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The Introduction

Buckminsterfullerene, buckyballs, or C60 fullerene was first discovered in 1985, in an at-
tempt to make long-chain carbon molecules in hopes to understand how they would form 
under interstellar conditions [1]. The name Buckminsterfullerene pays homage to the Amer-
ican architect Buckminster Fuller, who was famous for his designs of geodesic domes [2]. 
Fullerene is known as the third form of carbon after graphite and diamond [3]. The shape 
can be described as that of a soccer ball, a truncated icosahedral with 12 pentagon faces and 
20 hexagon faces, where each vertex of the shape is an sp2 hybridized carbon atom. Buck-
minsterfullerene, now known colloquially as Pristine C60, is not the only fullerene to exist, 
with hundreds of stable configurations found in the family of fullerenes. It’s been found that 
fullerenes range in sizes from C20 to C2160 in configurations that are of the formula 20+2n car-
bons where there are n number of hexagon faces in the structure with symmetrical fullerenes 
always having 12 pentagon faces [4,5]. While this seems like a large range of structures, for 
biomedical applications the research and development of fullerenes have mainly been in the 
range of C60 to C100. This is due largely to the nature of the production of fullerenes with C60 
having the largest abundance under synthesis conditions with other fullerenes (i.e., C70, C76, 
C80…) being produced in significantly smaller quantities [3]. 
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C60 the first fullerene

The size of pristine C60 is an average of 0.71nm of external di-
ameter. It is considered a 0-dimensional carbon structure being the 
smallest of all carbon nanostructures known. The spherical shape 
of pristine C60 is maintained by the bond angle between the carbon 
angles. While sp2 hybridized, the closed cage structure changes the 
bond angle to the degree that it is actually in configuration between 
sp2 and sp3 hybridization [6]. Furthermore, the bond lengths be-
tween the pentagon faces and hexagon faces of the fullerene dif-
fer. For hexagon adjacent faces the bond length is 1.38Å and 1.45Å 
between the pentagon to hexagon connecting carbons termed 66 
bonds and 56 bonds respectively [6]. 

Synthesis of the fullerene

The first method to synthesize fullerenes in bulk form was 
developed in 1990 by Krätschmer et al. [7]. Since then, few other 
methods have been used to create fullerenes. Among these general 
methodologies are vaporization by discharge (arc or plasma), la-
ser ablation, naphthalene pyrolysis, carbon vapor deposition, and 
combustion with organic carbon [8-13]. All these processes aim to 
manipulate graphite in ways that fragment it into forming fullerene 
spheres. In the method described by Krätschmer et al. [7], graphite 
rods are used to produce graphitic soot inside of a pressurized ves-
sel using a helium atmosphere at 100Torr. The soot is collected and 
mixed with benzene which allows for the separation of fullerenes 
by dissolution. The mixture is heated gently to dry and the result 
is a dark-colored crystalline material. It is noted in the work that 
100mg of material can be produced in a day by this method and the 
resulting ratio of C70 to C60 can be anywhere from 0.1 to 0.02.

Similar to the Krätschmer method described above, arc and 
plasma discharge involves the use of creating graphitic soot using 
graphite rods. These processes are similar in that they use a cooled 
collection chamber pressurized with helium and a DC arc welder to 
generate the current. Their differences lie in that arc discharge oc-
curs in pulsed increments to allow cooling and plasma discharge is 
continuous except when the negative electrode needs to be cleaned 
due to slag build-up. All these methods require organic solvents to 
extract and separate the fullerenes by size [8,9]. Laser ablation has 
a similar schematic of setup where graphite is vaporized with a la-
ser inside of a collection chamber with an inert gas flowing through 
it (e.g., Argon). The vaporized graphite collects on a cooled copper 
surface inside the vessel and then can subsequently be collected 
and the fullerenes separated from other carbon by-products [10].

