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Abstract 

Nanoscience is an advancing interdisciplinary field, creating a revolutionary shift across various 

domains of bio-engineering including biomedicine. In particular, stimuli-responsive and self-assembly 

the nanomaterials are at the forefront of the current research arena, emphasizing their unique 

physicochemical properties over their macroscopic counterparts. With the advent of 

“Nanoarchitectonics”, conventional nanomaterials are being applied as promising biomaterials in 

healthcare. For instance, the concept of “nanoarchitectonics” has enabled the synthesis of increasingly 

complex fullerene structures, to mimic the intricate architecture of biological systems, emerging as a 

pivotal candidate for the strategies of next-generation therapy. This allows us to develop a promising 

alternative nano system to conventional antibiotics, especially in combating multidrug-resistant 

(MDR) bacterial and fungal species. Additionally, fullerenes are being actively explored for their 

therapeutic potential in radical scavenging and enzyme inhibition. In this regard, the review aims to 

elucidate the critical role of fullerenes in infectious biology, with a focus on current trends, 

antimicrobial therapies, and the underlying mechanisms of action. Furthermore, the challenges posed 

by drug-resistant pathogens like bacteria, fungi, and epidemic viruses are critically examined. Existing 

research gaps and limitations in the current landscape of fullerene-based technologies are highlighted, 

with a discussion of future directions and potential breakthroughs in the field. 

Keywords: Fullerene; functionalization; ROS production; radical scavenging; photodynamic 

inactivation; cytotoxicity 
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1. Introduction – Fullerene, as an emerging nanomedicine in the advanced biomedical 

application and antimicrobial strategies: 

At nanoscale dimension, carbon is primarily characterized by a covalently bound, tetrahedral structure 

exhibiting distinct properties. They are known for their versatility, which is partially due to the multi-

molar interaction of its atoms at their different hybridization rates. These nanoparticles are less than 

100 nm in size, exhibiting a superior optical and surface-volume ratio than their macro counterparts, 

which is influenced by the hybridization shift 1,2. For example, diamond and graphite are two different 

forms of carbon with diamond possessing an organized crystalline lattice structure by the sp3 

hybridization. Under low pressure and extreme temperatures, this sp3 hybridization shifts to sp2 

interaction resulting in a change of spatial arrangement. The addition of tightly stacked such sp2 

hybridized layer gives rise to the graphite 3,4. This shift in hybridization alters the intra-molecular bond 

configuration, resulting in a change of their structural properties. Since then, various hybridization 

techniques have been employed to harness the carbon in a broad range of applications including 

electrical, optical, and biomedical sectors 5,6. The exploration of carbon nanostructures began in the 

mid-90 s, with the first extensively studied nanostructure being “nano-diamond” - synthetically 

produced through the detonation of diamond and graphite with the goal of preserving the original 

properties in these nano structures 7. Other carbon nanostructures, such as nanotubes, nanorods, onion 

rings, fullerene, and graphene compounds are currently under extensive exploration for various 

applications including imaging, super-conductivity and toxicity studies 8–10.  

Among the allotropes of carbon, fullerenes are the third allotropy characterized by their caged structure 

11. Dr. Kroto first discovered fullerene while analyzing the long-chain polymerization of carbon in the 

interstellar space. He observed, when graphite on subjected to laser ablation, carbon atoms self-

assembled to form the carbon core with 60 molecules in a caged structure popularly known as “Soccer 

ball” or “Buckyball” and widely known as C60.  Later following the discovery of C60, other fullerenes 
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such as C70, C84 were synthesized each exhibiting unique properties 12,13. In the interstellar nebulae, 

fullerenes have also been discovered in diffused matter, exhibiting emission in infrared region 14,15. Of 

all fullerenes, buckminsterfullerenes are the most stable one accounting for its highly symmetrical, 

cage structure imitating icosahedral with pentagons and hexagons. In their pristine form, these 

fullerenes exhibit a zero-order dimension, with characteristic extended π-π stacking owing to their 

supramolecular assemblies. This leads to the formation of an array of nano to macro structures, each 

having different physico-chemical potentials 16,17.  

In carbon biology, the concept of nanoarchitectonics, involving the regulated arrangement or pre-

designated configuration of the intra-molecular moieties facilitates the production of different latticed 

structures. Thereby creating different order of symmetries including zero-dimensional (0D), one-

dimensional (1D), two-dimensional (2D), and three-dimensional (3D) forms 18,19. Nanoarchitectonics 

facilitates the modification at an atom/molecular level with utmost structural precision to architect the 

functional molecular systems 20,21. For instance, regulated production of carbon fullerenes under 

optimized environmental conditions can produce higher hierarchical structures from low-ordered 

fullerene sphere and, nanorods to intricate 3D complexes such as fullerene onion rings, micelles, and 

nanosheets 22. The concept of fullerene-nanoarchitectonics in biology, pertains to synthesis of 

biomolecules and biomaterials within the biological system, which are constantly subjected to 

environmental stimuli and cellular dynamics at the sub-micron level. So, by synthesizing the fullerenes 

which can be stabilized, self-assembled, self-repaired and self-adjusted under these dynamic 

conditions may exactly mimic the biological processes. 

The concept nanoarchitectonics underlies most of fullerene applications such as a nano-carriers for 

drug deliveries, nano-conjugates with environmental stimuli, and tissue engineering 23. Despite of all 

these advantages, fullerene in biological application is still an underdeveloped one. This is due to the 

insolubility of fullerene in an aqueous medium and its tendency to aggregate causing significant 
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toxicity towards living cells, and a potential pollutant. Aggregated fullerene may exhibit characteristics 

similar to that of compressed fullerene known for their solid and insoluble structures called aggregated 

diamond nano rods which is of environmental concern too. However, various functionalization 

techniques were actively employed to produce different fullerene derivatives that are more soluble in 

the polar solvents. 

In the field of infectious biology, fullerene is extensively employed in anti-microbial, 

immunomodulatory studies and onco-therapies. In response to the urgent need of alternatives to 

traditional antibiotics, the use of fullerene against multi-drug resistance (MDR) species has been done 

parallelly to its exploration on the supramolecular chemistry. Studies on antibiotic-resistant bacteria 

including Methicillin Resistant Staphylococcus aureus (MRSA), Escherichia coli, and Pseudomonas 

species were seen to be appreciatively effective 24–26. Furthermore, the fullerene conjugated with 

current antibiotics against the same resistant species is known to re-sensitize the bacterial species 

resulting in the effective killing. When these caged structures on integrated with drugs, resist the efflux 

pumps of bacteria by increasing the porosity of the membrane and effectively transmitting the 

antibiotics to an inner surface of the cell, thereby enhancing the efficacy of antibiotics 27,28. 

Functionalized fullerene has also been employed as an anti-viral agent with its mode of action 

including viral entry blockage, enzyme inhibition and virion disruption 29. Water-soluble fullerenes 

have the added advantage of causing less host toxicity and less aggregation 30. The properties such as 

radiation excitation, nucleosidase activity, membrane flux disruption, and radical scavenging are some 

of the phenomena that have been widely employed for the microbial disruption 31,32.  But, the 

hindrances such as the biodegradability of fullerene, target specificity and fullerene-target interaction 

are very crucial as they directly influence the efficiency of the therapies 33,34. 

Despite the routine use of fullerene functionalization for enhancing solubility in aqueous solutions, 

surface-modified fullerenes sometimes exhibit low solubility. Consequently, the bio-absorption 
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remains a significant challenge, prompting the exploration on computational analysis of fullerene-

microbial membrane or compound to enhance better specificity 35,36.  

In this regard, review intends to give a comprehensive overview on the antimicrobial activity of C60 

(Figure 1) and its research gap in various fields accentuating more on the mode of approach, 

functionalization and applications. The current prospects of fullerene employment in various sectors 

of infectious biology, therapeutics and theragnostic approaches have been highlighted with the 

experimental evidences and possible outcomes for the future applications. All the previous reviews 

elaborated on the particular technique of fullerene against MDR bacteria or virus. Whereas, this 

reviews compressively elaborates the existing antibacterial mechanism of fullerene against both 

bacterial and pathogenic virus has been put forth. Addition to the mechanism of action, the various 

fullerene assemblies and their properties has been briefly discussed in the view of nanoarchitectonics.  

