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Abstract

One class of carbon nanomaterials is the closed cages known as fullerenes. The first member to be 

discovered in 1985 was C60, called “buckminsterfullerene” as its cage structure resembled a 

geodesic dome. Due to their extended π-conjugation they absorb visible light, possess a high 

triplet yield and can generate reactive oxygen species upon illumination, suggesting a possible role 

of fullerenes in photodynamic therapy (PDT). Pristine C60 is highly hydrophobic and prone to 

aggregation, necessitating functionalization to provide aqueous solubility and biocompatibility. 

The most common functional groups attached are anionic (carboxylic or sulfonic acids) or cationic 

(various quaternary ammonium groups). Depending on the functionalization, these fullerenes can 

be designed to be taken up into cancer cells, or to bind to microbial cells (Gram-positive, Gram-

negative bacteria, fungi). Fullerenes can be excited with a wide range of wavelengths, UVA, blue, 

green or white light. We have reported a series of functionalized fullerenes (C60, C70, C82) with 

attached polycationic chains and additional light-harvesting antennae that can be used in vitro and 

in animal models of localized infections. Advantages of fullerenes as photosensitizers are: (a) 

versatile functionalization; (b) light-harvesting antennae; (c) ability to undergo Type 1, 2, and 3 

photochemistry; (d) electron transfer can lead to oxygen-independent photokilling; (e) 

antimicrobial activity can be potentiated by inorganic salts; (f) can self-assemble into 

supramolecular fullerosomes; (g) components of theranostic nanoparticles; (h) high resistance to 

photobleaching. Disadvantages include: (a) highly hydrophobic and prone to aggregation; (b) 

overall short wavelength absorption; (c) relatively high molecular weight; (d) paradoxically can be 

anti-oxidants; (e) lack of fluorescence emission for imaging.

Graphical Abstract

Fullerenes can act as photosensitizers for photodynamic therapy. Advantages include chemical and 

photochemical versatility, nanotechnology potential, resistance to photobleaching. Disadvantages 

include short wavelength absorption, pronounced aggregate and high molecular weight.
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1. Introduction

Eiji Osawa of Toyohashi University of Technology in Japan, predicted the existence of C60 

in 1970 1. He realized that the structure of a corannulene molecule could be viewed as an 

isolated part of a soccer ball, and hypothesized that the complete spherical structure could 

also exist as a stable molecule. Also in 1970, R. W. Henson who was a member of the 

Graphite and Carbon Studies Group at the Atomic Energy Research Establishment, Harwell, 

UK independently proposed the soccer ball structure and created a model of C60 2. The 

results were never published but were acknowledged in Carbon in 1999 3. In 1973 a group of 

scientists from the USSR made a quantum-chemistry analysis of the stability of C60 and 

calculated its electronic structure. The paper was published in 1973 in the Proceedings of the 

USSR Academy of Sciences (in Russian) 4. Fifteen years later, in 1985 Harold Kroto of the 

University of Sussex, UK, visited Robert Curl and Richard Smalley at Rice University, TX, 

to test whether their high-power laser apparatus could simulate the surface of a carbon-rich 

“red giant” star. They discovered C60 as a peak in the mass spectrum, and this work 

eventually led to the award of the 1996 Nobel Prize in Chemistry 5.

The structure of the most common fullerene (C60) is a truncated icosahedron composed of 

twenty hexagons and twelve pentagons (Figure 1). The next most common fullerene is C70 

which is more ovoid in shape, rather than entirely spherical [32]. Other fullerenes with 72, 

76, 84 and even 108 carbon atoms have been prepared 6. Since the original discovery there 

has been intense interest in researching possible biological applications of fullerenes (and 

other carbon nanostructures produced in the nanotechnology revolution) with a view to 

using fullerenes in medicine 7–9.

Photodynamic therapy (PDT) was discovered over 100 years ago in 1900 in Munich, 

Germany. by a medical student called Oscar Raab who was working with Prof Hermann von 

Tappenier. He observed that when the single-cell microorganisms called paramecia were 

incubated with the fluorescent dye, acridine orange and exposed to light, they were killed, 

while those kept in the dark survived 10. When it was soon discovered that this phenomenon 

required oxygen to be present, the term “photodynamic” was coined 11. It was realized in 
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1910 that this photodynamic effect could be used as a medical therapy (photodynamic 

therapy or PDT) to destroy undesirable biological tissue, such as skin cancers 12.

The photochemical mechanism of PDT was first reported in 1977 by Weishaupt et al 13. 

They identified singlet molecular oxygen as the most important cytotoxic agent in the 

destruction of cancer cells incubated with hematoporphyrin and exposed to red light. It was 

later realized that the key feature of compounds (dyes) such as porphyrins used for PDT, was 

the existence of a long-lived triplet state that could be formed by an “intersystem crossing 

process” from the excited singlet state porphyrin, formed when the ground state porphyrin 

absorbed a photon of energy 14. Since ground state oxygen has a triplet electronic 

configuration, the excited porphyrin triplet state is allowed to undergo energy transfer with 

oxygen to produce the ground state singlet porphyrin and the excited state singlet oxygen 

(1O2). 1O2 is a highly reactive molecule that can oxidize lipids, proteins and nucleic acids, 

thus causing the death of any kind of cells (bacteria, fungus, cancer, normal cells, etc). 

Because 1O2 is highly reactive, it can only damage tissue or cells in the precise location 

where it is produced (i.e. where both dye and light are present at the same time).

In addition to 1O2, (which became known as the Type II photochemical mechanism), it was 

realized that other different reactive oxygen species (ROS) were also involved in the PDT 

effect depending on a number of factors. These ROS (including hydroxyl radicals, hydrogen 

peroxide, and superoxide anion) were produced by what became known as the Type I 

photochemical mechanism 15. It is thought that this process initially involves a 1-electron 

transfer from the PS triplet state to oxygen to form superoxide anion. Two additional 1-

electron reduction steps may then transform superoxide into hydrogen peroxide and then to 

hydroxyl radicals 16. The two photochemical mechanisms (Type 1 and Type 2) are 

schematically shown in a Jablonski diagram in Figure 2. These highly reactive oxygen 

species (ROS) 1O2 and HO• can cause oxidative damage to damage to nucleic acids, lipids 

and proteins and effectively kill cancer cells or even normal cells, and destroy any type of 

microorganisms whether they are Gram-positive bacteria, Gram-negative bacteria, fungi, 

viruses or parasites 17.

The goal of the present review is to discuss some of the papers published from the Hamblin 

laboratory in the Wellman Center for Photomedicine at Massachusetts General Hospital that 

have looked at PDT mediated by fullerenes 18. The goal is not to present a comprehensive 

review of fullerene-based PDT; the field has now grown far beyond that which can be fully 

covered in a single review. Moreover, we have concentrated to a large extent (but not 

exclusively) on antimicrobial photodynamic inactivation, and have expended less effort 

discussing anti-cancer applications and in vitro PDT of cancer cells. Nevertheless, our 

studies have uncovered some useful pieces of information that would not be immediately 

obvious to someone starting to work in this field. Our summary of the pros and cons of 

fullerenes as photosensitizers in PDT will likely be useful to other investigators.