Naphthalene pyrolysis and carbon vapor deposition 
method 

Naphthalene pyrolysis and carbon vapor deposition share a 
similar mechanism for the synthesis of fullerenes. Both methods 
use a heated chamber and an ignition point to pyrolyze an organ-

ic carbon. With naphthalene pyrolysis, a 40cm long silica tube is 
used as the chamber. The solid naphthalene is heated gently with 
a butane torch on one end and the gas is allowed to pass over the 
ignition point (the other end heated ~1000 ˚C with another torch) 
and into a cooled collection vessel. The product is collected, and the 
process is repeated until the product formed is a black solid [11,12]. 
In the carbon vapor deposition method, a chamber is designed with 
an ignition point (a tungsten filament ~2000 ˚C) which is located 
adjacent to a substrate point (steel, 900-1000 ˚C) and pressurized 
methane gas and hydrogen are passed through. The fullerene film 
forms on the substrate and is collected for separation. Lastly, the 
combustion method is said to achieve high yields of fullerene suit-
able for commercial production [6]. This method was first imple-
mented by Howard et al. [13] in which it was demonstrated that a 
sooting flame could produce a sizeable quantity of fullerene prod-
ucts with a relatively low amount of fuel. Howard et al. note in their 
findings that what sets this method apart from arc vaporization is 
that control of the C70/C60 ratio can be controlled through control of 
the flame conditions. 

Properties of fullerenes

One of the many keys to the use of fullerenes in biomedical ap-
plications is the properties they display. Pristine fullerenes show 
several useful physical and electrical properties that make them 
suitable nanomaterial for biomedical applications. Going back 
to the structure of the fullerene, pristine fullerene is the smallest 
electronically stable fullerene by the Isolated Pentagon Rule (IPR). 
This rule denotes that when all pentagons are isolated from each 
other in the fullerene structure then the resulting fullerene will be 
electronically stable, destabilization caused by the resonance of pi-
bonds occurs when pentagons are adjacent to each other [14]. As 
mentioned previously, the hybridization state being between sp2 
and sp3 leads to the electronegative nature of pristine fullerenes as 
the pi-orbitals extend farther out than inside the molecule [6,14]. 
These details of this structure affect fullerene’s electrical and chem-
ical properties. 

Electrochemical properties of fullerene

One of the pristine fullerene’s most notable electrochemical 
properties is how it interacts with radicals. In the presence of UV 
light, pristine fullerene exhibits pro-oxidant activity with the ability 
to create Radical Oxygen Species (ROS). Counter to this, fullerenes 
under the right conditions display powerful antioxidant properties 
being dubbed a “radical scavenger” or “radical sponge”. The ability 
to do so is based on a large amount of double-bonded carbon and 
the fullerene resonance forms, being able to accept between 1 and 
34 free radical groups [6,15]. This powerful antioxidant mechanism 
makes the fullerene desirable even in the face of its pro-oxidant 
mechanism. 
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Hydrophobic nature of fullerene

Another property of fullerene to contend with in making a suit-
able biomedical nanomaterial is its hydrophobic nature. Pristine 
fullerene is not water-soluble so use as a biomedical device is diffi-
cult. Because of their hydrophobicity and reactivity, fullerenes tend 
to form aggregates when exposed to polar solvents, such as those 
found in aqueous solutions or within living systems. This tends to 
make them more of a burden and tends to present with levels of 
toxicity [2,5]. Luckily with the number of double-bonded carbons 
in the fullerene structure, they can react well with many functional 
groups allowing for the creation of derivatives. Through functional-
ization, the fullerene can retain its unique properties but also has 
enhanced water solubility through the addition of hydrophilic func-
tional groups [16].

Functionalization

Functionalization of fullerenes is a key to unlocking their use 
for all biomedical applications. The goals of functionalization for 
fullerenes are to stabilize it under ambient conditions, control its 
hydrophobicity and water solubility, and select for desired prop-
erties [17]. Functionalization of fullerenes can be accomplished by 
exohedral, endohedral, or a combination of both methods [2]. Exo-
hedral functionalization involves the addition of functional groups 
to the outside fullerene structure. There are four general descrip-

tions for the addition to the fullerene that take place. The first is 
the addition of a group by covalent bonding to a single carbon on 
the fullerene. Next is the addition of a functional group by epoxy 
bridging utilizing [2+1] cycloaddition linking two fullerene carbons 
to a single atom of a functional group with a maximum number of 
these additions being 18. The third is [2+n] cycloaddition where n 
is greater than or equal to 2. Lastly, the substitution of atoms within 
a fullerene structure can be done to the fullerene structure [17].

