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Abstract
Fullerenes are a class of closed-cage nanomaterials made exclusively from carbon atoms. A great
deal of attention has been focused on developing medical uses of these unique molecules especially
when they are derivatized with functional groups to make them soluble and therefore able to interact
with biological systems. Due to their extended π-conjugation they absorb visible light, have a high
triplet yield and can generate reactive oxygen species upon illumination, suggesting a possible role
of fullerenes in photodynamic therapy. Depending on the functional groups introduced into the
molecule, fullerenes can effectively photoinactivate either or both pathogenic microbial cells and
malignant cancer cells. The mechanism appears to involve superoxide anion as well as singlet oxygen,
and under the right conditions fullerenes may have advantages over clinically applied
photosensitizers for mediating photodynamic therapy of certain diseases.

1. Introduction
Fullerenes (originally buckminsterfullerenes) are a new class of carbon molecules; the first
example discovered in 1985,1 being composed of sixty carbon atoms arranged in a soccer-ball
structure (C60). The condensed aromatic rings present in the compound lead to an extended
π-conjugated system of molecular orbitals and therefore to significant absorption of visible
light. In recent years there has been much interest in studying possible biological activities of
fullerenes (and other nanostructures produced in the nanotechnology revolution) with a view
to using them in medicine.2-4 Although pristine C60 can form nanocrystalline preparations that
have been reported to have biological activity,5-8 most workers have studied chemically
modified or functionalized fullerenes that acquire solubility in water or biologically compatible
solvents and thereby have increased versatility.9-12

Photodynamic therapy (PDT) is a rapidly advancing treatment for multiple diseases and is
based on the administration of a nontoxic drug or dye known as a photosensitizer (PS) either
systemically, locally, or topically to a patient bearing a lesion (frequently but not always
cancer13), followed after some time by the illumination of the lesion with visible light, which
activates the PS and, in the presence of oxygen, leads to the generation of cytotoxic reactive
oxygen species and consequently to cell death and tissue destruction.14-16 The light is
absorbed by the PS molecule, and an electron is excited to the first excited singlet state. In
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addition to losing energy by fluorescence or internal conversion, the excited singlet can undergo
the process known as intersystem crossing to the long-lived triplet state. The excited triplet
state can then interact with ground state molecular oxygen to form reactive oxygen species
(ROS). This process may occur by energy transfer from the triplet to produce singlet oxygen
or by electron transfer to form superoxide anion17 (Fig. 1). Reaction of singlet oxygen with
biological molecules such as proteins, unsaturated lipids and nucleic acids causing oxidative
damage, is thought to be responsible for cell death, frequently occurring via the apoptosis
pathway initiated by mitochondrial damage.18

The concept of PDT dates from the early days of the twentieth century19 when workers used
dyes such as eosin together with light to treat skin cancer.20 A semi-purified preparation of
hematoporphyrin derivative (HPD) known as Photofrin® (PF) was the first PS to gain
regulatory approval for treatment of various cancers in many countries throughout the world,
including the United States.21,22 After experience of treating tumors with HPD-PDT was
accumulated, it was realized that this compound had several disadvantages, including
prolonged skin sensitivity necessitating avoidance of sunlight for many weeks,23 sub-optimal
tumor selectivity,24 poor light penetration into the tumor due to the relatively short wavelength
used (630 nm),25 and the fact that it was a complex mixture of uncertain structure.26 In recent
times much work has been done on developing new PS27,28 for PDT, and although the vast
majority of these compounds are based on the tetrapyrrole backbone29 found in porphyrins,
chlorins and phthalocyanines, other molecular structures are beginning to be studied both
preclinically and clinically.30,31

In this review we will cover the existing literature on fullerenes for PDT, summarize results
from our laboratory and outline future possibilities concerning applications of fullerenes as PS
for PDT. Fig. 2 gives a schematic outline of the PDT applications that have been reported for
fullerenes either pristine or functionalized with various solubilizing groups.

2. Photochemical mechanisms
It has been known since shortly after the discovery of fullerenes that these compounds will
catalyze the formation of ROS after illumination of both pristine and functionalized C60.32 In
a similar fashion to the tetrapyrrole PS used for photodynamic therapy,33,34 illumination of
fullerenes dissolved in organic solvents in the presence of oxygen leads to the efficient
generation of highly reactive singlet oxygen via energy transfer from the excited triplet state
of the fullerene.35 However, some recent reports have shown that in polar solvents, especially
those containing reducing agents (such as NADH at concentrations found in cells), illumination
of various fullerenes will generate different reactive oxygen derivatives, such as superoxide
anion.36 These two pathways (singlet oxygen and superoxide anion) are analogous to the Type
II and Type I photochemical mechanisms frequently discussed in PDT with tetrapyrroles.37,
38

Fullerenes with their triply degenerate, low lying LUMO are excellent electron acceptors
capable of accepting as many as six electrons.39 There is some evidence that fullerene excited
states (in particular the triplet) are even better electron acceptors than the ground state.40,41 It
is thought that the reduced fullerene triplet or radical anion can transfer an electron to molecular
oxygen forming superoxide anion radical O2

−•.

