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Fullerene molecules are composed of carbon in the form of a hollow sphere, tube, or ellipsoid. Since their discovery in 1985, they
have gained a lot of attention in many science fields. The unique carbon cage structure of fullerene provides immense scope for
derivatization, rendering potential for various industrial applications. Thus, the prospective applications of fullerenes have led to
assorted fullerene derivatives. In addition, their unique chemical structure also eases them to be synthesized through various
kinds of conjugating techniques, where fullerene can be located either on the backbone or the branch chain. In this review, we
have compiled the toxicity and biosafety aspects of fullerene in aquatic organisms since the frequent use of fullerene is likely to
come in contact and interact with the aquatic environment and aquatic organisms. According to the current understanding,
waterborne exposure to fullerene-based nanomaterials indeed triggers toxicities at cellular, organic, molecular, and

neurobehavioral levels.

1. Introduction and Application of Fullerene

1.1. Introduction of Fullerene. Carbon is known to be found in
two allotropes, namely, diamond and graphite. In 1985, Kroto,
Curl, and Smalley discovered another allotropic form of car-
bon, which was fullerene. Because of the discovery and their
pioneering efforts, they received the Nobel Prize in 1996 [1].
Fullerenes are regarded as three-dimensional analogs of ben-
zene and composed of carbon atoms that are joined by single

and double bonds. Together with fused rings of five to seven
carbon atoms, these bonds form a closed or partially closed
mesh. Carbon atoms in a fullerene molecule can be found in
a variety of sizes and shapes, including hollow spheres, ellip-
soids, and tubes [2, 3]. The discovered fullerenes consist of var-
ious n numbers of carbon atoms, which obeyed a specific rule.

Cgo one of the most well-known and abundant forms of
fullerenes, is composed of n=60 carbon atoms, which are
arranged in a spherical cage structure of about 7 A in diameter.
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FIGURE 1: Summary of applications, animal models, and methods of fullerene toxicity assessment in aquatic species. The industrial and
biomedical applications of fullerene were compiled in the upper panel (pink color). The invertebrate and vertebrate animal models used to
perform fullerene toxicity assessment were compiled in the middle panel (blue color). The various methods used to detect fullerene-
induced changes at either morphological, cellular, gene/protein expressional, or behavioral levels were summarized in the bottom panel

(green color).

Furthermore, to honor the inventor of geodesic domes in the
1960s, it also goes by the name of buckminsterfullerene [2].
Informally, Cg, fullerenes are also known as buckyballs since
their shape resembles a soccer ball shape. In Cg, fullerenes,
there are two types of C-C bonds with distinct lengths:
C,-C; single bonds in the pentagons and C.-C, double
bonds in the hexagons with 1.45A and 1.40A in distance,
respectively [4]. The C,, has a low specific gravity relative to
the diamond (1.65 compared to 3.51). Chemically, the mole-
cule is very stable owing to the fact that destruction of the
cages requires temperatures above 1000°C [4, 5]. In addition,
besides Cg, other fullerenes can consist of numerous carbon
atoms, ranging from 30 to 980, creating various structures
with different characteristics and applications.

1.2. Applications of Fullerene. These new forms of carbon’s
distinctive physical and chemical properties have taken
numerous scientists to propose several technological applica-
tions. Nowadays, C,, molecules have attracted a lot of atten-
tion since they have a high electron affinity and antioxidant
and radical scavenging properties, which can absorb many
free radicals responsible for aging the skins and grafting sur-
factants or hydrophilic polymers in aqueous environments
[6-8]. Fullerenes can be integrated into shafts and frames
for strengthening composite materials with very thin-walled,
lightweight, robust carbon structures that make them cur-
rently be applied in cosmetic products and sporting goods
industries [9]. Recently, several investigations suggested that
a lot of the proposed fullerenes are applicable in many areas,
including information technology devices, lubricants, cata-
lysts, diagnostics, pharmaceuticals, polymer modifications,
energy applications, and environmental fields [2, 3, 6, 10].
Furthermore, the unique cage structure of fullerenes, coupled
with their immense scope for derivatization, opens up the

potential of fullerenes to be a therapeutic agent. In addition,
it has also been extensively used in many biomedical applica-
tions, including MRI contrast agents, X-ray imaging contrast
agents, anti-HIV drugs, targeted drug delivery systems, and
photodynamic therapy [11-13]. Therefore, the production
and usage of fullerenes are expected to escalate in the future.
However, most fullerenes are nonbiodegradable molecules
whose potential toxicity has not been thoroughly investigated
so far. The increased demand for fullerenes and their mass
production have raised biosafety and environmental con-
cerns. In vivo toxicity testing provides intact systems for the
prediction of biological responses. Aquatic invertebrates
and vertebrates provide cost, labor, and time-effective plat-
forms for these studies. These in vivo study models provide
results on many cellular, anatomical, and physiological char-
acteristics. Moreover, their small size, speedy development,
and short life cycle make them attractive for evaluating nano-
material’s toxicological effects. Various methods of toxicity
assessments have been developed at different levels of these
in vivo model systems, such as morphological alterations
assessed under a microscope, cellular alterations, gene/-
protein expression alteration, biochemical analysis, and
behavior alterations. The applications of fullerene, aquatic
invertebrate, and vertebrate model systems used to assess
the toxicity and methods of toxicity analysis of fullerene are
compiled in Figure 1.