Endohedral functionalization involves encapsulating an atom 
within the fullerene cage usually during the synthesis of the fuller-
ene. It was discovered shortly after the initial discovery of pristine 
fullerenes during a trial to vaporize graphite that had been impreg-
nated with lanthanum [18]. Now it is known that many different 
elements can be encapsulated within a fullerene to usually create 
metallofullerenes. These elements are in the lanthanide series (La, 
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) as well as group 2 
metals (Ca, Sr, Ba), group 3 metals (Sc, Y, La), Ti, and Fe [19]. Encap-
sulation is usually done under the same conditions as the creation 
of pristine fullerene occurring under arc discharge or laser abla-
tion with doped graphite to produce a mixture of empty fullerenes 
and metallofullerenes [19]. Table 1 is a brief overview of the simple 
functionalization strategies outlined above. There is an exhaustive 
list of derivative products that have been developed using fullerene 
as the core so consider these listed to be that of either the simplest 
or some of the first functionalized fullerenes to be discovered.

Table 1: Brief overview of the simple functionalization of fullerenes.

Type of Functional-
ization Description Functional Group Added Addition Mechanism Refer-

ence

Amination Exohedral addition of amine 
groups to the fullerene cage.

Propylamine, ethylenedi-
amine

Amination occurs by covalent 
bonding in a solvent. [20]

Hydroxylation Exohedral addition of hydroxy 
functional groups Multiple hydroxy groups.

Hydroxylation occurs by 
covalent bonding under acidic 

conditions.
[21]

Azomethine Ylide 
addition

Exohedral addition of Ylides to 
fullerene cage. pyrrolidine ring Prato Reaction, cycloaddition [22]

Methanofullerne (Es-
ter functionalization) Exohedral addition of esters. Dimethyl malonate Bingel Reaction, cycloaddition [23]

Encapsulation Endohedral encapsulation of 
targeted element

Lanthanide, Group 2 Metals, 
Group 3 Metal, Iron

Encapsulation occurs during 
fullerene synthesis [19]

Toxicity

The hydrophobic nature, as well as radical-producing proper-
ties, lend to the prediction of the potential toxicity of fullerenes. The 
topic of fullerenes toxicity had long been debated almost since the 
time of its discovery. Early on it can be shown that fullerenes may 
not pose an inherent risk in studies done on mice. A 1993 study 
showed that there was no cause for concern when topically applied 
fullerenes were found to cause no DNA damage and cause no tu-
mor formation in the skin of mice [20-24]. A study following would 
also test the uptake of human keratinocytes for the accumulation of 
fullerenes in an organic solvent. The results concluded that there 

was no acute toxicity noted in human keratinocytes and fibroblasts 
[25]. 

More research would prove to contradict these early find-
ings. As shown previously functionalization is necessary to make 
fullerenes acceptable for use in biomedical applications. Function-
alization can also play a role in increasing or decreasing cytotoxic 
effects. A study from the early 2000s revealed that the degree of 
functionalization decreases with the increase in functional groups 
allocated to the fullerene [26]. A mechanism by which the wa-
ter-soluble fullerenes were causing toxicity was found a year lat-
er. The ability to create ROS in vitro caused lipid peroxidation to 
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occur leading to the cytotoxicity of dermal fibroblast, liver cancer 
cells, and neuronal astrocytes. The peroxidation caused damage to 
the integrity of the cell membrane leading to cell death. The same 
study also showed that the use of an antioxidant such as L- ascorbic 
acid leads to the elimination of peroxidation that occurs in the cell 
membrane [27]. Additionally, when compared to other nano-car-
bon structures (single-walled and multi-walled carbon nanotubes) 
fullerenes were found to be the least cytotoxic [28]. In relation to 
potential effects on the environment, the effects of fullerenes and 
nanomaterials are widely unknown Studies showing the effects of 
fullerene on microbiota are important as low-level organisms af-
fected by nanomaterials could cause ecological shifts in biomes. In 
evaluating effects on microbial life. Lyon et al. demonstrated the 
bactericidal effects of pristine fullerene [29]. This study was meant 
to not only test the potential effects of fullerene nanoparticles on 
microbial life but to stress the importance of handling to prevent 
unintentional exposure to the environment.

