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Abstract: Here we review fullerenes biological effects focusing on their antioxidant and anti-ageing 
action. A scope of various poisonous and healing properties reported in literature for fullerene and its 
derivatives is analyzed. The review begins with the history of fullerenes discovery and their main 
properties. Then we focus on the longevity and antioxidant action, including the confrontation of 
available experimental data and theoretical modeling of buckminsterfullerene C60. Special attention is 
given to our hypothesis concerning the possibility of fullerenes to act as mitochondria protonophore 
and various simulations of the transport of C60 and its hydroxylated and other derivatives through 
lipid bilayer membranes, which can account for scavenging capacity of fullerenes for reactive oxygen 
species and their acting as mild mitochondrial respiration uncouplers. Extension of the theoretical mod-
eling to the mitochondria membranes and implications for the real biological systems is analyzed. Fi-
nally, we focus on the toxicity evaluation and current therapeutic usage of fullerenes. The review 
contains a comprehensive discussion of both papers published by 2016 and our own research results. 

Keywords: Anti-aging, antioxidant protection, fullerenes, longevity, mitochondria, protonation, reactive oxygen species, 
safety, toxicity. 

INTRODUCTION 

 Among numerous aging concepts, a viewpoint based on 
the idea proposed by D. Harman about free-radical oxidation 
participation in senescence is the most theoretically potent 
one [1]. Since 1956, Harman has formulated two important 
theses. The first one states that aging, as a whole, and many 
geriatric diseases, in particular, are just a slow poisoning by 
reactive oxygen species (ROS). The second thesis specifies 
that ROS are mainly generated as a result of “oxidative en-
zymes” functioning. As the development of oxidative stress 
biology was progressing, it became clear that main genera-
tors of ROS for the majority of eukaryotic cells concentrate 
in mitochondria. Therefore Harman augmented free-radical 
theory to transform it into mitochondrial aging theory in 
1972 [2]. The latter has an advantage of not only explaining 
many known results but also exploring new fruitful lines of 
research. One of the latter is related to the search of antioxi-
dants able to slow aging down. Countless studies over the 
last half-century showed that some synthetic and natural an-
tioxidants exhibit a broad spectrum of oxyradical quenching 
activity based on reactions of single electron transfer, hydro-
gen atom transfer, sequential electron proton transfer, proton 
coupled electron transfer, radical adduct formation, and iron 
chelation [3-8]. 

 Such kind of chemical activity correlates to the ability to 
increase average life expectancy of laboratory animals [9].  
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Many antioxidants not only delay aging but also make it 
milder by reducing symptom severity of senile diseases. This 
aspect of anti-aging activity determines attractiveness of 
antioxidants for pharmacology [9]. 

 Comparing maximal anti-aging effect peculiar to differ-
ent classes of antioxidants, one should note a special behav-
ior of spherical carbon nanoparticles – fullerenes [10]. 

FULLERENES DISCOVERY AND SOME PROPER-

TIES 

 Until 1985, molecular form of carbon did not seem con-
ceivable, as pure carbon had already been well studied. That 
is perhaps why it took Harry Kroto from the University of 
Sussex, England, around one year to talk Richard Smalley 
(Rice University, USA) into using his equipment to study 
vaporized carbon in a mass spectrometer [10]. H. Kroto was 
interested in understanding the long linear carbon chain 
molecules found in interstellar space according to radio-
astronomical spectra. R. Smalley had a powerful laser capa-
ble of heating a graphite target to as high as tens of thou-
sands of degrees, which was used for an experiment. Cooling 
carbon vapor condensed into clusters of different sizes, 
which were then ionized by one more laser pulse in another 
vacuum chamber in order to finally analyze them in the mass 
spectrometer. In September 1985, an experiment revealed an 
unusually strong peak corresponding to the cluster consisting 
of sixty carbon atoms, and a less intense but still pronounced 
peak – corresponding to seventy carbon atoms, respectively 
[10].  
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 Scientists had to admit that very stable C60 cluster formed 
and, furthermore, it did not react. The latter meant the myste-
rious cluster had no “dangling bonds” to be terminated with 
other elements. Considering plausible structures for C60 
molecule, researchers came up with a soccer-ball sphere as 
the only feasible option. The novel compound was dubbed 
“buckyball” or “Buckminsterfullerene” after American archi-
tect Buckminster Fuller who designed a shape of geodesic 
domes in the form of C60 molecule before it was found in 
nature. 

 A concise letter to Nature [11] sent just a few days after 
discovery to report on C60, was followed by a series of stud-
ies resulted in the eventual acceptance of fullerenes by scien-
tific society by 1990, and synthesis of many similar com-
pounds. There are spherical fullerenes with a number of car-
bon atoms ranging between 20 and hundreds [12] yet C60 and 
C70 forms are most common. Later, one more akin allotrope 
of carbon - nanotube or buckytube - was found by I. Sumio 
[13]. In 1996 Richard Smalley, Robert Curl, and Harry Kroto 
received the Nobel Prize for chemistry for the fullerene dis-
covery. 

 Fullerene C60 is a hollow convex molecule made up of 12 
pentagons separated by 20 hexagons (“isolated pentagon 
rule”), with 60 carbon atoms being located at vertices; every 
carbon atom valence is satisfied by two single and one dou-
ble bonds. Buckminsterfullerene has 60 single C-C bonds of 
~1.46 Å (between carbons comprising pentagons) and 30 
double bonds of ~1.4 Å (between adjacent hexagons) leading 
to an average bond length 1.44 Å in accordance with nuclear 
magnetic resonance spectroscopy [14]. The diameter of C60 
is ~7.1 Å and its van der Waals diameter is about 10 Å. 