2. Types and Chemical
Composition of Fullerene

2.1. Types of Fullerenes. Fullerenes occur in nature and have a
similar structure to graphite, except that they may contain
pentagonal rings [14]. Small quantities of fullerene in the
form of Cgy, C,p, C,, and Cq, might be found hidden in
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carbon soot [15]. In 2010, by using Spitzer infrared telescope,
NASA also found Cy, and C, in a cloud of cosmic dust sur-
rounding a star [16]. Generally, the synthesis of these fuller-
enes starts by forming fullerene-rich soot. The original
process generates an electric arc between two graphite rods
in an inert atmosphere resulting in a vaporized carbon that
is subsequently cooled into sooty residue [1, 17]. In addition,
laser ablation of graphite targets or laser pyrolysis of aromatic
hydrocarbons can also form carbon soot [17]. By contrast,
combustion is the most effective method to produce com-
mercial fullerenes in high-temperature, low-pressure pre-
mixed flat flames [18]. Later, through these chemical
processes, a solid mixture of various fullerenes and other car-
bons is formed. Afterward, by using suitable organic solvents,
small amounts of fullerenes are extracted from the soot and
separated by liquid chromatography [17].

The closed buckyballs and cylindrical carbon nanotubes
are two major fullerene classes with distinct properties and
applications, although some hybrid structures also exist
besides these families, including carbon nanobuds. These
classes have unique properties due to their carbon atom
arrangement. Each carbon atom in the closed fullerenes,
especially C,,, bonds to three others and is sp® hybridized.
These delocalized electrons on the surface of a three-
dimensional structure stabilize the spheroid structure of Cy,
by resonance [19]. Distorted buckyballs with n =24, 28, 32,
36, and 50 were also obtained, but they are predicted to be
unstable. Other relatively common clusters with n =70, 72,
74,76, 80, 82, and 84 exist but are less abundant in the exper-
imentally produced carbon soot [20]. A general rule is
observed that the chemical reactivity significantly decreases
with the increasing size of the fullerene molecule. The closed
buckyballs, in contrast to graphite, are not electrically con-
ductive. Due to their spherical shape, buckyballs are well
known as suitable lubricants. Moreover, buckyballs might
be useful in medicine deliveries in the future because of their
unique and hollow cage. On the other hand, cylindrical ful-
lerenes, another major family of fullerenes, are known as car-
bon nanotubes or buckytubes. Every nanotube is a single
molecule consisting of millions of carbon atoms. Generally,
this molecule’s width is only a few nanometers; however,
the length ranges from less than a micrometer to several mil-
limeters [21]. Most of the time, the nanotubes have closed
ends; however, it is also possible to be open-ended. Carbon
nanotubes exhibit higher tensile strength, flexibility, elastic-
ity, and high thermal conductivity [22, 23]. They are often
utilized to reinforce composite materials with improved
mechanical, electrical, and thermal properties. In addition,
these nanotubes may act electrically as either a metal or a
semiconductor depending on the hexagonal units’ orienta-
tion in the tube wall with the tube axis [24].

2.2. Chemical Composition of Fullerene. Since every fullerene
possesses abundant cyclohexanes, they are very aromatic and
have stable and inert carbon bonds. The insolubility in aque-
ous media and poor miscibility of fullerenes limit the biolog-
ical applications, and its strong tendency to form self-
aggregate also leads to phase separation problems [25, 26].
Since pristine fullerenes and carbon nanotubes lack hydrogen

atoms or other groups on their surface, they cannot undergo
substitution reactions. Because of this reason, they need to
carry out surface modification in order to promote the func-
tionalization on their surface [26]. It is worth noting that ful-
lerenes are the only known allotropic carbons that are soluble
in common organic solvents (for example, toluene) despite a
limited solubility in most solvents [4, 26-28]. Once fullerenes
are dissolved in organic solvents, various chemical reactions
tend to proceed in solution, and thus, numerous fullerene
derivatives are formed. In producing these derivatives, fuller-
enes can undergo various chemical reactions, e.g., oxidation,
reduction, nucleophilic substitutions, halogenations, hydro-
genations, radical additions, transition-metal-complex for-
mations, and regioselective functionalization reactions [2].
By attaching active groups to their surface and modifying
their basic properties to be adjusted to specific functions,
the increment in fullerenes reactivity has been demonstrated.

Functionalized buckyballs are primarily divided into
two classes: endohedral and exohedral fullerenes. Exohe-
dral fullerenes are formed with substituents outside their
cages, while endohedral fullerenes are formed with trapped
atomes or molecules inside their cages [27]. These endohe-
dral and exohedral derivatives have been shown to exhibit
attractive photonic, electronic, superconducting, lubrica-
tion, biomedical, and magnetic properties due to their
unique structures [25]. Similar studies have shown that
the carbon nanotubes require chemical modifications by
attaching the functional groups to improve the compatibil-
ity, processing, and solubility with host materials in the
engineering of multifunctional materials [29, 30]. Accord-
ingly, the chemical modifications maintain the interesting
pristine fullerenes electrochemical, chemical, and physical
properties and make them more applicable and reactive
for many applications [31].

3. Interaction of Fullerene with Aquatic
Invertebrates in reference to Bioavailability,
Toxicity, and Biosafety

The invertebrates are among the target groups for nanoparti-
cle (NP) ecotoxicity due to their highly developed cellular
internalization processes, such as phagocytosis and endocy-
tosis, of nano- and microscale particles that are essential for
physiological functions (cellular immunity and intracellular
digestion). The biologic, ecologic, and toxicologic character-
istics of invertebrates render them a suitable model to detect
chemicals and pollutants in typical habitats, primarily via
bioaccumulation potential. In addition, invertebrates also
offer an advantage to evaluate the individual effect of expo-
sure to the tested chemicals. Assumptions have also been
made that the invertebrate model can be used to predict the
effects of some toxicants at population and community levels.
Thus, they can early indicate the ecosystem function and
structure’s deterioration or restoration [32]. We are going
to discuss the effects of fullerene in aquatic invertebrate
organisms in the current section.

