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Abstract: Nanoparticles (NPs) and bulk forms of MoO3 and MoS2 (0.1, 1, 10, 100 µg/mL) used in cancer treatment and bioimaging 

were investigated by chromosome aberrations ('s' has been added), CBMN-Cyt and comet assay in human lymphocytes for the first 

time. This study compared both MoO3 and MoS2 and their NPs (two-dimensional (2D)) and bulk forms. Both NP and bulk forms of 

MoO3 and MoS2 did not cause an increase in the frequency of abnormal cell ('frequency' is moved to the left of 'abnormal cell') and CA/Cell 

compared to the control. While both NPs and bulk forms of MoS2 significantly increased the micronucleus frequency, MoO3 did not 

cause an increase. This increase was slightly higher in MoS2 NPs than in their bulk form. According to our comet assay results, both 

NPs and bulk forms of the MoO3 and MoS2 significantly increased the DNA damage at all concentrations. Both MoO3 and MoS2 

significantly decreased MI. Neither MoO3 nor MoS2 caused a significant variation in NDI, CBPI, % cytostasis, NPB, and NBUD 

frequency compared to the negative control. Both particles were also characterized physicochemically. Our results revealed that 

MoO3 and MoS2 may have weak genotoxic and cytotoxic effects. Therefore, the toxicity potential of these particles and their 

underlying mechanisms for safer usage need to be investigated in more detail by other in vivo ('in vivo' has been italicized) and in 

vitro genotoxicity and cytotoxicity tests. 
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1. Introduction 
Cancer continues to be a significant cause of morbidity 

and mortality despite basic and clinical research and the 

testing of promising new treatments. Treatments such as 

chemotherapy, radiation therapy, immunotherapy, and 

targeted therapy used in cancer may induce oxidative 

stress through numerous free radicals that can attack 

cellular targets, leading to various side effects in 

biological systems. A lack of good selectivity, cytotoxicity, 

and multiple drug resistance also obstruct these 

therapies. Therefore, in recent years, non-traditional 

cancer treatments using nanotechnology and 

nanomedicine, a multidisciplinary field, have been 

applied for detection, diagnosis, and therapy 

(Indrakumar and Korrapati, 2020). Nanotechnology, 

thanks to its applications in diverse fields of medical 

science, has revolutionized the healthcare industry for 

bioimaging, diagnosis, and treatment of many fatal 

diseases, including cancer, by overcoming biological 

barriers in the body with nanosized drug carrier systems. 

One of the most promising candidates for developing 

more effective drugs is nanoparticles, the most effective 

strategies for early diagnosis and treatment of tumors and 

for controlling cancer development and progression 

(Verma et al., 2023). In particular, two-dimensional (2D) 

nanomaterials (NMs), including metal chalcogenides and 

oxides, have been increasingly used in sensors, catalysis, 

and biomedicine with their attractive physicochemical 

properties such as high surface-to-volume ratio and free 

surface energy levels (Li et al., 2021). Smaller than 

human cells, NPs are 1-100 nm in size, which allows them 

to enter live cells easily. Therefore, NPs can interact 

and/or rivalry with biological system cells and molecular 

components (Verma et al., 2023). Bulk forms 

(microparticles (MPs)) are substances between 1-1000 

μm in properties compared to NPs. Both the designed 

NPs and MPs have many applications as next-generation 

biomedical agents in various biomedical fields such as 
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bioimaging, treatment of cancer and other diseases, 

biosensor, and drug and gene delivery. (Part of the 

sentence 'Both the cancer and other diseases, biosensor, 

and drug and gene delivery' has been deleted. This 

sentence has been added in full) (Kothaplamoottil Sivan 

et al., 2019; Indrakumar and Korrapati, 2020; Li et al., 

2021; Wang et al., 2021; Sobańska et al., 2023). 

Molybdenum is one of the essential trace elements, similar 

to (Added space between 'similar' and 'to') boron, cobalt, 

copper, iron, and zinc, for humans’, animals’, and plants’ 

lives. These elements are structural constituents (co-

factors) of enzymes that carry out diverse functions such 

as regulating gene expression, antioxidant defense, and 

reproductive system, achieving immune functions, and 

preventing chronic diseases. Therefore, it is added to 

mineral supplements and fertilizers (Wang et al., 2021). 

In addition, the distinctive features of Mo-based 

nanomaterials, such as their relatively low toxicity, 

suitable catalytic activities (Kailasa et al., 2024), unique 

physicochemical properties, high surface-to-volume 

ratios, and their ability to serve as drug delivery platforms 

for loading different types of chemotherapeutic drugs to 

achieve improved chemotherapy, made their use in 

various biomedical applications (Zhou et al., 2022). 

Semiconductor MoO3 in the transition metal oxide group 

is one of the materials used in bioimaging and cancer 

treatment as a series of rising optothermal materials due 

to its ease of excretion, photoacoustic imaging 

capabilities, and surface plasmonic absorption properties. 

The presence of inherent van der Waals voids in layered 

materials allows the easy incorporation of MoO3 with 

varying guest species, presenting a strategy to optimize 

their physicochemical features and practice performance 

(Xing et al., 2020; Zhou et al., 2022). Considered all 

together, understanding the role of MoO3 NPs in cancer 

and angiogenesis opens new avenues for nano-biological 

interference of selective cancer cell targeting with 

minimal damage to normal cells using natural trace 

elements being generally known to affect several 

metabolic enzymes (Indrakumar and Korrapati, 2020). It 

can efficiently kill cancer cells by generating reactive 

oxygen species (ROS) (Zhou et al., 2022). As a Mo-based 

compound, MoS2 nanomaterials have recently attracted 

more attention in cancer diagnosis and treatment due to 

their unique physical and chemical properties. MoS2 can 

adsorb various biomolecules and drug molecules through 

covalent or non-covalent interactions and is easy to be 

modified (Wang et al., 2021; Santos et al., 2023). MoS2 

NPs as a transition metal are preferred due to their large 

surface/volume ratio, distinct electronic characteristics, 

tunable band gap, high carrier mobility, friction, and 

catalytic and optical physio- chemical properties. MoS2-

nanocomposite can respond specifically to the tumor 

microenvironment, increasing drug accumulation at the 

tumor site, reducing side effects on non-cancerous 

tissues, and increasing the therapeutic effect. MoS2 NPs 

are typically representative of 2D structures in the form 

of discs, plates, platelets, films, or sheets, similar to 

graphene, which is the most known 2D nanomaterial 

(Wang et al., 2021; Singh et al., 2024). 

Since NPs and MPs are widely used in many areas, living 

beings are constantly exposed to these particles, and it is 

crucial to assess the toxicological effects of NPs and MPs 

comparatively to clarify the impact of different forms of 

the same material since the physicochemical and 

biological characteristics of NPs are different from those 

of the MPs, in general (Sobańska et al., 2023). For this 

reason, the genotoxic effects of NPs and MPs have been 

investigated with various in vitro and in vivo ('in vivo' has 

been italicized) test systems using different cell lines, 

primary cells, or (spa ce  a d d ed  a f te r  th e  w o rd  

' or ga ni sms' )  organisms (Sobańska et al., 2023; Singh 

et al., 2024). The results of these studies revealed that 

while some particles have genotoxic potential, others do 

not. In the case of NPs and MPs of molybdenum trioxide 

and molybdenum disulfide, both positive and negative 

genotoxic results have been reported following both in 

vitro and in vivo studies (Asadi et al., 2019; Sobańska et 

al., 2020a; Kumari and Mangala, 2022; García-Carpintero 

et al., 2023; Santos et al., 2023). Due to insufficient and 

contradictory data in the literature, the toxic, especially 

genotoxic, effects of NPs and MPs of molybdenum 

trioxide and molybdenum disulfide need more detailed 

investigation with numerous test systems using various 

cell types. Chromosome aberrations (CAs), cytokinesis-

block micronucleus cytome (CBMN-Cyt), and comet 

(single-cell gel electrophoresis-SCGE) assays are valuable 

biomarkers in determining the genotoxicity/cytotoxicity 

potential of various agents (Bakhoum and Cantley, 2018; 

Fenech et al., 2020; Mamur et al., 2022; Collins et al., 

2023). Therefore, we aimed to investigate, for the first 

time, the genotoxic and cytotoxic potential of NPs and 

MPs of molybdenum trioxide and molybdenum disulfide 

on human lymphocytes in vitro using CAs, CBMN-Cyt, and 

comet assays. To our knowledge, no data have yet been 

published on these two NPs and MPs by assays as 

mentioned earlier in human lymphocytes as genotoxicity   

and cytotoxicity biomarkers. 

 

2. Materials and Methods 
2.1. Materials 

In this research, the peripheral blood was obtained from 

three healthy volunteers, two women and one man (<30 

years old), who had no health problems, did not smoke, 

did not consume alcohol, and had not taken any 

medication in the last three months. 

2.1.1. Test materials 

All NPs and MPs were obtained from Nanografi 

(Türkiye). The information given by the company is as 

follows: the size of MoO3 NPs is 10-80 nanometers (99% 

purity) (Cas No: 1313-27-5), the particle size of MoO3 

MPs is 325 mesh (Cas No: 1313-27-5) and their shapes are 

nearly spherical. The mean size of MoS2 NPs is 100 

nanometers, its shape is spherical, and its purity is 
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99.95% (Cas No: 1313-33-5); the particle size of MoS2 

MPs is 325 mesh. Its shape is flaky and 99.9% pure (Cas 

No: 1313-33-5). 