 Discussing properties of fullerenes, we will further 
mostly refer to C60 as the most ubiquitous representative. It 
has carbon atoms with sp2 and sp3 hybridized valence shell 
yet it does not demonstrate super-aromaticity due to the lack 
of π-electron delocalization. C60 has considerable electron 
affinity to reversibly accept up to 6 electrons thanks to both 
triply-degenerate low-lying lowest unoccupied molecular 
orbital (LUMO), capable of acquiring e- from donors, and 
geometric structure, allowing charge distribution over large 
volume thus minimizing electrostatic repulsion at the donor 
site [15]. On the other hand, oxidation is irreversible [16]. 

 Compressed fullerenes compete with steel and diamond 
in hardness exceeding bulk modulus of both [17]. Besides, 
C60 additives strengthen metals and alloys, and fullerene is 
an excellent precursor to diamond.  Fullerenes have non-
linear optical response that can also be enhanced by atoms 
enclosed inside a cage, which can be used for optical limit-
ing. Solid fullerene crystallizes within fcc (face-centered 
cubic) lattice at room temperature with a period of ~ 1.42 nm 
via van der Waals forces; below 255 K a first-order phase 
transition to the simple-cubic structure occurs [18, 19]. Such 
crystals have voids large enough to accommodate impurities, 
which may change conductivity from semiconductor to even 
superconductor in the case of some molecular solids with 
alkali or rare earth metals at the interstitial sites – fullerides 
[20-22]. Only solid state C60 demonstrates superconductivity 
and molecular ferromagnetism which may be used in future 
applications [19]. 

 Promising applications of fullerenes include their usage 
as chemical sensors, molecular electric wires, electronic, and 
optical devices [19]. The latter is based on the ability of C60 
to perform as electron transporter. Fullerenes can be used as 
catalysts [19]. 

 Fullerenes are attractive as ideal electron acceptors in 
organic solar cells that would cost less and have flexibility in 
comparison with conventional silicon-based solar elements 
[19]. Unfortunately, current efficiency of the fullerene-based 
solar cells falls short of their inorganic counterparts [16, 23, 
24]. Fullerenes can be reversibly hydrogenated to form poly-
hydrofullerenes (also called fulleranes) C60Hn, where n = 2, 
4, 6, 18, 32, or 36 [24-34]. Besides, C70H38, C70H40, C70H36, 
and deuterated C60D18, C60D36, C60D38 have been synthesized 
[24, 25, 34, 35]. The nature of corresponding synthesis reac-
tions is chemical, and can be envisioned considering 
fullerene being not completely aromatic, namely localized 
character of the double C=C bonds that add H atom upon 
breaking to form two single bonds C-C and C-H [24]. As C-
H bonds are ~ 15 kcal/mole weaker according to the theo-
retical estimates [36], they break first when heated, and 
fullerene structure recovers. Therefore, among attractive 
fullerenes applications is hydrogen storage for e.g. vehicles, 
which would have superior storage capacity-to-weight ratio. 
Unfortunately, current implementations are far from being 
suitable because of the problems with loading/releasing hy-
drogen gas in an efficient and repeatable way [24, 37].  

 Of special interest are endohedral fullerenes – molecules 
containing impurity inside the carbon cage. For instance, 
metallofullerenes M@C60 can serve as nano ball bearings 
(when M=K) and superconductors (M=La) [22]. Being in-
corporated inside a fullerene cage, spin carriers like N or P 
atoms can be applied for spintronics with possible use for 
quantum computing due to high spin relaxation times owing 
to shielding effect of C60 cage. Among reported fullerenes 
impurities are also mono- and di-metal rare-earth elements, 
refractory metals, rare-gases, He, CO, and CN [21, 38-40].  

 A problem of synthesis is of interest when it comes to the 
endohedral fullerenes. One can envision different ways of 
confining atoms inside a fullerene cage: accelerating ions to 
the right kinetic energy so that they could enter the cage but 
not escape after the collision, chemical reactions making 
carbon ring open, and synthesis of the endohedral fullerenes 
from the beginning [19]. Although only the latter way has 
been so far widely implemented by various synthesis tech-
niques resulting in macroscopic fullerenes yield, empty 
fullerenes have been shown to be thermally penetrated by He 
and Ne noble gases that gives a hope for the future advance 
in this area. In such a process a 5-6 bond (between the penta-
gon and hexagon) is believed to break to form a nine-
membered ring allowing noble gas atoms to pass through; 
then thermally-broken bond can be closed back resulting in 
an endohedral cage [19, 38, 41]. More recently, by chemical 
opening/closing of fullerenes (“molecular surgery” method), 
H2 molecule was put inside C60 and C70 cages, respectively, 
with larger entities such as He, 2H2@C70, 2H2@C120, 
N@C120 having been similarly synthesized [42-50]. 

 Trapped elements are tightly bound with a negative 
charge transferred to the cage and are securely isolated from 
both mechanical and chemical interaction: endohedral 
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fullerenes prefer to lose carbon dimers C2 and shrink but not 
lose an impregnated metal; it continues until a burst happens 
at the certain size conditioned by the impurity ionic radius 
[19, 21]. Depending on the manufacturing process, there may 
be formed a variety of endohedral fullerenes C2n having even 
number of carbon atoms 60 ≤ 2n ≤ 84, with divalent metals 
being prone to M@C60 and trivalent ones to M@C60, 
M@C74, M@C82 species [19, 21]. Interestingly, theoretical 
calculations favor sometimes off-center positions of the do-
pants resulting in lower-symmetry and additional electron 
transfer to the cage [19, 21]. 