First, the chronic toxicity of fullerene Cg, was tested on
Chironomus riparius, also known as the harlequin fly, and



hypothesized that higher food concentration could reduce
the toxic response. This 10-day test was performed by using
Urtica sp. as food in two different concentrations, which were
0.5 and 0.8%. The test was conducted in sediment that con-
tained fullerene with masses of 0.36 to 0.55mg/cm®. The
results demonstrated that at 0.5% food treatment, a signifi-
cant difference in growth-related endpoints was found,
whereas little effect was observed for the higher food concen-
trations than the control group. Furthermore, although they
found agglomerates of fullerene in the gut, the microvilli were
damaged. Taken together, this finding demonstrated the ful-
lerene’s potential toxicity to C. riparius in terms of morpho-
logical changes and larval growth inhibition [33]. Next, a
similar study on the chronic effects of C¢, on different life
stages of C. riparius in 10-day growth (larvae) and 42-day
(adult midges) emergence tests was conducted. The results
showed a decrease in body length at a concentration of
0.0025-20 mg/kg C,, but effects disappeared at higher con-
centrations. The study stated that small fullerene agglomer-
ates more significantly affected C. riparius than the large
ones, as shown with high doses of Cg,. Further, a bell-
shaped dose-response relationship was observed in the C,
exposure results, which might be caused by the relative
growth pattern. This dose-response relationship makes eco-
logical risk assessment of Cg, more difficult since several
effects occur at low concentrations [34].

Several prior studies had assessed the toxicity of Cg, in
Mytilus. First, the toxicity of Cq at 1, 5, and 10 gg/ml concen-
trations was investigated in marine bivalve Mytilus. From the
results, the C, expressed no significant effect in lysosomal
membrane stability, which indicated an absence of a major
toxicity effect. However, Cg, suspension led to the release of
lysozyme and extracellular oxyradical and nitric oxide pro-
duction in a concentration-dependent manner. Therefore,
the results supported the speculation about the bivalve
immune system as a key target of NPs [35]. Forward, in a
similar study with Mytilus sp., a marine mussel, they were
exposed for three days to either 0.10-1 mg/l of C, and 32-
100 ug/1 of polycyclic aromatic hydrocarbon (PAH) fluoran-
thene or the combination of both compounds. The observed
results depicted a concentration-dependent increase in DNA
strand breaks caused by Cg, and fluoranthene individually;
however, their combined exposure enhanced the level of
DNA strand breaks together with a twofold increment in
total glutathione (GSH) content, indicating oxidative stress.
The work concluded the generation of toxic response and
damage with additive effects. Afterward, the research group
suggested further analysis of C¢, and fluoranthene alone or
in combination for a longer duration to establish concrete
toxicity results [36]. Further, Mytilus galloprovincialis Lam.
were also exposed to Cg, at 0.01, 0.1, and 1 mg/l concentra-
tion for 72h. Later, the accumulation of Cg, in the digestive
gland was demonstrated to induce dephosphorylation of
mTOR with no oxidative stress for cellular distribution of
Cgo at 0.01mg/l concentration. The study suggested that
mussels’ most affected functions were related to the organiza-
tion of the cytoskeleton, energy metabolism, and lysosomal
activity [36, 37]. Lastly, in another report on Mytilus gallo-
provincialis, the mussels were exposed to C, (0.01, 0.1, and
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1 mg/l), B[a]P (5, 50, and 100 pg/1), and B[a]P (5, 50, and
100 pug/l) in combination with Cy, (1 mg/l). Afterward, the
uptake of each treatment group was measured by a different
set of chromatography techniques. The study supports the
hypothesis of an interaction between these two compounds
and demonstrated an antagonistic relationship at the geno-
toxic and proteome expression level. However, as this effect
is observed on a single concentration, the research group fur-
ther suggested that other dosage concentrations should also
be investigated [37, 38].

Further, ecotoxicities of several fullerenes (Cg,, C,, and
Ceo-phenyl-C, -butyric acid methyl ester (PCBM)) on Lum-
briculus variegatus (California blackworm), a benthic organ-
ism, were assessed. The results indicated that 25 to 150 mg/kg
of Cg, reduce the population growth of L. variegatus, even
though no effect on the organism’s growth or weight was
observed after treated with 25mg/kg of C,, [38, 39]. Simi-
larly, in another study, 10 and 50 mg/kg dry mass of C, were
exposed to L. variegatus for 28 days. Later, it was found that
the survival rate or reproduction of L. variegatus was not
affected by Cg,. However, the impairment of feeding activity
observed in the study indicated the Cg,’s disruptive effect on
worm feeding. In addition, electron and light microscopy
also detected C, agglomerates in fecal pellets, and they were
not absorbed in gut epithelial cells. This study also reported
that through feeding and egestion, fullerene transfer from
sediment-to-sediment surface occurred in L. variegatus. This
phenomenon might increase the bioavailability of C¢, to epi-
benthic organisms and facilitate the Cg, transfer in the food
web [39, 40].

