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ABSTRACT

Ever sincetheir discovery in 1985, fullerenes have captured the imagination
of pharmaceutical researchersfor their unique propertiesand medical appli-
cations. They are compounds composed solely of an even number of car-
bon atoms which form a cage-like fused-ring polycyclic system with twelve
five-membered rings and therest six-membered rings. Fullerenes have unique
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chemical, physical, and biological propertieswhich makethemideal candi-
dates in the field of medicine. This review focuses on the chemica and
biological properties of fullerenes giving detailed descriptions of their vari-
ous medical applications such asanti-oxidant activity, anti-HIV activity, an-
timicrobial action, anti-cancer/tumor activity, and as photodynamic and di-

agnostic agents. © 2008 Trade Sciencelnc. - INDIA

INTRODUCTION

In 19851, a group of scientists led by Harold
Kroto, Richard Smalley and Robert Curl at the Rice
University weretrying to understand the absorption
spectraof interstellar dust, which they suspected to be
related to somekind of long-chained carbon molecules.
However, inthe course of their experiments, they dis-
covered a unique form of carbon called fullereng?.
Thesefullerenesareafamily of carbonalotropesnamed
after Richard Buckminster Fuller, designer of thegeo-
desic dome?. However, unlikediamond and graphite,

whosemoleculesgo on and on, fullerenesare spherical
molecul esthat are attached to each other by Van der
Wadl’s forces in the solid™.

Fullerenes are compounds composed solely of an
even number of carbon atomswhichform acage-like
fused-ring polycydic sysemwithtwevefive-membered
ringsand therest six-membered rings; the archetypal
exampleisthesixty atom structure, wheretheatoms
and bonds delineate atruncated icosahedron®. How-
ever, over theyears, other fullereneshave been discov-
eredaswell: C, iselongated, likearugby bal; another
molecul e called the“Russian doll” can be obtained by
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Figurel: Computer representation of fullerenes. (a) 3D
model of aC_ fullerene; (b) 3D model of aC_ fullerene
(Imagecourtesy of Michad Srock; Source: Wikipedia)

TABLE 1: Color of thesolutionsof fullerenes®

Fullerenes Coalor of the solution
Ceo Purple/Violet
Cxno Brick-red
Cs Light Yellow-green
Ca Brown
Css Olive-green

trapping the C_, molecule inside avery large (C
fullerend!(Figure ).

Fullereneshaved sobeenfoundtoexistinthenaturd
environment; ingeologica formations, but only inthe
ppm-range. Some of these placesinclude Shunga/Rus-
sid®, New Zealand™, and Sudbury/Canada®.

2. Chemical and physical properties

240)

Fullerenes fulfill the Euler’s theorem, i.e., if a
polyeder isto build aclosed structurefrom pentagons
and hexagons; it hasto contain exactly 12 pentagons.
Following thisrule, thesmdlest stablefullereneisC_,
which hasnotwo pentagonssideby side, makingit the
most stable structure. Thediameter of aC,, molecule
isabout 7A in diameter!®. The C,, moleculehastwo
bond lengths. The 6:6 ring bonds (between two hexa-
gons, 1.45+0.015A) can be considered “double bonds”
and are shorter than the 6:5 bonds (between ahexagon
and apentagon; 1.40+0.015A)19,

flano Soienoe and flano Teohnology

The carbon atomsinfullereneareinthe p? and p°
hybridized state™. The sp?-hybridized carbon atoms,
which areat their energy minimumin planar graphite,
must be bent to form the closed sphere or tube, which
produces angle strain. The characteristic reaction of
fullerenesisdectrophilicaddition at 6,6-doublebonds,
which reduces anglestrain by changing sp?-hybridized
carbonsinto sp*-hybridized ones*?. Thechangein hy-
bridized orbital s causesthe bond anglesto decrease
from about 120 degrees in the sp? orbitals to about
109.5 degreesinthesp® orbitals. Thisdecreasein bond
anglesalowsfor thebondsto bend lesswhen closing
the sphere or tube, and thus, the molecul e becomes
more stabl€*3. Thefree electronson thecagebuild a
strong delocalized n-electron system. Thisn-electron
system influences the chemical reactions of the
fullerenes®¥. Thesemoleculesdo not exhibit ‘superar
omaticity’, instead, they show aliphatic behaviort3.