 Limitless are possible biological applications of endohe-
dral fullerenes ranging from drug carriers to magnetic reso-
nance imaging agents. Unfortunately, larger cages of C2n 
with 2n > 60 are required to absorb drug molecules, while 
fullerenes’ yield during synthesis falls drastically with in-
creasing 2n [24]. Interesting point is that pure fullerenes are 
insoluble in water and only moderately soluble in certain 
organic solvents [19]. It appears to be another problem ac-
cording to in vitro experiments (but not in vivo, surprisingly). 
Thus, there is a controversial point regarding whether bio-
logical utilization of fullerenes demands an attachment of 
polar functional groups to make them soluble or not [19]. 
Water-soluble fullerenes can be used in biology as a medica-
tion for different diseases, antibacterial agents, and en-
hancers in photodynamic cancer therapy. None of the listed 
applications is available to consumers to date. Perhaps the 
only exception overstepped research laboratories is a skin 
cream reportedly reducing free radical damage [51]. 
Fullerenes are found to have contradictory biological proper-
ties varying from toxic to medicinal effects discussed below. 

FULLERENE INFLUENCE ON LONGEVITY 

 In the recent study, F. Moussa and H. Schwarz [52] 
showed that the oral administration of fullerene C60 dis-
solved in olive oil substantively retards senescence of rats. 
Herewith, median and maximum life span increases ap-
proximately twice. Although sample groups of animals in the 
experiments by Moussa and Schwarz were small-scale, rela-
tionship of mean values and parameters of longevity range 
allows one to conclude that obtained results have high statis-
tical significance. Anti-aging effect of C60 and its derivatives 
manifests not only in mammals, but both in vivo and in 
model cell systems, as well as in members of other taxa [53]. 
Thus, it was found that water and oil emulsion of fullerenes 
can reduce skin premature aging, mediated by ROS-induced 
destruction of collagen [54]. 

 As unmodified fullerenes are poorly soluble in water, 
many authors prefer to work with their modified derivatives 
and consider them of more use. Although it may be more 
convenient for in vitro experiments, it does not necessarily 
means pristine fullerenes are less biologically active. In fact, 
chemically modified fullerenes may have dissimilar proper-
ties, and one should treat them separately. Hydroxylated 
fullerenes (fullerenols) and malonic acid substituted 
fullerenes (carboxyfullerenes) are two major groups of C60 
derivatives [55, 56]. 

 In 2010, a large-scale work of J. Gao et al. presented data 
on the influence of polyhydroxylated fullerenes (PHF) on the 
life expectancy [53]. It was studied in representatives of the 

four kingdoms, the typical inhabitants of the aquatic envi-
ronment and soil: green algae Pseudokirchneriella subcapi-
tata, plant Arabidopsis thaliana, fungus Aspergillus niger, 
and invertebrate Ceriodaphnia dubia. The most impressive 
results were for Ceriodaphnia dubia: the life expectancy of 
individuals under the influence of PHF at the concentration 
of 20 mg/L increased by 38%. Applying of the 5 mg/L PHF 
solution stimulated growth of Pseudokirchneriella subcapi-
tata culture. The concentration of 10 mg/L stimulated growth 
of Aspergillus niger. During germination of the Arabidopsis 
seed, treated with PHF at concentrations above 100 mg/L, a 
hypocotyl elongation compared to the control was observed, 
which the authors attributed to the likely effect on sensitivity 
of the receptors of phytohormones or their overproduction. 
Thus, PHF can act as a stimulator/regulator of growth and 
life expectancy, and, judging by the prevalence of impacts in 
different groups of living organisms, the mechanism of this 
action is to affect quite evolutionary ancient cellular struc-
tures. 

 In 2015, W. Cong et al. presented data that polyhydroxy-
lated fullerene slowed down aging of nematode Caenorhab-
ditis elegans, apparently reducing the level of oxidative 
stress, and also providing protection to C. elegans under 
stress conditions by up-regulating stress-related genes in the 
DAF-16 (forkhead transcription factor) dependent manner 
[57]. DAF-16 is known to be a key element in the regulation 
of longevity in insulin/IGF-1 pathway. It was observed that 
the motor activity of the adult PHF-treated nematodes de-
creases more slowly compared to the control. In addition, the 
survival rate in conditions of thermal and oxidative stress 
increased as compared to the control. 

 In 2013 O. I. Yablonskaya et al. found that the hydrated 
C60 fullerene at concentrations of 10-19-10-21 M affects the 
growth and aging of mammalian cells (in culture of trans-
formed Chinese hamster cells) [58]. In these experiments, in 
contrast, the accelerating of cell aging was observed; how-
ever, the authors suggest that this effect may be specific to 
the particular transformed cells used. 

 As for the second group of derivatives (carboxy-
fullerenes), in 2008 Quick and colleagues have shown that 
chronic treatment with carboxyfullerenes reduced age-
associated oxidative stress and mitochondrial radical produc-
tion, and significantly extended lifespan (by 11%). Moreo-
ver, no age-related cognitive decline was observed in ex-
perimental mice compared to the control [59]. A derivative 
of fullerene C60 - C3, a fullerene connected with 3 carboxyl 
groups, was used. C3 is a mitochondrial active superoxide 
dismutase (SOD) mimetic, which manifested neuroprotective 
properties in the earlier studies of the same team [60]. 
Treatment of rats began at the age of 12 months, when the 
animals reached "maturity". As the main mechanisms of 
such effects, authors suggested reducing of superoxide anion 
radicals in the mitochondria, and indirect impact on systems 
controlled by mitochondria, in particular, insulin-dependent 
signaling or the sirtuins. 

 At the core of the observed effects may underlie the fol-
lowing properties of fullerene derivatives: radioprotective 
[61], antioxidant [62-66], anti-inflammatory [67], anticancer 
[68, 69], antibacterial [56], as well as reducing the level of 
apoptosis [70]. 
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 In the described above investigations both C60 and its 
hydrated forms C60-OHn were used. Even though hydrated 
forms of fullerene significantly differ from C60 in water 
solubility, their adaptogenic and biophysics effects including 
those related to interaction with mitochondria are similar in 
general. In our opinion, it allows one to consider both mole-
cules together also from the point of view of the action 
mechanism. 