As mentioned before, much debate over the actual cytotoxic ef-
fects of fullerenes are still being explored. One such study shows 
that in rats with toxicity induced by CCL4, pristine fullerene solu-
bilized into olive oil doubled their life span compared to olive oil 
and the control group [30,31]. Nevertheless, many studies show 
that there exist toxic and antioxidant effects of fullerenes so it is 
application dependent on how fullerenes and their derivatives can 
be used in biomedical sciences.

Applications

Nanomaterials are a vastly growing industry as of late with bil-
lions of dollars going toward research and development. Fullerenes 
can be found in many industries besides biomedical interests, being 
explored for applications such as wastewater treatment or organ-
ic solar cell construction [32,33]. The role that fullerenes plays in 
the biomedical world is of utmost importance though, as it can be 
used in many applications effectively. Among these include high-
ly effective antioxidation, cancer therapy, gene and drug delivery, 
antiviral and antibacterial activity, and imaging [2,15]. To start the 
ROS scavenging ability of fullerenes plays an important role as a 
highly effective antioxidant being able to be utilized in many thera-
pies. ROS species and oxidation have been implicated as causative 
agents in many conditions including cancer, autoimmunity, athero-
sclerosis, diabetes, and neurodegenerative disorders [15]. An early 
study suggested ROS scavenging by fullerene derivatives as a way 
to mitigate the oxidation and apoptosis of cortical neurons. Dugan 
et al. provided evidence of radical scavenging that led to neuropro-
tective activity in cultured cortical neurons using fullerenol deriv-
atives [34]. 

Another example, in cancer, fullerene molecules can modulate 
the tumor microenvironment and inhibit the proliferation of cancer 
cells. Cancer cells are prone to creation in the highly oxidative en-
vironment in which they are so the ROS scavenging ability of fuller-

ene has been remarkable in terms of treatment. It has also been 
shown that Gd@C82(OH)22 is specifically useful in this application 
having highly potent ROS scavenging ability in the highly oxidative 
tumor microenvironment [35]. 

Fullerenes as gene and drug delivery vehicle

As a gene and drug delivery vehicle, fullerene can be used to 
exploit the Enhanced Permeability and Retention (EPR) effect due 
to its size. Conjugation of drugs can occur on the outer cage of the 
shell by either direct attachment or by conjugation onto a function-
alized group. In one such example, Doxorubicin (DOX) is conjugated 
to pristine fullerene to yield a DOX: C60 complex. DOX has inher-
ent toxicity at higher doses and it is believed that it is caused by 
potential ROS activity by DOX. Since fullerene is found to scavenge 
radicals, it would be appropriate to conjugate these for research. 
It was found that the DOX fullerene conjugation ultimately led to 
more DOX located in the tumor and a longer treatment time as the 
conjugation slowed the release rate of DOX [36,37]. Shi et al. [38]. 
also demonstrate the ability to create targeted fullerene deriva-
tives. Using a polyethyleneimine fullerene (C60-PEI) the targeting 
is done by the conjugation of folic acid as folic receptors are over-
expressed in malignant tumor cells. Docetaxel is adsorption to the 
fullerene derivative was also done to increase tumoricidal activity. 
The results showed that the fullerene derivative with docetaxel had 
more efficacy than docetaxel or the fullerene derivative separately.