 

Figure 1. The applications of fullerene in the biomedical sector, emphasizing its role as photo inducer, 

radical scavenger. 
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2. The nano structural advantage of fullerene – deciphering physio-chemical properties in 

aiding the revolutionary applications in carbon biology 

C60 fullerene, with a polyhedral structure, and a molecular weight of approximately 720.64 g/mol, are 

typically produced through the laser ablation or arc deployment of graphite and carbon soot. Under the 

high temperature, and reducing pressure in an inert atmosphere, the nanostructures formed are known 

as fullerene. In general, the production ratio of fullerene under inert conditions may be enhanced by 

the suitable metal catalyst such as palladium and silver, contributing to metal conjugation 37. The 

spatial arrangement of fullerene is influenced by π – π stacking. These fullerenes follow the zero-order 

kinetics, the unique property defines their structural ability and makes them amenable to precise 

atomic-level manipulation. Thus, being actively utilized in the field of nanoarchitectonics 38,39. 

Additionally, fullerenes are extremely hydrophobic and prefer non-polar solvents like benzene and 

alkanes solution, hence making their usage restricted in polar solvents. However, the presence of 

double bonds makes it easy to conjugate it with functional groups such as -OH, -COOH, and NH2 

making fullerenes more hydrophilic. These modifications have opened up avenues for tailoring 

fullerenes to specific applications. For example, the incorporation of a greater number of hydrogen 

bonds through short oligopeptides attached to fullerene core can fundamentally alter the dynamics of 

these moieties and structural modifications with hierarchical development for desired structures 40. 

These are some of the key manipulations that can be done in fullerene to get targeted assemblies, and 

more of these phenomena are detailed below. 

2.1 Dissolution of hydrophobic fullerenes- a key for potential inducer of anti-microbial activity  

The solubility of fullerenes highly depends on the molecular interaction with other compounds over 

its surface chemistry specifically, towards the electron exchange on fullerene, determining its stability 

as well as solubility 41,42. Typically, low-polar solvents like benzene, xylene and toluene have good 

dissolution with fullerene, whereas highly polar solution has lower solubility. In aqueous solvents, 
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fullerene often forms small aggregates and suspensions as they are hydrophobic in nature 43. The 

hydrocarbon, amine and certain nitrogen groups are regarded as the highly reactive groups with 

fullerene, to the extent of forming covalent bonds 44. These functional groups on conjugation to the 

fullerene core, makes it more soluble. The, research on increasing the solubility of C60 by 

supramolecular approach was started in the late 90s 45. At present, the hydrophobicity of C60 fullerene 

is near to no problem, as various surface modifications were successfully established for diverse 

functions. Numerous methods such as solvent replacement, solvent displacement, for fullerene 

synthesis were based on the precipitation of fullerene dispersion in different polar solvents 46. 

2.2 Photonic potential of fullerene - a cutting-edge strategy of using fullerene as nanomedicine 

The presence of a double bond in the fullerene contributes to their high reactivity and photoexcitation 

properties 47. Fullerenes possess a high molar absorbance coefficient in visible light and are capable of 

producing triplet-excited photons, which in turn produce unstable intermediate ions. These ions have 

a high affinity towards free electrons, causing irreversible chelates. 

Another property of fullerenes is their strong photo-absorbing capacity, high in UV and moderate in 

the visible region. These excited fullerenes, inside the biological membrane, collide with 

environmental oxygen and produce singlet oxygen moieties through photo process II. Other reactive 

species such as hydrogen peroxide, and free radicals are produced by photo process I. Both can result 

in lipid peroxidation and membrane damage, which in turn, cause a potential threat to biomolecules 

and nucleic acid. This principle finds practical application in Photo Dynamic Inactivation (PDI). The 

PDI, Photothermal Therapy (PTT) and magnetic bead applications are some of the promising stimuli 

responsive methods to be explored in biological sector 48,49 
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2.3 Unveiling the environmental remediation of fullerene as a bio toxicant  

Environmental degradation and toxicity of fullerene, remains as a area of uncertainty requiring further 

investigation, as a nanomaterial discharge into the environment is always on threat based on the range. 

Numerous research focusing on the environmental studies shows that medial range discharge has an 

implicative impact on molecular biology of marine animals 50. Subsequently, efforts have focused on 

elucidating the toxicity of C60 pertaining to environmental discharge and human health worldwide, but 

only limited data on environmental remediation has been obtained. Under industrial applications, 

fullerene are routinely used for the wastewater separation and broadly claimed as biocompatible.  The 

Bretschger and team worked on the Shewanella oneidensis- an environmental bacterium, employed as 

a model organism for the C60 tracer studies, incorporating lactate as a tracer molecule 51,52. Growth 

static is seen in the initial stages, but eventually remission of the growth cycle is recorded, suggesting 

fullerene internalization does not affect the central core metabolism of the organism, stating the safe 

digestion of fullerene by the organism53. This phenomenon may have two possible reasons: 

● Change in membrane structure accordingly to efflux the excess fullerene out of the system. 

● Restoration of growth occurs once the organism is adapted to fullerene. 

In another study conducted by Indeglia and team worked on the fresh water algae and invertebrate 

Raphidocelus subcapitata and Ceriodaphnia dubia respectively. The LC50 value was found to be much 

a higher than the commercially available fullerene containing chemicals, rendering fullerene as a 

biodegradable agent 54. However, some of the biological processes of invertebrate Ceriodaphnia dubia 

was seen compromised, even though effects are not detrimental to the population. The compromised 

biological effects were of species specific and not chronic. 

Even though fullerene is claimed to be biocompatible and less toxic in terms of bio-degradation and 

growth retention, physio-chemical properties of fullerene is having greater influence. The bio-

availability of industry available fullerene and lab grown fullerene are differed in their structural 
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conjugation and so their chemical state. The fullerene degradation highly depends on the solubility in 

aqueous environment, in turn connected with their alloy states. In this regard, it's safe to conclude that 

environmental degradation of fullerene research depends on multiple factors and solid techniques to 

quantify the effects are rare, and conclusions are yet to be drawn.  

3. Nanoarchitectonics of fullerene – Newer perspective architecture for molecular dynamics 

Pertaining to fullerene biology, fullerene assemblies, and fullerene composites are the domain of 

interest. Similarly, the large exploring area is the stimuli responsive compounds. The concept of 

nanoarchitectonics in a nut shell arises from the fusion of material chemistry at nanoscale units to build 

a functional biological system. Architecting the structures through arranging atoms and molecules as 

building blocks known as self-assembly or targeted assembly  55. Nanobiology helps in the 

coordination of elements, molecules to form self-assembly/self-organized, nano/microfabricated, 

material processes which can be best utilized in molecular system buildings. Self-assembly process is 

best explained as a technique consists of two processes namely nucleation and crystal growth 56. When 

the mechanism of nucleation is controlled, the desired structural changes can be incorporated, by 

different techniques such as phase separation, catalysis replacement etc.,55. Therefore, the self-

assembly is a new avenue of nanoarchitectonics revamping the material chemistry. Similar to self-

assembly, stimuli responsive compounds are best suited for the dynamically changing biological 

environment causing internal change sensing the outer environment which are used in PDT and PTT. 

Atomic level manipulation, molecule building are being explored with the help of nano chemistry. The 

supramolecular assembly, annular space concepts help to create an atomically precise nano structures 

leading to the development of a material, useful in biological systems. Because, confiding the atomic 

structures in the prescribed molecular state helps in enhancing the solid-state dynamics and solvent 

reactivity thereby suitable for changing environment of biological system. For instance, Matsuno et 

al., studied peapod arrangement of fullerene (Carbon nanotubes trapped fullerene) arranged in 
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cylindrical space by weak Vander walls force and CH-π bond. Although bounded by weak inter-

molecular forces, these peapods exhibit strong bond association carrying out multiple interactions to 

the dynamic outer environment in solvent phase 11,57. These peapods, therefore, can be best used as a 

nanodevices showing adaptability to the complex biological systems. Similar to atomic manipulation, 

other basic concepts of nanoarchitectonics such as atomic switches, and coordination chemistry are 

used for the manipulation of thermal fluctuation (Figure 2), a basic dynamic observed in the biological 

environment, in-turn can be replicated to produce macroscopically sophisticated biological systems 58. 