2.1.2. Chemicals 

Methyl alcohol (CAS No: 67-56-1), glacial acetic acid (CAS 

No: 64-19-7), Giemsa (CAS No: HX947066), NaOH (Catalog 

No: 1310-73-2), Buffer tablets pH 6.8 (CAS No: 111374) 

and Entellan (CAS No: 1079610500) were obtained from 

Merck. Mitomycin-C (CAS No: 200-008-6), colchicine (CAS 

No: 64-86-8), and cytochalasin-B (CAS No: 14930-96-2) 

were obtained from Sigma. DMSO (CAS. No: 67-68-5), 

EDTA (CAS. No: 6381-92-6), triton X-100 (CAS. No: 9002-

93-1), low melting agarose (CAS. No: 9012-36-6), tris 

(CAS. No: 77-86-1), agarose low EEO (CAS. No: 9012-36-

6), H2O2 (CAS. No: 7722-84-1), ethidium bromide (CAS 

No: 1239-48-8), Tris (CAS No: 77-86-1), Triton X-100 

(CAS No: 9002-93-1) and formaldehyde (CAS No: 50-00-

0) were supplied from Applichem. LymphoPlus (Catalog 

No: CY100-100), Dulbecco’s PBS (Catalog No: PBSH0500- 

540), and Lymphocyte separation medium (Catalog No: 

J0100-840) were obtained from Cegrogen Biotech. Trypan 

Blue (CAT No: L 6323) was supplied from Biochrom. 

2.2. Characterization of NPs and MPs of MoO3 and 

MoS2  

The shape and particle size of both NPs and MPs of MoO3 

and MoS2 were examined by transmission electron 

microscopy (TEM) (JEOL JEM-2100PLUS) at 200 kV and 

scanning electron microscopy (SEM) (ZEISS EVO40) at 

5.00-10.00 kV at Yeditepe University SEM/TEM Imaging 

Laboratory. All particles were suspended in double 

distilled water (DDW), homogenized in an ultrasonic 

bath (100 W, 50-60 kHz, J.P. Selecta) for 10 minutes, and 

transferred to a carbon-coated copper grid with a pipette 

for TEM. For SEM, particles were coated with gold after 

transfer to double-sided tape on the stubs. The particles 

were photographed, and 50 were randomly measured 

with the Image J program to determine the average 

diameter. The zeta potential (mV) (as a measure of 

surface charge) was determined by dynamic light 

scattering (DLS). Hydrodynamic diameter (HD) and 

polydispersity index (PDI) of MoO3 NPs and MoS2 NPs 

were obtained using a Zeta-sizer Nano-ZS instrument 

(Malvern, Worcestershire, UK) equipped with a 4-mW 

He-Ne laser operating at λ=633 nm and a noninvasive 

backscatter system (NIBSTM) which measures the light 

scattered at a backscatter angle of 173°. Before 

measurement, all samples were suspended in DDW (HD- 

0.5 g/L, ζ-potential-0.1 g/L) and homogenized in an 

ultrasonic bath at 10 min. All analyses were measured 

using the Malvern Zeta-sizer Nano-ZS (Worcestershire, 

UK) by photon correlation spectroscopy for HD (10-3 M 

('-3' has been superscripted) NaCl (aq) (0.1 g/L) at 25°C) 

and by laser Doppler electrophoresis technique for zeta 

potential. All samples were transferred to zeta cells and 

placed in the chamber at about 1 mL for measurement 

(Kizilkaya et al., 2023).  
2.3. Preparation of Test Suspensions  

Application concentrations (0.1, 1, 10, and 100 µg/mL) of 

NPs and MPs of molybdenum trioxide and molybdenum 

disulfide were diluted in DDW from their stock 

suspensions that were sonicated for 30 minutes. 

Following serial dilutions, all suspensions were sonicated 

for another 10 minutes. Before addition to the cell 

culture medium, all concentrations of NPs and MPs were 

homogenized using a vortex for 1 minute. 

2.4. Selection of Test Concentrations 

Literature searches were carried out and considered as 

the first reference to determine the concentrations to be 

used in this study. LD50 of MoO3 was 1831.25 ppm in the 

HepG2 cell line, 193.91 ppm in the HEK 293 cell line 

(Kothaplamoottil Sivan et al., 2019), 2.689 mg/kg in rat 

oral intake, 106±73.79 mg/kg in the rat heart, 136±99.42 

mg/kg in rat liver, 143±44 mg/kg in rat kidney and 

107±595 mg/kg in rat stomach (Akhondipour et al., 

2018). Additionally, the LD50 dose was reported as 242 

mg/kg in the rat oral toxicity data program PROTOX 

(Sharma et al., 2020). It has been observed that toxicity 

studies in the literature range between 0.25 and 5000 

µg/mL (Kothaplamoottil Sivan et al., 2019; Sharma et al., 

2020). Toxicity values determined for MoS2 in the 

literature were between 0.1 and 1000 µg/mL (Appel et al., 

2016; Desai et al., 2020). MoS2 caused toxic effects in 10 

and 100 µg/mL in Eisenia fetida (Sun et al., 2023), 5-20 

μg/mL on human lung epithelial cells (Sahoo et al., 2022), 

0-100 μg/mL in Kupffer cells (Li et al., 2021). In another 

study, the LD50 value was reported as 1 mg/kg 

(intraperitoneal) in Swiss albino rats (Yadav et al., 2021). 

Depending on these data, a preliminary dose range finder 

test was carried out with the concentrations of 0.1, 1, 5, 10, 

20, 25, 50, 75, 100, 150, 200, 250, 300, 350, 400, 450 and 

500 µg/mL in human lymphocytes using mitotic inhibition 

test (EC50). In the preliminary trial, toxic effects were 

observed at concentrations above 300 µg/mL, which 

differed from some of the data in the literature. The 

cytotoxic effects of concentrations between 100 and 300 

µg/mL were not significantly different. Therefore, we 

decided to apply 0.1, 1, 10, and 100 µg/mL for both MoO3 

and MoS2. 

2.5. Chromosome Aberration Test 

The chromosome aberration assay was applied using 

Evans's method (1984) with some modifications 

(Yüzbaşioğlu et al., 2006). In this assay, 200 µL of 1/10 

heparinized peripheral blood was added to a 2.5 mL 

chromosome medium. The incubation was carried out at 

37ºC for 72 h. The cells were treated with four 

concentrations (0.1, 1, 10, and 100 µg/mL) of either NPs 

or MPs of molybdenum trioxide and molybdenum 

disulfide for 24 and 48 hours. A negative (distilled water) 

and a positive control (Mitomycin-C, MMC, 0.20 μg/mL) 

were also included. 0.06 µg/mL colchicine was added into 

each culture 2 hours before cell harvesting. The cell 

suspension was centrifuged for 10 min, treated with 

hypotonic solution (KCl, 0.075M) for 20 min at 37°C, and 

then fixed in cold and fresh fixative (methanol: glacial 

acetic acid, 3:1, v/v). Finally, metaphase spreads were 

prepared by dropping the cell suspension onto slides. 
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Slides prepared for CAs were stained with 5% Giemsa (pH 

6.8) for 20-25 min, dried at room temperature, and 

mounted with entellan. 

2.6. Cytokinesis-Block Micronucleus Cytome Test 

(added capitalization of the letter ‘b’) 

The cytokinesis-block micronucleus cytome (CBMN-Cyt) 

test was applied with some modifications in the method 

of Fenech (2000; 2007) (Kirsch-Volders et al., 2011). 200 

µL of 1/10 heparinized peripheral blood samples were 

added into a 2.5 mL chromosome medium and 

incubated for 72 h at 37°C. The cells were treated with 

four concentrations (0.1, 1, 10, and 100 µg/mL) of NPs 

and MPs of molybdenum trioxide and molybdenum 

disulfide for 48 hours. Cytochalasin-B (5.2 μg/mL) was 

added to arrest the cytokinesis at the 44th hour of 

incubation (Fenech, 2007). A negative (distilled water) 

and a positive control (Mitomycin-C, MMC, 0.20 μg/mL) 

were also maintained. Following incubation, the cultures 

were treated with hypotonic solution (0.075M KCl for 5 

min at +4 °C) and then fixed in cold and fresh fixative 

(methanol: glacial acetic acid, 3:1, v/v) supplemented 

with formaldehyde according to the method of Palus et 

al. (2003). The slides were then stained with 5% Giemsa 

at room temperature. 

