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ABSTRACT

TiO, nanoparticles (NPs) are extensively used in various applications, highlighting the importance of ongoing research into their
effects. This work belongs among rare whole-body inhalation studies investigating the effects of TiO, NPs on mice. Unlike previous
studies, the concentration of TiO, NPs in the inhalation chamber (130.8 ug/m?) was significantly lower. This 11-week study on mice
confirmed in vivo the presence of TiO, NPs in lung macrophages and type II pneumocytes including their intracellular localization
by using the electron microscopy and the state-of-the-art methods detecting NPs' chemical identity/crystal structure, such as the
energy-dispersed X-ray spectroscopy (EDX), cathodoluminescence (CL), and detailed diffraction pattern analysis using powder na-
nobeam diffraction (PNBD). For the first time in inhalation study in vivo, the alterations in erythrocyte morphology with evidence of
echinocytes and stomatocytes, accompanied by iron accumulation in spleen, liver, and kidney, are reported following NP's exposure.
Together with the histopathological evidence of hyperaemia in the spleen and kidney, and haemosiderin presence in the spleen, the
finding of NPs containing iron might suggest the increased decomposition of damaged erythrocytes. The detection of TiO, NPs on
erythrocytes through CL analysis confirmed their potential systemic availability. On the contrary, TiO, NPs were not confirmed in
other organs (spleen, liver, and kidney); Ti was detected only in the kidney near the detection limit.

1 | Introduction TiO, is extensively used in paints, coatings, plastics, papers, cos-

metics, pharmaceuticals and in the food industry outside the
TiO, represents poorly soluble low toxicity particles (Driscoll and EU. TiO, particle size depends on its application. Fine particles
Borm 2020), noted for its properties as opacity, brightness, hydro- and nanoparticles (NPs; <100nm), the latter ones also termed
phobicity, high refractive index and UV resistance. Therefore, ultrafine particles, produced mostly in rutile or anatase form,
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are frequently present together (Baranowska-Wojcik et al. 2020;
IARC 2010; NIOSH 2011; Younes et al. 2021). TiO, NPs possess
antimicrobial properties and therefore they are used in water
treatment technologies, in the textile industry, and also in vari-
ous biomedical applications such as orthodontics, wound heal-
ing, biosensors, and drug delivery systems (Han et al. 2016; Jafari
et al. 2020; Kumar et al. 2018; Younis et al. 2022). The widespread
use of TiO, has raised significant concerns regarding its potential
health effects (Zeman et al. 2018). Studies on effects of TiO, are
monitored by various authorities, and the safety assessment of
TiO, is being regularly updated. Exposure levels are considered to
be low with the possible exception of workers handling large quan-
tities of TiO, and thus exposed by inhalation (Boffetta et al. 2004;
Fryzek et al. 2003; IARC 2010). Epidemiological studies have not
reported any increased risk of cancer in humans after exposure to
TiO, (Boffetta et al. 2001; Boffetta et al. 2004; Fryzek et al. 2003).
However, recent re-analysis of one epidemiological study (Boffetta
et al. 2004) taking into account the healthy worker survivor effect
concluded that a positive association between cumulative expo-
sure to TiO, and lung cancer mortality was observed and that
TiO, epidemiological data could demonstrate an exposure-effects
relationship if analysed appropriately (Guseva Canu et al. 2022).
In addition, an incomplete confounder assessment was recently
referred as another methodological flaw in previous epidemio-
logical studies (Hansa et al. 2023). Only two in vivo inhalation
studies found increased evidence of tumours in rats (Heinrich
et al. 1995; Lee, Trochimowicz, and Reinhardt 1985a); one study
(Lee, Trochimowicz, and Reinhardt 1985a) only after chronic
inhalation of excessive concentration 250-mg/m?* TiO, with con-
clusion that ‘biological relevance of these lung tumours for man
is negligible’. The other study (Heinrich et al. 1995) found benign
squamous-cell tumour, adenocarcinoma and squamous-cell car-
cinoma after chronic inhalation of approximately 10-mg/m? TiO,,
which is considered to be ‘rat lung overload conditions’, resulting
in the impairment of particle clearance mechanisms in the lung,
subsequent chronic inflammation, possibly leading to the car-
cinogenic effects (General Court 2022). Contrary to them, other
studies on rats and other animal species such as mice or hamsters
reported no evidence of carcinogenicity (Muhle et al. 1995; Muhle
et al. 1989; Thyssen et al. 1978; Yamano et al. 2022). Therefore,
TiO, is currently classified by the International Agency for
Research of Cancer (IARC) as possibly carcinogenic to humans
(Group 2B) (IARC 2010). The National Institute for Occupational
Safety and Health (NIOSH) has concluded that ultrafine but not
fine TiO, particulate matter is a potential occupational carcino-
gen by inhalation (NIOSH 2011). Occupational exposure limits
are set at 2.4mg/m? for fine TiO, and 0.3 mg/m? for ultrafine TiO,
(NIOSH 2011) reflecting the increased adverse effects of NPs in
comparison with fine particles (IARC 2010; Oberdorster 2001;
Zhao et al. 2009). The topic of the safety evaluation of TiO, is
still ongoing and has practical impact on manufacturers and
users. Recently, the General Court has annulled the Commission
Delegated Regulation (EU) 2020/217 on the labelling of specific
substances or mixtures with TiO, in powder form as carcinogen
Category 2 by inhalation (General Court 2022).

