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ABSTRACT — Nanoparticles (NPs) are used in a variety of fields, including industry, medicine, and
food production. Predicting the potential toxicity and biological effects of NPs is challenging due to the
influence of their physicochemical properties, such as particle shape and coating constituents. This study
investigated the pulmonary effects of differently coated titanium dioxide (TiO,) NPs in wild-type and
nuclear factor erythroid 2-related factor 2 (Nrf2) null mice. C57BL6/J wild-type and Nrf2 null mice were
exposed to uncoated TiO, NPs, or NPs coated with either hydroxide aluminum, or with aluminum hydrox-
ide/stearic acid. After a two-week exposure period, no significant changes were observed in lung weight,
cell counts of bronchoalveolar lavage fluid, mRNA levels of proinflammatory cytokines, and antioxidant
gene expression in either mouse strain. In addition, human lung carcinoma A549 cells exposed to three
types of TiO, NPs showed no significant changes in cell viability, cytotoxicity, or intracellular reactive
oxygen species production. These findings suggest that the toxicity of the TiO, NPs, regardless of surface

modification, is minimal to the respiratory system of mice and human alveolar epithelial cells.
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INTRODUCTION

With the advancement of nanotechnology, nanopar-
ticles (NPs) have found applications in diverse fields,
including industry, medicine, and food (Chaudhry et al.,
2008). Titanium dioxide nanoparticles (TiO, NPs) are the
most widely used NPs globally, and are used extensively
in the production of cosmetics, sunscreens, and food col-
orants (Baranowska-Wojcik et al., 2020; Piccinno et al.,
2012). Consequently, the prevalence of exposure to TiO,
NPs has increased. However, the health risks associated
with TiO, NP exposure remain unclear.

Bettini et al. (2017) reported that E171, a TiO, NP that

is widely used as a food colorant, was potentially carcino-
genic in the rat colon. In 2020, France banned the use of
TiO, NPs in food products due to concerns about the safe-
ty of TiO, NP exposure through consumption. In 2021,
the European Food Safety Authority (EFSA) published an
opinion stating that the effects of TiO, NP exposure are
unclear and that their consumption cannot be considered
safe (Bampidis et al., 2021; Baranowska-Wojcik et al.,
2020). The discussion about TiO, NPs toxicity is ongo-
ing, and public interest is focused on clarifying whether
TiO, NPs are safe.

One of the major characteristics of NPs is their small
particle size (<100 nm). It has been proposed that NPs,
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which are smaller in size than particulate matter (PM), ,
can penetrate deeper into lungs more easily and are there-
fore considered to have higher health risks (Johnson et
al., 2021; Thangavel ef al., 2022). The inhalation of NPs
occurs in many workplaces, especially in factories that
handle NPs (Ichihara ef al., 2016).

Compared to larger particles, the small size of NPs
means that they have a relatively larger surface area
to volume ratio. This large surface area to volume ratio
contributes to the mechanical strength of NPs, there-
by facilitating the application of TiO, NPs as biocom-
patible materials (Suttiponparnit ef al., 2011). However,
these structural characteristics can also facilitate molec-
ular interactions, leading to the production of reactive
oxygen species (ROS), DNA damage, and disruption to
cell membranes (Najahi-Missaoui ef al., 2020). Conse-
quently, assessments of NP toxicity should be described
not only in terms that are relative to their weight, but also
their surface area, as the surface activity of NPs mark-
edly influences their biological effects. In addition to
their influence on the surface reactivity and the cellular
uptake of NPs, surface charges also affect the cytotoxici-
ty of NPs and their dispersion in solvents (Bhattacharjee,
2016). NPs exist in various shapes such as spherical,
cubic, fibrous, rod-like, elliptical, cylindrical, and two-
dimensional sheet-like structures (Zhang et al., 2015).
Like surface charge, these differences in shape also influ-
ence the dispersion of NPs in solvents and NP toxicity. In
particular, it has been reported that fibrous nanoparticles
such as TiO, nanobelts induce inflammation in mouse
alveoli (Hamilton et al., 2009).

It has been proposed that the surface coating of NPs is
an important factor affecting NP toxicity. Changes in the
surface coating of NPs have been demonstrated to alter
their physical properties, in vivo kinetics, and biosafe-
ty (Najahi-Missaoui et al., 2020; Takechi-Haraya et al.,
2022). For example, surface coatings on silica NPs have
been reported to alter the inflammatory responses and
extent of DNA damage in cells and lung tissues (Inoue
et al., 2021; Yoshida et al., 2012). Since many of the NPs
that are used in a variety of applications have surface
coatings, assessing the contribution of these surface coat-
ings to NP toxicity is important.

