Reproductive Nanotoxicity of Carbon Nanoparticles

Subjects: Public, Environmental & Occupational Health

Contributor: Drahomira Holmannova, Pavel Borsky, Tereza Svadlakova, Lenka Borska, Zdenek Fiala

Carbon nanoparticles have unique chemical and physical properties that make them an excellent material that can be
applied in many fields of human activity, including industry, food processing, the pharmaceutical industry, or medicine.
Although it has a high degree of biocompatibility, possible toxic effects on different tissue types must also be taken into
account. Carbon nanoparticles are known to be toxic to the respiratory, cardiovascular, nervous, digestive system, etc.,
and they also have a negative effect on reproduction and offspring development.

Keywords: carbon nanopatrticles ; graphene ; nanotoxicity

| 1. Introduction

Carbon is one of the most common and most important elements in universe. It is an essential component of
macromolecules indispensable for life, such as proteins, lipids, nucleic acids, and carbohydrates with unique chemical and
physical properties. These extraordinary chemical-physical properties are further enhanced in carbon-based
nanomaterials. Carbon-based nanomaterials are characterized by excellent electrical and heat conductivity, extreme
stiffness, strength, toughness, and high biocompatibility and low toxicity &I,

Carbon nanomaterials have found applications in various industries, including electronics, agriculture, food,
pharmaceuticals, medicine, and cosmetics [ZEI4IE] Among the most widely used and studied carbon nanoparticles are
graphene, graphene oxide, carbon nanotubes, fullerenes, and nanodiamonds. Graphene is a two-dimensional (2D)
material, a monolayer where carbon atoms are arranged in a honeycomb lattice structure. Graphene has unique
properties, including high thermal and electrical conductivity and stability, high flexibility and elasticity, hardness and
resistance, and large surface area 8,

Graphene oxide (GO) and reduced graphene oxide (rGO) are graphene derivates with different structural and chemical
properties. GO is usually synthesized by chemical oxidation and exfoliation of graphite. It possesses various oxygen
groups (hydroxyl, carboxyl, epoxy groups) that functionalize the surface and modify the properties of CNPs. To reduce
GO, chemical, thermal, or photo-thermal reduction can be used; however, rGO did not reach the original structure of
pristine graphene and still contains residual oxygen, even after strong reduction. The main functional differences between
GO and rGO are in electrical conductivity. GO shows low electrical conductivity and lower mechanical strength compared
to rGO and pristine graphene &l Carbon nanotubes are CNPs with tubular structure; graphene sheets rolled into a
cylindrical shape. They are classified on the basis of the number of walls, such as single-walled, double-walled, or multi-
walled. Like graphene, nanotubes have exceptional properties, especially high electrical and thermal conductivity, strength
and elasticity, and large surface that can be easily functionalized [&1129,

Fullerenes (buckyballs) are a class of carbon allotropes with a spherical or ellipsoidal shape. Their size is dependent on
the number of carbons—Cgg, C7g, Cgo, €tc. The most common fullerene structure Cgp is @ molecule that consists of 60
carbon atoms arranged as 20 regular hexagons and 12 regular pentagons. Fullerenes are soluble in organic solvents,
especially Cgo, C70, and easily functionalized 1. Interestingly, fullerenes are great antioxidants. The antioxidant capacity
can be enhanced by functionalization with hydroxyl molecules [12[23](4]

| 2. Reproductive Toxicity In Vitro Studies

Several in vitro toxicity studies evaluated the deleterious effect of CNP on cells of the reproductive system, especially
sperm and oocytes.

First, researchers mention the negative effect of multi-walled carbon nanotubes on steroidogenesis and the production of
sex hormones, which are essential for reproduction (gametogenesis, ovulation, and sexual behavior). Qu et al. showed
that multi-walled carbon nanotubes (MWCNTS) inhibited progesterone production in preovulatory rat granulosa cells.



Production decreased significantly at a concentration of 10 and 50 pg/mL/48 h. MWCNTs altered the expression of
steroidogenic proteins StAR that transfer cholesterol from the outer to the inner mitochondrial membrane, where
cholesterol is metabolized by P450scc to pregnenolone. The inhibitory effect is reversible. Removal of MWCNTSs restored
progesterone production. Furthermore, MWCNTs induced ROS production and slightly altered mitochondrial membrane
potential. These results suggest that steroidogenesis is compromitted by StAR inhibition and oxidative stress induced by
MWCNTSs, which act as an endocrine disruptor (23],

Male germ cells are susceptible to xenobiotics, including CNPs. Gurunathan et al. determined the toxic effect of graphene
oxide (GOs) on Leydig and Sertoli cells (TM3 and TM4). They exposed cells to two types of GOs with different lengths (20
and 100 nm) and different zeta potential (electrokinetic potential in colloidal systems). Both GOs inhibited cell viability and
proliferation in a dose-dependent manner, induced the release of lactate dehydrogenase (a marker of cellular damage or
death), and altered mitochondrial membrane potential which was associated with elevated reactive oxygen species
(ROS). Furthermore, GOs were responsible for DNA damage depending on nucleoside oxidation, and 8-oxo-dG
formation, and suppression of pro-apoptotic gene expression (Bax, Bak, p53, p21, caspase-3), while the expression of
genes coding anti-apoptotic proteins (Bcl-2) increased. Cell survival was also altered by suppression of EGFR (epidermal
growth factor receptor) and AKT kinase phosphorylation. Interestingly, shorter GOs caused significantly greater damage in
some measured parameters, and TM3 appeared to be more susceptible to the GOs exposure 18!,