The acute toxicity of Cq, was also assessed on Daphnia
magna, Hyalella Azteca, and Copepods. The 21-day exposure
of C, in different concentrations (2.5 and 5 ppm) generated
a significant delay in molting and a reduction in offspring
production, producing impacts at a population level [40,
41]. Further toxicity tests were performed in Daphnia magna
and Moina macrocopa with 4h/d sunlight exposure, testing
the photo-toxicity of fullerene by the environmental level of
ultraviolet light. The neonates were exposed acutely to
aqu/nCg, filtered through 0.2 ym (0, 0.462, 0.925, 1.85, 3.70,
and 7.40 mg/l) and filtered through 0.45 ym (0, 0.703, 1.40,
2.81, 5.62, and 11.2 mg/l) at 21 + 1°C, and observations were
recorded at 24, 48, 72, and 96 hours. From the results, antiox-
idant enzyme activities were observed to be increased by
coexposure to C,, aqueous suspensions and sunlight. The
results demonstrated that fullerene led to oxidative damage
to D. magna, aggravated by natural sunlight [41, 42]. Next,
in another study, Cq, NPs were prepared at different concen-
trations by sonication (0.5, 1, 2, 3, 4, 5, 6,7, 8,9, and 10 ppm)
and ultrafiltration (40, 180, 260, 350, 440, 510, 700, and
880 ppb) before exposure to Artemia salina for 1, 6, 12, 24,
36, 48, and 96 h for acute toxicity testing. The results showed
that sonicated Cg, caused varied mortalities in different cho-
sen stages of this brine shrimp at 15-24 h, 24-48h, 72-96 h, 6
to 7 days old, and adult. In contrast, filtered solution showed
increased mortality with increased Cy, NP concentrations
[42, 43]. Next, a prior study analyzed the antioxidant and
oxidative damage responses in the several regions of Lophio-
toma acuta (marbled turrid) and a bacterium (feeding on
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mucus produced by L. acuta) after C, exposure for 24 h.
After 1.0 mg of Cy,/1 was administered, low levels of antioxi-
dant capacity and lipid peroxidation were displayed in the
anterior region of L. acuta, indicating that complex interac-
tions between estuarine organisms and associated bacteria
could be compromised by nanomaterials, which is C, in this
case. This finding highlights the importance of proper evalu-
ation of Cg usage, considering the ecological consequences
[43, 44]. Next, C,, was tested in Daphnia magna for 48h
acute toxicity tests. From the results, C,, increased the mor-
tality rate with an increased concentration of C, and caused
even more severe toxicity effects at lower Cg, concentrations
[44, 45]. Similarly, the amount of C stored in the body at a
particular time due to the exposure of C, was also evaluated
on Daphnia. After being treated with 1 mg/l of C,,, Cy, was
taken with a body burden of 413 ug/g wet weight. C, was
observed to be accumulated significantly in the gut of
Daphnia. Moreover, gut impairments, reduced digestion
and filtration rates, and inhibited several digestive enzymes,
such as 3-galactosidase, trypsin, cellulose, and amylase, were
shown after the exposure. The research work provides evi-
dence for limitation in energy acquisition and increases in
oxidative damage in Daphnia that might be associated with
the Cg, bioaccumulation, which causes immobility and mor-
tality later [45, 46]. In another similar study with the same
animal model, the toxicity of C, in artificial freshwater was
investigated. After 2 mg/l of fullerene solution was adminis-
tered for 24 hours, the wet weight of the organism’s wet mass
was 4.5 + 0.7 g/kg. However, after depuration for 24 and 48 h
in clean water, 46% and 74% of accumulated fullerene,
respectively, were eliminated. Also, large aggregates of fuller-
enes were found in the gut of Daphnids. Taken together, the
study suggested that D. magna might have contributed to
carrying fullerene from one trophic level to another because
of their significant uptake of fullerene and relatively slow
depuration [46, 47]. Further, another behavior study in D.
magna also discovered that chronic exposure of nCg,
(21 days) in different concentrations (0.1 or 1 mg/l) yielded
a reduction in their feeding ability, hopping, and heartbeat
frequencies. Later, the transcriptome analysis depicted this
phenomenon which is possibly due to alterations in some
underlying physiological functions, including protein degra-
dation, reproduction, energy metabolism, and cell structure
repair [37, 38]. Similarly, C,, and PCBM (is a solubilized ver-
sion of the C60) were not found to be acutely toxic when
tested at 5, 10, 25, and 50 mg/1 for 21 days, while C,, had sig-
nificant acute toxic effects. However, C,,, C,,, and PCBM
depicted heart rate elevation over time [47, 48]. In addition,
another study demonstrated that accumulated Cg, in D.
magna could be transferred to zebrafish through dietary
exposure and accumulated mostly in the intestines; however,
no magnification was found [48, 49].

Taken together, we envisage that when exposed to
Daphnia magna, the suspended Cg, nanoparticles revealed
protection against short-term UV and fluoranthene photo-
induced toxicity, although it caused cellular damage. The cel-
lular components, such as microvilli, mitochondria, and
basal unfolding, are protected by Cg,, which evidenced by
transmission electron microscopy in organisms after being

shortly exposed to UV and fluoranthene photo-toxicity,
while longer exposure time (21 days) of C,, at low concentra-
tion led to significant cellular damage in the alimentary canal
of Daphnia magna [49, 50]. Further, when Cg, was analyzed
in Perinereis gualpensis (a Polychaete species), there were no
oxidative damage, GSH (glutathione), and GCL (glutamate
cysteine ligase) observed in all tested concentrations, even
though after 2 and 7 days, the antioxidant capacity was found
to be elevated in the treated group, suggesting a possibility for
fullerene acting as an antioxidant [50, 51]. The summary of
the toxicity of fullerene-based nanomaterial to aquatic inver-
tebrates is described in Table 1.

