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ABSTRACT
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Background: Nanoplastics (NPs) become one of the most threatening substances for living organisms in the aquatic and terrestrial
environments. Due to their small size and high surface area, few studies have revealed their toxic impact on mainly marine organisms.

However, there is scarcity on NPs impact on mammalian cells.

Methods: We used 200-900 nm polyethylene nanoparticles (PE-NPs) to evaluate their cytotoxic and genotoxic effects on mammalian

Vero E6 cell line using MTT and Comet assays.

Result: Characterization of the selected PE-NPs confirmed their nano spherical shape, size and their low-density type. Serial dilution
of PE-NPs decreases cell viability with 50% inhibition concentration (IC,;) 91 pg/mL (at 24 h sampling time), 26 ug/mL (48 h) and 22 ug/mL
(72 h) and an average IC, = 46 pg/mL. Treatment of Vero E6 cells with the average IC; significantly affects the genomic integrity by
decrease of % DNA in head, increase of % DNA in tail, tail length (um) and tail moment, in a time-dependent manner. Therefore, PE-
NPs of the low-density type, that is widely used in different products including coatings and films, have cytotoxic and genotoxic effect
on mammalian cells. NPs deserves more attention and further studies are needed to focus on their molecular mechanisms in vitro.
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INTRODUCTION

Plastics represent the main litter found in marine and
terrestrial environments worldwide. They accumulate in
different environments due to their excessive use, especially
in the pandemic COVID period and the improper waste
management schemes (Gong and Xie, 2020), that could
have impacts on human, animals (Rouabah et al., 2022)
and plants. The main problem of plastics’ accumulation is
their fragmentation to small sized particles and fragments
with higher surface area through physical, chemical, or
biological routes (Singh and Sharma, 2008; Song et al.,
2017; Syranidou et al., 2019). Small particles of plastic
pollution, that are degraded from larger particles, termed
microplastics (MPs, <5 mm) or nanoplastics (NPs, <1000 nm)
according to their size. These small particles are especially
concerning because of their potential to translocate in
the bodies of organisms as well as their ability to act as
vectors to other contaminants (Al Malki et al., 2021;
Hussien et al., 2021).

Recently, it was documented the ecotoxicological effects
of MPs and NPs on marine biota and plants (Yong et al.,
2020). However, the nanoscale plastics might have more
impacts on environmental fate, human health and biota than
microplastics due to their transport properties, interactions
with natural colloids and light, bioavailability and diffusion
time (Gigault et al., 2021). MPs and NPs could accumulate
in human body from drinking water (Koelmans et al., 2019),
food sources (Smith et al., 2018) and by inhalation (Prata,
2018). They have been detected in human stool (Schwabl
etal.,2019), blood (Leslie et al., 2022) and placenta (Ragusa
et al., 2021), but their impact on human health remains
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unclear (Wright and Kelly, 2017). A recent report of world
health organization’s (WHO) related to “Microplastic in
drinking water” indicates that there is not yet proof of harm,
however it recommends for more research studies to be
carried out on this issue (WHO, 2019).

Polyethylene (PE) is one of the most commonly
microplastic present in the marine environment (Andrady,
2017) and has a stronger affinity than any others to adsorb
persistent organic pollutants (Rochman et al., 2013). Due
to its thermal stability, versatile nature and effectiveness,
low density PE (LDPE) is used in a variety of applications.
LDPEs are used in a wide range of products, including
packaging, film, wire and cable insulation, coating and
molding (Kyaw et al., 2012; Maraschin, 2001). Therefore,
the present study aims to investigate the cytotoxic and
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apoptotic effects of polyethylene nanoparticles (PE-NPs) on
mammalian cells represented by the normal monkey kidney
Vero E6 cell line using MTT and Comet assays.

MATERIALS AND METHODS

The experiment was conducted at the High Attitudes
Research Centre and the Central Lab of Taif University, Taif,
Saudi Arabia from the period January 2021 to March 2022.