Ji et al. exposed TM4 and GC-2 spd (mouse testicular germ cell lines) to GO quantum dots (QD). Although graphene
oxide quantum dots (GOQDs) did not affect cell viability, they induced apoptosis in both cell lines. Transmission electron
microscopy images showed that GOQD treatment increased the number of autophagosomes, and thus autophagy. The
degradation of sequestered material in autophagosomes depends on the fusion between autophagosomes and
lysosomes. The researchers found that this process was not inhibited, but that undegraded cargo occurred. This
phenomenon was due to a reduction in lysosomal activity and the ability to degrade the material. The accumulation of
undegraded cargo is a hallmark of aging and senescent cells 22,

GC-2 spd cells are sensitive not only to GOQD but also to MWCNTSs. The study by Xu et al. showed that while the dose of
0.5 pg/mL MWCNTs was not lethal to cells, the accumulation of MWCNTSs in mitochondria was detected. The presence of
MWCNTSs in mitochondria was associated with a decrease in the expression of mitochondrial-related genes, the rate of
oxygen consumption, and especially with decreased ATP production that is necessary to maintain cell function and
survival (18],

The toxic effect of CNPs was evaluated not only on mouse germinal cells but also on the spermatozoa of buffalos or
boars. The toxicity of MWCNTs was tested by Sanand et al. in buffalo spermatozoa and the half-maximum inhibitory
concentration (ICsp) was determined. Buffalo sperm were exposed to different doses of MWCNT for 30, 60, and 120 min.
MWCNTs time- and dose-dependently decreased cell viability, severely depressed the membrane integrity, increased
malondialdehyde levels (a marker of oxidative stress), and decreased the activity of antioxidant enzymes (glutathione
peroxidase /GTP/, superoxide dismutase /SOD/) 1],

The results confirming the toxicity of CNPs were obtained in a study by Bernabo et al. who exposed boar spermatozoa to
GO at different concentrations. Although doses of 5, 10, and 50 pg/mL were toxic to cells (reduced viability, fertilization
capacity, and impaired acrosome integrity and adhesion capacity), lower doses of 0.5 and 1 pg/mL promoted sperm
fertilization capacity. Importantly, the researchers demonstrated that GO interacted with sperm membranes and altered
membrane fluidity by extracting cholesterol from the membrane 29,

Li et al. observed quite different effects of CNPs when exposed boar spermatozoa to carboxylated fullerene (Cgg—COOH).
Sperm incubation with Cgq—COOH at a dose of 2 pg/mL for 10 days increased sperm motility compared to the control
group, improved acrosome integrity and mitochondrial activity, and reduced oxidative stress. C60 has been shown to have
antioxidant effects (211,

The conclusions of studies on human sperm are still not concise. Asghar et al. described that carboxylated single-walled
carbon nanotubes (SWCNT-COOH) induced ROS production of ROS in human spermatozoa at a concentration of 25
pg/mL, while the presence of reduced GOs did not increase oxidative stress. Importantly, neither GOs nor SWCNTSs at a
dose of 1-25 ug/mL affected sperm viability 22, Human sperm, in the study by Aminzadeh et al., were exposed to
SWCNT-COOH or MWCNT-COOH (0.1-100 pg/mL/5 h). Both CNPs did not attenuate sperm viability. However, sperm
motility decreased in a dose-dependent manner, and even the lowest concentration of nanoparticles increased ROS
production, which may be associated with mitochondrial and DNA damage 23],



As follows, exposure to female germ cells induces several serious changes. The results showed that the oocytes are
sensitive to CNP treatment. Lin et al. documented that graphene QDs altered the maturation of mouse oocytes. Oocytes
incubated with graphene QD doses failed to extrude polar bodies. This effect was dose-dependent and was accompanied
by accumulation of intracellular ROS and DNA damage. Furthermore, graphene QDs were detected in oocytes, located
primarily in the nucleus and near the mitochondria, whose morphology and functions were severely altered 241,

The resumption of rat oocyte meiosis was described by Lei et al. using an in vitro maturation culture model and exposing
oocyte granulosa cells (OGCs) to fullerenols. Fullerenols reduced transzonal protrusions (TZPs), accelerating the
retraction of TZPs from oocytes. Transzonal projection is the connection between granulosa cells (the cell layer
surrounding the oocyte) and oocytes and forms a functional complex that is essential for the maintenance and
development of oocytes. All doses reduced TZPs and only a few thin filaments of granulosa cells connected to the oocyte
(in the control culture, the filaments were intact and abundant). Furthermore, fullerenols reduced the expression of
connexin 43 in granulosa cells, which is a part of gap junctions. The two-hour treatment decreased expression by 56%.
Retraction of TZPs and lower expression of connexin 43 altered gap junction channels and reduced mass transport,
leading to a decrease in cyclic adenosine monophosphate in oocytes and an accelerated resumption of meiosis, which
can lead to reduced oocyte quality 22,

