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Introduction 
 

Nanoparticles in cancer therapy  
 

 

For over three decades, scientific attention has been focused on using the potential  

of nanotechnology in oncology medicine. Small particles with a size controlled at the 

nanometer scale have been engineered to direct medicine towards higher precision for 

both early diagnosis and treatment. New nanomaterials for drugs and nucleic acid 

transport, bioimaging and photothermal or photodynamic therapy have been 

investigated1-4. Moreover, theranostic particles have been designed to simultaneously 

perform therapeutic and diagnostic functions5-7. Conventional methods like chemo-, 

radiotherapy, and surgical resection of tumours have limited efficacy for malignant 

cancers in the progressed stadium. Even immunotherapy, a turning point in advanced 

cases, is struggling with poor patient responses8. Both mentioned methods are non-

targeted cancer therapies and eliminate cancer cells at the expense of normal cells, 

causing unpleasant or sometimes fatal side effects1,9. Besides monoclonal antibodies, 

gene innovative modalities like iRNA and CRISPR, although they provide a significant 

breakthrough in some diseases, have not been applied against cancer yet10-12. The systems 

for precise drug delivery to the cancer environment, capable of selective recognition  

of cancer tissue, specifically the cancer cell or subcellular site of action, are still being 

investigated13-15. For this purpose, it is essential to broaden the knowledge about 

differences between cancer cells and normal cells on the molecular levels and the cross-

correlation between them.  

Until 2023, the Food and Drug Agency (FDA) had accepted at least fifteen 

nanotherapeutics for cancer treatment to be used globally1,16. The subsequent eighty are 

being investigated in clinical trials. The broadest group is represented by nanodelivery 

systems, including medicines accepted before with polimiceles, dendrimers, liposomes 

and other transport-facilitating particles (Lipo-DOX, Nanoxel, Abraxane, Onivyde)  

as well as platforms with controlled drug release systems (Eligard, Genexol-PM)1,17,18. 

Recent advances significantly improved therapeutic efficacy and reduced off-target 
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toxicity by changing the drug’s pharmacokinetics, bioavailability and biodistribution. 

Essentially, all the enhancements refer to increasing the solubility of existing drugs, 

prolonging their retention times, plasma circulation half-life and enhanced tumour 

accumulation thanks to invented nanoplatforms9,13,14.  

Targeted drug delivery to tumour tissue may occur through two mechanisms. Passive 

targeting uses a unique phenomenon known as the Enhanced Permeability and Retention 

(EPR) effect18,19. Nanotherapeutic could accumulate nearby tumours thanks to leaky 

blood vessels produced during angiogenesis. The lymphatic system cannot drain tumoral 

fluids, thus facilitating medicine retention. The optimal size of nanoparticles for EPR-

mediated tumour targeting ranking from 50-150 nm19. Except for NPs physiochemical 

properties, the efficacy of passive targeting depends on factors like the extent of vascular 

and lymphatic vessel generation, perivascular tumour invasion, and intra-tumour 

pressure. Nearly all the nanomedicines approved for clinical use can employ EPR to reach 

the tumour site. However, utilizing this effect remains constrained by interpatient and 

intratumoural heterogeneity20. Concerning these limitations, the emphasis was on a more 

pragmatic approach, like active targeting. The second generation is represented by 

particles functionalised by targeting moieties, including antibodies, nucleic acids, 

aptamers, peptides, carbohydrates, and small particles that bind specific antigens  

or receptors expressed on the cell membrane1,13,21. The multiple nanoparticles conjugated 

with actively targeted medicines like cetuximab, erlotinib, and afatinib were developed 

to act more selectively on kinase receptors that are overexpressed in cancer cells22.  

The biomimetic strategies based on covering the NPs by the plasma membrane of cancer 

cells or stem cells are also evaluated23-26. Following the introduction of cancer cells,  

the NPs must be directed accurately to the side of action mainly localized in the nucleus, 

mitochondria and lysosomes. Organelle-targeted NPs are considered to be the third 

generation of nanoparticles27. 
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Fig 1. The timeline of progression in cancer nanotherapy1 

 

To pursue their destination, nanoparticles must cross several physiological barriers, 

including travelling in the bloodstream and extravasate to the tumour microenvironment, 

binding to the target on the tumour cells, internalising into the intracellular compartment, 

and performing their action19. Parameters like shape, size, charge, surface modifications, 

and biocompatibility directly influence the outcomes of the journey28,29. The positive 

charge on the nanoparticle surface promotes NPs uptake by negatively charged 

phospholipids on the cell membranes and the endosomal escape through the proton 

sponge effect. It is also connected with fast clearance due to interaction with the 

mononuclear phagocytic system (MPS) or reticuloendothelial system (RES) and cellular 

uptake rates. The anionic particles have longer circulation times and enhanced tumour 

accumulation30,31. The perfect situation assumes NPs’ slightly negative or neutral charge 

at the beginning in the bloodstream and switches the charge to positive after reaching the 

tumour environment. Optimising the interplay of nanomaterials with biological systems 

through property modification is one of the most significant opportunities that 

nanomedicine presents1. The standard strategy to prolong the circulation time and retard 

RES clearance of positively charged nanoparticles is to cover them with polyethene 

glycol (PEG). PEG-ylated liposomes are the nanoplatforms employed in Doxil and 

Oncospar32. Recently, charge reversal systems have been developed. The disconnection 
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of the PEG corona and the ligand exposition occurs near the tumour site. The trigger for 

releasing the polymer fragment is usually the pH change to more acidic or tumour-

overexpressed enzymes like matrix metalloproteinases. Thereby, using alterations of the 

tumour microenvironment (acidic pH, hypoxic conditions, an altered redox environment, 

and elevated level of reactive oxygen species), size and charge switchable particles or 

controlled release systems are engineered, representing the potential of stimuli-responsive 

nanomedicine33,34.  

 

 

Fig. 2. Nanomedicine journey. 

 

The heterogeneous nature of cancer often makes a single therapeutic approach 

insufficient. For example, the dense stroma hampers medicine accumulation in the tumour 

site of pancreatic cancer.35 Moreover, cancer cells may develop resistance to the medicine 

treatment (MDR – multidrug resistance) or create hypoxic conditions to disable 

photodynamic therapy. Biological diversity requires a variety of therapeutic approaches. 

Nanoplatforms offer the possibility to combine targeting delivery with other therapeutic 
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strategies, which have to overcome physiological barriers, improve the drug’s efficacy 

and decrease side effects35,36. Over the past decade, research has shown that tumour 

microenvironment (TME) plays a crucial role in cancer formation and treatment 

resistance, making it an important target. Cancer is not a simply localized disease but 

forms a complex adaptive system involving inflammation, metabolism, and genetics 

tangled with each other. Novel therapeutic strategies involve targeting tumour 

microenvironment’s related targets like tumour immunosuppressive components, cancer-

associated fibroblasts, tumour extracellular matrix or vasculature37. 

Using vascular disrupting agents (VDAs) to restrict blood flow to the tumour is a practical 

technique for tackling tumour growth. The NIR-laser-activated “nanobomb” consisting 

of vinyl azide enclosed in peptide-functionalised, hollow copper sulfide (HCuS) 

nanoparticles targeting αvβ3 integrin has been “armed” by Gao et al. Upon the signal,  

N2 is released and destroys angiogenic vessels and surrounding tumour tissue. 

Photoacoustic angiography in vivo enables precise detonation38. Another strategy 

involves a drug delivery system based on gold nanoparticles combined with the vascular 

angiogenesis-inhibitor, used to treat non-small cell lung cancer and normalize the tumour 

vascular system. Combining this therapy with 5-fluorouracil (5-FU) results in better 

accumulation of the chemotherapeutic agent in the tumour site, thus improving treatment 

effectiveness39. 

The rapid growth of cancer cells and the associated neovascularisation cause insufficient 

oxygen delivery and an acidic pH in the tumour microenvironment. These conditions can 

enhance tumour angiogenesis and metastasis, leading to therapeutic resistance and 

treatment failure, particularly photodynamic therapy. Chen et al. designed a pH/H2O2-

responsive nanodelivery system using albumin-decorated MnO2. Nanoparticulated MnO2 

interacts with hydrogen peroxide to alleviate hypoxia. Albumin was conjugated with the 

photosensitiser or the pro-drug of cis-platinum, which activates in a reductive 

environment. This approach enhances the effectiveness of chemotherapy and PDT by 

increasing oxygen levels in hypoxic tumour areas40. 

Bruton’s tyrosine kinases are nonreceptor tyrosine kinases expressed in B-cells, myeloid 

cells and tumour-associated macrophages. BTK plays an essential role in antigen-

dependent BCR signalling pathway, regulating B cell proliferation and survival, 
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participates in antigen-independent Toll-like receptor and chemokine receptor signalling 

pathway, regulating B cell adhesion, migration, and tumour microenvironment. Aberrant 

signalling of the B-cell receptor pathway is responsible for the aetiology of B-cell 

malignancies, making it one of the therapeutic targets. BTK is also expressed in tumour-

associated macrophages. Developing a strategy to inhibit BTK is critical for eliminating 

TAM-induced immunosuppression and establishing persistent antitumour immunity. 

Ibrutinib (IBR), the first irreversible, small-molecule BTK inhibitor, has shown 

therapeutic effects in patients with B-cell lymphoma and possesses anticancer 

mechanisms that reduce macrophage contribution to cancer cell proliferation and 

survival. However, Ibrutinib has a short circulation time, resulting in poor tumour 

accumulation and limited therapeutic efficacy in solid tumours. A strategy to improve 

Ibrutinib’s pharmacokinetics was presented by Quijun et al., involving conjugation with 

sialic acid-based nanocomposite. His research resulted in the effective infiltration  

of macrophages and inhibition of BTK with minimal side effects41. 