Polyethylene nanoparticles

The polyethylene nanoparticles (PE-NPs) used in this study
were >90% spherical particles that were purchased from
Cospheric LLC (Santa Barbara, CA, USA) in the form of
odorless and white powder in the nanoscale range from 200
-900 nm. They are hydrophobic nanoparticles with density:
0.95 g/cc. Polyethylene nanoparticles were characterized
using X-ray diffraction (XRD), fluorescence microscopy,
scanning electron microscopy (SEM) and FTIR to ensure
their polymer type, shape and nano particle size.

Characterization of PE-NPs

Different techniques were done to characterize and ensure
the polymer shape, structure and size of the present nano
polymer. Scanning electron microscope (SEM, JEOL
instrument) was used to determine the surface shape of
PENPs. X-ray diffraction (XRD, at 30 kV, 100 mA) was used
to determine the morphological properties of the polymer.
The spectrum of XRD was recorded by CuKo radiation with
a wavelength of 1.5406 A in the 28 (from range 20-80).
Fourier Transform Infrared Spectroscopy (FTIR, Agilent
technologies) was carried out at 450 to 4000 cm-'. Powder
of PENPs was loaded on glass slides and stained with a
few drops of 1 mg/ml Nile red dye in acetone. Slides were
kept in the dark box for 20 mins before fluorescence
microscope examination (Carl Zeiss Microscopy GmbH,
Jena, Gemany) using epifluorescence mode (x 40 objective lens)
with Alexa Fluor 660 filter for red fluorescence color (with
excitation at bandpass (BP) 600+50 nm; emission BP
685150 nm) (Sturm et al., 2021).

Toxicity assessment
Cell lines and culture conditions

Normal African green monkey kidney cell line, Vero EB,
(ATCC ® CRL-1586™) was cultured into 75 cm? flasks in
DMEM-high glucose media (Sigma-Aldrich, Taufkirchen,
Germany) supplemented with 4500 mg/L glucose, 2 mM L-
glutamine, 1 mM sodium pyruvate, 10% fetal bovine serum
(FBS) and antibiotics (penicillin 100 1U/mL, streptomycin
100 pg/mL). The cell culture was kept under standard culture
conditions (37°C, 95% humidified air and 5% CO,).

Cytotoxicity MTT assay and IC, determination

Vero E6 cells were cultured in 96-well culture plates in
DMEM-high glucose (Sigma) supplied with 10% FBS at a
concentration of 1x10° cells/mL. After 24 h, the culture
medium was discarded and then the cells were treated with
serial concentrations of PE-NPs (40, 60, 80, 100, 120, 140,
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160, 180, 200 pg/mL) in Dimethylsulfoxide (DMSO). After 24,
48 and 72 h of incubation, the culture media were discarded
and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, 50 uL of 0.5 mg/mL PBS) was added per
each well. The cells were incubated for 4 h (37°C, 95%
humidified air and 5% CO,) then 50 uL of DMSO was added
per each well. Afterwards, the plates were shaken for
10 min and absorption was measured using an ELISA
microplate reader at wavelength 570 nm (Mosmann, 1983;
Vajpeyee et al., 2022). DMSO was used as a negative
control and each concentration was assayed in triplicate.
The following equation was utilized to calculate cell
viability (percentage):

Cell viability (%) = Mean OD of treated cells
© y )= Mean OD of control (untreated cells)

Data were plotted by using the Microsoft Excel program.
The 50% inhibition concentration (IC,)) for PE-NPs at
different sampling times were determined using the IC,
Calculator of AAT Bioquest ® 2019. Average IC,, of different
sampling time, were used for cell line treatment for
further evaluation.

