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Abstract: Nanomaterials play a crucial role in various aspects of modern life. Zirconia nanoparticles,
extensively employed in medicine for fortifying and stabilizing implants in reconstructive medicine,
exhibit unique electrical, thermal, catalytic, sensory, optical, and mechanical properties. While
these nanoparticles have shown antibacterial activity, they also exhibit cytotoxic effects on human
cells. Our research focuses on understanding how the cells of the human immune system (both
the innate response, namely HL-60 and U-937, and the acquired response, namely HUT-78 and
COLO-720L) respond to the presence of zirconium (IV) oxide nanoparticles (ZrO,-NPs). Viability
tests indicate that ZrO,-NPs exert the highest cytotoxicity on HL-60 > U-937 > HUT-78 > COLO
720L cell lines. Notably, concentrations exceeding 100 ug mL~1 of ZrO,-NPs result in significant
cytotoxicity. These nanoparticles readily penetrate the cell membrane, causing mitochondrial damage,
and their cytotoxicity is associated with heightened oxidative stress in cells. The use of ZrO,-NP-
based materials may pose a risk to immune system cells, the first responders to foreign entities in
the body. Biofunctionalizing the surface of ZrO,-NPs could serve as an effective strategy to mitigate
cytotoxicity and introduce new properties for biomedical applications.
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1. Introduction

Any potentially antibacterial nanomaterial with bioactivity should undergo screening
for nano-cytotoxicity to human cells. The widespread development and use of nanotech-
nologies in everyday life expose the human body to potential, often inadvertent, contact
with them. As demonstrated by silver nanoparticles, a meticulous analysis of interactions
with living cells yields a wealth of sometimes unsettling data. The observed antibacterial,
antiviral, or anticancer activity often translates into cytotoxic effects against “normal” cells.

Zirconia (IV) oxide (zirconium), a material long utilized in medicine to fortify and
stabilize implants in reconstructive medicine [1-4], has garnered attention. Zirconia oxide
ceramic nanostructures have been employed as drug carriers as well [5,6]. At the nanoscale,
the properties of a substance often undergo dramatic changes. Zirconia nanoparticles,
known for their unique electrical, thermal, catalytic, sensory, optical, and mechanical
properties [7-9], function as p-type semiconductors with piezoelectric properties. They
find wide application in bone and dental implants, photocatalysis, fuel cells, and gas
sensors [7,10-13].

As evident in the literature, zirconia nanoparticles are generally considered to have
low toxicity. However, an increasing number of papers highlight dose-dependent toxicity,
nanoparticle size, and incubation time as crucial factors. Antibacterial properties have been
demonstrated against various microorganisms, including Staphylococcus aureus, S. mutans,
S. mitis, Escherichia coli, Salmonella typhi, Pseudomonas aeruginosa, Klebsiella oxytoca, Rothia
mucilaginosa, and Rothia dentocariosa, as well as the fungi Candida albicans, Aspergillus niger,
Rhizoctonia solani, and Pestalotiopsis versicolor [14].
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Preliminary studies on the impact of ZrO,-NPs on cancer cells have also been con-
ducted. These studies indicate that the presence of zirconia nanoparticles affects the
viability of various cell lines, including human colon carcinoma (HCT-116), human lung
carcinoma (A-549), human breast cancer MCF-7, HepG2, HeLa, human skin keratinocyte
(HaCaT), and HT?29 cells, as well as rat PC12 and mouse N2a cells [15-20]. However, the
mechanism behind the cytotoxic effect on tumor cells remains incompletely understood.
Reactive oxygen species (ROS) generated in the presence of ZrO,-NPs appear to be the
primary contributors. It is essential to note that the results obtained thus far are not directly
comparable, due to the use of different types of nanoparticles, including variations in
biofunctionalized forms.

The objective of our research is to investigate the response of human immune system
cells to commercially available zirconium (IV) oxide nanoparticles (ZrO,-NPs). For our
study, we selected cell lines representing both the innate response (HL-60 and U-937)
and the acquired response (HUT-78 and COLO-720L). Following the initial diagnosis, we
conducted tests to identify the cytotoxic mechanisms of the chosen nanoparticles.