 It follows also if we take into account that for our hy-
pothesis on mitochondrial targeting and action of fullerene, 
discussed below in detail in the section “Mitochondrial tar-
geting and uncoupling of respiration and phosphorylation”, it 
is important the very possibility of the charge transport be-
tween membranes mediated by fullerene. Functionalization 
of fullerenes with -OH or other groups may alter their solu-
bility (and hence aggregation chances) and the velocity of 
the intra-membrane translocation. However, fullerenes, re-
gardless pure or with any additives that cannot be predicted 
for sure due to complicated cell medium, are shown to ac-
cumulate in mitochondria. Therefore, we may consider them 
together. 

 Experiments by F. Moussa and H. Schwarz also showed 
that rats treated with fullerene C60 demonstrated high resis-
tance to carbon tetrachloride. Toxicity of this substance is 
mediated by ROS generation [71]. According to this fact and 
results of biochemical tests, fullerene C60 was proposed to 
possess high antioxidant activity in vivo. Taking into account 
free-radical theory of aging, highly active antioxidant activ-
ity can be the basis of unique anti-aging (geroprotective) 
properties. 

ANTIOXIDANT ACTIVITY OF FULLERENES 

 Fullerene C60 and its modifications have been shown to 
demonstrate antioxidant properties in a range of chemical 
[64, 72, 73] and biological studies in vitro [65, 74] and in 
vivo [64, 75, 76], and thus were suggested for numerous ap-
plications [52, 77]. 

 It is proposed that fullerenes act as anti-ROS factors by 
crossing the cell membrane and localizing preferentially in 
the mitochondria [78]; serving there and elsewhere as radical 
scavengers [78]; and inducing intrinsic cellular signaling 
response [74].  

 Molecules of C60 consist of 60 carbon atoms connected 
by sp2,5-bonds, which make it pseudo-aromatic thanks to 
(partially) delocalized π-electrons over its carbon core, or 
cage. Thanks to such a structure, C60 can readily react with 
oxygen free radicals. Since the first studies of C60's antioxi-
dant abilities, it is supposed that an extended electron-
conjugation system only determines the high reactivity of 
fullerene molecules towards ROS. Until recently, fullerene 
was considered to be a novel “structural” antioxidant and 
characterized as a “radical sponge” by Krusic et al. [73]. 
Nevertheless, based on the available data, it is obvious that 
C60's antiradical properties are not limited only by the direct 
reaction of the fullerene carbon cage with ROS [64].  

 Several research groups demonstrated that C60 and its 
hydroxylated derivative C60(OH)24 are powerful antioxidants 
with radical scavenging activity for superoxide, hydroxyl, 
and lipid radicals [74]. 

 Plenty of reports demonstrate antioxidant effects of 
fullerenes functionalized with various radicals. 

 Ali et al. synthesized a fullerene C60 derivative with 
superoxide dismutase mimicking properties (a tris-malonyl 
C60 derivate) [59, 63, 64]. Tris-malonyl C60 derivate is able 
to remove superoxide radical at a rate comparable to that 
shown for SOD [64]. Chen et al. found that fullerene de-
rivatives protected RAW 264.7 macrophages from oxida-
tive stress and were protective in ischemia-reperfused lungs 
[79]. A glutathione linked fullerene derivative has been 
reported to protect pheochromocytoma cells from oxidative 
stress. A cysteine derivative of C60 fullerene and alanine 
[80, 81] and methionine [82] derivatives of C60 have also 
been shown to have antioxidant properties without overt 
toxicity [77]. Other amino acids, folacin/fullerene deriva-
tives were synthesized and also demonstrated antioxidant 
effects [83], however these effects might be due to signal-
ing induction of cellular intrinsic antioxidants by the de-
rivatives. 

 In addition to chemical antioxidant activity, fullerenes 
demonstrate capability to induce antioxidant signaling path-
ways, and at least in part, this is due to their pro-oxidant ef-
fects. 

 Cai and co-authors report that C60(OH)24 probably plays a 
significant indirect protective role through antioxidant path-
ways, especially nuclear factor erythroid 2-like 2 / activator 
protein 1 (NFE2L2/AP-1) pathway. The authors demon-
strated that C60(OH)24 fullerene elevated the total and nuclear 
NFE2L2 expression in an in vitro experimental model [74]. 
NFE2L2 controls several cyto-protective factors, starting 
with antioxidant enzymes, phase II and III detoxication pro-
teins, and ending with ATP Binding Cassette (ABC) drug 
resistance pumps [84]. Thus, fullerenes may represent means 
to induce general cellular protection systems. However, it 
should be noted that whenever NFE2L2 is activated by a 
treatment - the treatment may not be considered entirely an-
tioxidant, as NFE2L2 responses to pro-oxidants and electro-
philes, as well as to stress signaling provoking stimuli, i.e. 
NFE2L2-activating treatments may actually be dangerous to 
the cell.  

 Ye and colleagues showed that at least in A549 cells, the 
C60(OH)24 fullerenol induces the NFE2L2/AP-1 pathway via 
p38 mitogen-activated protein (MAPK) kinases [85]. They 
also demonstrated that NFE2L2/AP-1 pathway is essential 
for the fullerenol to exert its effects. 