DNA fragmentation (comet) assay

The alkaline Comet assay was carried to assess the effect
of PE-NPs on the genomic DNA integrity in normal Vero E6
cells according to the Tice et al. (2000). A mixture of 10 pL
cell suspension (untreated or PE-NPs treated, separately)
and 75 pL of 0.5% low melting point agarose was spread on
a half frosted slide pre-coated with normal melting agarose
(1%). After gel solidification, the slides were kept in pre-
chilled lysis buffer (2.5M NaCl, 100 mM EDTA, 10 mM Tris
base, 20 mM NaOH, (PH=10.0) with freshly added 1% Triton
X-100 and 10% DMSO) at 4°C for 2 weeks. Then slides
were incubated in freshly prepared electrophoresis buffer
(300 MM NaOH and 1 mM EDTA, pH 13) for 20 minute and
then electrophoresed in the same buffer for 30 minute at
300 mA and 25 V (0.90 V/cm). Later, the slides were kept
in the neutralization Buffer (0.4 mM Tris base, PH=7.5) for
5 mins. Finally, slides were immersed in 100% cold ethanol
for fixation, dried and stored in a dark box at room
temperature until photographed. The cells were stained
with ethidium bromide (20 ug/ml) for 20 min before
examination and imaging using an epi-fluorescent
microscope at (400 x). For each sampling time (24, 48 and
72 h) 150 randomly selected cells (50 cells on each of
three replicate slides) were scored and analyzed using
COMETSCORE software. To quantify the DNA damage,
the percentage of DNA in comet tail and head and tail
moment (TM) were evaluated.

Statistical analysis

One-way ANOVA was conducted to differentiate between
different groups within the same parameter, followed by
Tukey’s multiple comparisons test using GraphPad software
(GraphPad® 2017, San Diego, CA, USA).
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RESULTS AND DISCUSSION

Nanoplastics (NPs) characterization

Firstly, polyethylene nanoparticles (PE-NPs) were
characterized by different techniques prior to their toxicity
assessment. Fig 1(a) shows the fluorescence photo
micrograph of PENPs stained with Nile Red dye in acetone
as a solvent, it represents a rapid-screening approach to
detect and quantify microplastics/nanoplastics from different
samples (Maes et al., 2017). Fig 1(b) shows the X-ray
diffraction (XRD) patterns of pure PENPs, in which two sharp
peaks are seen at 26=21.43° (110 reflection) and 23.82°
(200 reflection), while there is a broad peak at 26=14.6°.
Those patterns referred to the triclinic unit cell of the low-
density polyethylene (LDPE) (Boz and Wagener, 2006;
Esmaeili et al., 2013). In addition, FTIR was used to identify
the type of PENPs because it represents a fingerprinting
technique extensively used to identify particles by their
unique spectra (Loder et al., 2015). FTIR spectra of pure
PE-NPs show two split peaks at 2916 and 2849 cm' that
are assigned to the asymmetric and symmetric stretching
vibration bands of -CH,- of LDPE (Fig 1c). While the
deformation vibration and in-plane rocking vibration bands
of -CH,- were shown at 1465 and 721 cm™, respectively
(Dogan et al., 2018). Therefore, XRD and FTIR confirm the
LDPE type of the present used nanoplastic. SEM images
show varied sizes of spherical shape PENPs, but at high
magnification (x 3000) nanoscale particles are found as
shown in Fig 2.