While there is a possibility that fullerenols have cytotoxic potential, in the field of genotoxicity, they have a rather protective
effect. Mrdanovic et al. found that fullerenols, even at high concentrations, reduced the frequency of micronuclei and
aberrations of the chromosome in Chinese hamster’s ovary (CHO-K1) compared to control cell culture. Surprisingly, lower
doses and shorter exposures were more effective in reducing the levels of these genotoxicity markers 28],

Yaday et al. cultured CHO-K1 cells with different types of CNPs, including MWCNTSs, which induced alteration of the cell
cytoskeleton. Elongation, an increase in the number of cytoplasmic vacuoles, and the formation of lamellipodia via actin
polymerization were observed. Cytoskeleton remodeling was associated with enhanced expression of the Dlc-1, cofilin,
and Racl proteins that affect the cytoskeleton and cell motility 24, CHO-K1 was also influenced by GOs. Batiuskaite et al.
found that GO (alone or with bovine serum albumin) significantly reduced cell viability in a dose-dependent manner.
Importantly, GO-BSA induced lower changes in viability than GOs 28!,

| 3. Reproductive Toxicity In Vivo Studies

In vivo studies determining the toxicity of CNPs used different types of animal models, both non-mammal and mammal
species. Nematodes, insects, mice, and rats are the most commonly used species in hanotoxicity research.

3.1. Experiments with Nonmammal Species

Nematodes are represented by Caenorhabditis elegans (roundworms, C. elegans) whose reproduction might be altered
by various types of CNPs. Kim et al. exposed C. elegans to GOs at a dose of 10 mg/L. Two hours after exposure, GOs
were detected throughout the body, including the reproductive system; however, at 48 h the GOs accumulated especially
in the area around the germline and embryos. Furthermore, exposure to GOs altered spermatogenesis and decreased the

number of sperm, thus inducing severe reproductive toxicity. It also altered fat metabolism and increased oxidative stress
[29]

The reproductive toxicity of GOs was also described by Chatterjee et al. C. elegans was exposed to either GOs, reduced
GOs, or both. GOs were uptaken by cells and accumulated in reproductive organs. A significant reduction in reproductive
function was observed even after exposure to the low dose of 5 mg/L and the dose of 50 mg/L completely stopped
reproduction. Exposure to GOs deregulated the MAPK (mitogen-activated protein kinase) and Wnt pathways.
Interestingly, reduced GOs were more biocompatible and did not induce tissue to the damage of reproductive system B4,

Zhao et al. found that GO not only reduced reproductive capacity and altered gonad development in C. elegans but also
induced germ cells. The signaling pathway involved in germ cell apoptosis was HUS-1/CLK-2-CEP-1-EGL-1-CED-4-CED-
3, which reflects DNA damage and induction of apoptosis. GOs also activated miRNA 360 which interacts with the gene
encoding CEP-1. In this way, GOs can alter the epigenetic signaling involved in the self-protection mechanism against
GOs toxicity B,

Kong et al. determined the toxicity of graphene and polylactic acid-functionalized graphene (PLA-G) on C. elegans. They
exposed C. elegans to concentrations of 50-1000 pg/mL. In contrast to the results with GOs, graphene and PLA-
graphene did not affect the reproductive capacity of C. elegans, indicating that the functionalization of CNPs may be
beneficial and improve biocompatibility 221,



Other nonmammalian animal species for which the toxicity of CNPs was evaluated included insects (Acheta domesticus,
Spodoptera frugiperda, Drosophila melanogaster, Bombyx mori) and aquatic animals (Paracentrotus lividus, Anabas
testudineus). Acheta domesticus, cricket, was used in the study of Kapeta-Kaczmarek et al. who chronically exposed
animals to different doses of nanodiamonds (NDs) in the diet of animals. Exposure to NDs decreased cricket survival (21
days of NDs vs. 28 days of control) and negatively influenced egg production and hatching success. The females in the
higher NDs group laid an average of 15 eggs, the females in the lower dose 25 eggs, while the females in the control
group laid 35 eggs in 48 h. The results indicate that exposure to NDs reduced fecundity 31,

Spodoptera frugiperda, fall armyworm, was exposed to different doses of oxidized MWCNTs and GOs in the diet. Martins
et al. confirmed that, in a dose-dependent manner, both CNPs reduced fertility and fecundity 241, Philbrook et al. exposed
Drosophila melanogaster (D. melanogaster) fly, to hydroxylated single-walled carbon nanotubes that affected neither
fertility nor fecundity 22, However, a more recent study with D. melanogaster by Priyadarsiny et al. used GO nanosheets
and revealed the toxic effect of CNPs. Especially teratotoxicity. In the hatching test, a significantly lower number of adult
flies hatched from every vial. The decrease depended on the dose 28],

Fang et al. exposed Bombyx mori (B. mori) to GOs to evaluate its effect on reproduction. The dose of 25 mg/L of GOs
induced oxidative stress and DNA damage in ovary cells and reduced the gonadosomatic index in B. mori larvae by 41%.
GOs similarly increased the level of oxidative stress in silkworm ovary tissue, which was associated with a decrease in the
number of both oogonia and oocytes in the ovary and increased vacuole formation in follicle cells. Transcription of genes
related to ovarian development was also reduced 7.

