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 The C60 surface contains 20 hexagons and 12 pentagons. All 
   the rings are fused, all the double bonds are conjugated. 
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truncated icosahedron (Ih symmetry) 







  C60 was found to become a superconductor in M3C60 species (M=alkali metal) 

  organic soft ferromagnet in TDAE+C60
- (TDAE=tetrakisdimethylaminoethylene) 

    at 16.1 Kelvin  

  a relatively stable hexaanion in cyclic voltammetry 

  an interesting material with non-linear optical properties.  
  The C60 surface contains 20 hexagons and 12 pentagons. All 

   the rings are fused, all the double bonds are conjugated. 

  X-Ray crystal structure determinations on C60 and on some of its derivatives have 
    proved the existence of two different types of bonds: ‘short bonds’ or 6,6 junctions 
    shared by two adjacent hexagons (ca. 1.38 A° long) and ‘long bonds’,  
    or 5,6 junctions, fusing a pentagon and a hexagon (ca. 1.45 A° long).  

C60 







and CS2 





The	  chemical	  transforma;ons	  that	  are	  possible	  with	  C60	  could	  be	  classified	  	  
in	  five	  main	  groups	  (figure	  1.3):	  	  
a)	  Addi.on	  reac.ons.	  FormaCon	  of	  exohedral	  compounds	  by	  addiCon	  of	  nucleophiles	  or	  radicals,	  	  
	  	  	  	  	  cycloaddiCons,	  complexaCons	  with	  transiCon	  metals	  and	  others.	  	  
b)	  Electron	  transfer	  reac.ons.	  Chemical	  reducCon	  of	  fullerenes	  can	  easily	  be	  achieved	  by	  reacCon	  	  
	  	  	  	  	  with	  electroposiCve	  alkali	  and	  alkaline	  earth	  metals	  or	  organic	  donor	  molecules.	  	  
c)	  Heterofullerenes.	  SubsCtuCon	  of	  a	  carbon	  atom	  of	  the	  fullerene	  skeleton	  for	  a	  heteroatom,	  	  
	  	  	  	  for	  example	  nitrogen	  or	  boron.	  	  
d)	  Ring	  opening	  reac.ons.	  Producing	  a	  hole	  in	  the	  C60	  skeleton	  while	  breaking	  a	  discrete	  number	  	  
	  	  	  	  	  of	  bonds.	  	  
e)	  Forma.on	  of	  endohedrals.	  Introducing	  and	  trapping	  of	  atoms	  inside	  the	  spherical	  carbon	  cage.	  











1,3-dipolar cycloaddition of azomethineylides to C60 

                 41% yield 
82% on the consumed C60 

the reaction is site selective in that it affords exclusively the product of 
cycloaddition across a 6,6 ring junction of the fullerene 

the Prato’s reaction 



In	  the	  presence	  of	  large	  excesses	  of	  reagents,	  up	  to	  nine	  pyrrolidine	  rings	  
can	  be	  introduced,	  as	  detected	  by	  MS	  analysis	  of	  the	  reacCon	  crude.	  



C60 bis-adducts 



u Fullerene	  is	  able	  to	  fit	  inside	  the	  hydrophobic	  cavity	  of	  HIV	  proteases,	  inhibiCng	  	  
	  the	  access	  of	  substrates	  to	  the	  catalyCc	  site	  of	  enzyme.	  

u C60	  can	  be	  used	  as	  radical	  scavenger	  and	  anCoxidant.	  

u  If	  exposed	  to	  light,	  fullerene	  can	  produce	  singlet	  oxygen	  in	  high	  quantum	  yields.	  	  
	  This	  acCon,	  together	  with	  direct	  electron	  transfer	  from	  excited	  state	  of	  fullerene	  and	  	  
	  DNA	  bases,	  can	  be	  used	  to	  cleave	  DNA.	  

u Fullerenes	  have	  been	  used	  as	  a	  carrier	  for	  gene	  and	  drug	  delivery	  systems.	  