2.7. Comet Assay 

To determine the DNA-damaging effect of NPs and MPs of 

MoO3 and MoS2 on human lymphocytes, the comet assay 

was applied using Singh et al.'s (1988) protocol with some 

modifications (Akbas et al., 2022). Isolated lymphocytes 

by suspending blood specimens in PBS were then treated 

with four different concentrations (0.1, 1, 10, and 100 

µg/mL) of the NPs and MPs of MoO3 and MoS2 for 1 and 3 

hours at 37°C. A negative (sterile distilled water) and a 

positive (100 μM H2O2) controls were also maintained. A 

trypan blue test was conducted for cell viability, which 

was >75% for all treatment groups. Lymphocytes in 

suspension were centrifuged and then resuspended in 

PBS. The mixture of cell and low melting point agarose 

(1:1) was gently layered onto the slides precoated with 

normal melting agarose (%1). Slides were covered with a 

cover slip and kept in a cold lysing solution (2.5M NaCl, 

100 mM EDTA, 10 mM Tris pH=10, comprising %10 DMSO 

and %1 Triton X-100) for at least 1 h. Slides were 

electrophoresed for DNA unwinding at 25V, 300 mA for 20 

min in electrophoresis buffer (10M NaOH+ 0.2M EDTA+ 

distilled water). At the end, slides were neutralized in 0.4 

M Tris (pH 7.5) for 15 mins and then stained with 

ethidium bromide (20 μg/mL). this part will be deleted 

2.8. Cell Scoring  

In the CAs test, 100 well-spread metaphases from each 

donor (a total of 300 metaphases) were analyzed to 

determine the frequency of CAs and CAs/cell for each 

treatment. To determine the mitotic index (MI=the 

frequency of cells undergoing mitosis among the total 

number of cells examined), 1000 cells from each donor 

(total 3000 cells) were evaluated. In the CBMN-Cyt assay, 

a total of 3000 binucleated cells (1000 cells per donor) 

were analyzed for each treatment to determine the 

frequency of micronucleus, nucleoplasmic bridge (NPB), 

and nuclear bud (NBUD). To evaluate the nuclear division 

index (NDI), a total of 1500 cells (500 cells per donor) 

were scored, and the following formula was used: 

NDI=[1xM1+2xM2+3xM3+4xM4]/N, where M1-M4 

represent the number of cells with 1-4 nuclei, 

respectively, and N is the total number of cells examined  

(Michalová et al., 2020). Cytokinesis block proliferation 

index (CBPI) was evaluated from a total of 1500 cells (500 

cells for each donor) by the following formula: 

[(1xnumber of mononuclear cells) + (2x number of 

binuclear cells) + (3x number of multinuclear (3 and 

more) cells)/ n (total number of cells) (Lorge et al., 2008). 

The percentage of cytostasis was also determined using 

the following formula: % cytostasis: 100-100 [(CBPIT-1): 

(Added space between C and parenthesis) (CBPIC-1)]; 

where T stands for test substance, and C stands for control 

(Lorge et al., 2008). In comet assay, a total of 300 cells (50 

cells x2 slides)/donor were analyzed for each treatment 

and control group under a fluorescence microscope 

(Olympus BX51, Japan) equipped with an excitation filter 

(546 nm) and a barrier filter (590 nm) using a 

specialized image analysis system (Comet Assay IV, 

Perceptive Instruments Ltd., Haverhill, UK). 

2.9. Statistical Analyses 

To determine the statistical difference between treated 

and untreated cells, the z-test was used for the frequency 

of abnormal cells, CAs/Cell, MI, frequency of MN, NPB, 

NBUD, NDI, CBPI, and % cytostasis. T-test was applied for 

comet scores. The regression analysis was performed to 

determine concentration-response relationships by using 

the SPSS 22.0 program. 

 

3. Results 
3.1. Characterization of NPs and MPs of MoO3 and 

MoS2  

The results of electron microscopy and DLS 

measurements (HD, PDI and zeta potential) were given in 

Table 1. TEM/SEM images of the particles supplied by the   

company revealed that while the shape of the MoO3 NPs is 

formed from a mixture of spherical and ellipsoid, MoO3 

MPs are lamellar in structure, (Cas No: 1313-27-5). The 

shape of the MoS2 NPs is mainly lamellar in structure, and 

MoS2 MPs are mainly formed from lamellar structure, but 

some particles are also present and distributed 

homogeneously (Cas No: 1313-33-5). In this research we 

also determined the shape of these NPs (2D) and MPs. 

SEM and TEM images in Figure 1 revealed that the(shape 

of the MoO3 NPs is formed from a mixture of spherical, 

ellipsoid, and rod-like particles, while MoO3 MPs are 

formed from a mixture of lamellar, ellipsoid, and rod-like 

particles. On the other hand, the shape of MoS2 NPs 

consists of a mixture of lamellar, ellipsoidal, and 

spherical particles. MoS2 MPs consist of rod, lamellar, and 

ellipsoidal structures. 

3.2. Cytotoxicity  

The present study showed that MoO3 NPs significantly and 
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dose-dependently decreased the mitotic index in all 

concentrations (except 1 µg/mL) at 24-h treatment (r= -

0.87) (Figure 3). At 48-h treatment, these NPs also 

significantly decreased the mitotic index at all 

concentrations (except 100 µg/mL) (r=-0.15) (Figure 4). 

 

Table 1. Electron microscopy and DLS characterization of test chemicals 

 

Average 

length 

(nm) 

Average 

diameter 

(nm) 

The 

smallest 

size 

(nm) 

The 

largest 

size 

(nm) 

Zeta 

potential 

(mV) 

Hydrodynamic 

diameter (HD) 

(nm) 

HD 

Intensity 

(%) 

Polydispersity 

index 

MoO3 NPs 697.46 631.64 40 2486 -34.5±9.91 423.2±75.54 100.0 0.704 

MoO3 MPs 32030 24745.52 3162 70228 -16.1±4.32 - - - 

MoS2 NPs 928 644.12 74 6036 -27.9±7.18 484.9±39.33 100.0 0.958 

MoS2 MPs 14858.98 10086.10 1967 46920 -14.2±5.94 - - - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. TEM images of MoO3 and MoS2 NPs (A and B) and SEM images of MoO3 and MoS2 MPs (C, D, E and F). 

 
MoO3 MPs also reduced the mitotic index significantly and 

dose-dependently at all concentrations at both 24 h (r=- 

0.78) and 48 h (r=-0.88) treatments (Figure 3 and Figure 

4). Similarly, MoS2 NPs declined the mitotic index at all 

concentrations at both 24- (except 1 µg/mL) (r= -0.70) 

and 48-h (r=-0.47) treatments with high and low 

concentration-dependently, respectively (red place will 

be deleted) . MoS2 MPs reduced the mitotic index in a 

slightly dose-dependent manner at 1 and 100 µg/mL 

concentrations at both 24- (r=-0.49) and 48-h (r=-0.75) 

treatments (Figure 5 and Figure 6). In the present study, 

none of the test materials significantly altered NDI, CBPI, 

and % cytostasis and did not affect cell proliferation. 

3.3. Chromosome Aberration Test Results of NPs and 

MPs of MoO3 and MoS2 

In this study, the genotoxic effect of MoO3 and MoS2 NPs 

and MPs were evaluated using the CA test in human 

lymphocytes in vitro, and the results were given in Tables 

2 and 3. While a few concentrations of both NPs and MPs 

slightly increased the frequency of abnormal cells and 

CAs/Cell in human lymphocytes at both 24 h and 48 h 

treatments, none was significant compared to the negative 

control. A few concentrations revealed the same 

frequency as the respective negative control. While 10 

µg/mL concentration of MoO3 NPs at 48 h application did 

not induce any structural aberration, other concentrations 

induced only one, two, or scarcely three structural  

aberrations in lymphocytes. Interestingly, all the 

concentrations of both MoO3 NPs and MPs at 24 h 

treatment and MoS2 NPs at 48 h treatment generated 

polyploidy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

A) MoO3 NP C) MoO3 NP D) MoO3 MP 

B) MoS2 NP E) MoS2 NP F) MoS2 MP 
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Figure 2. Frequency curve of (a) hydrodynamic diameter of MoO3 NPs and (b) hydrodynamic diameter of MoS2 NPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. The frequency of MI in human lymphocytes exposed to MoO3 NPs and MPs for 24 h. ***Significantly different 

from the control P<0.001(z test). 
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Figure 4. The frequency of MI in human lymphocytes exposed to MoO3 ('3' was made a subscript)NPs and MPs for 48 h.** 

(‘**’
was made a subscript) Significantly different from the control P<0.01 (z test). ***Significantly 

(‘**’
was made a subscript) 

different from the control P<0.001(z test).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5. The frequency of MI in human lymphocytes exposed to MoS2 NPs and MPs for 24 h. ***Significantly 
(‘**’

was 

made a subscript) different from the control P<0.001(z test). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. The frequency of MI in human lymphocytes exposed to MoS2 ('2' was made a subscript)NPs and MPs for 48-h. 
*Significantly different from the control P<0.05 (z test). ***Significantly different from the control P<0.001(z test). 
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Table 2. Effects of NPS and MPs of MoO3 on CAs frequency in cultured human lymphocytes 

Test 

substance 

Treatment  Aberrations 
Abnormal cell 

± SE (%) 

CAs/Cell 

± SE 
Time 

(h) 

Concentration 

(μg/mL) 
ctb csb f dic scu ex p 

en 

 

NC 24 0.00 1 - - - - - - - 0.33±0.11 0.003±0.003 

PC (MMC) 24 0.20 11 1 - - 4 1 8 - 8.33±1.60*** 0.080±0.016*** 

MoO3 NPS 
24 

 

0.1 2 - - - - - 1 - 1.00±0.57 0.010±0.005 

1 - - - - - - 1 - 0.33±0.33 0.003±0.010 

10 - - - - - - 2 - 0.67±0.47 0.007±0.004 

100 - - - - - - 2 - 0.67±0.47 0.007±0.004 

MoO3 

MPS 

 