Except for constantly improved delivery systems, nanoparticles are applicable in 

molecular imaging using modern imaging techniques like magnetic resonance imaging 

(MRI), Computed Tomography (CT), Ultrasound Imaging (UI), Positron Emission 

Tomography (PET), Single-Photon Emission Computed Tomography (SPECT), 

Photoacoustic Imaging (PAI)42-44. Each imaging modality has its advantages and 

limitations, and the choice of technique depends on various factors, including tissue 

characteristics. For example, optical bioluminescence and fluorescence imaging are 

highly sensitive methods but have limited tissue penetration. In contrast, SPECT and PET 

have no tissue penetration limit but exhibit low spatial resolution. MRI and CT offer high 

spatial resolution but low sensitivity. To meet all the requirements for in vivo bioimaging, 

multimodal imaging strategies have been developed. These systems can assess disease 

stages, detect metastasis, and predict treatment response. Due to their exceptional 

sensitivity and resolution, multimodal imaging techniques are powerful diagnostic tools 

that can detect early disease symptoms (e.g., specific biomarkers), enhance targeted 

therapy, and significantly advance personalized medicine. In this area, gold nanoparticles 

(AuNPs), iron oxide nanoparticles (IONPs), and carbon nanoparticles prevailed due to 

their optical or paramagnetic properties, which are suitable for the above techniques36. 

Imaging agents based on these nanoparticles have already been employed clinically to 
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complement diagnostics, for example, as a guide for surgical tumour resection and 

improved radiation-based treatment methods (LymphoseekTM, Nanocoll) and for 

improving existing therapy - NanoTherm (iron oxide nanoparticles for thermal ablation 

responsive to quickly-changing electromagnetic field) and AuroLase (gold nanoshells for 

thermal ablation under NIR laser illumination)17,45,46. Iron oxide nanoparticles 

additionally have been clinically approved as MRI contrast agents - Feridex, Resovist, 

Combidex, Gastromark, and Feraheme47. However, the first one was removed from the 

market in relation to safety issues. 

Until today, only PET-CT multimodal techniques have been clinically effective. Unak et 

al. conjugated AuNPs with 18F-FDG antibody specifically targeted breast cancer cells and 

obtained nanoplatforms for PET-CT multimodal imaging that collect information about 

glucose metabolism, which higher uptake is characteristic for cancer cells48. The dual 

modalities, such as MRI-optical, MRI-PET/SPECT, MRI-CT, MRI-MPI, and MRI-MPA, 

are still in the preclinical phases and have shown encouraging results43. 

The dual-modality system based on IONP nanoparticles has been presented by Hen et al. 

to detect small tumours in preoperative diagnosis. They encapsulated superparamagnetic 

iron oxide nanoparticles (SPIONs) in liposomes containing PEG, a tumour-targeted 

peptide (RGD sequence), and indocyanine green (ICG) - the only NIR dye approved by 

the FDA in the United States for clinical usage. The hybrid nanosystem was able to detect 

small tumours using the MRI approach. In addition, active targeting and a prolonged 

clearance rate enabled fluorescence imaging to detect considerably smaller tumour 

metastatic lesions49. 

MRI-PET diagnosis system has been used by Lee et al. for tumour detection in vitro and 

in vivo. Polyaspartic acid coated IONPs nanoplatform was combined with a 64Cu 

radionuclide (for PET imaging) through a DOTA chelator and conjugated with arginine–

glycine–aspartic (RGD) peptide targeting agent. Nanoparticle targeted tumours with 

integrin ανβ3 expression demonstrating their relevance for accurate tumour identification 

using dual-imaging methods50. One of the most significant benefits of MRI-PET is the 

high contrast of soft tissue provided by MRI, which, alongside the sensitivity of PET, can 

be highly beneficial in the assessment and biopsy planning of primary tumours such as 

those in the prostate, lung, or breast. The radiation dose is lower than for CT-PET51. 



14 
 
 

 

The primary obstacle in translating nanoparticles for clinical application is their 

behaviour under physiological conditions. Opsonization and protein corona formation, 

for instance, impact the biodistribution of nanoparticles52,53. To gain better insights into 

the nanoparticle behaviour in response to physiological processes, nanodelivery platforms 

have been adjusted to adopt at least one of the imaging techniques. This solution allows 

to understand the kinetics of the drug, which is altered depending on the tumour 

environment. Based on these findings, the physicochemical properties of the nanoparticle 

can be modulated to achieve favourable outcomes54. Personalized therapy concerning 

personal differences in cancer characteristics is required if maximal efficacy is an aim. 

Simultaneous targeted delivery, diagnosis, and treatment monitoring allow for capturing 

these deviations and improving therapeutic response with minimal side effects. Although 

multifunctional platforms should increase therapeutic potential, it is essential to consider 

that every functionalisation may influence system pharmacokinetics, including delivered 

medicine, which should be regarded during synthesis planning. Nanoparticles engineered 

as theranostic agents, including liposomes, polymeric nanoparticles, and protein 

nanoparticles, are already in phase II clinical trials5. New strategies are still being 

developed; here are a few examples: Li et al. performed real-time monitoring of siRNA-

loaded lipid-polymer nanoparticles with NIR fluorescent core and ApoA-1 mimetic 

peptide for natural targeting in an orthotropic prostate tumour model. The targeting 

specificity was confirmed only in malignant cells with SR-BI protein expression, and the 

effective gene knockdown was observed. The image co-registration of in vivo fluorescent 

molecular tomography with computed tomography (CT) affords a non-invasive technique 

to examine the selectivity and efficiency of siRNA administration in tumour55. In another 

study Yu et al. created P@-Gem-HSA (human serum albumin) nanoparticles loaded with 

gemcitabine and pheophorbide-a (P@) – a chlorophyll-related photosynthesiser to treat 

lymphatic PDAC metastases. This system allows for tracking the delivery of gemcitabine 

and provides synergistic PDT efficacy (Gem, @P) and chemotherapy (Gem)56.  

Nanomaterials that already display imaging possibilities are suitable for theranostic 

materials as they do not require to be loaded with imaging agents. The gold and iron oxide 

nanoparticles have already been approved for cancer diagnosis, which may speed up the 

translational process5. Based on iron oxide nanoparticles, a theranostic, tumour-targeted 

siRNA vector was designed to fight against cell cycle-specific serine-threonine-kinase 
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and Polo-like kinase-1. In vivo, tumour growth was monitored by MRI on small animal 

models. The accumulation in PDAC cells and in vivo and in vitro gene silencing efficacy 

was confirmed, followed by tumour growth inhibition and increased apoptosis57. 

Maesoporus-based theranostic agent, including doxorubicin, iron superoxide SPION for 

MRI imaging and sialic acid as targeting agent (DOX)-loaded SAPEG-

MPDA@SPIO/Fe3+), was tested against hepatic cancer and for dual magnetic resonance 

imaging (MRI-guided cancer chemo-photothermal therapy). Nanoparticles effectively 

encapsulated chemotherapeutic agents and performed dual-triggered release (pH and 

temperature). This proposed theranostic agent possessed excellent photothermal 

conversion capability, photostability and relaxivity (contrasting sensitivity) values 

compared to clinically used contrast agents. MRI visualisation in vivo displayed NPs 

accumulation only in hepatic cells with E-selectin overexpression. Combining therapy 

revealed higher efficacy than separate chemotherapy with DOX or photothermal therapy 

with SAPEG-MPDA@SPIO/Fe3+ 58.  

Li et al. presented hollow mesoporous polydopamine (HMPDA) microcapsules modified 

with gold (Au) nanoparticles (NPs) as photothermal-responsive nanodrug carriers.  

This nanocomplex synergizes photothermal therapy with doxorubicin delivery. Such 

therapeutic approach is characterized by high photothermal conversion efficiency, strong 

loading capacity and release system responsive to the acidic pH of the tumour 

environment or NIR laser irradiation (800 nm). In vitro cytotoxicity experiments showed 

a more robust inhibitory effect on tumour cells (the cell survival rate was reduced to 

nearly 20%) than healthy ones (80%)59. 
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Fig. 3. Theranostic nanoparticles engineering. 1 - attaching the therapeutic agent,  

2 - functionalisation with targeting moiety, 3 - linking with bioimaging fragment 

(if required) or specific antennae to improve visualisation, 4 - stimuli responsive releasing 

of the drug. 

Carbon nanoparticles, including graphene oxide (GO) and single-walled carbon 

nanotubes (SWCNTs), have optical properties required for PET, SPECT or PAI imaging. 

The drug loading capacity and modification potential allowed the development of 

multimodal imaging and multifunctional therapy nanosystems as they perform 

characteristics for both PDT and PTT60. Yang et al. functionalised SWCNTs with 

polyethylene glycol (PEG) and poliethylenamine (PEI) and evaluated this nanocarrier for 

drug loading capacity, in vitro release and killing MCF-7 cells effectively61. Guo et al. 

presented a new platform consisting of graphene-oxide with PEGylated and oxidised 

sodium alginate, which was employed to load the anticancer agent paclitaxel with 

additional suppression of drug resistance to this chemotherapeutic by a synergistic 

PTT/PDT impact. This conjugated system achieved better therapeutic efficacy on 

paclitaxel-resistant gastric cancer cells62. 

Among numerous designed nanotherapeutic agents facing challenges, carbon 

nanoparticles remain an alternative to be used as one of them in the future. They represent 
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an excellent platform for chemical modifications with prospective applications in 

nanomedicine. Due to a wide range of synthetic possibilities, they can combine delivery 

and imaging strategies and photodynamic potential. However, a broader knowledge of 

their behaviour in the physiological environment is still needed. Currently, two carbon-

based nanoparticles are in phase III of clinical trials (NCT02123407, NCT06791005)63. 

They are tested for lymph node staining, which allows tracking of tumour metastasis and 

provides valuable information on treatment efficacy.  

 

Fullerenes 

 

The uniqueness of fullerenes among nanotherapeutics lies in their multifunctionality 

stemming from inherent susceptibility to chemical modifications and optical 

characteristics. The fullerene cage serves as an excellent, tunable nanoplatform while also 

exhibiting its own intrinsic therapeutic potential. Moreover, the metal ions inside 

metallofullerenes enable particle imaging and play a key role in designing multimodal 

diagnosis systems. Thus, fullerenes represent three-dimensional platforms where both 

internal and external modifications can further enhance their medical applications. 