4. Interaction of Fullerene with Aquatic
Vertebrates in reference to Bioavailability,
Toxicity, and Biosafety

Identification of nanomaterial toxicity is challenging since
the potential usage of nanomaterial exposes them to the envi-
ronment and eventually harms human health. The assess-
ment of cytotoxicity of nanomaterials is important to
understand the actual interaction and interpretation in a bio-
logical organism. The quality of NPs depends on the disper-
sion medium used for their suspension, which may add to
their cytotoxicity potential. The main concern of fullerene
testing is to identify the associated risk factors. In addition,
the defined conditions of laboratories play a large part in
understanding the toxicology profile. The comprehension
of nanomaterial interaction inside the biological body is
essential to understand all aspects of cells, organs, and blood
systems. The vertebrate system plays a significant part in pro-
viding cheap, easy, and time-efficient animal models to assess
toxicity rapidly. In a prior study, fullerenes (100-500 ppb of
Ceo and C,, and 500-5000 ppb of C,(OH),,) were adminis-
tered 24-96 hours of postfertilization (hpf) zebrafish embryo.
The results showed that while C,, alone led to apoptotic and
necrotic cell death, both C,, and C,, were demonstrated to
cause mortality, malformations, and pericardial edema in
the embryos. On the other hand, even though C,(OH),,
exposure increased embryonic cellular death, it did not lead
to apoptosis. Therefore, the study suggested less toxicity of
Ceo(OH),, compared to Cg, [52]. Furthermore, in a similar
study in the embryonic zebrafish model conducted by Henry
et al, the depletion of C,, from exposure medium and
embryonic zebrafish uptake was evaluated [53]. Later, it
was found that around 90% of Cg, could be recovered from
zebrafish embryo extracts. The toxicological assay revealed
that sorption to test vials caused the loss. After 6 hours, this
absorption already resulted a decrease of exposure solution
to less than 50% of the initial dose. The embryo uptake of
Cy increased throughout the 12 h exposure. The study sug-
gested that it is necessary to measure the time course of the
Cgo dose to determine the range of concentrations to which
the organism will be exposed. Furthermore, in a prior exper-
iment done by Zhu et al., the Danio rerio embryo was
exposed to nCg, to analyze the developmental toxicity in a
96h exposure [54]. The results demonstrated that 1.5 mg/l
of nCg, delayed the development of the zebrafish embryo



Oxidative Medicine and Cellular Longevity

“UONRIJUDUOD
Y96 PU® ‘8% ‘9¢ FT T1 9 ‘T 10§ wdd o1

“uornjos ur 95e2I0UT Y} YIM Ky1[errow
. paayy ayy 10y qdd 219 sem PaseaIdur pamoys SUOLN|os PUB ‘6 8 £ ‘9 S} ‘¢ ‘T ‘1 ‘6’0 *°D payeotuog B — 09
31 seatoym ‘widd /£T°¢ sem anfea QI2)[Y SeATIYM “DUIIYSs Y JO safels 088 pue ’ :
(€7 “27] s ‘wdd [A  PAI9[Y SeIOYM DuKDS 'Y JO $33 qdd ogg p ! MV 0
0SDT ympe a2y} OOU ﬁmu—mumﬁom H—QOHO“@;V UT SINI[e}IOUW PILIBA SMOYS ROOB A:m AO*N*N nomm AO@N nowﬂ ﬁOwu ooU paag
sopnredoueu pajestuos 0y armsodxg
(100p3INno0) Y96 PUe 7L ‘8% FT
zﬁwﬁwwwm ﬁ . :cm“ﬂcﬁmw 0 JySiuns femeu 4q (wddZ'T1 pue 79'S *I8°Z 071 vd020.40D1 VULO
[2¥ ‘1%] sel Nﬂﬂwgmﬁw@ o pajeae1dle sem 1 pue puSpwi ' 0) ‘0,0 0) W ¢F°0 pue (wdd op L pue 0L¢ pue DS S:Q M\%Q 09
wdd 1< 06T Y og—wr gprg  CCUITP PANEPIXO 03 SPER[ QUK “SE'T “ST6°0 “T9¥'0 0) Wi 70 pasay ) .
wdd g6's—05DT 4 96—wr 70 wBiuns p/y g
‘wdd g pue ¢ e uononpoxd : o1 ‘e et
. Surrdsyo paonpai pue unjow 496 wdds NN.@ENEMM SLsLe0 spodadoo ‘vaajzv vlaAH 09,
(17 “07] VN ur Ae[op Juedoyruds e ur pajnsax M%m@ wwE ad L vuSvw viuydoq o
amsodxa viuydv Lep-1g %D P S 0€
. '$300] ur aouasaid areSardde 00 skep gz 09
(o7 “6¢] VN pue £j1anoe Surpady jo jusurreduy wdd og pue o1 SHyOSaLIA SnLqUInT o
‘uostredurod ur oMo are spapa %40 she
6€ ‘8¢ ue -9 ynq snpvSariva T jo SNIDTa14VA SNINILIQUAN - ue 04 ¢
VN pue WgOd-"0 q snpdariva 1 wdd g1 nowwmm o1 ‘0 Sorva smpnorquin - INGDA-"D pue D D
ymoisd uonendod oy Joope ued %9y
*s3000 onsidIouds uey) Ioyjer
SATJIPPE YIIM aFewep paoueyud skep ¢ T S—_—
[15 ‘9¢] VN paonpoid arsodxs paurqurod qdd po1-2¢ “ds snjd SUOTE 2Uo Ewﬁom ue 0
oy, "oSewrep onouad pue sosuodsax wdd 1-071°0 I 4 BP
JIX0} 90A2 dudyjuerony pue %5
qoLw .
¢ yeL wog 09,
L€ ‘9¢ VN o uonjeffroydsoydap paonpur-puej3 P o)
ﬁ ! ! uEﬁuW% osﬁ cw EW#U:E:@B@ _Nw% wdd 1 pue 70 ‘100 ooy sy
"uoRoNpoid 3prXo Jpu SINOY § 0} sapnuruu Wy
[s¢] VN pue ‘[edrpeIfX0 J[N[[90eIIXd ‘OSBI[AT 70359 o D& 1 09
SwAz0sA] Juspuadap-uonenuaduo)) wdd o1 pue s 1 sputao.dojos smud
‘surayred YImoId aarjear skep ¥ pue skep 01
$¢ N a1} Jo mara ur diysuonjefar asuodsar JyStom Ax sn1dvdis SNUoUo41 09
v 0 J Bl ! q P 4o o
-as0p padeys-{[oq e ur paynsax ) 8Y/8uw 08-$000°0 IUSWIP3S [RIOYIIIY
‘raoaor w%m@ 0r
Jo 93ewrep pue Jng ur vonerowo3dy | . . 09 09
[e€] VN M8 [eAre] .mc:.EES ds va1141) %80 pue G 221n0s pooy V9 Sn1vdLl snuono1yY) o)
pue saSueyd Euﬁmo,ﬁo.:.ms.z [W 0F PUE JUIWIP2S [POYNIE 1M 5 01
0U2IJOY 0s07T 1099 OIXO], swmn pue adeso(q wsTuedIo [OpoN QuaIdN