Besides inhalation, another important exposure route to TiO,
NPs is ingestion. TiO, food additive (E 171) contains less than
50% of constituent particles by number with the minimum
external dimension <100nm (Verleysen et al. 2022; Younes
et al. 2021). The absorption of ingested TiO, is very low; the oral

systemic availability is probably not greater than 0.5% (Younes
et al. 2021). Dermal exposure is assumed to be insignificant
because healthy skin is considered to be an effective barrier to
TiO, NPs present in sunscreens and cosmetics (IARC 2010; Shi
et al. 2013).

The main effect of TiO, NPs is the formation of reactive
oxygen species (ROS), pulmonary inflammation and al-
veolar macrophage dysfunction (Shi et al. 2013). The pro-
inflammatory effect of TiO, NPs is caused by the release of
IL-1a and IL-1f after the induction of NLRP3 inflammasome
both in vivo and in vitro (Cameron et al. 2022; Sun et al. 2013;
Winter et al. 2011; Yazdi et al. 2010). TiO, NPs may modu-
late systemic immune response and increase the levels of re-
duced glutathione as a defensive response to oxidative stress
in mice (Lehotska Mikusova et al. 2023). Oxidative stress was
shown to induce insulin resistance after oral administration
of TiO, NPs and thus increased plasma glucose in mice (Hu
et al. 2015). A recent review of both in vivo and in vitro stud-
ies concluded that ROS generation, stress of endoplasmic re-
ticulum and inflammatory response might result in glucose
homeostasis disruption, but the evidence of this effect of TiO,
NPs is yet inconsistent (Mohammadparast and Mallard 2023).
Concerning genotoxicity, in vivo and in vitro studies from
recent years show that TiO, particles may induce genotoxic
damage even at low realistic doses, but the overall results still
remain inconclusive (Carriere, Arnal, and Douki 2020; Shi
et al. 2013). Because of the many uncertainties, the European
Food Safety Authority (EFSA) panel recently concluded that
‘a concern for genotoxicity could not be ruled out’ and there-
fore ‘titanium dioxide (E 171) may no longer be used in foods’
due to the precautionary decision of the European Commision
(EC 14 January 2022; Younes et al. 2021). Due to the different
regulatory approach, titanium dioxide is considered safe, and
therefore, it is still used as a food additive in other countries
as the USA, Canada, Great Britain etc. (Health Canada 2022;
COT 2024; FAO/WHO 2023).

Besides immune and systemic responses, poorly soluble low tox-
icity NPs (including TiO, NPs) might exert nonspecific effects as
pneumoconiosis and effects on the cardiovascular and/or auto-
nomic nervous system, which might contribute to development
of cancer, autoimmune or cardiovascular diseases (Ichihara
et al. 2016; Riediker et al. 2019; Yamano et al. 2022).

Conventionally used analytical determination of low concen-
trations of Ti in tissues by inductively coupled plasma mass
spectrometry (ICP-MS) encounters challenges related to de-
tection limits, which complicates obtaining reliable results
(Younes et al. 2021). Therefore, there is a need for advanced
microscopic and detection methods for the purposes of tox-
icokinetic studies. Transmission electron microscopy (TEM)
and scanning TEM (STEM) may provide information on the
NP distribution not only at the tissue level but also at the sub-
cellular level. This may contribute to the elucidation of mech-
anisms by which NPs exert toxicological effects (Riediker
et al. 2019). TEM and STEM coupled with energy-dispersed
X-ray spectroscopy (EDX), which is one of the methods of de-
tecting the elemental composition of a sample, have been in-
creasingly used in recent years (Coméra et al. 2020; Elgrabli
et al. 2015; Guillard et al. 2020; Heringa et al. 2018; Peters
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et al. 2020; Vyslouzil et al. 2020). Chemical characterization
of particles such as EDX analysis is thought to be essential to
avoid the uncertainty on the NPs' identity (Younes et al. 2021).
Another detection method gaining significant interest in
last years is cathodoluminescence (CL) coupled with STEM
(Coenen and Haegel 2017) or detailed diffraction pattern anal-
ysis using powder nanobeam diffraction (PNBD), a method
originally developed for identification of sparsely distributed
crystals (Slouf et al. 2021b).

The aim of this study was to investigate the distribution of TiO,
NPsin lungs and other murine organs after subchronic continuous
inhalation using the state of the art microscopy methods STEM-
EDX, STEM-C and STEM-PNBD. As an integral part, histopa-
thology analysis of lung, spleen, liver and kidney was provided.
Moreover, special attention was paid to changes of red blood cells
morphology. We selected an 11-week exposure period for this
study to thoroughly investigate the long-term effects and systemic
distribution of TiO, NPs, ensuring a comprehensive assessment of
both pulmonary and systemic impacts (Zeman et al. 2018).