Fullerenes are spherical particles, one of the most fundamental allotropic forms of carbon, 

along with graphite, diamond, graphene64 and nanotubes65. Their discovery is attributed 

to Kroto, Smalley and Curl in 1985, who were honoured with the Nobel Prize for this 

discovery66. Carbon has a particular property: in high temperatures, where other 

molecules become one or two atomic, it begins to form multiatomic clusters. The 

chemical characteristics and reactivity of a 60-atomic carbon cluster produced by 

condensate carbon steam after laser sublimation of graphite ruled out a planar shape. 

Based on Eurler’s theory of pentagons, Kroto, Curl, and Smalley concluded that it must 

be a closed structure. Fullerene was named after the architect Buckminster Fuller, who 

created a geodesic dome with that shape several years before67,68. The unique symmetry 

and properties of fullerenes have aroused interest in many areas of science, including 

photovoltaic, nanomedicine and optics69,70,71-74. 
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Structure of fullerenes 

 

The fullerene cage is formed by carbon atoms shaped into pentagonal and hexagonal 

rings68,75. According to Euler’s theory, pentagonal rings are required to introduce 

curvature to the carbon network - the net containing only hexagonal rings is planar. The 

isolated pentagonal rule (IPR) must be fulfilled to maintain particle stability76,77.  

It implies that the pentagonals cannot remain in a close neighbourhood and are separated 

by hexagonals. The smallest fullerene particles that adhered to this principle are C60 and 

C70. The member of the fullerene family with the lowest carbon number, C20, does not 

meet the IPR theory, and his lifetime is very short – 0,4 ms78. In C60 fullerene, twelve 

pentagon rings are surrounded by twenty hexagon rings. C70 fullerene contains  

12 pentagonal rings and 25 hexagonal rings. Except for the fact that C70 adheres to the 

pentagonal rule, the magical numbers ensure its stability68,79. 

C60 fullerene contains two bound types – single with 0,144 nm length between hexagonal 

and pentagonal rings and double with 0,139 nm between two hexagonal rings. All carbon 

atoms are equivalent and connected with neighbours with two longer and one shorter 

bound are sp2. The other 60 π electrons create resonance structures80. The C70 molecule 

consists of eight types of bonds. The structure is tightening up on the equator due to the 

curvature of hexagon rings called “melted” hexagons. Five bounds around the equator are 

not in the direct surroundings of pentagons79. 

        

 

Fig. 4. The C60 and C70 fullerene structure. 
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Fullerenes, despite their spherical shape, can be regarded as three-dimensional analogues 

of benzene and other planar aromatic compounds. Initially, it was thought that in C60 

fullerene π electrons are strongly delocalized, which makes particles superaromatic81. 

However, an aberration from planarity affects rehybridizing the sp2 s and p orbitals, while 

only the pure p orbitals appear for strictly planar conditions82,83. As mentioned, the C60 

fullerenes have two types of bounds with different lengths. The [6,6] bond is shorter and 

has the property of a double bond, while the single [5,6] bond is formed at the edge of the 

contact between hexagonal and pentagonal rings. In this regard, the fullerene ball is 

created by [5]-radialene and 1,2,3-cyclohexatriens. They are conjugated molecules with 

completely localized double bonds. The ring currents from π electrons in hexagonal rings 

are responsible for diamagnetic properties, while the currents from pentagonal rings 

correspond to paramagnetic behaviour. In C60, both currents are almost cancelling out 

each other. The uncompensated ones determine the weak magnetic susceptibility  

of fullerene. The C70 exhibit more aromatic character due to a more significant number 

of hexagonal rings, which leads to increased diamagnetic ring currents84,85. 

 

Reactivity of fullerenes 

 

Contrary to planar aromatics, fullerenes conjugated p-system has no hydrogens that can 

be replaced via substitution reactions. As a result, these chemical compounds’ reactivity 

is substantially different from classical aromatics. The chemical behaviour of fullerenes 

is considered shape-dependent as the sphericity excludes aromaticity and causes the 

pyramidalization of carbon atoms. Consequently, a closed fullerene cage is responsible 

for solid tensions of energy 484 kJ/mol, and the molecule is determined to eliminate these 

tensions. Therefore, fullerenes act similarly to alkenes and arenes and undergo 

nucleophilic reactions with the centres at [6,6] double bonds. Theoretically, the four 

positions are possible for monofunctionalised fullerenes: [5,6]-open, [5,6]-closed, [6,6]-

open and [6,6]-closed. However, thermodynamically, the most stable is [6,6] isomer due 

to maintaining energetically beneficial energy levels85. The most common reactions  

on the fullerene cage include dehydrogenation, hydroxylation, and cycloadditions like 

Diels-Alder, Friedel-Crafts, Bingel-Hirsch and Prato. In cycloaddition reactions [6,6], 
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double bonds act like dienophiles. Almost every functional group can be attached to  

a fullerene cage via cycloaddition reactions of appropriate compounds. For biological 

applications, stable, nontoxic, water-soluble fullerene derivatives are desired.  

The primary goal is to provide practical and facile approaches for organic modification, 

preferably with high yields and mild conditions. Fullerenes are also prone to radical 

addition - they act like a sponge for free radicals, which can be attached to 30 double 

bounds of C60. C60 and C70 undergo nucleophilic reduction and collect electrons from 

nucleophiles. The reduction reactions of fullerenes are also a strain relief process since 

the formed carbanions prefer pyramidalized geometry. Addition and redox reactions 

generate exohedral adducts and salts. Subsequent transformations of particular adducts 

open the path for various fullerene derivatives84. 

During my work I was focused on functionalising the fullerene cage and providing its 

solubility in polar solvents for enabling interactions with biological environment. For this 

purpose, I decided to use an optimise Bingel-Hirsch reaction and amination. 

 

Bingel- Hirsch reaction 

From a variety of cycloaddition reactions ([2+n] (n=1,2,3,4)), the [2+1] 

cyclopropanations, which incorporate three-membered rings into a fullerene cage, are one 

of the most popular functionalisation procedures85. Between them, the Bingel reaction 

stands out as the efficient method of obtaining methanofullerenes. The mechanism 

consists of deprotonating the malonate’s α-halogen derivative by a base and forming  

an anion, which attacks [6,6] the double bond of fullerene and creates carbanion. 

Carbanion reacts with malonate derivative according to nucleophilic substitution, 

cyclization, and methanofullerene formation. The one-pot version of Bingel-Hirsch 

reaction requires the presence of generated in situ diethyl bromomalonate with a non-

nucleophilic base86. The process is simple, takes place under mild conditions and 

generates relatively high yields. As a result, one to six malonates could attach.  

The required time of reaction increases with the level of substitution. In the Bingel-Hirsch 

reaction, only monoadduct and octahedral hexakis adducts of C60 fullerene exist in one 
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isomer form. The remaining adducts (bis, tris, etc.) create isomeric mixtures. For 

biological purposes, one stable isomeric form is necessary. 

 

 

Fig. 5. Bingel-Hirsch reaction mechanism85. 

The functionalisation of fullerene results in the breakup of its conjugated π system, which 

causes changes in fullerene’s ability to oxidation and reduction. The number of 

substituents increases the particle’s reduction potentials. The disturbance of the π-electron 

system affects the UV-VIS spectrum and the reactivity against nucleophiles. 

Nevertheless, the substituents’ character is irrelevant to the electronic properties of the 

fullerene cage due to sp3 carbon in the methylene bridge acting as an isolator87. 

 

Addition of amines 

The nucleophilic character of primary and secondary amines allows them to undergo 

nucleophilic addition with electron-poor fullerene. The mechanism of the reaction is 

based on electron transfer from amine to C60 followed by recombination of C60 radical 

anion. The created zwitterion could be stabilized by proton transfer from amine to C60  
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or oxidation succeeded by radical recombination. The resultant aminofullerenes are 

therefore generated through a complex, mostly unknown sequence of radical 

recombination, deprotonation, and redox processes88,89. 

The regiochemistry of this reaction complies with nucleophilic addition rules, where the 

most preferable positions are [6,6] double bonds. The addition of subsequent ligands 

occurs in the 1,2 position unless there is a steric hindrance. The other available positions 

are 1,4 and 1,1684. 

 

Metallofullerenes 

 

The hollowed fullerene cage can entrap atoms inside, thus creating endohedral 

complexes. The most abundant endohedral fullerene is not Me@C60 but Me@C82, since 

the encapsulated metal atom influences the fullerene electron structure. The high formal 

charge of metal and strong interactions with metal-fullerene violate the IPR principle - 

hexagons don’t need to surround pentagonal rings to provide a stabilized structure90. The 

coordinate metal ion is usually not in the middle of the fullerene cage but closer to the 

shell, which can affect ligands distribution during addition reactions. As the charge of the 

metal is positive the fullerene cage becomes anionic. The endohedral complexes are an 

example of permanent ion pairs, which cannot separate without breaking up the whole 

system - in this case, a fullerene cage - which is not achievable under physiological 

conditions.  

One of the most explored endohedral fullerenes is Gd@C82 due to its potential for 

magnetic resonance application. Gadofullerenes exhibit remarkably high proton 

relaxivity, owning seven unpaired 4f Gd electrons delocalized on the fullerene cage’s 

surface and long electron-spin relaxation time. Proton relaxivity values exceed the 

gadolinium chelate-based products and the commercially available Gd-DTPA 

(MagnevistTM), allowing a lower contrast agent dose91. Most significantly, the carbon 

cage isolates the gadolinium metal from the biological environment, avoiding the release 

of hazardous Gd ions in vivo and resulting in negligible toxicity, even at high 

concentrations. The modification of metallofullerene with functional groups like 
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hydroxyl, amines, and carboxyl provides water solubility. The electron transfer from 

gadolinium to carbon cage induces charge alteration, which influences interactions with 

the biological environment, including functional groups of proteins91,92 

 

Fullerenes application in cancer nanomedicine 

 

The optical properties of fullerenes and their synthetic potential create the path for 

application in photodynamic therapy and delivery platforms. The characteristics of 

fullerene particles in these roles will be presented below. The behaviour in the biological 

environment and possible interactions with molecular, cancer-related targets will be 

described. 