 It should also be mentioned that other fundamental 
chemical and physical mechanisms may explain the antioxi-
dant effects of fullerenes. For example, Elswaifi and co-
authors mention that cerium oxide nanoparticles (CeONP) 
have activity dictated by their quantum mechanical proper-
ties at the atomic scale, a poorly studied area. As such, it is 
known that CeONP have a high capacity to absorb and trans-
fer electrons. Therefore, Elswaifi and colleagues conclude 
that nanoparticles may even serve as catalysts that absorb 
and transfer atomic entities. This catalytic activity indirectly 
restoring redox balance in a cell may be provided by 
CeONP’s ability to facilitate channeling of electrons and 
may be explained at the quantum level [77]. At least some of 
these considerations may apply to fullerenes. 
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 There are also numerous reports on pro-oxidative effects 
of fullerenes [86-91], a common observation with regards to 
antioxidants in general, including such classical antioxidants 
as vitamins C [80, 92, 93] and E [92, 94], carotenoids [92], 
and tert-butylhydroquinone (tBHQ) [95, 96], as well as other 
substances. 

 Usenko et al. reported on clear signs of oxidative stress 
induction by the pure fullerene C60 and C60(OH)24 in zebraf-
ish [97]. Pristine fullerene C60 demonstrates these pro-
oxidant, as well as pro-inflammatory effects in various or-
ganisms [98]. However, several studies demonstrated that 
pro-oxidant efficacy was only due to some impurities present 
in the used C60 preparation, especially tetrahydrofuran (THF) 
[89, 99, 100]. 

 Park and colleagues identified the post fullerene treat-
ment decrease of intracellular glutathione (GSH) and the 
increase of nitric oxide production concurring with the de-
creased viability of RAW 264.7 cells [91]. Carbon fullerenes 
were also shown to induce the increase of serum cytokine 
levels of interleukins  IL-1 and IL-6, and the expression of 
genes including HSP 8, iNOS, and COX-2 in the same study. 
The same group demonstrated in vivo pro-inflammatory ef-
fects of fullerene C60 in mice [91]. The latter study utilized 
toluene solvent instead of THF in order to avoid THF-
associated toxicity and obtain fullerenes in phosphate buff-
ered saline without (hopefully) traces of solvent. 

 As seen from the above data, fullerenes and their deriva-
tives cannot be definitely regarded as either pure antioxi-
dants of pure pro-oxidants. One can speculate that their ef-
fects are always dependent on “biochemical environment” 
and traces of precursors and process-related impurities. On 
the other hand, many in vivo and in vitro studies indicate it is 
method of preparation that is responsible for fullerene toxic-
ity [100]. Knowing how cellular context affects fullerene’s 
impacts on a cell is the relatively easy solution for the dis-
couraging problem of complexity of biochemistry and ambi-
guity of bioeffects of this type of nanoparticles. 

 Fullerene C60 is known to be able to inactivate hydroxyl 
radicals by attaching to double bonds [101]. However, this 
mechanism cannot fully explain the increase in lifespan of 
rats (near two times) mentioned above. Such kind of free 
radicals scavenging activity is also attributed to natural phe-
nols and other classes of antioxidants; however, they do not 
exhibit high senescence retarding activity [102]. 

MITOCHONDRIAL TARGETING AND UNCOU-
PLING OF RESPIRATION AND PHOSPHORYLA-

TION 

 Mitochondrial targeting could explain the mechanism of 
the anti-aging activity of C60. Mitochondrial-targeted anti-
oxidants such as lipophilic cations (Skulachev ions) with 
antioxidant load [103] are known to be the most effective 
antiaging agents among synthetic compounds. The ability of 
modified C60 to accumulate in mitochondria is known since 
2002 [104]. In the latter work, the authors used a С14 labeled 
malonyl mono-adduct fullerene to study the intracellular 
distribution of this kind of C60 derivative. After differential 
centrifugation, the data indicated that the radioactivity of the 
mitochondrial fraction exceeded that of cytosol and micro-

somes over 12 and 2 times, respectively. Surprisingly, bigger 
fullerenes, e.g. С70, tend to uniformly distribute over endo-
plasmic reticulum and lysosomes, with less concentrations 
being found in mitochondria of human mast cells [105]. The 
difference in bio-distribution could be attributed to the dif-
ference of polarity/solubility as well as to the different type 
of cells used in these two experiments. 

 Taking into consideration that H2@C60 has been synthe-
sized, it becomes obvious that there is enough space for at 
least a single hydrogen atom or a proton inside fullerene 
[24]. Despite the fact that such species have not yet been 
found, they should be quite stable once formed. The inter-
mitochondria membranes charge transfer mediated by such 
fullerenes could in theory lead to remarkable biological im-
plications in view of antioxidant and anti-aging effects of 
fullerenes described above. 

 Starting from the mentioned above evidence on fullerene 
accumulating predominantly in mitochondria, we proposed a 
hypothesis explaining its antioxidant action [106, 107] that 
may be achieved by only moderate decrease in mitochondrial 
potential Δψ. The inner mitochondrial membrane is nega-
tively charged and may be a source of toxic ROS as it con-
tains a respiratory chain. The membrane of mitochondria has 
a positive charge. If fullerenes could acquire the latter by e.g. 
absorbing an excess of proton(s) existent there, they would 
be able to transport positive charge through the mitochon-
drial membrane thus lowering Δψ. Described mechanism 
would elegantly account for mild uncoupling of respiration 
and phosphorylation promoted by fullerenes. Moreover, 
similar mechanism can be envisioned for fullerenes counter-
parts – carbon nanotubes [108] as they were also shown to 
aggregate in mitochondria and have antioxidant effect [109, 
110]. 

 In order to check this hypothesis, we have carried out 
Density Functional Theory (DFT) calculations of fullerenes 
in the presence of protons with ADF 2012 program suite 
[111, 112]. Briefly, calculations were done in a gas phase by 
minimizing the total energy of the “C60 + hydrogen(s)” sys-
tem with a positive charge equal to number of H atoms and 
probing different exchange-correlation potentials and Slater 
orbitals basis sets to achieve convergence [106, 107]. 