The atomic switches play a main role in the demonstration of complex biological systems, the 

inorganic synapses which were designed with these switches, profoundly imitate the mammalian 

synaptic movements. Based on the atomic switches, Song and his team worked on Ag2S, found out, 

on stimulation the short time plasticity became long time plasticity leading to permanent change of the 

memory cells  59,60. Similar to atomic switches, as mentioned before self-assembly is another key 

phenomenon for making biomimetic systems 61. When hydrophilic fullerenes are synthesized by 

liquid-liquid interface precipitation (LLIP) systems, these self-assembled fullerene derivatives showed 

good uptake by neural stem cells (NSC). The self-assembled fullerene depends on size showed the 

upregulation of neural genes, therefore helps in neural cell line differentiation. Such fullerene 

assemblies can be best utilized as nanodevices for the neural systems 62. Considering fullerene as 

nanocarrier, starting materials of self-assemblies are crucial as they are directly connected with the 

synthesis of different structures and sizes. Therefore, Rasovic and his team utilized, diffusion – limited 

aggregation created a strong association bond within the controlled space leading to the self-assembled 

structures. The non- covalent forces between these interactions within confined space determines the 

structure and size of the fullerene assemblies 63. This work opens new avenues in the search for control 

of material chemistry in soft matter structures through tuning of nanoscale building blocks. Conjugate 

nanoarchitectonics is another excellent field exploring the facile molecular organization of different 

combinations to achieve precise target molecules. Such fullerene assemblies are found in its 
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applications as bio sensors, bio – imaging, in vitro tracking, diseases diagnosis 64, targeted gene 

expression 65, scaffold building and cellular differentiation 66. Fullerene assemblies as a cellular 

scaffold holds a significant potential as differentiation substrates 67, for example when fullerene 

nanowhiskers were aligned by rotational flow in air-water surface, seeded cells shown to produce 

cellular polarity of bone differentiated cells 68.  

 

Figure 2. Self-assembly of fullerene nano whiskers in the air-water suspension, influenced by the 

direction of rotation. It shows that cells seeded onto the self-assembled nano whiskers showed the 

polarity preferences determined by the direction of oriented nano whiskers. Reproduced with 

permission from 67. Copyright 2015 American Chemical Society. 

The molecular mechanism behind these polarity preferences arises from the mechanotransduction of 

nano whiskers enhancing the focal adhesions of seeded cells (Figure 3). Therefore, it is acceptable that 

tunable topographical features of nanopatterned fullerene can be translated into the finely tuned 
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manipulation of cell−material interactions, influencing cell spreading, orientation, focal adhesions, and 

eventually self-renewal of targeted cells 69.  

 

 

 

Figure 3.  FNWs nanopatterned scaffolds control the hematopoietic Mesenchymal stem cells 

(hMSC) self-renewal process by mechanotransduction. High-aspect-ratio FNWs provide protein 

nanopatterns that allow the elongation of focal adhesion parallel to the long axes of FNWs, while 

low-aspect-ratio FNWs prevent maturity of focal adhesions due to small unit of surface area for 

ECM protein adsorption promoting hMSC multipotency retention. Reproduced from reference 69. 

Copyright 2020 American Chemical Society. 

Thereby paving a revolutionary change in stem cell therapies. In this aspect, fullerene being a zero-

dimensional structure, an ideal candidate for nanoarchitectonics. These self-assembled structures being 

the fundamental units possess an innate ability for spatiotemporal regulation, shape shifting making 

them an indispensable tool to design biomimetic systems and living like creatures.  
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4. Applications of Fullerene as a renowned nanobiotic- elucidating critical strategies and 

newer phenomena 

Exploration of fullerene as a biomedical agent has rapidly progressed since the late 1990s. Recent 

advancements in understanding the fullerene biology broaden their application in both therapeutic and 

environmental aspects. The antimicrobial properties of fullerenes are due to the fact that they are 

membranotropic substances, easily penetrating the membrane of microorganisms, thereby interacting 

with cellular structures. These fullerenes exhibit the property of photoexcitation that generate a 

reactive singlet oxygen (SO), interact with nucleus, and affect membrane instability which causes cell 

death 70, widely used antimicrobial therapy. Fullerene is regarded as one of the most exploring fields 

in terms of MDR species and few of these key advancements are discussed below (Table 1). 

S. 
No 

Compound conjugation MDR species Mode of action References 

1 Pyridinium fullerene 
Proline fullerene 

Piperidium fullerene 

HIV Inhibition of viral 
replication 

71 

2 Fullerene Acinetobacter baumanni 
Pseudomonas aeruginosa 

Down regulation of 
chemotaxis 

72 

3 Polyaniline- fullerene Mycobacterium 
tuberculosis 

MPT64 diagnosis 73 

4 Ag-C60-Cl 
Cu-C60-Cl 

Escherichia coli 
MRSA 

Induction of ROS 74 

5 Pyrrol-fullerene HIV Impairs virus 
maturation 

75 

6 Fullerene Salmonella typhi Membrane polarity 
damage 

76 

7 Sulfur doped fullerene Pseudomonas aeruginosa Neutralization of Tox 
A 

77 

8 Fullerene-Porphyrin HIV Singlet production 78 

 

Table 1: The summarization of recent analysis of fullerene formulations against multi-drug resistant 

bacterial and viral species 
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4.1 Target with precision – Fullerene as a combustible nanobot in photodynamic therapy 

 The research into PDI started in 1993, focusing on the principle of singlet oxygen induction and 

enzyme inhibition by the photoexcitation of fullerenes. Fullerenes on light induction, the fullerene-

conjugated cells, subjected to the type II photo process, an oxygen-dependent photo excitation state. 

In which the excited fullerenes will be converted into triplets- an unstable intermediate that 

immediately interacts with the oxygen and produces singlet oxygen, a highly reactive oxygen species 

known as ROS. This single oxygen can induce a series of destructive cascades in a biological cell 

through random oxidation of biomolecules leading to cellular death.  During the studies of Tokuyama 

in 1993, a similar effect was seen in light irradiated cells and neutral effect in non-irradiated cells. 

Cells that are irradiated in dark were neutral similar to the non-irradiated cells. From then, the 

fullerenes were regarded as the photo absorbers and have ‘strong potential for photodynamic damage 

to biological systems’ 79. Further studies revealed that an increase in ROS production can also occur 

independent of oxygen availability collectively called as type I photo process, where cytochrome-C 

plays a major role. These fullerenes are known to cause a down regulation in cytochrome by 

suppressing the superoxide dismutase, which in turn releases more of super-oxides into the 

environment, thereby making the biomolecules more vulnerable to the ROS attack and creates 

oxidative stress to the cell 80. 

The aforementioned concept forms the basis for the research on PDI of bacteria as a therapy. The 

overuse of antibiotics over past decades led us to multi-drug resistance microorganisms. These super 

bacteria are said to mark the end of the “antibiotic era”, and left us with no defense. This is where the 

PDI comes into play 81. 

 It has been known as early as from last century that light illuminations are enough to kill certain 

microorganisms by generating free radicals. The points to be considered are the selection of dye 

specific to microorganisms and the light source. Second, the target precision to carry out the whole 
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work with less damage to the host cell 82. From then, this was used as an ideal alternative for antibiotic 

defense with the additional advantage of not risking of evolving resistant genes in bacteria, as well as 

the permissible level of cytotoxicity to host cells 83. The PDT is now a upcoming method where even 

the more toxic bacterial species and toxins such as hemolysin from Streptococcus species, 

Mycobacterium and Salmonella, are known to be sensitive for destruction of cellular membrane 84. On 

combination with metal nanoparticles such as silver, fullerene composites exhibited more than 90% of 

inhibition for the most of sepsis forming bacterial species including E. coli, Bacillus and pathogenic 

fungi  85. The detailed molecular insights are provided below: 

4.1.1 ROS fallouts inside the cell – A Mechanistic Insights into fullerene-induced cytotoxicity                         

The basis of PDI relies on two components namely: photosensitizing dye and visible light for 

illumination. These dyes can be directed towards the targeted tissues upon light illumination and 

initiate the photo process followed by production of free radicals and singlet oxygen. Increases in ROS 

are capable of inhibiting various secondary signaling molecules like serine and tyrosine kinases, in 

turn, affect the net biosynthesis of the cell. Consequently, the reactive species are also responsible for 

inducing random oxidation leading to cell wall disruption, cell membrane damage, alteration in cellular 

transport, nucleic acid disruption, inhibition of protein biosynthesis, inhibition of enzymatic pathways, 

peroxidation of lipids, and leakage of cellular components. This aftermath awakens the stress response 

of cell and simultaneous increase in ROS fallouts in stress-induced programmed cell death causing 

irreversible changes to make the bacterial cells disrupted 86. 

Mostly used Photo Sensitizers (PS) are porphyrins 87 but they come with the cost of some side effects 

such as chemical heterogeneity and low light penetration 88. At, some instances, the aggregation of 

porphyrins causes low yield of triplet excitation, thereby affecting the efficiency of PDI. The 

aggregated porphyrins, also known to show cutaneous cytotoxicity and off-target effect, therefore the 

interest is drawn towards fullerenes. Because, unlike other PS, fullerenes are biocompatible and 
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produce ROS even in the absence of oxygen (type–I process) 89. Precisely, the process starts with 

treating the infected area with photosensitizers of choice, followed by illuminating the locality, with 

the visible light. Depending on the penetration, the activity of cell death is seen. Since the host cell and 

bacterial cell shows the same reaction towards PDI, specificity towards bacterial cells has to be done 

with the utmost precision to avoid host cell loss. Application of PS in a particular area helps in this 

focusing of target, while penetration of visible light will further aid in fine-tuning of the target site. 