2. Materials and Methods
2.1. Nanoparticles

Commercially available (Sigma-Aldrich, St. Louis, MO, USA) zirconium (IV) oxide
nanoparticles (ZrO,-NPs) 10 wt% in H,O were used. According to the information pro-
vided by the manufacturer, the nanoparticle’s diameter was >100 nm (by the method of
measuring the surface area of nanomaterials using the Brunauer-Emmett-Teller (BET)
surface adsorption method) for water dispersion.

The particles were suspended in RPMI 1640 medium, supplemented with Pen-Strep
without any FBS, to obtain a stock solution for biological experiments.

The average hydrodynamic diameter (calculated from diffusion coefficient) was
280.100 £ 8.954, polydispersity index (PDI) was 0.186 + 0.005, zeta potential (() was
—24.800 £ 3.176, and electrophoretic mobility (Mob) was —1.953 % 0.261 of ZrO,-NPs
suspension (6.25 mg/L), which were determined by dynamic light scattering (DLS) using
the Malvern Zetasizer Nano ZS (Malvern Analytical Ltd., Malvern, UK). Ultrapure water
was used as a dispersant. Measurements were made at T = 25 °C.

2.2. Cell Cultures and Nanoparticle Treatment

COLO-720L, HUT-78, U-937, and HL-60 cell lines were received from the American
Type Culture Collection (ATCC). The cells were cultured in RPMI 1640 medium containing
10% bovine serum (FBS) and 0.01% penicillin—streptomycin. The culture medium, antibi-
otics, and serum were purchased from CytoGen GmbH. Stock suspension of ZrO,-NPs
was diluted in RPMI 1640 medium to the required concentration.

2.3. Cell Viability Assay

The MTT tetrazolium salt colorimetric assay described by Mosmann (1983) [21] was
used to detect the cytotoxicity of the ZrO,-NPs. Cells were cultured in 96-well plates in an
amount of 0.1 x 10° cell/well. After 24 or 48 h incubation with nanoparticles (final volume
of suspension equal to 0.2 mL), 50 uL MTT solution (of concentration 5 mg/mL) was added
to each well and incubated for 2 h at 37 °C. Then, 0.4 mL of dimethyl sulfoxide (DMSO)
was added and kept for 5 min. After centrifugation, the optical density of supernatant was
read at 570 nm.

2.4. Membrane Damage Assay

The lactate dehydrogenase (LDH) assay was used to determine the damage of the
membrane. Cells (in an amount of 0.1 million cells per well) were incubated in the presence
of the nanoparticles for 48 h. One hundred microliters of supernatants was added to a
mixture containing 10 pL of 0.14mM NADH and 0.5 mL of 0.75mM mm sodium pyruvate.
After incubation for 30 min at 37 °C, 0.5 mL of 2,4-dinitrophenylhydrazine was added to
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the solution. After 1 h, the absorbance of the formed hydrazone was measured spectropho-
tometrically at 450 nm. The amount of LDH released after complete disruption of the cell
membrane by sonification was taken as a control.

2.5. Nitric Oxide Production

Cells (in an amount of 0.2 million cells per well) were treated with ZrO,-NPs. After
a 48 h treatment, the supernatants were collected and centrifuged. Nitric oxide (NO)
production was quantified spectrophotometrically using the Griess reagent (Sigma-Aldrich).
The absorbance was measured at 540 nm, and the nitrite concentration was determined
using calibration curve.

2.6. Determination of Lipid Peroxidation

Cells (in an amount of 0.2 million cells/well) treated with ZrO,-NPs were collected
and centrifuged after 48 h of contact. Cells’ pellets were homogenized in 5 mL of 0.5%
trichloroacetic acid (TCA). After centrifugation, 0.4 mL of supernatants were added to
1.25 mL of the mixture containing 10% TCA and 0.5% thiobarbituric acid (TBA). The mixture
was boiled (30 min) in a dry thermoblock, then they were cooled down. The concentration
of malondialdehyde (MDA) was determined spectrophotometrically at 532 nm using the
molar extinction coefficient of MDA equal to 155 M~ ecm 1.