2 | Material and Methods
2.1 | Production of TiO, NPs

TiO, NPs were continuously generated in situ via the aerosol
route in a hot-wall tube flow reactor (the ceramic work tube of a
vertically orientated furnace Carbolite TZF 12/38/850) by ther-
mal decomposition and oxidation of liquid metal organic precur-
sor titanium tetra-iso-propoxide (TTIP) at temperature 751°C in
the presence of 20 vol. % of oxygen (purity 99.9995%) (Moravec
et al. 2016). TTIP vapours were generated by evaporating its liquid
form in a saturator at a temperature of 24°C and released vapours
were transported into the flow reactor with a nitrogen stream
(purity 99.9995%, 0.85L/min). Before entering the reactor, it was
diluted with another nitrogen stream (purity 99.9995%; flow rate
0.90L/min). In parallel, a stream of oxygen (purity 99.9996%; flow
rate 0.40L/min) was introduced into the reactor using a silica cap-
illary (I.D. 560 um, O.D. 730 um) at a distance of 10mm after TTIP
vapours enter the reactor to oxidize the organic part of the TTIP. At
the outlet of the reactor, TiO, NPs transported in the nitrogen/oxy-
gen mixture (flow rate 2.15L/min) were mixed with air (5L/min).
The formed TiO, NPs were consecutively diluted using U-HEPA
filtrated air (flow rate 20 L/min) resulting in the proper concentra-
tion of TiO, NPs used for the whole body inhalation experiment.
All flow rates were regulated with mass flow controllers (Aalborg
GFCS Electronic). The scheme of TiO, NPs generation and inhala-
tion is shown in Figure 1.

2.2 | Characterization of Generated TiO, NPs

The number concentration and size distribution of TiO, NPs
(Figure S1A) were measured directly in the inhalation cages
using the scanning mobility particle sizer spectrometer (SMPS,
model 3936L72, TSI, USA) in the size range of 7.64-229.6 nm.

The SMPS consisted of electrostatic classifier (model 3080, TSI,
USA) with long differential mobility analyser (model 3081, TSI,
USA) and condensation particle counter (model 3772, TSI, USA).

14 16
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FIGURE 1 | Scheme of TiO, NPs generation and inhalation. (1)
Liquid nitrogen tank including reducing valve, (2) moisture trap, (3) ox-
ygen trap, (4) mass flow controller, (5) saturator with TTIP, (6) oxygen
cylinder including reducing valve, (7) tube flow reactor, (8) air compres-
sor with a dryer, (9) annular diffusion denuder, (10) HEPA filter, (11) air
pump, (12) moisture and temperature stabilization, (13) flow meter, (14)
inhalation cage, (15) control cage and (16) inhalation chamber.

The size distributions were measured continuously in 5min in-
tervals (i.e. 288 measurements per day) throughout the whole
exposure period. The SMPS operates on the principle of isolating
a charged particle of a certain diameter according to its mobility
in an electric field in the differential mobility analyser, and the
particles of the same diameter are then optically counted in the
Condensation Particle Counter.

To measure the mass concentration of NPs, generated TiO,
NPs were sampled on mixed cellulose membrane filters (pore
size 0.45um, diameter 25mm, Millipore, Bedford, USA).
The filters were weighed before sampling and after sampling
of NPs using a microbalance (£ 1ug; model M5P, Sartorius,
Germany). Filters were equilibrated before weighing for 48h
in air-conditioned room under constant conditions (tempera-
ture 20 £ 1°C, relative humidity 50 +3%). Mass concentration
of generated TiO, NPs was calculated by dividing of mass of
TiO, NPs collected on filter by volume of air sample that was
passed through the filter.

TiO, NPs for morphology characterization were deposited onto
TEM grids using a nanometer aerosol sampler (model 3089, TSI,
USA). Size and shape of generated TiO, NPs were measured by
electron microscopy, details are given below.

2.3 | Exposure of Female Mice to TiO, NPs

Adult female mice (ICR line, 6 weeks old, average body weight
24g) were obtained from Masaryk University (Brno, Czech
Republic). Prior to the experiment, animals were allowed to
acclimate to laboratory conditions for 1week. The experiments
were performed in accordance with the Guidelines for the Care
and Use of Laboratory Animals of the Institute of Analytical
Chemistry of the Czech Academy of Sciences (Ministry of
Agriculture of the Czech Republic, No. 10031/2013-MZE-17214)
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and approved by the Animal Ethics Committee of the Institute
of Animal Physiology and Genetics of the Czech Academy of
Sciences (No. 081/2010).

The inhalation experiment was carried out in parallel in two
whole-body inhalation cages placed inside the inhalation cham-
ber. Adult female mice were exposed to the concentration of
TiO, NPs of cca 1.51x10° particles/cm® for 24h/day, 7days/
week, over period of 11weeks. Control group was located in
another cage without inhalation of NPs. Commercial diet and
water were provided ad libitum. A special feeding device (a
tube closed at the top, from which the feed falls down into the
feeder) was designed to minimize oral ingestion of NPs resulting
from contamination of commercial feed granules by adsorption
of TiO, NPs on their surface. The body weight changes during
exposure were not significantly different between the control
and exposed group, as checked after 7weeks of exposure. The
exposure is described in detail elsewhere (Lehotska Mikusova
et al. 2023).

2.4 | Histopathological Analysis

At the end of the inhalation experiment, mice were anesthetized
with diethyl ether. The mice were then euthanized through
rapid decapitation, after which blood samples were collected,
and the bodies were dissected. Tissue samples from the lung,
liver, spleen and kidney were gathered, then fixed in 10% form-
aldehyde, dehydrated, and processed for paraffin embedding.
Tissue sections of thickness 4-5um were stained with haema-
toxylin and eosin. The stained sections were observed with the
optical microscope Olympus BX51 (Japan). Throughout the nec-
ropsy, careful measures were taken to prevent contamination of
the collected samples. The necropsies were performed by OS,
ensuring consistency and standardization across all mice, with
the same parts of the organs being collected from each experi-
mental mouse.