Some	  applica;on	  of	  C60	  in	  medicine	  
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DNA	  cleavage:	  C60-‐derivaCves	  are	  cytotoxic,	  they	  cleaves	  DNA	  only	  in	  case	  of	  irradiaCon.	  
The	  cleavage	  cannot	  be	  aTributed	  to	  the	  acCvity	  of	  singlet	  oxygen,	  an	  	  
easily	  diffusing	  species	  whose	  acCon	  should	  be	  wider,	  but	  most	  probably	  	  
is	  to	  be	  ascribed	  to	  a	  direct	  electron-‐	  transfer	  between	  guanosine	  and	  	  
excited	  fullerene.	  	  
	  
Photodynamic	  therapy:	  Upon	  irradiaCon,	  [60]fullerene	  is	  excited	  to	  a	  short-‐lived	  singlet	  state	  	  
(lifeCme	  ≈	  1.3	  ns),	  which	  converts	  almost	  quanCtaCvely	  into	  a	  longer-‐lived	  	  
triplet	  state	  (lifeCme	  =	  50–100	  ms).	  The	  triplet	  state	  transfers	  energy	  very	  efficiently	  
	  to	  molecular	  oxygen,	  generaCng	  singlet	  oxygen	  with	  almost	  unitary	  yield.	  	  
	  
	  

DNA	  cleavage	  and	  photodynamic	  therapy	  	  
	  



Enzyma;c	  inhibi;on	  and	  an;-‐HIV	  ac;vity	  	  

The	  acCve	  site	  of	  the	  HIV-‐1	  Protease	  (HIVP)	  is	  a	  quasi-‐	  spherical	  hydrophobic	  cavity,	  	  
whose	  diameter	  is	  about	  10	  Å.	  On	  its	  surface,	  two	  amino	  acid	  residues,	  aspartate	  25	  and	  	  
aspartate	  125,	  catalyse	  the	  hydrolysis	  of	  the	  substrate.	  	  
On	  the	  basis	  of	  molecular	  modeling,	  Friedman	  et	  al.	  were	  the	  first	  to	  recognise	  that	  the	  	  
[60]fullerene	  spheroid	  can	  be	  almost	  perfectly	  accommodated	  inside	  the	  hydrophobic	  site	  	  
If	  the	  interacCons	  are	  sufficiently	  strong,	  inhibiCon	  of	  the	  catalyCc	  acCvity	  of	  HIVP	  is	  to	  be	  	  
expected.	  In	  vitro	  studies,	  performed	  using	  a	  ‘first	  generaCon’	  water	  soluble	  fullerene	  	  
derivaCve	  (2),	  confirmed	  that	  inhibiCon	  of	  acutely	  and	  cronically	  affected	  peripheral	  blood	  	  
mononuclear	  cells	  (PBMC)	  indeed	  occurred	  with	  an	  EC50	  of	  7	  μM.	  	  
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added dropwise to acetone, and then water is slowly added. A
yellow suspension is formed, and the solvents are evaporated to
a final known volume of water.21

Soluble fullerene derivatives
So far, several fullerene derivatives relatively soluble in water
or aqueous mixtures have been synthesised. Fullerenols or
fullerols 1,22 for instance, are very soluble in water, and even
though their structures are not well-defined, a lot of biological
studies have been carried out (see below). Water soluble
polymers, covalently attached to [60]fullerene, are also easily
dissolved in water.23 Well-defined compounds solubilised in
water media include 2–5. Among these, compound 4 reaches a
maximum concentration of 1.5 3 1025 m in H2O–DMSO
9 : 1.24 The record for water solubility among monofunction-
alised fullerenes so far is to be attributed to dendrimer 5, whose
solubilty in water is 34 mg ml21 at pH 7.4 and an outstanding
254 mg ml21 at pH 10.25