Cytotoxicity of nanoplastics (NPs) in the vero E6 cell line

MTT assay was done to evaluate the cytotoxic effects of the
PE-NPs on the Vero E6 cell line. According to the results in
Fig 3 (a-d), nanoparticles of PENPs exhibited cytotoxic effects
against Vero cells in a time and dose-dependent manner.
Cell viability decreased significantly at the concentrations
of 40, 60, 80, 100, 120, 140, 160, 180, 200 pg/mL when
treated with nanoplastics (PE-NPs) at different sampling
times but cells’ damage was highly recorded after 72 h. The
50% inhibition concentration (IC, ) for PE-NPs at different
sampling times were determined to verify their cytotoxicity
in the Vero E6 cell line. After 24, 48 and 72 h exposure, the
IC,, value of PE-NPs on Vero cells occurs at 91, 26 and
22 pg/mL, respectively, with an average IC_ = 46 pg/mL.
These findings are consistent with an earlier study by
Gonzalez-Fernandez et al. (2021), who recorded high
cytotoxic effect of nanoplastics (polystyrene (PS) type) on a
brain-derived cell line (SaB-1) from gilthead seabream
(Sparus aurata) using MTT assay. However, they have
determined LC,, dosage (12 pg/mL) lower than the present
study. In addition, Guimaraes et al. (2021) have reported
nanoplastics (PS type) cytotoxicity in Ctenopharyngodon
Idella juveniles using erythrocyte morphometry assay. They
have recorded that erythrocyte treated with PS nanoplastics
have higher micronuclei frequency and nuclear
abnormalities such as binucleated cells, nuclear constriction
(symmetrical and asymmetric), blebbed, notched, kidney-
shaped and nuclear vacuole in comparison to untreated
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Fig 1: Fluorescence photomicrograph of polyethylene nanoparticles (PE-NPs) stained with Nile Red in acetone (x 400 magnification)
(a), XRD patterns (b) and FTIR spectra of PE-NPs (c).
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Fig 2: Scanning electron microscope photos showing the spherical shape of PE-NPs at different magnifications x 500 (A), x 2000 (B)
and x 3000 (C).
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Fig 3: Photomicrograph of untreated Vero E6 cells (a), treated with PE-NPs at 24 h (b) and 72 h sampling times (c) that show high
cell damage. Percentage of cell viability of Vero E6 cells according to serial dilutions treatment of PE-NPs (d) at different sampling
time 24 h, 48 h and 72 h.

Fig 4: Examples for the observed comet nuclei in the Vero E6
cells showing intact undamaged DNA (a) and damaged DNA with
various degrees at 24 h (b), 48 h (c) and 72 h (d) sampling
times.

cells. Recently, it was known that NPs are more toxic than
MPS on cells and that was attributed to the difference in
their size, because MPs are not able to cross cellular
membranes as NPs (Banerjee and Shelver, 2021). Once
NPs penetrate the cellular lipid membrane, they might
change membrane structure by softening membrane and
reduce its molecular diffusion that can severely affect cellular
functions and lead to cytotoxicity (Bochicchio et al., 2017).
It was suggested that NPs cell internalization was done
through clathrin-mediated endocytosis, phagocytosis or
macropinocytosis, depending on the plastic particle size,
cell type and surface functionalization (Teleanu et al., 2019).

Genotoxicity of polyethylene nanoparticles (PE-NPs)
Initially, data have shown that Vero E6 cells treated with an
average IC, = 46 pg/mL of PE-NPs induced DNA damage,
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as observed in the comet assay (single cell gel
electrophoresis assay). Fig 4 shows examples for the DNA
damage in the Vero E6 cells treated with PE-NPs that is
increased in time-dependent manner. It was clear that PE-
NPs treatment decreases % head DNA, increases % ftail
DNA, tail length and tail moment as shown in Fig 5 (a-d). It
was recorded that increased concentration (Guimaraes et al.,
2021) and sampling time (Choi et al., 2019) of nanoplastics
exposure were the major factors to the extension of DNA
damages. These results are in compliance with recent data
that have been associated with increase in the DNA damage
by time (Choi et al., 2019). They have reported that PS
(MPs/NPs) toxicity on marine copepod Tigriopus japonicus
increases according to smaller PS size (50 nm vs. 10 ym)
and by time (24 vs. 48 h). They thought that DNA damage
by PS could be related to the oxidative stress based on
high nitric oxide, lipid peroxidation and hydrogen peroxide
levels. In addition, Guimaraes et al. (2021) have determined
the genotoxic and mutagenic effect of PS, even at low
concentration (0.04 ng/L), on Ctenopharyngodon idella
juveniles by using comet assay. They have reported an increase
in % tail DNA, tail length and olive tail moment due to PS
treatments characterizing a concentration-dependent
(0.04 ng/L, 34 ng/L and 34 ug/L) effect.