2.5 | Electron Microscopy
2.51 | TEM

Measurement and morphology analysis of TiO, NPs was
performed by TEM (Philips EM 208 Morgagni, FEI, Czech
Republic). TiO, NPs were sampled from the inhalation cham-
ber. They were collected by electrostatic precipitation using
a Nanometer Aerosol Sampler (model 3089, TSI, USA) on
electron microscopy copper grids, coated with formvar and
stabilized with evaporated carbon film (300 mesh, Agar
Scientific, UK).

The samples of the murine lung, liver, spleen and kidney for the
ultrathin section were fixed in 3% glutaraldehyde in cacodyl-
ate buffer, post-fixed in 1% OsO, solution in cacodylate buffer,
dehydrated in 50%, 70%, 90% and 100% acetone and embed-
ded in Epon-Durcupan mixture (Epon 812 Serva, Germany;
Durcupan, ACM Fluka, Switzerland). Ultrathin sections (thick-
ness 60-70 nm) were prepared by an ultramicrotome (Leica EM
UC7, Austria) and were not contrasted to avoid artefacts (with-
out 2% uranyl acetate and 2% lead citrate). The sections were

observed at 80kV with TEM (Philips EM 208 Morgagni, FEI,
Czech Republic).

Energy dispersive X-ray spectra (EDX) were measured by
Silicon Lithium Detector Oxford x-MAX 80T, SSD (EDS,
Oxford Instruments, UK). The detector was installed on the
transmission electron microscope JEOL-2100, 200kV (JEOL,
Japan).

2.5.2 | Scanning Electron Microscopy

Blood samples were centrifuged at 2000g. Supernatant was re-
moved. Erythrocytes were washed three times in Millonig's buf-
fer (Serva, Germany), fixed in glutaraldehyde (3%) in Millonig's
buffer, post-fixed in osmium tetroxide (OsO, 1%) solution in
Millonig's buffer. The samples were dehydrated in 50%, 70%,
90% and 100% ethanol and dried in hexamethyldisilazane
(HMDS, Sigma-Aldrich, Czech Republic). The samples were
then placed on the carbon conductive tabs (Pelco, Ted Pella,
USA), which were attached on the cylindrical Hitachi alumin-
ium sample stubs. The samples were coated with Pt/Pd layers
using Cressington sputter coater 208 HR (Cressington Scientific
Instruments, UK). The erythrocytes were observed under the
scanning electron microscope Hitachi SU 8010 (Hitachi High
Technologies, Japan) at magnification in the range from 500 to
20,000% at 18kV.

CL was measured by detector MonoCL4 Plus (Gatan, USA),
installed on the high-resolution scanning electron micro-
scope Magellan 400L (FEI, Czech Republic). The CL detector
is equipped with high-sensitive photomultiplier tube R943-02
(Hamamatsu Photonics K.K., Japan) with a time response of
3ns and GaAs (Cs) photocathode with spectral range from 160
to 930nm. The CL images were taken at an acceleration volt-
age of 8kV and a probe current of 1.6 nA. The bright field and
high angle annular dark field STEM images were captured by
the retractable detector STEM3 (FEI, Czech Republic) at the
acceleration voltage of 20kV and the probe current of 50 pA.
EDX spectra and maps were recorded by the APOLLO X
Silicon Drift Detector (EDAX, USA) at an acceleration volt-
age of 20kV and probe current of 6.4nA. The STEM-PNBD
datacube was taken on focused ion beam scanning electron
microscope Helios G4 HP (Thermo Fisher Scientific) using
T-pix pixel array detector (more information about the detec-
tor, detection geometry and data processing can be found in
Skoupy et al. 2023).

3 | Results
3.1 | Characterization of TiO, NPs

The overall stoichiometry of the TTIP oxidation can be described
by the equation (Moravec et al. 2016):

Ti(C;H,0), + 18 O, - TiO, + 14 H,0 + 12 CO,

To verify that oxidation of TTIP proceeds according to the equa-
tion, air with volatile organic compounds (VOCs) potentially
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present in the air of the inhalation cage with TiO, NPs was
sampled to n-heptane by means of a continuous cylindrical wet
effluent diffusion denuder (Kitmal et al. 2016), the denuder ef-
fluent was analysed for the content of VOCs using a GC-MS,
but no VOCs were found, that is, their concentrations, if present,
were below the limits of detection. As a result, the mice in this
study were not exposed to any contaminants during inhalation
of TiO, NPs.

The size distribution of TiO, NPs, as measured by SMPS during
inhalation, is depicted in Figure S1A. The average geometric
mean diameter of the NPs was 30.3 nm with a geometric stan-
dard deviation of 1.85, and the total number concentration
was 1.51 X 10 particles/cm3. The average mass concentration
of TiO, NPs was 130.8 ug/m?. The mass median aerodynamic
diameter (MMAD) calculated from SMPS number size dis-
tribution was 98.2nm and the mass geometric diameter was
93.0nm.