 

Fullerenes for photodynamic therapy 

 

Photodynamic therapy is an alternative method for cancer treatment based on selective 

photoactivation of photosensitiser (PS), resulting in the generation of cytotoxic 

agents93,94. The photochemical reaction requires the simultaneous presence of three 

factors: photosensitiser, oxygen and light. Upon internalisation, the PS accumulates in the 

affected area and becomes activated when exposed to light of a particular wavelength. 

This activation generates reactive oxygen species, causing oxidative stress, destroying 

cell membranes, and leading to cell death through apoptosis, necrosis, or autophagy. 

Furthermore, new pathways for damaging angiogenic blood vessels and activating 

immunogenic responses may arise as a complementary response to PDT therapy. Because 

none of the applied factors is individually toxic and reactive oxygen species with a short 

lifetime are generated only in illuminated areas, the phototoxic effect is time- and 

spatially-limited, making the therapy exceptionally efficient and precise. It should be 

noted that the ROS selectivity is not restricted to the pathological cells but implies the 

relative accumulation of PS in cancer tissue and selective photoactivation95,96. 
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The earliest chemical compounds used as photosensitisers were haematoporphyrins 

illuminated with red light97. The presence of a long-lived triplet state, caused by 

intersystem crossing from an excited state when the particle absorbs a photon, has been 

determined to be a fundamental property of dyads. The second generation of 

photosensitisers includes porphyrins and phthalocyanines, which are non-toxic in 

darkness and absorb in the near-infrared (NIR) region. The third generation continues to 

enhance PS specificity against cancer cells and improve NIR absorption. Currently, 

agents like Photofrin, Levulan, Foscan, and Fotolon are used in clinical treatments95,98. 

The molecular oxygen ground state is a triplet state with two unpaired electrons with 

opposite spins, which leads to the following values of quantum number I = ½+½ = 199. 

According to quantum mechanics, a particle with integer spin 1 exhibits three orientations 

relative to an external magnetic field, corresponding to three energy levels. To achieve 

complete reduction, oxygen must absorb 2x2 electrons with spins antiparallel to its own. 

Since most biological particles exist in the singlet state, oxygen’s reactivity in this 

environment is limited.  

Following light absorption at the specific wavelength, the photosensitiser particle  

is excited to an unstable singlet state with a short lifetime95. The release of energy can be 

achieved in three ways100. The particle can return to the ground state by fluorescence with 

an excess energy emission. In intramolecular conversion, molecules can release energy 

radiationlessly through interactions with surrounding molecules. Alternatively, the 

intersystem crossing (ISC) into an excited triplet state is possible. The multiplicity change 

occurs during this transition, rendering this process prohibited and, therefore, very 

unlikely. The ISC is more probable to happen when the band gap between the HOMO and 

LUMO orbitals is low or when the states are intercrossing. A long-life triplet state 

increases the probability of exploiting the energy. The particle can revert to its ground 

state through phosphorescence.  

There are two classes of photochemical reactions100. In the first type, the particles in the 

triplet state react directly with the environment, transfer the electron to the surrounding 

organelles or tissues, and generate mainly hydroxyl radicals and superoxide anions.  

The second type applies to transferring the energy directly to the oxygen particle, leading 



25 
 
 

 

to singlet oxygen generation. Singlet oxygen is highly reactive and can oxide lipids, 

proteins and nucleic acids, but importantly, it destroys tissues only in close proximity. 

 

The perfect photosensitiser should comply with followed characteristics101: 

• Generates high concentrations of ROS upon irradiation to induce targeted cell 

death. 

• Exhibit low cytotoxicity in the darkness, good photostability and high quantum 

yield of the triplet state. 

• Absorb in the optical window, which allows for better tissue penetration. 

• Have a high absorption band to minimise the photosensitiser dose. 

• Provide imaging contrast for biodistribution monitoring. 

•  Display intrinsic fluorescence for detection using optical imaging techniques. 

 

Fullerenes display features that characterise good photosensitisers102,103,104. They are not 

cytotoxic in the dark and have good photostability as well as high resistance  

to photobleaching. The low-lying triply degenerate LUMO orbital of fullerene molecule 

can exist for up to 500-1000 ns. The C60 particle is an excellent spin converter with 

efficient intersystem crossing (nearly 100% quantum yield), essential in high-

performance ROS generation. Moreover, while many common PS structures are 

destroyed or lose their photoactivity under relatively modest energy doses, fullerenes 

maintain PDT activity even at high fluence levels. In the electron absorbing spectrum of 

fullerene C60, several bands in 200 - 650 nm can be distinguished. The strongest two 

bands have a maximum of 265 nm and 330 nm, corresponding with a comprehensive  

π electron conjugation system on the particle surface. The absorption in the NIR is the 

most desirable for medical applications due to the deep tissue penetration capacity of this 

light wavelength. However, applying relevant synthetic strategies can overcome this 

disadvantage of fullerene particles and tune the absorption to the desired wavelength. 

Attaching light-harvesting antennae or optical clearing agents to the carbon cage allows 
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the shift of the absorption spectrum towards the NIR region105. Also, two-photon 

excitation, where two photons of near-infrared wavelength are simultaneously delivered 

to a particle as the equivalent of one photon with twice higher energy, can be used to get 

around the unfavourable absorption spectrum. When modifying fullerene to adapt to the 

physiological conditions, it has to be considered that functionalisation for improving 

particle solubility may decrease their optical properties. 

Fullerenes can perform two types of PDT reactions, with the type depending on solvent 

polarity. In photodynamic therapy, the most significant are the II type reactions due to 

high cytotoxicity and local exposure to singlet oxygen. The relaxation from the triplet 

state of fullerene can be performed through two alternative pathways – emission of a 

photon with hv energy or quenching of the triplet state by oxygen particle. The reactive 

singlet oxygen is then generated. Photochemical properties of fullerenes, especially 

electron affinity, show that not only does the energy transfer from 3C60 to oxygen appear, 

but anionic radicals can also be formed in the presence of an electron donor (I-type PDT 

reaction), as the excited triplet state of fullerene is excellent electron acceptor106. Reduced 

fullerene forms interact with oxygen to generate superoxide radicals. Due to high electron 

affinity, fullerenes can also perform oxygen-independent photokilling, which may be 

essential in some challenging tumour microenvironments like pancreatic cancer, where 

hypoxic areas appear107. 

For the first time, the phototoxicity of fullerenes was reported for carboxylic acid-

functionalised fullerenes108. Hamblin and Wilson demonstrated the effectiveness of PDT 

in amino-C60 monoadduct and pyrrolidinofullerenes101-103,109. Besides tuning the 

adsorption wavelength, the carbon cage is functionalised to improve tumour 

accumulation using pegylated ligands or structures captured by receptors overexpressed 

in cancer cells, such as GLUT and folate receptors. Multimodal fullerene platforms, 

including drug transporters and light-harvesting antennae, have also been engineered to 

perform drug release and ROS generation in response to specific light illumination6-98. 

Gd@C82 and Gd@C82-Ala nanoparticles which are prone to accumulate in oxygen-rich 

angiogenic blood vessels finds potential in new strategy for anticancer therapy - tumour 

vasculature disruption after irradiation (V-PDT) with additional MRI imaging potential. 

Despite the superiority of fullerenes over the traditional photosensitisers the important 
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restriction is aggregation phenomena110. Fullerenes are prone to create clusters in 

biological environments, which has a significant impact on their PDT potential. The 

excited 3C60 quenched each other which reducing the lifetime of the triplet state and 

decrease the possibility to transfer the electron to the oxygen particle. Moreover, the 

fullerenes inside multiparticle clusters cannot interact with environment so the reaction 

area is substantially reduced. Di Giosia et al. face the aggregation problem and proposed 

innovative solution. They discovered that when using sonification technique fullerene can 

be surround by protein molecule in 1:1 ratio111. C60@lysosyme after illumination 

decreased cell viability to about 60% in the short time. No cytotoxicity was observed in 

the dark. C60@lysozyme shows an excellent singlet oxygen quantum yields higher than 

Rose Bengal.  

ROS detection is a complex procedure due to its short lifetime and low concentration. 

However, the formation of 1O2 may be documented by a specific and sensitive method – 

time-resolved detection of characteristic luminescence at 1270 nm112. This method allows 

us to estimate if the second type of photochemical reaction is performed. In the case of 

free radicals, indirect methods are required. The sensitive method of ROS detection is 

EPR spin trapping, where radicals are scavenged by a spin trap, forming a spin adduct 

from whose EPR spectra information about the original radical may be obtained113. 

Another method for singlet oxygen detection performed in the cells is an estimation of 

lipid peroxidation114,115. Cholesterol plays a crucial role in peroxidation processes. This 

steroid lipid exists in every mammalian cell, and lipoproteins are a member of the cell 

membrane. Regarding the presence of double bonds in cholesterol structure, this particle 

is prone to spontaneous oxidation. During peroxidation, in the presence of free radicals, 

the characteristic products of cholesterol peroxidation are generated - 5α-OOH, 6α-OOH 

and 6β-OOH. They can be easily separated and indicated by specific chromatographic 

methods. Cholesterol acts as a molecular probe that detects the mechanisms  

of photosensitisation reactions. 
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Fullerene-based delivery systems  

 

Pristine C60 is insoluble in water and most polar solvents. However, various modifications 

increase its hydrophilicity83,116. These include synthesising fullerene derivatives such as 

dendrimers and polymers and chemically modifying them by adding hydrophilic 

functional groups like polyhydroxylation, amination, carboxylation, and ligands such as 

amphiphilic polymers. Appropriately functionalised fullerenes can cross biological 

barriers via endocytosis, achieve endosomal escape, and even cross cell membranes117-

119. These structural characteristics make fullerenes promising nanoplatforms capable of 

combining multiple therapeutic strategies, thereby enhancing selectivity. 