Numerous NPs are also capable of causing oxidative
stress, which can in turn induce inflammation and cell
death (De Stefano et al., 2012). Nuclear factor eryth-
roid 2-related factor 2 (Nrf2) is a transcription factor that
responds to oxidative stress by increasing the expression
of antioxidant enzymes (Bellezza et al., 2018). For exam-
ple, exposure of Nrf2 null (Nrf2--) mice to zinc oxide
(ZnO) NPs increased pro-inflammatory cytokines and
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chemokines (Sehsah et al., 2022). In addition, exposure
to TiO, NPs has been shown to increase ROS levels in
human lung carcinoma A549 cells, the HepG2 human liv-
er cancer cell line, and cells in the liver, kidney, and brain
of mice (Sayes et al., 2006, Zhang et al., 2010). Further-
more, it has been reported that Nrf2 deletion increased
TiO, NP-induced DNA damage in HepG2 cells and
mouse kidney cells (Shi et al., 2015).

The present study investigated the effects of TiO, NP
surface coatings on lung inflammation in Nrf2-- mice and
wild-type mice, as well as their cytotoxicity to type II
alveolar epithelial cells.

MATERIALS AND METHODS

TiO, nanoparticles

Three types of TiO, NPs (LU-572-2, TTO-S-3, TTO-
S-4) with different surface coatings were obtained from
ISHIHARA SANGYO KAISHA (Osaka, Japan): LU-572-
2 (LU) is uncoated, TTO-S-3 (S3) is coated with alu-
minum hydroxide, and TTO-S-4 (S4) is coated with alu-
minum hydroxide and stearic acid. The TiO, NPs, which
have the same primary diameter of 15 nm and rutile crys-
tal structure, were dispersed and their hydrodynamic siz-
es were then measured using methods described previous-
ly (Tada-Oikawa et al., 2016). TiO, NPs were dispersed
in dispersion medium (DM), cell culture medium, or dis-
tilled water. The composition of the DM is the same as
that described previously (Wu et al., 2014). Briefly, DM
consists of Ca2* and Mg?* free phosphate buffered saline
(PBS, pH 7.4; Thermo Fisher Scientific, Waltham, MA),
supplemented with 5.5 mM D-glucose (Sigma-Aldrich,
St. Louis, MO), 0.6 mg/mL bovine serum albumin
(Sigma-Aldrich), and 0.01 mg/mL 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) (Sigma Aldrich). The
NPs were dispersed using a cup-type sonicator (model
450, Branson Sonifier, Danbury, CT) set at 80% pulsed
mode, 100 W, and 15 min. After dispersion in DM, cell
culture medium or distilled water, the hydrodynamic size
and Z-average of the NPs were determined using dynam-
ic light scattering (DLS) technology with a Zetasizer
Nano-S (Malvern Instruments, Worcestershire, UK). Zeta
potentials were also measured using a Zetasizer Nano
ZSP (Malvern Instruments).

Transmission electron microscope (TEM) image
analysis

TiO, NPs were dispersed in distilled water to a dilution
of 25 ng/mL. Then, 50 uL of TiO, NPs were mounted
on a grid (elastic wettie ELW-CO075, Okenshoji, Tokyo,
Japan), dried in a desiccator, and observed under a TEM
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(HT7700; Hitachi, Japan, Tokyo) operated at an acceler-
ating voltage of 80 kV and x100,000 magnification.

Study animals

Nrf2-- mice (10 weeks old, 22-29 g) were reared (Itoh
et al., 1997) and backcrossed more than six times. Wild-
type C57BL/6JJcl mice (10 weeks old, 22-29 g) were
purchased from CLEA Japan (Tokyo, Japan). Nrf2-/~
mice and wild-type mice were weighed and random-
ly divided into three groups, respectively (n = 8 in each
group). All of the mice were housed and acclimatized in
a clean environment for 1 week before starting the expo-
sure treatments. Food and water were provided ad libi-
tum. The animal room was light- and temperature-con-
trolled and mice were maintained under a 12-hr light-dark
cycle (lights on at 9:00 and off at 21:00) at a room tem-
perature of 23-25°C, and a relative humidity of 57-60%.
The experiments adhered to the guidelines outlined in the
Japanese Act Concerning Protection and Control of Ani-
mals and the Animal Experimentation Guidelines of Jichi
Medical University. The experiment protocol was
approved by the Jichi Medical University Animal Experi-
ment Committee (#21038-03).