Based on the present outcomes, the observed time-
response effect of PE-NPs causes cell and DNA damage.
In our peer review, it is the first time to report the effect of
the widely used LDPE nanoparticles on mammalian cells.
Especially, the present nanoplastic type was incorporated
in various products that can be easily transferred to human
tissues as others. The main problem is the accumulation of
genetic material damage and/or non-sufficient DNA repair
due to long-term exposure of nanoplastics. Guimaraes et al.
(2021) have reported different nuclear abnormalities due to
nanoplastic (PS) treatment to cells and they have suggested
that these abnormalities could be biomarkers to
chromosomal instability, gene amplification and cytokinesis
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Fig 5: DNA damage represented as percentage of DNA in head
(a), percentage of DNA in tail (b), tail length (im) (c) and tail
moment (d) in different groups. Results are expressed as
mean+SE and different groups were compared using one-way
ANOVA followed by Tukey's test. **** indicates P<0.0001, ***,
indicates P<0.001, ** indicates P<0.01, * indicates P<0.1 and (ns)
refers to non-significant differences between groups at P<0.05.

arrest due to aneuploidy. These changes could lead to
abnormal cellular responses, harmful events, incapability
to block abnormal cell cycles or apoptosis of altered cells
that could end to carcinogenesis (Araujo et al., 2019; Singh
et al., 2009). However, it is still not clear the mechanisms
underlying the genotoxic effects of MPs/NPs. MPs/NPs are
chemically inert substances that have an ability to induce
reactive oxygen species (ROS) production, causing oxidative
stress (Cole and Galloway, 2015; Imhof et al., 2017; Jeong
et al., 2016) that ends with chain breaks of the DNA molecule
(Awvio et al., 2015). In addition to their toxicity, NPs could act
as vectors of other toxic compounds, such as synthetic
stabilisers, phthalates, bisphenol A, polychlorinated
biphenyls, flame retardants and pigments, due to their
hydrophobic nature (Hamlin et al., 2015; Lithner et al., 2011).

CONCLUSION

There is a rapid increase in the total amount of MPs/NPs
particles everywhere in our environment due to the
continuous consumption of plastic products. Those particles
found their way to our body, but we don’t know much about
their impact. Therefore, in the present work, we studied the
cytotoxic and genotoxic effect of polyethylene nanoparticles
at different sampling times on mammalian Vero E6 cells.
PE-NPs are highly toxic to inhibit cell growth at low
concentration especially after 72 h from treatment. In
addition, there is a statistically significant increase in DNA
damage that is represented by comet assay compared to
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untreated cells. More in-depth studies are needed to
determine NPs molecular pathway in damaging DNA.

ACKNOWLEDGEMENT

This work was supported by Taif University Researchers
Supporting Project number (TURSP-2020/299), Taif
University, Taif, Saudi Arabia. The authors are grateful to
the Deanship of Scientific Research, Taif University, for
providing research facilities and support. Special thanks are
due to High Attitudes Research Centre, for providing facilities
and equipment.

Author contributions

All the authors participated in the study’s design, practical
work, writing manuscript and approved the final manuscript.

Funding

Taif University Researchers Supporting Project number
(TURSP-2020/299), Taif University, Taif, Saudi Arabia.

Data availability statement

All data generated or analyzed during this study are included
in this published article.

Conflicts of interest

The authors declare no conflict of interest.

REFERENCES

Al Malki, J.S., Hussien, N.A., Tantawy, E.M., Khattab, Y. and
Mohammadein, A. (2021). Terrestrial biota as bioindicators
for microplastics and potentially toxic elements. Coatings.
11: 1152. https://doi.org/10.3390/coatings11101152.

Andrady, A.L. (2017). The plastic in microplastics: A review. Marine
Pollution Bulletin. 119: 12-22. https://doi:10.1016/j. marpolbul.
2017.01.082.

