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Aqueous fullerene aggregates (nCgo) generate minimal reactive
oxygen species and are of low toxicity in fish: a revision of

previous reports

Theodore B Henry'?3, Elijah J Petersen* and Robert N Compton®®

This review aims to clarify inconsistencies in previous reports
regarding the potential for aqueous aggregates of fullerenes
(nCgo) to generate reactive oxygen species (ROS) and cause
toxicity in fish. Methods for evaluation of ROS production and
toxicity of aqueous nCgg have evolved over time and limitations in
initial studies have led to unintentional erroneous reports of nCgg
ROS generation and toxicity. Some of these reports continue to
lead to misconceptions of the environmental effects of Cgp.
Critical review of the evidence (2007-2011) indicates that
aqueous nCgq have minimal potential to produce ROS and that
oxidative stress in fish is not induced by environmentally relevant
exposure to nCgq. Future studies should acknowledge that
current evidence indicates low toxicity of nCgg and refrain from
citing articles that attribute toxicity in fish to nCgg based on
methods shown to be compromised by experimental artifacts.
Despite low toxicity of nCgq in fish, an emerging environmental
issue is that nCg can affect environmental fate, transport, and
bioavailability of co-contaminants in aquatic environments in a
similar manner to that observed for other anthropogenic
particulates (e.g., microplastics).
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Introduction
Advancements in nanoscience have enabled arrangements
of atoms into novel configurations and development of new

materials with unique properties that offer considerable
potential benefits to society. Nanoparticles (NPs; particles
with at least one dimension between 1 and 100 nm) and
nanomaterials (NMs; materials that contain NPs) [1] are
increasingly being incorporated into products, and lifecycle
models of NMs predict that many NPs will ultimately be
released into the environment [2]. To address concerns of
negative environmental effects of NPs, emerging disci-
plines of nanotoxicology [3] and nanoecotoxicology [4] are
evolving rapidly; however, lack of established methods for
evaluating toxicity of NPs is a major concern [5]. Some
initial experiments have led to erroneous reports that
continue to contribute to a misunderstanding of NP
toxicity and could impede potential benefits of nanotech-
nology by creating negative public perceptions [6].

One NP that has perhaps generated the most controversy
regarding its toxicity is the Cg fullerene. Cg is a spherical
cage-like molecule (~1 nm in diameter) composed of 60
carbon atoms arranged as a highly stable truncated ico-
sahedron [7]. The ability of Cgo to both generate and
quench reactive oxygen species (ROS) has emerged as a
particularly important property for interaction with bio-
logical systems [8], and numerous studies have investi-
gated beneficial and toxicological effects of Cgy [9].
Among those studies, investigations of Cgg toxicity in
fish have generated considerable interest because (i)
effects in fish are frequently consistent with the effects
in other vertebrates including humans, (i1) fish are import-
ant components of ecosystems, and (iii) fish are a primary
exposure route of humans to persistent environmental
contaminants that bioaccumulate [10]. Reports of ROS
generation by aqueous preparations of Cgg and toxicity in
fish have been inconsistent and the objective of this
review is to clarify misconceptions and discuss properties
of aqueous of Cg that are of toxicological importance in
fish.

Potential for Cgo to generate reactive oxygen

species (ROS) in water

Generation of ROS by Cg is influenced by the medium,
functionalization of Cgg, state of Cgo aggregation, and
presence and type of illumination. Delocalized m double
bonds of the fullerene cage can absorb energy from light
and produce a triplet excited state sufficiently long lived
for high efficiency transfer of energy to molecular oxygen
and formation of reactive singlet oxygen [11]. In water,
the lifetime of singlet oxygen is only nano or micro-
seconds, but this is sufficient to induce formation of other
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ROS species [12] that are also highly reactive with bio-
logical molecules. However, Cg is extremely insoluble in
water [13] and detection of ROS has been inconsistent for
aqueous preparations of Cg {termed 7#Cgp; diameter tens
to hundreds of nm (and some exceed nanodimensions
>100 nm) [14]}. If functional groups are added to Cgg
[e.g., Cgo(OH),], the aqueous fullerene can produce ROS
[15], but this review is focused on un-derivatized Cyg.