Thereby reducing the PDI effects in nearby host tissue 90.  

Once illumination occurs, the PS becomes excited on the light collision. These excited PS produce 

highly reactive ROS like hydrogen peroxide, super-oxide or singlet oxygen based on the type of 

process initiated and the availability of oxygen. Despite the reactive species produced, all are known 

to initiate the random oxidation of enzymes and proteins leading to microbial cell death. Further, the 

elimination of bacterial dead cells and toxins, if any, is achieved by the host immune system.  

Both the PS and PDI efficiency directly depend on the microenvironment. PS in inorganic solvents are 

much more excited than the aqueous solvents, this is because the former one attacks in the synergistic 

effect of both photosystems, whereas the latter depends on the type-I system alone 91. More 

upgradation and different strategies were employed for increased efficiency and quality as this PDI is 

mugged with various factors. For instance, the off-target effect of PDI can occur or the host cells may 

take up the PS; both of these may turn into deleterious for the host tissues. 

In this accordance, the change in efficiency of treatment is also depends on the bacterial cell 

constituents, for example, the gram-positive bacteria are found to be more sensitive to PDI destruction 

than gram-negative bacteria 92. This is because of the presence of a less porous cell wall and peri-

plasmic space in gram-negative bacteria, making it resistance towards PDI. Under environmental stress 

or starvation, an increase in toxicity makes the microbes to modify their membranes with trans fatty 

acids as dominant. This cis/trans ratio variation makes the membrane more rigid, thereby decreasing 

the membrane fluidity and transmembrane transportation 93. Experimental evidence using the water 
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suspension fullerene was employed to alter the cellular metabolism of Pseudomonas putida (Gram-

negative) and Bacillus subtills (Gram-positive). The test organisms were treated with a low level of 

fullerene suspension, a markedly lower expression of unsaturated fatty acids has been recorded and 

increased expression of trans-saturated fatty acids 94,95. This spontaneous defense mechanism also 

increases the phase-transition temperature, giving the ultimatum of increased resistance to warmer 

environments and blockage of toxic metals and loss of essential nutrients from inside the cell. This 

may be the reason for the protective mechanism of gram-negative organisms against fullerene. 

However, B. subtilis shows bacterio-static effect at low concentration followed by cell membrane 

disruption and cellular leakage at higher concentration and the same was replicated in P. putida when 

treated with higher fullerene concentration 96.  

In order to penetrate the rigid cell wall of gram-negative bacteria, fullerenes of different charge are 

being employed. These charged fullerenes are easily bound to the lipid membrane of gram-negative 

bacteria through electrostatic attraction and were shown to kill the gram-negative bacteria very 

effectively. This might be due to the presence of more oxygen double bond nature of charged fullerene, 

thereby making it extremely reactive. Another interesting approach for gram-negative bacteria were 

the use of cationic fullerenes, which seemed to increase the porosity of gram-negative bacterial 

membranes 97,98.  

The charge-based approach has an added advantage of bacterial cell selectivity, since the bacterial cells 

are more negatively charged than mammalian cells 99. The positively charged fullerene can aid in 

competitive uptake of more fullerenes by bacterial cells than by mammalian cells. This enhanced 

targeted delivery will also minimize the host cell damage. Thus, designing a cationic fullerene having 

a more positive charge group will effectively kills the gram-negative organism 100.  The charge-based 

approaches need the functionalized fullerene, which is of great deal with much more versatility to take 

part in the various biomedical applications, a few of these experiments are discussed below.  
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4.1.2 Functionalization of fullerene – bridging applications through surface chemistry 

Surface functionalization of fullerenes is a rapidly expanding field with numerous applications 

conjugating different fullerenes for various purposes 101. In general, glycolated fullerenes are 

predominately used in the field of viral inhibition and bacterial toxicity 102. Among various 

functionalizations, poly hydroxylated fullerenes serve as radical sponge against toxin-producing 

bacteria and neurodegenerative diseases 103,104. Fullerene conjugates are also been synthesized and 

reviewed for their cytotoxic activities on cancer cells 105,106. Fullerenes with cyclodextrins induce ROS, 

whereas hydroxylated fullerenes scavenge ROS, functionalization with ketone can be targeted to 

nucleotide cleavage.  

The cationic fullerenes are charged assemblies, typically functionalized through cycloproponation or 

by addition of pyrrolidine 107. These modified fullerenes not only reduce off-target effect but also 

enhance the solubility of fullerenes thereby facilitating high tissue penetrance. Apart from these two 

additions, the functionalization with –OH, amino peptides and sugars exists, but these are used in 

stringent way than the former mentioned one. 

As previously discussed, the charged fullerenes are effective against the gram-negative organisms. 

However, the maximum efficiency can be achieved with the increasing number of charged groups 

bound to the fullerene cage. When the mono and di cationic fullerenes were treated against the gram-

negative rods, the decrease in viability was seen with the increasing order of charge groups in fullerene 

108.   The antimicrobial activity is attributed to the electrostatic binding of charged fullerenes onto the 

lipid membrane of the bacterial cell wall causing membrane instability of microbial cell and the DNA 

cleavage. Pyrrolidine-conjugated fullerene effectively enhances the production of ROS and 

peroxidation of membrane, thereby inducing membrane leakage. All this evidence confirms that the 

charge carried by fullerene is directly proportional to their anti-bacterial activity. The bacterial cell 

wall being more negative readily uptakes the cationic fullerenes, thereby increasing the fullerene 

accumulation within the cell 24. 



 
21 

 

Another critical consideration in pyrrolidine functionalization is the position of cationic charge which 

will influence the efficiency of the fullerene. The charged groups in fullerene cage and found the 

efficiency of ROS induction increased, similarly the presence of more dipole aids in increased 

inactivation of E. coli 109,110. 

Cycloproponation of fullerene alters the surface chemistry to increase the properties such as 

hydrophilicity, conductance, and bio-compatibility. This can be achieved through the bingel reactions, 

where the deprotonated functional group are conjugated with the pre-treated nucleophilic fullerene. 

The molecule, thus by the electron transfer a functional group are covalently bound to the fullerene 

cage. The cycloproponation was best used to bound peptides, sugars and quaternary ammonium to the 

fullerene structures. The cycloproponated fullerenes are known to be utilized for their cidal activity 

against bio-film forming pathogens. Fullerene conjugated with ammonium cations are hypothesized 

to easily transverse the fullerene moieties to cross the bacterial cell wall. It can bind to lipid rafts and 

thereby disrupts the plasma membrane gaining access to the inside for further accumulation. Similar 

to this hypothesis, Zhang and his team designed the fullerene containing five cationic groups with two 

quaternary ammonium salts constructs were added with potassium iodide. The cytotoxic activity was 

seen better in the UV region than the white light, this may be due to the phenomenon that photons 

capture particular wavelength for better excitation. Therefore, his work again proves the significance 

of choosing the right light source for getting maximum bactericidal activity. The addition of iodide 

also increases the cidal activity. It may be because of two reasons, one may be, on excitation, these 

iodides would have acted as electron donor for oxidized carbon intermediates, thus more the electrons 

being utilized by the system more the production of ROS will be. The ultimatum of the situation was 

the random oxidation of enzymes and sugars, leading to cellular leakage. The second reason is, that 

iodide radical itself would have excited and started its own saga of ROS production and other cytotoxic 

molecules including hydrogen peroxide, HO- leading to cellular disruption. This above concept opened 
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the new arena of using the PDT for the anti-biotic resistive species as they exhibit a similar regression 

in growth curve in accordance with their anti-biotic sensitive counterparts 111. 

Similar to above experiment, potassium iodide is routinely used to potentiate fullerene treatment 

against the resistant strains. Under some circumstances, when the fullerene fails to impregnate the 

bacterial cell wall, the addition of potassium iodide will help in the membrane instability and fullerene 

internalization 112. Moreover, the addition of potassium iodide will induce more of free iodide, in turn 

producing more of excited tri-iodide causing an influx of electrons to the bacterial cell leading to more 

bactericidal activity 91,97. 