Araujo, A.P.C., Lima, V.S., Andrade, D., Vieira, J.E., Mesak, C.
and Malafaia, G. (2019). First report on the mutagenicity
and cytotoxicity of ZnO nanoparticles in reptiles. Chemosphere.
235: 556-564.

Avio, C.G,, Gorbi, S., Milan, M., Benedetti, M., Fattorini, D., Errico,
G., Pauletto, M., Bargelloni, L. and Regoli, F. (2015).
Pollutants bioavailability and toxicological risk from
microplastics to marine mussels. Environmental Pollution.
198: 211-222.

Banerjee, A. and Shelver, W.L. (2021). Micro-and nanoplastic
induced cellular toxicity in mammals: A review. Science
of the Total Environment. 755: 142518.

Bochicchio, D., Panizon, E., Monticelli, L. and Rossi, G. (2017).
Interaction of hydrophobic polymers with model lipid
bilayers. Scientific Reports. 7: 1-9.

Boz, E. and Wagener, K.B. (2006). Synthesis and crystallization of
precision ADMET polyolefins containing halogens.
Macromolecules. 39: 4437-4447.

Choi, J.S., Hong, S.H. and Park, J.W. (2019). Evaluation of microplastic
toxicity in accordance with different sizes and exposure
times in the marine copepod Tigriopus japonicus. Marine
Environmental Research. 104838. https://doi.org/10.
1016/j.marenvres.2019.104838.

Indian Journal of Animal Research



Cytotoxic and Apoptotic Effects of Polyethylene Nanoparticles on Normal Monkey Kidney Vero E6 Cell Line

Cole, M., Galloway, T.S. (2015). Ingestion of nanoplastics and
microplastics by pacific oyster larvae. Environ. Sci. Technol.
49: 14625-14632.

Dogan, F., Sirin, K., Kolcu, F. and Kaya, I. (2018). Conducting
polymer composites based on low density polyethylene
doped with poly (aminonapthol sulfonic acid). Journal of
Electrostatics. 94: 85-93.

Esmaeili, A., Pourbabaee, A.A., Alikhani, H.A., Shabani, F. and
Esmaeili, E. (2013). Biodegradation of low-density polyethylene
(LDPE) by mixed culture of Lysinibacillus xylanilyticus
and Asperigillus niger in soil. PLoS ONE. 8: e71720.

Gigault, J., El Hadri, H., Nguyen, B., Grassl, B., Rowenczyk, L.,
Tufenkji, N., Feng, S. and Wiesner, M. (2021). Nanoplastics
are neither microplastics nor engineered nanoparticles.
Nature Nanotechnology. 16: 501-507. https://doi.org/
10.1038/s41565-021-00886-4.

Gong, J. and Xie, P. (2020). Research progress in sources, analytical
methods, eco-environmental effects and control measures
of microplastics. Chemosphere. 254: 126790.

Gonzalez-Fernandez, C., Diaz Barios, F.G., Esteban, M.A. and
Cuesta, A. (2021). Functionalized nanoplastics (NPs)
increase the toxicity of metals in fish cell lines. International
Journal of Molecular Sciences. 22(13): 7141. https://
DOl.org/10.3390/ijms22137141.

Guimaraes, A., Estrela, F.N., Pereira, P.S., de Andrade Vieira, J.E.,
de Lima Rodrigues, A.S., Silva, F.G. and Malafaia, G.
(2021). Toxicity of polystyrene nanoplastics in ctenopha
ryngodon idella juveniles: A genotoxic, mutagenic and
cytotoxic perspective. Science of the Total Environment.
752: 141937. https://doi.org/10.1016/j.scitotenv.2020.141937.

Hamlin, H.J., Marciano, K. and Downs, C.A. (2015). Migration of
nonylphenol from food-grade plastic is toxic to the coral
reef fish species Pseudochromis fridmani. Chemosphere.
139: 223-228.