Yamakoshi et al.36 carried out a photochemical study comparing energy transfer processes
(singlet oxygen 1O2) and electron transfer (reduced active oxygen radicals such as superoxide
anion radical O2

−• ), using various scavengers of ROS, physicochemical (electron
paramagnetic resonance (EPR) radical trapping and near-infrared spectrometry), and chemical
methods (nitro blue tetrazolium reaction with superoxide). Whereas 1O2 was generated
effectively by photoexcited C60 in nonpolar solvents such as benzene and benzonitrile, they
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found that O2
−• and OH• were produced instead of 1O2 in polar solvents such as water,

especially in the presence of a physiological concentration of reductants including NADH.

Miyata et al. solubilized fullerenes into water with polyvinylpyrrolidone (PVP) as a detergent.
42 Visible-light irradiation of PVP-solubilized C60 in water in the presence of NADH as a
reductant and molecular oxygen resulted in the formation of O2

−• , which was detected by the
EPR spin-trapping method. Formation of O2

−• was also evidenced by the direct observation of
a characteristic signal of O2

−• by the use of a low-temperature EPR technique at 77 K. On the
other hand, no formation of 1O2 was observed by the use of TEMP as a 1O2 trapping agent.
No near-IR luminescence of 1O2 was also observed in the aqueous C60/PVP/O2 system. These
results suggest that photoinduced bioactivities of the PVP-solubilized fullerene are caused not
by 1O2, but by reduced oxygen species such as O2

−•, which are generated by the electron-
transfer reaction of C60

−• with molecular oxygen.

Highly water-soluble hexa(sulfobutyl)fullerenes (FC4S) were synthesized by the treatment of
C60 in dimethoxyethane with sodium naphthalide followed by reacting the resulting hexa-
anionic fullerene intermediates with an excess of 1,4-butanesulfone.43 Direct detection
of 1O2 production after irradiation at 500–600 nm of FC4S self-assembled nanospheres, was
obtained by the measurement of its near-infrared luminescence at 1270 nm. Despite having a
relatively low optical absorption of FC4S at 600 nm, appreciable 1O2 signal was detected
comparable to that of Photofrin at the same molar concentration, but less than sulfonated
aluminium phthalocyanine, AlS4Pc. The quantum yield of FC4S for the generation of 1O2 in
H2O was roughly estimated to be 0.36 using the relative correlation to that of C60 encapsulated
in γ-cyclodextrin. These results demonstrated efficient energy transfer from 3FC4S triplet state
to molecular oxygen in the nanosphere structure.

In two recent reports44,45 we studied the photosensitizer properties of two series of three
functionalized fullerene compounds, one series with polar diserinol groups (BF1–BF3), and a
second series of three compounds with quaternary pyrrolidinium groups (BF4–BF6) (Fig. 3).
We asked the question whether the photodynamic effects displayed by these compounds
operated primarily by Type I mechanisms (superoxide) or Type 2 mechanisms (singlet oxygen)
or a mixture of both and whether there was any difference between a fullerene (BF4) that was
highly effective in killing cancer cells and a fullerene (BF6) that was highly effective in killing
pathogenic microorganisms (see later)?

The photochemical mechanism studies confirmed that depending on the precise conditions of
the experiment, illuminated fullerenes can produce both superoxide and singlet oxygen. The
singlet oxygen production of the more hydrophobic BF4 dropped to almost zero when the
solvent was changed from organic to aqueous (compare Fig. 4(A) and 4(B)). This is consistent
with the aggregation of the compound in aqueous media, while the more polar BF6 remained
completely in solution. The production of superoxide as measured by specific EPR spin-
trapping was as expected much higher in the presence of a reducing agent (NADH) than in the
presence of a singlet oxygen trap (histidine). In both cases BF6 gave more superoxide than
BF4, and the difference was significant in the presence of NADH (Fig. 5). The fact that the
reduction of oxygen consumption by both BF4 and BF6 was almost completely inhibited by
azide in the presence of histidine confirmed that in the absence of an electron donor and in the
presence of a singlet oxygen substrate the mechanism is almost all Type II for both fullerenes
(Fig. 6). However in the presence of NADH the relative reduction of oxygen consumption by
azide was much less, and proportionately lower for BF6 than for BF4 suggesting that about
40% of the oxygen was transformed into superoxide, and the overall production was higher
for BF6 than for BF4.
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3. DNA Cleavage and mutagenicity
One of the first biological applications of photoactivated fullerenes was to produce cleavage
of DNA strands after illumination. Cleavage of supercoiled pBR322 DNA was observed after
incubation with a fullerene carboxylic acid under visible light irradiation but not in the dark.
46 Both nicked circular and linear duplex form DNA were observed and there was considerable
selectivity for cleavage at guanine bases. The photoinduced action was more pronounced in
D2O in which singlet oxygen has a longer lifetime.