To the above regard, the fullerenopyrrolidine (iodide bonded) are used as a photosensitizer to treat a 

biofilm of enterococcal, which are known for causing a nosocomial infection of catheters, oral and 

teeth. These enterococci are the reason for the failure of endodontic surgeries. A rise in the resistant 

strains to the available antibiotics is making the situation even worse. Therefore, PDI are used to re-

sensitize the bacteria to antibiotics. With slight modification to the Vecchio’s work, Wozniak used the 

fullerene not as a monotherapy but as a synergistic effect with rose bengal. There is no increase in the 

bacterial count was observed in the Rose Bengal-fullerene (RB- FL) treated cells illuminated by the 

green light. However, regression was less in fullerene-illuminated cells. They hypothesize that this 

may be due to the production of singlet oxygen along with ROS. Bacterial inactivation by PDI plays 

an important role in the re-sensitizing of bacteria to their resistant antibiotics. Streptomycin, 

gentamycin, and ciprofloxacin, which are initially resistant to the bacteria, are being re-sensitized for 

bacterial disruption. This may be due to the phenomenon that these iodide fullerenes increased the 

permeability of lipoteichoic acid resulting in the increased influx of antibiotics to the cell. Thus 

confirming, the disruption of biofilm along with modification of extracellular matrix followed by 

destruction of bacteria by a synergistic effect of fullerene on antibiotics 113.         
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4.2 Modulation of membrane electron flux – A key hydrophobic play of fullerene and its impact 

The membrane instability caused by fullerene is actually due to the disruption of electron potential of 

plasma membrane, possibly through two main mechanisms:  

1. Binding to peroxidase enzymes: By binding to the peroxidase enzymes, fullerene oxidizes 

enzymes to make it bind to the lipid rafts causing an increased membrane permeability and 

lipid peroxidation. 

2. Affecting Electron Channel and Membrane Potential Homeostasis: Fullerene disrupts the 

homeostasis of electron channels and membrane potential.  

These two phenomena are widely used in the anti-tumor activity against the Helicobacter pylori. This 

bacteria in particular is extremely resistant to the fluctuating pH thereby gaining entry to the acid-filled 

enteric cavity. More than 70% of gastric cancers and peptic ulcers are caused by this acid-producing 

bacteria, increasing resistance towards antibiotics and pH-induced drugs 114. The fullerene of different 

functionalized assemblies was subjected against H. pylori (Figure 4). The internalized fullerene 

structures cause significant changes in the proton motive leading to increased membrane permeability 

and collapse of channel transport, followed by microbial death 115. However, the low pH environment 

of the host gut changes the cellular permeability results in less internalization of fullerene moieties. 

Under such circumstances, fullerene cages conjugated with C=O/C-O have a better affinity towards 

peroxidases substrates. Therefore, such fullerenes show good internalization and increased induction 

of peroxidation, disrupting lipid homeostasis of the membrane followed by cellular leakage and bio-

film inhibition 116. 



 
24 

 

 

Figure 4.  Schematic representation explaining the pathophysiology and therapeutic effects of 

fullerene treating gastric ulcers caused by Helicobacter pylori. 1) Enterotract showing the infected area 

having inflammation and treated area showing reduced inflammation, 2) epithelial cells of stomach 

infected with bacterial biofilm causing local invasion and inflammation. 3) Fullerene treated area 

showing lysed bacteria and non-ulcerated epithelial lining, molecular mechanism of bacterial death 

caused due to the fullerene integration onto bacterial membrane and increased permeability. 

 

In above explained cases, the affinity of fullerene to the substrate influences the efficiency of 

cytotoxicity. Specificity and bonding ligands are regarded as the major contributors of the cytotoxicity.  

Therefore, the fullerene induced membrane damage and ROS induction will be a potential target for 

restricting the growth of microorganisms, thereby providing a therapeutic alternative for the bacterial 

carcinogenicity such as nano-formulated vaccines and drug conjugated fullerenes. 
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4.3 A fullerene as a ROS adducts – Impact of caged structure as radical absorbers in antioxidant 

therapies   

Oxidative stress is one of the major critical factors causing increased cytotoxicity. The ROS, 

superoxide molecules produced from the various cellular processes (cellular respiration) are 

responsible for the random oxidation of enzymes, radicles and electrons leading to the disruption in 

cellular homeostasis. In general, both innate and exogenous anti-oxidants such as vitamins, 

carotenoids, and polyphenols, work together to mitigate this oxidative stress within cells. The 

excessive production of ROS, mitochondrial dysfunction, and endoplasmic reticulum (ER)-mediated 

cell loss are pathophysiological features common to numerous neurodegenerative diseases, brain 

disorders, and certain microbial diseases 117,118. Fullerene in its non-irradiated state acts as a radical 

sponge 119, the electron acceptor arm readily accepts the free radical either by "C-addition” or by “H- 

abstraction” depending on the percentage of hydroxylation 120. Thereby preventing the increased 

oxidation load of the cell. This phenomenon is applied as an alternative for anti-oxidants and used as 

an anti-bacterial fullerenol 121. Bacterial meningitis is one of the fatal diseases characterized by the 

brain inflammation and increased permeability in the blood-brain barrier 122. The toxin produced by 

meningitis organisms resides in the subarachnoid space of the Central Nervous System (CNS) triggers 

the pro-inflammatory cytokines and immune chemokines, leading to an increased influx of the 

neutrophils, prostaglandins, microglial cells and endothelial cells. This ultimatum results in the 

increased permeability in blood-brain barrier, loss of ion homeostasis and inflammation. When the 

meningitis was induced on the fullerene pre-treated mice by directly inoculation through intra-cerebral 

injection, showed no signs of neuropathic effect 123. The radical scavenging was evident by the 

reduction of inflammation and induction of anti-inflammatory chemokines. Although the fullerene 

showed neuroprotective effect, since they were not irradiated, the ROS induction and bacterial 

clearance was not possible. Under these circumstances, the bacterial clearance solely depends on the 
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host defense mechanism and half-life of the fullerene formulations to retain the anti-inflammatory 

effect. 

However, there is evidence stating the involvement of fullerene assemblies in the immunomodulatory 

activities. The maturation of dendritic cell, T-cell proliferation and mast cell accumulation in fullerene 

treated mice shows the immune enhancement and promotion of the host humoral and cellular immunity 

124,125. This could possibly aid in the bacterial clearance by host immunity and thereby fullerene acting 

as an adjuvant in antibacterial therapies. Similarly, fullerene is also known to demonstrate neutrophils 

modulation. For instance, fullerene is employed to inhibit the growth of toxin producing organisms 

such as Streptococcus pyogenes. S. pyogenes belongs to the Streptococcus group A organism, 

collectively known as GAS (Group A Streptococcus), which causes necrosis fasciitis, and 

streptococcal toxic shock syndrome by producing serine proteases and inducing oxidative stress. This 

is mostly associated with the toxic-induced inflammation and filtration of neutrophils gaining systemic 

access for further spread 126,127. Similar to the above concept, Tsao studied a carboxy fullerene 

treatment on mice infected with necrotic S. pyogenes showed, survival rates increased by 80%. This 

improvement was attributed to the fullerenes' ability to reduce oxidative load and neutralize bacterial 

toxins. Additionally, carboxy-fullerenes modulated neutrophil activity, enhancing the host immune 

response and inhibiting protease production 128. 

Out of all derivatives, the hydroxy fullerenes or fullerenol are the most appropriate candidate for the 

radical scavenging, since they are water soluble and shows increased activity in the aqueous solvent. 

This is best suited for the biological application and has been extensively explored. Fullerene treated 

against macrophages cell lines showed accumulation of particles but less cytotoxicity and increased in 

proliferation by ROS scavenging 129 . This experiment serves as proof for the ROS quenching even 

though nanoparticles ingestion was seen. The fullerene formulations containing amino groups were 

localized around lysosomes showing its prominent role in absorbing ROS. Although, bond formation 

and quenching depend on the structure configuration of fullerene formulation, the fullerenol was seen 
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to be shown good quenching ability due to its π stacking and hydroxyl availability. The anti-oxidant 

nature of fullerenol has been long back established as a protective shield against host- toxicity, Tsai et 

al., demonstrated the regression of cellular injury due to hydrogen peroxide effect in the bronchial 

asthma model of mice 130.  Since then, these fullerenols have been exhaustively studied in the neuro-

protective and bactericidal activities. 

Fullerenol is widely employed in the field of cosmetology and dermatology. The fullerene conjugates 

easily cross the human keratinocytes through endocytic cellular transport. The internalization of 

fullerene near the mitochondria, a ROS producing organelle, possibly explains the role of fullerene in 

ROS scavenging. Consequently, a greater number of dermal formulations are in the consideration for 

the epidermal diseases and anti-tanning creams 131. One such is, the Pyrrolidone-fullerenol which is 

used in open human clinical trials for treating the facial erythematous pustules and papules caused by 

Propionibacterium acnes. This bacterium triggers the pro-inflammatory cytokines and chemokines 

causing localized inflammation and erythema. In order to chelate the inflammatory chemokines and 

their superoxide, the PVP formulated hydrogel was employed to reduce the lipids. The reduction in 

papules were seen, which is due to the infiltration of neutrophil and reduction of oxidative stress 132,133. 