Pharyngeal aspiration of NPs

Following the methods established for pharyngeal
aspiration in a previous study (Sehsah et al., 2019), mice
were anesthetized by intraperitoneal injection of a mixed
anesthesia. The anesthesia was prepared by supplement-
ing saline (Otsuka Pharmaceutical Factory, Tokushima,
Japan) with 30 pg/mL medetomidine hydrochloride
(Domitor; ZENOAQ, Fukushima, Japan), 400 ug/mL
midazolam (Sandoz; Basel, Switzerland), and 500 pg/mL
of butorphanol tartrate (Vetorphale; Meiji Seika Pharma,
Tokyo, Japan). After induction of anesthesia, the mouse
was positioned on an inclined board with its upper inci-
sors secured using a rubber band. The mouse’s tongue
was then gently extended from the oral cavity using
blunt forceps, and a 40 uL aliquot of NP suspension was
placed at the back of tongue. Then the tongue was held
in this position for 1 min to facilitate inhalation of the
NPs (Suzuki et al., 2016). Following this procedure, the
mouse was injected intraperitoneally with 30 pg/mL ati-
pamezole hydrochloride (Antisedan; Espoo, Finland) to
reverse the anesthesia. The mouse was then placed on a
heated plate maintained at 37°C until it recovered from
the anesthesia. Mice were exposed to TiO, NPs dispersed
in DM at concentrations of 10 ug (low concentration)
and 30 pg (high concentration), which are equivalent to
0.5 mg/kg and 1.5 mg/kg body weight, respectively.
The lower concentration of 0.5 mg/kg is comparable to

the estimated lung deposition of 0.58 mg/kg of workers
exposed to fine TiO, particles at the recommended expo-
sure limit (REL) of 2.4 mg/m? set by National Institute
for Occupational Safety and Health. This exposure sce-
nario assumes a full deposition of fine TiO, particles
inhaled in a ventilation volume of 500 mL at a breathing
rate of 12 breaths/min over an 8-hr workday for five con-
secutive days.

Bronchoalveolar lavage fluid (BALF)

Two weeks following exposure to TiO, NPs, BALF
was collected from each mouse. After being anesthetized
by intraperitoneal injection of a mixture of three anes-
thetics, bronchoalveolar lavage (BAL) was performed
by cannulating the trachea with a 20-gauge needle, fol-
lowed by the injection and subsequent collection of PBS
(FUJIFILM Wako Pure Chemical, Osaka, Japan) into/
from both lungs. This operation was repeated three times
to collect of total of 2 mL of BALF. The collected BALF
was centrifuged at 1500 rpm for 5 min at 4°C. After cen-
trifugation, the supernatant was aliquoted into two tubes
and stored at -80°C. The cell pellets were re-suspended
in 1 mL of ACK Lysing Buffer (Thermo Fisher Scientific)
and incubated for 5 min at room temperature. Then,
10 mL of cold PBS was added and centrifuged at 1500
rpm for 5 min at 4°C. The resulting cell pellets were then
resuspended using 0.5 mL of PBS, and the total num-
ber of cells was counted using a hemocytometer (TC20,
Bio-Rad, Hercules, CA). The remaining re-suspend-
ed cells were concentrated and deposited on glass
slides using a Cytospin™ Centrifuge (EZ Single
Cytofunnel White, Epredia, Portsmouth, NJ), followed by
Diff-Quik staining (Sysmex, Hyogo, Japan). The BALF
macrophages, granulocytes, and lymphocytes were iden-
tified under a microscope (FSX100, Olympus, Tokyo,
Japan) and the number of each cells was counted using
a x20 objective lens across 10 fields. Total BALF pro-
tein levels were measured using a Pierce™ BCA Protein
Assay Kit (Thermo Fisher Scientific), following the man-
ufacturer’s instructions.

Dissection, measurement of organ weights, and
histological analysis

After collecting BALF, mice were euthanized and dis-
sected, and the weights of different organs (lungs, heart,
liver, spleen, adrenal glands, and kidneys) were record-
ed. Subsequently, sections of the organs were fixed in 4%
paraformaldehyde (FUJIFILM Wako Pure Chemical).
Specifically, a section of the middle of the left lung
was fixed and embedded in paraffin (Sigma-Aldrich).
These paraffin-embedded lung tissues were then cut into
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5 wm-thick sections using a rotary microtome (HM360,
Marshall Scientific, Hampton, NH), and stained with
hematoxylin and eosin (H&E) for histological examina-
tion. Following staining, the lung tissues were observed
under a light microscope (BX63, Olympus).