Fullerenesareinsolubleinwater however, they are
solublein other solventslike carbon disul phide, tolu-
ene, o-dichlorobenzene, and xylene*+9, Solutions of
pure C,, have adeep purplecolor. Solutionsof C, are
of reddish brown whereas, thehigher fullerenesC_ to
C,, haveavariety of colors(TABLE 1). The color of
thefullereneisattributed to the pi-pi electron transi-
tiong+12,

3. Synthesis of fullerenes

Synthesisof fullereneswasfirst accomplished by
laser sublimation of graphitein aninert gasatmosphere.
Inthismethod, asurface of solid graphitewas vapor-
ized by irradiation with thelaser into plasmacontaining
atoms and free ions. The free atoms and ions were
chilled down dueto collision with the helium atoms.
Through thecollision, clusters containing various num-
bersof carbon atomswereformed. Theclusterswere
examined inamass spectrometer, and it wasfound that
clustersthat had 60 and 70 carbon atoms had domi-
nated, and that most clustershad 60 carbon atoms*7.
However, thistechniquedid not providefor the pro-
duction of gram quantitiesof C_. Effortsto scale-up
thisgpproach wereunsuccessful and other methodswere
later developed. These included resistive heating
method*¥, electron beam evaporation™?, diffusion
flame?, and ion beam sputtering?Y. In 1990, Krats
chmer and Huffman for thefirst time producedisolable
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Figure2: 3D representation of an endohedral C Fullerene.
(Source: http://www.chm.bris.ac.uk/webpr oj ects 2001/
tweedale/fullerene derivativeshtm

Figure3: A3Dillugtration of an exohedral C_ Fullerene.
(Image cour tesy of Accelrys, www.accelrys.com)

Figure4: TheC_ fullerenein crystallineform (Fullerite).
(Sour ce: Wikipedia)

quantitiesof C_, by causing an arc betweentwo graph-
iterodsto burnin ahelium atmosphereand extracting
the carbon condensate so formed using an organic sol-
vent. The C_, could be conveniently extracted using
benzene as solvent. Thisisoneof the best methodsfor
maximum productionrate, cost and ease of implemen-
tation.

4. Types of fullerenes

——— Rev/ew

Sincethe discovery of fullerenesin 1985, many
chemica modificationsof fullereneshave been discov-
ered. Some of theimportant fullerene speciesareas
follows

Endohedral fullerene

Sincefullerenesare hollow with aclosed shell of
carbon atoms, it is possibleto enclose another atom
inside. Thisclassof fullerenederivativesistermed as
“Endohedral” fullerenes (Figure 2)9. When theatoms
trapped inside are metallic, they are also called
Metallofullerenes. Even though C, isthemost com-
mon fullerene, few endohedrd materidshaveaC,, cage
becauseitisfairly smdl insde. Most of thesematerids
aremadeout of C,, C,,, or even higher fullerenes®.
Atomsthat areknown to form stableendohedral com-
poundsincudetrangtion meta slikelanthanum, yttrium,
scandium, and some of the noble gases?*2%, Doping
fullereneswith electropositive metal takesplaceinan
arc reactor or via laser evaporation. The first C,
endohedral complex was synthesized in 1985 where
lanthanum wasthe atom enclosed inthefullerenemol -
ecule. Theaccepted notation for endohedra materid is
tousethe ‘@’ symbol to show that a small molecule is
trappedinsideashell e.g. La@C_ ™.

Endohedra metallofullerenesare characterized by
thefact that e ectronswill transfer fromthemeta atom
to thefullerene cage and that the metal atom takesa
position off-center inthe cage. Thesizeof the charge
transfer isnot dwayssmpleto determine. Inmost cases
itis between 2 and 3 charge units, likein La,@C,,
however it can even be about 6 chargeunitssuch asin
Sc,N@C,, which is better described as[ Sc,N]*°@
[C,,] - Theseanionicfullerene cagesarevery stable
moleculesand do not havethereectivity associated with
ordinary empty fullerenes. They arestableinair upto
very hightemperatures(600 to 850°C)™3I,

Noblegaseslikehelium, neon, argon, krypton, and
xenon areal so capabl e of forming stable endohedral
fullerene molecules?. In fact, Saundersin 199327,
proved theexistence of endohedra complexesHe@C,,
and Ne@C,_, which form when C_ is exposed to a
pressure of around 3 bar of the noble gases*?.