Apart from the neuroprotectivity, there are evidence that water soluble fullerene protects the DNA 

from enzyme degradation. When hydroxylated fullerenol tagged with the naked DNA, presence of 

intact DNA in agarose gel proved that this fullerenol inhibited the restriction action of enzymes. 

Further, it also inhibited the thermal degradation of DNA. The fullerenol binds to the DNA forming 

aggregates shielding the active motif sites of enzymes, thereby inhibiting the degradation. This may 

act as the precursor for gene delivery research. There are evidences of fullerene delivery of drugs at 

the intramuscular and intra-dermal level, this approach can also be best suited for the m-RNA vaccine 

deliveries, liposomal enzyme target and gene therapies 134,135. 

Despite numerous reports on the bio-compatibility of fullerene, host cytotoxicity is one of the crucial 

parameters to be considered 136,137. While reports on fullerene sequestration by healthy cells and 
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associated host toxicity are limited, the dose dependency of nanoparticles for bioactivity must be 

considered. The report on hydroxylated fullerene to Peripheral Blood Mononuclear Cells (PBMC), 

shows the presence of fullerenol in the mitochondrial membrane leading to radical scavenging, thereby 

reducing the effect of cell death. Although fullerenol is an electron donor and inclusion of such 

fullerenols causes depolarization of the membrane, still no chances of necrosis or apoptosis have been 

seen 138. This may be due to the fact membrane depolarization causes influx of ions and an increase in 

ROS leads to radical scavenging by synthesized fullerenol. This experiment verified that cytotoxicity 

and compatibility are dose-dependent, despite of lodging of fullerenols in PBMC does not induce either 

cell death or necrosis. 

 

4.4 Molecular mimicry of caged structure - Competitive inhibition strategy for anti-viral and 

anti-bacterial applications 

In the field of glycobiology, oligosaccharides and glycolipids are pivotal in numerous complex 

biosynthetic processes. These glycol-conjugates are known to play a mediating role and as a secondary 

messenger in bio-synthesis processes 139 and are found to be crucial in protein folding and motif 

recognition thereby marking its influence in most of the biological events 140,141. These carbohydrate–

receptor interactions were explored exhaustively in the field of enzymology. Since then, a myriad of 

synthetic ligands has been experimented especially in competitive inhibition of protein molecules 142, 

secondary signaling molecules, decoy ligands, and reversible inhibition 143. Thus, the data accumulated 

shows the promising future of fullerene in molecular manipulation, disease biology, and delivery 

strategies.  

“Lectins” are multimeric proteins and cell surface glycans having a high affinity predominately for 

carbohydrates. Avidity of such binding depends on the either multi-valency or multitude of ligand 

bindings popularly known as “cluster effect of glycoside” 144. This carbohydrate–protein interaction 
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causes a conformational change which are more crucial for bacterial and viral entry, cellular 

proliferation, and cancer metastasis 145,146.     

Years of research in glyco-dynamics revealed that the “cluster effect of glycoside” depend on the 

amplitude of multivalency of carbohydrate-lectin interaction. Therefore, it is wise to be reminded only 

a few alterations from the natural way in the substrate-transition dynamics are negligible. Hence, the 

orientation, distance, spatial arrangement of functional group, and stearic interference all account for 

the final yield of inhibition effect of the designed decoy 147,148. Factors to be considered are: 

● The binding affinity of interaction is variedly differed in its monovalent form and multivalent 

form. 

● The multivalent form has more enhanced recognition of its lectin counterparts than the 

monovalent form.   

Based on the above concept, Cecioni et al., employed glycoclusters of Pseudomonas as a target binding 

for fullerene structure. It was modulated as a multivalent fullerene loaded with 12 iminosugar, 

functionalized at equidistant intervals from each other. These fullerenes exactly mimic the 

glycoclusters, belongs specifically to the LecA, family of lectins. LecA or PA-IL belongs to the 

organism Pseudomonas, known to cause predominantly a nosocomial infection, rarely an opportunistic 

infection and lung issues in the patients of cystic fibrosis. Against this organism, the designed the 

dodecavalent fullerene decorated with the galactose and glucose residues does competitive ligand 

interaction with the PA-IL. The galactose showed more affinity than glucose, because structurally, the 

binding capacity is more influenced by the distance between neighboring moieties as well as the 

bonded moiety to that of the core. This approach on carbohydrate-bacterial lectin had spurred the effort 

towards inhibition of microbial entry by using competitive binding where the synthesized fullerene 

acts as decoys 140. 

 A similar effort was made for the inhibition of E. coli. These uropathogenic bacteria exploit the 

mannose receptors of a host cell for their entry. E. coli in general infects host through a lectin-mediated 
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pathway, Fimbriae H (FimH) – an adhesion molecule found in the pili that binds to the mannose surface 

receptor of the host cell facilitating entry through endocytosis. So, the glycolated fullerenes were 

decorated with 12 mannose receptors and named as sugar balls. In the Hemagglutination Inhibition 

Assay there was a decrease in the agglutination rate of FimH to the guinea pig erythrocytes, when 

excess of glycol-conjugated fullerene was added. Thus, the reverse in agglutination further confirms 

the competitive inhibition of glycolated fullerene 149. In addition to the equidistance concept, the spacer 

and spatial arrangement of glycosidic linkages are more important in controlling the duration and 

affinity of the ligand and receptor linkages. 

Similar to the above work, same glycofullerenes were employed in the blocking of viral entry 150. The 

surface of viruses is mostly seeded with the glycocalyx ligands, which form receptor-ligand interaction 

with the host cell glycol-conjugates. This leads to the internalization of viral particles by receptor-

mediated endocytosis. 

The construction of fullerene decoy for viral conjugates follows the same principles of bacterial 

inhibition with factors affecting are position of the functional group, charge of the fullerene addicts, 

and orientation. As general rules, positive and amphiphilic fullerenes exhibit more virucidal activity 

151. Similar to FimH experiment, Luczkowiak synthesized a glycolated dendrons to form the sugar 

balls consisting of 36 mannose receptors equipped with two spacers to block the entry of Ebola virus 

by effective binding to the dendritic cell-specific ICAM-grabbing non-integrin (DC-SIGN) cell 

receptors in the host 150. These DC-SIGN receptors and C-type lectins are found on the surfaces of 

dendritic cells, alveolar macrophages and circulating serum immune cells. They possess a high affinity 

for sugar residues, predominantly for the mannose 152,153. The glycoprotein(gp) -2 surface protein on 

the Ebola virus encounters these receptors thereby gaining the entry through endocytosis. The positive 

results on the Isothermal Titration Calorimetry (ITC) showed that designed fullerenes are readily 

bound to that of concanavalin A confirms the recognition of fullerenes by lectin receptors. The in-vitro 

assay demonstrated that an increase in valency decreases the inhibition activity 
150. 
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 A similar approach can be used for the inhibition of other viruses like Human immunodeficiency virus 

(HIV) 152,154 and HSV Herpes Simplex Virus (HSV) 155 which uses same surface receptor endocytosis 

for their entry”. 

 

 

Figure 5.  Illustration depicts the competitive inhibition strategy of formulated fullerene controlling 

viral entry of retrovirus into T-cell. 1) MHC presentation of dendritic cell engulfing HIV virus to T- 

cell. Retrovirus invades T- cell by trans dendritic cell maturation causing increase in infected T- cell 

population, 2) Internalization and replication of virus inside the cell, 3) Formulated fullerene binds to 

dendritic cell instead of HIV virus due to shared epitope shape, 4) Competitive binding of formulated 

fullerene inhibits trans entry of HIV virus into the cell, thereby effectively controlling the replication 

of retrovirus into the cell. 

The HIV epitopes of gp-120 and gp-48 were often used as a target cluster for these fullerene decoys, 

in one such approach the fullerene derivative with tryptophan at its periphery were synthesized and 

tested for stearic interferences. In SPR analysis, this amino-acid decorated fullerene assemblies 

showed the increased affinity and slower detachment than the Pradimicin-A, a routinely used non-
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peptide anti-viral drug. This high affinity of fullerene assembly towards HIV, aids in the competitive 

binding as a decoy (Figure 5)  156. In addition to surface receptor targeting, some fullerene assemblies 

can penetrate membranes and inactivate enzymes. The proline conjugated fullerene is shown to be a 

dual inhibitor of the reverse transcriptase enzyme and protease enzyme, where both are responsible for 

the viral entry and proliferation. These formulated fullerene conjugates showed superior enzyme 

inhibition and high affinity towards HIV titer, highlighting their potential as effective antiviral agents 

157. 