2. Photochemical mechanisms

It has been known since shortly after the discovery of fullerenes that they could catalyze the 

formation of ROS after illumination of both pristine and functionalized C60 19. In a similar 
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manner to the tetrapyrrole-based PS discussed above 20, 21, illumination of fullerenes 

dissolved in organic solvents in the presence of oxygen leads to the efficient generation of 
1O2 via energy transfer from the excited triplet state of the fullerene 22. However, in polar 

solvents, especially those containing reducing agents (such as NADH at concentrations 

found in cells), illumination of various fullerenes will generate different kinds of ROS, such 

as superoxide anion 23. These two pathways (singlet oxygen and superoxide anion) are 

analogous to the Type II and Type I photochemical mechanisms discussed in PDT 14, 24.

Fullerenes with their triply degenerate, low lying lowest unoccupied molecular orbitals 

(LUMO) are excellent electron acceptors capable of accepting as many as six electrons 25. 

There is some evidence that fullerene excited states (in particular the triplet) are even better 

electron acceptors than the ground state 26, 27. 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 23 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 found that O2
−• and HO• 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 
28. 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 

EPR spin-trapping. Formation of O2
−• was also evidenced by the direct observation of a 

characteristic signal of O2
−•. On the other hand, no formation of 1O2 was observed using 

TEMP as a 1O2 trapping agent. Likewise, no near-IR luminescence (1270 nm) of 1O2 was 

observed. These results suggest that the PDT activity of the PVP-solubilized fullerene was 

caused not by 1O2, but by reduced oxygen species such as O2
−•, which were generated by 

the electron-transfer reaction of C60
−• with molecular oxygen.

One potentially confusing and paradoxical aspect of light-activated fullerenes, is how can 

these compounds behave as powerful anti-oxidants in the dark, and powerful PDT agents 

when illuminated? The fact that fullerenes are indeed powerful anti-oxidants is beyond 

dispute 29. One clue that might explain this inconsistency was proposed in 2009, by 

Andrievsky et al. 30, who showed that one major mechanism to explain how hydrated C60 

can inactivate the highly reactive ROS, hydroxyl radical, not by covalently scavenging the 

radicals, but rather by action of the coat of “ordered water” that was linked to the fullerene 

nanoparticle 31. One of the explanations is that hydroxyl radicals can be slowed down or 

trapped for a sufficient time allowing the two radicals to react with each other, which 

produce the comparatively less-toxic ROS, hydrogen peroxide.
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3 Synthetic modification of fullerenes for PDT

The two most important reactions to allow the covalent functionalization of fullerenes are 

the Bingel reaction and the Prato reaction (shown in Figure 3). The Bingel reaction is a 

cyclopropanation reaction onto a fullerene to produce a methanofullerene. This reaction was 

first discovered by C. Bingel in 1993 using the bromo-derivative of diethyl malonate in the 

presence of a base such as sodium hydride or DBU 32. This reaction prefers to take place at 

the shorter of the two types of double bonds on the fullerene surface; i.e. at the junctions of 

two hexagons (6–6 bonds) and the driving force is the relief of steric strain. The Prato 

reaction is a particular example of the well-known 1,3-dipolar cycloaddition of azomethine 

ylides to double bonds to produce 5-membered rings such as pyrrolidines 33. In fullerenes 

for instance, the amino acid sarcosine reacts with paraformaldehyde when heated at reflux in 

toluene to give an ylide which reacts with a double bond in the 6,6 ring position via a 1,3-

dipolar cycloaddition to yield a N-methylpyrrolidine fullerene derivative in 82% yield 34.

A highly water-soluble hexa(sulfobutyl)fullerene (FC4S) was synthesized by the treatment 

of C60 in dimethoxyethane with sodium naphthalide followed by reacting the resulting hexa-

anionic fullerene intermediate with an excess of 1,4-butanesulfone 35 as shown in Figure 4. 

Direct detection of 1O2 production from FC4S self-assembled nanospheres after irradiation 

at 500–600 nm was obtained by the measurement of its near-infrared luminescence at 1270 

nm. Despite FC4S having a relatively low optical absorption at 600 nm, an 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 estimated to be 0.36 using a correlation with C60 encapsulated 

in γ-cyclodextrin. Chiang and his coworkers showed that FC4S spontaneously self-

assembled into hexameric hydrophilic nanospheres 35 (Fig 4).

It is known that cationic functional groups provide good solubility to otherwise hydrophobic 

molecules, and moreover have the potential to bind to the anionic residues overexpressed on 

cancer cells and on bacterial cell walls via static charge interactions. Therefore, cationic 

groups have been considered a good choice for attachment to the fullerene cage to prepare 

PS. A number of chemical functionalization techniques for fullerenes have been evaluated 
36, 37. Among them, general suitable methods for the preparation of cationic fullerene 

derivatives include cyclopropanation (Bingel reaction) 38 eg C60[>M(C3N6
+C3)2]-(I−)10 

(LC14, Figure 5) 39, 40 and C70[>M(C3N6
+C3)2]-(I−)10 (LC17, Figure 6) 41. Pyrrolidination 

42 eg quaternized dimethylpyrrolidinium 43 fullerenyl monoadduct (BB4, Figure 7) and 

trisadduct (BB6, Figure 7) and structures such as LC22 and LC24 44, 45.

Throughout this review we have retained the compound numbers that were used in the 

original publications to avoid any confusion.

The cyclopropanation reaction of C60 was applied recently for the attachment of a highly 

complex decacationic moiety to the fullerene cage leading to the formation of fullerenes 

bearing ten positive charges. The decacationic functional derivatives of C60, C70, and C84O2 

fullerenes were designed to increase both the water-solubility and provide surface binding 

interactions with –D-Ala-D-Ala residues of the bacteria cell wall by incorporating multiple 
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H-bonding interactions and positive quaternary ammonium charge to bind to anionic 

lipopolysaccharides and lipoteichoic acids. The design included two esters and two amide 

moieties to give a sufficient number of carbonyl and –NH groups in a short length of ~20 Ǻ 
to provide effective multi-binding sites with the use of a well-defined water-soluble 

pentacationic moiety C3N6
+C3-OH at each side of the arm. A similar reaction scheme using 

a malonate precursor arm M(C3N6C3)2 was also applied for the preparation of 

C84O2[>M(C3N6
+C3)2] (I−)10 (LC19), C84O2[>M(C3N6

+C3)2][>M(C3N6C3)2] (LC20), 

C70[>M(C3N6
+C3)2][>M(C3N6C3)2] (LC18) 40 (Figure 6).

To circumvent the shortcoming of weak absorption of visible light wavelength by fullerenes, 

a highly fluorescent donor chromophore antenna can be covalently attached to fullerenes. 

Dialkyldiphenylaminofluorene (DPAF-Cn, shown in Figure 5) can function as a light-

harvesting donor chromophore antenna that can be attached to C60 cage to facilitate ultrafast 

intramolecular energy- and electron-transfer from the donor antenna to C60 and therefore to 

enhance PDT efficacy 46.

It was reported the majority of the HOMO electron density was delocalized over the 

dialkyldiphenylaminofluorene (DPAF-Cn) moiety, whereas the LUMO electron density was 

located on the C60 spheroid 47. Therefore charge-separated states may be generated by 

intramolecular electron-transfer between the diphenylaminofluorene donor and C60> 

acceptor moieties during the photoexcitation process.

Intramolecular formation of transient charge-separated states is crucial for generation of 

radical ROS, initially with O2
−• and subsequently HO•. 1C60

−*•(>CPAF+•-Cn) is the most 

stable charge-separated state in polar solvents, including H2O 47 and has nearly 6-fold 

higher generation of singlet O2 compared to 1C60
−*•(>DPAF+•-Cn).