The TiO, NPs exhibited an irregular oval shape, as illustrated
by TEM (Figure S1B). Size distribution of TiO, NPs collected on
copper grids was evaluated using TEM and revealed that 98% of

FIGURE 2 | Lung—histopathological analysis, haematoxylin and
eosin staining. (A) The bronchiole with hyperplastic epithelium (de-
noted by asterisk) filled with condensed mucus and macrophages con-
taining phagocytosed granular material (denoted by triangles). Alveoli
show normal morphology. (B) Alveoli with slightly thickened interalve-
olar septa (denoted by arrows). Erythrocytes in the dilated blood vessel
on left.

NPs was smaller than 50 nm. Size of 75% NPs ranged between 15
and 40nm (Figure S1C). CL spectrum of pure TiO, NPs is shown
in Figure S1D.

3.2 | Histopathological Analysis

Following 11 weeks of exposure to TiO, NPs, emphysema in the
lung parenchyma occurred, and hyperplastic epithelium in the
bronchioles was observed. Condensed mucus and macrophages
with phagocytized granular material (haemosiderin) were pres-
ent in the bronchiolar lumen. The alveoli mostly exhibited nor-
mal morphology; however, slightly thickened interalveolar septa
were also identified. The alveolar epithelium sporadically con-
sisted only of Type II pneumocytes (Figure 2).

Histopathological analysis of liver sections revealed no
significant alterations (data not shown). In the spleen pa-
renchyma, hyperaemia and a relatively large amount of hae-
mosiderin phagocytosed within macrophages were observed
(Figure 3A). Other changes were not detected. In the kidney

FIGURE 3 | (A) Spleen—histopathological analysis, haematoxylin
and eosin staining. Multiple areas of haemosiderosis in parenchyma.
Haemosiderin phagocytosed in macrophages (rust-coloured areas). (B)
Kidney - histopathological analysis, haematoxylin and eosin staining.
Kidney cortex with chronic mononuclear inflammation site (denoted by
triangle) around the small blood vessel and in a proximity of the larger
blood vessel (denoted by asterisk). The latter one contains blood, which
is a sign of hyperaemia.
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medulla and cortex, several foci of chronic mononuclear in-
flammation were identified. Mild hyperaemia was observed
(Figure 3B).

3.3 | Electron Microscopy, Elemental Analysis
and Powder Diffraction of the TiO, NPs in the Lung

TEM analysis revealed TiO, NPs clustered within vesicles of
type II pneumocytes in ultrathin lung sections (Figure 4A).
At higher magnification, TiO, NPs and their small aggregates
were found in physical interaction with cytoplasmic mem-
brane and several membrane invaginations were observed.
In cells, TiO, NPs were present predominantly as aggre-
gates inside endosomes, multivesicular bodies or lysosomes.
Possible autophagosomes or autophagic compartments could
not be distinguished in our TEM micrographs, as cytoplas-
mic membranes lacked contrast. Sporadically, TiO, NPs were
present seemingly free in cytoplasm (Figure 4B). TEM images

showed TiO, NPs also in the structures of Golgi complex and
endoplasmic reticulum (Figure 4B). TiO, NPs in large vesicles
were found in close proximity to the capillary (Figure 4C). In
lung macrophages, TiO, NPs were found in vesicles as well
(Figure 4D).

The elemental composition of the aggregates in larger vesicles
of type II pneumocytes was determined by using both EDX
and CL analysis, which confirmed the presence of Ti in the
dense NP structures (Figure 5). This was further confirmed
by PNBD (Slouf et al. 2021a; Slouf et al. 2021b), where a clear
match with the simulated TiO, spectrum of anatase was found
(Figure 6).

3.4 | TiO, NPs on Erythrocytes

In samples from mice exposed to TiO, NPs, erythrocytes dis-
playing markedly altered morphology were occasionally found.

2000 nm

2000 nm

FIGURE4 | TEM micrograph of TiO, NPs deposited in lung cells. (A) TiO, NPs deposition in pulmonary alveolus in the type IT pneumocytes. N,
nucleus; E, erythrocyte; Vc, vas capillare, capillary. (B) Intracellular distribution of TiO, NPs in the type IT pneumocyte. NPs are present in vesicles,
seemingly free in cytoplasm, and in interaction with Golgi apparatus and endoplasmic reticulum. Ga, Golgi apparatus; Er, endoplasmic reticulum;

N, nucleus; Ncl, nucleolus. (C) Type II pneumocyte with a capillary containing erythrocytes. TiO, NPs are aggregated in large vesicles, some of them
are in the very close contact with the capillary. TiO, NPs are apparent in the endothel of the capillary. (D) A lung macrophage containing TiO, NPs

aggregated in vesicles.
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FIGURE 5 | Deposition of TiO, NPs in type II pneumocytes. (A) Dense structures consisting of NPs show cathodoluminescence activity.
Correlative image composed of bright field STEM and CL image is on the right. (B) The dense structures are mainly formed by titanium and oxygen
(estimated by EDX mapping of Ka emission line). (C) Elemental composition (EDX analysis) of one of the structures shows C, O, Os, Cl and Ti. Cu
and Al are elements which the TEM grid and sample holder are made from. (D) Elemental composition (EDX analysis) of formvar support film and

durkopan resin in an area without a sample. C, O and material of the sample holder (Cu, Al) are recognizable in the spectrum.