ROS generation by aqueous #Cgo has been related to
preparation method, presence of associated substances
in water, and exposure to light. Preparation methods for
aqueous 7#Cgo have been reviewed extensively [8] and can
be divided into three categories as follows: solvent extrac-
tion (7Cepsolvent) [16]); use of micellar solutions (#7Cgomi-
celley [17]); and water stirred (#Ceoseirred)) [18]. ROS have
been detected in aqueous #Cgo(solvenr) Preparations [nota-
bly tetrahydrofuran (THF); e.g. [19,20,21]; however, these
reports have been confounded by evidence that solvent can
reside between individual Cgo molecules within #Cgsol-
vent) [22], and that degradation products of solvents (e.g.,
THF) can remain in the water [23,24,25]. Zhang ez al. [26°]
demonstrated that #CgosolvenyTHE) Preparations contained
oxidizing agents (THF degradation products) that
explained ROS activity and that vigorous washing of
#Ce0solvent/ THF) PIEParation was necessary to eliminate
ROS activity. Results of experiments that did not appro-
priately control for solvent effects should no longer be used
as evidence that aqueous #Cgg can produce ROS.

Potential for ROS generation in aqueous #Cgy prep-
arations that are not compromised by solvents depends
on aggregate structure and interactions among Cg mol-
ecules. Aqueous #Cg preparations absorb light at wave-
lengths (near 450 nm [15,27]) expected to excite Cg to
the triplet state; however, lack of photoreactivity and
minimal generation of ROS have now been consistently
reported for aqueous #Ceosolvenry and #2Ceocstirred) PIEp-
arations [15,28,29,30,26°,31]. An exception is the studies
by Hou and Jafvert [32,33°] that report detectable ROS
production after longer periods of solar irradiation, but
investigators note that ROS is ‘drastically’ less than
expected for Cgo. Selfquenching (interactions among
Ceo within #Cg) 1s suggested to resolve higher Cg energy
states induced by light absorption [29,32], a process
influenced by aggregate size (based on theoretical models
[34]), and also expected with bulk Cgo [27]. Overall,
present evidence indicates that ROS production by aqu-
cous 7Cgq 1s minimal.

Appreciable amounts of ROS can be generated by micel-
lar solutions of aqueous #Cgomiceniey depending on
arrangement of Cgy molecules and associated substances.
Numerous studies have reported ROS generation in
#Ceo(micelley  Preparations [15,28,29,35,36,27,17], and
ROS production can occur when a surfactant (e.g., Triton
X100, 'TX) is applied at above the critical micelle con-

centration (cmc) [27]. Above the cmc, Cgy may behave as
if dissolved in an organic solvent; however, when #Cg
aggregates are present within micelles, selfquenching is
likely (as described above) and ROS are minimal
[15,27,34]. Environmental relevance of #Cgomicelie) 15
debatable, but behavior of Cgy within micelles may be
similar to what could happen if Cg 1s able to reside within
a lipid bi-layer of a cell membrane [15].

Clarification of Cgg toxicity in fish

Oxidative stress has been reported in fish exposed to
aqueous #Cgosolvenry Preparations, but recent studies
indicate that some results must be revised. Oxidative
stress reported in #CgoesolvenyTHE) €Xposures that did
not control for solvent effects [e.g. [19,37,38]] is no longer
an appropriate evidence of #Cg toxicity because effects
have been convincingly linked to THF decomposition
products (Figure 1) rather than #Cgq [23,24,25,26°]. Inves-
tigations with 7Cgg[solvent/dimethyl sulfoxide(DMsO)] i Zebra-
fish and Japanese medaka Oryzias Jatipes reported
significant embryo mortality and deformity [39,31],
induction of antioxidant defense genes [40], and induc-
tion of GSH [31]; and similar effects have been reported
tfor #Csp(solvent/roluene) 1N Japanese medaka embryos [31].
However, although solvents are known to reside within