In conclusion, when a hydrophilic appendage is covalently
attached to [60]fullerene, solubilisation in aqueous solvents is
ensured. However, addition of only one solubilizing chain
appears insufficient to avoid clustering. The hydrophobic
carbon spheres will stick together, leaving the hydrophilic
chains on the outside of the aggregate.26,27 More importantly,
formation of clusters decreases the lifetime of the excited triplet

state by 2–3 orders of magnitude,28,29 thus affecting the
potential of fullerenes in photodynamic therapy (see below).
The degree of aggregation can be monitored by UV–VIS
spectrophotometry, pulse radiolysis or light-scattering. Cluster-
ing seems to cause broadening of the absorption bands with
decrease of absorption coefficients and loss of structural
features.16,26,30,31 To avoid aggregation of the fullerene spheres,
either calixarenes or cyclodextrins can be used, or surfac-
tants.16,29 However, the presence of bulky functionalities, able
to shield the fullerene spheroid from water, produces suffi-
ciently homogeneous solutions. Dendrimer 5 shows an almost
ideal behavior, with formation of very small aggregates whose
size decreases with increasing pH.25

Multiple functionalisation can also be helpful. By means of
controlled additions it is possible to place polar groups around
the fullerene spheroid. It appears that bis-functionalisation is
sufficient to avoid clustering in reasonably dilute solutions.27

However, the radical quenching ability and the singlet oxygen
production of the multiple adducts may depend on the number
of addends. To test this, the reaction of OH• with a series of
functionalised fullerenes was studied.32 It was found that the
reaction rates decrease with an increasing number of additions,
fast reactions occurring with bisadducts and much slower
reactions with fullerenols.32 On the other hand, singlet oxygen
production was found to be independent of the nature of the
addends, but it did decrease with an increasing number of
saturated double bonds on the spheroid.33

664 Chem. Commun., 1999, 663–669
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Neuroprotec;ve	  proper;es	  	  

Many	  neurodegeneraCve	  diseases	  originate	  from	  excess	  producCon	  of	  superoxide	  and	  	  
nitric	  oxide	  radicals,	  whose	  origin	  may	  be	  due	  to	  overexcitaCon	  of	  glutamic	  acid	  receptors.	  	  
It	  has	  been	  shown	  that	  compounds	  that	  act	  as	  radical	  sponges	  reduce,	  though	  not	  completely,	  
	  neuronal	  death.	  [60]Fullerene,	  owing	  to	  its	  an;oxidant	  proper;es	  and	  high	  reacCvity	  toward	  	  
free	  radicals,	  shows	  promising	  behavior	  in	  this	  field.	  
In	  vitro	  experiments	  using	  cultures	  of	  neocorCcal	  cells	  showed	  a	  dose-‐dependent	  decrease	  of	  	  
neuronal	  death,	  with	  derivaCve	  18	  being	  more	  acCve	  than	  19	  .	  
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derivative 18 being more active than 19.83 Compound 18
increases also the lifetime of cells deprived of oxygen and
glucose, without antagonism between 18 and NMDA (N-
methyl-d-aspartate) receptors. Daily administration of 18 (15
mg kg21) to G93A SOD1 G1 mice, used as models of
amyotrophic lateral sclerosis, led to an increase of lifetime of
about ten days with respect to control animals.83

Superoxide radical quenching was also observed in a bis-
malonic acid derivative of [60]fullerene.84

Antiapoptotic activity
Serum depletion induces apoptosis associated with an increase
of production of free radicals. The same isomers 18 and 19 have
been shown to possess antiapoptotic activity. Apoptosis due to
amyloyl peptide Ab1-42 was also inhibited by the same fullerene
derivatives.83 In a strictly connected work, the effects of
trisadducts 18 and 19 on apoptosis induced by ceramide were
evaluated. In this case isomer 19 is more active.85

A study carried out again utilizing derivatives 18 and 19
among other antioxidant agents showed that only the fullerene
derivatives inhibit apoptosis of human hepatoma Hep3B cells,
induced by transforming growth factor b (TGF-b).86 The
mechanism of action is supposed to be indirect because all other
actions induced by TGF-b remain unaltered. 