An and coworkers47 prepared a covalent conjugate between an oligodeoxynucleotide and either
a fullerene or eosin. Cleavage of target complementary 285-base single stranded DNA was
observed at guanosine residues in both cases upon illumination. However the fullerene
conjugate was more efficient in cleavage than the eosin conjugate. Moreover cleavage was not
quenched by azide or increased by deuterium oxide as was found for the eosin conjugate
suggesting the mechanism followed a Type I pathway.

Boutorine et al.48 described a fullerene-oligonucleotide that can bind single- or double-
stranded DNA, and which also cleaves the strand(s) proximal to the fullerene moiety upon
exposure to light. Nakanishi et al.49 also observed DNA cleavage by functionalized C60.
Yamakoshi et al. studied biological activities of fullerenes under illumination including DNA-
cleavage, hemolysis, mutagenicity, and cell-toxicity.50 They prepared a conjugate between a
fullerene and an acridine molecule as a DNA intercalating agent and compared its DNA
photocleavage capacity on pBR322 supercoiled plasmid with pristine fullerene both
solubilized in PVP. This compound showed much more effective DNA-cleaving activity in
the presence of NADH than pure C60.51 Liu and coworkers52 used a water soluble conjugate
between anthrylcyclodextrin and C60 to carry out photocleavage of pGEX5x2 DNA. Ikeda et
al.53 used functionalized liposomes encorporating both C60 and C70 fullerenes into the lipid
bilayer to carry out photocleavage of ColE1 supercoiled plasmid DNA using λ > 350 nm light.
Interestingly C70 was significantly better (3.5 times) than C60 in photocleaving DNA.

It has been also shown that fullerene-mediated-PDT may lead to mutagenic effects. PVP-
solubilized fullerene was found to be mutagenic for Salmonella strains TA102, TA104 and
YG3003 in the presence of rat liver microsomes when it was irradiated by visible light.54 The
mutagenicity was elevated in strain YG3003, a repair enzyme-deficient mutant of TA102. The
mutation was reduced in the presence of beta-carotene and parabromophenacyl bromide, a
scavenger and an inhibitor, respectively, of phospholipase. The results suggested that singlet
oxygen was generated by irradiating the C60 by visible light and that the mutagenicity was due
to oxidized phospholipids in rat liver microsomes. The linoleate fraction isolated by high
performance liquid chromatography was a major component, and played an important role in
mutagenicity. The results of ESR spectrum analysis suggested generation of radicals at the
guanine base but not thymine, cytosine and adenine bases and formation of 8-
hydroxydeoxyguanosine (8-OH-dG). The mechanism was proposed to involve indirect action
of singlet oxygen due to lipid peroxidation of linoleate that causes oxidative DNA damage.

4. Membrane damage by photoactivated fullerenes
A group from India has studied the ability of fullerenes to produce oxidative damage to lipids
in microsomal preparations. Cyclodextrin encapsulated C60 added to rat liver microsomes
followed by exposure to UV or visible light produced lipid peroxidation as assayed by
thiobarbituric acid reactive substances, lipid hydroperoxides, damage to proteins as assessed
by protein carbonyls and loss of the membrane-bound enzymes.55 Quenchers of singlet oxygen
(beta-carotene and sodium azide) inhibited peroxidation, and deuteration of the buffer
enhanced peroxidation, indicating that the photochemical mechanism is predominantly due to
Type II (1O2). In a subsequent study56 they compared pristine C60 with a polyhydroxylated
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derivative C60(OH)18 and found that the latter produced more pronounced peroxidative damage
and the mechanism was different and was mediated primarily by radical species. Lipid
peroxidation was also shown in sarcoma 180 ascites microsomes.

Yang et al.57 used human erythrocyte membranes (EMs) as a model system, to examine photo-
induced lipid peroxidation by a bis-methanophosphonate fullerene (BMPF) and four other
fullerene derivatives including a mono-methanophosphonic acid fullerene (MMPF), a
dimalonic acid C(60) (DMA C(60)), a trimalonic acid C(60) (TMA C(60)) and a
polyhydroxylated fullerene (fullerol). Lipid peroxidation was assessed as the malondialdehyde
(MDA) level measured by the thiobarbituric acid assay. It was observed that BMPF increased
the MDA level of EMs after irradiation in both time- and dose-dependent manners. The photo-
induced activity became very significant (p < 0.01) under the conditions of either the
concentration of 10 μM and irradiation time of 30 min or the concentration of 5 μM and
irradiation time of 60 min. Involvement of reactive oxygen species (ROS) in the activity was
also examined by specific inhibitors of singlet oxygen, superoxide anions and hydroxyl
radicals, respectively. While all three kinds were found responsible for the activity, the former
two might play more important roles than the last one.