Exohedral fullerene
Exohedral fullerenes (Figure 3) arethe most im-
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portant and versatile of al speciesof fullerenes. These
derivativesareformed by achemical reaction between
fullerenesand other chemicd groups. UnlikeEndohedra
fullerenes, where a molecule is trapped inside the
fullereneshdl, Exohedrd fullerenesarederivativesfor
which the reactions take place on the surface of the
fullereneshell. Asfullerenes possess the conjugated nt-
system of e ectron, two main typesof primary chemica
trandformationsare poss bleon fullerene surface: addi-
tion reactionsand redox reactions, whichlead to cova
lent exohedral adducts and saltsrespectively9.

Heter ofullerenes

Heterofullerenes are derivativesof fullerenesin
which one or more carbon atoms of the cage are sub-
stituted by aheteroatom e.g. Nitrogen (N) or Boron
(B)?29, An example of this speciesis the nitrogen
fullerene called aza (60) fullerene C_,N which forms
thedimer (C_N), inthe solid state*!.

Fullerites

C,, moleculescondenseto formasolid of weakly
bound molecules. Thiscrystalinestateiscaled fullerite
(Figure4). At room temperature, thissolid hasaface
centered cubiccrysta structure. It isweskly bound with
alattice congtant a=14.71A and electrically insulating!?,
Thelr hardness is comparable to that of diamonds.
Ultrahard fullerite(C, ) isatypeof fulleritewhich has
been found to be harder than diamond and can beused
to creasteeven harder materids, such asaggregated dia-
mond nanorodd®3. Itisauniqueversion of thefullerene
with three-dimensiona polymer bonds. Ultrahard
fullerite has a hardness value of about 290+30 and
310+40 GPa (gigapascals) depending on the synthesis
conditiong3,

Fullerides

Asfullerenemoleculeishighly e ectronegative, it
reedily formscompoundswith e ectron donating atoms
likeakali metas. Thisreaction leadsto theformation
of aclassof compounds caled fullerides, whereinal-
kai meta atomsfill inthespace between Buckybal 5%
and donatevaencee ectronto theneighboring C_, mol-

eculee.g. K,C .
Carbon nanotubes

Carbon nanotubes®>% (Figure 5) arecylindrical
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fullerenes. They are often described asagraphene sheet
rolled up into the shape of acylinder™. To be precise,
they are graphene cylinders about 12nmin diameter
and capped with end-contai ning pentagonal rings. A
singlewalled carbon nanotube (SWNT) isone such
cylinder, while a multiple walled carbon nanotube
(MWNT) cong stsof many nested cylinderswhosesuc-
cessiveradii differ by roughly theinterlayer spacing of
graphite®!, Carbon nanotubeshave novel properties
that makethem potentialy useful in awidevariety of
applications in nanotechnol ogy, electronics, optics,
medicineand other fieldsof materia science. They are
gifted with unique propertieswithincluderemarkable
strength, high dadticity, and largethermal conductivity
and current density*,

5.Applications

Fullereneshave potential applicationsasdrug de-
livery devices. They have captured theimagination of
pharmaceutical researchersfor their unique properties
asdrug candidates. Fullerenes can undergo awidenum-
ber of reactions such ashydrogenation, hal ogenation,
epoxidation, formation of exohedral transition metal
complexes, cycloadditions, carbene additions, alkyla
tionand arylaion. Fullerenederivativesof sugars, amino
acids, polypeptides, estrogen, cholesterol and large
proteinsare a so known*d, However, fullereneshavea
major drawback, i.e., their natural repulsion to water.
To overcomethislimitation, anumber of methodol o-
giesare being devel oped; theseinclude synthesis of
fullerenederivatives having modified solubility profile,
encapsulation of C_ incyclodextring® or in calixarenes
or water suspension preparations®.