‘SajeIqalIoAUl UCNSTN ut %HMUMNOH [eLIojetuOURU Paseq-oUaId[[n T 414V I,



‘d[qe[reAe Jou ‘YN

"syuawIpas ur paxtw %7 0) pasodxo
SULIOM QULIENISS UT SSII)S JATJEPIXO

< 09,
[1S “05] VN 4q payerpaw sssuodsai 1o} skep $T 3 00T sisuadjpnd s1a4autiad o)
JO 90U9sqE Uk pajedIpul ejep Y,
‘Teued Lrejuouufe
vudvw viuydpq ur dgewrep
Tempeo jueoyrudis pasneos %
. [2A9[-mO] Jo (sAep 1¢) 2amsodxo wiay skep 1z pue o1 09
[0s “67] VN -3uof seazoym ornsodxs uney-1oys  widd 1 wiey Suop pue widd 7z wis) 110ys vusows vutydoq o
ur £3101x03-030yd SusyjueIony
pue AN 03 pasodxo swistueSio ur
sjuouodwod Je[n[[eo pajoajoid %9
“I9YjouE 0} 4 g% uonemda(
(27 ‘9] VN [043] o1ydor) SUO WOIJ SAUAINJ JO y¥e vudvw viuydvq 09y
Jo11red e se ofox e Aeyd Lewr vuSvus *q wdd oG pue 0¢ ‘ST £ ‘C ‘2’0 ‘0 UONRNWNIOY
eruydep
03 97 Jo £3101%03 9INdE PIAIISqO
. o o Surdropun swistueydIW e 09
[9% 7] wdd g0 F¢91 ot 5q TyBruT YorgM oFewrep Yz, wdd oy pue ‘oz ‘01 ‘S ‘T vusvw viuydoq D
9ATJEPIXO paonpur pue uonismboe
A319ua-pajornsar ainsodxs 9p
sy
- *SUOT}RIJUIOUO0D wdd 6 pue 'L 'S ‘ST STT 60 S0 T°0
wdd 62 %) payesruog IoMo] Je £J10TX0] JO S[oA3] 1oySTY pue 09,
(7 F7] - Pl : ) PajeIIuog vuSvw viuydovq 095
qdd go% %5 pazayg UOTIBI)UIOUOD UT ISBIIOUT U [JIM ad T
Aeriow ut asearour we pasnes 9 qdd 088 pue ‘00 ‘0TS ‘0%¥ ‘0S¢ ‘09 ‘08T ‘0%
993 pazayig
1D 8wt
. 03 21msodxa 1a3ye uoneprxorad y¥e 09
vy “ev] VN pidi[ pue £yoedeo jueprxonue 1omo[ wdd 9o'T 10 0T1°0 ‘10°0 DY $1a45u000] O
pajuasaid uordar Jorrd3ue vnIY T
ERIEIEIEN 0SD1 309J2 JIXO], swrn) pue aesoq wstued1o [Opojn QudId[M]

Oxidative Medicine and Cellular Longevity

‘panunuoy) :] a14V],



and larvae, reduced the hatching and survival rates, and
caused pericardial edema, whereas 50 mg/1 of fullerol hydrox-
ylated Cg, derivative did not affect the zebrafish embryos.
The study also showed that the addition of an antioxidant
(glutathione) mitigated the toxicity, suggesting the develop-
mental toxicities are regulated by a free radical-induced
mechanism or another form of oxidative stress. Furthermore,
in the following study reported by Henry et al., C in two dif-
ferent forms (Cg,-water) and tetrahydrofuran (THF-Cgj)
were exposed to larval zebrafish to assess the changes in sur-
vival and gene expression [55]. The results demonstrated that
the zebrafish larval survivability was compromised in THF-
Cqo and THF-water. However, this phenomenon was not
observed in the Cg,-water treatment group. In addition, in
terms of gene expression, the biggest difference was displayed
in the THF-Cg, group. The research indicated that toxic
effects found in this study might be associated with the prod-
ucts of THF degradation rather than Cg,. Additionally, this
also may explain the Cg, toxicity found in other findings.

In another in vivo study conducted by Sarasamma et al.
[56], waterborne Cg, was exposed to adult zebrafish for 12
days at 1 and 2 ppm concentrations, respectively, and fish’s
behavioral alterations were measured by phenomics
approach. The results showed the alteration in fish’s locomo-
tor activity, response to a novel environment, aggression
level, shoal formation, and color preference. Moreover, the
fish also displayed dysregulation in the circadian rhythm
locomotor activity. The corroboratory biochemical test
results showed the induction of oxidative stress and DNA
damage, followed by a significant reduction in antioxidative
capacity and ATP level. The research group concluded low
concentration of C-induced multiple behavioral abnormal-
ities in adult zebrafish. Similarly, in another prior study also
conducted by Sarasamma et al. [57], the potential adverse
effects of fullerene C,, exposure were assessed on adult zebra-
fish. Two different doses, 0.5 ppm and 1.5 ppm, were exposed
to adult zebrafish for two weeks. Similar to Cg, results, the
results showed abnormalities in locomotion, explorative
behavior, aggressiveness level, conspecific social interaction
behavior, shoal formation, anxiety elevation, and circadian
rhythm locomotor activity. Also, biochemical marker tests
revealed a significant increase in superoxide dismutase
(SOD), reactive oxygen species (ROS), cortisol, Hif 1-a,
ssDNA, TNF-q, and IL-1K in brain and muscle tissue, con-
cluding several and similar toxic effects in altering the neuro-
behavior parameters of zebrafish after exposed to fullerene-
based nanomaterials [57]. Taken together, the studies per-
formed on Danio rerio in the embryos and adult stages indi-
cate the importance of concentration range and exposure
time in assessing the toxicity effect of fullerene over verte-
brate model since different toxicological effects are observed
in different studies under different concentrations and tests
performed. To establish a concrete result of the toxicological
effect of fullerene, it is necessary to accumulate more data on
different parameters.