Many strategies have been applied to either solubilize or modify fullerenes in order to avoid 

the problem of aggregation, and to thereby improve their drug-delivery and suitability for 

medical use: e.g. liposomes, 48–50, micelles 51, 52, dendrimers 53, 54, PEGylation 54–57, self-

nanoemulsifying systems (SNES) 58–61 and encapsulation in cyclodextrins 48, 62, 63.

4 Fullerene-mediated PDT for cancer: in vitro studies

Many studies of fullerenes for PDT have used them as PS to combat cancer. PDT began to 

be widely studied in the 1970s as a clinical anticancer treatment 64–66. The first step in PDT 

anticancer investigation has traditionally been to test if the combination of fullerenes and 

visible light could kill cancer cells in cell culture experiments in vitro

It is considered that one condition for any PS to produce cell killing after illumination, is 

that the PS should actually be taken up inside the cell, as the production of ROS outside the 

cell will not be enough to produce cell death, unless it is produced in extremely large 

amounts. One of the limitations for the study of the uptake of fullerenes into cells is their 

non-fluorescent nature that limits the use of fluorescence microscopy to study the 

localization in cells. Some strategies though have been adopted to overcome this limitation, 

such as the use of radiolabeled fullerene that have been prepared to study the uptake. 

Indirect immunofluorescence staining with antibodies has been used to show the localization 
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of fullerene in mitochondria and other intracellular membranes 67. Recently energy-filtered 

transmission electron microscopy and electron tomography was used to visualize the cellular 

uptake of pristine C60 nanoparticulate clusters in the plasma membrane, lysosomes and in 

the nucleus of cells 68.

The first report of phototoxicity in cancer cells mediated by fullerenes was in the year 1993. 

In this study Tokuyama et al 69 used carboxylic acid functionalized fullerenes at 6.0 μM and 

white light to produce growth inhibition in cancer cells. Burlaka et al 70 used pristine C60 at 

10 μM with visible light from a mercury lamp to produce some phototoxicity in Ehrlich 

carcinoma cells or in rat thymocytes. The cytotoxic and photocytotoxic effects of two water-

soluble fullerene derivatives, a dendritic C60 mono-adduct and the malonic acid C60 

trisadduct were tested on Jurkat cells when irradiated with UVA or UVB light 69. The cell 

death was mainly caused by membrane damage and it was UV dose-dependent. Three C60 

derivatives with two to four malonic acid groups (DMA C60, TMA C60 and QMA C60) were 

tested for their relative efficacy in HeLa cells and the results showed the following order for 

their efficacy DMA C60 >TMA C60 > QMA C60 [69].

The hypothesis that fullerenes have the potential to destroy cancer cells by PDT was tested 

in our group. We showed that the C60 molecule mono-substituted with a single 

pyrrolidinium group (BB4 shown in Figure 7) is an efficient PS, and can mediate killing of a 

panel of mouse cancer cells. The mouse cells that we used were lung cancer (LLC), colon 

adenocarcinoma (CT26) and reticulum cell sarcoma (J774), and the latter showed much 

higher susceptibility to fullerene mediated PDT possibly due to having an increased uptake 

(because J774 cells behave like macrophages) 71. Besides the exceptionally active BB4, the 

next group of compounds had only moderate activity against J774 cells showing only some 

killing even at high fluences. The indirect measurement of fullerenes uptake was 

demonstrated by increase in fluorescence of an intracellular probe (H2DCFDA) which is 

specific for the formation of ROS. We also showed the initiation of apoptosis by PDT 

mediated by BB4 and BB6 in CT26 cells at 4–6 h after illumination. The induction of 

apoptosis was rapid after illumination which may perhaps suggest that fullerenes are 

localized in mitochondria, as it has been previously shown with benzoporphyrin derivative 
72–74.

The explanation for the mono-pyrrolidinium substituted fullerene as most effective PS most 

likely linked to its relative hydrophobicity as established by its logP value of over 2. Besides 

this a single cationic charge on BB4 is in addition expected to play a significant role in 

determining its relative phototoxicity. On comparing the effectiveness of BB4 to 

Photofrin® 57 we found that BB4 was far better at PDT-mediated killing of human ovarian 

cancer cells in vitro than Photofrin. Both showed a light-dose dependent response. Though, 

the response of BB4 at the light fluences used was much more pronounced than that of 

Photofrin, demonstrating that BB4 was a considerably superior photosensitizer than 

Photofrin against ovarian cancer cells in vitro.

As fullerenes show a relatively slower uptake we incubated the cells for 24h with 

C70[>M(C3N6
+C3)2] LC14 (Figure 5) and C60[>M(C3N6

+C3)2] LC17 (shown in Figure 6). 

C70[>M(C3N6
+C3)2] killed cells more effectively than C60[>M(C3N6

+C3)2], On the 
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contrary, the fullerene LC14 killed less than 1 log at all fluences. LC-17 that was without the 

decatertiary amine chain was less phototoxic than LC18 which possessed an extra deca-

tertiary ethyleneamine chain. This exciting result prompted us to carry out studies with new 

PDT compounds C84O2[>M(C3N6
+C3)2]-(I3

−)10 (LC19-I3
−) and C84O2[>M(C3N6

+C3)2]

[>M(C3N6C3)2]-(I−)10 (LC20) (shown in Figure 6). Different wavelengths were used for 

irradiation. UVA and blue light caused more killing with LC20 than with LC19-I3
−. This 

difference can be attributed to a higher chance of an electron transfer process occurring with 

shorter wavelengths and also the presence of the electron donating tertiary-ethyleneamine 

chain. When white light was employed, the variation between LC20 and LC19-I3
−was 

smaller, but LC20 still gave extra killing. When green light was used, there was equal killing 

for both fullerenes. When red light was used the situation was reversed and LC19-I3
−gave 

considerably more killing than LC20. It is important to state that all the compounds induced 

very low dark toxicity 56.

5 Fullerene-PDT for cancer: in vivo studies

The three prerequisites for a fullerene PS to have an important PDT effect on tumors are first 

of all it should accumulate in the tumor tissue; secondly there should be an efficient way to 

administer the compound to tumor bearing animals; and thirdly a practical way to deliver 

excitation light to the tumors. The first effort in this direction was reported by Tabata 35 in 

1997. To render the normally water-insoluble pristine C60 water-soluble, and enlarge its 

molecular size they chemically modified it with polyethylene glycol. This conjugate was 

injected intravenously into mice carrying a subcutaneous tumor on the back. C60-PEG 

conjugate demonstrated higher accumulation and relatively more prolonged retention in the 

tumor tissue than in normal tissue. On performing PDT after intravenous injection of C60-

PEG conjugate or Photofrin 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-PEG 

conjugate exhibited a stronger suppressive effect than Photofrin. Tumor necrosis was 

observed without any damage to the overlying normal skin. The antitumor effect of the 

conjugate showed an increase with increasing fluence delivered and C60 dose, and cures 

were achieved by treatment with a low dose of 424 μg/kg at a fluence of 107 J/cm2. In 

another study Liu and others 7576 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. PDT induced anti-tumor effect and MRI tumor 

imaging was evaluated on intravenous injection of C60-PEG-DTPA-Gd into the tumor 

bearing mice. Equivalent generation of superoxide upon illumination was observed with or 

without Gd3+ chelation. Intravenous injection of C60-PEG-DTPA-Gd into tumor bearing 

mice plus light (400~500 nm, 53.5 J/cm2) demonstrated significant anti-tumor PDT 

depending on the timing of light irradiation that also correlated with tumor accumulation as 

detected by the enhanced MRI signal.