Antibacterial activity
In preliminary tests, water soluble fullerene derivative 4 was
found to be active against a variety of microorganisms.
Different species of bacteria and different fungal strains were
killed in a slightly modified agar diffusion test: two strains,
clinical isolates CA1 and Z11, of Candida albicans, a fastidious
pathogenic eukariote; strain ATCC 6633 of Bacillus subtilis, a
spore-forming, Gram positive bacterium; strain AB1153 of
Escherichia coli, a Gram negative enteric bacterium; a clinical
isolate, strain 261/6 of Mycobacterium avium, an acid fast,
emerging pathogen resistant to most antimicrobial drugs. In the
latter case, 70% inhibition was observed with a concentration of
26 mg ml21, whereas complete inhibition was achieved with
concentrations 10 times higher.24

Miscellaneous uses
Broncoconstriction induced by exsanguination in guinea-pigs
was limited by fullerenols, without significant alteration of
respiratory functions.87 Fullerenols could be used in the
perfusion of kidneys before transplantation, as they decreased
infiltration of inflammatory cells and inhibited tubular swelling
and necrosis.88 Fullerenols were also investigated as anti-
proliferative agents in arteriosclerosis, because they inhibited
transduction signals.89

Macroscopic quantities of endohedral metallofullerenes con-
taining Gd, Ho, Y, Ce were synthesised, in which, upon neutron
activation, the inside metals become radioactive, but are still
isolated from the outside world by the presence of the carbon
cage. As a matter of fact, this novel class of fullerenes might be
useful in nuclear medicine, with potential use as radiotracers or
radiopharmaceuticals.90

Fullerenes can also be used for analytical purposes. Model-
ling studies have shown that it is possible to form a salt in which
the anion is a DNA phosphate and the cation is a pyrrolidinium
salt of [60]fullerene. This hybrid nanoarchitecture would be
easily detected with transmission electron microscopy, since the
fullerene moiety confers the necessary electron density to these
complexes.91

Conclusions and perspectives
The impact of fullerenes and fullerene derivatives in biology
will be substantiated only if their toxicity is found to be
sufficiently low. Preliminary toxicological studies have shown
that these novel compounds are not carcinogenic when applied
on skin. Although [60]fullerene is incorporated inside cells, it
does not seem to affect the proliferation rate of keratinocytes,
fibroblasts or leucocytes. Studies of acute, subacute and chronic
toxicity at reasonable dosing have so far given negative results.
However, dose-dependent toxicity has been observed, whereas
administration to pregnant mice gave rise to genetic malforma-
tions. Different toxicity levels have also been found for different
derivatives. 

On the other hand, once the problems of solubilisation and
clustering are completely solved, and their toxicity fully tested,
the fullerenes will probably find extended use in biology. In
fact, owing to their ability of cleaving DNA, these carbon
spheres appear promising candidates for use in diagnostics,
photodynamic therapy, and as useful photoprobes in the study
of genetic transcription. As radical scavengers, the fullerenes
are to be considered neuroprotectors in neurodegenerative
diseases and in the inhibition of apoptosis. The peculiar
geometrical shape makes [60]fullerene an ideal inhibitor of HIV
protease, especially if additional stabilising interactions, be-
sides hydrophobic affinity, can be obtained.5

Maybe the phrase ‘medicinal chemistry’ used for the title of
this Article is a bit premature for this young field. But we hope
that this work will attract organic and medicinal chemists, as
well as pharmacologists and biologists. Only their combined
efforts will help create the new field of the medicinal chemistry
of fullerenes.
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An;apopto;c	  ac;vity	  	  