Several attempts have been made to use fullerenes and their derivatives for 

pharmaceutical delivery, including doxorubicin, gemcitabine, paclitaxel, and 

docetaxel120-125. Synthesised complexes have improved the water solubility of these 

drugs, enhanced their adsorption and circulation times, or reduced their side effects. 

Various strategies have been employed to attach drugs to fullerene scaffolds. For instance, 

Shi et al. conjugated a ROS-sensitive thioketal linker with doxorubicin’s amine functional 

group and aminofullerene using NHS/EDC amide coupling reactions. They employed  

an “on-off” strategy for drug release and ROS generation in response to 532 nm laser 

irradiation126. The docetaxel–fullerene complex was obtained through esterification with 

acylated fullerene127. The gemcitabine C60-hexakisadduct was synthesised by Nalepa  

et al., introducing malonyl diglycine to C60 through the Bingel-Hirsch reaction. 

Monoadduct received at the initial stage was attached to the cytosine fragment of 

gemcitabine using an amide coupling reaction128. 

Fullerene functionalisation has a significant influence on size and charge distribution. 

Attaching carboxyl and hydroxyl groups is associated with shifting the zeta potential 

towards highly negative values, while amine functionalisation notably shifts charge 

values towards positive ones. Particles are considered stable in solution when the zeta 

potential is below -30 mV or above +30 mV129-131 . Values in between are associated with 

weak repulsive forces between nanoparticles and an increased tendency to aggregate.  

The positive charge of aminofullerenes is linked to their ultrahigh cellular uptake. It is 
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also noteworthy that the conjugation of the π system of the carbon cage is better preserved 

in aminofullerenes compared to their hydroxylated analogues due to fewer substituents132. 

Aminofullerenes as erlotinib carriers 

EGFR (epidermal growth factor receptor) belongs to the family of tyrosine receptor 

kinases and plays a crucial role in various cellular processes such as cell growth, division, 

and survival133,134. EGFR is frequently overexpressed in pancreatic cancer, contributing 

to its aggressive and treatment-resistant nature. Binding specific growth factors to EGFR 

triggers cellular events promoting cancer cell growth and survival. Several downstream 

signalling pathways, including Ras/MAPK and PI3K/Akt, are activated in response. 

EGFR dysregulation in pancreatic cancer makes it a promising target for therapy. 

Research on specific kinase inhibitors has led to several FDA-approved drugs, including 

erlotinib. 

Erlotinib, approved in 2016 for pancreatic cancer treatment, is a first-generation EGFR 

kinase inhibitor135,136. It reversibly binds the ATP-binding pocket of the EGFR kinase 

domain, preventing ATP binding and thereby potentially reducing tumour growth and 

slowing pancreatic cancer progression. Additionally, erlotinib may enhance the 

effectiveness of chemotherapy, particularly when combined with gemcitabine. However, 

a limitation of erlotinib therapy is the development of cancer cell resistance, often due to 

mutations in the ATP-binding pocket, such as threonine-to-methionine substitutions, 

observed in 50% of cases137. 

Attaching drugs to nanocarriers must maintain their chemical activity. Therefore, 

strategic functional groups should remain intact. Erlotinib targets the hydrophobic ATP-

binding pockets, stabilizing inhibitor binding through hydrophobic, hydrogen bonding, 

and π-π stacking interactions of aromatic rings, which are crucial138. Erlotinib offers two 

strategic points for structural modification and carrier connection: the amine group, 

facilitating hydrogen atom substitution, and the triple bond suitable for Sonogashira or 

“click” chemistry. Various synthetic approaches aim to overcome erlotinib resistance. For 

instance, ferrocenyl-erlotinib derivatives synthesised via “click” chemistry were tested 

against both erlotinib-sensitive and resistant NSCLC cells (A549, H1395, H1975, 
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H1650)138. Docking studies showed that the modified drug binds to EGFR, forming  

a conformation similar to unmodified particles. Additionally, the number of carbons in 

the ferrocene-triazole bridge is significant. Modified particles can generate ROS, which, 

according to Biegański et al., makes their anticancer activity superior to erlotinib. Zhao 

et al. and Ravindra et al. designed erlotinib derivatives with photosensitisers obtained 

through “click” and Sonogashira reactions for PDT-mediated therapy. A phthalocyanine 

analogue was obtained by addition to the amine group of the erlotinib moiety. Molecular 

docking calculations indicate that these modifications have a negligible effect on the 

erlotinib’s binding affinity139,140.  

Click chemistry is widely used in medicine due to the crucial role of ligand chemistry in 

nanotechnology. Linkers are used to conjugate medicine to the photoactive agent and 

attach or load medicine to its vehicle. Nanotherapeutic systems are often labelled with 

probes for biodistribution evaluation. Click reactions can be conducted in water, in mild 

conditions, so fragile molecule structures are unaffected141.  

The CuI-catalysed Huisgen 1,3-dipolar cycloaddition of azides and terminal alkynes to 

form 1,2,3-triazoles is the model example of a click reaction. This reaction exclusively 

forms 1,4-substituted products, making it regiospecific. It does not require temperature 

alterations and can be performed in various solvents with a wide range of pH values. Both 

primary, secondary, tertiary, and aromatic azides can be involved in this reaction. 

Tolerance for variations in the acetylene component is also exceptional141-143. The 

reaction is independent of steric factors, occurs rapidly, and processing is usually based 

on filtration. Triazole ring unit is non-toxic and stable in a biological environment. 

Moreover, it binds the molecular targets easily through hydrogen bonds and co-dipole 

interactions. In the case of triazole erlotinib derivatives, a molecular docking study 

reveals additional cationic - π stacking interactions between triazole ring and ATP binding 

pocket amino acids residues138.   
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Fig. 7. Copper catalysed click reaction mechanism 144. 

 

Aminofullerenes for siRNA tranfection 

RNA interference (RNAi) is a regulatory mechanism found in most eukaryotic cells, 

using small, double-stranded RNA molecules to control gene activity at the 

transcriptional level145-148. This process silences genes involved in cancerogenesis  

or disease processes by introducing suitably modified siRNA (short interfering RNA), 

typically about 20-25 nucleotides long, allowing precise gene expression control.  

The enzymatic machinery involves the Dicer protein, which has endonuclease activity, 

and the RNA-induced silencing complex (RISC). Exogenous siRNA is directly loaded 

onto the RISC complex, where its antisense strand recognizes complementary mRNA. 

Upon binding, the mRNA is cleaved into fragments by the Ago-2 protein, the catalytic 

centre of RISC, leading to silencing of the targeted gene expression. 

RNAi has emerged as a powerful tool in gene therapy, expanding the targeting potential 

to include “undruggable proteins” that lack suitable docking sites for small-molecule 
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drugs.149 The FDA has approved five siRNA-based agents to this date. Patisiran, the first 

siRNA drug approved, is a liposomal nanoparticle formulation targeting transthyretin for 

amyloid polyneuropathy. The other four agents utilize siRNA bioconjugates, such as  

N-acetyl galactosamine (GalNac siRNA), which binds to the asialoglycoprotein receptor 

(ASGPR) expressed on hepatocytes150. Therefore, drugs like Givosiran, Lumasiran, and 

Inclisiran are used for treating acute hepatic porphyria and other liver-related disorders. 

GalNac is currently the leading conjugated vector in this field151. 

siRNA can be engineered to directly target dominant oncogenes involved in 

cancerogenesis, such as KRAS mutants, currently in clinical trials152. For instance, G12D 

siRNA is formulated in biodegradable polymer matrices to prolong local release time. 

Research on advanced pancreatic cancer patients involves combining it with gemcitabine 

and paclitaxel-based chemotherapy153. Effective use siRNA in cancer pharmacology 

requires suitable vectors that safely deliver siRNA to target sites. Under physiological 

conditions, siRNA is unstable and susceptible to degradation by endonucleases.  

Its negative charge and hydrophobic nature prevent it from crossing biological 

membranes, which further worsening its pharmacokinetics. Various solutions have been 

developed to facilitate siRNA distribution, with aminofullerenes emerging as a promising 

alternative154-157. Their positive charge allows for stable complex formation with 

negatively charged siRNA. The binding affinity of siRNA is influenced by factors such 

as the ratio of terminal amines to phosphate groups. Higher aminofullerene ratios enhance 

binding potential but may also promote aggregation. Tested siRNA-fullerene complexes 

typically maintain an aminofullerene to base ratio of around twenty. The R-value, 

calculated by dividing the nitrogen-to-phosphorus ratio by two, affects their stability and 

aggregation propensity. 

Fullerenes are preferred over nanolipids due to their lower toxicity and higher 

hydrophilicity, enabling stable complex formation and better nuclease protection158,159. 

Their amphiphilic nature makes them effective delivery vectors for lung tissue as they are 

less prone to interact with erythrocytes, which, in the case of liposomes, can induce toxic 

effects160. Studies by Minami et al. suggest that fullerene particles can aggregate with 

genetic material, forming globular structures similar to histone proteins. Aminofullerene 

complexes of the Minami team with an N/P ratio of 20 remained stable in buffer solutions 
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for up to 6 hours, indicating their potential in gene therapy. In vivo biodistribution studies 

of TPFE-siRNA complexes show accumulation in lung tissue, followed by complete 

clearance within 24 hours after successful gene silencing. Released siRNA binds to RISC 

instantly, initiating gene knockdown, while residual fullerene is cleared due to its smaller 

diameter159. Recently, light-induced controllable ROS production siRNA-amino fullerene 

complexes have been developed to enhance lysosomal escape. Although the cationic 

character of nanoparticles induces a proton sponge effect, which leads to lysozyme 

membrane rupture, the process is not fully controlled. Wang et al. designed a system in 

which aminofullerenes generate ROS upon visible light irradiation. This process enables 

endosomal escape without damaging genetic material, thereby achieving higher 

transfection efficacy both in vitro and in vivo117. 
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The aim of the project 

 

My research work mainly concerns the synthesis of water-soluble fullerene nanomaterials 

and their further functionalisation to enable applications depicted below:  

 

Fig. 9. 1 - (blue box) - photosensitisers in photodynamic therapy, 2 - (green box) - siRNA 

transfection vectors, 3 - (yellow box) – fullerenes for in vivo bioorthogonal click and 

visualisation in cancer cells, 4 - (orange box) - BTK protein inhibitors, 5 - (grey box) 

fullerene-protein interaction review, 6 - (red box) - fullerenes as theranostic erlotinib 

delivery system.  