Figure 1
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Fold changes in expression of larval zebrafish Danio rerio genes (182)
that differed significantly (P < 0.05) relative to the control (normal
zebrafish husbandry water) after 72-h exposure to aqueous nCeysoivent/
ThR OF to the tetrahydrofuran (THF) vehicle control. Gene expression was
evaluated by the Affymetrix GeneChip® Zebrafish Genome Array
designed to interrogate expression of approximately 14,900 D. rerio
gene transcripts. Expression profiles were essentially identical for
nCeosovent/tHF) @nd THF vehicle treatments, which had only four genes
(indicated by circle around x) that differed significantly in expression
from each other (all up-regulated). In the same experiment, no toxicity
was observed in D. rerio larvae exposed to water-stirred nCgq
[NCeostirey]- Only ten genes of fish exposed to NCeqstirreq) Were
differentially expressed (from 2.10 to —6.3 fold) relative to control, eight
of these genes were down-regulated, and none were associated with
any known toxicological response (no evidence of oxidative stress;
further details in Henry et al. [23]).
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Total glutathione (GSH) and thiobarbituric acid reactive substances
(TBARS) in the gills, liver, and brain of juvenile rainbow trout
Oncorhynchus mykiss fed 500 mg Ceo/kg food (shaded bars) compared
to control fed fish (light bars) after six weeks exposure. No significant
differences in GSH or TBARS were detected and there were also no
significant effects on any other toxicological endpoint measured
(including: survival, growth, haematology, tissue ion concentration,
histopathology, osmoregulation, or biochemistry). No dietary toxicity of
Cgo Was observed; details in Fraser et al. [45°].

nCgg [22], the effects of residual solvents on these fish
embryo toxicity test results are not well understood.
Perhaps solvent generated aqueous #Cg will become
industrially important such that #Cgysolvenry €Xposure in
fish becomes environmentally relevant, but it is inap-
propriate to attribute toxicity to Cg until effects of the
solvent are more adequately understood. Preparation of
1nCeo without solvents (i.e., #7Cgostirred)) 18 recognized as
most environmentally relevant and numerous studies
have now investigated toxicity of these preparations
[e.g., [41,23,42,31]].

Oxidative stress has been reported in fish exposed to
aqueous #Cegostirred), but critical review indicates that
these results are more likely a consequence of the assay
technique rather than #Cgq. Indications of oxidative stress
(enzyme induction, lipid peroxidation) in fish attributed
to 7Cs0(stirred) Was reported in one study [37], but the same
investigators reported no effect on these endpoints in a
separate study [41]. Chronic (32 d) exposure to #7Ceo(stirred)
had a subtle reduction in growth of goldfish Crassius
auratus and some changes in antioxidant enzyme activity,
but effects were not related to Cg concentration (0.04,
0.2, 1.0 mg/L.) [43]. Some results of oxidative stress
reported in the literature are likely to be false positives.
Shinohara ¢s a/. [44°] demonstrated lipid peroxidation
assays are vulnerable to false positives when #Cg is
present, and when conditions (light intensity) were prop-
erly controlled, no effects were observed. Similar false
positives could explain inconsistencies in oxidative stress
indicators reported in Zhu ez a/. [43] and Blickley and
McClellan-Green [42]. It is noteworthy that 72-h

exposure to 6 mg/L #Cgoseirreay did not cause significant
changes in global gene expression in larval zebrafish
Danio rerio assessed by the Affymetrix GeneChip® Zeb-
rafish Genome array (/15,000 gene transcripts [23]). The
only dietary exposure (500 mg Cgo/kg food) in fish (juven-
ile rainbow trout Oncorhynchus my#kiss) did not report any
oxidative stress or other toxicological effects of Cgg during
or after 6-week exposure (Figure 2) [45°]. Taken together
these studies indicate #7Cgosirrea) 15 0f minimal toxicity in
fish for the endpoints that have been assessed.

Ability of nCgg to affect the environmental fate
and bioavailability of co-contaminants
Emerging concerns about release of Cg into the environ-
ment include interactions between aqueous 7#Cgo and
other substances (e.g., toxicants, termed here ‘co-con-
taminants’) and consequent effects on co-contaminant
fate, transport, and bioavailability. Changes in environ-
mental behavior of co-contaminants by #Cgy could be
similar to that recognized as an important component of
the presence of other anthropogenic particulates, such as
microplastics, in aquatic environments [46]. Co-contami-
nants can accumulate in aqueous 7#Cgy and accumulation
appears to be related to physicochemistry of both #Cgq
and the co-contaminant [47,48]. Some co-contaminants
appear to associate strongly within #Cg, and there is some
evidence that co-contaminants [e.g., 17a-ethinylestradiol
(EE2)] adsorb to aggregate surfaces before absorption
within #Cgo and then become considerably more difficult
to disassociate [48,49°].