The	  same	  isomers	  18	  and	  19	  have	  been	  shown	  to	  possess	  anCapoptoCc	  acCvity.	  Apoptosis	  due	  to	  	  
amyloyl	  pepCde	  Ab1-‐42	  was	  also	  inhibited	  by	  the	  same	  fullerene	  derivaCves.	  In	  a	  strictly	  connected	  	  
work,	  the	  effects	  of	  trisadducts	  18	  and	  19	  on	  apoptosis	  induced	  by	  ceramide	  were	  evaluated.	  	  
In	  this	  case	  isomer	  19	  is	  more	  acCve.	  	  
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inositol), glycerol, and positively charged ammonium salts (e.g., ethanolamine and 
dimethylethanolamine). These headgroups with different charges can further modulate the liposome 
interaction with biological molecules, cells and tissues to achieve desirable biodistribution properties. 

Figure 2. Three types of fullerene liposomes incorporating un-derivatized fullerenes, 
lipophilic fullerenes and amphiphilic fullerenes, respectively. 

 

4. Fullerene Interactions with Lipid Bilayers 

Lipid bilayers can solubilize C60 and C70 fullerenes, and the fullerene loading within the bilayer 
depends on both the structure of lipids and the lipophilicity of fullerene compounds. Fullerenes without 
modification are barely soluble in non-polar, non-aromatic solvents such as diethyl ether and 
chloroform, which are widely used in the preparation of liposomes. Both experiments and simulations 
confirm that fullerenes partition to the membrane interior, although experimental information on the 
location of fullerene molecules is only qualitative [24,25]. On the other hand, the fullerene dispersion 
state is difficult to assess experimentally, and appears to depend on the details of the methodology used 
for the preparation of fullerene-loaded liposomes. Large aggregates observed in the presence of lipid 
membranes are unlikely to be found within the membrane, as they are orders of magnitude larger than 
the membrane thickness. There are some molecular dynamic simulations but a paucity of experimental 
evidence of the effects of C60 fullerene on lipid bilayers. 

C60 suspension has previously been shown to provoke cell membrane destabilization in vivo. Phase 
contrast microscopy and computer aided image analysis results show that C60 causes shape 
transformations and rupture of unilamellar phospholipid vesicles, indicative of changes in their average 
mean curvature. Small-angle X-ray scattering reveals that C60 provokes disruptions of external 
membranes of multilamellar vesicles only after freeze and thaw cycles. The liposomes undergo 
breakage and annealing steps which increase the probability for fullerenes to insert into the MLVs. 

Structures	  and	  Composi;ons	  of	  Fullerene	  Liposome	  	  
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mimicking the structure of naturally occurring lipid molecules, this design overcomes several 
limitations in fullerene liposome formulations including (1) low fullerene content when un-derivatized 
fullerenes are used and (2) damaged antioxidative bioactivity due to the additions of multiple groups to 
fullerenes. The strong association between amphiphilic fullerenes and auxiliary lipids allow them to 
form dimensionally stable liposomes with as high as 65% (by weight) fullerene. The antioxidant 
property of fullerenes is retained in the bipolarly functionalized C70 derivative, amphiphilic liposomal 
malonylfullerene (ALM), as well as in its liposomal formulations, as shown by both electron 
paramagnetic resonance (EPR) studies and in vitro reactive oxygen species inhibition experiments. The 
liposomally formulated ALM efficiently quenched hydroxyl radicals and superoxide radicals. In 
addition, the fullerene liposome inhibited radical-induced lipid peroxidation and maintained the 
integrity of the lipid bilayer structure. This new class of liposomally formulated, amphipathic fullerene 
compounds represents a novel drug delivery system for fullerenes and provides a promising pathway 
to treat oxidative stress-related diseases. 

Figure 3. Vesicle formation of amphiphilic fullerene compound ALM with auxiliary phospholipids. 