It should be noted that the topological arrangement and spatial distribution of the glycolated fullerenes 

influence the efficiency of binding, as do the charge and hydrophobicity. However, the precise idea on 

binding affinity still needs further exploration 149,150. Rather than the HIV, similar study on the 

influence of hydrophobicity and amphiphilicity of the charged functional groups over the binding 

capacity of fullerene through Vesicular Stomatitis Virus (VSV) was done. The VSV belongs to the 

Rhabdoviridae family, and interacts with the L-selectin of host leukocytes to gain entry. This VSV is 

known to affect the equine and other grazing animals. The comparative analysis, on the sulphated 

fullerene and amphiphilic fullerene showed that sulphated fullerene has enhanced cidal activity than 

its counterpart. This may be due to that fact that sulphate in core imparts negative charge, which in 

turn increases its electrostatic potential towards the viral epitope, thereby enhancing binding affinity 

156.  As explained above, the specificity and π-π conjugation of fullerene cage which helps in ligand 

binding are being thoroughly exploited in the field of infectious biology. The fact that these fullerenes 

are less toxic and easily taken up by host cells are an added advantage. Fullerene constructs as inhalers, 

intra-dermal drugs and adjuvants are under consideration. These formulations, holds promising future 

as anti-viral therapeutics over the conventional drugs 145.  
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4.5 Mechanistic understanding on catalytic activity of fullerene – Molecular probes on DNA 

Fullerenes are known for their nucleosidase activity, which is often attributed to the action of excited 

triplet electrons rather than being a distinct process 158. This is because the precise components of 

Deoxyribose Nucleic Acid (DNA) cleavage by fullerene exposure and its mechanism are yet to get a 

clarity. When Yamakoshi and his team worked on the role of super radicals in the process of DNA 

cleavage on the pBR322 supercoiled DNA, cleavage with the presence of radiation initiator- 

nicotinamide adenine dinucleotide hydrogen (NADH) and quencher radical. Cleavage was recorded 

only in the presence of the initiator and intact DNA in the quencher treated nucleotide. This may be 

due to the fact that on radiation the fullerene binds to the DNA may induce the super oxides, which in 

turn causes nucleosidase activity 91. When the same experiment was extrapolated with the involvement 

of photo-induction strategized that positively charged fullerene will readily bind to the negatively 

charged DNA. The irradiation is enough for denaturation of nucleotides, a saturation of hydrogen 

bonds in DNA was seen, the nick of DNA strand was found to be duration-dependent and pH-

dependent, ideal pH was found to be 8 159. Here the light irradiation provides the adequate energy for 

the induction of super oxides by fullerene, similar to radiation initiator. In both the experiments, when 

source of excitation is absent (under radical quencher, dark conditions) the DNA cleavage did not 

happen, despite fullerene being bounded to the DNA groove.   

It is hypothesized that the fullerenes have better affinity to bind towards the guanine residue of nucleic 

acid (Figure 6). This targeted approach was employed as an anti-viral therapy against the influenza 

virus 160. Influenza virus is an enveloped Ribo Nucleic Acid (RNA) virus known for its recent 

pandemics and endemics in the region of South Asia. The toxicity of the viruses depends on the two 

toxins, namely: neuraminidase and heme agglutinin protein found in the capsid of these viruses. Even 

though antiviral agents like oseltamivir are employed to inhibit the viral entry and neutralization of 

toxins, these agents have exerted their own host toxicity and rising resistance is seen 161,162.  In this 
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regard Shoji and co-workers, designed 12 different fullerenes and subjected to the PA subunit of the 

influenza polymerase enzyme, for the comparative analysis of nucleic acid disruption. 

 

Figure 6. Simulation of C60 fullerene docked with PA endonuclease. (A) Docking simulation analysis 

of C60 fullerene with the PA endonuclease domain of influenza. The surface of the pocket of PA 

endonuclease is shown in green and purple. The pink ball indicates the carbon atoms in the fullerene. 

(B) The fitting of the fullerene to the active pocket of PA endonuclease. PA endonuclease is depicted 

as a ribbon structure. The α-helix and β-strands are shown in red and yellow, respectively. The 

fullerene is shown as a gray stick structure. The manganese ions in PA endonuclease are behind the 

fullerene. (C) Two-dimensional analysis of the interactions between fullerene and PA endonuclease. 

The fullerene is shown in the center with the key and with the interacting amino acids shown around 

it. MN indicates the Mn2+.  Reproduced from reference 160. Available under CC- BY XX. Copyright 

2013 PLOS Shoji et al. 

 

The experiment revealed that in endonuclease activity the fullerene conjugated with tetramethyl 

pyrrolidinium di-iodide was found to exert maximum binding followed by the cleavage 163. The 

virucidal activity was because of the RNA disruption followed by inhibition of the virion’s 

proliferation. Though the role of superoxide anion in DNA cleavage is still under the debatable radar 

mostly, it has been a part of cellular disruption after fullerene irradiation, 88. Now fullerenes are being 
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actively explored as an enhancer or adjuvant usually conjugated with other metal oxides or probes to 

achieve heightened cytotoxicity. The fullerene composites formulated with, the porphyrin, 

cyclodextrin, hyaluronic acid is being used as a photo-induced DNA cleavage construct. The presence 

of porphyrins and cyclodextrins helps to overcome the poor insolubility of fullerene in aqueous 

environment. As expected, the constructs are shown to cleave the supercoiled DNA to the fragments 

evident from agarose gel electrophoresis 164.    

 

4.6 Augmentation of fullerene as immunologic enhancers for anti-microbial activity 

As soon as the numerous research on the anti-microbial activity of fullerene is known, it has become 

a boon to treat most of multidrug-resistant microbes precisely towards bacteria. On the other hand, 

parallel research utilizes these fullerenes as an adjuvant to augment the host immune attack against the 

multi-drug-resistant species in conjunction with the routine antibiotics. The strategy is based on the 

fact that fullerene conjugated with antibiotics avoids ion channels rather than entering through lipid 

membrane. Which gives access to the cell’s interior leading to cellular disruption. While fullerene 

directly did not exert its toxic activity towards microbial species, this indirect approach has been widely 

considered in the field of infectious diseases, onco therapy and photo radiation inhibition some of them 

are mentioned in the table 2.  

S.no Fullerene 

composition 

Acts as therapy for Biological activity of 

fullerene  

Reference  

1 Teicoplanin Ѱ 

glycolate fullerene 

conjugates  

Vancomycin 

resistance 

Entercoccus faecalis 

van+, Staphylococcus 

aureus 

Multivalent 

glycolated fullerene 

forms a bond with the 

bacterial cell wall, 

helping the antibiotic 

165 
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to enter the cell 

membrane  

2 Chitosan-glycine-

fullerene conjugate 

Propionibacterium 

vulgaris  

Growth inhibition 

was equivalent to 

Streptomyces, radical 

scavenging 

166 

3 C70 pyrrolidinium 

iodide. 

Human 

Immunodeficiency 

Virus 

Impairment of Gag 

and Gag-Pol, 

assembly defect and 

impaired maturation 

167 

4 Fullerene-liposome H1N1 -influenza virus ROS production, 

virucidal effect 

168 

5 Fullerene-tetrapeptide 

tuftsin 

Immuno- modulation Resistant to chemical 

degradation, 

enhanced chemotaxis 

169 

6 Poly-hydroxylated 

fullerenol 

HCV recombinant 

protein 

Enhanced interferon 

production 

125 

7 Curcumin- pristine 

fullerene 

Diabetes Reduced cholesterol 

biosynthesis, 

increased expression 

of anti-apoptosis, 

stabilizing fatty acids 

and maintenance of 

tissue architecture 

170 
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8 Fullerene-

pyrrolidone-tris acid  

Immunomodulation 

on inflammatory 

disorders 

Suppression of T-cell 

immunity and IL-4 

production 

171 

9 Polyhydroxylated 

fullerene 

Shielding effect 

against high-energy 

electrons 

Reduces the 

potassium efflux, 

reduces oxidation of 

thiol groups in 

membrane 

172 

10 Fullerenol as vaccine 

adjuvant 

Hepatitis C virus Immuno-modulator, 

increases T-cell 

proliferation, increase 

humoral immunity 

173 

11 Fullerene nano films Cocktail of cancer cell 

lines 

Suppression of 

SMAD pathway, 

reversing of EMT 

174 

 

  Table 2:  List of studies, where fullerene is employed as an adjuvant for the enhanced activity. 