Effects of #Cgp-co-contaminant associations on co-con-
taminant bioavailability are largely unknown. Only one
study has effectively tested environmentally relevant
bioavailability of a co-contaminant (EE2) associated with
#Ceo(stirredy and demonstrated by assessment of vitello-
genin gene (vfg) expression that #Cgy reduced bioavail-
ability of EE2 in fish [49°]. The association between EE2
and #Cg led to a greater propensity for aggregates to
sediment out of the water column over time, and supports
the hypothesis that accumulation of settled aggregates by
filter feeding and sediment dwelling organisms as a first
step into the aquatic food chain [50]. Filter feeding
invertebrates can accumulate #Cgy with associated EE2
[51]; however, the EE2 did not become bioavailable (vzg
not induced) when invertebrates were fed to fish
suggesting that aggregate integrity and #Cgy-EE2 associ-
ation were sufficiently robust to withstand fish digestive
processes [51]. Co-contaminants held within #Cgo may be
less vulnerable to degradation processes and lead to
enhanced persistence and transport of co-contaminants
in the environment although perhaps with decreased co-
contaminant bioavailability.

Conclusions
Techniques for evaluation of ROS production and
toxicity of aqueous preparations of #Cgy have evolved
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over time, and current understanding of fullerene toxicity
must recognize that limitations in some initial techniques
have led to unintentional erroneous reports of #Cgy ROS
generation and toxicity. Minimal ROS production by
aqueous 7#Cgo based on current evidence and revisions
of early reports of oxidative stress induced by #Cg in fish
leads to the conclusion that #Cg is of minimal toxicity in
fish when appropriate experimental controls have been
employed to eliminate artefacts (i.e., solvent effects and
controlling light). An emerging environmental issue is
that #Cgy may have important effects on environmental
fate, transport, and bioavailability of co-contaminants in
aquatic environments similar to that observed for micro-
plastics.

Acknowledgments

Certain commercial equipment, instruments, and materials are identified in
order to specify experimental procedures as completely as possible. In no
case does such identification imply a recommendation or endorsement by
the NIST nor does it imply that any of the materials, instruments or
equipment identified are necessarily the best available for the purpose.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest

1. Roco MC: Broader societal issues of nanotechnology.
J Nanopatrticle Res 2003, 5:181-189.

2. Gottschalk F, Sonderer T, Scholz RW, Nowack B: Modeled
environmental concentrations of engineered nanoparticles
(TiO5, ZnO, Ag, CNT, fullerenes) for different regions.
Environ Sci Technol 2009, 43:9216-9222.

3. Oberdorster G, Oberdérster E, Oberddrster J: Nanotoxicology:
an emerging discipline evolving from studies of ultrafine
particles. Environ Health Perspect 2005, 113:823-839.

4. Kahru A, Dubourguier HC: From ecotoxicology to
nanoecotoxicology. Toxicology 2010, 269:105-119.

5. Grieger KD, Hansen SF, Baun A: The unknowns of
nanomaterials: describing and characterizing uncertainty
within environmental, health and safety risks. Nanotoxicology
2009, 3:222-233.

6. Marchant GE, Sylvester DJ, Abbott KW: What does the history of
technology regulation teach us about nano oversight?
J Law Med Ethics 2009, 37:724-731.

7. Kroto HW, Heath JR, Obrien SC, Curl RF, Smalley RE:
C-60 — Buckminsterfullerene. Nature 1985, 318:162-163.

8. Markovic Z, Trajkovic V: Biomedical potential of the reactive
oxygen species generation and quenching by fullerenes
(C-60). Biomaterials 2008, 29:3561-3573.

9. Nielsen GD, Roursgaard M, Jensen KA, Poulsen SS, Larsen ST: In
vivo biology and toxicology of fullerenes and their derivatives.
Basic Clin Pharmacol Toxicol 2008, 103:197-208.

10. Dorea JG: Persistent, bioaccumulative and toxic substances in
fish: human health considerations. Sci Total Environ 2008,
400:93-114.

11. Arbogast JW, Darmanyan AP, Foote CS, Rubin Y, Diederich FN,
Alvarez MM, Anz SJ, Whetten RL: Photophysical properties of
Cego. J Phys Chem 1991, 95:11-12.

12. Ogilby PR, Foote CS: Chemistry of singlet oxygen. 42. Effect of
solvent, solvent, isotopic substitution, and temperature on the
lifetime of singlet molecular oxygen. J Am Chem Soc 1983,
105:3423-3430.