 

In order to increase the efficiency of delivery of fullerenes to target tissues, lipophilic 
fulleropyrrolidine derivatives Q-C60: [N-methyl-(2-quinolyl)fulleropyrrolidine] and I-C60:  
[N-methyl-(2-indolyl)fulleropyrrolidine] were also synthesized and encapsulated in multilamellar 
phospholipid liposomes, and the antioxidative capacity was studied using EPR spin-trapping and  
spin-labeling techniques [31]. Its capacity for removal of •OH (hydroxyl radical) and O2

•í (superoxide 
radical) and for the prevention of lipid peroxidation were compared with the performance of  
pristine C60, Q-C60 and I-C60 showed similar, or even better, antioxidative characteristics. Other 
fulleropyrrolidine derivatives were also reported for incorporation in liposomes [32]. 

6. Fullerene Liposomes Inhibit Inflammation 

Inflammation is a natural biological response that occurs when vascular tissues are subjected to 
harmful stimuli. This process may be beneficial to the host during wound healing and infections but 
can be detrimental if left unchecked. Oxidative stress—the generation of reactive oxygen species—is 
thought to be one component of this response. Fullerenes can counteract reactive oxygen species due 
to their potent antioxidant capabilities. Thus, it was hypothesized that these molecules may inhibit 

Fullerene	  Liposome	  An;oxidants	  	  

ALM	  amphiphilic	  liposomal	  malonylfullerene	  	  
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added dropwise to acetone, and then water is slowly added. A
yellow suspension is formed, and the solvents are evaporated to
a final known volume of water.21

Soluble fullerene derivatives
So far, several fullerene derivatives relatively soluble in water
or aqueous mixtures have been synthesised. Fullerenols or
fullerols 1,22 for instance, are very soluble in water, and even
though their structures are not well-defined, a lot of biological
studies have been carried out (see below). Water soluble
polymers, covalently attached to [60]fullerene, are also easily
dissolved in water.23 Well-defined compounds solubilised in
water media include 2–5. Among these, compound 4 reaches a
maximum concentration of 1.5 3 1025 m in H2O–DMSO
9 : 1.24 The record for water solubility among monofunction-
alised fullerenes so far is to be attributed to dendrimer 5, whose
solubilty in water is 34 mg ml21 at pH 7.4 and an outstanding
254 mg ml21 at pH 10.25

In conclusion, when a hydrophilic appendage is covalently
attached to [60]fullerene, solubilisation in aqueous solvents is
ensured. However, addition of only one solubilizing chain
appears insufficient to avoid clustering. The hydrophobic
carbon spheres will stick together, leaving the hydrophilic
chains on the outside of the aggregate.26,27 More importantly,
formation of clusters decreases the lifetime of the excited triplet

state by 2–3 orders of magnitude,28,29 thus affecting the
potential of fullerenes in photodynamic therapy (see below).
The degree of aggregation can be monitored by UV–VIS
spectrophotometry, pulse radiolysis or light-scattering. Cluster-
ing seems to cause broadening of the absorption bands with
decrease of absorption coefficients and loss of structural
features.16,26,30,31 To avoid aggregation of the fullerene spheres,
either calixarenes or cyclodextrins can be used, or surfac-
tants.16,29 However, the presence of bulky functionalities, able
to shield the fullerene spheroid from water, produces suffi-
ciently homogeneous solutions. Dendrimer 5 shows an almost
ideal behavior, with formation of very small aggregates whose
size decreases with increasing pH.25

Multiple functionalisation can also be helpful. By means of
controlled additions it is possible to place polar groups around
the fullerene spheroid. It appears that bis-functionalisation is
sufficient to avoid clustering in reasonably dilute solutions.27

However, the radical quenching ability and the singlet oxygen
production of the multiple adducts may depend on the number
of addends. To test this, the reaction of OH• with a series of
functionalised fullerenes was studied.32 It was found that the
reaction rates decrease with an increasing number of additions,
fast reactions occurring with bisadducts and much slower
reactions with fullerenols.32 On the other hand, singlet oxygen
production was found to be independent of the nature of the
addends, but it did decrease with an increasing number of
saturated double bonds on the spheroid.33