5. Photoinactivation of viruses
Photodynamic reactions induced by photoactivated fullerenes have been shown to inactivate
enveloped viruses.58 Buffered solutions containing pristine C60 and Semliki Forest virus
(Togaviridae) or vesicular stomatitis virus (VSV) (Rhabdoviridae), when illuminated with
visible light for up to 5 h, resulted in up to seven logs of loss of infectivity. Viral inactivation
was oxygen-dependent and equally efficient in solutions containing protein.59 Hirayama et al.
60 used a methoxy-polyethylene glycol conjugated fullerene at 400 μM in combination with
120 J cm−2 white light to destroy more than five logs of plaque forming units of VSV. VSV
inactivation was inhibited by oxygen removal or by the addition of sodium azide, a known
singlet oxygen quencher. The substitution of H2O by D2O, which is known to prolong the
lifetime of singlet oxygen, promoted the virucidal activity. These results indicate that singlet
oxygen may play a major role in VSV photoinactivation by the water-soluble fullerene
derivative. The concentration needed for virus inactivation was higher than that of other
sensitizers such as methylene blue.

Lin and coworkers61 compared light-dependent and light independent inactivation of dengue-2
and other enveloped viruses by the two regio-isomers of carboxyfullerene, and found that
asymmetric isomer had greater dark activity (albeit at much higher concentrations than needed
for its PDT effect) due to its interaction with the lipid envelope of the virus.

6. Fullerenes for antimicrobial photoinactivation
The effectiveness of various PS proposed for antimicrobial PDT can be judged on several
criteria. These PS should be able to kill multiple classes of microbes at relatively low
concentrations and low fluences of light. PS should be reasonably non-toxic in the dark and
should demonstrate selectivity for microbial cells over mammalian cells. PS should ideally
have large extinction coefficients in the red part of the spectrum and demonstrate high triplet
and singlet oxygen quantum yields.

We have shown, in a series of reported experiments that cationic fullerenes fulfill many, but
not all of the aforementioned criteria. Our laboratory was the first to demonstrate that the
soluble functionalized fullerenes described above, especially the cationic compounds BF4–
BF6, were efficient antimicrobial PS and could mediate photodynamic inactivation (PDI) of
various classes of microbial cells.45 We used a broadband-pass filter giving an output of the
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entire visible spectrum (400–700 nm) to excite the fullerenes that maximized the absorption
(see Fig. 3).

Our initial screening experiment carried out against S. aureus at 100 μM concentrations showed
that the C60 substituted with pyrrolidinium groups behaved very differently than the series
substituted with di-serinol groups. The cationic fullerenes gave high levels of dark toxicity
(except for BF4) while the di-serinol-functionalized C60 had no dark toxicity, but showed a
typical light dose-dependent loss of colony-forming ability. However it needed concentrations
as high as 100 μM and white-light fluences as high as 120 J cm−2 to achieve significant killing
(2–3 logs or up to 99.9%) of the Gram-positive Staphylococcus aureus (Fig. 7(A)). Even with
these relatively high doses of both PS and light, the Gram-negative Escherichia coli was only
slightly killed (less than 1 log or 90%). In sharp contrast the cationic fullerenes were highly
effective PS at much lower concentrations and much lower light doses (Fig. 7(B)). BF4-BF6
were all surprisingly effective in causing light-mediated killing of S. aureus. BF5 and BF6
needed only 1 μM concentration and 1 or 2 J cm−2 of white light to kill 4–5 logs. BF4–6 were
tested against E. coli at 10 μM, and BF5 and BF6 showed similar high levels of activity (up
to 6 logs). These findings agree with numerous reports in the literature that demonstrate that
PS with one (or preferably more cationic groups) are efficient antimicrobial PS.62-66
Quaternary nitrogen based groups are superior to primary, secondary or tertiary amino groups
as the positive charge is less dependent on the pH of the surrounding media, or the pKa of the
molecules that the PS is interacting with. Microbial cells possess overall negative charges and
it is thought that cationic PS bind to these groups on the outer layers of the cell surface. Gram-
positive cells have relatively permeable outer layers of peptidoglycan and lipoteichoic acid or
beta-glucan respectively. This allows cationic and to a lesser extent non-cationic PS to diffuse
inwards to the plasma membrane where the generation of reactive oxygen species under
illumination can damage the membrane structure allowing leakage of essential components
and cause cell death. Cationic compounds are able to displace divalent cations (Ca2+ and
Mg2+) that play a role in the attachment of lipopolysaccharide to the outer membrane.67 This
displacement weakens the structure of the outer permeability allowing the PS to penetrate
further in a process that has been termed “self promoted uptake”.68 The fact that this mechanism
requires cationic compounds explains why BF1–BF3 were relatively non-effective against the
Gram-negative E. coli and such findings have been reported with numerous other non-cationic
PS.64