Bactericidal effects of fullerenes

As mentioned previously was the evidence for bactericidal ef-
fects of fullerenes. Fullerene has also displayed promising actions 
against viral targets. One such example is against HIV and hepatitis 
C virus (HCV) [39]. In the study, Mashino et al. [39] used cationic, 
anionic, and amine-derived fullerenes to test the antiviral effects of 
fullerene on HIV and HCV. It was found that fullerene was effective 
and inhibiting HIV reverse transcriptase and HCV RNA polymerase 
activity. Metallofullerenes have shown to work well in conditions 
needing imaging. Bolskar et al. [40] demonstrate the first use of a 
metallofullerene in their work. The fullerene Gd@C60[C(COOH)2]10 
is used as an MRI contrast agent in vivo in a rodent model. The bio-
distribution could be noted and it was found to be the first fullerene 
derivative that did not target and localize in the reticuloendothelial 
system and did not form aggregates within the solution.

Recent trends in fullerene researches 

Since the start of the new decade, there is still interest in the 
use of fullerenes in biomedical applications. The following list de-
tails five research studies that have been completed on fullerenes 
in the last 2 years:

a. Pristine fullerene C60 is used in STZ- diabetic rats to de-
termine if it can reduce oxidative stress caused by diabetes. It was 
found that fullerenes in fact displayed a neuroprotective effect pro-
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tecting hippocampal cells and mitigating effects of hypoglycemic 
stress displayed by reducing oxidative stress, apoptotic effects, and 
increased autophagy flux [41].

b. Determining the effects of fullerene on mice with sub-
cortical ischemic vascular dementia versus that of sham mice. The 
findings show that the mice with dementia had improved cognitive 
ability in a Morris water maze than that of the sham mice. It is dis-
cussed that this may be due to the amount of oxidative stress in the 
brains of mice with dementia versus that of sham mice [42].

c. The effects of olive oil extracted C60 on the gut microbiota 
over a 12-week period. The findings showed that gut microbiota 
had in fact changed, to improve serum lipid profile lowering tri-
glycerides and increasing HDL cholesterol but increased oxidative 
markers in the brain and in serum as well as increased insulin re-
sistance [43].

d. Effects of a fullerene derivative of the authors’ design 
are tested and found to have antiviral and anti-myogenic effects. 
The fullerene derivative they have dubbed “FPA” is noted to have 
been tested against 10 different virus lines including those in the 
Coronaviridae family showing promising results in the time of the 
pandemic. The authors note that the myogenic differentiation of 
mesenchymal stem cells is a first for water-soluble fullerenes [44].

e. Effects of C70 hydroxyl functionalized fullerenes tested to 
alleviate silicosis caused by the inhalation of crystalline silica par-
ticles using a silicosis mouse model. The findings show that ROS 
scavenging helps alleviate inflammation caused by crystalline silica 
[45].

Conclusion and Future Prospects

Fullerenes in there almost 40 years have shown that it still 
holds a lot of promise in biomedical sciences as well as a lot of 
mystery. Fullerenes with their highly unique physical and electrical 
chemistry can be exploited heavily by functionalization to create a 
nanoparticle that works in almost every facet of biomedical science 
applications. The mystery lies in what we still do not know about 
the fullerene, the way to control its production or functionalization, 
and how to perfect it to make it the most useable for all applica-
tions. It holds greater mystery as to under what conditions it may 
be toxic and if we may even be able to use it due to environmental 
concerns. Fullerenes, for all its promise surrounded by great mys-
teries that are yet to be uncovered, will be untold with time and 
hopefully, another 40 years of research will help to expose all the 
mysteries surrounding them.

As for prospects, there lies a great many. The need for a reliably 
consistent way to produce fullerenes of select sizes might be a great 
place to start. In 40 years, the instrumentation has become more 

precise so as far as controlling the processes that are currently 
utilized, there may be a solution to creating large consistent yields 
of fullerenes. Toxicity research is also a must. As environmental 
protection policies become more stringent in the face of ecological 
destruction, the risk must be evaluated for not just fullerenes but all 
nanomaterials on the toxic effects they present to the environment. 
These are two places to start really looking into how to improve 
upon fullerene research and development so it may be continued 
well into the future.
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