Quantitative real-time polymerase chain reaction
(RT-PCR) analysis

Total RNA was extracted from frozen lung tissues
using an SV Total RNA Isolation system (Promega,
Madison, WI) and the RNA concentrations were meas-
ured using a Nanodrop-1000 spectrophotometer (ver.
3.5.1; Thermo Fisher Scientific). Complementary DNA
was synthesized using SuperScript™III reverse tran-
scriptase (Thermo Fisher Scientific). Quantitative real-
time PCR was performed using an AriaMX real-time PCR
system (Agilent Technologies, Santa Clara, CA). The
gene expression of Nrf2-related factors, such as superox-
ide dismutase 1 (SOD1), heme-oxygenase 1 (HO-1), and
NAD(P) H quinone oxidoreductase (NQO1), was quan-
tified. In addition, the expression levels of inflammatory
cytokines, interleukin-6 (IL-6) and tumor necrosis factor
alpha (TNF-a), were measured. Gene expression levels
were normalized to the B-actin gene. The sequences of
the primers used were as follows: SOD1 (NM_011434.1):
CAGGACCTCATTTTAATCCTCAC (Forward)
and TGCCCAGGTCTCCAACAT (Reverse); HO-1
(NM_010442.2): AGGCTAAGACCGCCTTCCT (For-
ward) and TGTGTTCCTCTGTCAGCATCA (Reverse);
NQO1 (NM_008706.5): AGCGTTCGGTATTACGATCC
(Forward) and AGTACAATCAGGGCTCTTCTCG
(Reverse); IL-6 (NM_031168.2): GCTACCAAACTGGA-
TATAATCAGGA (Forward) and CCAGGTAGCTATG-
GTACTCCAGAA (Reverse); TNF-a (NM_013693.2):
TCTTCTCATTCCTGCTTGTGG (Forward) and
GGTCTGGGCCATAGAACTGA (Reverse); and B-actin
(NM_007393.3): AAGGCCAACCGTGAAAAGAT (For-
ward) and GTGGTACGACCAGAGGCATAC (Reverse).

Cell cultures

Human lung carcinoma A549 cells were obtained from
the Japanese Collection of Research Bioresources Cell
Bank (JCRB, Osaka, Japan). The A549 cells were cul-
tured in Eagle’s Minimum Essential Medium (E-MEM,
FUJIFILM Wako Pure Chemical) supplemented with
10% fetal bovine serum (FBS, Biowest, Riverside, MO)
and MEM non-essential amino acids (MEM NEAA,
Thermo Fisher Scientific) at 37°C in an atmosphere
of 5% CO,. The A549 cells were seeded in T25 flasks
(Sumitomo Bakelite Co, Tokyo, Japan) and passaged eve-
ry 2-3 days. Before passaging, A549 cells were detached
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using Trypsin-EDTA (Thermo Fisher Scientific).

Cell viability assay

A549 cells were seeded at a density of 2.5x10¢ cells/
well in 96-well plates and cultured for 24 hr at 37°C in
a 5% CO, atmosphere. TiO, NPs were dispersed in the
culture medium to achieve final concentrations ranging
from 1 to 100 pg/mL. After 24 hr incubation with each
TiO, NP, cell viability was measured using two meth-
ods: an MTS assay using CellTiter 96® AQueous One
Solution (Promega), and an LDH assay using a Cytotoxic-
ity LDH Assay Kit-WST (DOJINDO, Kumamoto, Japan).
After exposure to each of the NPs, the supernatants were
removed, and the cells were incubated for 1 hr in fresh
medium containing MTS reagent. After incubation,
100 uL of the supernatant was transferred to anoth-
er 96-well plate for absorbance measurement at 490 nm
with a plate reader (SH-1300Lab Microplate Reader;
Corona Electric, Ibaraki, Japan). For the LDH assay, after
removing the initial supernatant, cells were transferred to
another 96-well plate and incubated with an equal vol-
ume of LDH assay reagent. After 1 hr incubation, the
absorbance was measured at 490 nm with a plate reader
(SH-1300Lab Microplate Reader).