Anti -oxidant properties

Figure 5: 3D representation of single walled carbon
nanotubes. (Imagecourtesy of Accdrys, www.accerys.com)
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Fullerenes have been known to act as strong anti-
oxidants. Because of the large number of conjugated
doublebondsthat arereadily attacked by radical spe-
cies, C, hasbeenreferred to asa““radical sponge™®,
andfacile addition of up to 34 methyl radicalsto C_
has been reported. Often reactive oxygen species, free
radica susetheir unpaired éectronsto break chemical
bondsincritical molecules, such asnudecacids, thereby
triggering cell damage and possible apoptosis.
Fullerenesmay beinterrupting thisprocessby acting as
a“radical sponge,” essentially absorbing the potentially
damaging electrong®.

Many fullerenederivativeshave showntheir ability
as potent free-radical scavengers; these include
fullerenol$*, carboxyfullerend*!, polyal kylsulfonated
C,.» hexa(sulphobutyl)fullerene“?, C_-dimalonicacid,
C,,-trimalonic acid, and C_, bis(mal onate)'*?!. These
fullerenes have shown potent anti-oxidant properties
about hundred moretimes potent than Vitamin E4.

Anti-oxidant propertiesof full ereneswere demon-
strated inthefollowing exampleinwhichfullerenede-
rivativeswere shownto have promising neuroprotective
effects. Glutamatereceptor-mediated excitotoxicity has
beenimplicated inthe pathogenesi s of neuronal lossin
thecentral nervoussystem in severd disease states, in-
cluding hypoxiarischemia, epilepsy, and trauma. Oxy-
gen or nitric oxide radicals areproduced as a conse-
guenceof glutamatereceptor overstimulation, and free
radical scavengershave been shownto attenuate, but
not to block, excitotoxic neurona death. Maonic acid
derivativesof fullereneswere experimented in-vitroon
cortical neuronal culturesand were ableto reducethe
neurond deethresulting from exposureto theglutamate
receptor agonists, N-methyl-D-aspartate (NMDA) or
a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA). Thesecompoundshad theability to com-
pletely block intense, rapidlytriggered, NMDA recep-
tor-medi ated excitotoxicity!*. Another experiment a'so
demonstrated similar decreased excitotoxic neuronal
death following brief exposureto NM DA (by 80%),
AMPA (by 65%), or kainate (by 50%)!4.,

Asa‘“radical sponge”, the protective effect of full
erenederivativeshasbeen demondrated invarioussys-
tems, including reducedinjury onischemiareperfusion
intestine, protecting cell types from undergoing
apoptosis, reduced freeradical level in organ perfu-

——— Rev/iew

sate, and having neuroprotective effect!®. These com-
pounds are suggested to have attractive therapeutic
propertiesin severa acuteor chronicdegenerativedis-
eases such asamyotrophic lateral sclerosis(ALS, or
Lou Gehrig’s disease), Parkinson’s disease and
Alzheimer’s disease!®.

Anti-HIV properties

An especialy promising target for treatment and
prevention of AIDSistheHIV Protease (HIV-P). HIV
producesasmal, dimeric aspartyl proteasewhich spe-
cificdly deavesthepolyprote n precursorsencoding the
structura proteinsand enzymesof thevirus. Thispro-
teolytic activity isabsolutely required for the produc-
tion of mature, infectiousvirionsand istherefore an at-
tractivetarget for therapeuticintervention. Theactive
siteof thisenzyme can beroughly described asan open-
ended cylinder whichislined dmost exclusvey by hy-
drophobic amino acids except for two cata ytic aspar-
ticacids (Asp25, Asp125)4. |t hasbeen hypothesized
that themain driving force behind theassociation of the
HIV-Pand fullerenederivativesisapresumably hydro-
phobi c interaction between the non-polar activesite
surface of HIV-Pand the C, surface”. Thepreferred
subgtitutionson thefullerenering include organic moi-
etiescomprising from 1-20 carbon atoms and option-
aly further comprising polar heteroatoms, such asoxy-
gen and nitrogen. Inhibition of HIV-Pin presence of
C60 was demonstrated through molecular modeling
studies and experimental observationg®4647,

Activity of fullerenesagaingt HIV can beconfirmed
by the experiment in which afullerene derivative (the
bi s(monosuccinimide) derivativeof p,p’-bis(2-amino
ethyl)diphenyl-C, ) showed activity against HIV Type
1 (HIV-1) and HIV-2 inacutely or chronically infected
human lymphocytesaswell asinin-vitro experiments
against 3-azido-3'-deoxythymidine (AZT)-resistant
HIV-148,