Studies also evaluated the effect of CNPs on animals living near or in aquatic environments. Carbon black (CB) and GOs
were tested for reproductive toxicity to Paracentrotus lividus, sea urchin. CB at doses of 0.0001-1.0 mg/L/h reduced egg
fertilization by approximately 50%. On the other hand, GOs did not affect fertilization [£&l,

Sumi et al. focused on the effect of two sublethal doses of Buckminsterfullerene (BCF; 5 mg/L and 10 mg/L) for short- and
long-term duration on Anabas testudineus, a freshwater fish. BCF reduced the weight of both the ovary and testes, the
activity of antioxidant enzymes (SOD, GTP), and increased the production of ROS. Prolonged exposure was associated
with histological alterations in the ovary and testes. In the ovary, atresia, vacuole formation, thickening of the vitellogenic
oocyte membrane, or completely degenerated oocytes were detected. In the testes, the formation of vacuoles, the
decrease in the number of sperm and spermatocytes, the distortion of the seminiferous epithelium, and atresia were
found. The results indicate that BCF leads to reproductive toxicity 22,

The toxic effect of MWCNT—COOH was determined in adult Danio rerio (zebrafish). Arrillo et al. showed that doses of 0.5
and 1.0 ppm of MWCNT-COOH significantly increased oxidative stress and lipid peroxidation in their ovary and testicular
tissue 9. Zhao et al. used Xenopus tropicalis that was exposed to either 0.5 or 2.5 mg/L MWCNTs for 56 days. The
presence of MWCNTSs inhibited body growth, including gonads (testes and ovaries), and histopathological sample analysis
revealed that spermatogonia and oocyte formation was negatively affected 1. A pair of Oryzias latipes was injected once
intraperitoneally with GO (25-200 pg/g) and the pair continued to breed for another 21 days (Dasmahapatra et al.). The
dose-dependent reduction in fecundity was documented during the early days after injection. Furthermore, embryo
hatchability was significantly reduced in the 200 pg/g group; but embryo mortality was not altered. Interestingly,
folliculogenesis in the ovary and the morphology of granulosa and Leydig cells did not change significantly, although the
researchers identified GO agglomerates in the gonads 2],

3.2. Experiments with Mammals
Studies on mammals were conducted mainly in mice and rats.

Zhang et al. showed that graphene QD (GQD) administered by oral gavage or intravenously injected did not change
sexual behavior, sperm quality, or testosterone levels in male mice. Even high doses are rapidly excreted from the body
and did not accumulate in tissues. Female mice housed with males had first, second, and subsequent litters of healthy
pups with no apparent differences from females housed with buffer-treated males 3. Similar results were described by
Skovmand et al. who intratracheally instilled GOs, amorphous CB (Flammruss 101), CB (Printex 90), and diesel particle
matter (SRM1650b) in mice. Any changes in sperm parameters, sperm production, and testosterone levels were detected
(44 |jang et al., who administered GOs intravenously (25 mg/kg/d) to male mice, described that GO-treated mice did not
show abnormalities in reproductive activity, hormonal levels, and sperm quality. Their offspring were also healthy and their
survival rate and growth were similar to those of the control group. Furthermore, even a high intra-abdominal injection
dose of 300 mg/kg in male mice (60 mg/kg/d for 5 days) did not cause damage to reproductive organs 431,



However, in contrast to the findings of the above studies, some studies show the opposite and describe a negative effect
of CNPs on the reproduction of mice. For example, the study by Farshad et al. showed the toxic effect of SWCNTs and
MWCNTs. BALB/c mice were orally administered 10 and 50 mg/kg/d for 5 weeks. Higher doses of SWCNTs significantly
reduce body and testis, epididymis, and vas deferens weight, whereas MWCNT reduced only body weight. Both CNTs
dose-dependently decreased sperm count, viability, and motility, and increased oxidative stress. Importantly, exposure to
CNTs disrupted the mitochondrial functions of the sperm (elevated mitochondrial membrane depolarization and decreased
dehydrogenase activity and ATP production. Histological analysis revealed testicular tissue injuries (tubular injury, tubular
desquamation) and lowered spermatogenic index 18I,

The toxic effect of nanoscale GO (NGOs) was evaluated by Akhavan et al. BALB/c mice were injected intravenously with
different doses of NGOs (2, 20, 200, or 2000 pg/mL) and after 8 weeks were sacrificed. The NGOs were taken up by
various types of tissue, including the thyroid and testes. Importantly, sperm viability and motility decreased dramatically in
a dose-dependent manner from 75 to 40% and morphological abnormalities of the sperm tail and head were observed,
especially at the highest dose. At doses of 200 pug/mL and 2000 pg/mL, ROS production in semen also increased and
DNA fragmentation and aberrations occurred. Female mice inseminated by males treated with NGOs showed lower levels
of follicle-stimulating hormone (FSH), luteinizing hormone (LH), progesterone, and prolactin during pregnancy. NGO
concentration of 2000 pg/mL reduced the secretion of FSH, LH, progesterone, and prolactin by 38, 57, 31, and 37%. It
was associated with altered fetus growth and a 15% reduction in postnatal viability of delivered pups. The results indicate
that the NGOs altered reproductive health and even the next generations 7],