Measurement of ROS

Reactive oxygen species were quantified using an
OxiSelect™ Intracellular ROS assay kit (Cell Biolabs,
San Diego, CA) following the manufacturer’s instruc-
tions. Briefly, A549 cells were seeded at a density 2.5x104
cells/well in black 96-well plates (Sumitomo Bakelite)
and cultured for 24 hr at 37°C in a 5% CO, atmosphere.
Then, the medium containing DCFH-DA reagent was
added, and the cells were incubated for 30 min at 37°C
in a 5% CO, atmosphere. After incubation, the superna-
tant was removed, and the cells were exposed to different
concentrations of TiO, NPs at 37°C in a 5% CO, atmos-
phere. Fluorescence was measured at time intervals of
1, 3, 6, and 12 hr using fluorescence plate reader (2030
ARVOTM X One, PerkinElmer, Waltham, MA) at excita-
tion/emission wavelengths of 485 nm/535 nm.

Statistical analysis

Data are presented as mean =+ standard deviation (SD).
Comparisons among three groups were conducted using
one-way analysis of variance (ANOVA) followed by Tuk-
ey-Kramer multiple comparison test using R version 3.6.1
(R Foundation for Statistical Computing, Vienna, Aus-
tria). The same test was applied to analyze the data of the
organ weight of mice, cells in BALF, and mRNA expres-
sion in lung. A p-value <0.05 was considered to indicate
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statistical significance. For comparisons between wild-
type and Nrf2-~ mice, the Student’s #-test was employed,
also using R version 3.6.1.

RESULTS

Characterization of TiO, NPs

Three types of TiO, NPs were visualized by TEM
(Fig. 1). Vertically elongated shapes were consistently
observed across all TiO, NPs and there were no discern-
able differences in shape among the three TiO, NPs. The
primary particles of all TiO, NPs exhibited a short axis
of approximately 15 nm and a long axis of approximate-
ly 100 nm.

The hydrodynamic size, Pdl, and zeta potential of three
types of TiO, NPs in distilled water, DM, and cell culture
medium were estimated using the DLS method (Table 1).
In distilled water, the hydrodynamic size of LU TiO,
NPs was significantly larger than that of S3 and S4. The
hydrodynamic size of S4 was significantly larger than
that of S3. A similar pattern was observed for the PdI of
the three NPs. The zeta potential of LU was significantly
lower than that of S3 and S4. When TiO, NPs were dis-
persed in DM, the hydrodynamic size of LU was approx-
imately 100 nm, whereas S3 and S4 were approximately
150 nm. The hydrodynamic size of LU in DM was signif-
icantly smaller than that of S3 and S4. The PdI of LU was
larger than that of S3 and S4, and both the hydrodynam-
ic size and PdI of LU in DM were significantly smaller
than those in dispersed in distilled water. The zeta poten-
tial of all TiO, NPs dispersed in DM was negative and
differed significantly from the values in distilled water.
There were no differences in the zeta potential among the
three TiO, NPs in DM. In cell culture medium, the values
for hydrodynamic size and zeta potential were similar to
those in DM. Specifically, the hydrodynamic size of S4 in
cell culture medium was smaller than in DM.

o

Fig. 1.
(x100,000 magnification)

Changes in body weight, organ weights, and
lung histology

Body weight, major organ weights, and organ/body
weight ratios were measured two weeks after expo-
sure to TiO, NPs (Table 2). No significant changes in
body weight, lung weight, and the lung/body weight
ratio were detected between the control and exposure
groups in the wild-type and Nrf2/~ mice. Similar find-
ings were observed in adrenal glands and kidney. While
the liver weight was significantly lower in the Nrf2-- mice
compared to the wild-type mice, no significant chang-
es were evident at 14 days after exposure to all types of
TiO, NPs in either strain. Although the weights of the
heart and spleen tended to increase in Nrf2-- mice com-
pared to wild-type mice, no significant changes were
observed in the exposure groups of both wild-type and
Nrf2-- mice when compared to the control group. In
H&E-stained lung tissues, layers of inflammatory cells
were not observed around bronchioles or blood vessels
after exposure to TiO, NPs. Furthermore, no there were
observable changes in alveolar size after exposure to TiO,
NPs in either strain (data not shown).

Distribution of inflammatory cells and total
protein in BALF

The total number of cells and the cell-type distribu-
tion were measured in BALF (Table 3). The total num-
ber of cells tended to increase at 14 days after exposure to
30 ug of all types of TiO, NPs in the wild-type and Nrf2/-
mice. However, no significant changes were observed in
both mice. When compared to each control group, no sig-
nificant changes were observed between the two mouse
strains. Similar trends were observed in the distribution
of macrophages, lymphocytes, and neutrophils, mirroring
the findings of the total number of cells. Eosinophils were
not observed in some of the TiO, NP exposure groups,
and there was no significant change after exposure to

(©)

Transmission electron microscope images of TiO, NPs. (A) LU-572-2 (LU), (B) TTO-S-3 (S3), and (C) TTO-S-4 (S4)
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Table 1. Hydrodynamic size and zeta potential of TiO, NPs.