Photodynamic properties

Inrecent yearsinteresting attempts have been made
to develop alternative methodsfor virusinactivation.
By thelate 1990s, photodynamic reactionsinduced by
singlet oxygen (*O,) -generating agentswereknownto
inactivate envel oped viruses*9. Among these agents,
dyeslikephthal ocyanines™!, merocyanines®, androse
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bengal®@ have been widely used. However, adisad-
vantage of these dyesistherewater solubility, which
makesthem difficult toremove™!. Purewater-insoluble
photosensitizer C could be used to mediatetheinac-
tivation of envel oped viruses*!. Their use as photo-
sensitizers is due to their ability to convert triplet
oxygen(*0,) to, ahighly reactiveandtissue-killing sin-
glet oxygen (*O,)654,

Theuseof fullerenesas photosensitizerswasdem-
onstrated by thefollowing experiment in which buff-
ered solutions containing Semliki Forest virus (SFV,
Togaviridae) or vesicular stomatitis virus (VSV,
Rhabdoviridae) wereilluminated at 0°C in the pres-
enceof C_ and oxygenfor upto 5 hours. It resultedin
ggnificant lossof infectivity. Theinactivationwasfound
to be clearly dependent on the presence of oxygenand
changing the oxygen with argon resultedinadramatic
reduction of theinactivation capacity. Also, inclusion of
freeradicd scavengerslikeglutathioneinthe assay had
no effect on virusinactivation by C_ which suggested
that noradica mechanismisinvolvedintheinactivation
process“®53,

DNA photocleavage

Water-solublefullerenederivativesareableto
cleave DNA onexposuretolight viaa'O, independent
mechanismi®®. However, the DNA cleavagewasfound
to occur at theguanidineresduesby an eectrontrans-
fer mechanism(®%, An experiment suggested that
fullerene-oligonucl eotide can bind to single or double-
stranded DNA and cleavesthe strands upon exposure
tolight™>?. Another experiment with afullerenecarboxy-
lic acid derivativewas dso found to be cytotoxic when
exposedtovisblelight. Thecytotoxicity of thisderiva
tivewasattributed toitsability to cleave DNABS,

Anti-microbial properties

Fullerene derivatives have been shown to be ac-
tive against awide number of bacterial agents*. Ex-
periments conducted by Tsao et. a. showed that wa-
ter-solublemadonic acid derivative of carboxyfullerenes
(C,,) Wereprotectivein miceagainst Escherichiacoli-
induced meningitisdesth in adose-dependent manner,
even when administered intraperitoneally aslateas9
hoursafter E.coli injection™, Fullerene-treated mice
were found to have lesstumor necrosis factor alpha
and lessinterleukin-1betaproduction compared to the
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production levelsfor non-treated mice. E.coli-induced
increasesin blood-brain barrier permeability and in-
flammatory neutrophilicinfiltrationweredsoinhibited,
suggesting that C,, compounds could be useful thera-
peutic agentsin some cases of bacteria meningitig™.
Positively-charged water-solublefullerene derivatives
have al so been found to inhibit the growth of Myco-
bacterium tubercul osis at ~0.005 mg/cm?® concentra-
tiong™,

Carboxyfullerenescan directly inhibit theinvitro
growth of Sreptococcus pyogenes and al so enhance
thebactericidal activity of neutrophilsin miceinvivo,
suggesting that fullerenederivative can be consdered
asantimicrobia agent for ‘group A streptococcus’ in-
fectiong®. Further studieshavefound that theantibac-
terid action of carboxyfullereneson gram-positive bac-
teriaisachieved by insertioninto the cell wall and de-
struction of membraneintegrityt 61,

Anti-cancer/tumor properties

Photodynamic properties of fullereneshave made
these compounds excellent candidates for photody-
namic tumor therapy. These compoundswhen irradi-
ated with light causetumor necrosiswithout affecting
theunderlying normal tissue. Infact, photodynamicac-
tivity of Polyethylene Glycol (PEG)-modified fullerene
mol ecul es has been reported against fibrosarcomatu-
morsin mice and on erythrocyte membrane“?. Water-
soluble C,(OH),, hasshownto strongly block micro-
tubuleassembly, inhibit cell growth viainhibition of mi-
totic spindleformation, and also affect thegrowth ki-
neticsof human lymphocyte culturesand HEP-2 epi-
dermd carcinomacell cultures®?.