It seems that CNPs can negatively affect not only male mice, but also female mice. Hougaard et al. pre-conceptually
administered MWCNTSs (intratracheal instillation of 67 pyg NM-400 MWCNT) to adult female mice. Subsequently, mice
were bred together with adult males. The time to birth of the first litter was delayed by an average of 5 days. Interestingly,
exposure to MWCNT caused lung and liver damage that lasted almost 4 months 48!,

Johansson et al. evaluated the effect of intratracheally instilled MWCNTs on estrous cycle regularity and reproductive
function. The administration of MWCNTs prolonged the estrous cycle during which exposure occurred. Before exposure,
the estrous cycle lasted 3-5 days, after exposure, the estrous cycle increased by two days. In contrast, the cycle
beginning after administration was shorter and lasted 4.3 days. Exposure to MWCNTs also affected delivery time. Mice
exposed to the dose of 2 ug gave birth earlier compared to the control group, while the doses of 18 ug and 67 pg delayed
delivery 491,

A similar effect was also documented for Cg (Buckminsterfullerene). The toxicity of Cgg 1 pm diameter (micro-Cgo) and 50
nm diameter (nano-Cgg) in mice and rats was described in NTP Technical Report. Animals inhaled (nose only) Cgq for 3
months. Micro-Cgg at doses of 2, 15, or 30 mg/m?® decreased sperm motility in male mice and rats and increased the
likelihood of a prolonged estrous cycle in female mice. Nano-Cg at concentrations of 0.5 or 2 mg/m® lowered sperm
motility in male rats and in female mice elevated the probability of an extended estrous cycle 29,

Nirmal et al. conducted two studies in which they intraperitoneally exposed rats to either three increasing doses of
nanoscale GOs (NGOs; 0.4, 2.0, or 10.0 mg/kg) for 7, 15, or 30 days or hydroxylated MWCNTs at doses of 0.4, 2.0, and
10.0 mg/kg (15 doses). NGOs caused a dose-dependent reduction in sperm, spermatogonia, and spermatids.
Furthermore, a decrease in sperm motility and morphological abnormalities (atrophy of seminiferous tubules with
reduction in germinal epithelium, germ cells, and vacuolization) was detected in animals treated with the highest doses of
NGOs B, OH-MWCNTs decreased sperm count and motility in a dose-dependent manner, viability was not affected;
however, a significant increase in sperm abnormalities (headless sperms, absence of normal hook, amorphous head, bent
tail, folded tails) was documented. Histological analysis revealed severe damage to testicular tissue. A dose of 2.0 mg/kg
damaged the seminiferous tubules and induced vacuolization, caused interstitial engorgement and edema, and reduced
the thickness of the germinal epithelium. More severe damage occurred after administration of the highest dose B2, In
summary, NGOs and MWCNTs had a similar destructive effect on the male reproductive system of rats.

Farombi et al. tested the response of pubertal rat organs to exposure to MWCNT-COOH. Rats were administered
different doses of MWCNT—COOH suspension intraperitoneally (0.25, 0.5, 0.75, and 1.0 mg/kg/d) for 5 days. After
treatment, the activity of antioxidant enzymes (superoxide dismutase and glutamate pyruvate transaminase) increased in
the testes, epididymis, and sperm, as well as peroxide and malondialdehyde levels, while glutathione-S-transferase and
glutathione levels decreased. Thus, oxidative stress increased significantly. Furthermore, MWCNT—COOH caused a
decrease in the number and motility of sperm in the epididymis and the level of testosterone and an increase in sperm
abnormalities and morphological changes in the testes and epididymis. The results indicate that MWCNT—-COOH is toxic
to the reproductive system of rats 23],



Both in vitro and in vivo studies show the toxic potential of CNPs, including grapheme, GO, MWCNTs, SWCNTs, QD,
nanodiamonds, and fullerenes. They can alter spermatogenesis, sperm morphology and functions, hormonal balance,

damaged ovary, and testicular tissue by inducing the production of reactive oxygen species, and DNA damage. However,

in vivo studies also provided results that do not support reproductive toxicity of CNPs. The toxic effect depends on the

type of CNPs, dose, and time of exposure.

References

1.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

Choudhary, N.; Hwang, S.; Choi, W. Carbon Nanomaterials: A Review. In Handbook of Nanomaterials Properties;
Springer: Berlin/Heidelberg, Germany, 2014; pp. 709-769.

. Zielinska, A.; Costa, B.; Ferreira, M.V.; Miguéis, D.; Louros, J.M.S.; Durazzo, A.; Lucarini, M.; Eder, P.; Chaud, M.V,;

Morsink, M.; et al. Nanotoxicology and nanosafety: Safety-by-design and testing at a glance. Int. J. Environ. Res.
Public Health 2020, 17, 4657.