2.7. Determination of Caspasa-9 (Casp-9)

Caspase-9 (casp-9) concentration in cell lysate was determined using the caspase-9
in vitro ELISA kit (Abcam, Cambridge, UK), according to the manufacturer’s instructions.
Cells were cultured in 48-well plates in an amount of 2 million cells per well at a final
volume of 0.5 mL. After centrifugation, the pellet of cells was lysed by lysis buffer for 1 h.
The standard or samples were inserting to wells, and then the rabbit detection antibody was
added to each well. In the next step, after 2 h of incubation and washing, anti-rabbit-IgG
antibody labeled with horseradish peroxidase (HRP) was added to wells. Samples were
washed again and the color reaction was performed, after which the absorbance at 450 nm
was measured and the concentration of caspase-9 samples was determined from calibration
curve.

2.8. The Total Cell Resistance to Oxidation

The total cell resistance to oxidation (TRO) before and after treatment with the ZrO,-
NPs was tested by the modified spectrophotometric 2,2-diphenyl-1-picrylhydrazyl radical
scavenging (DPPH) assay [22]. The cells were cultured in 24-well plates in an amount of
50 x 10? cells per well in a volume of 0.5 mL per well. The pellets of cells, after centrifu-
gation, were mixed with 0.2 mL of absolute methanol. The samples were vortexed for
1 min and then centrifuged (10 min, 10,000 x g). Next, 0.1 mL of supernatant and 0.2 mL
of 0.125 mM DPPH on a 96-well plate were incubated for 30 min at room temperature in
the dark. The absorbance of samples was measured at 517 nm using a microplate reader.
Methanol was used as a control sample. The TRO of human cells, representing their ability
to counteract an oxidation reaction, was calculated using the following formula:

Acontrol — Asample

% inhibition = 1
Yo inhibition 00 Acontrol

2.9. Generation of Reactive Oxygen Species

Free radicals and other ROS were detected using a Cellular ROS/Superoxide Detection
Assay Kit (Abcam, ab139476). In a 0.2-mL suspension, 10 x 10% cells/mL were incubated
with the ZrO,-NPs and then with a ROS/Superoxide Detection Mix for 30 min at 37 °C.
The positive control was incubated with 0.2 mmol/L pyocyanin. Then, the fluorescence
intensities were measured at an emission wavelength of 520 nm (green) and 610 nm (orange;
excitation wavelengths: 485 and 550 nm), respectively, using a Epoch BioTek Instruments
microplate reader.
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2.10. Statistical Analysis

Analyses were repeated five or three times and averaged (+SE). The significant dif-
ferences compared with controls were estimated using the SAS ANOVA procedure. The
statistical analysis was performed by Duncan’s multiple range test, taking p < 0.05 using
PC SAS 8.0. Statistical tests were carried out using STATISTICA 13.3. software.

