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref55
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref55
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref55
http://refhub.elsevier.com/S0946-672X(25)00063-X/sbref55

	Uptake, localization and dissolution of barium sulfate nanoparticles in human lung cells explored by the combination of ICP ...
	1 Introduction
	2 Materials and methods
	2.1 Cell culture and growth conditions
	2.2 Barium sulfate nanoparticles and suspension preparation
	2.3 Cytotoxicity assays
	2.3.1 Resazurin assay
	2.3.2 MTT assay
	2.3.3 Lactate dehydrogenase assay

	2.4 Biochemistry assays for cell culture characterization
	2.4.1 Determination of cellular glutathione-content
	2.4.2 Detection of induced apoptosis

	2.5 Cellular uptake of BaSO4-NPs quantified by ICP-MS
	2.6 Sample preparation for NanoSIMS analyses and TEM observations
	2.7 NanoSIMS analysis

	3 Results and discussion
	3.1 Characterization of the BaSO4-NP suspension
	3.2 Cellular uptake
	3.3 Toxic effects of BaSO₄ nanoparticles on NHBECs
	3.3.1 Resazurin assay
	3.3.2 LDH assay
	3.3.3 Glutathione content
	3.3.4 Apoptosis assay

	3.4 TEM and NanoSIMS analysis of BaSO₄-NP uptake and localization in NHBECs
	3.4.1 TEM observations
	3.4.2 NanoSIMS imaging

	3.5 BaSO4-NPs dissolution and subcellular distribution of Ba2+visualized and quantified by NanoSIMS

	4 Conclusions
	Funding sources and acknowledgments
	Research data
	CRediT authorship contribution statement
	Declaration of Competing Interest
	References