>

o o o
~ [=-] ©o

o
(=]

o
I

Intensity [grayscale]
o
[,

03 XRD Ti02 | |
Experiment
0.2 1
01
0
0 1 2 £ 4 5 6 7

q [1/A]

FIGURE 6 | STEM-PNBD analysis (A). Estimated radial profile in red corresponds to X-ray diffraction simulations of TiO, in the form of anatase

(black). Final 2D powder diffractogram (inlet) was created from 128 points carefully chosen from taken 40,000 point diffractograms. Mapped area is

highlighted in BF STEM image (B), magnified in (C), number of detected peaks per pattern in (D) and position of selected diffraction patterns in (E).

These morphological alterations were represented mostly by
echinocytes and stomatocytes of various stages (Figure 7). SEM
investigation of erythrocytes isolated from peripheral blood re-
vealed NPs attached to their surface (Figure 7A). To determine

the elemental composition of NPs attached to erythrocytes, EDX
analysis could not be used, as it was difficult to find individual
NPs attached to or possibly within the erythrocytes. EDX mea-
surements over larger areas lead to the position-based spectral
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FIGURE7 | SEM micrographs of erythrocytes. (A) Erythrocyte with TiO, NPs (arrows) attached to its surface. (B) Erythrocytes from non-exposed

control mice. (C, D) Erythrocytes from mice exposed to TiO, NPs with markedly altered morphology including stomatocytes and echinocytes.

averaging and to the drop of TiO, concentration under the de-
tection limit. Therefore, CL spectra were measured on the whole
sample of erythrocytes attached on carbon conductive tabs. The
CL spectrum of exposed erythrocytes is a combination of CL
spectra of pure erythrocytes (control) and pure TiO, powder.
It is clearly visible that peaks around 450 and 500nm, which
are part of TiO, spectrum, can be found in the spectrum of ex-
posed erythrocytes, but do not occur in the control erythrocyte
spectrum (Figure 8). Therefore, the CL analysis showed the oc-
currence of TiO, NPs on erythrocytes in mice after subchronic
inhalation.

3.5 | TiO, NPsin Spleen, Liver and Kidney

In distal organs such as the spleen, liver and kidney, NPs were
present to a significantly lesser extent compared with the lung.
In spleen, liver and kidney, STEM-EDX analysis of NPs mostly
revealed the presence of iron in the form of ferritin and haemo-
siderin particles (Figures S2, S3 and S4). Titanium was deter-
mined only rarely above the detection limit in kidney (Figure 9),
but not in liver and spleen. This rare occurrence of titanium
near the limit of detection does not represent sufficient evidence
for the confirmation of TiO, NPs in kidney. Neither STEM-CL

B Ervthrocytes - control
[ Exposed erythrocytes

W Tio, powder

o °
& &

°
=

Normalized intensity [a.u.]

300 400 500

700 800 900

600
Wavelength [nm]

FIGURE 8 | CL spectra comparison of control erythrocytes (red),
erythrocytes exposed to TiO, NPs (green) and pure TiO,NPs (blue).
Spectrum of erythrocytes exposed to TiO, NPs is a combination of both
others (visible around the peak at 430nm). The peak at 850 nm (visible
on the spectrum of pure TiO, NPs) is caused by a larger cluster of par-
ticles. In case of erythrocytes exposed to TiO, NPs it is not recogniz-
able. All spectra were captured at acceleration voltage 30kV, emission
current 1.6nA, step in spectrum 5nm, dwell time 10s and wavelength
range 300-900nm.
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FIGURE 9 | EDX analysis of NPs enclosed in a vesicle in kidney. NPs consisted of iron. Titanium was found near the limit of detection (LOD
0.04wt%). TEM micrographs were taken on different microscopes; therefore, the region with defects on the slices was chosen intentionally for better
orientation. Selected area of vesicle no. 1 exerted very similar EDX spectrum with Ti detected close to the LOD. EDX analysis of selected area of ves-

icle no. 2 did not show Ti presence, but Fe was detected.

revealed any titanium in the samples from distal organs (data
not shown). Therefore, it can be concluded that no significant
accumulation of TiO, NPs was identified in liver, spleen and
kidney.

4 | Discussion

The presented work belongs among sporadic whole-body in-
halation studies on TiO, NPs (Bermudez et al. 2004; Grassian
et al. 2007; Heinrich et al. 1995; Lee, Trochimowicz, and
Reinhardt 1985a; Lee, Trochimowicz, and Reinhardt 1985b;
Mubhle et al. 1995; Yamano et al. 2022; Yamano et al. 2022; Yu
et al. 2015). In contrast to these previous studies, the concentra-
tion of TiO, NPs in the inhalation chamber in our study (130.8 ug/
m?) was markedly lower, resembling a realistic exposure sce-
nario in occupational settings (NIOSH 2011). The conditions of

the TiO, NPs generation and of the inhalation exposure were
the same as in a recent study focused on immunomodulatory
effects (Lehotska Mikusova et al. 2023), only with different du-
ration of exposure (here 11 weeks instead of 7weeks). Exposure
for 11 weeks (24/7) has already been used in our previous studies
(Dumkova et al. 2020; Rossner et al. 2019; Smutna et al. 2022)
and represents subchronic exposure as defined in the Integrated
Risk Information System Glossary (US EPA).