Chiang and his coworkers 75 performed a preliminary in vivo study of PDT using 

hydrophilic nanospheres formed from hexa(sulfo-n-butyl)-C60 (FC4S, shown in Figure 4). 

This study was performed on ICR mice bearing sarcoma 180 subcutaneous tumors. No 

adverse effects were noted in the animals when the FC4S was administered orally. Water-
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soluble FC4S in PBS (5 mg/kg body weight) was given either intraperitoneally or 

intravenously with subsequent irradiation with an argon ion laser beam at a wavelength of 

515 nm or an argon-pumped dye-laser at 633 nm. The beam was focused to a diameter of 7–

8 mm with the total light dose of 100 J/cm2. Inhibition of tumor growth was found more 

effective using the low wavelength i.e. in case of better-absorbed 515nm laser than the 633-

nm laser. I.p. administration method proved to be slightly better in inhibition effectiveness 

than the i.v. method. Conclusively data suggest that PDT with fullerenes is not only possible 

in animal tumor models, but can demonstrate the potential use of these compounds as PS for 

PDT of cancer.

We also demonstrated 77 the therapeutic effects of intraperitoneal PDT with a fullerene 

excited by white light in a very challenging mouse model of disseminated abdominal cancer. 

In this study we formulated the monocationic BB4 (Figure 7) in micelles composed of 

Cremophor EL. Colon adenocarcinoma cell line (CT26) expressing firefly luciferase was 

used to allow monitoring of IP tumor burden by non-invasive bioluminescence imaging. 

BB4 in micelles was injected intraperitonally (5 mg/kg) followed by white-light illumination 

(100 J/cm2) delivered through the peritoneal wall. To facilitate this unusual approach, the 

skin overlying the peritoneal wall was temporarily peeled back to allow light penetration and 

sutured up again afterwards. The mice recovered from this surgical procedure without any 

problem. This treatment produced a statistically significant reduction in bioluminescence 

and a survival advantage in mice, shown in Figure 4. A drug-light interval of 24 hours was 

more effective than a 3-hour drug-light interval showing the significance of allowing enough 

time for the fullerene to be taken up into the cancer cells in the peritoneal cavity.

As the cancer cells are known to express more glucose receptors, Otake and el. exploited this 

fact and synthesized C60-glucose conjugates which also proved to be more soluble. These 

conjugates demonstrated selective phototoxicity in cancer cells compared to fibroblast cells 

thus suggesting the importance of targeting glucose receptors 78. The PDT effect in vivo was 

investigated in human-melanoma (COLO679)-xenograft bearing mice by injecting C60-

(Glc)1 (0.1 or 0.2 mg/tumor) intratumorally followed by irradiation with 10 J/cm2 UVA1. 

The drug-light interval was 4h. Tumor growth was suppressed better with the higher dose 

than the lower dose.

6 Fullerene-PDT for infections: in vitro studies

Antibiotic resistance is a worldwide problem that is spreading with remarkable speed 79. The 

injudicious and over-use of antibiotics is the most important reason leading to antibiotic 

resistance around the world. The “golden age” of antimicrobial therapy began with the 

discovery of antibiotics around the middle of the last century 80. Meanwhile, many other 

well-established effective treatments that could kill bacteria and cure infections (including 

photosensitizing reactions) were forgotten. In the last few decades, however, concerns have 

emerged about the re-ermergence of “untreatable infections” caused by “superbugs” 81, 82. 

These concerns have created an ever-increasing need and demand for new antibiotic drugs. 

However new antibiotics are simply not being discovered at the requisite rate 83, 84, 

motivating the investigation of antimicrobial photodynamic inactivation (aPDI) 17 as a new 

alternative approach.
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As a result of these pressures, antimicrobial PDT or aPDI has become an emerging 

alternative strategy to destroy microorganisms especially for multi-drug resistant pathogens 
85. PDT produces ROS that are toxic to the target microorganisms. PDT has a broad 

spectrum of action, and compared to antibiotic treatment, PDT does not lead to the selection 

of mutant resistant strains.

Currently, topical application of the PS solution onto or into the infected tissue, and 

subsequent illumination with activating light seems to be the most appropriate method to 

carry out antimicrobial PDT, without damaging the surrounding tissue or disturbing the 

residual bacterial-flora. Since the infecting microbial cells are often confined to the surface 

layers of the tissue, and the PS distribution is perforce fairly superficial, it does not appear to 

be highly detrimental if the penetration of the light is also only superficial, as might be the 

case for the UVA or blue light used to excite fullerenes. It has been well accepted that Gram-

positive bacteria are more susceptible to PDT as compared to Gram-negative bacteria. This 

can be explained by the different structures of their cell walls 86.

There are several possible mechanisms to explain the antimicrobial activity of illuminated 

fullerene PS: by interfering with cell wall synthesis; plasma membrane integrity; nucleic 

acid synthesis; ribosomal function and folate synthesis. All of these processes would result 

in disruption of the bacterial cell structure and metabolism and complete inhibition of 

growth. Martin and Logsdon hypothesized that it was possible that microorganisms were 

susceptible to damage by to Type I ROS when compared with Type II singlet oxygen 87. As 

mentioned before, the solubility of fullerenes is improved by functionalization 36 and when 

hydrophilic or amphiphilic functional groups 88 are attached to the fullerenes light activation 

will more efficiently produce hydroxyl radicals and superoxide anion (as well as singlet 

oxygen) 89.

An ideal PS proposed for antimicrobial PDT can be judged on several criteria. These PS 

should have no toxicity in the dark and should selectively kill bacteria over mammalian 

cells. PS should be able to kill multiple classes of microorganisms at relatively low 

concentrations with low fluences of light. PS should ideally have high absorption 

coefficients between 600 nm to 800 nm where the penetration of light into tissue is highest, 

and have high quantum yields of both triplet state and singlet oxygen formation.

The structures, especially the charges of the groups attached to the fullerenes influences the 

efficacy of photokilling of microorganisms. Our lab has shown, in a series of reported 

experiments that cationic fullerenes fulfill many, but not all of the aforementioned criteria. 

For the first time we demonstrated that the soluble functionalized fullerenes were efficient 

antimicrobial PS and could mediate selective photodynamic inactivation (PDI) for various 

classes of microbial cells over mammalian cells 90. We compared the antimicrobial activity 

of broad-spectrum antimicrobial photodynamic activities of two series of functionalized C60; 

a first series with one, two, or three polar diserinol groups (BB1–3), and a second series with 

one, two, or three quarternary pyrrolidinium groups (BB4–6). Gram-positive bacteria (S. 
aureus) Gram-negative bacteria (E. coli and P. aeruginosa), and fungal yeast (C. albicans) 

were tested in this study. The neutral, alcohol-functionalized fullerenes (BB1–3) had only 

modest activity against S. aureus, while the cationic pyrrolidinium-functionalized fullerenes 
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(BB5 and 6) were surprisingly effective in causing light-mediated killing of S. aureus at 

1uM, and 10uM for E. coli, C. albicans and P. aeruginosa. However, these pyrrolidinium-

functionalized fullerenes compounds (especially BB5 and BB6) demonstrated high levels of 

dark toxicity against S. aureus, as Mashino et al. showed that cationic fullerenes could 

inhibit the growth of E. coli and S. aureus by interfering with the respiratory chain 91, 92. 