24 

0.1 - - - - - - 3 - 1.00±0.57 0.010±0.005 

1 - - - - - - 2 - 0.67±0.47 0.007±0.004 

10 - - - - - - 1 - 0.33±0.33 0.003±0.010 

100 2 - - - - - 1 - 1.00±0.57 0.010±0.005 

NC 48 0.00 1 - - - - - - - 0.33±0.11 0.003±0.003 

PC (MMC) 48 0.20 12 3 1 - 1 4 9 3 11,00±1,81*** 0.110±0.017*** 

MoO3 

NPS 
48 

0.1 1 - 1 - - - 1 - 1.00±0.57 0.010±0.005 

1 - - 1 - - - - - 0.33±0.33 0.003±0.010 

10 - - - - - - - - 0.00±0.00 0.000±0.000 

100 1 - 1 - - - - - 0.67±0.47 0.007±0.004 

NC 48 0.00 1 - - - - - - - 0.33±0.11 0.003±0.003 

PC (MMC) 48 0.20 11 5 - 1 3 1 7 - 9,33±0,55*** 0,090±0,020*** 

MoO3 

MPS  

 

48 

0.1 - - - - - - 1 - 0.33±0.33 0.003±0.010 

1 2 - - - - - - - 0.67±0.47 0.007±0.004 

10 - - - - - - - 1 0.33±0.33 0.003±0.010 

100 - - - - - - - 1 0.33±0.33 0.003±0.010 

ctb= chromatid break, csb= chromosome break, f= fragment, dic= dicentric chromosome, scu= sister chromatid union, ex= chromatid 

exchange, p= polyploidy, en= endoreduplication, SE= standard error, PC (MMC)= positive control- mitomycin C, NC= Negative control, 
***Significantly different from the negative control P<0.001 (z test)  

 

Table 3. Effects of NPS and MPs of MoS2 on CAs frequency in cultured human lymphocytes 

Test 

substance 

Treatment Aberrations 
Abnormal cell 

± SE (%) 

CAs/Cell 

± SE 

Time 

(h) 

Concentration 

(μg/mL) 
ctb csb f dic scu ex p en 

  

NC 24 0.00 - - - - - - - - 0.00±0.00 0.000±0.000 

PC (MMC) 24 0.20 10 7 3 - 2 5 3 - 10.00±1.73*** 0.100±0.017*** 

MoS2 

NPS 

24 

 

0.1 1 - - - - - 1 1 1.00±0.57 0.010±0.005 

1 2 - - - - - 1 - 1.00±0.57 0.010±0.005 

10 1 - - - - - - - 0.33±0.33 0.003±0.010 

100 - - - - - - - - 0.00±0.00 0.000±0.000 

MoS2 

MPS 

 

24 

0.1 2 - - - - 1 2 - 1.67±0.73 0.020±0.008 

1 - - - - - - - - 0.00±0.00 0.000±0.000 

10 - - - - - - 1 - 0.33±0.33 0.003±0.003 

100 1 - - - - - - - 0.33±0.33 0.003±0.003 

NC 48 0.00 2 - - - - - - - 0.67±0.47 0.006±0.004 

PC (MMC) 48 0.20 12 10 1 3 4 2 2 - 11.33±1.83*** 0.120±0.019*** 

MoS2 

NPS 
48 

0.1 1 - - - - - 2 - 1.00±0.57 0.010±0.005 

1 1 - - - - - 5 - 2.00±0.65 0.020±0.008 

10 - - - - - - 2 - 0.67±0.47 0.007±0.004 

100 - 1 - - - - 1 - 0.67±0.47 0.007±0.004 

MoS2 

MPS 

 

48 

0.1 1 1 - - - - - - 0.67±0.47 0.007±0.004 

1 3 - - - - - - - 1.00±0.57 0.010±0.005 

10 - - - - - - 1 - 0.33±0.33 0.003±0.003 

100 1 - - - - - - - 0.33±0.33 0.003±0.003 

ctb= chromatid break, csb= chromosome break, f= fragment, dic= dicentric chromosome, scu= sister chromatid union, ex= chromatid 

exchange, p= polyploidy, en= endoreduplication, SE= standard error, PC (MMC)= positive control- mitomycin C, NC= Negative control,  
***Significantly different from the negative control P<0.001 (z test). 
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The most common type of abnormality in MoO3-treated 

('3' was made a subscript) cells was polyploidy, followed 

by chromatid break, fragment, and endoreduplication. In 

the MoS2 treatment, polyploidy was the most common 

abnormality, followed by chromatid break, chromosome 

break, and chromatid exchange = endoreduplication. 

3.4. CBMN-Cyt Assay Results of NPs and MPs of MoO3 

and MoS2  

In this study, while the NPs and MPs of MoO3 slightly 

increased micronucleus frequency in human 

lymphocytes, none was significant compared to the 

negative control (Figure 7). On the contrary, all the 

concentrations of MoS2 NPs (except 0.1 µg/mL) 

significantly increased the micronucleus frequency over 

the control value (Figure 8). This increase was strongly 

concentration-dependent(r=0.84). MoS2 MPs also 

increased the frequency of micronucleus, but only two of 

them (1 and 10 µg/mL) were significant and weakly 

concentration-dependent (r=0.53) compared to the 

negative control. Regarding nuclear bud, neither MoO3 

NPs and MPs nor MoS2 NPs and MPs increased the 

frequency. None of these particles generated 

nucleoplasmic bridge (except MoS2 NPs at 100 µg/mL, 

48 h; was not significant) either. In our study, the 

nuclear division index and CBPI were not significantly 

affected by MoO3 NPs and MPs or MoS2 NPs and MPs. 

Either of these particles did not significantly change the 

frequency of cytostasis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. The frequency of MN in human lymphocytes exposed to MoO3 NPs and MPs for 48 h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 8. The frequecny of MN in human lymphocytes exposed to MoS2 NPs and MPs for 48-h. *Significantly different 

from the control P<0.05 (z test). **Significantly different from the control P<0.01 (z test). ***Significantly different from 

the control P<0.001(z test). (Capitalize the letter 's' in the word 'Significantly') 
 

3.5. Comet Assay Results of NPs and MPs of MoO3 and 

MoS2  

In this investigation, both NPs and MPs of MoO3 and MoS2 

significantly increased the tail length, tail intensity, and 

tail moment at all concentrations in isolated human 

lymphocytes compared to the negative control at both 1  

and 3 h treatments (except the tail intensity at 0.1 µg/mL 

for MoS2 MPs at 3 h treatment) (Tables 4 and 5). These 

increases were observed in tail length, tail density and 

tail moment for MoO3 NPs (r=0.75, r=0.68 and r=0.68, 

respectively), MoO3 MPs (r=0.21, r=0.50 and r=0.22, 

respectively), MoS2 NPs (r=0.24, r=0.44 and r=0.27, 



Black Sea Journal of Engineering and Science 

BSJ Eng Sci / Nur KORKMAZ et al. 10 
 

respectively) and MoS2 MPs (r=0.42, r=0.43 and r=0.49, 

respectively) during 1 h of treatment. (Added sentence 

with red mark instead of ‘These increases were 

concentration-dependent for tail length, tail intensity 

and tail moment at 1-h treatment for MoO3 NPs (r=0.75, 

r=0.68 and r=0.68, respectively), MoO3 MPs (r=0.21, 

r=0.50 and r=0.22, respectively), MoS2 NPs (r=0.24, 

r=0.44 and r=0.27, respectively), and MoS2 MPs (r=0.42, 

r=0.43 and r=0.49, respectively)’ . At 3-h treatments, all 

the particles increased DNA damage concentration-

dependently ('concentration-dependently' will be 

removed) in terms of tail length, tail intensity, and tail 

moment as follows; r=0.93, r=0.77 and r=0.77, 

respectively, for MoO3 NP, r=0.69, r=0.55 and r=0.58, 

respectively, for MoO3 MPs, r=0.58, r=0.52 and r=0.39, 

respectively, for MoS2 NPs and r=0.70, r=0.43 and r=0.57, 

respectively, for MoS2 MPs. Cell viability at 1- and 3-h 

treatments in isolated lymphocytes was determined as ≥ 

80% and 87% for MoO3 NPs, ≥ 75% and 89% for MoO3 

MPs, ≥ 75% and 80% for MoS2 NPs, and ≥ 76% and 75% 

for MoS2 MPs by trypan blue exclusion test, respectively.

 

Table 4. Effects of NPs and MPs of MoO3 on DNA damage in human lymphocytes 

Test substance 
Treatment  

Tail Length (µm) Tail Intensity (%) Tail Moment 
Time (h) Concentration (μg/mL) 

NC 1 0.00 45.10±0.56 5.27±0.61 1.23±0.18 
PC (H2O2) 1 100 µM 154.36±5.53* 30.24±1.38* 17.02±1.30* 

MoO3 NPs 
1 
 

0.1 83.02±2.99* 19.00±1.55* 7.34±0.84* 
1 86.55±2.68* 13.55±1.10* 4.33±0.52* 

10 105.32±4.40* 17.26±1.49* 7.96±0.96* 
100 86.42±3.42* 18.36±1.31* 6.87±0.94* 

MoO3 MPs 

 
1 

0.1 94.96±4.32* 21.71±1.48* 9.84±0.99* 
1 100.79±4.59* 19.04±1.26* 8.33±0.76* 

10 71.73±2.96* 19.50±1.21* 6.50±0.79* 
100 72.07±2.56* 16.71±1.07* 5.16±0.52* 

NC 3 0.00 55.20±0.90 9.25±0.86  2.11±0.22 
PC (H2O2) 3 100 µM 126.63±4.80* 23.56±1.29* 9.67±0.66* 

MoO3 NPS 3 

0.1 55.20±0.90* 15.09±1.26* 5.88±0.93* 
1 68.11±2.44* 13.97±1.15* 4.51±0.53* 

10 70.73±2.88* 14.35±1.36* 6.26±1.00* 
100 139.06±6.13* 47.84±1.95*  32.64±2.27* 

MoO3 MPS 

 
3 

0.1 78.96±3.71* 14.38±1.13* 5.53±0.82* 
1 72.71±3.56* 13.81±1.18* 5.91±0.92* 

10 79.13±3.47* 13.90±1.20* 5.62±0.87* 
100 75.26±2.61* 13.13±1.11*  4.92±0.72* 

NC= negative control, PC (H2O2)= positive control- H2O2, *significantly different from the negative control P<0.05 (t-test) 
 