Hussien, N.A., Mohammadein, A., Tantawy, E.M., Khattab, Y. and
Malki, J.S.A. (2021). Investigating microplastics and
potentially toxic elements contamination in canned Tuna,
Salmon and Sardine fishes from Taif markets, KSA. Open
Life Sciences. 16(1): 827-837. https://doi.org/10.1515/
biol-2021-0086.

Imhof, H.K., Rusek, J., Thiel, M., Wolinska, J. and Laforsch, C.
(2017). Do microplastic particles affect Daphnia magna
at the morphological, life history and molecular level?
PLoS ONE. 12: 0187590.

Jeong, C.B., Won, E.J., Kang, H.M., Lee, M.C., Hwang, D.S.,
Hwang, U., Zhou, B., Souissi, S., Lee, S.J. and Lee, J.S.
(2016). Microplastic size-dependent toxicity, oxidative
stress induction and p-JNK and p-p38 activation in the
monogonont rotifer (Brachionus koreanus). Environmental
Science and Technology. 50: 8849-8857.

Koelmans, A.A., Mohamed Nor, N.H., Hermsen, E., Kooi, M., Mintenig,
S.M. and De France, J. (2019). Microplastics in freshwaters
and drinking water: Critical review and assessment of
data quality. Water Research. 155: 410-422.

Kyaw, B.M., Champakalakshmi, R., Sakharkar, M.K., Lim, C.S. and
Sakharkar, K.R. (2012). Biodegradation of low density
polythene (LDPE) by pseudomonas species. Indian
Journal of Microbiology. 52(3): 411-419. https://doi.org/
10.1007/s12088-012-0250-6.

Volume 57 Issue 3 (March 2023)

Leslie, H.A., Van Velzen, M.J.M., Brandsma, S.H., Vethaak, D.,
Garcia-Vallejo, J.J. and Lamoree, M.H. (2022). Discovery
and quantification of plastic particle pollution in human
blood. Environment International. In Press. https://
DOl.org/10.1016/j.envint.2022.107199.

Lithner, D., Larsson ADave, G. (2011). Environmental and health
hazard ranking and assessment of plastic polymers
based on chemical composition. Sci. Total Environ. 409:
3309-3324.

Léder, M.G.J., Kuczera, M., Mintenig, S., Lorenz, C. and Gerdts,
G. (2015). Focal plane array detector-based micro-fourier-
transform infrared imaging for the analysis of microplastics
in environmental samples. Environmental Chemistry. 12:
563-581. https://doi.org/10.1071/EN14205.

Maes, T., Jessop, R., Wellner, N., Haupt, K. and Mayes, A.G. (2017).
A rapid-screening approach to detect and quantify microplastics
based on fluorescent tagging with Nile Red. Scientific
Reports. 7: 44501. https://doi.org/10.1038/srep44501.

Maraschin, N. (2001). Ethylene Polymers, LDPE. In Encyclopedia
of Polymer Science and Technology, (Ed.). https://doi.org/
10.1002/0471440264.pst121.

Mosmann, T. (1983). Rapid colorimetric assay for cellular growth
and survival: Application to proliferation and cytotoxicity
assays. Journal of Immunological Methods. 16(65): 55-63.

Prata, J.C. (2018). Airborne microplastics: Consequences to human
health? Environmental Pollution. 234: 115-126.

Ragusa, A., Svelato, A., Santacroce, C., Catalano, P., Notarstefano,
V., Carnevali, O., Papa, F., et al. (2021). Plasticenta: First
evidence of microplastics in human placenta. Environment
International. 146: 106274. https://doi.org/10.1016/j.
envint.2020.106274.

Rochman, C.M., Hoh, E., Kurobe, T. and The, S.J. (2013). Ingested
plastic transfers hazardous chemicals to fish and induces
hepatic stress. Scientific Reports. 3: 3263. 10.1038/
srep03263.