3. Results

The metabolic activity of cells in the presence of selected nanoparticles is dose-
dependent, as is the length of incubation with xenobiotics. Innate immunity cells (HL-60
and U-937) exhibit a more pronounced decrease in viability compared to acquired immu-
nity cells (Figure 1A-D). Notably, promyelocyte cells (HL-60) display a 20% decrease in
viability at a concentration of 100 pg mL~! compared to the control, whereas promonocyte
cells (U-937) show this decrease only at twice the concentration. The highest concentration
of ZrO,-NPs used results in a 30% decrease in viability after 24 h and 45% after 48 h
incubation with HL-60 cells. For U-937 cells, the viability decreases by 20% after 24 h and
45% after 48 h incubation, respectively. HUT-78 (T lymphocytes) lines and COLO-720L (B
lymphocytes) at a concentration of 400 pg mL~! ZrO,-NPs lose approximately 25% of their
viability, compared to the control, after 48 h of incubation, with further prolongation to 72 h
showing only a slight decrease in cell viability. Based on repeatable analyses, an incubation
time of 48 h was chosen for further studies, focusing on HL-60 and HUT-78 cell lines as
representative. Since screening studies indicated that low concentrations of ZrO,-NPs
(in the range of 0-25 pg mL~!) do not significantly affect the tested cells, concentrations
exceeding 25 ug mL~! were examined. The study of cell membrane stability, measured as
LDH leakage into the culture medium, revealed 1.5% more damage to the cell membrane
in HUT-78 cells than in HL-60 cells (Figure 1E). Additionally, oxidative damage to the
lipid bilayer was observed through the study of membrane lipid peroxidation (Figure 1F).
At a concentration of 400 pg mL~1 ZrO,-NPs, the concentration of MDA increased more
than twice compared to the control for both tested cell lines, with the HUT-78 line being
more susceptible to lipid peroxidation. For HL-60 cells at a concentration of 400 pg mL~!
Z1rO,-NPs, a more than two-fold increase in NO concentration was observed, compared to
the control (Figure 2A). ZrO,-NPs also affected the activity of caspase-9, which activates
the apoptotic pathway in cells. In both studies, cell lines at a concentration of 200 pg mL ™!
exhibited three times higher levels of caspase-9, and at a concentration of 400 pg mL~!,
four times higher than in the control (Figure 2B). The DPPH assay (measuring the total cell
resistance to oxidation (TRO)) indicated an increase in the ability of cells to cope with an ex-
ternally administered free radical (Figure 2C). Both cell lines showed a similar performance,
with a 5-fold increase in % inhibition over the control. The generation of ROS as a result
of exposure to ZrO,-NPs was demonstrated in Figure 2D, with both HL-60 and HUT-78
cells exhibiting a 5-fold (concentration 200 pg mL~! ZrO,-NPs) and 7-fold (concentration
400 ug mL~! ZrO,-NPs) increase in ROS production in the cells.
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Figure 1. The viability (determined by MTT assays) of HL-60 (A), U-937 (B), HUT-78 (C), and COLO-
720L (D) cells exposed for 24 h (dark bars) or 48 h (bright bars) to the action of zirconium (IV) oxide
nanoparticles (ZrO,-NPs), expressed as a percentage of the control group. The membrane damage
determined via the lactate dehydrogenase leakage (LDH) (E) from HUT-78 and HL-60 after 48 h
exposure to ZrO,-NPs, compared with the control group. The extent of membrane lipid peroxidation
in HUT-78 and HL-60 (F) cells, expressed as the MDA formation in response to 48 h ZrO,-NPs
treatment. Data points are means £ SD (five replicate trials). Different letters indicate significant
(p < 0.05) differences between treatments.
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Figure 2. Relative (percentage of the control group) level of NO secreted by HUT-78 and HL-60
(A) cells after 48 h contact with ZrO,-NPs. Concentration of caspase-9 (B) in the HUT-78 and HL-60
cell culture medium after 48 h treatment with ZrO2-NPs. The TRO in systems containing HL-60 (dark
bars) or HUT-78 (bright bars) cells (C). TRO was expressed as a percentage of reduction in DPPH
level, in comparison to the control blank sample. There was a relative increase in the intracellular
concentration of ROS in HL-60 (dark bars) or HUT-78 (bright bars) (D) cells after 48 h of treatment
with ZrO,-NPs. The ROS level was calculated as mean + SD with the untreated control set to 100%.
Data points are means =+ SD (five replicate trials). Different letters indicate significant (p < 0.05)
differences between treatments.

4. Discussion

Studies conducted on mice clearly indicated the acute toxicity of ZrO,-NPs, as well
as their biodistribution after intravenous administration into the body [23]. The authors
demonstrated that doses in the range of 100-350 mg kg ! were safe for clinical use, but
higher doses led to oxidative damage in liver tissue. This underscores the potential sig-
nificant impact of nanomaterial-based implants on the body. ZrO,-NPs released during
oxidative dissolution can attain high local concentrations, significantly affecting body cells.
Each implanted device elicits a response from the immune system cells, starting with innate
and then acquired responses. Evaluating ZrO,-NPs reactivity against model immune
system cells can provide valuable insights.