The goal was to develop fullerene materials suitable for theranostic applications, enabling 

simultaneous use in multiple therapeutic techniques. This included determining the PDT 

potential of fullerene derivatives, presenting their siRNA and drug delivery capabilities, 

and evaluating their imaging potential. Additionally, interactions with selected proteins 

of the fullerene derivative itself were assessed. 
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The objectives also included: 

• Optimising conditions for synthesising mono- and hexakis-fullerene C60 adducts 

and malonic acid derivatives to obtain water-soluble materials. 

• Covalently attaching the EGFR inhibitor; erlotinib to the fullerene core. 

• Conducting a comprehensive physicochemical characterization of the obtained 

adducts. 

• Determining the in vitro cytotoxicity of fullerene nanomaterials. 

• Evaluating their behaviour in cells, including their ability to cross cell membranes, 

their aggregation under physiological conditions, and their colocalization within 

cell organelles or structures. 

• Assessing the efficacy of their therapeutic effects, imaging capabilities, and 

interactions with particular proteins on in vitro model using cancer cell lines. 

• Expanding the knowledge about these nanoparticles to evaluate their therapeutic 

potential. 

 

All biological experiments were conducted in cooperation. In particular 

colocalization studies, cellular activity and cytotoxicity in vitro. Cell lines were 

assessed by the group of Professor Anna Mrozek-Wilczkiewicz. The collaboration 

in the area of ROS detection was implemented with the group of Professor 

Tadeusz Sarna, siRNA transfection experiments were conducted by dr Monika 

Rak, the group of Professor Calvaresi from Bologna performed in silico studies, 

and Professor Magdalena Rost-Roszkowska evaluated in vivo cytotoxicity on 

Drosophila Melangoster model. The relaxation times of gadolinium fullerene 

derivatives were estimated by Fernando Herranz research team from Madrid. 

 

 

 

 

 



36 
 
 

 

Publication overview 

 

My research was published in several following articles: 

 

1. Serda M., Szewczyk G., Krzysztyńska-Kuleta O., Korzuch J., Dulski M., Musioł, 

R., Sarna T., (2020) Developing [60]fullerene nanomaterials for better 

photodynamic treatment of non-melanoma skin cancer, ACS Biomaterials Science 

& Engineering, 6, 5930-5940. 

 

2. Korzuch J., Rak M., Balin K., Zubko M., Głowacka E., Dulski M., Musioł R., 

Madeja Z., Serda M., (2021) Towards water-soluble [60]fullerenes for efficient 

siRNA delivery in a prostate cancer model, Scientific Reports, 11, 10565. 

 

3. Serda M., Malarz K., Korzuch J., Szubka M., Zubko M., Musioł R. (2022) In situ 

cellular localization of non-fluorescent [60]fullerene nanomaterial in MCF-7 

breast cancer cells, Biomaterials Science and Engeneering, 8, 3450–3462. 

 

4. Malarz K, Korzuch J, Marforio TD, Balin K, Calvaresi M, Mrozek-Wilczkiewicz 

A, Musioł R, Serda M., (2023) Identification and Biological Evaluation of a 

Water-Soluble Fullerene Nanomaterial as BTK Kinase Inhibitor, Int J 

Nanomedicine, 18:1709-1724. 

 

5. Serda M, Korzuch J, Dreszer D, Krzykawska-Serda M, Musioł R., (2023) 

Interactions between modified fullerenes and proteins in cancer nanotechnology, 

Drug Discovery Today, (9):103704.  

 

6. Malarz K, Korzuch J, Mrozek-Wilczkiewicz A, Szubka M, Rurka P, Małota K, 

Herraiz A, Dreszer D, Kocot K, Herranz F, Rost-Roszkowska M, Sun T, Musioł 

R, Serda M., (2025) Aminofullerenes as targeted inhibitors of EGFR: from 

pancreatic cancer inhibitors to Drosophila m. Toxicology, Nanomedicine (Lond) 

20(6):585-601.  



37 
 
 

 

Bingel-Hirsch reaction  

As mentioned before, the essential issue in medical chemistry is receiving a pure, mono-

isomeric reaction product since a regioisomeric mixture can result in different biological 

responses. By using the optimised, time-controlled Bingel-Hirsch reaction protocol, the 

pure one isomeric mono- and hexakis-fullerene adducts were obtained. 

According to the literature methodology, toluene or 1,4-dichlorobenzene are typically 

used as reaction solvents. Superbase as 1,8-Diazabicyclo[5.4.0]undec-7-e (DBU), a non-

nucleophilic reagent capable of detaching the proton from bromomalonic acid without 

participating in nucleophilic side reactions, facilitates the process86. To obtain 

monoadduct, the ratio of particular reagents C60/malonate/DBU/carbon tetrabromide 

(CBr4) should stand at 1/1,25/1,25/2 equivalents. The reaction runs at room temperature 

for about 12 hours. Studies have also been conducted with iodine (I2) as a halogenic 

agent85. Finally, toluene as a reaction solvent was used due to its easier evaporation than 

1,4-dichlorobenzene. The iodine as halogenic agent generates multiple by-products, 

which impair the purification process; therefore, CBr4 was used. 

After dissolving C60 in toluene, the flask was placed inside an ultrasonic bath for 20 

minutes to minimise aggregation phenomena. The malonates and CBr4, and also DBU 

separately, were dissolved in a small amount of dichloromethane before being added to 

the mixture. The reaction was time-controlled by every hour of TLC analysis. When a 

higher adduct signal appeared, the reaction was terminated. According to our 

experiments, the 3-hour procedure was sufficient to obtain monoadduct. The mixture 

purification included removing unreacted C60 with toluene flush on the Buchner tunnel 

packed with silica gel (silica plug). It was easy to observe the progress of the purification 

process due to the characteristic purple colour of C60 fullerene. The product remaining on 

the top of the silica was eluted with DCM. Despite TLC control, optionally formed 

bisadducts were removed using column chromatography. A larger number of malonate 

groups increases particle polarity and their retention time on silica gel. To limit the 

polydispersity of fullerene aggregates, larger clusters were removed using centrifugal 

membranes with 1 kDa filters. 
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The further optimisations of monoadduct synthesis, which have not yet been published, 

were directed towards water-free conditions. The glass used in the reaction was heated 

prior to the reaction to remove the water residual, the toluene was freshly dried, and the 

inert atmosphere was applied. Firstly, the Bingel-Hirsch reaction with iodine was 

evaluated at different times and temperatures. The best results for the reaction were 

obtained at 0 oC for 4 hours. The unreacted C60 and iodine were removed on the Buchner 

tunnel flush. Next, the three-step extraction procedure using Na2SiO3, 1M HCl and brine 

was utilised to remove the iodine residual and unreacted substrates. The pure final product 

was the first fraction collected from the column chromatography. Higher yields have been 

observed for the reaction using CBr4 when water-free conditions and room temperature 

were applied. The extraction was reduced to two steps with HCl and brine. The applied 

procedure gives up to 15% higher final yields of fullerene monoadducts. 

Hexakisadduct can be received in one step during a longer reaction time and the higher 

reagents ratio, counting 1/12/12/20 eq. In our studies, we used a two-step reaction version 

where the monoadduct undergoes subsequent Bingel-Hirsch reaction due to addition of 

different malonates. Double cyclopropanation ensured higher yields of the final 

hexakisadduct, which is related to better reactivity of [60]fullerene monoadduct 

compared to unmodified C60. Therefore, this reaction protocol was also applied for 

uniform (with only one kind of malonate derivative) hexakisadducts. 

The significant advantage of this part of synthetic works is clarity of isomers 

identification by 13C NMR spectroscopy. For monoadducts with Cv symmetry, 16 signals 

of sp2 carbon atoms are observed between 120 ppm and 150 ppm, and one signal of sp3 

carbon from the cyclopropane bridge is observed at 70 ppm. High symmetry (Th) of 

hexakisadduct reduces the signal number to three, with two sp2 signals between 150-135 

ppm and one sp3 at 70 ppm. 
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Fig.10. Illustrative spectra of monoadduct of C60 fullerene 

 

Fig. 11. Illustrative spectra of fullerene C60 hexakisadduct.  
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Modifications of malonic acid and malonic acid esters 

The primary substrates for the Bingel-Hirsch reaction are malonates. The initial step in 

synthesising fullerene derivatives through this method involves attaching the desired 

functional groups to malonic acid or malonic acid esters, which can be further modified. 

These basic malonate modifications are commonly employed in nearly all the 

publications mentioned above and are, therefore, central to the overall process. Below, 

the approaches for synthesising malonate derivatives, which will serve as intermediates 

in further reactions, are presented. 

Malonic acid derivatives were obtained using followed reactions: 

1. Carbodiimide coupling (DCC, DIC, EDC) 

2. Amidation with malonyl dichlorides 

3. Reaction of dimethyl malonate with amines 

4. Esterification catalysed by para-toulenosulfonic acid 

Carbodiimides represent a widely adopted and versatile method for crosslinking 

carboxylic acids. Among the most frequently used carbodiimides are the water-soluble 

EDC, suitable for aqueous crosslinking as previously discussed, and the water-insoluble 

N,N’-dicyclohexylcarbodiimide (DCC) or N,N’-diisopropylcarbodiimide (DIC), 

preferred for non-aqueous organic synthesis techniques. Amidation or esterification 

reactions utilising these compounds are straightforward, proceeding rapidly under mild 

conditions at room temperature, and applicable to a diverse range of carboxylic acids, 

amines, and alcohols. Carbodiimides contain two nitrogen atoms, which are weakly 

alkaline and enable them to react with carboxylic acid and form unstable O-acylisourea. 