 

4.7 Role of fullerenes as therapeutic nanobot in degenerative diseases, auto-immune disorders 

and metabolic disorders 

Apart from their role in infectious biology, fullerenes are being actively experimented in allergic 

diseases, cancer biology, wound healing, and cosmetic sectors. Although fullerene studies in 

immunomodulatory contexts remain relatively rare, the research in auto-immune disorder is gaining 

momentum with these fullerenols. Notably, research in anaphylaxis and hypersensitivity has proven 

that fullerene can stabilize the mast cells and pro-inflammatory cytokines in vivo, highlighting the 
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importance of employing them as therapeutic agents 175. However, the fullerene functionalization is 

directly known to influence the efficiency of outcome. Specifically, the stabilization of mast cells 

varies with the type of covalent bonding used in the fullerene. For instance, hydroxylated fullerenes 

have been synthesized and tested for their effects on suppressing pro-inflammatory histamines and 

cytokines in arthritis-induced mice 176. On subjecting, such formulated fullerenes were happened to 

arrest the degranulation of mast cells by ROS scavenging and thereby inhibiting the tissue hyperplasia 

and joint inflammation. To further elucidate the interaction between the mast cells and fullerenes, the 

same fullerene has been introduced into the mast cell deficiency mice, which again showed the 

amelioration of the disease inhibition. However, the interaction of fullerene cage with other immune 

cells and inflammatory cells such as osteoblast and osteoclast require more study. This hypothesis was 

further confirmed by Piotrowski and co-workers on experimenting the PEGylated fullerene against 

human osteoblast in the in vitro cultures. The positive correlation to the osteoblast differentiation 

revealed the enhanced viability of cells treated with fullerene are much more efficient than the control 

group 177. The difference in viability of both the groups are due to the fact, that fullerene treated cells 

possess low ROS load, thereby surpassing the ROS induced cell death. Such fullerenes hold the 

promising future in the field of bone regeneration, implant tissue regeneration and osteointegration. 

ROS scavenging is also widely employed in the neuroprotection of human cells, especially in the 

degenerative disorders 178–180 . For example, in the case of Parkinson's disease, aggregation of α-

synuclein and production of ROS are the pathophysiology to be concerned 181. Whereas, in case of 

Alzheimer's diseases similar scenario arises, but the aggregates are the tau protein of amyloid origin. 

In recent years a greater number of researchers have used various carbon nanoparticles to address the 

issue with aggregates, as these nanostructures are better at crossing the Blood Brain Barrier (BBB) 182. 

Simultaneously, fullerenes are used as a radical sponge. Studies using primates, and drosophila insist 

that the alleviation of ROS lessens the pathophysiology of Parkinson's disease (Figure 7).  182. These 

fullerene cages mimic the catalytic domain of Super Oxide Dismutase (SOD), thereby effectively 
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eliminating the singlet oxygen. The collective effect of these elimination results in the improved motor 

skills, and increased efflux of dopamine in striated muscles, thereby lessening the parkinsonism 179.   

 

Figure 7. Illustrates the loss of α-syn nuclein protein in synaptic cleft, one of the pathophysiology 

expressions in Parkinson diseases. 1) Synaptic Cleft formed between pre and post synaptic neuron of 

substantia nigara, 2) Synaptic cleft showing the loss of α-syn nuclein protein due to aggregation leads 

to dopamine spillover in the extracellular space. 3) Radical scavenging of ROS by the fullerene cages, 

thereby inhibiting the syn nuclein aggregation, 4) Prognosis of therapeutic fullerene in treated monkeys 

showing better behavioral changes. DA – Dopamine. MOAA – Monoamine Oxidase - Neurotoxic 

product.  

 

Other than infectious diseases another wide field that exploits the cytotoxic activity of fullerenes are 

in cancer therapies. Enhanced cytotoxicity is seen when fullerene derivatives are irradiated by the 

photo-radiation, pH or by conjugated with other chemotherapeutics like doxorubicin, and paclitaxel 

158,183. The mechanism by which it exerts cell toxicity is pretty much similar to that of PDI in microbial 
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cells and addition of chemotherapeutic agents exerts a synergistic effect against the cancer cells 184. A 

higher acidic environment and increased epithelial leakiness of cancer cells helps in the selective 

uptake of these fullerene agents, thereby reducing the bystander effect. But still, site-specificity and 

solubility of fullerene targets are hindrances where more insights are needed 185.   

The duality of fullerenes once again became an indispensable role in radiobiology with fullerenols 

being tested for a cytoprotective role against irradiated cells. In this accordance, Grebowski tested 

hydroxylated fullerenes employed for the scavenging of ROS in the cancer cell lines, mice and Wistar 

rats. Fullerenol pretreated mice were radiated and found to have neuroprotective effects 186. They were 

compared with the chemo cytoprotective drug called amifostine showing similar outcomes. The in-

vitro assay on fullerenol-treated cell lines shows the increased gene expression of anti-apoptotic and 

cytoprotective genes. Moreover, the stability of mitochondrial imbalance, and membrane channel 

homeostasis was seen 187. This initiative will be further employed for the healing purpose of radiation 

burns, and compensation of cell loss during radiotherapy. 

 Despite of insufficient knowledge and uncertainties in toxicity, fullerenes are still considered as an 

indispensable boon when it comes to material chemistry, tissue engineering, infectious biology and 

pharmacology 188. The patents in the field of dermatology and cosmetics, for treating the side effects 

of skin laser treatment, acne treatment and hair growth in hairless mice are some of the future therapies 

showing promising results 189. Recently, water-soluble fullerene using as a nanomedicine in 

Parkinson's has been patented, and more of this kind of fullerene has been explored to the core in 

cancer and has been in process of patents 190,191. 

 

5. Conclusion 

In the field of carbon biology, fullerenes have been of significant importance. With its unique 

properties, fullerene chemistry attracted researchers from various fields. From, the discovery of 

fullerenes in the mid-90s, till now they have been regarded as an active exploration area in more of 



 
41 

 

energy capacitor domains. However, in last decade only, fullerene in biology geared its 

experimentation starting from adjuvants to alternatives of antibiotics. Thanks to the development of 

nanoarchitectonics as it makes the fullerene biology more of standard in the field of medical sector. 

For instance, the fullerene assemblies with that of antibiotics, acted as adjuvants surpassing the 

bacterial barriers for safe delivery of the drugs. During the 21st century, the irradiation therapy such as 

PDT have been routinely used with fullerene as a photosensitizer replacing porphyrins. The 

hydrophobic nature of fullerenes poses a great hindrance to its application in hydrophilic environment 

such as microfluidics and bio-medical diagnostics. The potential for surface modification through self-

assembly allows for functionalization, making fullerenes more applicable. Functionalized fullerene 

has been proven to be efficient by numerous researchers, moreover the fullerene composites and metal 

conjugates helps in the membrane disruption and bacterial inhibition.  

Along, with metal conjugates fullerene-antibiotics composition is also an upcoming technique to 

minimize the rising bacterial resistance. Unlike, antibacterial technique, antiviral activity of fullerene 

focuses on the epitope docking causing effective entry blockage by competitive inhibition. More 

experiments on fullerene formation by lectins conjugation, polysaccharide conjugation served as an 

epitope binder. The antiviral activity of fullerene has an added advantage of being the biocompatible 

on functionalization, elucidating no to less immunogenic but effective in viral blockage. On contrary 

to antibacterial activity, no disruption of virus is seen rather the disruption of replication via entry 

blockage reducing the viral load. Some of the above-mentioned skin formulations containing fullerene 

and antioxidant compounds per sees the fullerene as huge in infectious sector.  

Hence, exploration of fullerene pertaining to its surface biology at molecular level may bring more 

insights into the antimicrobial tendency of fullerene in turn may garner much of promising therapies 

in the near future. Moreover, exploration of nanoarchitectonics pertaining to nanoscale structural 

regulation and hydrogen bond behavior will throw more insights into the dynamics of fullerene and 

membrane interactions, in turn, strengthen our understanding in formulations of therapies. This review 
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focused on the various approaches of fullerene derivatives, employed for the anti-microbial activity of 

infectious diseases, highlighting the current approaches and future areas of exploration. Additionally, 

this review hereby highlights that less exploration pertaining to surface manipulation in the view of 

nanoarchitectonics i.e., very few attempts has been made in recent decade for the production of stimuli 

responsive fullerene. More of research relating to fullerene is happening in material chemistry rather 

than in the biological sector. With this research gap and also as the limitation of this study, we propose 

that fullerene exploration will be an effective alternative in terms of infectious biology. Furthermore, 

insights into the surface chemistry of fullerene cages with different conjugation foresees exciting 

applications in radiobiology and oncotherapies. 
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