These compounds all performed significantly better than a widely used antimicrobial 

photosensitizer, toluidine blue O.

In agreement with previous findings, results from Spesia et al. 93 indicated that a dicationic 

fullerene derivate was an interesting PDT agent with potential applications in PDI of 

bacteria. They compared PDI efficacy of fullerene derivatives with different numbers of 

cationic charged. The spectroscopic and photodynamic properties of a dicationic N,N-

dimethyl-2-(40-N,N,N-trimethylaminophenyl) fulleropyrrolidinium iodide) (DTC60
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 

(DAC60
+) in different media and in a typical Gram-negative bacterium, E. coli. PDI of E. 

coli cellular suspensions by dicationic fullerene exhibits a ~3.5 log decrease of cell survival 

after 30 min of irradiation, which represents about 99.97% of cellular inactivation.

To determine the optimal chemical structure of the fullerene derivatization, a QSAR 

relationships study employed fullerene PS with a wider range of different hydrophobicities, 

as well as an increased number of cationic charges 94. The results indicated that increasing 

the number of cationic charges and lowering the hydrophobicity tended to increase the 

antimicrobial PDI efficacy of fullerene PS against both Gram-positive and Gram-negative 

bacteria. The charge increases the association of the PS with negatively charged pathogen 

membranes, whereas the hydrophobic character increases association with or penetration 

into the lipid components of the membrane, or both. Mizuno et al. 43 from our laboratory 

emphasized the importance of the number of cationic charges in influencing the efficiency of 

the fullerenes in antimicrobial PDI when they looked at a further series of functionalized 

cationic fullerenes PS. They compared PDI efficacy of a new group of synthetic fullerene 

derivatives that possessed either basic or quaternary amino groups as antimicrobial PS 

against S aureus (Gram-positive), E. coli (Gram-negative) bacteria and C. albicans (fungi). 

QSAR derived with LogP and hydrophilic lipophilic balance parameters showed that much 

better correlations were obtained when 3X the number of cationic charges were subtracted 

from the LogP values. The most effective ones to perform antimicrobial PDT were 

tetracationic compound BB21 that had more cationic charges and a lower logP. S. aureus 
was most susceptible; E. coli was intermediate, while C. albicans was the most resistant 

species tested.

The antimicrobial effects of two highly water-soluble decacationic fullerenes LC14 

(C60[>M(C3N6
+C3)2]) and LC17 (C70[>M(C3N6

+C3)2]) were compared in the PDT-killing 

of the Gram-positive S. aureus 39. The decacationic arms attached to these fullerenes 

allowed the rapid binding to the anionic residues of bacterial cell walls. The large number of 

ionic groups dramatically enhanced the water solubility of these compounds. The data 

showed interesting differences between the photoactivity of the decacationic fullerene 

compounds that differed only in the number of carbon atoms in the fullerene cage. For 
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Gram-positive bacteria LC14 was better at photokilling than LC17, while for Gram-negative 

bacteria and for cancer cells the opposite was the case. The results of ROS (HO• or 1O2) 

generation demonstrated that LC14 produced more 1O2 while LC17 produced more HO•. 

This finding offers an explanation of the preferential killing of Gram-positive bacteria by 

LC14 and the preferential killing of Gram-negative bacteria by LC17. This finding is in 

agreement with our previous report that Type-II ROS, i.e. singlet oxygen, 1O2, are better at 

killing Gram-positive bacteria than Type-I ROS, i.e. hydroxyl radicals, HO•, while the 

reverse is true for Gram-negative bacteria (HO• is better at killing than 1O2). The hypothesis 

is that 1O2 can diffuse more easily into porous cell walls of Gram-positive bacteria to reach 

sensitive sites, while the less permeable Gram-negative bacterial cell wall needs the more 

reactive HO• to cause real damage 95, 96.

The addition of azide can be used to distinguish between Type 1 and Type 2 photochemical 

mechanisms 97. This is because azide quenches singlet oxygen by both physical and 

chemical quenching processes and tends to reduce microbial killing where the mechanism is 

largely Type 2 in nature. However in some cases the addition of azide can actually increase 

the microbial killing, so-called “paradoxical potentiation” 98. The phenothiazinium dye, 

methylene blue was the first to be shown to be potentiated by azide 99, and then we 

subsequently showed that some other phenothizinium PS could also be potentiated by azide 
100. We explored the effects of azide on PDI mediated by three different fullerene PS, LC14, 

LC15 and LC16 (Figure (C60[>M(C3N6(+)C3)2][>M(C3N6C3)2]-(I(-))10 (LC16 was 

derived from LC14), as a malonate bisadduct containing a covalently bound decatertiary 

amine arm 101. Bacterial killing was not much inhibited by addition of azide anions, and in 

some cases was potentiated. In the absence of oxygen, microbial photokilling was highly 

potentiated (up to 5 logs) by the addition of azide anions. Oxygen-independent bacterial 

photokilling was probably mediated by azidyl radicals formed by a 1-electron transfer 

process.

7 Fullerene-PDT for infections: in vivo studies

The absorption spectrum of fullerenes is, in addition to substantial UV absorption, mainly in 

the blue and green visible wavelengths. This property actually limits the application of 

fullerene in clinical disorders, since the penetration of short wavelength light into tissue is 

relatively poor; however, fullerenes may still be useful as antimicrobial PS for the treatment 

of relatively superficial infections, where the light does not need to penetrate deeper than 

1mm. A fullerene-based PS (BB6) with tricationic charges provided by quaternized 

dimethylpyrrolidinium groups was found to be an effective against Gram-positive bacteria, 

Gram-negative bacteria and fungal yeast in vitro 102. To investigate if the high degree of in 
vitro activity could translate into an in vivo antibacterial PDT effect, our lab 42 continued to 

test BB6 in two potentially lethal mouse models of wounds infected with two Gram-negative 

bacteria (P. aeruginosa and P. mirabilis), respectively. Compared to Gram-positive bacteria, 

many Gram-negative bacteria are much more difficult to be photo-inactivated, and tend to 

produce systemic sepsis when wound infections develop. Higher concentrations of PS and 

higher fluences of light (180 J/cm2) were needed in vivo than in vitro to achieve a certain 

loss of bioluminescence. The fullerene-mediated PDT succeeded in saving the life of mice 

whose wounds were infected with P. mirabilis and could be combined with a sub-optimal 
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dose of antibiotics to save mice with P. aeruginosa wound infections. These results shown in 

Figure 9 indicated that fullerene-mediated PDT could either treat wounds infected with 

virulent species of Gram-negative bacteria or be able to synergize with a suboptimal 

antibiotic regimen to prevent regrowth and produce significantly higher survival 42.

In the case of 3rd-degree burns, they are particularly susceptible to bacterial infection as the 

barrier function of the skin is destroyed, the dead tissue is devoid of host-defense elements, 

and a systemic immune suppression is a worrying consequence of serious burns. 

Furthermore the lack of perfusion of the burned tissue means that systemic antibiotics are 

generally ineffective 103. Although excision and skin grafting is now standard treatment for 

3rd-degree burns 104, superimposed infection is still a major problem. Patients with Gram-

negative burn infections have a higher likelihood of developing sepsis than Gram-positive 

infections. Topical antimicrobials are the mainstay of therapy for burn infections and PDT 

may have a major role to play in the management of this disease 94.