. Bilal, M.; Igbal, H.M.N. New insights on unique features and role of nanostructured materials in cosmetics. Cosmetics
2020, 7, 24.
. Ahmed, H.M.; Roy, A.; Wahab, M.; Ahmed, M.; Othman-Qadir, G.; Elesawy, B.H.; Khandaker, M.U.; Islam, M.N.;

Emran, T. Bin Applications of Nanomaterials in Agrifood and Pharmaceutical Industry. J. Nanomater. 2021, 2021,
1472096.

. Park, S.-J.; Deshmukh, M.A.; Kang, B.-C.; Jeon, J.-Y.; Chen, C.; Ha, T.-J. Review—A Review of Advanced Electronic

Applications Based on Carbon Nanomaterials. ECS J. Solid State Sci. Technol. 2020, 9, 071002.

. Skékalova, V.; Kaiser, A.B. Graphene: Properties, Preparation, Characterisation and Applications; Woodhead

Publishing: Duxford, UK, 2021; ISBN 9780081028490.

. Brisebois, P.P.; Siaj, M. Harvesting graphene oxide-years 1859 to 2019: A review of its structure, synthesis, properties

and exfoliation. J. Mater. Chem. C 2020, 8, 1517-1547.

. Lawal, A.T. Graphene-based nano composites and their applications. A review. Biosens. Bioelectron. 2019, 141,
111384.
. Vakhrushey, A.V.; Kodolov, V.I. Carbon Nanotubes and Nanopatrticles: Current and Potential Applications; Vladimir, I.,

Haghi, A.K., Ameta, S.C., Eds.; Apply Academic Press Inc.: Oakville, ON, USA, 2019; Available online:
https://www.routledge.com/Carbon-Nanotubes-and-Nanoparticles-Current-and-Potential-Applications/Vakhrushev-
Kodolov-Haghi-Ameta/p/book/ (accessed on 11 May 2022).

Rozhina, E.; Batasheva, S.; Miftakhova, R.; Yan, X.; Vikulina, A.; Volodkin, D.; Fakhrullin, R. Comparative cytotoxicity of
kaolinite, halloysite, multiwalled carbon nanotubes and graphene oxide. Appl. Clay Sci. 2021, 205, 106041.

. Semenov, K.N.; Charykov, N.A.; Keskinov, V.A.; Piartman, A.K.; Blokhin, A.A.; Kopyrin, A.A. Solubility of light fullerenes

in organic solvents. J. Chem. Eng. Data 2010, 55, 13-36.

Shanbogh, P.P.; Sundaram, N.G. Fullerenes revisited: Materials chemistry and applications of C60 molecules.
Resonance 2015, 20, 123-135.

Namadr, F.; Bahrami, F.; Bahari, Z.; Ghanbari, B.; Shahyad, S.; Mohammadi, M. Fullerene C60 Nanoparticles Decrease
Liver Oxidative Stress through Increment of Liver Antioxidant Capacity in Streptozotocin-Induced Diabetes in Rats.
React. Oxyg. Species 2020, 26, 70-80.

Grebowski, J.; Konopko, A.; Krokosz, A.; DiLabio, G.A.; Litwinienko, G. Antioxidant activity of highly hydroxylated
fullerene C60 and its interactions with the analogue of a-tocopherol. Free Radic. Biol. Med. 2020, 160, 734—744.

Qu, Y; Yang, B.; Jiang, X.; Ma, X.; Lu, C.; Chen, C. Multiwalled carbon nanotubes inhibit steroidogenesis by disrupting
steroidogenic acute regulatory protein expression and redox status. J. Nanosci. Nanotechnol. 2017, 17, 914-925.

Gurunathan, S.; Kang, M.H.; Jeyaraj, M.; Kim, J.H. Differential cytotoxicity of different sizes of graphene oxide
nanoparticles in leydig (TM3) and sertoli (TM4) cells. Nanomaterials 2019, 9, 139.

Ji, X.; Xu, B.; Yao, M.; Mao, Z.; Zhang, Y.; Xu, G.; Tang, Q.; Wang, X.; Xia, Y. Graphene oxide quantum dots disrupt
autophagic flux by inhibiting lysosome activity in GC-2 and TM4 cell lines. Toxicology 2016, 374, 10-17.

Xu, C.; Liu, Q.; Liu, H.; Zhang, C.; Shao, W.; Gu, A. Toxicological assessment of multi-walled carbon nanotubes in vitro:
Potential mitochondria effects on male reproductive cells. Oncotarget 2016, 7, 39270-39278.

Sanand, S.; Kumar, S.; Bara, N.; Kaul, G. Comparative evaluation of half-maximum inhibitory concentration and
cytotoxicity of silver nanoparticles and multiwalled carbon nanotubes using buffalo bull spermatozoa as a cell model.
Toxicol. Ind. Health 2018, 34, 640-652.



20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Bernabo, N.; Fontana, A.; Sanchez, M.R.; Valbonetti, L.; Capacchietti, G.; Zappacosta, R.; Greco, L.; Marchisio, M.;
Lanuti, P.; Ercolino, E.; et al. Graphene oxide affects in vitro fertilization outcome by interacting with sperm membrane
in an animal model. Carbon 2018, 129, 428-437.