 These calculations resulted in a stable structure consist-
ing of fullerene and up to six protons forming C-H bonds 
from inside with relatively uniform electron charge transfer 
to the C60 cage. Interestingly, as far as modeling of single-
walled carbon nanotubes is concerned, a protonation oc-
curred from external side of the tube but all other conclu-
sions held true [108]. 

 There are some reports on theoretical calculations of hy-
drogenated fullerenes performed on different levels of theory 
claiming various number of hydrogen, water, or even ammo-
nia molecules that can be confined inside C60 [24]. In con-
trast, Dodziuk carried out molecular mechanics simulation of 
C60, C70, C76, C80 isomers putting one to four hydrogen mole-
cules inside the cage, and found only up to two H2 can be 
stabilized inside a closed C70 [113]. Certain calculations in-
dicated stabilization of the HF and LiH polar moieties inside 
the cage, while H2, N2, and CO led to structure destabiliza-
tion [114]. Nevertheless, one should take computational re-
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sults with a pinch of salt as nevertheless all three latter mole-
cules were later trapped inside fullerene [42, 115, 116]. As 
many as 24 or 29 hydrogen molecules were found to be able 
to get inside C60 [117-119]; however, such results seem dis-
putable even from the geometrical point of view [120-122]. 
Some calculations showed impossibility of allocating even 
2H2@C60 [123]. Nevertheless, by using generalized gradient 
approximation potential for DFT modeling, single H2@C60 
was found to be stable [124]. 

 To sum up, simulations of the endohedral fullerenes with 
hydrogen and/or its ions inside are arguable and demand 
careful treatment. Fullerenes protonated from inside have not 
been synthesized or theoretically studied so far. However, 
the hypothesis on fullerenes being able to serve as protono-
phores in mitochondria membranes is corroborated by our 
calculations, which confirm the theoretical possibility of 
“proton charging” of fullerenes [106, 107]. Moreover, it is 
not very important how many – one or several – protons may 
be stabilized inside the cage. The very fact of bonding of 
even single proton to C60 allows one to envision charge 
transfer across mitochondria membrane, which eventually 
would lower Δψ and ROS production rate. As H2@C60 has 
been previously synthesized, and somewhat exotic way of 
chemical stabilizing of hydrogen by putting it into a partially 
opened C60 cage has been considered [24], protonated-inside 
fullerenes deserve further investigation. Theoretical studies 
suggest limitless possible interactions of fullerenes with bio-
logical systems. For example, X. Zhao et al. reported some 
results on DNA-C60 complexes formation in aqueous solu-
tion using molecular dynamics simulations that could  ex-
plain some experimental results on C60 toxicity [125]. 

 While Moussa et al. experimentally showed that C60 can 
cross membrane cells both in vitro and in vivo since 1995 
[126, 127], several years later some interesting results on 
fullerenes behavior inside membrane cells have been re-
searched computationally. Finally, there are interesting re-
sults on fullerenes behavior in membranes that was both 
studied experimentally and computationally. For instance, 
modeling of the C60 permeation through the lipid bilayer 
membranes in [128] with molecular dynamics showed that 
fullerene aggregates (formed in water, as fullerenes are hy-
drophobic) quickly disaggregate once inside the bilayer and 
easily move through it. More recent molecular dynamics 
study [129] suggested that pure fullerenes get inside a cell 
membrane modeled as 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), while their functionalization with 
polar groups leads to the controversial outcome: they can 
easily cross the membrane and escape it yet it is unlikely that 
they can enter the bilayer initially. Interestingly, molecular 
dynamics simulation using dipalmitoylphos-phatidylcholine 
(DPPC) bilayers [130] showed that while C60 can  easily 
penetrate such membranes, this is not the case for fullerenes 
functionalized with OH groups, which were “stuck” inside. 
Very recently, T. Rokitskaya and Y. Antonenko [131]  
measured the electric current across a cell divided by a 
diphytanoylphosphatidylcholine bilayer under various pH 
conditions where different concentrations of fullerenes were 
added to either one or both cell’s halves. The authors found 
that fullerenol C60(OH)20 can mediate the conductivity be-
tween the cell sides as a function of pH. 

During the last 20 years, physicists, chemists, and biolo-
gists have published a series of theoretical and experimental 
findings, which almost confirm our theoretical model. In 
particular, one paper showed the possibility of reversible 
fullerene protonation yielding cations that are stable at room 
temperature both in solid state and in a solution [132]. Other 
calculations also indicated that fullerenes could be consid-
ered as efficient proton conductors [133]. It is obvious that 
proton conductivity of fullerenes is impossible without for-
mation of proton-fullerene complexes. Such an assumption 
was recently proved by experimental data, which led Sony 
corporation to developing of a proton-conducting membrane 
based on the C60-containing composite [134]. 

 More recently, the interaction of pristine (C60) and hy-
drated pristine (C60(OH)18-22) with liposomes and isolated 
mitochondria has been studied [135]. Obtained results vali-
dated  previous models of fullerenes distribution in water and 
lipid bilayer [128]. Besides, it was demonstrated an ability of 
both C60 and C60(OH)18-22 to increase the inner mitochondrial 
membrane permeability to protons and decrease mitochon-
drial transmembrane potential (Δψ). Surprisingly, the authors 
connect the ability of fullerenes to decrease Δψ with its po-
tential toxicity. Interestingly, there are many examples of 
adaptogenic action of slight Δψ shift including the increase 
of longevity upon intake of low doses of dinitrophenol and 
other decouplers of respiration and oxidative phosphoryla-
tion [100, 136-138]. 