We found in previous study a decacationic fullerene LC17 (C70[>M(C3N6
+C3)2]) was good 

at photokilling Gram-negative bacteria in vitro. We synthesized a new compound 

C70[>M(C3N6 +C3)2][>M(C3N6C3)2] (LC18) with the same decacationic side chain plus an 

additional deca tertiary amine groups against Gram-negative bacteria (Figure 6). A mouse 

model of third-degree burn infection with bioluminescent Gram-negative bacteria was used 

to test the in vivo effectiveness of the therapeutic approach using the UVA excitation 105.

Our hypothesis was that the attachment of an additional deca(tertiary-

ethylenylamino)malonate arm to C70, producing LC18, allowed the moiety to act as a potent 

electron donor and increased the generation yield of hydroxyl radicals under UVA 

illumination. This is consistent with the reported phenomena of photoinduced intramolecular 

electron transfer from the tertiary amine moiety to the fullerene cage in polar solvents, 

including water, at the short excitation wavelength.

Addition of a different inorganic salt, potassium iodide can also be used to strongly 

potentiate aPDI 106. This is particularly important in the case of Gram-negative bacteria 

where many PS that cannot normally kill E. coli, can eradicate the cells (6 logs of killing) 

when KI is added. This has been shown for Photofrin 107 and Rose Bengal 108. The 

mechanism was proposed to involve the oxidation of iodide to free iodine or reactive iodine 

radicals and can operate by both Type 1 or Type 2 photochemical mechanisms. In a study by 

Zhang et al 109 we showed that the microbial killing mediated by LC16 excited by either 

UVA or white light could be potentiated by additioion of KI (10 mM) in the case of Gram-

negative Acinetobacter baumannii, MRSA and C. albicans. A mouse model infected with 

bioluminescent A. baumannii gave increased loss of bioluminescence when iodide (10 mM) 

was combined with LC16 and UVA/white light (Figure 10).

8 Fullerene-tetrapyrrole dyads

Photosynthesis which occurs in plants and in photosynthetic bacteria could be regarded as an 

elaborate, nano-scale, naturally occurring biological machine. The photosynthetic apparatus 

converts solar energy into chemical energy, that eventually forms the basic foodstuff for all 
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living organisms on the earth. The key process of photosynthesis is a cascade of 

photoinduced energy transfer and subsequent electron transfer reactions between donor and 

acceptor molecules in the antenna complexes and reaction centers. The final charge-

separated state has a quantum efficiency of nearly 100%, as well as a lifetime of the order of 

seconds. Electrons are removed from suitable substrates, such as water, producing oxygen 

gas. The hydrogen freed by the splitting of water is used in the production of two 

intermediate compounds that serve as short-term stores of cellular energy (reduced 

nicotinamide adenine dinucleotide phosphate, NADPH, and adenosine triphosphate, ATP). 

NADPH and ATP can then be used to power the biosynthesis of sugars from carbon dioxide 

extracted from the air in the Calvin cycle for carbon fixation. The unique, nano-sized three-

dimensional structure of the photosynthetic apparatus has inspired synthetic chemists who 

are searching for improved methods of solar energy conversion and light harvesting 

antennae 110.

One way of accomplishing this goal efficiently is to covalently join an efficient light-

harvesting molecule (such as porphyrin) to a good electron acceptor molecule (such as a 

fullerene). A wide range of donor–bridge–acceptor hybrids have been synthesized to 

investigate which factors are important for light-driven energy and electron transfer. 

Porphyrin-fullerene dyads can be joined by flexible or rigid linkers, which can be linear or 

non-linear, and can contain aromatic rings, or double or triple carbon bonds. All of these 

factors have an important effect on the photophysical properties of the porphyrin-fullerene 

dyads 111, 112. The process of energy and electron transfer was investigated by Kuclauskas et 

al 113. In toluene, the porphyrin first excited singlet state had a lifetime about 20 ps and 

decayed by singlet–singlet energy transfer to the fullerene. The fullerene first excited singlet 

state underwent intersystem crossing to the triplet, which exists in equilibrium with the 

porphyrin triplet state. In benzonitrile, photoinduced electron transfer from the porphyrin 

first excited singlet state to the fullerene competed with energy transfer. The fullerene 

excited singlet state was also quenched by electron transfer from the porphyrin. Overall, the 

charge-separated state was produced with a quantum yield approaching unity. Onal and 

coworkers conducted a structure-function analysis of the singlet oxygen quantum yield in 

porphyrin-fullerene dyads dissolved in toluene 114. The molecular orbital levels and energy 

gaps of the dyads were determined by electrochemistry and theoretical calculations. The 

presence of an electron-donating hexyloxy chain at the para position of the meso-phenyl 

groups on the porphyrin, and the presence of a phenylacetylene spacer encouraged 

generation of singlet oxygen.

Milanesio et al 73 used tetrapyrrole-fullerene conjugates and evaluated PDT effect with a 

porphyrin-C60 dyad (P-C60) and its metal complex with Zn(II) (ZnP-C60) and compared 

with 5-(4-acetamidophenyl)-10,15,20-tris(4-methoxyphenyl)porphyrin (P) on Hep-2 human 

larynx carcinoma cell line. The phototoxicity was dependent on light exposure level with 

visible light. 80% phototoxicity was observed for P-C60 after 15 min of light irradiation 

which was higher as compared to ZnP-C60. In the presence of an argon atmosphere a high 

photoactivity was observed with both the dyads. In another paper 74 the cell death was 

confirmed to occur by apoptotic mode.
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Fullerene-tetrapyrrole dyads have also been tested to overcome the requirement to utilize 

UV or short-wavelength visible light to activate fullerenes. In one study where two new 

fullerene-bis-pyropheophorbide-a derivatives were prepared: a mono-(FP1) and a 

hexaadduct (FHP1.) The C60 hexaadduct FHP1 had a significant phototoxic activity (58% 

cell death, after a dose of 400 mJ/cm2 of 688 nm light) but the monoadduct 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, possibly due to the lower cellular uptake of 

the adducts 115.

9 Advanced fullerene-based nanostructures and theranostics

In common with a large number of other investigations in the nanomedicine sphere, the 

concepts of multifunctionality and theranostics has spread to include fullerenes as well. Over 

recent years, a great variety of nanoparticles have been employed as drug delivery vehicles 

and imaging vehicles in anticancer therapeutics. Suitable nanoparticles can show unique 

pharmacokinetics (including minimal renal filtration, which in turn extends circulation time 

in the blood, depending on the surface functionalization 116), they have high surface area to 

volume ratio (that enables them to be modified with various functional groups), and they 

possess the possibility to attach tailored functionalities. These properties taken together have 

made nanoparticles enormously attractive for medical applications. Nanoparticle-constructs 

can possess the simultaneous abilities to home to a target, allow real time imaging, deliver 

therapeutics, and monitor the results of the therapy, which is the definition of “theranostics”. 

The ability to finely tune the timing and dosage of therapeutic agents, and the timing of an 

external activation agent (light, heat or ultrasound) and thus produce truly individualized 

medicine, as opposed to adopting a ‘one-size-fits-all’ approach as in the past.

To produce theranostic nanoparticles, various therapeutic strategies, such as nucleic acid 

therapeutics for gene therapy, chemotherapeutic drugs, hyperthermia (photothermal 

ablation), photodynamic therapy, radiation therapy or therapeutic ultrasound have been 

combined with one or more imaging functionalities. Drug or gene delivery vehicles can be 

decorated with different imaging probes, such as MRI contrast agents (T1 and T2 agents), 

fluorescent markers (organic dyes and inorganic quantum dots), photoacoustic reporters, 

Raman probes, or nuclear imaging agents (PET/SPECT/CT) in order to facilitate imaging, 

and in doing so, gain information about the trafficking pathways, kinetics of delivery, and 

therapeutic efficacy.