13. Jafvert CT, Kulkarni PP: Buckminsterfullerne’s (C60) octanol-
water partition coefficient (K-ow) and aqueous solubility.
Environ Sci Technol 2008, 42:5945-5950.

14. Chae SR, Badireddy AR, Budarz JF, Lin S, Xiao Y, Therezien M,
Wiesner MR: Heterogeneities in fullerene nanoparticle
aggregates affecting reactivity, bioactivity, and transport.
ACS Nano 2010, 4:5011-5018.

15. Lee J, Fortner JD, Hughes JB, Kim JH: Photochemical
production of reactive oxygen species by C-60 in the aqueous
phase during UV irradiation. Environ Sci Technol 2007,
41:2529-2535.

16. Deguchi S, Alargova RG, Tsujii K: Stable dispersions of
fullerenes, C-60 and C-70, in water. Preparation and
characterization. Langmuir 2001, 17:6013-6017.

17. Zhang B, Cho M, Hughes JB, Kim JH: Translocation of C-60 from
aqueous stable colloidal aggregates into surfactant micelles.
Environ Sci Technol 2009, 43:9124-9129.

18. Brant JA, Labille J, Bottero JY, Wiesner MR: Characterizing the
impact of preparation method on fullerene cluster structure
and chemistry. Langmuir 2006, 22:3878-3885.

19. Oberddrster E: Manufactured nanomaterials (fullerenes C60)
induce oxidative stress in brain of juvenile largemouth bass.
Environ Health Perspect 2004, 112:1058-1062.

20. Sayes Cm, Gobin AM, Ausman KD, Mendez J, West JL, Colvin VL:
Nano-C-60 cytotoxicity is due to lipid peroxidation.
Biomaterials 2005, 26:7587-7595.

21. Sayes CM, Fortner JD, Wenh G, Lyon D, Boyd AM, Ausman KD,
Tao Y, Sitharaman B, Wilson LJ, Hughes JB et al.: The differential
cytotoxicity of water-soluble fullerenes. Nano Lett 2004,
4:1882-1887.

22. Brant JH, Lecoanet H, Hotze M, Wienser M: Comparison of
electrokinetic properties of colloidal fullerenes (n-C-60)
formed using two procedures. Environ Sci Technol 2005,
39:6343-6351.

23. Henry TB, Menn FM, Fleming JT, Wilgus J, Compton RN,
Sayler GS: Attributing toxicity of aqueous C60 nano-
aggregates to tetrahydrofuran decomposition products in
larval zebrafish by assessment of gene expression.
Environ Health Perspect 2007, 115:1059-1065.

24. Kovochich M, Epinasse B, Auffan M, Hotze EM, Wessel L, Xia T,
Nel AE, Wiesner MR: Comparative toxicity of C-60 aggregates
toward mammalian cells: role of tetrahydrofuran (THF)
decomposition. Environ Sci Technol 2009, 43:6378-6384.

25. Spohn P, Hirsch C, Hasler F, Bruinink A, Krug HF, Wick P: C-60
fullerene: a powerful antioxidant or a damaging agent? The
importance of an in-depth material characterization prior to
toxicity assays. Environ Pollut 2009, 157:1134-1139.

26. Zhang B, Cho M, Fortner JD, Lee J, Huang CH, Hughes JB,

. Kim JH: Delineating oxidative processes of aqueous C-60
preparations: role of THF peroxide. Environ Sci Technol 2009,
43:108-113.

Investigation of tetrahydrofuran (THF) decomposition products confirmed

presence of y-butyrolactone and recognized an organic peroxide [(tetra-

hydrofuran-2-ylperoxy)furan] generated during preparation of nCgg by the
solvent THF. Experimentation revealed that THF decomposition products
could be removed by vigorous washing, at which point oxidative reactivity
of the preparation was lost. Results confirm that aqueous nCg does not
cause oxidative stress when artifacts of solvent preparation are removed.

27. Clements AF, Haley JE, Urbas AM, Kost A, Rauh RD, Bertone JF,
Wang F, Wiers BM, Gao D, Stefanik TS et al.: Photophysical
properties of C-60 colloids suspended in water with Triton X-
100 surfactant: excited-state properties with femtosecond
resolution. J Phys Chem A 2009, 113:6437-6445.