A recent study by Spesia et al.69 reported that a novel N,N-dimethyl-2-(4′-N,N,N-
trimethylaminophenyl)fulleropyrrolidinium iodide (DTC(60)(2+)) was synthesized by 1,3-
dipolar cycloaddition using 4-(N,N-dimethylamino) benzaldehyde, N-methylglycine and
fullerene C(60)and quaternization with methyl iodide. The photodynamic properties of the
DTC(60)(2+) were compared with a non-charged N-methyl-2-(4′-acetamidophenyl)-
fulleropyrrolidine (MAC60) and a monocationic N,N-dimethyl-2-(4′-acetamidophenyl)
fulleropyrrolidinium iodide (DAC(60)(+)). The photodynamic effect was strongly dependent
on the medium, and diminished when the sensitizer aggregated and increased in an
appropriately surrounded microenvironment. The photodynamic inactivation produced by
these fullerene derivatives was investigated in vitro on E. coli. Photosensitized inactivation of
E. coli cellular suspensions by DTC(60)(2+) exhibited a approximately 3.5 log decrease of cell
survival when the cultures are treated with 1 μM of sensitizer and irradiated for 30 min. This
photosensitized inactivation remains high even after one washing step. Also, the photodynamic
activity was confirmed by growth delay of E. coli cultures. The growth was arrested when E.
coli was exposed to 2 μM of cationic fullerene and irradiated, whereas a negligible effect was
found for the non-charged MAC.60
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7. Fullerenes and PDT of mammalian cells including cancer cells
It is thought that one requirement for any PS to produce cell killing after illumination, is that
the PS should actually be taken up inside the cell, and that the generation of ROS outside the
cell (unless in very large quantities) will not be sufficient to produce efficient cell death.
Because fullerenes (in contrast to the vast majority of PS) are non-fluorescent, it is impossible
to use the common technique of fluorescence microscopy to examine the intracellular uptake
and sub-cellular localization of fullerenes. Taking these considerations into account, Scrivens
et al.70 were the first to prepare a radiolabeled fullerene and demonstrate its uptake by human
keratinocytes in tissue culture. In serum-free medium they found a time (up to 6 h) and
concentration dependent uptake so that 50% of added fullerene was taken up. Foley et al.71

used indirect immunofluorescence staining with antibodies that recognize fullerenes and other
organelle probes to show that a dicarboxylic acid derivative localized in mitochondria and other
intracellular membranes. A recent report5 has in fact used a pristine C60 preparation obtained
by sonication in methanol (different from the more commonly used toluene) and giving
uniformly sized particles with a mean size of 32.7 nm together, with photoluminescence
detection at 750 nm after excitation at 488 -nm, to demonstrate cell uptake in normal and
malignant breast cells after culturing them on fullerene coated dishes. Another recent
paper72 describes the use of the related techniques of energy-filtered transmission electron
microscopy and electron tomography to visualize the cellular uptake of pristine C60
nanoparticulate clusters. When human monocyte derived macrophages were examined C60
was found in the plasma membrane, lysosomes and in the nucleus.

The first demonstration of phototoxicity in cancer cells mediated by fullerenes was in 1993
when Tokuyama et al.46 used carboxylic acid functionalized fullerenes at 6 μM and white light
to produce growth inhibition in human HeLa cancer cells. However these same authors later
reported that other carboxylic acid derivatives of C60 and C70 were completely without any
photoactivity as PDT agents at 50 μM.73

Burlaka et al.74 used pristine C60 at 10 μM with visible light from a mercury lamp to produce
some phototoxicity in Ehrlich carcinoma cells or rat thymocytes and used EPR spin-trapping
techniques to demonstrate the formation of ROS.

The cytotoxic and photocytotoxic effects of two water-soluble fullerene derivatives, a dendritic
C60 mono-adduct and the malonic acid C60 tris-adduct were tested on Jurkat cells when
irradiated with UVA or UVB light.75 The cell death was mainly caused by membrane damage
and it was UV dose-dependent. Tris-malonic acid fullerene was found to be more phototoxic
than the dendritic derivative. This result is in contrast to the singlet oxygen quantum yields
determined for the two compounds.

Three C60 derivatives with two to four malonic acid groups (DMA C60,TMA C60 and QMA
C60) were prepared and the phototoxicity of these compounds against HeLa cells was
determined by MTT assay and cell cycle analysis.76 The relative phototoxicity of these
compounds was DMA C60 >TMA C60 > QMA C60. Hydroxyl radical quencher mannitol (10
mM) was not able to prevent cells from the damage induced by irradiated DMA C60. DMA
C60, together with irradiation, was found to decrease the number of G(1) cells from 63 to 42%
and increase G(2)+M cells from 6 to 26%.