Table 5. Effects of NPS and MPs of MoS2 on DNA damage in human lymphocytes 

Test substance 
Treatment  

Tail Length (µm) Tail Intensity (%) Tail Moment 
Time (h) Concentration (μg/mL) 

NC 1 0.00 45.10±0.56 5.27±0.61 1.23±0.18 
PC (H2O2) 1 100 µM 154.36±5.53* 30.24±1.38* 17.02±1.30* 

MoS2 NPS 
1 
 

0.1 128.58±6.68* 25.15±1.62* 13.22±1.08* 
1 129.12±6.29* 22.51±1.37* 12.55±1.04* 

10 116.57±5.59* 23.66±1.62* 11.97±1.19* 
100 79.42±3.23* 18.37±1.24* 6.25±0.68* 

MoS2 MPS 

 
1 

0.1 65.85±2.24* 11.61±1.04* 3.55±0.48* 
1 128,87±5.72* 23.18±1.53* 11.32±1.04* 

10 100.61±5.82* 19.77±1.46* 12.29±1.74* 
100 70.68±3.47* 11.09±1.06* 4.48±0.75* 

NC 3 0.00 55.20±0.90 9.25±0.86  2.11±0.22 
PC (H2O2) 3 100 µM 126.63±4.80* 23.56±1.29* 9.67±0.66* 

MoS2 NPS 3 

0.1 77.62±3.10* 13.43±1.13* 4.80±0.66* 
1 74.52±2.54* 14.39±1.07* 4.67±0.60* 

10 67.20±2.11* 12.23±1.15* 4.34±0.62* 
100 66.28±1.66* 13.09±1.08* 3.70±0.44*  

MoS2 MPS 

 
3 

0.1 72.83±3.22* 9.51±1.03 3.34±0.55* 
1 68.86±2.72* 15.72±1.36* 5.89±0.79* 

10 66.13±2.31* 11.88±0.94* 3.46±0.48* 
100 73.95±3.71* 11.57±0.96* 4.61±0.91* 

NC= negative control, PC (H2O2)= positive control-H2O2, *significantly different from the negative control P<0.05 (t-test). 
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4. Discussion 

The most critical features influencing nanomaterials 

interaction with cells and cellular components are 

morphology, size, size distribution, hydrodynamic 

diameter, polydispersity index, and surface chemistry 

(Murdock et al., 2008). Therefore, TEM, SEM, and DLS 

measurements were made in the present study. These 

sizes, assessed through electron microscopy, exceeded the 

manufacturer’s specification of 10-80 nm for MoO3 NPs 

and 100 nm for MoS2 NPs due to the presence of extended 

2D structures, resulting in larger particle sizes (Figures 

1A-1F and Table 1) (Santos et al., 2023). Likewise, the 

average length/diameter measured for MoO3 and MoS2 

MPs was deviated from the manufacturer's stated average 

size of 44 µm (325 mesh) (Table 1). There is a difference 

in shape and structure between the manufacturer and our 

results. 

Regarding toxicity, various results were obtained in 

studies depending on size/shape. Disk-shaped MoS2 NP 

(size 97 ± 32 nm and thickness equal to 8.5 nm ± 1.5 nm) 

and hexagonal-shaped micro-MoS2 (size 1.92 ± 0.64 μm 

and thickness equal to 0.27 ± 0.15 μm) did not cause 

toxic effects in human hepatoma HepG2 cell line. After 

treating cells with MoS2, the diameter of cells with particle 

clusters reached 300-400 μm on day 4. It was suggested 

that the lack of toxic effect was due to the lack of cell 

membrane disruption (Sobańska et al., 2020a). In a 

study, while bulk MoS2 (> 2 µm) induced DNA damage in 

soil organisms, 2D MoS2 NPs (90 nm) induced less 

damage to the DNA integrity, and it was observed that 

toxicity decreased as the size decreased. It has been 

suggested that these results are probably due to 2D MoS2 

NPs remaining particulate and retard ion leakage. This 

hypothesis suggests that 2D MoS2 NP genotoxicity is 

primarily due to ion leaching rather than the particles 

themselves (Santos et al., 2023). MoS2 showed more toxic 

effects in our study than MoO3. Therefore, it can be 

argued that size indirectly affects toxicity. 

DLS is an important technique widely used to determine 

particle size, size distribution, polydispersity index, and 

surface charge of small particles in suspension as simple, 

easy, and reproducible technique (Bhattacharjee, 2016). 

In our study, the electron microscopy measurement 

values of MoO3 NPs and MoS2 NPs were larger than the 

observed HD measurement (Table 1 and Figure 2). The 

hydrodynamic diameter, which is determined using the 

DLS approach, is related to the particle's movement in the 

plate's thickness, width, and length in all three directions. 

Consequently, the hydrodynamic diameter is ultimately 

determined by the thickness of a single particle, which 

resulted in a decrease in comparison with the size 

determined by electron microscope observations 

(Sobańska et al., 2020b). This study showed that the 

polydispersity index for both MoO3 NPs (0.704) and MoS2 

NPs (0.958) had a wide particle size distribution, 

confirming the presence of agglomerates. The study by 

Singh et al. (2024) yielded considerable variation in both 

the effective diameter (HD) and polydispersity index (PI) 

of MoS₂ nanosheets (trigonal prismatic) depending on the 

dispersion medium employed. In RPMI medium, HD was 

549.08 ± 41.15 nm to 6959.12 ± 7185.11 nm and PDI was 

0.17 ± 0.07 to 1.77 ± 2.49, while in FBS (20 % v/v) + RPMI 

medium HD was 197.30 ±31.43 nm to 262.94 ± 5.92 nm 

and PDI 0.17 ± 0.03 to 0.37 ± 0.07. After 48 and 72 hours, 

the abrupt decrease observed in these values indicates 

that MoS2 nanosheets precipitated in the medium. The 

addition of 500 mg/L of MoS₂ to a culture containing RPMI 

resulted in a reduction in cell viability in both HepG2 and 

HL-60 cells over 48 h. These situations may be due to the 

aggregation of nanosheets in RPMI medium. It has been 

reported that the significant change in the effective 

diameter and polydispersity index of MoS2 dispersed in 

RPMI can be attributed to the high ionic strength of the 

medium and may be affected by interactions with 

biomolecules in environmental matrices, serum, etc 

(Singh et al. (2024).  

Zeta potential is another chemical property that exhibits 

the electrochemical equilibrium at the particle-liquid 

interface and provides information about the particle's 

surface charge (Lunardi et al., 2021). The electrostatic 

stability of a suspension is typically regarded as adequate 

when the absolute value of the ζ-potential is 30 mV or 

greater. Particles having zeta potentials between ±10 and 

±30 mV reveal incipient instability, while between ±0 and 

±10 mV show rapid coagulation or flocculation (Clogston 

et al., 2011; Kaur et al., 2021; Lunardi et al., 2021). We 

applied ultrasonication to all suspensions to prevent 

agglomeration and disperse particles into single 

nanoparticles. However, the NPs tend to agglomerate over 

time because of interparticle adhesion forces. Positively 

charged NPs have been reported to provide higher 

interaction strength with cells than negatively charged 

particles and cationic particles generally exhibit more 

significant toxicity associated with the disruption of cell 

walls (Clogston et al., 2011; Shao et al., 2015). DLS 

measurements the negative zeta potential was 34.5 ± 

9.91 mV for MoO3 NPs, 16.1± 4.32 mV for MoO3 MPs, 

27.9± 7.18 mV for MoS2 NPs and 14.2± 5.94 mV for MoS2 

MPs (Table 2). Zeta potential between -30 and +30 mV 

may cause agglomeration and affect cell membrane 

interaction (Clogston et al., 2011; Kaur et al., 2021; 

Lunardi et al., 2021).  

MI, NDI, CPBI, and % cytostasis were assessed in human 

lymphocytes to investigate the cytotoxic effects of both 

MoO3 and MoS2. MI measures the proportion of cells 

undergoing mitosis (Akbas et al., 2022). The present study 

demonstrated that most concentrations of MoO₃ NPs, 

MoO₃ MPs, and MoS₂ NPs exhibited cytotoxic effects. 

Conversely, only the lowest and highest concentrations of 

MoS₂ MPs showed such effects. Although there are slight 

differences between the cytotoxic effects of particles, the 

order of toxic effect is as follows: MoO3 MPs> MoS2 NPs> 

MoO3 NP> MoS2 MPs. This reveals that NPs are not always 

more cytotoxic compared to MPs. In this investigation, 

none of the NPs and MPs significantly affected NDI, CBPI, 
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and % cytostasis compared to the negative control. 