Next, in a previous study done by Oberdorster, when
0.5 ppm of uncoated nCg, was exposed to largemouth bass,
Micropterus salmoides, for 48 hours, it resulted in significant
lipid peroxidation in the brain [58]. In addition, GSH was
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observed to be marginally decreased in the fish’s gills with
an increase in water clarity. Further, in another experiment
on Anabas testudineus, a freshwater fish, Cq, was demon-
strated to induce toxicity, specifically on reproductive param-
eters, after being exposed for 60 days at 5mg/l and 10 mg/l.
The results showed a reduction in gonadal steroidogenesis
with a decrease in steroidogenic enzymes, 3f3- and 17§-
hydroxysteroid dehydrogenase. Furthermore, a significant
decrement was also observed in the serum testosterone and
estradiol in male and female fish, respectively, in concentra-
tion- and time-dependent manners. Thus, the study sug-
gested stress induced by administration of Cg, leads to
reproductive toxicity in Anabas testudineus [59]. In a similar
study protocol on Anabas testudineus, the toxic effect of Cg,
was evaluated on their behavior and hematology levels at 5
and 10 mg/1 for 96 h and 60 days. The decline in acetylcholin-
esterase (AChE) enzyme activity in brain tissue showed
prominent changes in fish behavior. Furthermore, the hema-
tological parameter showed a significant reduction in blood
cells with increased alanine and aspartate aminotransferase
in serum. The results concluded that the sublethal concentra-
tion of Cy, generates toxicity by affecting the normal physiol-
ogy of A. testudineus, which might affect the ecosystem’s
health status [59, 60].

Forward, in another prior study by Sumi and Chitra and
Blickley and McClellan-Green., the role of Cy, was evaluated
on the role of the brain antioxidant system of cichlid fish,
Pseudetroplus maculatus [60, 61]. In their study, 0.1 mg/l of
Ceo was administered to the fish for 96 hours. The results
demonstrated no significant alterations in terms of the brain
weight, whereas the notable reduction in antioxidant
enzymes (like catalase, SOD, and GSH) and a significant
increase in hydrogen peroxide and lipid peroxidation were
found after 48h Cg, treatment. Also, acetylcholinesterase
(AChE), a marker enzyme for the brain, showed a significant
reduction after exposure to Cg, at the end of 48-96 h. Thus,
the work showed that the administration of C,, has adverse
effects on the fish brain. The aqueous suspensions of C,
aggregates were studied on marine teleost Fundulus heterocli-
tus of an embryo, larvae, and adult stages. In natural seawa-
ter, the aggregates of C,, are mixed and precipitated in
bottom water after 24 hours, resulting in very low mortality.
No median lethal doses could be calculated at a concentra-
tion below 10 mg/l. In addition, even though the C, aggre-
gates were attached to chorion, no effect in the
development of the embryos on hatching success was
observed. With higher exposure levels, the movement of
Cso from chorion into the embryo tended to increase
together with a dose-dependent increase in GSH and a
decrease in lipid peroxidation (LPO) [61]. Further, the C,
exposed to Cyprinus carpio (common carp) demonstrated
no effect on viability, whereas hampered growth occurred
after 3h of exposure to several concentrations of C,, which
were 0.1, 1, and 10 mg/l. Also, higher antioxidant competence
to peroxyl radicals was observed in this fullerene than in
other reactive colonies [62, 63].

On the contrary, another study exposed three different
chemical toxins, which were 6-hydroxydopamine, gentami-
cin, and cisplatinum, to a whole animal system in order to
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investigate the fullerenes’ ability to protect the animal from
the toxins. This model is useful to predict the toxicity and
efficacy of this fullerene in mammals. When water-soluble
fullerenes in both positive and negative charges were exposed
to the zebrafish embryos at 1 and 500 uM for 24-120 hpf, the
results indicated that the fullerenes could give protection
against the toxins, which can induce apoptotic cell death in
a vertebrate. Furthermore, this work suggested that the rela-
tive potential for these compounds’ pharmacologic use varies
significantly with respect to stability [63, 64]. Hence, more
studies on different parameters of concentration, time, envi-
ronmental factors, and vertebrate model are necessary to
understand the toxic as well as beneficial properties of fuller-
ene nanomaterials. We have compiled the results of different
toxicity studies in Table 2.