Rancan et al.77 used the following approach to overcome the necessity to use UV or short-
wavelength visible light to photoactivate fullerenes. They synthesized two new fullerene-
bispyropheophorbide a derivatives: a mono-(FP1) and a hexa-adduct (FHP1). The
photophysical characterization of the compounds revealed significantly different parameters
related to the number of addends at the fullerene core. In this study, the derivatives were tested
with regard to their intracellular uptake and photosensitizing activity towards Jurkat cells in
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comparison with the free sensitizer, pyropheophorbide a. The C60–hexa-adduct FHP1 had a
significant phototoxic activity (58% cell death, after a dose of 400 mJ cm−2 of 688 nm light)
but the mono-adduct FP1 had a very low phototoxicity and only at higher light doses.
Nevertheless the activity of both adducts was less than that of pure pyropheophorbide a,
probably due to the lower cellular uptake of the adducts.

A group from Argentina has also studied the phototoxicity produced by tetrapyrrole-fullerene
conjugates. Milanesi et al.78 compared PDT with a porphyrin–C60 dyad (P–C60) and its metal
complex with Zn(II) (ZnP–C60) were compared with 5-(4-acetamidophenyl)-10,15,20-tris(4-
methoxyphenyl)porphyrin (P), both in homogeneous medium containing photooxidizable
substrates and in vitro on the Hep-2 human larynx carcinoma cell line. 1O2 yields (ΦΔ) were
determined using 9,10-dimethylanthracene (DMA). The values of ΦΔ were strongly dependent
on the solvent polarity. Comparable ΦΔvalues were found for dyads and P in toluene,
while 1O2 production was significantly diminished for the dyads in DMF. In more polar solvent,
the stabilization of charge-transfer state takes place, decreasing the efficiency of porphyrin
triplet-state formation. Also, both dyads photosensitize the decomposition of L-tryptophan in
DMF. In biological medium, no dark cytotoxicity was observed using sensitizer concentrations
≤ 1 μM and 24 h of incubation. The uptake of sensitizers into Hep-2 was studied using 1 lM
of sensitizer and different times of incubation. Under these conditions, a value of approximately
1.5 nmol/106 cells was found between 4 and 24 h of incubation. The cell survival after
irradiation of the cells with visible light was dependent upon light-exposure level. A higher
phototoxic effect was observed for P–C60, which inactivates 80% of cells after 15 min of
irradiation. Moreover, both dyads keep a high photoactivity even under argon atmosphere. In
a subsequent paper79 they showed the cells died by apoptosis by analysis using Hoechst-33258,
toluidine blue staining, TUNEL and DNA fragmentation. Changes in cell morphology were
analyzed using fluorescence microscopy with Hoechst-33258 under low oxygen concentration.
Under this anaerobic condition, necrotic cellular death predominated over the apoptotic
pathway. It was found that P–C60 induced apoptosis by a caspase-3-dependent pathway.

Ikeda and coworkers80 used a series of liposomal preparations containing cationic or anionic
lipids together with dimyristoylphosphatidylcholine and introduced C60 into the lipid bilayer
by exchange from cyclodextrin. By adding a phosopholipid with an additional fluorochrome
they were able to use fluorescence microscopy to demonstrate uptake of the liposomes by HeLa
cells after 24 h incubation. Illumination with 136 J cm−2 350–500 nm light gave 85% cell
killing in the case of cationic liposomes and apoptosis was demonstrated.

In our laboratory we have tested the hypothesis that fullerenes would be able to kill cancer
cells by PDT in vitro. We studied the same group of fullerene derivatives described above
BF1–BF3 and BF4–BF6.44 We showed that the C60 molecule mono-substituted with a single
pyrrolidinium group (BF4) is a remarkably efficient PS and can mediate killing of a panel of
mouse cancer cells at the low concentration of 2 μM with very modest (5 J cm−2) exposure to
white light as shown in Fig. 8(A). The cells were all cancer cells; lung (LLC) and colon (CT26)
adenocarcinoma and reticulum cell sarcoma (J774) and the latter showed much higher
susceptibility perhaps due to having an increased uptake of fullerene because J774 cells behave
like macrophages.81 In Fig. 8(B) we show the comparative phototoxicity of all six fullerenes
against J774 cells. Besides the exceptionally active BF4, the next group of compounds has
only moderate activity (BF2, BF5 and BF6) against J774 cells showing some killing at high
fluences. The last two compounds (BF1 and BF3) had no detectable PDT killing up to 80 J
cm−2. For the first time we indirectly demonstrated that photoactive fullerenes are taken up
into cells by measuring the increase in fluorescence of an intracellular probe (H2DCFDA) that
is specific for the formation of ROS (in particular hydrogen peroxide) (Fig. 9). We believe that
the superoxide produced from the illuminated fullerene undergoes dismutation either catalyzed
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by superoxide dismutase, or spontaneously, to produce H2O2 resulting in the increased and
diffused fluorescence of the probe.