ZrO,-NPs in the cell culture medium exhibited a negative surface charge. The physico-
chemical properties of nanoparticles often play a crucial role in their interactions with cells.
Interactions with proteins present in the environment remain a significant aspect. Among
serum proteins, albumin is clearly the leader in the adsorption of metal oxide nanoparticles,
including ZrO,-NPs [24]. The toxic properties of ZrO,-NPs may be related to the release
of ionic zirconium from their surface as a result of oxidative dissolution processes [23,25].
On the other hand, it is known that the activity of metallic nanoparticles is also directly or
indirectly modified by stabilizer molecules adsorbed on their surface, which, depending on
their structure and properties, can mask or enhance the biological activity of nanoparticles.
The influence of synthesis methods, reagents used, and purification methods, as shown by
examining silver nanoparticles, can be crucial for enhancing or weakening the toxicity of
nanomaterials [26,27].
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Basic cell viability tests revealed distinct differences in cell sensitization to ZrO,-NPs.
Innate immunity cells (HL-60 and U-937) exhibited a greater decrease in viability compared
to acquired immunity cells. Additionally, less differentiated cells (HL-60 promyelocytes)
were more sensitive than more differentiated cells (U-937 promonocytes), consistent with
findings related to silver nanoparticles [26]. This sensitivity is also time-dependent, indicat-
ing a higher susceptibility of cells derived from bone marrow, as confirmed in mouse bone
marrow studies [28-30]. Lymphocyte interactions with metal and metal oxide nanopar-
ticles reduced cell viability, associated with increased ROS concentration and the loss of
mitochondrial function [31,32]. As demonstrated, ZrO,-NPs reduce lymphocyte viability
by an average of 20% at a concentration of 400 g mL~! after 48 h of incubation, potentially
modulating local inflammation.

Complementing viability tests, the cytoplasmic leakage test of lactate dehydrogenase
(LDH) enzymes following cell membrane damage was conducted. Czyzowska et al.’s
research [33] indicated that susceptibility to membrane damage correlated with the lipid
composition of the membrane, observed in the determination of membrane lipid peroxida-
tion. The loss of membrane integrity and higher peroxidation in membrane lipids indicated
ROS-induced mechanisms in HUT-78 cells.

Could the cytotoxicity of ZrO,-NPs be based on the same mechanism as for silver
nanoparticles? Oxidative stress, reflected in increased ROS production, was observed in
immune system representatives. The nearly seven-fold increase in ROS indicates substan-
tial oxidative stress. However, after 48 h, cells gained the ability to remove ROS through
enzymatic and non-enzymatic transformations, observed in the total cell resistance to
oxidation (TRO) assessment. The TRO parameter, reflecting the system’s oxidation resis-
tance, increased with ZrO,-NPs concentration. Contact with ZrO,-NPs also exhibited an
immune-stimulating effect on HL-60 cells and a pro-apoptotic effect on HL-60 and HUT-78
cells.

The latest research indicates that ZrO,-NPs induces oxidative stress in animal cells,
leading to oxidative damage not only in cellular proteins or lipids but also in genetic
material. In detailed studies, Mourya et al. [34] demonstrated on V79 hamster cells that
concentrations above 100 pg/mL result in significant DNA strand breaks. Increased
DNA fragmentation was also observed after treating cells with PC12 and N2a [20]. ZrO;-
NPs also induce HeLa cell death through ROS-mediated mitochondrial apoptosis and
autophagy [35]. Another study indicated that ZrO,-NPs do not have a genotoxic effect on
human peripheral blood lymphocytes and cultured human embryonic kidney cells [36,37].
Detailed research is still necessary, regarding the genotoxicity of ZrO,-NPs towards cells of
the human immune system.

In conclusion, ZrO,-NPs are significantly cytotoxic at concentrations above 100 pg mL~!,
penetrating the cell membrane and damaging mitochondria. Their cytotoxicity correlates
with high oxidative stress, resembling silver nanoparticles. The safety of ZrO,-NP-based
materials in relation to immune system cell damage. The surface biofunctionalization of
ZrO,-NPs may be an effective strategy to limit cytotoxicity and impart new properties for
biomedical applications. Exposing a living organism to ZrO,-NPs, as our research has
shown, is associated with the risk of triggering an inflammatory response through various
mechanisms. After all, the cells of the immune system are tasked with defending us against
all xenobiotics, including those used for medical reasons.
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