Chemotherapeutic agents can a so be attached to
fullerenemolecul esfor effectivetreatment against can-
cer. Studieshave shownthat C -paclitaxel conjugates,
when ddlivered asaliposomeformul ation, have shown
to possess s gnificant anticancer activity intissuecul-
ture’®,

Diagnostic applications

Endohedrd metdlofullereneshave shown potentia
gpplicationsasdiagnostic agents. Current radiopharma
ceutical semploy small quantities (nanogramsor milli-
grams) of drugscontai ning specially-chel ated radioiso-
topesof meta sfor imaging or thergpeutic applications.
Thecheaingligandsprevent direct binding of thetoxic
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metal ionswith serum componentsand tissue by pro-
viding athermodynamically stablemolecular environ-
ment. However, amgjor concern with thesedrugsis
their invivo kineticinstability, which can dlow there-
lease of small amountsof toxic radioactivemetal ions.
In comparison, metalofullerenesprovideauniqueal-
ternativeto chel ating compounds because of their re-
s stanceto metabolism and their high kinetic stability.
Thus, metallof ull erenesmay be useful asanew, more
stabledternativefor trangporting radiometa sinvivo®,
Anexampleof thisisthe  Ho*@C_,(OH),, which
hasbeen extensively studied asaradioactivetracer for
imaging of diseased organsand for killing cancerous
tumorg®3,

Fullereneshavea sofound use ascontrast enhance-
ment agentsinthe M agnetic Resonancelmaging (MRI)
and X-Ray diagnostic processes. Examplesinclude
water solubilized forms like M@C_,(OH),, where
‘M=Gd*"’ for MRI contrast agents and ‘M=Ho*"’ for
X-Ray contrast agents¥. Paramagnetic malonodiamide
C,, derivativesmay aso beuseful inmaking MRI con-
trast agentg®.

Other applications

Fullerene compounds have effectson nitric oxide
and acetyl choline signaling pathwayd*569, Fullerene
derivativeslikepolyhydroxylated fullerenes(Fullerenols)
cansgnificantly attenuate non-cholinergic airway con-
grictioninguineapigd®”. They can aso producedight
bronchial constricting action at high doses (2mg/kg)
when applied viaintratrached ingtillation®”%,

Fullerenesarea so now beinginvestigated asalter-
native agents for treatment of osteoporosis. Biphos
phonate compoundsand fluorideanions, which arethe
drugs currently used in the treatment of osteoporosis
and other bonedisordershavelimitations, such as, they
arenot absorbed orally and arefairly toxic. Advantage
isbeingteken of thepreferentid locdization of fullerene
derivativesin boned®. Hence polyfluoro biphospho
nated fullerenederivativesare being developed ashi-
modal drugsfor osteoporosistherapy!®.

Fullerenescan d so be used asadsorbentsfor harm-
ful gases. Studiesby Hayashi et d. showed that CPd,
polymer-like materia s can be used to successfully ad-
sorb toluene at ambient temperature without any en-
ergy source. Thisadsorptivity wasretained even a con-

——— Rev/ew

centrationsof 100ppb, whichisclosetotheactua tolu-
ene concentrationin theenvironment. Thepi-e ectrons
of toluenewerebdieved to adsorb onthepartialy posi-
tive Pd atoms of C, Pd [0,

CONCLUSION

Fullerenes have brought to medicine, nove 3-di-
mensional carbon structuresthat can be madetissue
selectiveaswel | asact aspotential therapeutic agents.
Forthcoming breakthroughsin their synthesisand ma-
nipul ation promiselower cost, and more sophi sticated
and ogs, which are capable of chalenging present mar-
ket-placetechnologies.

Asquoted by Smalley, thefullerenesarestill being
discovered. But already, it seemsclear, their discovery
andwhat it reveal ed about thefundamental properties
of carbonwill be benefiting humanity for many, many
yearsto come.
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