The present review will briefly cover some examples of multifunctional and theranostic 

nanoparticles where fullerenes have played a major role. Guan et al 117 reported a novel 

“phototheranostic” platform based on tri-malonate derivative of fullerene C70 that self-

assembled into nanovesicles (FCNVs) that could be loaded with the photosensitizer (chlorin 

e6, Ce6). The amphiphilic TFC70-oligo ethylene glycol-Ce6 FCNVs possessed the 

following advantages: (i) high loading efficiency of Ce6 (up to ~57 wt%); (ii) efficient 

absorption in the red light spectrum; (iii) enhanced cellular uptake; (iv) high PDT efficiency 

of Ce6 in vitro and in vivo; (v) ability to allow in vivo fluorescence imaging; (vi) good 

biocompatibility and total elimination from the body.
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Shi and co-workers 118 reported the preparation of fullerene (C60)-based tumor-targeting 

nanoparticles with a controllable “off-on state”. Doxorubicin (DOX) was covalently 

conjugated to fullerene (C60) nanoaggregates via a reactive oxygen species (ROS)-sensitive 

thioketal linker (C60-DOX NPs), and then a hydrophilic coating (distearoyl-sn-glycero-3-

phosphoethanolamine-PEG-CNGRCK2HK3HK11, DSPE-PEG-NGR) was attached to the 

outer surface of C60-DOX providing stability in physiological solutions and an active tumor-

targeting capacity. C60-DOX-NGR NPs were able to entrap DOX efficiently even in an 

acidic environment (pH 5.5) when they were in the “off” state. In contrast, when the NPs 

were in the “on” state when they were irradiated by a 532nm laser (at low power density) 

with high spatial/temporal resolution, a large amount of ROS was generated, leading to the 

breaking of the ROS-sensitive linkers, and the burst release of DOX. The “off” or “on” state 

of the C60-DOX-NGR NPs could be precisely remote-controlled by the laser irradiation. In 

vivo these nanoparticles showed a high antitumor efficacy and a low toxicity to normal 

tissues.

Du and colleagues 119 described a nanocomposite composed of N-succinyl-N′-4-(2-

nitrobenzyloxy)-succinyl-chitosan micelles (SNSC) loaded with fullerene (C60), iron oxide 

(Fe3O4) nanoparticles and upconversion nanophosphors (UCNPs). In addition, the 

hydrophobic anticancer drug docetaxel (DTX) was also loaded into the nanocomposites. The 

experiments conducted in vitro and in vivo demonstrated that C60/Fe3O4-

UCNPs@DTX@SNSC could act synergistically to kill tumor cells by releasing 

chemotherapy drugs at a specific target site, in addition to generating ROS when excited by 

a 980 nm laser. Non-invasive dual-mode imaging employed both magnetic resonance 

imaging and upconversion fluorescence imaging.

Wang et al 120 studied multifunctional nanoparticles to target cancer stem cells (CSCs). 

CSCs are resistant to chemotherapy and are highly tumorigenic, which contributes to tumor 

growth and relapse and spread post-treatment. They prepared a C60 fullerene-silica 

nanoparticle system decorated with hyaluronan (HA) on the surface to target the CD44 

variant (hyaluronan receptor) overexpressed on breast CSCs. Doxorubicin hydrochloride 

(DOX) and indocyanine green (ICG) were encapsulated in the nanoparticles to provide 

combined chemo (DOX), photodynamic (C60), and photothermal (ICG) therapy using near 

infrared laser (810 nm) irradiation. Nanoparticles with a higher drug loading content (e.g., 

48.5 versus 4.6%) had significantly higher antitumor efficacy, given the same total drug 

dose.

Li and his team 121 prepared a graphene oxide-fullerene C60 (GO-C60) hybrid that could 

carry out photodynamic therapy (PDT) and photothermal therapy (PTT) at the same time. 

Using a stepwise conjugation method, GO-C60 containing hydrophilic methoxypolyethylene 

glycol (mPEG) and mono-substituted C60 was synthesized. The introduction of C60 to GO 

did not decrease the photothermal properties of GO, while the conjugation of GO to C60 

increased the ability of C60 to generate 1O2 under NIR laser. Due to the synergistic effect 

between GO and C60, the GO-C60 hybrid exhibited superior killing of cancer cells compared 

to either compound individually. Other systems have also shown that PDT and hyperthermia 

are synergistic 122, 123. Finally, Shi et al 124 combined fullerene (C60) and gold 

nanoparticles (AuNPs) that were functionalized by PEG5000 using a pH-cleavable 
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hydrazone bond, producing C60@Au-PEG. The goal was to maintain on the surface during 

blood circulation but allow PEG to dissociate after accumulation in tumor tissue. 

Doxorubicin (DOX) was loaded onto C60@Au-PEG with high efficiency. The release 

profile of DOX from C60@Au-PEG/DOX showed strong dependence on radio frequency 

(RF) irradiation. C60@Au-PEG/DOX showed a higher antitumor efficacy owing to 8.6-fold 

higher DOX uptake of tumor compared to free DOX. C60@Au-PEG/DOX not only allowed 

RF-thermal tumor ablation and was a powerful photosensitizer (PS) for visible-light 

activated PDT, but also acted as as an X-ray contrast agent for tumor diagnosis. Triple 

combination therapy (chemo-RF thermal-PDT), RF-controlled drug release, tumor targeting, 

acid mediated PEG release and X-ray contrast agent made a truly multi-functional 

theranostic agent.

Upconversion is a physical phenomenon in which certain rare-earth metal cations can 

combine to change long wavelength NIR light into shorter wavelength visible light. Unlike 

two-photon absorption which requires very short-pulsed lasers, upconversion works with 

CW light. The mechanism involves a ytterbium cation absorbing several successive 980 nm 

photons and transferring the energy to a second cation (for instance erbium) which can 

reemit the energy as visible light. In order to maintain these rare earth ions adjacent to each 

other they are fixed into nanoparticles made from sodium yttrium fluoride (UCNPs) that also 

incorporate the PS needed to produce ROS from the upconverted light. The net result is 

much deeper tissue penetration of the light 125. Liu et al used separately dual-doped 

(Yb3+:Er3+ and Yb3+:Tm3+) UCNPs to take advantage of the broad-spectrum light 

harvesting ability of fullerenes 126. The 70 nm NPs-PEG-NaYF4:Yb3+,Er3+/

NaYF4:Yb3+,Tm3+ targeted with folic acid attached to the outside and covalently conjugated 

to monomalonic C60 fullerene (C60MA) were employed to kill HeLa cells after 980 nm 

excitation.

10 Pros and cons of fullerenes for PDT

There are an astonishing variety of chemical structures that could theoretically be employed 

as PDT agents of one sort or another. The goal of this review is to guide investigators which 

properties of fullerenes are particularly suitable for PDT applications, and what are the 

disadvantages associated with fullerene-mediated PDT that may be pitfalls for the unwary.

Pros

1. The highly versatile chemical structure of fullerenes allows many different 

functional groups to be attached by facile reactions such as the Bingel and Prato 

reactions. Moreover, a large number of the double bonds present in the molecule 

would need to be altered to single bonds by functionalization in order to 

seriously reduce the optical absorption characteristics and photophysical 

properties.