Li, X.; Wang, L.; Liu, H.; Fu, J.; Zhen, L.; Li, Y.; Zhang, Y.; Zhang, Y. C60 Fullerenes Suppress Reactive Oxygen
Species Toxicity Damage in Boar Sperm. Nano Micro Lett. 2019, 11, 104.

Asghar, W.; Shafiee, H.; Velasco, V.; Sah, V.R.; Guo, S.; El Assal, R.; Inci, F.; Rajagopalan, A.; Jahangir, M.; Anchan,
R.M.; et al. Toxicology Study of Single-walled Carbon Nanotubes and Reduced Graphene Oxide in Human Sperm. Sci.
Rep. 2016, 6, 30270.

Aminzadeh, Z.; Jamalan, M.; Chupani, L.; Lenjannezhadian, H.; Ghaffari, M.A.; Aberomand, M.; Zeinali, M. In vitro
reprotoxicity of carboxyl-functionalised single- and multi-walled carbon nanotubes on human spermatozoa. Andrologia
2017, 49, e12741.

Lin, Y.H.; Zhuang, S.X.; Wang, Y.L.; Lin, S.; Hong, Z.W.; Liu, Y.; Xu, L.; Li, F.P.; Xu, B.H.; Chen, M.H.; et al. The effects
of graphene quantum dots on the maturation of mouse oocytes and development of offspring. J. Cell. Physiol. 2019,
234, 13820-13831.

Lei, R.; Bai, X.; Chang, Y.; Li, J.; Qin, Y.; Chen, K.; Gu, W.; Xia, S.; Zhang, J.; Wang, Z.; et al. Effects of fullerenol
nanoparticles on rat oocyte meiosis resumption. Int. J. Mol. Sci. 2018, 19, 699.

Mrdanovié, J.; éolajié, S.; Bogdanovi¢, V.; Stankov, K.; Bogdanovi¢, G.; Djordjevic, A. Effects of fullerenol C60(OH)24
on the frequency of micronuclei and chromosome aberrations in CHO-K1 cells. Mutat. Res.Genet. Toxicol. Environ.
Mutagen. 2009, 680, 25-30.

Yadav, K.; Ali, S.A.; Mohanty, A.K.; Muthusamy, E.; Subaharan, K.; Kaul, G. MSN, MWCNT and ZnO nanoparticle-
induced CHO-K1 cell polarisation is linked to cytoskeleton ablation. J. Nanobiotechnol. 2021, 19, 45.

Batiuskaite, D.; Grinceviciute, N.; Snitka, V. Impact of graphene oxide on viability of Chinese hamster ovary and mouse
hepatoma MH-22A cells. Toxicol. Vitr. 2015, 29, 1195-1200.

Kim, Y.; Jeong, J.; Yang, J.; Joo, S.W.; Hong, J.; Choi, J. Graphene oxide nano-bio interaction induces inhibition of
spermatogenesis and disturbance of fatty acid metabolism in the nematode Caenorhabditis elegans. Toxicology 2018,
410, 83-95.

Chatterjee, N.; Yang, J.S.; Park, K.; Oh, S.M.; Park, J.; Choi, J. Screening of toxic potential of graphene family
nanomaterials using in vitro and alternative in vivo toxicity testing systems. Environ. Health Toxicol. 2015, 30,
e2015007.

Zhao, Y.; Wu, Q.; Wang, D. An epigenetic signal encoded protection mechanism is activated by graphene oxide to
inhibit its induced reproductive toxicity in Caenorhabditis elegans. Biomaterials 2016, 79, 15-24.

Kong, C.; Aziz, A.l.; Kakarla, A.B.; Kong, I.; Kong, W. Toxicity evaluation of graphene and poly (Lactic-acid) using a
nematode model. Solid State Phenom. 2019, 290, 101-106.

Karpeta-Kaczmarek, J.; Kedziorski, A.; Augustyniak-Jabtokow, M.A.; Dziewiecka, M.; Augustyniak, M. Chronic toxicity
of nanodiamonds can disturb development and reproduction of Acheta domesticus L. Environ. Res. 2018, 166, 602—
609.

Martins, C.H.Z.; de Sousa, M.; Fonseca, L.C.; Martinez, D.S.T.; Alves, O.L. Biological effects of oxidized carbon
nanomaterials (1D versus 2D) on Spodoptera frugiperda: Material dimensionality influences on the insect development,
performance and nutritional physiology. Chemosphere 2019, 215, 766-774.

Philbrook, N.A.; Walker, V.K.; Afrooz, A.R.M.N.; Saleh, N.B.; Winn, L.M. Investigating the effects of functionalized
carbon nanotubes on reproduction and development in Drosophila melanogaster and CD-1 mice. Reprod. Toxicol.
2011, 32, 442-448.

Priyadarsini, S.; Sahoo, S.K.; Sahu, S.; Mukherjee, S.; Hota, G.; Mishra, M. Oral administration of graphene oxide
nano-sheets induces oxidative stress, genotoxicity, and behavioral teratogenicity in Drosophila melanogaster. Environ.
Sci. Pollut. Res. 2019, 26, 19560-19574.