Kumari and Mangala (2022) determined that the MoO3 

NPs (30-47 nm) (78.64 μg/mL) and MPs (190.23 μg/mL) 

decreased cell viability by 50% in MCF7-human breast 

adenocarcinoma cells at 24-h application. MoO3 NPs, at 0.4 

mg/mL concentration, were also found to have cytotoxic 

effects on invasive breast cancer cell line iMCF-7, induced 

apoptosis, and generated reactive oxygen species (Anh 

Tran et al. 2014). Sahoo et al. (2022) demonstrated that 

MoS₂ NPs (hexagonal; 2-10 nm; 5, 10, and 20 μg/mL; 24 

h) elicited a dose-dependent increase in ROS formation 

and a concomitant decrease in cell viability, ultimately 

resulting in a cytotoxic effect at high concentrations. Our 

results revealed that the test substances investigated 

decreased the mitotic index, which was in accordance with 

some of the previous studies. The decrease in the mitotic 

index may be due to the cell cycle inhibition, induction of 

mitochondria-dependent apoptosis, and ROS production 

or zeta potential value and agglomeration behavior of 

MoO3 and MoS2 (Terpilowska et al., 2018; Li et al., 2021; 

Libalova et al., 2024). On the other hand, increasing the 

mitotic index might be due to the increasing effect of test 

substances on cell viability by scavenging ROS and 

reducing inflammation at different concentrations and 

application periods (Decker et al., 2021; Duan et al., 2022). 

For example, Chen et al. (2018) developed a nanozymatic 

antioxidant system with few-layer MoS2 nanotubes that 

scavenged ROS in Escherichia coli, Staphylococcus aureus, 

and A549 cells in vivo. Moreover, MoS2 nanosheets 

showed superior protection against H2O2-induced 

oxidative damage with peroxidase-like activity by 

transferring electrons instead of ROS production with its 

enzyme feature. This can be attributed to Mo4+/Mo6+ 

oxidation on the surface of MoS2 nanosheets. 

The genotoxicity of a chemical can be determined from 

variations in cellular behavior and examination of 

damage generated to DNA and chromosomes. No single 

genotoxicity assay can compare, rank, and evaluate the 

genotoxic potential for all ENMs currently available and 

used for various purposes. Therefore, in this study, we 

applied three genotoxicity tests to obtain whether MoO3 

and MoS2 NPs and MPs generate damage in human 

lymphocyte cells: chromosome aberration, cytokinesis 

block micronucleus, and comet tests. One of them, the 

chromosome aberration test, is used to determine agents 

that produce structural and numerical chromosomal 

abnormalities resulting from the treatment with 

genotoxic chemicals (Mamur et al., 2022; Santibáñez- 

Andrade et al., 2022). CAs comprise structural and 

numerical abnormalities, resulting in genomic instability. 

Structural aberrations, either chromatid or chromosome, 

may result from chemicals' clastogenic effects (DNA 

damage). Deletions are the most common, followed by 

amplification and then unbalanced translocations. 

Numerical abnormalities primarily comprise aneuploidy 

and chromosome instability (CIN), represented by 

chromosome gain or loss. Both types of CAs are reported 

to be the reason for various genetic and non- 

communicable diseases. There is also considerable 

evidence that chromosomal aberrations and associated 

events triggering modifications in oncogenes and tumor 

suppressor genes of somatic cells are connected to 

cancer production in humans and experimental animals 

(Rossner et al., 2005; Santovito et al., 2014; Vodenkova et 

al., 2015; Raj et al., 2023).  

While NPs and MPs did not cause significant 

chromosome abnormalities, some structural and 

numerical chromosome abnormalities were observed. 

These damages may originate from non-repair or 

misrepair of DNA double-strand breaks, mismatches 

between two breaks along the length of the chromosome, 

and insufficient activation of the G2 checkpoint in cells 

with a markedly reduced G2 arrest (Helleday et al., 2007; 

Zeng et al., 2023). Polyploidy may result from increased 

genome DNA content (Frawley and Orr-Weaver, 2015). 

Endoreduplication arises if DNA replication occurs 

without mitosis (Jiang et al., 2022). When DNA damage 

occurs, the cell cycle checkpoints detect this damage and 

arrest G1, DNA synthesis, and G2/M transition until 

various repair mechanisms repair the damage. The 

activation of the checkpoint prevents mitotic entry of the 

damaged cells. If damages cannot be repaired or are 

defectively repaired, this may lead to p53-dependent 

apoptosis (Zeng et al., 2023; Libalova et al., 2024). 

Defective DNA damage repair or defects of DNA damage 

checkpoints generate genomic instability and rapid aging 

and predispose the organism to neurological disorders, 

immunodeficiency, and cancer progression (Santovito et 

al., 2014; Vodenkova et al., 2015; Raj et al., 2023). 

In the literature, both negative and positive findings of 

molybdenum and molybdenum species have been 

reported for mutations in bacterial and mammalian cells. 

For example, Burzlaff et al. (2017) reported that sodium 

molybdate dihydrate (1.6-5000 mg/mL) did not induce 

reverse mutations in five Salmonella typhimurium strains 

(TA98, TA100, TA1535, TA1537 and TA102) and 

mutagenic or clastogenic effects in the tk locus of L5178Y 

mouse lymphoma cells (1000-2060 mg/mL). It did not 

generate clastogenic or aneugenic effects in micronucleus 

test in human lymphocytes. Due to their negative results 

and all species release the molybdate ion  

(MoO4)2 under morphological conditions, authors 

suggested that their results can be read across to other 

molybdenum species; no evidence of genotoxicity of 

molybdenum species (Burzlaff et al. 2017). The absence of 

mutagenic potential was also demonstrated in TA98 and 

TA100 strains of Salmonella typhimurium for sodium 

(Burzlaff et al., 2017) and potassium molybdate (Nishioka, 

1975). Calcium molybdate (CaMoO4) NPs (spherical; 50- 

250 nm, forming some agglomerates of mesostructures 

with size ~6 µm) synthesized by Nobre et al. (2020) did 

not affect the survival rate between 1.5625 and 100 mM 

and did not induce a genotoxic effect at the investigated 

concentrations (6.25, 25.0, and 100.0 mM) in Drosophila 

melanogaster. Authors suggested that calcium molybdate 

nanocrystals could not interact with the DNA and did not 
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induce point mutations, breaks, deletions, or mitotic 

recombination (Nobre et al., 2020). In Daphnia magna, a 

microcrustacean sensitive enough to evaluate the toxicity 

of the various compounds, sodium molybdate (LC50 value 

at 48 h was 2847.5 mg/L) did not reveal toxic or genotoxic 

effects either (Diamantino et al., 2000). Moreover, Duan et 

al. (2022) reported excellent scavenging properties of Mo 

against H2O2, ·O2- and ·OH ROS species by catalyzing redox 

and oxygen-transfer reactions (Chen et al., 2018; Duan et 

al., 2022). 

Contrary to the previous observations, Ladon et al. (2004) 

determined in patients who underwent metal hip 

arthroplasty that high molybdenum concentration had a 

higher rate of chromosomal translocations than patients 

with low molybdenum concentration at 6th, 12th, and 

24th months after surgery. Daley et al. (2004) have 

revealed that the molybdenum concentration in wear 

debris removed from the body was associated with the 

total micronucleus index, both centromere-positive and 

centromere-negative (indicating chromosomal breakage 

and aneuploidy, respectively) in tissue culture. Increased 

frequencies of chromosomal aberrations in peripheral 

blood lymphocytes have been reported to occur when 

workers are exposed to molybdenum, molybdenite and 

molybdenum trioxide (Babayan et al., 1980). Terpilowska 

and Siwicki (2018) showed that MoO3 stimulated 

significant chromosome abnormalities in BALB/3T3 and 

HepG2 cells between 100 and 1400 μM. Furthermore, an 

increase in the number of reverse mutations with or 

without metabolic activation was detected. Cui et al. 

(2023) reported that excessive molybdenum (5, 10, 20, 

and 50 mg/kg BW/day) induced apoptosis-related DNA 

damage in splenocytes and thymocytes and caused 

apoptosis of lymphocytes in sheep. The toxic effects of 

two-dimensional molybdenum disulfide nanomaterials on 

Eisenia fetida were reported by Sun and colleagues 

(2023). While surface perfect MoS2 (1.79±0.07 nm) 

produced an increase in the level of reactiveoxygen 

species (ROS) and a decrease in the activity of the 

mitochondrial respiratory electron transport chain III 

complex, surface-defective MoS2 (1.91±0.27 nm) 

triggered a more severe ROS increase and apoptosis with 

depolarization of the mitochondrial membrane potential. 

Therefore, researchers have reported that the role of 

surface defects resulting from synthesis or accumulated 

from environmental effects should be considered when 

evaluating the toxicity of 2D materials (Sun et al., 2023). 

Wang et al. (2016) evaluated acute toxicity of various salts 

from Mo to D. magna following 48 h of treatment and 

observed that toxicity elevated in the following order: 

sodium molybdate (Na2MoO4‧2H2O) < molybdenum 

trioxide (MoO3)< ammonium molybdate 

(NH4)6Mo7O24.4H2O), in solution. The authors report 

that the toxic effect of molybdenum in the aquatic system 

depends largely on the form of molybdenum salts used. 

However, they concluded that the toxicity of molybdenum 

is also linked to the influence of background water quality. 

High concentrations of molybdenum have been reported 

to be toxic effective to many organisms, including 

mammals and freshwater invertebrates (Khangarot, 

1991). In addition, the toxic effect of molybdenum has 

been also reported to depend on the contribution of 

associated conjugate cations (Wang et al., 2016).  