664 Chem. Commun., 1999, 663–669
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a final known volume of water.21

Soluble fullerene derivatives
So far, several fullerene derivatives relatively soluble in water
or aqueous mixtures have been synthesised. Fullerenols or
fullerols 1,22 for instance, are very soluble in water, and even
though their structures are not well-defined, a lot of biological
studies have been carried out (see below). Water soluble
polymers, covalently attached to [60]fullerene, are also easily
dissolved in water.23 Well-defined compounds solubilised in
water media include 2–5. Among these, compound 4 reaches a
maximum concentration of 1.5 3 1025 m in H2O–DMSO
9 : 1.24 The record for water solubility among monofunction-
alised fullerenes so far is to be attributed to dendrimer 5, whose
solubilty in water is 34 mg ml21 at pH 7.4 and an outstanding
254 mg ml21 at pH 10.25

In conclusion, when a hydrophilic appendage is covalently
attached to [60]fullerene, solubilisation in aqueous solvents is
ensured. However, addition of only one solubilizing chain
appears insufficient to avoid clustering. The hydrophobic
carbon spheres will stick together, leaving the hydrophilic
chains on the outside of the aggregate.26,27 More importantly,
formation of clusters decreases the lifetime of the excited triplet

state by 2–3 orders of magnitude,28,29 thus affecting the
potential of fullerenes in photodynamic therapy (see below).
The degree of aggregation can be monitored by UV–VIS
spectrophotometry, pulse radiolysis or light-scattering. Cluster-
ing seems to cause broadening of the absorption bands with
decrease of absorption coefficients and loss of structural
features.16,26,30,31 To avoid aggregation of the fullerene spheres,
either calixarenes or cyclodextrins can be used, or surfac-
tants.16,29 However, the presence of bulky functionalities, able
to shield the fullerene spheroid from water, produces suffi-
ciently homogeneous solutions. Dendrimer 5 shows an almost
ideal behavior, with formation of very small aggregates whose
size decreases with increasing pH.25

Multiple functionalisation can also be helpful. By means of
controlled additions it is possible to place polar groups around
the fullerene spheroid. It appears that bis-functionalisation is
sufficient to avoid clustering in reasonably dilute solutions.27

However, the radical quenching ability and the singlet oxygen
production of the multiple adducts may depend on the number
of addends. To test this, the reaction of OH• with a series of
functionalised fullerenes was studied.32 It was found that the
reaction rates decrease with an increasing number of additions,
fast reactions occurring with bisadducts and much slower
reactions with fullerenols.32 On the other hand, singlet oxygen
production was found to be independent of the nature of the
addends, but it did decrease with an increasing number of
saturated double bonds on the spheroid.33
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reduce	  aggregaCon	  
in	  aqueous	  soluCons	  
in	  parCcular	  at	  basic	  pH	  

34	  mg/ml	  at	  pH	  7.4	  and	  an	  	  
outstanding	  254	  mg/ml	  at	  pH	  10	  	  

1.5	  x	  10-‐5	  M	  in	  H2O–DMSO	  9:1	  	  

the	  radical	  quenching	  ability	  and	  the	  singlet	  	  
oxygen	  producCon	  of	  the	  mulCple	  adducts	  may	  	  
depend	  on	  the	  number	  of	  addends:	  it	  decrease	  
increasing	  the	  number	  of	  saturated	  bonds.	  	  

M.	  Prato,	  Chem.	  Commun.	  1999,	  663.	  
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inflammation. An in vivo model of phorbol 12-myristate 13-acetate (PMA)-induced inflammation was 
used and the effects fullerenes have on mitigating this response was investigated. PMA-induced 
inflammation and oedema were dramatically inhibited when liposomally formulated fullerenes were 
applied topically. Thus, fullerene derivatives may be a novel way to blunt certain inflammatory 
conditions and facilitate faster recovery of damaged tissue [33]. 