 Several experiments have been conducted to check the 
ability of water-soluble fullerene derivatives to decrease mi-
tochondrial transmembrane potential in vivo in the yeasts 
Yarrowia lipolytica experimental model [139]. 

 Mitochondrial transmembrane potential of Yarrowia 
lipolytica cells was measured by the cytofluorimetric JC-1-
based ratiometric assay. Applied fullerene derivatives 
significantly downregulated Δψ, thereby decreasing the sub-
set of cells with high mitochondrial potential as compared 
with intact control cells. These results can be considered as 
an in vivo experimental proof of our previous assumptions 
[106-108]. 

 Hence, discovered by F. Moussa et al. fullerene’s ability 
to considerably slow down senescence rate for mammals 
naturally fits in a series of theoretical models and experimen-
tal evidence indicating high antioxidant activity of fullerenes 
and their derivatives. 

FULLERENES SAFETY  

 Nowadays fullerenes are widely used in industry for new 
polymer synthesis. Besides, in the near future, fullerene ap-
plications are expected to grow due to the expanding range 
of potential applications in the fields of cosmetology and 
medicine [140, 141]. Therefore, it is natural to investigate 
fullerenes safety and environmental impact. Other carbon 
nanostructures – nanotubes – are known to have pronounced 
toxic effects [110, 142]; it makes an issue of health hazard of 
nanoparticles even more significant in the light of recent 
finding of carbon nanotubes in lungs of Parisan children 
[143]. Thus, it is necessary to assess safety of fullerenes’ 
usage, especially in medicine [144, 145]. 
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 Data on fullerene toxicity are controversial. A number of 
studies demonstrate that pristine C60 has no acute or sub-
acute toxicity in prokaryotic and eukaryotic organisms [127]. 
The majority of fullerenes effects, which are said to be toxic, 
were found during in vitro studies, carried out with fullerene 
solutions and suspensions. Fullerenes and their derivatives 
can penetrate cells [146], incorporate into cellular mem-
branes, and influence mitochondria function [135]. In addi-
tion, it was shown in vitro that fullerenes can induce ROS 
production and peroxidation of membrane lipids for human 
dermal fibroblasts, human liver carcinoma cells (HepG2), 
and neuronal human astrocytes [86, 87]. However, this was 
not confirmed in vivo [147]. Significant cytotoxicity is char-
acteristic of some fullerene derivatives. For example, Bo-
bylev et al. reported on pronounced toxicity of sodium salt of 
polycarboxylic derivative of fullerene C60 in HEp-2 cells 
[148]. 

 Interestingly, Injac and co-authors demonstrated that 
C60(OH)24 fullerenol is inherently cytotoxic to HepG2, but 
this property is masked by its antioxidant activity when these 
cells encounter a more dangerous condition than the fullere-
nol itself - oxidative stress [149]. 

 Many researchers point out low genotoxicity of 
fullerenes. Absence of chromosome aberrations has been 
shown in models of mammals’ cell cultures [150, 151]. 
Mutagenic activity of fullerenes was not found in studies 
carried out with DNA-comet assay [152] and Ames test 
[151, 153-155]. 

 However, there are data contradicting to those described 
above. Dhawan et al. [156] investigated whether C60 is able 
to inflict DNA damage within human lymphocytes, and such 
an effect was indeed detected using the comet assay. Using 
the same comet assay method, DNA breaks were also ob-
served in marine mussels, Mytilus sp. [157]. 

 In vivo studies demonstrated weak toxic effect of C60. 
It was shown, that, once inhaled, fullerenes do not enter 
bloodstream from lungs but are withdrawn from an organ-
ism or absorbed by tissue macrophages after a while [150, 
158-160]. On the other hand, there is an evidence that 
fullerenes’ inhalation in lungs cells alters the expression 
of genes responsible for inflammation [161]. Long-term 
oral administration (92 days) of C60 led to an increase of 
enzyme CYP2B1 activity, decrease of urea level in blood, 
and rise of uric acid yet all fluctuations were within the 
normal range. Similarly, at daily dose of 10 mg/kg there 
was observed an increase in absorption of antigenic pro-
teins in gastrointestinal tract (morphology of intestine 
microvilli was unaffected), as well as changes in hepatic 
CD106(+) cells and granules accumulation in presumably 
Kupffer macrophages [162, 163]. Fullerenes are able to 
penetrate into deeper skin layers but also without causing 
any toxic effects and diffusion into bloodstream [164, 
165]. 

 Being intra-abdominal injected, fullerenes quickly dis-
tribute over an organism by blood, accumulating in liver and 
to a lesser extent in kidneys, lungs, spleen, and brain. 
Fullerenes were absorbed by tissue macrophages and caused 
antibodies production, while at the same time demonstrating 
antioxidant and anti-inflammatory properties [75, 166-168]. 

During lactation period, fullerenes can seep into breast milk 
[169]. 

 However, one should note a research by Tsuchiya et al. 
[170] revealed death of all embryos within 18 hours after 
intraperitoneal administration of fullerenes to the pregnant 
mice. Authors suppose it occurred because of the constric-
tion of the placenta blood vessels. On the other hand, studies 
exploiting much less С60 concentration did not report on fetal 
death yet uterus and placenta vessels were found to be 
(vaso)hypertonic [169, 171]. 

 Concentration plays an important role for manifestation 
of fullerenes toxic properties. Roursgaard et al. [172] 
showed fullerenols to have an anti-inflammatory effect 
within the mouse lung at low concentrations, which is related 
to their antioxidant action; however upon increase of concen-
tration to 10 mg/kg described effect reversed to the proin-
flammatory one. A decrease in fullerenes aggregate size 
would also increase particle surface area, which would make 
this rather nonspecific mechanism even more potent [173, 
174]. 