While our study's result coincided with some of the 

experiments in the literature, it was not coincident with 

others. Our results indicated that while MoO3 and MoS2 

did not significantly increase the frequency of aberrant 

cells and CAs/Cell, they caused a significant decrease in 

the mitotic index. The significant reductions in the mitotic 

index might be due to the toxic or genotoxic effects of 

these NPs, therefore, a decrease in the proportion of cells, 

cells undergoing mitosis, or an increase in the number of 

cells encountering apoptosis due to unrepairable damages 

in DNA, chromosome or cell cycle checkpoints (Nobre et 

al., 2020; Li et al., 2021; Santibáñez-Andrade et al., 2022; 

Libalova et al., 2024; Singh et al., 2024). The lack of a 

significant increase in CAs frequency may be due to the 

scavenging of ROS by Mo showing nanozyme properties; 

DNA repair mechanisms repaired the damages in cells that 

were not directed apoptosis, controlled cell death. In our 

study, MoO3 and MoS2 have negative zeta potential and 

have shown agglomeration potential. These 

physicochemical properties may have caused the test 

substances not to interact strongly with DNA (Nobre et al., 

2020). As a result, variations in toxicity of Mo species may 

be due to the size, shape, and other physicochemical 

properties, different compounds in that substance, the 

difference in the synthesis protocol, the difference in the 

cell types treated, and behavior in culture media of 

particles (Uboldi et al., 2016; Sikder et al., 2020; Vazquez- 

Muñoz et al., 2020; Sun et al., 2023).  

CBMN-Cyt is an extensively used test to assess cytotoxic, 

clastogenic  (DNA and chromosome damage), aneugenic 

(principally affects non-DNA targets like spindle fibers 

and kinetochore and disturbs the cell division cycle), and 

cytostatic effects generated by genotoxic agents (Fenech 

et al., 2020; Farabaugh et al., 2023; Raj et al., 2023). It is a 

comprehensive, accurate, and well-established method 

that is especially used with comet assay to evaluate the 

genotoxic effects of nanomaterials. Genomic instability, 

such as micronuclei (MNi), nucleoplasmic bridges (NPBs), 

and nuclear buds (NBUDs), can be evaluated by this assay. 

MNi are formed from whole chromosomes or 

chromosome fragments that do not correctly segregate to 

the poles of the cell in mitosis. NPBs are produced from 

dicentric chromosomes triggered by telomere end- 

fusions, mis-repaired DNA breaks, or failure of complete 

chromatid separation. Nuclear bud represent the 

procedure of exclusion of amplified DNA, DNA repair 

complexes, and probably extra chromosomes from 

aneuploid cells (Fenech et al., 2020; Mamur et al., 2022; 

Struys et al., 2023). In this study, while the NPs (except 

0.1 µg/mL) and MPs (1 and 10 µg/mL) of MoS2 

significantly increased micronucleus frequency in human 

lymphocytes, none the NPs and MPs of MoO3 was 

increased significant compared to the negative control. 

NDI, NPB, NBUD, CBPI and CBPI showed that the results 

were not significantly affected by MoO3 NPs and MPs or 
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MoS2 NPs and MPs. NDI is an index of cellular mitotic 

division that oddly elevates or decreases in line with the 

proliferative capability of the cell. CBPI displays the 

cytotoxic effects resulting from the exposure of chemical 

agents. Cytostasis is used for chemicals that inhibit 

cellular growth and division (Lorge et al., 2008; Nefic and 

Handzic, 2013; Rodrigues et al., 2018). Investigations 

unveiled both positive and negative results for MoO3 and 

MoS2 particles. Gibson et al. (1997) reported that 

molybdenum trioxide (250, 500, and 750 mg/mL) 

revealed a positive effect in Syrian Hamster Embryo 

(SHE) cells in micronucleus and cell transformation assay 

when applied for 24 h. Titenko-Holland et al. (1998) 

evaluated ammonium molybdate [(NH4)6 

Mo7O24r4H2O] and sodium molybdate 

[(Na2MoO4rH2O)] (0.1, 0.5, 1 and 5 mM) using three 

genotoxicity assays; micronucleus in human lymphocytes 

in vitro and in mouse in vivo and dominant lethal assay in 

mice. All three tests revealed positive evidence of modest 

genotoxicity for molybdenum salts, especially at 

relatively high concentrations, both in vitro and in vivo. 

Ammonium molybdate was more effective than sodium 

molybdate, induced a dose-dependent decrease in cell 

viability and replicative index, as well as an increase in 

micronucleus formation in binucleated lymphocytes. 

Significant dose effect was determined for both chemicals 

for centromere positive MN and negative MN. Therefore, 

the authors suggested that the most probable mechanism 

of molybdenum genotoxicity involves chromosome 

lagging, resulting in aneuploidy and chromosome 

breakage (Titenko-Holland et al., 1998). In contrast, 

using the MN test, Burzlaff et al. (2017) did not determine 

clastogenic or aneugenic effects following sodium 

molybdate dihydrate exposure of cultured lymphocytes. 

In CHO-K1 cells, MoS2 NPs (138±52 nm; 0, 0.05, 0.5, 5, 20, 

and 50 μg/mL) have no toxic effect at low doses (0.5 and 

5 μg/mL), but the number of cells per field decreased at 

the highest concentration tested (50 μg/mL). While 

shaking the culture medium contributed to agglomerate 

reduction in size and number, these NPs did not affect 

the MN formation. Therefore, sodium molybdate 

dihydrate was reported to have non-genotoxic effects 

(García-Carpintero et al., 2023). Moreover, MoO3-X 

nanodots were reported to have excellent ROS scavenging 

capacity (Duan et al., 2022). In Chinese hamster ovary 

(CHO) cells exposed to molybdenum trioxide, there was 

no increase in either chromosome aberrations or SCEs 

with or without metabolic activation [NTP, 1997; NTP 

(National Toxicology Program) (1997). Such 

discrepancies might result from the shape, size, size 

distribution, hydrodynamic diameter, zeta potential, 

agglomeration, concentrations, and treatment periods. 

Interspecies variations in sensitivity to molybdenum and 

variations in sensitivity of short-term human 

lymphocytes in culture versus other tests might be other 

explanations (Titenko- Holland et al., 1998).  

The comet assay, together with the CBMN-Cyt, is the 

most frequently applied test to determine the 

genotoxicity of NMs. The types of damage detected 

include DNA strand breaks, alkali labile regions, alkylated 

and oxidized nucleobases, DNA-DNA and DNA-protein 

cross-links, and DNA adducts. It also determines the 

repair of all the damages mentioned above at the 

individual cell level (Collins et al., 2023). The tail length, 

intensity (% tail DNA), and moment (the product of the 

tail length and the fraction of total DNA in the tail) are the 

most common parameters used as indicators of DNA 

damage caused by chemicals. Though some researchers 

select the tail moment as a common descriptor, % tail 

DNA is the most common parameter and reveals a linear 

correlation with DNA damage induced by chemicals, 

either by direct or indirect attacks on the DNA (Collins, 

2004). 

In this study, both NPs and MPs of MoO3 and MoS2 caused 

a significant increase in DNA damage in both 1 and 3 h 

treatment. In general, DNA damaging parameters were 

higher for both NPs and MPs at 1 h treatment compared to 

3 h treatments, except for the highest concentration of 

MoO3 NPs at 3 h treatment. The increase in tail length, tail 

intensity, and tail moment might have resulted from DNA 

damage that was not repaired. Decreasing DNA damage 

after 3 h treatment, on the other hand, may indicate the 

repairing process of damages or the death or apoptosis of 

heavily damaged cells (Duijf et al., 2019; Bankoglu et al., 

2021; Tung and Gandhi, 2023). 

While our results coincide with some of the previous 

studies, they differ from others. For example, Terpilowska 

et al. (2018) reported that 100-1400 µM MoO3 

(microelements-24 h) caused DNA damage in BALB/3T3 

and HepG2 cells. In another experiment, Siddiqui et al. 

(2015) showed molybdenum NPs (40 nm) to induce 

significant induction of DNA damage in L929 mouse 

fibroblast cells in a concentration-dependent manner 

using the standard alkaline comet assay. The cells exposed    

to 10, 25, 50, and 100 µg/mL of Mo-NPs for 24 h revealed 

a 9.9-, 15-, 23.2-, and 27.7-fold increase in % tail DNA, 

respectively. In addition, significant production of 

oxidative stress verified by the increase in lipid 

peroxidation (LPO) and ROS generation, as well as the 

reduction in the antioxidant enzyme GSH and catalase 

levels, were determined. In the cell cycle analysis, NPs 

generated a significant G2/M arrest and an increase in 

apoptotic G2/M peak. Therefore, the authors proposed 

that oxidative stress may be the primary mechanism of 

toxicity, and ROS may be a crucial mediator of cell death 

induced by Mo-NPs. 

Sobańska et al. (2020b) evaluated nanosized (97± 32 nm- 

disc-shaped) and micron-sized (1.92± 0.64 μm-lamellar 

shape and a layered structure) MoS2 (dose of 1.5 or 5 

mg/kg body weight) after single intratracheal instillation 

in rats. After exposure to both forms for 24 hours or 7 

days, numerous macrophages containing particles were 

detected in the BALF cells isolated from animals; 

macrophages are much more for the microform of MoS2. 