We also demonstrated the induction of apoptosis by PDT mediated by BF4 and by BF6 in
CT26 cells at 4–6 h after illumination (Fig. 10). The relatively rapid induction of apoptosis
after illumination might suggest the fullerenes are localized in subcellular organelles such as
mitochondria, as has been previously shown for PS such as benzoporphyrin derivative.82-84

PS that localize in lysosomes tend to produce apoptosis more slowly after illumination than
mitochondrial PS, due to the release of lysosomal enzymes that subsequently activate
cytoplasmic caspases.85

The mono-pyrrolidinium substituted fullerene was the most effective PS by a considerable
margin. The explanation for this observation is probably linked to its relative hydrophobicity
as demonstrated by its logP value of over 2. The single cationic charge possessed by BF4 is
also likely to play an important role in determining its relative phototoxicity. Many lipophilic
monocations have been shown to localize fairly specifically in mitochondria86-88 and this
property has been proposed as a strategy to target drugs to mitochondria.89

We have also performed preliminary experiments comparing effectiveness of BF4 to
Photofrin®, one of the clinically approved photosensitizers for cancer therapy.90 Fig. 11 shows
that BF4 was far superior at PDT-mediated killing of human ovarian cancer cells in vitro than
Photofrin. Both compounds, BF4 and Photofrin show very little dark toxicity as evidenced by
the survival fraction at zero fluence, which was after 24 h incubation of the cells with each PS.
Also, both show a light-dose dependent response. However, the response of BF4 at the light
fluences used was much more pronounced than that of Photofrin, demonstrating that BF4 is a
significantly better photosensitizer than Photofrin against ovarian cancer cells in vitro.

8. Photodynamic therapy of tumors
Fullerenes should have a photodynamic effect on tumors, if (a) the compound is accumulated
in the tumor tissue, (b) a reasonably efficient way to administer the compound to tumor bearing
animals is found, and (c) enough excitation light can be delivered to the photosensitized tumors.
The first report of fullerenes being used to carry out PDT of actual tumors was by Tabata et
al. in 1997.91 They chemically modified the water-insoluble C60 with polyethylene glycol
(PEG), not only to make it soluble in water, but also to enlarge its molecular size. When injected
intravenously into mice carrying a subcutaneous tumor on the back, the C60–PEG conjugate
exhibited higher accumulation and more prolonged retention in the tumor tissue than in normal
tissue. The conjugate was excreted without being accumulated in any specific organ. Following
intravenous injection of C60–PEG conjugate or Photofrin (a recognized PS) to tumor-bearing
mice, coupled with exposure of the tumor site to visible light, the volume increase of the tumor
mass was suppressed and the C60 conjugate exhibited a stronger suppressive effect than
Photofrin. Histological examination revealed that conjugate injection plus light irradiation
strongly induced tumor necrosis without any damage to the overlying normal skin. The
antitumor effect of the conjugate increased with increasing fluence delivered and C60 dose,
and cures were achieved by treatment with a low dose of 424 μg kg−1 at a (very high) fluence
of 107 Jcm−2.

Liu and others92 conjugated polyethylene glycol (PEG) to C60 (C60–PEG), and
diethylenetriaminepentaacetic acid (DTPA) was subsequently introduced to the terminal group
of PEG to prepare C60–PEG–DTPA that was mixed with gadolinium acetate solution to obtain
Gd3+-chelated C60–PEG–DTPA–Gd. Following intravenous injection of C60–PEG–DTPA–
Gd into tumor-bearing mice, the PDT anti-tumor effect and MRI tumor imaging were
evaluated. Similar generation of superoxide upon illumination was observed with or without
Gd3+ chelation. Intravenous injection of C60–PEG–DTPA–Gd into tumor bearing mice plus
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light (400–500 nm, 53.5 J cm−2) showed significant anti-tumor PDT effect and the effect
depended on the timing of light irradiation that correlated with tumor accumulation as detected
by the enhanced intensity of MRI signal.

The FC4S nanostructures described in section 243 have also been tested as PS in vivo.93 The
median lethal dose (LD50) of FC4S was defined as approximately 600 mg kg−1 in acute toxicity
studies. No adverse effects were noted in the animals when the FC4S was administered orally.
ICR mice subcutaneously implanted with sarcoma 180 tumor cells were given FC4S (15 mg
kg−1 ) by intraperitoneal injection, and PDT on tumor bearing mice using argon laser irradiation
at 514.5 nm with a total light dose of 100 J cm−2 delivered at 200 mW cm−2. Mean tumor size
was found to significantly decrease to only 10% of the untreated tumor control at 30 days after
laser irradiation. Mice treated with FC4S and no laser irradiation had a slight non-significant
reduction in tumor size.

These data summarized above suggest that PDT with fullerenes is not only possible in animal
tumor models, but demonstrate the potential use of these compounds as PS for PDT of cancer.