This intermediate is very reactive and instantly undergoes aminolysis in the presence of 

primary amine. The most common side reactions involve the cyclisation of intermediate 

to give oxazolone or the formation of N-acylurea, which can pose challenges for removal 

in certain solvents. N-acylurea is a stable form of carboxylic acid, and the rate of this 

irreversible reaction depends on the type of solvent - it undergoes faster in DMF and 

slower in DCM161. To avoid this process, the stabilisers of the O-acylisourea intermediate, 

such as NHS (N-hydroxysuccinimide) and HoBt (1-hydroxybenzotriazole), are used. 

They suppress the formation of N-acylurea by protonating the O-acylisourea, thereby 
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preventing intramolecular reaction and shifting the reaction towards the formation of 

active esters. The last undesirable possibility involves the reaction of O-acylisourea with 

another carboxyl group in case of excess carboxylic acid. In brief, carbodiimide activates 

the carboxyl group by creating an intermediate that is more prone to nucleophilic attack 

and can be stabilised by 1-hydroxybenzotriazole or N-hydroxysuccinimide to avoid 

undesired products and lower yields162,163.   

The amide coupling using EDC/NHS (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride/ N-hydroxysuccinimide) is a straightforward method performed between 

primary amines and carboxylic acids, applicable at physiological pH. This carboxyl-to-

amine crosslinking is commonly used for peptide and protein conjugation, covalent 

binding to surface materials or carriers, labelling amines with carboxylic ligands, and vice 

versa. It serves as a robust appliance in nanoparticle engineering. The reaction mechanism 

involves EDC activating carboxylic acid groups to form an unstable O-acylisourea 

intermediate in aqueous solutions. NHS enhances reaction efficiency by coupling to the 

EDC carboxyl intermediate and forming an amino-reactive NHS ester163-167. 

 

Fig. 12. EDC/NHS amide coupling mechanism. 

In organic solvents, the counterpart of this reaction is DCC or DIC coupling, where 

carbodiimide attacks the carboxylic group to render it a good leaving group, quickly 

displaced by primary amines in nucleophilic substitution reactions. The reaction 
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processing typically involves only filtration to remove urea and other by-products. The 

traces of DCC urea are more challenging to remove162,163,168.  

 

 

Fig. 13. Mechanism of DCC coupling. 

If residual urea can be effectively removed via filtration, a carbodiimide coupling reaction 

was employed (Articles 2 and 3); otherwise, an alternative method was selected. To 

obtain the best possible yields, the reactions were run at -10 oC to prevent the 

decomposition of DCC or DIC and provide better reaction control. For Boc-protected 

aminomalonate and diserinolmalonate, Reaction 2 proved optimal due to straightforward 

purification: the final product precipitated within days, followed by filtration and 

crystallisation to acquire a pure malonate derivative (Articles 2 and 3). Amidation with 

malonic acid chlorides necessitates harsher conditions; however, for diglycine malonate, 

which yields poorly via acylation and exhibits similar solubility to DCC urea, it represents 

the most efficient approach (Article 4). Esterification catalysed by para-toluenesulfonic 

acid was utilised for triple-bonded malonate, generating the highest purity and yield 

(Article 3). Extraction of the organic phase with a sodium hydrogen carbonate (NaHCO3) 

solution removes residual malonic acid or its mono-substituted ester. For double-

substituted derivatives (excluding Reaction 2), column chromatography was required to 

eliminate trace amounts of mono-substituted compounds. 
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The products structures were confirmed and characterized by 1H NMR, 13C NMR and 

UV-VIS spectra. FT-IR and X-ray photoelectron spectroscopy (XPS) proved the presence 

of characteristic functional groups. These analytical methods were used to characterise 

both malonic acid derivatives and the final fullerene adducts. MALDI-TOF spectrometry 

was utilised for the water-insoluble fullerene monoadducts, while ESI-MS was employed 

for the final water-soluble products. Particle size measurements for all fullerene 

nanomaterials were conducted using Dynamic Light Scattering (DLS) and Transmission 

Electron Microscopy (TEM). Additionally, zeta potential was determinate for all final 

fullerene adducts. 

 

Commentary on published results 

In our studies, the predominant focus was on describing aminofullerenes. As mentioned, 

fullerene particles decorated with amine functional groups are known for excellent 

solubility and ultra-high cellular uptake since cationic nanoparticles have a better affinity 

for anionic residues on the cell surface. The colocalization studies of some 

aminofullerenes derivatives indicate lysosomes and mitochondria as their main sites of 

accumulation in cells. In physiological pH, functional amine groups are typically 

protonated. The positive charge of amines enables electrostatic interactions with various 

targets and increases the particle zeta potential, implying better particle stability. It is 

known that many substituents change the electronic properties of fullerenes due to the 

disturbance of the π-electronic system. However, the aggregation phenomena, which also 

impair PDT efficacy, could be reduced by the electrostatic repulsions of the positively 

charged amine groups.  

 

In the first work (Article 1), water-soluble fullerenes were synthesised and studied for 

PDT applications against squamous skin carcinoma. Their effectiveness in ROS 

generation and lipid oxidation was compared to glycofullerenes previously described by 

Serda et al.169. As fullerenes are prone to interact with serum albumin and others protein 

in physiological environments, a protein corona is formed on the fullerene surface. The 

generation of singlet oxygen and anionic superoxide radicals was tested in the presence 
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of bovine serum albumin. Similar studies have been performed before for tris-malonic 

acid C60 complexed with human serum albumin, where HSA significantly shortened the 

triplet state lifetime170. 

The synthetic part required obtaining amino derivatives of malonic acid and their 

incorporation into the C60 core using a two-step Bingel-Hirsch reaction. Aminomalonate 

was obtained by the malonic acid methyl ester reaction with ethylenediamine (EDA), 

which was previously protected on one side with a trityl group to avoid nucleophilic 

addition to the fullerene double bonds. Next, the fullerene mono- and hexakisadducts 

were obtained using the Bingel-Hirsch approach, followed by hydrolytic removal of the 

protecting groups (fig. 13). 

 

Fig. 14. The synthetic route for monoamino-C60 and hexakisamino-C60 from Article 1. 

 

All four fullerenes, including glucosaminofullerenes, exhibit photoactive potential. The 

formation of singlet oxygen was confirmed by measuring the phosphorescence of 1O2 at  
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1270 nm. The quantum yield of photogeneration was low, around 0.1 for hexakisamino- 

C60 and 0.062 for monoamino- C60.These results differ from Bingel-type malonic acid and 

malonic acid ester fullerene adducts, where the quantum yield of singlet oxygen 

production decreases as the number of addends increases. The lower quantum yield for 

monoamino-C60 can be related to the formation of larger aggregates (345 nm) while 

hexakisamino-C60 forms smaller clusters (99 nm). Although complexation with albumin 

usually reduces the ability of singlet oxygen photogeneration, in the case of 

hexakisamino-C60, the formation of 1O2 was increased. Since this dependency was not 

observed for the other three derivatives, it might be related to different binding modes of 

BSA. The type I PDT reaction was also confirmed by EPR spin trapping. According to 

the literature, type II photodynamic reactions prevailed. Cholesterol peroxidation studies 

confirm singlet oxygen as the main perpetrator. Protein oxidation was also confirmed. 

Biological studies determined that hexakisamino-C60 decreases cell viability by 20%. 

Both biological and physical studies were performed in cooperation. 

 

The same hexakisamino fullerene was tested as a siRNA vector in companion with a new  

D-glucosamine fullerene (Article 2). As mentioned before, positively charged 

aminofullerenes form electrostatic complexes with the negatively charged phosphate 

groups of genetic material. Cationic fullerene hexakisadducts have already been used as 

DNA transfection agents for in vitro studies, whereas siRNA transfection using fullerenes 

has only been reported for the tetra(piperazino)fullerene171,159. The D-glucosamine 

moiety was selected based on the premise that the sugar fragment enhances interactions 

with nucleic acids in chitosan-based transfection agents172. Additionally, sugar moiety 

may increase particle uptake by neoplastic cells. According to the observation of 

Warburg173, cancer cells display an elevated rate of glycolysis and, for this purpose, 

absorb substantial amounts of glucose. Glucose transporter 1 (GLUT1) is a receptor 

overexpressed in a broad spectrum of cancers and has become a target for the third 

generation of photosensitisers174. Serda et al. determined that another sugar fullerene 

analogue, SweetC60, mainly accumulates in the nucleus of stellate cells, which confirms 

good penetrability of the barrier175. Otake et al. previously developed glycoconjugate 

fullerenes as promising PDT agents. D-glucose was attached to the fullerene double bonds 
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via nucleophilic addition. They assumed that glycofullerenes might produce a more 

significant effect than porphyrin derivatives due to their lower phosphorescence and 

fluorescence, which allows for more efficient energy transfer to oxygen176. Serda et al. 

determined that another sugar analogue, SweetC60 reveals no toxicity in the dark and is 

photoactive while illuminated with blue and green light175. Considering these literature 

reports, synthesised fullerene siRNA vectors may simultaneously be used in 

photodynamic therapy and, in the case of JK39, utilize a higher affinity of sugar moiety 

towards cancer cells. 

The synthesis of new fullerene nanomaterial is presented in Fig15. The coupling between 

sugar glucosamine and malonate mono ethyl ester was performed via DIC/HoBt coupling. 