Inflammatory changes in the respiratory system were 

observed, which were slightly powerful for the micron-
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sized form. However, the hematological and biochemical 

parameters revealed no statistically significant 

differences. In the comet assay, MoS2 nano- and 

microparticles showed no increase in DNA damage over 

the control values (Sobańska et al., 2020b). In mice, Wang 

et al. (2015b) compared 2D MoS2 NPs with the 

aggregated MoS2 and observed that the nanoform 

generated a lower inflammatory response than the 

microsized aggregated MoS2. As a photothermal therapy 

agent, MoS2 nanosheets and nanoplates coated with 

poly(ethylene glycol) (PEG) were found nontoxic for 

Balb/c mice, but they revealed anti-tumor abilities when 

combined with infrared irradiation (Wang et al., 2015a). 

MoO3 NPs at prolonged exposure caused an increase in 

the level of release of interleukin 6, DNA damage, and cell 

death (Božinović et al., 2020). MoS2 has been observed to 

cause increased genotoxicity in mouse lungs at moderate 

and high exposures (Sørli et al., 2023). 

In Oryza sativa ((‘Oryza sativa’ has been italicized) 

seedlings, molybdenum trioxide (MoO3) ('3' was made a 

subscript) exposure at 100, 500, and 1000 ppm doses 

induced a gradual reduction in root and shoot lengths 

(Sharma et al., 2021). In Allium cepa (‘Allium cepa’ has 

been italicized), sodium molybdate dihydrate (1000, 2000, 

and 4000 mg/L; 72 h) induced a significant and dose-

dependent decrease in physiological (germination 

percent, root length, and weight gain) parameters, while 

a significant increase was observed in biochemical (free 

proline content, MDA, SOD, and CAT enzyme activity) 

features. In addition, it caused a significant increase in 

MN frequency, chromosomal aberrations, and anatomical 

damage dose-dependently. In the comet assay, increasing 

DNA damage was correlated with increasing 

molybdenum dose. This molybdenum compound caused 

a significant and dose-dependent decrease in mitotic 

index. The decline determined in physiological 

parameters as a result of excessive molybdenum 

treatment was clarified by the fact that molybdenum 

inhibits micro and macro element uptake by A. cepa 

(‘Allium cepa’ has been italicized) roots, generates damage 

to the anatomical construction of the roots, and 

decreases the mitotic division of root cells (Özkan et al., 

2024). In the literature, investigations revealed that high 

quantities of trace elements, such as copper, create 

physiological toxicity and prevent the uptake of water 

and nutrients (Kalefetoğlu Macar et al., 2020), damage 

the physiological structure of plants by causing a 

decrease in starch, sugar, protein, and nitrogen contents 

(Gopal et al., 2016). As a result, it hinders cell division in 

plant root tips and decreases root elongation (Macar et 

al., 2020). In our study, we observed a significantly 

reduced mitotic index for both molybdenum NPs and 

MPs following 24- and 48- hour exposure in human 

lymphocytes. Decreasing was more prominent, especially 

at higher concentrations. Although there was a 

significant increase in DNA damage in comet assay 

following 1- and 3-h treatments, these particles did not 

increase the frequency of chromosome aberrations. 

While MoO3 particles induced no MN formation, some 

concentrations of MoS2 particles generated significant 

MN formation. To investigate some discrepancies and the 

timewise variations of induction and reduction of DNA 

damage, TK6 cells were treated with one concentration 

(60 µM) of the oxidizing and highly reactive substance 

hydrogen peroxide (H2O2). The alkaline comet assay was 

applied with the treated cells and the solvent controls 

after 0.5, 1, 2, 3, 4, 5, 6, and 20 h. H2O2 exposure drives its 

maximum damage after 0.5 h; the damage decreased to 

about half within an hour, and the DNA strand breaks 

decreased progressively over time, reaching the control 

level after 20 h (Bankoglu et al. (2021). In HeLa cells, 

Duthie and Collins (1997) measured the DNA repair 

activity up to an hour following 30 min H2O2 treatment 

on ice. They reported a quick repair of H2O2-induced 

damage, which almost completely reduced within an 

hour after the treatment. In HepG2 cells treated with H2O2 

for 5 min, 30 min, 40 min, 1 h, and 24 h, a significant 

increase in DNA damage after 5 min, which reached its 

maximum at 1 h was determined. However, there was no 

significant difference in DNA damage after 24 hours 

compared to control (Benhusein et al., 2010). Ngo et al. 

(2021) reported that halftime for the repair of H2O2-

induced DNA damage in the comet assay was 24 min for 

TK6 cells and 39 min for a human lymphocyte. DNA 

damages we observed might be interpreted in such a way 

that MoO3 and MoS2 NPs and MPs can interact with DNA 

and induce damage following 1- and 3-h of exposure, but 

most or some of these damages might be repaired after 

24-h of exposure because we did not observe any 

significant increase in CAs following 24- and 48-h 

treatment. Similarly, DNA damage was not significant in 

long-term treatment (24 h and 7 days), possibly due to the 

repair of DNA damage or death of damaged cells during 

long-term treatment, compared to control (Sobańska et 

al., 2020b). On the other hand, the reduction in the mitotic 

index may show an inhibitory effect of molybdenum in 

terms of micro and macro element uptake by human cells 

and then a decrease in the mitotic division. This may also 

result from the activation of the DNA repair process with 

an obvious cell cycle arrest in the G2/M phase in damaged 

cells or cell death/apoptosis of heavily damaged cells 

induced by these particles (Siddiqui et al., 2015; Bankoglu 

et al., 2021; Singh et al., 2024). 

The genotoxic mechanisms of NPs are still not fully 

understood. However, based on the data obtained, it is 

stated that exposure to NPs can be genotoxic in living 

things and cells in two critical ways: primary and/or 

secondary (Magdolenova et al., 2014). Primary 

genotoxicity refers to ROS-mediated DNA damage without 

inflammation and direct physical interaction between 

particles and genomic DNA (Schins and Knaapen, 2007; 

Saber et al., 2015). Secondary genotoxicity implies that 

DNA damage results from the effects of reactive oxygen 

species and reactive nitrogen species (RNT), particle-

induced inflammation, and other secondary mediators 
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(cytokines, chemokines) that occur during the acute 

response. NPs entering the cell induce microglia 

activation, ROS production, and activation of signaling 

pathways in inflammation, affecting the central nervous 

system and immune cells through proinflammatory 

response and genotoxicity (Joo and Zhao, 2017). 

4. Conclusion 
Our results demonstrated that neither MoO3 nor MoS2 

increased the frequency of CAs and CAs/Cell. Only MoS2 

caused a significant increase in MN frequency. Both MoO3 

and MoS2 displayed a significant decrease in the mitotic 

index. Comet assay results showed that both NPs and MPs 

of MoO3 and MoS2 increased the DNA damage. The 

reduction in mitotic index may be due to DNA damage 

causing apoptosis or mitotic inhibition. Decreased 

mitotic index, increased MN frequency, and DNA damage 

may be caused by oxidative stress. The decrease in the 

mitotic index may be caused by DNA damage or oxidative 

stress- inducing mitotic inhibition or apoptosis. 

Apoptosis may also be why no significant abnormalities 

were observed in the CAs assay (Sun et al., 2023). With 

comet assay, we evaluated the effects of short-term 

exposure in isolated lymphocytes. CAs and CBMN-Cyt 

assay determined the effects of long-term exposure in 

cultured lymphocytes. While DNA damage was observed 

in the comet test, the abnormality frequency did not 

increase in the CAs test. These results may be due to the 

repair of DNA damage or the death of damaged cells in the 

CAs test. While MoO3 NPs     and MPs did not cause 

significant abnormalities in the CAs and MN tests, MoS2 

NPs and MPs caused significant abnormalities in MN. No 

abnormality in treatment with MoO3 NPs and MPs may 

have been observed due to DNA damage repair or 

scavenging ROS through catalyzing redox and oxygen-

transfer reactions of Mo or apoptosis (Duan et al., 2022; 

Singh et al., 2024). We observed that the size of both NPs 

and MPs of MoO3 and MoS2 had no direct effect on 

toxicity. Negative zeta potential value and agglomeration 

potential may have played a role in the toxicity of both 

NPs and MPs of MoO3 and MoS2 (Nobre et al., 2020). In 

this study, potential genotoxic and cytotoxic effects of 

NPs and MPs of MoO3 and MoS2 used in bioimaging and 

cancer treatment were investigated for the first time on 

human lymphocytes in vitro. MoS2 showed more toxic 

effects than MoO3. Our results suggest that MoO3 and 

MoS2 may have weak genotoxic and cytotoxic effects. 

There are conflicting data in the literature regarding the 

genotoxic/cytotoxic effects of NPs and MPs (Decker et al., 

2021; Kumari and Mangala, 2022; García-Carpintero et 

al., 2023; Sun et al., 2023). The contradictory results of 

MoO3 and MoS2 NPs on living organisms may be due to 

nanomaterials' different physical and chemical 

properties, concentrations, treatment periods, varying 

test species, and test systems. The differences in results 

available can be due to changes in the properties of NPs 

by the synthesis protocol used, coating, zeta potential, 

agglomeration, the presence of natural organic matter, 

behavior in culture media, and size and the difference in 

cell types (Uboldi et al., 2016; Sikder et al., 2020; 

Vazquez-Muñoz et al., 2020; Sun. et al., 2023; Singh et al., 

2024). Therefore, these particles' toxicity potential and 

underlying mechanisms should be investigated in more 

detail. 
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