(G

H,O

Particles Hydrodynamic size (nm) PdI Z-potential (mV)
LU 602.8 = 161.1 0.515 £ 0.112 6.83 + 0.40
S3 135.8 £ 2.82° 0.179 + 0.019" 33.43 + 0.84"
S4 145.8 +2.83" 0.183 + 0.023" 30.5 + 0.66™F
B)

DM

Particles Hydrodynamic size (nm) Pdl Z-potential (mV)
LU 106.7 + 2.03¢ 0.202 + 0.001* -13.3 + 0.64%
S3 157.8 £ 1.79™ 0.151 £ 0.014" -12.2 £ 0.81*
S4 150.1 + 1.22™ 0.145 + 0.010" -13.5 £2.23%
©

Medium

Particles Hydrodynamic size (nm) Pdl Z-potential (mV)
LU 106.2 + 3.43% 0.407 + 0.006* -11.2 £ 0.21%
S3 140.2 + 1.18™ 0.189 + 0.005" -11.5 £ 1.65*
S4 137.2 £ 4.66""+$ 0.428 £ 0.078" -10.2 £ 1.37*

TiO, NPs were dispersed in each solvent. (A) shows the data dispersed in distilled water.

(B) shows the data dispersed in DM. (C) shows the data dispersed in cell culture medium.

Data are mean + SD. PdI: Polydispersity Index. DLS measurements were repeated 3 times. *p<0.05, compared to LU in the same solvent. p<0.05,
compared to S3 in the same solvent. p<0.05, compared to each TiO, NPs dispersed in distilled water. $p<0.05, compared to each TiO, NPs dispersed

in DM. Tukey-kramer multiple comparison test following ANOVA.

all types of TiO, NPs in wild-type and Nrf2~~ mice. In
addition, the total protein content of BALF remained
unchanged after exposure to all types of TiO, NPs in both
wild-type and Nrf2~~ mice.

Changes in mRNA levels in lung tissues
(a) Nrf2-related antioxidant protein

The mRNA expression of HO-1 and SOD-1 was not
changed after exposure to all types of TiO, NPs in wild-
type and Nrf2-~ mice, and there was no significant change
between wild-type and Nrf2~ mice (Table 4). NQO-1
mRNA expression was significantly lower in Nrf2~~ mice
compared to wild-type mice in the control group, but no
significant changes were observed between the control
and exposure groups in either wild-type or Nrf27~ mice
(Table 4).
(b) Inflammatory cytokines

No significant changes were observed in the mRNA
expression levels of IL-6 and TNFa between wild-type
and Nrf2~~ mice in the control group (Table 4). Further-
more, the expression levels remained unchanged after
exposure to all types of TiO, NPs in both wild-type and
Nrf2-- mice.

Vol. 11 No. 3

Cell viability and cytotoxicity in A549 cells

Cell viability was measured by MTS assay after
administration of all types of TiO, NPs. The MTS assay
results showed no changes in cell viability in A549 cells
treated with all concentrations of TiO, NPs (Fig, 2). Fur-
thermore, cytotoxicity was measured by LDH assay using
supernatant collected before conducting the MTS assay.
The LDH assay also showed no significant differenc-
es between the control group and all TiO, NP exposure
groups (Fig. 3).

ROS measurements

Intracellular ROS levels were measured using the
OxiSelect™ assay following exposure to all types of TiO,
NPs at a concentration of 100 ug/mL (Fig. 4). Following
exposure to S3 and S4 TiO, NPs, there was a tendency for
ROS levels to increase in A549 cells at 3 hr after expo-
sure compared to after 1 hr of exposure, but the produc-
tion of ROS remained unchanged after exposure to LU
TiO, NPs. After 6 or 12 hr of exposure to S4 and LU TiO,
NPs, the production of ROS tended to decrease com-
pared to 1 hour exposure period. Conversely, ROS levels
remained elevated after exposure to S3 TiO, NPs. How-
ever, no significant differences were observed between
the LU, S3, and S4 TiO, NP exposure groups at each time
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Fig. 2.