28. Lee J, Kim JH: Effect of encapsulating agents on dispersion
status and photochemical reactivity of C-60 in the aqueous
phase. Environ Sci Technol 2008, 42:1552-1557.

29. Lee J, Yamakoshi Y, Hughes JB, Kim J-H: Mechanism of C-60
photoreactivity in water: fate of triplet state and radical anion
and production of reactive oxygen species. Environ Sci Technol
2008, 42:3459-3464.

Current Opinion in Biotechnology 2011, 22:533-537

www.sciencedirect.com



Aqueous fullerene aggregates (nCg) generate minimal reactive oxygen species and are of low toxicity in fish Henry, Petersen and Compton 537

30. Brunet L, Lyon DY, Hotze EM, Alvarez PJ, Wienser MR:
Comparative photoactivity and antibacterial properties of
C-60 fullerenes and titanium dioxide nanoparticles.
Environ Sci Technol 2009, 43:4355-4360.

31. Kim KT, Jang MH, Kim JY, Kim SD: Effect of preparation
methods on toxicity of fullerene water suspensions to
Japanese medaka embryos. Sci Total Environ 2010,
408:5606-5612.

32. Hou WG, Jafvert CT: Photochemical transformation of aqueous
C-60 clusters in sunlight. Environ Sci Technol 2009, 43:362-367.

33. Hou WC, Jafvert CT: Photochemistry of aqueous C-60 clusters:
e evidence of 0-1(2) formation and its role in mediating C-60
phototransformation. Environ Sci Technol 2009, 43:5257-5262.
The potential for aqueous nCgg to generate ROS under conditions of
illumination relevant to the solar spectrum were investigated over sig-
nificant exposure durations (15 h). ROS generation determined by fur-
furyl alcohol as an indicator demonstrated ROS production by aqueous
nCeo. Increases in nCgq resulted in declines in singlet oxygen accumula-
tion that were attributed to increased light attenuation and increased
quenching by nCgg.

34. Hotze EM, Bottero J-Y, Weisner MR: Theoretical framework for
nanoparticle reactivity as a function of aggregation state.
Langmuir 2010, 26:11170-11175.

35. Lee JM, Cho M, Fortner JD, Hughes JB, Kim J-H: Transformation
of aggregate C-60 in the aqueous phase by UV irradiation.
Environ Sci Technol 2009, 43:4878-4883.

36. Hotze EM, Labille J, Alvarez P, Wiesner MR: Mechanisms of
photochemistry and reactive oxygen production by fullerene
suspensions in water. Environ Sci Technol 2008, 42:4175-4180.

37. Zhu SQ, Oberdérster E, Haasch ML: Toxicity of an engineered
nanoparticle (fullerene, C-60) in two aquatic species. Daphnia
and fathead minnow. Marine Environ Res 2006, 62:S5-S9.

38. ZhuXS, Zhul,LiY, DuanZH, Chen W, Alvarez PJ: Developmental
toxicity in zebrafish (Danio rerio) embryos after exposure to
manufactured nanomaterials: Buckminsterfullerene
aggregates (nC(60)) and fullerol. Environ Toxicol Chem 2007,
26:976-979.

39. Usenko CY, Harper SL, Tanguay RL: In vivo evaluation of carbon
fullerene toxicity using embryonic zebrafish. Carbon 2007,
45:1891-1898.

40. Usenko CY, Harper SL, Tanguay RL: Fullerene C-60 exposure
elicits an oxidative stress response in embryonic zebrafish.
Toxicol Appl Pharmacol 2008, 229:44-55.

41. Oberddrster E, Zhu SQ, Blickley TM, McClellan-Green P,
Haasch ML: Ecotoxicology of carbon-based engineered
nanoparticles: effects of fullerene (C-60) on aquatic
organisms. Carbon 2006, 44:1112-1120.

42. Blickley TM, McClellan-Green P: Toxicity of aqueous fullerene in
adult and larval Fundulus heteroclitus. Environ Toxicol Chem
2008, 27:1964-1971.

43. Zhu XS, Zhu L, Lang YP, Chen YS: Oxidative stress and growth
inhibition in the freshwater fish Carassius auratus induced
by chronic exposure to sublethal fullerene aggregates.
Environ Toxicol Chem 2008, 27:1979-1985.