This study focuses on the identification of TiO, NPs in the lungs
and other distal organs in mice by using electron microscopy
and methods detecting NPs' chemical identity/crystal structure.
As a novelty, alterations in red blood cell morphology resulting
from inhalation exposure to TiO, NPs were found for the first
time in inhalation study in vivo. These alterations might be con-
nected with histopathological changes observed in lungs and
distal organs.
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Majority of TiO, NPs deposited in the airways of the respi-
ratory tract is phagocytized by alveolar macrophages and
may be cleared by expiration of sputum or by gastrointesti-
nal tract (Shi et al. 2013). However, evidence suggests that
NPs may be cleared less effectively by alveolar macrophages
compared with fine particles; thus, the retention of NPs in
lungs and the possibility of their uptake by endothelial cells
is increased (Geiser et al. 2008; Geiser and Kreyling 2010;
Oberdorster 2001). A small fraction of TiO, NPs is transported
from the lung tissue into systemic circulation (Gaté et al. 2017;
Miihlfeld et al. 2007; Pujalté et al. 2017; Riediker et al. 2019;
Shi et al. 2013). TiO, NPs can be then distributed from sys-
temic circulation to various organs and tissues as mesenteric
lymph nodes, liver, spleen, kidney, heart, reproductive organs,
brain and placenta (Fabian et al. 2008; Gaté et al. 2017; Geiser
and Kreyling 2010; Pujalté et al. 2017; Shi et al. 2013; Younes
et al. 2021).

In the present study, TiO, NPs were observed predominantly
in the lungs. TiO, NPs were found in macrophages and in type
II pneumocytes mostly in vesicular structures such as endo-
somes, lysosomes, multivesicular bodies, autophagosomes or
autophagic compartments. This is in line with another in vivo
inhalation study on mice (Yu et al. 2015), in vitro studies on
various NPs and various cell lines (Konczol et al. 2011; Lammel
et al. 2019; Lojk et al. 2015; Martin et al. 2022; Miihlfeld
et al. 2007) or studies on airborne particulate matter (Gualtieri
et al. 2009; Reibman et al. 2002), suggesting that the uptake and
intracellular fate of TiO, NPs is directed by the endo-lysosomal
pathway. However, certain TiO, NPs appeared not to be en-
closed in vesicles, but seemingly free in the cytoplasm, which
could be explained rather by possible endosomal escape than
by direct penetration through cytoplasmic membrane (Chu
et al. 2014; Lammel et al. 2019). The accumulation of indigest-
ible material in lysosomes may result in lysosomal overload,
which may cause the blockage of autophagic flux. The autoph-
agy and lysosomal dysfunctions were suggested to be emerging
mechanisms of nanomaterial toxicity, which may manifest in a
number of pathologies in humans (Cohignac et al. 2014; Meijer
and Codogno 2009; Ravikumar et al. 2010; Stern, Adiseshaiah,
and Crist 2012). TiO, NPs sporadically observed in the struc-
tures of the Golgi complex and endoplasmic reticulum in type
II pneumocyetes in this in vivo study might be transported there
from early endosomes by retrograde transport, a way common
for certain bacterial and plant toxins. It is less common but pos-
sible also for NPs (Iversen, Skotland, and Sandvig 2011; Lord
and Roberts 1998; Sandvig et al. 2013; Skotland, Iversen, and
Sandvig 2021), which have been observed in endoplasmic retic-
ulum in several in vitro studies (Luo et al. 2013; Yan et al. 2016;
Zhang et al. 2016).

In this study, the confirmation that the observed NPs in the lung
are indeed TiO, NPs was provided by both EDX analysis and
PNBD, a method specially designed for crystal identification
(Skoupy et al. 2023; Slouf et al. 2021b). As an alternative method
to confirm the NP identity, we successfully used CL, a method
applied in the past primarily for the characterization of semi-
conductors, minerals, and ceramics, but recently applied also in
nanophotonics, plasmonics and in imaging of nanostructures
including TiO, (Barberio et al. 2012; Coenen and Haegel 2017;
Keevend, Coenen, and Herrmann 2020; Plugaru 2008).

Therefore, this in vivo study corroborates the findings of pre-
vious in vitro studies regarding the presence of TiO, NPs in
pulmonary cells at the ultrastructural level. To our knowledge,
electron microscopy identification of TiO, NPs in lung intra-
cellular structures has been published previously only in one
whole-body inhalation in vivo study on mice (Yu et al. 2015).

A vast majority of NPs having been deposited in the lungs is
taken up by macrophages and removed by common clearance
processes, but a small fraction can reach the bloodstream, thus
become systemically available and reach other organs and tis-
sues (Gaté et al. 2017; Krug 2014; Krug and Wick 2011; Pujalté
et al. 2017). Interactions between NPs and blood cells are still
poorly understood, and little is known about the effects of NPs
on the morphology, structure and function of erythrocytes,
the most abundant cells in the circulatory system (de la Harpe
et al. 2019; Tian et al. 2021). In vitro studies showed that NPs
may interact with the erythrocyte membrane and exert haemo-
lytic and agglutinating effects on erythrocytes. Several in vitro
studies reported that various NPs including Ag, Au, SiO, and
TiO, NPs induced changes in erythrocyte morphology from dis-
cocytes to echinocytes and stomatocytes (Asharani et al. 2010;
Avsievich et al. 2019; Bian et al. 2021; Ghosh, Chakraborty, and
Mukherjee 2013; He, Liu, and Du 2014; Li et al. 2008; Solarska-
Sciuk et al. 2021). Recently, prothrombotic effect of TiO, NPs
via the procoagulant activity of erythrocytes was detected
both in vitro on human isolated erythrocytes and in vivo in
rats after intravenous injection (Bian et al. 2021). Such in vivo
confirmation of effects or mechanisms detected in vitro is ulti-
mately essential, yet currently still rare (Rennick, Johnston, and
Parton 2021). In the presented study, we show to our best knowl-
edge for the first time in inhalation study in vivo that TiO, NPs
caused the changes in erythrocyte morphology in mice after
11 weeks of inhaling low concentration of TiO, NPs.