5. Biodistribution and Fate of Fullerene after
Ingestion by Aquatic Organisms

The biodistribution of fullerene on ingestion by aquatic
organisms has been seldom addressed in the literature. More-
over, the concentration of fullerenes in many environmental
matrices is still unknown, while quantification methods are
under development [33, 65, 66]. However, NPs within cells
may cause alterations in the cytoskeletal network [67, 68].
Waissi-Leinonen and colleagues depicted the agglomeration
of fullerene Cg, in the gut area and damaged the microvilli
of C. riparius [33]. Furthermore, in another study by Sforzini
et al. and Barranger et al., Cy, was reported to be distributed
in mussel digestive gland cells [36, 37]. In addition, the inhi-
bition of mTOR might also be involved in pathophysiological
perturbation induced by nanoparticle accumulation. Further,
they stated that autophagic induction by fullerene Cg, might
reflect the degradation of unrecognized materials attempted
by lysosomes. These materials might be identified by cells
as damaged intracellular proteins and membranes or patho-
gens. The statement was made based on observations, where
Cgo accumulation in the lysosomal-vacuolar system of the
epithelial cells is in the major digestive gland. Overall, the
report suggested that dysregulation of mTOR 1 and 2 might
inhibit the growth and reproduction of cells and organisms.
Also, in a study, Pakarinen et al. and Oberdorster et al.
reported that fullerene concentration in feces of L. variegatus
was high in comparison to the bulk sediments [39, 40]. The
study suggested that high fullerene concentration in the form
of pellets might partially stem from worm’s consumption and
absorption of some sediment fraction for nutritional pur-
poses, whereas the fullerenes and other particles are excreted.
Further, Tao et.al and Rouse et al. exposed D. magna to 0,
0.01, 0.02, 0.04, 0.06, and 1.0mg/l for seven days and the
results showed an increment in body burden of Cg, along
with a higher dose and bigger particle size [69, 70]. Thus,
the various papers and results suggest that more research is
needed to understand the risks that fullerene may pose in
sediments and organisms’ bodies in different doses and con-
centrations under specific environmental conditions. There-
fore, the limited information in the fullerene biodistribution
is an important topic for future research.

6. Discussion Based on Current Understanding

The manufacturing of fullerenes to fit in for a specific task
demands changes in their surface chemistries and properties.
With the improvement according to demand, the fullerenes
acquire novel physicochemical properties to be assessed for
potential toxicological behavior compared to the natural
ones. The impact of fullerenes via direct contact with water
containing the amount of fullerene through skin and inhala-
tion and via an indirect consumption of aquatic organisms
exposure might pose a serious threat to human health in
the long run [65, 67, 71, 72]. Until now, the real effects asso-
ciated with the interaction of fullerenes with the aquatic
organisms are still lacking and remain challenging to analyze
in the absence of relevant data.

The methods to evaluate the toxicity of fullerenes are
evolving in recent years. The current understanding of the
toxicity of fullerene must acknowledge that data compilation
limitation serves as a barrier to understanding the interaction
of fullerene inside the organism’s body to interpret the results
firmly. In reviewing the emerging environmental problem, it
is highlighted that all significant effects on environmental
fate, transport, and bioavailability of cocontaminants play a
crucial part in understanding fullerene’s toxicology.

The toxicity of fullerenes is, to date, poorly understood
and contradictory in some cases. However, experimentation
on fullerene toxicity testing has demonstrated that fullerene
is toxic in some forms. Studies have shown that ROS and free
radical production are among the main mechanisms of nano-
toxicity; in turn, they might lead to inflammation, oxidative
stress, and consequent damage to proteins, membranes, and
DNA [69, 73]. In a study, Oberdorster showed that fullerenes
caused damage in fish brains [58]. Also, Fortner et al. and
Howard demonstrated that fullerenes killed water fleas and
showed bactericidal properties [66, 71]. Furthermore, Sayes
et al. and Daughton stated that toxicity is a sensitive function
of surface derivatization [68, 72], while Rouse et al. and Nel
et al. reported that the extent of aggregation, emulsion bases,
and different solvents are important variables in the forma-
tion of aggregates [70, 73].

The studies discussed here with fullerene toxicity
response on invertebrate and vertebrate models depicted
contradictory results. Although fullerene C, has been shown
to cause mortality, ROS production, aggregation, and lipid
peroxidation on a large basis, some studies have reported
conflicting results. Waissi-Leinonen et al. demonstrated the
effect of C,, in relative growth patterns of C. riparius in a
bell-shaped dose-response manner [34]. Rajasree et al. and
Marques et al. showed that exposure of sonicated C, resulted
in varied mortality in different stages of A. salina, whereas the
filtered solution of Cg, upon exposure revealed increasing
mortality with an increase in concentration [42, 43]. Simi-
larly, Blickley and McClellan-Green and Letts et al. also sug-
gested the nontoxic effect of water-stirred suspensions of Cg,
at a concentration up to 10 mg/l in H. heteroclitus at different
life stages [61, 62].

Next, in another study, Tervonen et al. and Wang et al.
mentioned the role of D. magna in carrying fullerene from
one trophic level to another [46, 47]. Similarly, Pakarinen
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et al. and Oberdorster et al. demonstrated the fullerenes
transfer process from sediment to sediment surface by
L. variegatus through feeding and egestion [39, 40]. This
observation indicated that this transfer might potentially
increase the fullerenes’ bioavailability to epibenthic organ-
isms, which might be more sensitive to the exposures and
might further assist the transfer process in the food chain.
Beuerle et al. and Sumi and Chitra stated that positively
charged fullerene exhibited greater toxicity in the vertebrate
model compared to negatively charged fullerene, which
showed a dependency behavior on the structural features
(63, 64].

7. Conclusions of Future Directions

Taken together, the toxicity of fullerenes to aquatic animals
was clearly demonstrated. Since it has great medical implica-
tion potentials, it should be studied further in the future. We
propose that techniques such as behavioral assay by phe-
nomics, tissue distribution analysis by MASS spectrum, or
isotope labeling for in vivo tracking should be used to study
fullerene-induced toxicity in aquatic animals (ie., specific
biomarkers study, biodistribution, and interaction within
an organism’s body) to accumulate relevant data required
to achieve a clear picture about fullerene-induced toxicity.
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