44. Shinohara N, Matsumoto T, Gamo M, Miyauchi A, Endo S,

e Yonezawa Y, Nakanishi J: Is lipid peroxidation induced by the
aqueous suspension of fullerene C-60 nanoparticles in the
brains of Cyprinus carpio? Environ Sci Technol 2009,
43:948-953.

The potential for Cgo to cause lipid peroxidation (LPO) in brain tissue,
reported in other studies, was investigated to determine if experimental
artifacts could explain the previous observations. Homogenized brain
tissues were exposed to Cgo and LPO was evaluated under different
conditions of laboratory illumination. Results demonstrate that laboratory
illumination could explain LPO in brain homogenates and emphasize the
importance of controlling laboratory conditions during toxicity evaluations
of NPs. In vivo exposure to agueous nCgo and subsequent evaluation of
brain LPO indicated no translocation of Cgg to brains of fish.

45. Fraser TWK, Reinardy HC, Shaw BJ, Henry TB, Handy RD: Dietary

e toxicity of single walled carbon nanotubes and fullerenes (Cg)
in rainbow trout (Oncorhynchus mykiss). Nanotoxicology 2011
doi: 10.3109/17435390.2010.502978.

Dietary exposure to carbon nanotubes and Cgq (500 mg/kg food) in fish

was conducted to determine if differences in shape of these NPs could be

related to toxicity. Results indicate no overt toxicity or evidence of shape

effects from these NPs. Dietary exposure is recognized as a particularly

relevant route for fish, but lack of toxicity after six-week exposure to rather

high levels of these NPs suggests they are of minimal toxicity.

46. Teuten EL, Saquing JM, Knappe DRU, Barlaz MA, Jonsson S,
Rowland SJ, Thompson RC, Takada S: Transport and release of
chemicals from plastics to the environment and to wildlife.
Philos Trans R Soc B 2009, 364:2027-2045.

47. Baun A, Sorensen SN, Rasmussen RF, Hartmann NB, Koch CB:
Toxicity and bioaccumulation of xenobiotic organic
compounds in the presence of aqueous suspensions of
aggregates of nano-C-60. Aquat Toxicol 2008, 86:379-387.

48. Pan B, Lin D, Mashayekhi H, Xing B: Adsorption and
hysteresis of bisphenol A and 17alpha-ethinylestradiol
on carbon nanomaterials. Environ Sci Technol 2008,
42:5480-5485.

49. Park JW, Henry TB, Ard S, Menn FM, Compton RN, Sayler GS:

. Mixtures of 17«-ethinylestradiol (EE2) and aqueous Cgo
aggregates decrease bioavailability of EE2 and change Cgo
aggregate characteristics. Nanotoxicology 2011 doi: 10.3109/
17435390.2010.525329.

Previous studies have demonstrated that aqueous nCg can associate

with co-contaminants; however, this study is the first to evaluate

effects of nCgo On environmentally relevant bioavailability of co-con-
taminants. Bioavailability of EE2 was assessed by measuring induction
of vitellogenin genes in zebrafish, and results indicate that EE2
associates with nCgg and becomes unavailable to fish. Retention of

EE2 (or other co-contaminants) within nCgq could prevent degradation

and thereby enhance persistence and transport of co-contaminants in

the environment.

50. Handy RD, Henry TB, Scown TM, Johnston BD, Tyler CR:
Manufactured nanoparticles: their uptake and effects
on fish — a mechanistic analysis. Ecotoxicology 2008,
17:396-409.

51. Park J-W, Henry TB, Menn F-M, Compton RN, Sayler GS: No
bioavailability of 17 alpha-ethinylestradiol when associated
with nC(60) aggregates during dietary exposure in adult male
zebrafish (Danio rerio). Chemosphere 2010, 81:1227-1232.

www.sciencedirect.com

Current Opinion in Biotechnology 2011, 22:533-537


http://dx.doi.org/10.3109/17435390.2010.502978
http://dx.doi.org/10.3109/17435390.2010.525329
http://dx.doi.org/10.3109/17435390.2010.525329

	Aqueous fullerene aggregates (nC60) generate minimal reactive oxygen species and are of low toxicity in fish: a revision of previous reports
	Introduction
	Potential for C60 to generate reactive oxygen species (ROS) in water
	Clarification of C60 toxicity in fish
	Ability of nC60 to affect the environmental fate and bioavailability of co-contaminants
	Conclusions
	Acknowledgments
	References and recommended reading