9. Conclusions and future outlook
At the end of this review we must ask ourselves whether in all reality it is likely that fullerenes
will ever be accepted as viable PS for PDT of any disease. As discussed previously these
compounds have certain unique features that could make them favorable candidates and at the
same time other unique features that would argue against them as PS for PDT. The most
important favorable property is their rather unusual photochemical mechanism. As shown by
us and by others, in aqueous solutions and particularly in the presence of reducing agents, these
compounds produce a substantial amount of superoxide anion in a Type I photochemical
process involving electron transfer from the excited triplet state to molecular oxygen. Although
many workers in the PDT field think that the product of the Type II photochemical process,
singlet oxygen, is the major cytotoxic species operating in PDT-induced cell killing, there have
been reports that Type I mechanisms may be equally effective or even more effective than
Type II. This is because hydroxyl radicals are the most reactive and potentially the most
cytotoxic of all ROS. It is assumed that hydroxyl radicals are formed from hydrogen peroxide
by Fenton chemistry reactions catalyzed by Fe2+ or Cu+ ions, and that the hydrogen peroxide
is produced by dismutation of superoxide anion either by enzyme catalysis or naturally.
Another possible mechanism of cytotoxicity is the diffusion-controlled reaction between
superoxide and nitric oxide to form the highly toxic species, peroxynitrite. Elevated levels of
nitric oxide are present both in cancers and infections thus giving the possibility of additional
levels of selectivity for target-specific damage.

The chief disadvantage of fullerenes is likely to be their optical absorption properties. The
absorption spectrum of fullerenes is highest in the UVA and blue regions of the spectrum where
the tissue penetration depth of illumination is shortest due to a combination of light absorption
by cellular chromophores and light scattering by cellular structures. However the molar
absorption coefficients of fullerenes are relatively high and the tail of absorption does stretch
out into the red regions of the visible spectrum. Fullerenes are not the most amenable molecules
for drug delivery and choosing appropriate formulations may be difficult. Nevertheless the
polycationic modifications described in this chapter demonstrate that with the correct
functionalities present on the fullerene cage these difficulties may be overcome.
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Fig. 1.
Schematic representation of the Type I and Type II photochemical mechanisms thought to
operate in PDT.
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Fig. 2.
Schematic outline of the possible applications of fullerenes as PDT sensitizers covered in this
review.
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Fig. 3.
Structures and visible absorption spectra recorded in DMSO of BF1–BF3 and BF4–BF6.
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Fig. 4.
Time decay curves of 1270 nm luminescence from singlet oxygen produced when BF4 (49
μM), BF6 (52 μM) or riboflavin (RBFL, 17 μM) were excited with a 5 ns 449 nm laser pulse;
(A) deuterated methanol; (B) deuterated PBS; (C) compare BF6 in airorinnitrogen.

Mroz et al. Page 20

Photochem Photobiol Sci. Author manuscript; available in PMC 2010 September 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Increase with illumination time (broad band white light) in ESR signal from superoxide-
specific spin trap (DMPO–OOH) and BF4 or BF6 (35 μM) in presence of 1 mM NADH or 2
mM histidine in 1 : 3 H2O : DMSO.
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Fig. 6.
Oxygen consumption rates for BF4 or BF6 (35 μM) in presence of 1 mM NADH or 2 mM
histidine with or without 5 mM sodium azide in 1:3 H2O : DMSO determined by ESR oximetry.

Mroz et al. Page 22

Photochem Photobiol Sci. Author manuscript; available in PMC 2010 September 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
(A) S. aureus or E. coli (108 cells per mL) were incubated for 10 min with BF1–BF3 at 100
μM concentration in PBS followed by illumination with 400–700 nm light at an irradiance of
200 mW cm−2. Aliquots were removed from the suspensions after the various fluences of light
had been delivered and CFU determined. Values are means of six independent experiments
and bars are SEM. * p < 0.05 ** p < 0.01; 2-tailed unpaired t-test. (B) S. aureus was incubated
with 1 μM concentration of BF4–BF6 and E. coli (both 108 cells per mL) was incubated with
BF4–BF6 at 10 μM concentrations for 10 min followed by a wash and illumination with white
light. Values are means of six independent experiments and bars are SEM. * p < 0.05, ** p <
0.01, *** p < 0.001; 2-tailed unpaired t-test.
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Fig. 8.
Survival curves of (A) LLC, J774, CT26 cells after 24 h incubation with 2 μM BF4 and (B)
J774 cells after 24 h incubation with 2 μM BF1–BF6, in both cases followed by a wash and
illumination with white light. A MTT assay was carried out after 24 h incubation. Values are
means of 9 separate wells and bars are SD. Experiments were repeated at least twice.
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Fig. 9.
Fluorescence micrographs of J774 cells that had been incubated with intracellular ROS probe
H2DCFDA, illuminated with 5 J cm−2 405 nm laser and imaged after 5 min. (A) H2DCFDA
without fullerene; (B) BF4 for24hH2DCFDA. Scale bar is 100 μm.
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Fig. 10.
Time course of apoptosis as measured by a fluorescent caspase assay in CT26 cells receiving
BF4-PDT (80% lethal dose) or BF6-PDT (60% lethal dose).
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Fig. 11.
Comparison of PDT-induced killing in human ovarian cancer cells by BF4 or Photofrin both
incubated for 24 h at 2 μM concentration and illuminated with red (630 nm) or white light
(400–700 nm).
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