We also confirmed the presence of TiO, NPs on erythrocytes
using cathodoluminescence coupled with SEM. The SEM-CL
use provided us the advantage of the ability to detect TiO, col-
lectively on a number of erythrocytes. Previously, the finding
of erythrocytes with attached TiO, NPs in the in vivo samples
was rather difficult so their detection by SEM-EDX was barely
possible. Such in vivo confirmation of TiO, NP on erythrocytes
might be an evidence of their systemic availability.

However, this study did not find TiO, NPs in other organs, in-
cluding the spleen and liver. In kidney, Ti was detected by EDX
analysis in several vesicles only close to the limit of detection
(0.04wt%). This might result from the fact that rather low con-
centrations of TiO, NPs were intentionally used in this inhala-
tion study. In these distal organs, NP structures found by TEM
in various types of vesicles, in clusters or freely in cytoplasm
were shown by EDX analysis to contain iron. Ultrastructurally,
these NPs correspond with storage forms of iron—ferritin and
haemosiderin (Iancu 1992, 2011). Together with the histo-
pathological evidence of hyperaemia in the spleen and kidney
and haemosiderin presence in the spleen, the finding of NPs
containing iron might suggest the increased decomposition of
damaged erythrocytes. The excess of iron is then stored in the
form of haemosiderin, a water-insoluble protein storing iron in
the conditions of iron overload, whereas in normal conditions,
the excess of iron is stored in the form of the water-soluble
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protein ferritin (Harrison and Arosio 1996; Saito 2014). This
is in accordance with in vitro studies reporting the haemolytic
effects of TiO, NPs (Bian et al. 2021; Ghosh, Chakraborty, and
Mukherjee 2013; Li et al. 2008). The chemical analysis of tita-
nium content (not published here) by using ICP-MS revealed
high titanium amounts only in the lungs, while in other organs
(including blood) titanium concentrations were below the limits
of detection. Nevertheless, it should be noted that the sensitivity
of the method used was low, as we did not have a more sensi-
tive method available in the course of the study. In fact, there
is a lack of in vivo inhalation studies reporting the distribution
of TiO, NPs into the distal organs, as the studies are mostly fo-
cused on the effects in the lung (Bermudez et al. 2004; Grassian
et al. 2007; Heinrich et al. 1995; Muhle et al. 1989; Yamano
et al. 2022; Yamano et al. 2022; Yu et al. 2015). To our knowl-
edge, only one whole-body chronic inhalation study on rats
exists reporting transmigration of TiO, particles (mass median
diameter 1.5um, geometric diameter 0.4um) to lymph nodes,
spleen and liver, but with no tissue reaction (Lee, Trochimowicz,
and Reinhardt 1985b). Two nose-only inhalation studies (expo-
sure 6h, resp. 4weeks) on rats detected titanium using ICP-MS
in various distal organs, thus confirming in vivo the systemic
circulation of a small amount of the inhaled TiO, NPs (Gaté
et al. 2017; Pujalté et al. 2017). Other in vivo studies analysed
tissue distribution after intravenous or intraperitoneal injec-
tion of TiO, NPs (Disdier et al. 2015; Elgrabli et al. 2015; Fabian
et al. 2008; Valentini et al. 2019), an administration suitable for
nanomedicine research.

Indeed, few animal inhalation studies exist on TiO, NPs, as they
demand special maintenance of a controlled aerosol environ-
ment in comparison with administration by instillation or in-
jection, thus are more elaborate and costly, but closer to reality.
Although in vitro studies provide valuable information on the
mechanisms of NP effects and fate in biological systems, in vivo
studies are necessary to confirm whether these mechanisms
are relevant in living organisms, especially during such a com-
plex process as inhalation (Krug 2014; Rennick, Johnston, and
Parton 2021).

5 | Conclusion

In summary, this 11-week study on mice confirmed in vivo the
presence of TiO, NPs in lung macrophages and type II pneu-
mocytes including their intracellular localization and their
identification by EDX, CL and PNBD analysis. For the first time
using the inhalation exposure route, this in vivo study reports
the changes in erythrocyte morphology after subchronic inha-
lation of TiO, NPs in low concentration. CL analysis detected
the presence of TiO, NPs on erythrocytes, thus suggesting their
potential systemic availability. CL analysis appeared to be useful
method for titanium detection on erythrocytes, when EDX and
chemical analysis were not efficient or enough sensitive. The
study did not prove the presence of TiO, NPs in distal organs
such as the spleen, liver and kidney. Ti was found only in kid-
ney near the limit of detection. Sporadic, but increased occur-
rence of iron NPs in these organs in the form of haemosiderin
compared with control mice might result from haemolysis of the
damaged erythrocytes. These findings suggest the suitability of

determining the NP elemental composition in order to avoid the
misinterpretation of the results.
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