Effect of TiO, NPs on cell viability in A549 cells. Cell viability was measured by the MTS assay. A549 cells were exposed

to tree types of TiO, NPs at concentrations of 0, 1, 10, 25, 50, and 100 pg/mL for 24 hr. All data are mean + SD.
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Fig. 3.

Effect of TiO, NPs on cytotoxicity in A549 cells. Cytotoxicity was measured by the LDH assay. A549 cells were exposed to

three types of TiO, NPs at concentrations of 0, 1, 10, 25, 50, and 100 pg/mL for 24 hr. All data are mean £ SD.

point of measurement.
DISCUSSION

The present study investigated the effects of exposure
to TiO, NPs with three different surface coatings both in
vivo (in wild-type and Nrf2 null mice) and in vitro (using
alveolar epithelial cells). Our results show that the sur-
face coatings on the TiO, NPs did not influence pulmo-

nary outcomes in either the mouse models or the A549
cell line.

TiO, NPs are known to exist in three crystalline forms:
rutile, anatase, and brookite (Thakur et al., 2024). Pre-
vious studies have shown that anatase TiO, NPs exhib-
it higher photocatalytic activity and induce more pro-
nounced biological effects compared to rutile TiO, NPs
(Sayes et al., 2006; Tada-Oikawa et al., 2016). In the pre-
sent study, we used rutile TiO, NPs due to their relative-

Vol. 11 No. 3
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hour

ROS generation in A549 cells. Intracellular ROS was measured using an Oxiselect™ kit. A549 cells were exposed to three

types of TiO, NPs at concentrations of 100 pg/mL. ROS was measured at 1, 3, 6, and 12 hr. All data are mean + SD.

ly minimal biological impact, which allows for a clearer
assessment of the effects of surface coating modifications
on biological responses. Additionally, TiO, NPs can vary
in shape (i.e., spherical, fibrous, and spindle-shaped
forms), which influences their dispersion in solutions
and toxicity profiles (Thakur et al., 2024). For example,
spherical nanoparticles have been reported to induce oxi-
dative stress and DNA single-strand breaks in A549 cells
(Jugan et al., 2012), and nanobelts longer than 15 nm
have been associated with inflammation in lung alveoli,
similar to asbestos or silica (Hamilton et al., 2009; Wang
and Fan, 2014). Conversely, spindle-shaped nanoparti-
cles, which have smaller aggregate sizes and more stable
dispersion characteristics in solvents compared to spheri-
cal nanoparticles (Konstantinova et al., 2017), have been
shown to exhibit lower uptake into fibroblasts (Allouni et
al., 2012). The spindle-shaped TiO, NPs used in the pre-
sent study, characterized by their stability and lower bio-
logical interaction, are thus considered to be safer for
products such as cosmetics and sunscreens. Furthermore,
the TEM analysis in the present study confirmed that
these spindle-shaped TiO, NPs retained their shape after
surface coating. Given the absence of shape alterations,
our study focused on the biological effects of the different
surface coatings on these NPs.

TiO, NPs are used in sunscreens due to their high trans-
parency and UV absorption properties. Given that the sur-

Vol. 11 No. 3

face coatings on TiO, NPs can markedly affect their solu-
bility, stability, and reactivity (Thakur et al., 2024; Wang
and Fan, 2014), these surface coatings are widely used for
specific applications in products. For example, a previ-
ous study showed that exposure to TiO, NPs coated with
amorphous silica and/or aluminum oxide caused lung
inflammation in rats compared to TiO, NPs without a sur-
face coating (Warheit et al., 2005). Another study showed
that lung cancer cells exposed to TiO, NPs with -OH,
-NH,, and -COOH coatings showed an increase in cell
viability, especially in the treatment using TiO, NPs with
a -COOH surface coating, compared to TiO, NPs with-
out surface coating (Thevenot et al., 2008). These effects
are considered to be influenced not only by the inherent
toxicity of the surface coating itself, but also by chang-
es in cellular uptake affected by the surface coatings.
Furthermore, a study by Rossi ef al. (2010) showed that
exposure to TiO, NPs coated with silica not only caused
lung inflammation, but also increased levels of TNF-a
and the chemokine CXCL1, compared to TiO, NPs with-
out a surface coating. Thus, there is concern that inflam-
mation is attributed to the toxicity of the surface coat-
ing itself. In the present study, the TiO, NPs used were
coated with aluminum hydroxide and aluminum hydrox-
ide/stearic acid. These coated TiO, NPs are widely used
as ingredients in sunscreens (Ishihara Sangyo Kaisha,
Osaka, Japan, https://www.iskweb.co.jp/products/
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functional02.html). Other TiO, NPs with aluminum
hydroxide or stearic acid surface coatings are also used
as ingredients in cosmetics and sunscreens. Given that
TiO, NPs with surface coatings are already being used
extensively in products around the world, evaluating their
potential toxicity is important.