 From the above said one may conclude that despite 
known data on fullerenes in vitro toxicity, they have low in 
vivo toxicity manifesting itself only at administration of 
rather high concentrations on the order of 10 mg/kg. Appar-
ently, many effects arising from fullerenes interaction with 
cells are interpreted as toxic ones though in fact they are 
adaptive and reversible. Moreover, an increase in toxicity 
may be due to using of solubilizing agents or aggregation 
[175]. Overall, fullerenes at concentrations below 10 mg/kg 
are quite safe compounds and consequently have promising 
prospects in regards to their medical applications. 

 One should note there are several other factors that can 
affect an evaluation of fullerenes toxicity:   

1. Surface Modification 

 Without any doubt, additional structures on the fullerene 
surface may considerably alter its chemical and physical 
properties such as solubility, tendency for clustering etc. 
Similarly, toxicity of fullerenes changes depending on sur-
face structures. Cationic chains were shown to induce sig-
nificant toxicity, while the presence of neutral or anionic 
moieties did not produce any hemolytic effects [176, 177]. 
Kamat et al. [178] demonstrated that C60(OH)18 was more 
toxic under the influence of light than underivatized C60 in 
vitro. 

2. Light Influence 

 Fullerene derivatives – fullerols – are toxic due to ROS 
generation, and there are studies demonstrating there is a 
photosensitive aspect of fullerol toxicity. Namely, there were 
shown cell damage of human HLE-B3 lens epithelial cells 
[179] and membrane damage under photosensitive condi-
tions associated with lipid peroxidation [178]. Usenko et al. 
[97] explored the very same effect for С60, when decrease of 
the illumination level considerably reduced malformation of 
zebrafish embryos. 

 On the other hand, Kato et al. [153] showed that 
fullerenes dissolved in squalene (as might be used in skin 
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creams) did not induce phototoxic effects under UVA-
irradiation in fibroblasts. In vivo study by Huczko et al. 
[180], exploiting the Draize rabbit eye irritation test, did not 
show any activity of fullerenol. A mixture of С60 and С70 had 
no in vivo phototoxic effect on clipped free skin of guinea 
pigs [181]. 

3. Solvents and Metals Used During Synthesis  

 It is generally believed that majority of observed toxic 
effects of fullerenes are due to metal impurities introduced 
on the synthesis stage [77]. Fullerenes’ toxic effects shown 
in some studies might depend not on fullerenes action itself 
but on solvents molecules remaining inside their clusters. For 
instance, Isakovic et al. [182] reported that С60 solved with 
tetrahydrofuran (THF) had considerable toxic effect on dif-
ferent types of cells related to ROS production, while irradia-
tion in order to decompose residual THF (THFС60) changed 
cytotoxic effect into cytoprotective and antioxidant ones. 
Zhang et al. [183] found the same tendency by comparing 
cleaned and initial THFС60. Markovic et al. [184] noted the 
toxicity related to ROS-production is different for С60 pre-
pared within various solvents (THF or ethanol) or within an 
aqueous solution (aquC60), with its being highest for THFС60 
and lowest for aquC60. 

FULLERENES IN THERAPY 

Fullerenes applications in therapy are multitudinous. In most 
cases when fullerenes were proven to serve as antioxidants, 
the authors suggested the use of fullerenes as neuroprotective 
agents [82], future medications for the notoriously broad 
range of other oxidative stress-related pathologies [64], and 
even for HIV infection [185, 186]. Anti-cancer studies are an 
enormous field of application of fullerenes [52, 187]. 

 I. Falynskova and colleagues revealed that fullerene-(tris-
aminocapronic acid) hydrate is an effective medication for 
the model viral-bacterial pneumonia in mice [188]. 
Fullerenes exert microbicidal activity accounted for by dif-
ferent and even opposing mechanisms, e.g. by having either 
pro- or antioxidant properties [77]. 

 Some fullerenes are applied in various fields of anti-viral 
studies, not limited to HIV, but including influenza [189, 
190] and hepatitis C [191] viruses. 

 For therapeutic purposes, some advanced fullerene de-
rivatives have also been synthesized, for example – a micro-
bicidal photoexcited fullerene generating substantial amounts 
of ROS [192, 193]. Interestingly, C70 fullerene can be modi-
fied to serve as an electron donor agent and produce hy-
droxyl-radicals thus fighting with infections [192]. 

 Although much is unknown regarding the mechanisms of 
effects of fullerenes and their derivatives, there are already 
studies involving volunteers. Andrievsky and co-workers 
reported on the 3-year clinical observation of the beneficial 
effects of the hydroxylated fullerene administration to a vol-
unteer with malignancy and detected a positive therapeutic 
effect of C60HyFn during the course of radiotherapy, which 
was referred initially to its high antioxidant activity [64]. 

 Importantly, even pure fullerene C60 can cross the blood-
brain barrier [194]. 

 For a survey on fullerene C60 derivatives applied in ther-
apy, please refer to the review by Lin and Lu [194]. 

CONCLUSION 

 Thirty years after discovery, fullerenes are attracting 
more and more attention of synthetic chemists, physicists, 
engineers, physicians, and biologists by the vast prospective 
applications they offer. Without doubt, fullerenes are an ex-
tremely complex entity with unique and not fully understood 
properties to be studied with great deal of care. Although 
technical, health, and environmental risks should be taken 
into account, the practical value of fullerenes inspires and 
implies future studies that, we believe, will overcome the 
challenges. Current reports on toxicity and issues with syn-
thesis of sufficient amounts of properly functionalized 
fullerenes seem to be obstacles one can cope with. Eventu-
ally, research may facilitate even such amazing fullerenes 
application as life prolongation. 
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