Rouabah, Z., Tlidjane, M. and Hafid, N. (2022). Indigestible foreign
bodies in the rumen-reticulum of cattle slaughtered at
batna slaughterhouse, Algeria: A Postmortem Study.
Agricultural Reviews. 43: 260-263.

Schwabl, P., Koppel, S., Kénigshofer, P., Bucsics, T., Trauner, M.,
Reiberger, T. and Liebmann, B. (2019). Detection of
various microplastics in human stool: A prospective case
series. Annals of Internal Medicine. 171(7): 453-457.
https://doi.org/10.7326/M19-0618.

Singh, B. and Sharma, N. (2008). Mechanistic implications of plastic
degradation. Polymer Degradation and Stability. 93:
561-584.

Singh, N., Manshian, B., Jenkins, G.J., Griffiths, S.M., Williams,
P.M., Maffeis, T.G. and Doak, S.H. (2009). Nano genotoxicology:
The DNA damaging potential of engineered nanomaterials.
Biomaterials. 30(23-24): 3891-3914.

Smith, M., Love, D.C., Rochman, C.M. and Ne , R.A. (2018).
Microplastics in seafood and the implications for human
health. Curr. Environ. Health Reports. 5: 375-386.

Song, Y.K., Hong, S.H., Jang, M., Han, G.M., Jung, S.W. and Shim,
W.J. (2017). Combined effects of UV exposure duration
and mechanical abrasion on microplastic fragmentation
by polymer type. Environmental Science and Technology.
51: 4368-4376.

315



Cytotoxic and Apoptotic Effects of Polyethylene Nanoparticles on Normal Monkey Kidney Vero E6 Cell Line

Sturm, M.T., Horn, H. and Schuhen, K. (2021). The potential of
fluorescent dyes-comparative study of Nile red and three
derivatives for the detection of microplastics. Analytical
and Bioanalytical Chemistry. 413: 1059-1071. https://
doi.org/10.1007/s00216-020-03066-w.

Syranidou, E., Karkanorachaki, K., Amorotti, F., Avgeropoulos, A.,
Kolvenbach, B., Zhou, N.Y., Fava, F., Corvini, P.F.X. and
Kalogerakis, N. (2019). Biodegradation of mixture of
plastic films by tailored marine consortia. Journal of
Hazardous Materials. 375: 33-42.

Teleanu, D.M., Chircov, C., Grumezescu, A.M. and Teleanu, R.I.
(2019). Neuronanomedicine: An up-to-date overview.
Pharmaceutics. 11: 101. doi: 10.3390/pharmaceutics
11030101.

Tice, R.R., Agurell, E. anderson, V., Burlinson, B., Hartmann, A.,
Kobayashi, H., Miyamae, Y., Rojas, E., Ryu, J.C. and
Sasaki, Y.F. (2000). Single cell gel/comet assay: Guidelines
for in vitro and in vivo genetic toxicology testing. Environmental
and Molecular Mutagenesis. 35(3): 206e221.

316

Vajpeyee, S.S., Ramesh, J., Karunakaran, R., Muralidharan, J. and
Sankar, V. (2022). Synthesis, characterization and safety
assessment of nano selenium and organic selenium for
incorporation in lamb feed. Asian Journal of Dairy and
Food Research. 41(1): 77-82.

World Health Organization. (2019). Microplastics in Drinking-W ater.
Available Online: https://www.who.int/water-sanitation-
health/publications/microplastics-in-drinking-water/en/
(accessed on 26 February 2020).

Wright, S.L. and Kelly, F.J. (2017). Plastic and human health: A
micro issue? Environmental Science and Technology. 51:
6634-6647.

Yong, C., Valiyaveettil, S. and Tang, B.L. (2020). Toxicity of microplastics
and nanoplastics in mammalian systems. International
Journal of Environmental Research and Public Health.
17(5): 1509. https://doi.org/10.3390/ijerph17051509.

Indian Journal of Animal Research