Fang, Y.; Lu, Z.; Li, M.; Qu, J.; Ye, W.; Li, F.; Wei, J.; Sun, H.; Li, B. An assessment of the reproductive toxicity of
GONPs exposure to Bombyx mori. Ecotoxicol. Environ. Saf. 2021, 210, 111888.

Mesari¢, T.; SepcCi¢, K.; Drobne, D.; Makovec, D.; Faimali, M.; Morgana, S.; Falugi, C.; Gambardella, C. Sperm
exposure to carbon-based nanomaterials causes abnormalities in early development of purple sea urchin
(Paracentrotus lividus). Aquat. Toxicol. 2015, 163, 158-166.

Sumi, N.; Chitra, K.C. Fullerene C60 nanomaterial induced oxidative imbalance in gonads of the freshwater fish,
Anabas testudineus (Bloch, 1792). Aquat. Toxicol. 2019, 210, 196—-206.



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Carrillo, Y.; Torres-Duarte, C.; Oviedo, M.J.; Hirata, G.A.; Huerta-Saquero, A.; Vazquez-Duhalt, R. Lipid peroxidation
and protein oxidation induced by different nanoparticles in zebrafish organs. Appl. Ecol. Environ. Res. 2015, 13, 709-
723.

Zhao, J.; Luo, W.; Xu, Y.; Ling, J.; Deng, L. Potential reproductive toxicity of multi-walled carbon nanotubes and their
chronic exposure effects on the growth and development of Xenopus tropicalis. Sci. Total Environ. 2021, 766, 142652.

Dasmahapatra, A.K.; Powe, D.K.; Dasari, T.P.S.; Tchounwou, P.B. Assessment of reproductive and developmental
effects of graphene oxide on Japanese medaka (Oryzias latipes). Chemosphere 2020, 259, 127221.

Zhang, D.; Zhang, Z.; Wu, Y.; Fu, K.; Chen, Y.; Li, W.; Chu, M. Systematic evaluation of graphene quantum dot toxicity
to male mouse sexual behaviors, reproductive and offspring health. Biomaterials 2019, 194, 215-232.

Skovmand, A.; Jacobsen Lauvas, A.; Christensen, P.; Vogel, U.; Sgrig Hougaard, K.; Goericke-Pesch, S. Pulmonary
exposure to carbonaceous nanomaterials and sperm quality. Part. Fibre Toxicol. 2018, 15, 10.

Liang, S.; Xu, S.; Zhang, D.; He, J.; Chu, M. Reproductive toxicity of nanoscale graphene oxide in male mice.
Nanotoxicology 2015, 9, 92—-105.

Farshad, O.; Heidari, R.; Zamiri, M.J.; Retana-Marquez, S.; Khalili, M.; Ebrahimi, M.; Jamshidzadeh, A.; Ommati, M.M.
Spermatotoxic Effects of Single-Walled and Multi-Walled Carbon Nanotubes on Male Mice. Front. Vet. Sci. 2020, 7,
591558.

Akhavan, O.; Ghaderi, E.; Hashemi, E.; Akbari, E. Dose-dependent effects of nanoscale graphene oxide on
reproduction capability of mammals. Carbon 2015, 95, 309-317.

Hougaard, K.S.; Jackson, P.; Kyjovska, Z.0.; Birkedal, R.K.; De Temmerman, P.J.; Brunelli, A.; Verleysen, E.; Madsen,
A.M.; Saber, A.T.; Pojana, G.; et al. Effects of lung exposure to carbon nanotubes on female fertility and pregnancy. A
study in mice. Reprod. Toxicol. 2013, 41, 86-97.

Johansson, H.K.L.; Hansen, J.S.; Elfving, B.; Lund, S.P.; Kyjovska, Z.0.; Loft, S.; Barfod, K.K.; Jackson, P.; Vogel, U.;
Hougaard, K.S. Airway exposure to multi-walled carbon nanotubes disrupts the female reproductive cycle without
affecting pregnancy outcomes in mice. Part. Fibre Toxicol. 2017, 14, 17.

National Toxicology Program. NTP Technical Report on the Toxicity Studies of Fullerene C60 (1 pm and 50 nm)
(CASRN 99685-96-8) Administered by Nose-Only Inhalation to Wistar Han Rats and B6C3F1/N Mice; National
Toxicology Program: Research Triangle Park, NC, USA, 2020.

Nirmal, N.K.; Awasthi, K.K.; John, P.J. Effects of Nano-Graphene Oxide on Testis, Epididymis and Fertility of Wistar
Rats. Basic Clin. Pharmacol. Toxicol. 2017, 121, 202-210.

Nirmal, N.K.; Awasthi, K.K.; John, P.J. Effects of hydroxyl-functionalized multiwalled carbon nanotubes on sperm health
and testes of Wistar rats. Toxicol. Ind. Health 2017, 33, 519-529.

Farombi, E.O.; Adedara, I.A.; Forcados, G.E.; Anao, O.0.; Aghowo, A.; Patlolla, A.K. Responses of testis, epididymis,
and sperm of pubertal rats exposed to functionalized multiwalled carbon nanotubes. Environ. Toxicol. 2016, 31, 543—
551.

Retrieved from https://encyclopedia.pub/entry/history/show/64178