Figure 4. Fullerenes attenuate inflammatory arthritis of the K/BxN-induced disease 
pathology. (A) Serum-treated mice demonstrated typical synovial hyperplasia, pannus 
formation and inflammatory infiltrates; (B) By contrast, ALM-treated animals had  
less evidence of clinical joint inflammation compared with (C) non-diseased animals.  
ALM: Amphiphilic liposomal malonylfullerene. 

 

Fullerene derivatives have also been shown to have anti-inflammatory capabilities through their 
ability to stabilize Mast Cells (MC) preventing inflammatory mediator release [34]. Given that MC 
function as a cellular link between autoantibodies, soluble mediators, and other effector populations in 
inflammatory arthritis, it is hypothesized that fullerene derivatives could inhibit and/or reverse this 
inflammatory disease. A panel of fullerene derivatives was tested for their ability to stabilize MC 
mediator release in response to FcȖR-dependent mediator release, inhibit osteoclast formation,  

and prevent cytokine production from human synovial fibroblasts [35]. It is shown that certain 
fullerene derivatives blocked FcȖR- and TNF-Į-induced mediator release from skin derived MC and 
TNF-Į-induced mediator release from synovial fibroblasts (RA patients), as well as the formation of 
human osteoclasts. The MC-inhibition by fullerene derivatives was mediated through the inhibition of 
mitochondrial membrane potential and FcȖR-mediated increases in cellular reactive oxygen species 
(ROS) and NF-țB activation. Based on the in vitro data, two fullerene derivatives (ALM and TGA) 
were selected for in vivo studies. Fullerenes inhibited the edema, inflammation, cartilage/bone erosion, 
and TNF-Į levels associated with arthritis in K/BxN serum transfer arthritis but not in collagen-induced 
arthritis (Figure 4). The anti-arthritis fullerene derivative ALM labeled with infrared dyes was able to 
localize to the affected joint areas in diseased animals but not in healthy control animals. An IR-800 
dye was conjugated to the hydrophilic moiety of ALM and formulated in liposome. The results 
demonstrated that the liposome formulation of amphiphilic fullerene ALM is capable of preferentially 

accumulating in the inflamed synovial joints. At day seven post serum (or vehicle) injection, during the 
peak symptom scores, dye-labeled ALM is clearly visible six hours post injection in the joints of mice 
with inflammatory arthritis. In contrast, control mice without inflammatory arthritis receiving the same 
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Gd-chelate agents (e.g., Gadoteridol), albumin-binding blood pool agents (e.g., Gadofosveset), and 
superparamagnetic iron oxide particles (e.g., SPIO), respectively [45]. ATCA has unprecedented high 
relaxivity. Hydrochalarone® has a molecular relaxivity of 183 mMí1 sí1 in plasma at 1.5 T, over  
40-fold better than Magnevist. Since one ATCA liposome nanoparticle contains roughly 30,000 
Hydrochalarone® molecules, ATCA has a particle relaxivity of about 5.49 × 106 mMí1 sí1. Thus, its 
concentration in plaque needs to be at least 3 × 10í12 moles per gram issue in order to achieve 50% 
enhancement. Since the CD36 receptor is expressed on macrophages in the range of 10í10–10í12 mol/g. 
It is feasible to label macrophages with sufficient numbers of contrast agents to produce significant 
contrast enhancement. 

Figure 5. Figure: Plaque imaging of aorta arch of 23 weeks old female ApoEí/í mice with  
7 T imager. Top: ATCA (100 µL, 4.0 mg/kg or 0.9 mg Gd/kg); Bottom: Non-targeted 
control did not enhance any contrast. Graph: Quantification of signal enhancement. The 
signal to noise ratio (SNR) was calculated using a reference ROI next to the plaque lesion, 
then SNR values were normalized to the pre-injection SNR value. The same  
regions were traced throughout all imaging points. ATCA: white bars, and non-targeted 
control: black bars. The SNR values are shown as mean for the entire aorta of five mice.  
* indicates significance (p < 0.05). 
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