Aluminum is widely used in cosmetics and as a vac-
cine adjuvant. The acute toxicity of aluminum hydroxide,
particularly to the respiratory system, is considered to be
minimal due to its low absorption rate (Chang ef al., 2016;
Krewski et al., 2007). However, the toxicity of aluminum
hydroxide is influenced by renal function; for example,
in uremic animals, symptoms such as lethargy, periorbi-
tal bleeding, anorexia, and death have been reported, and
deposition in brain, liver, heart, and muscle has also been
observed (Krewski et al., 2007). The S3 TiO, NPs used in
the present study were coated with aluminum hydroxide.
The results indicated that there were no significant chang-
es in inflammatory responses or mRNA expression in the
lungs of mice treated with S3 NPs, nor in cell viability
or cytotoxicity in A549 cells. Similarly, the S4 TiO, NPs
were coated with both aluminum hydroxide and stear-
ic acid, a fatty acid commonly found in cosmetic-grade
TiO, NPs. A previous study showed that TiO, NPs coat-
ed with a mixture of various fatty acids (i.e., palmitoleic
acid, palmitic acid, stearic acid, and oleic acid) can inhib-
it cell death (Chang et al., 2016). In the present study, no
inflammation or cytotoxicity was observed in the lungs
of mice treated with S4 NPs, which is consistent with the
findings of previous studies.

Surface coatings have been demonstrated to alter the
physicochemical properties of NPs, affecting their cel-
lular uptake and intracellular activities (Wilhelm et al.,
2003). Zeta potential, in particular, has been implicated
in the modulation of cellular uptake mechanisms. Nano-
sized drug carriers possessing negative zeta potential have
shown an enhanced ability to pass through the mucus lay-
er due to electrostatic repulsion, whereas nanocarriers
with a positive zeta potential are readily taken up by cells
(Sharifi et al., 2021). Of the three types of TiO, NPs used
in the present study, all exhibited positive zeta potential
in distilled water, but displayed negative zeta potential
in highly buffered solutions, such as DM and cell culture
medium. Notably, the zeta potential values did not change
in DM and in cell culture medium. This result suggests
that although the zeta potential values differed among the
three TiO, NPs with different surface coatings in distilled
water, these differences did not markedly affect the induc-
tion of inflammatory responses by the TiO, NPs.

We also investigated the influence of Nrf2 on expo-
sure to TiO, NPs with different surface coatings. A pre-

vious study showed that aspiration of ZnO NPs led to an
increase in total cell counts, macrophages, lymphocytes,
and eosinophils in BALF in both wild-type and Nrf2--
mice, with a more pronounced increase observed in Nrf2-
mice (Sehsah ef al., 2019). However, in our study,
despite employing the same exposure concentration as
that for ZnO NPs, the total cell count in BALF remained
unchanged in both wild-type and Nrf2-- mice following
TiO, NP exposure. This finding suggests that TiO, NPs in
the lung are comparatively less toxic than ZnO NPs.

In addition, the current investigation measured the

mRNA expression levels of inflammatory cytokines and
antioxidant stress response factors in lung tissues. NPs
are known to induce inflammation via oxidative stress,
and it has been shown that anatase-type TiO, NPs can
elevate reactive oxygen species and cause inflamma-
tion (Sayes et al., 2006). In our study, there was a ten-
dency for intracellular ROS levels to increase in the S3
TiO, NP exposure group, but there was no significant dif-
ference compared to the other TiO, NPs tested. In addi-
tion, no significant changes were observed in the mRNA
expression levels of inflammatory cytokines and anti-
oxidant stress response factors in lung tissues of Nrf2--
mice, despite the observed increase in ROS production
associated with changes in surface coating. These find-
ings collectively suggest that while ROS production tends
to increase in response to changes in the surface coating,
such changes were insufficient to elicit discernable bio-
logical effects or induce changes in mRNA expression
levels of antioxidant stress response factors.

In conclusion, modifying the surface coating of NPs
can increase the potential health risks associated with
their toxicity. However, in the context of our study, the
examined TiO, NPs showed no discernable biological
effects on the lung. Specifically, rutile TiO, NPs coated
with aluminum hydroxide or a combination of aluminum
hydroxide and stearic acid demonstrated low toxicity pro-
files.
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