2. Fullerenes can be attached to light harvesting antennae and electron transfer 

dyads to change the wavelengths of absorption towards the red end of the 

spectrum. These attached antennae can encourage charge separation mechanisms 

and electron transfer mechanisms.
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3. Fullerenes are able to carry out Type 1, Type 2 and electron transfer 

photochemical reactions the balance of which can be tailored by appropriate 

modification, making them more versatile than most other PS chemical 

structures that are used in PDT applications. In biological environments, singlet 

oxygen (Type II) plays only a minor role in many killing functions mediated by 

photoactivated fullerenes.

4. Due to the electron transfer mechanisms, there is the possibility of oxygen 

independent photoinactivation. This may be important for instance in the use of 

aPDI to kill anaerobic bacteria that are responsible for a variety of human 

infections in anatomical areas that have intrinsically

5. When used as antimicrobial PS, fullerenes can be strongly potentiated by the 

addition of the non-toxic salt, KI. Potentiation by other inorganic salts (nitrite, 

thiocyanate, selenocyanate) is also possible.

6. The spherical shape typical of fullerene molecules can undergo self-assembly 

into interesting supramolecular nanostructures such as “fullerosomes”.

7. Fullerenes can act as constituents of multifunctional theranostic nanostructures 

that have been widely studies in the modern explosion of nanotechnology.

8. Fullerenes are highly resistant to photobleaching. Many traditional PS structures 

are totally destroyed, or completely lose their photoactivity by a relatively low 

total energy dose (< 10 J/cm2) while fullerenes can retain PDT activity after very 

high fluences (> 1000 J/cm2).

Cons

1. Pristine fullerenes are highly hydrophobic with a propensity to aggregate in 

aqueous environments. Even when they are functionalized with water-soluble 

polar groups, this drawback may not entirely overcome.

2. The absorption spectrum of fullerenes is heavily biased towards the UV and blue 

part of the spectrum so light penetration into tissue will always be problematic 
127.

To overcome this obstacle high-tech optical approaches have been investigated 

such as two-photon excitation. This involves the use of a short-pulsed 

(femtosecond) laser so that simultaneous absorption of two NIR photons (e.g. 

808 nm) will be equivalent to absorption of a single 404 nm photon, but at much 

greater depth 128. Another technique is rare-earth mediated upconversion where a 

nanoparticle containing lanthanide ions) e.g. ytterbium and erbium) allows the 

absorption of several long wavelength photons from a CW laser (for instance 980 

nm), and the upconverted emission of shorter blue or green photons 125.

3. C60 itself has a relatively high molecular weight (720). When substantial 

additional moieties are conjugated to the cage the MWt can rise significantly. For 

instance, the MWts of LC15, LC16, LC18 and LC 20 are 3755, 4211, 4334 and 

4890 respectively. Uptake of molecules this large into cells is beset with 
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difficulties, and in fact these molecules have lower activity than expected against 

different bacteria probably because their large molecular size restricts the degree 

to which they can penetrate into bacterial cell walls. A similar result was seen 

with a chlorophyll derivative that was also equipped with these deca-cationic 

chains 129.

4. As mentioned previously there the paradoxical possibility that fullerenes can act 

as strong oxidizing agents when excited with light in the presence of oxygen, but 

may also act as anti-oxidants in the dark. At the present time, it is unclear how 

much this interesting contradiction affects the ability of fullerenes to act as 

effective PDT agents.

5. Fullerenes are generally not fluorescent 130 although some papers do claim that 

fluorescence microscopy can be used to visualize the sub-cellular localization of 

various fullerene derivatives 131.
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Figure 1. 
Structures of C60 and C70 Fullerenes
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Figure 2. Jablonski diagram
A ground-state fullerene absorbs a photon, transitions to the short-lived (nsec) excited 

singlet state that can undergo intersystem crossing to the long-lived (μsec) excited triplet 

state. The triplet fullerene can relax to ground state by emitting phosphorescence, but can 

also undergo energy transfer with ground state triplet oxygen (3O2) to form reactive singlet 

oxygen (1O2, Type 2) or else can undergo an electron transfer reaction to form HO•, 

superoxide and H2O2 (Type 1). These ROS (1O2 and HO•) can damage lipids, proteins and 

nucleic acids leading to destruction of all types of microbial cells, and efficiently kill cancer 

cells and destroy tumors.
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Figure 3. 
Mechanisms of the Bingel and Prato reactions for functionalization of fullerenes.
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Figure 4. 
Synthesis of hexaanionic hexa(sulfo-n-butyl)-C60 (FC4S) and self-assembly into hexameric 

nanospheres 35, 132.
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Figure 5. Deca-cationic fullerenes and derivatives LC14, LC15, LC16
Structures of LC14, LC15, LC16 101, 133
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Figure 6. Deca-cationic extended (C70 and C84) fullerenes and derivatives LC 17, LC18, LC19, 
LC20
Structures of LC17, LC18, LC 19, LC20 40
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Figure 7. BB4, BB6, BB22, BB24
Synthesis of monocationic and tricationic dimethylpyrrolidinium [60]fullerenes BB4 and 

BB6 102, and mono- and bis(piperazinopyrrolidinium) [60]fullerenes BB22 and BB24 43
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Figure 8. Intraperitoneal PDT of disseminated colon cancer using BB4
(A) Bioluminescence imaging of CT26-Luc tumors growing in a representative control 

mouse (upper panel) and a representative IPPDT treated mouse (lower panel).

(B) Quantitative analysis of bioluminescence dynamics in control and white light treated 

mice (n = 10 per group). Reprinted with permission from 134
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Figure 9. BB6-PDT and tobramycin treatment of Pseudomonas aeruginosa wound-infected mice
(A) Representative bioluminescence images of P. aeruginosa-infected mice (captured 

immediately post-infection, immediately post-treatment and 24 h post-treatment), receiving: 

no treatment (top row); treated with BB6, diagonal panel 24 h post-treatment shows two 

possible outcomes); and treated with a combination of BB6-PDT and 1 day Tobr (bottom 

row). (B) Quantification of luminescence values from bioluminescence images (not shown) 

obtained during the PDT process, or at equivalent times for non-PDT mice. *p < 0.05; **p < 

0.01; ***p < 0.001; BB6 plus light (with and without Tobr) versus BB6 in dark and versus 

Tobr alone. (C) Kaplan–Meier survival curves for the groups of mice in Figure 9A; no 

treatment control (n = 10); PDT alone (n = 12); Tobr alone (n = 2); PDT plus Tobr (n = 10). 

PDT: Photodynamic therapy; Tobr: Tobramycin. Reprinted with permission from 42
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Figure 10. PDT of burn infections with LC17 and LC18
(A) Representative bioluminescence images from mice with Escherichia coli burn infections 

(day 0) and treated with successive fluences of photodynamic therapy or UVA light alone. 

(A) UVA control; (B) LC17 + UVA light; and (C) LC18 + UVA light. There was no 

significant reduction in bioluminescence after application of either LC17 or LC18 without 

light exposure as a dark control. (B). Representative bioluminescence images from mice 

with Acinetobacter baumannii burn infections and treated with PDT, UVA light alone or 

absolute control, captured day 0 (before photodynamic therapy) and then daily for 6 days. 

(A) Absolute control; (B) UVA control + 15% DMA; (C) LC17 + 15% DMA; (D) LC18 

+ 15% DMA; (E) LC17 + 15% DMA + UVA light; and (F) LC18 + 15% DMA + UVA light. 

Reprinted with permission from 105
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