The HexakisaminoC60 synthetic route was similar as in the first article, with one 

exception. The trityl protecting group was replaced with tert-butyloxycarbonyl protection 

which facilitate purification of obtained malonate. After the Bingel-Hirsch reactions and 

hydrolysis, the cationic fullerene nanomaterials were obtained. The measure of effective 

fullerene-siRNA complexation is an alteration in fullerene zeta potential, which decreases 

after ribonucleic acid conjugation. In comparison to HexakisaminoC60 (from +28,6 mV 

to +19,1 mV after siRNA binding), the high positive charge of JK39 (form +54 and +90 

mV to + 32,7 mV) resulted in strong binding to the siRNA particle, impeding cargo 

release inside the cell. The transfection efficacy was evaluated on prostate cancer cell 

lines DU145 encoding the EGFP protein. This model allowed the process validation by 

observing the fluorescence loss using fluorescence microscopy. The studies imply that 

hexakisamino-C60 decreases the fluorescence signal by around 50%. Both 

HexakisaminoC60 and JK39 exhibit PDT potential and can be further functionalised. All 

biological experiments were conducted by Dr. Monika Rak from Jagiellonian University.  
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Fig. 15. JK39 synthesis route (Article 2). For HexakisaminoC60, trityl protection was 

replaced by tert-butyloxycarbonyl (Boc) group. The reaction work-up was more 

straightforward, and the final product yield was higher. D-glucosamine malonic acid ester 

was obtained in DIC/HoBt amide coupling.  
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Considering fullerenes as theranostic nanoparticles, their visualisation in vivo is a crucial 

issue. As mentioned, gadolinium fullerene NPs are allowed to be monitored by MRI, but 

C60 and C70 particles must be adequately functionalised. Several approaches have been 

evaluated to allow fullerene tracking inside living systems, including complexation with 

fluorophores, labelling with fluorescent moieties or using fullerene antibody177,178. Even 

conjugation with medicine (e.g. fluorescent DOX) is sufficient to obtain a complex that 

can be visualised179. Li et al. tracked the pharmacokinetics of 64Cu-labelled fullerenes in 

vivo on the standard mouse model using PET/CT tomography180. However, every 

functionalisation influences nanoparticle properties and behaviour in a physiological 

environment. The biorthogonal click chemistry allowed molecules to remain untouched 

when introducing to living systems and perform fluorescing after conjugation with a 

specific ligand. The non-fluorescent nature of both substrates is favourable as it does not 

require the clearance of unreacted particles. 

Using bioorthogonal chemistry, we developed a simple method for in situ visualisation of 

water-soluble TBC60ser derivative (Article 3). The synthetic route was in line with the 

synthetic scheme used before. The malonate derivatives were obtained in esterification 

catalysed by para-toluenesulfonic acid (A – fig.14) and nucleophilic substitution of 

malonic acid methyl ester (B - fig. 14). Triple bond malonate and serinol malonate were 

attached to the fullerene core by a double-step Bingel-Hirsch reaction. 

 

 

 

Fig. 16. Malonate derivative (from Article 3) synthesis scheme. 
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Further functionalisation was achieved using “click” copper-catalysed 1,4-Huisgen 

cycloaddition between the triple bond of the fullerene derivative and the azide group of 

non-fluorescent 3-azido hydroxycoumarin, as well as commercially available fluorescent 

azido-SC5 as a control. The project aimed to carry out the reaction in cells, where two 

non-fluorescent substrates would form a fluorescent fullerene triazole and determine their 

cellular localisation. 

 

 

 

Fig. 17. The fullerene nanomaterials for cellular imaging (Article 3) 

 

The final in vitro experiment was conducted in MCF-7 breast cancer cells. All 

compounds, including copper sulphate (CuSO4), were used in non-toxic concentrations. 

The in situ click was successful. Colocalisation studies indicate lysosomes as the primary 

accumulation site, with low affinity observed for mitochondria, consistent with studies 

on other fullerene derivatives181,182. Attempts were also made with an azide fullerene 

derivative, but it did not penetrate the cell membrane and remained in the medium. This 

remains a puzzle for me as the amphiphilic character of fullerene derivatives, especially 

containing cationic amino groups, has been sufficient before passing the biological 

barriers (e.g., HexakisaminoC60). The azide functional group used in biorthogonal click 

is indifferent to biomolecules and should not interfere with this process. 
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Fig. 18. The azidoaminofullere structure 

 

The fullerene-protein interaction, introduced in previous chapters, plays a crucial role in 

the behaviour of fullerenes within biological systems. These interactions define both the 

potential and limitations of fullerenes. Their inherent activity makes them exceptional 

nanomaterials, serving not only in drug delivery and photodynamic functions but also as 

potential drug candidates targeting specific proteins directly through carbon shell. This 

capability may enhance their therapeutic profile, although it complicates their 

pharmacokinetic characteristics. Interactions with serum proteins also influence their fate 

inside the living systems. The phenomenon of protein adsorption onto nanoparticle 

surfaces is referred to as protein corona formation. 

In three of my works, the topic of fullerene-protein interactions is explored. One of these 

is a review article which introduces this subject and will be discussed first. 

Our review (Article 5), which compiles knowledge from the past thirteen years, provides 

a comprehensive overview of fullerene-protein interactions, including: 

• How protein adsorption onto the fullerene surface influences their behaviour in 

biological fluids, and how complexation with specific proteins can improve 

bioavailability while maintaining desired properties. 

• The potential for direct inhibition of cancer-related proteins. 
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It is widely recognized that when nanoparticles enter a biological environment, 

biomolecules like proteins, sugars, and lipids immediately form a surrounding layer. This 

biomolecular shell, primarily composed of proteins, is difficult to predict and evolves 

over time, which can lead to misinterpretations of nanoparticle behaviour and alter their 

biological activity. The formation of a protein corona can induce aggregation, reduce 

stability, interfere with molecular targets, or cause a complete loss of specificity. It can 

also affect cellular uptake and phagocyte recognition, potentially leading to faster 

clearance from the system. However, the adsorbed shell may also benefit by increasing 

bioavailability and reducing nanoparticle toxicity. Efforts to control this phenomenon 

have included nanoparticle surface modifications, such as polymeric or zwitterionic 

coatings, to reduce the randomness of biomolecule adsorption183-187. 

Despite these exertions, the wide variety of factors influencing the composition of 

absorbed biomolecules complicates the development of a consistent solution. To date, the 

only study investigating protein corona formation on fullerene surfaces was conducted by 

Wu et al.188 Their research confirmed that protein adsorption induced aggregation, 

although no changes in protein charge were observed after binding to C60. However, the 

secondary structure of the proteins was altered. Given the challenges in controlling the 

association of proteins with fullerene cages, the solution proposed by the Calvaresi 

research team remains a promising alternative189,190. As discussed in the previous 

chapters, their approach effectively addresses the issue of random protein organization. 

Fullerene “buckyballs” specifically interact with proteins’ binding pockets through guest-

host interactions, in which the protein binds the hydrophobic fullerene scaffold via π-π 

stacking, hydrophobic interactions, surfactant-like behaviour, or charge-π interactions. 

This complex prevents fullerene aggregation, enhances solubility in biological fluids, 

preserves its electronic properties, and prevents the excited state from being deactivated 

by its surroundings. It is a significant step towards using fullerenes as photosynthesisers 

in PDT. In articles by di Giosia et al., fullerene-protein complexes have already been 

studied for these applications111,182,191. Calvaressi and colleagues also created a Protein 

Database, where proteins that potentially may interact with fullerenes are identified based 

on a developed algorithm that quantitively evaluates interactions between these 

particles190. 
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Dozens of studies have described the interaction of fullerene buckyballs with cancer-

related proteins. The mechanism of action has been deeply analysed in literature only for 

certain enzymes and proteins, such as matrix metalloproteinases 9/2192,193, myosin heavy 

chain (MYH-9)194, hypoxia-inducible factor (HIF-1α), metastasis-associated protein 1 

(MTA1), histone deacetylase 1 (HDAC1)195, F-actin, G-actin196,197 and collagen198,199. 

Except for the above proteins, in most cases, studies are limited to determining the 

cytotoxicity of fullerene derivatives. A detailed understanding of these interactions is 

necessary for fullerenes to be effectively used as nanotherapeutic systems. 

Prevalence of the interactions between C60 and functional proteins prompted us to 

evaluate whether similar phenomena will be observed in case of our compounds. Among 

cancer related protein, which are studied for protein interactions significant role is played 

by tyrosine kinases. The analysis of fullerenes-protein interactions with these proteins 

was reviewed in two publications (Article 4 and Article 6). 

We have selected hexakis-diglycinemethanofullerene (HDGF) and tested it against non-

receptor tyrosine kinases, specifically BTK (Bruton’s tyrosine kinase) as published in 

Article 4.  

The inhibition capacity of HDGF was compared to clinically available therapeutics such 

as ibrutinib. The studies conducted by Dr Katarzyna Malarz assessed inhibitory effects 

against a panel of non-receptor tyrosine kinases, including ABL, BRK, BTK, and Src 

family kinases, in both water and culture medium (DMEM), where protein corona 

formation is expected. HDGF demonstrated strong inhibitory capacity against BTK 

kinases; however, significant divergences in activity were observed with other proteins. 

This research confirmed that protein corona significantly influences the activity of 

nanomaterials towards biological targets. 

 

 

Table 1. HDGF inhibitory activity (IC50) against tyrosine kinases (from Article 4) 
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The docking experiments of diglycinefullerene were conducted by the cooperating 

research group from the University of Bologna. In silico studies established that 

negatively charged HDGF binds to the positively charged active site of BTK and 

significantly reduces the availability of Tyr551. As mentioned earlier, phosphorylation of 

tyrosine residues leads to the activation of BTK kinase; therefore, the Tyr551 position is 

crucial for the modulation of BTK activity. HDGF also interacts directly with the catalytic 

residue Arg525 and Cys148, which covalently binds the clinically used BTK inhibitor 

ibrutinib. Cytotoxicity studies performed on RAJI and K526 cells indicated that 

autophagosomes and caspases 3/9 were the main pathways for cell death. High-resolution 

transmission electron microscopy (HR-TEM) and cryogenic transmission electron 

microscopy (cryo-TEM) were used for morphological characterization. 

 

 

 

 

Fig. 19. Synthesis of diglycine malonate and structure of hexakis 

diglycinemethanofullerene (Article 4) 

 

In the next effort, fullerene ornamented with erlotinib was used for the anti-EGRF 

strategy. Erlotinib, as mentioned, is an EGFR kinase inhibitor approved for combination 

therapy towards pancreatic cancer and small cell lung carcinoma. Moreover, the fullerene 
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core was represented by gadolinium fullerene, which exhibited MRI imaging potential. 

The intrinsic Gd@C82 fullerene activity has appeared in several articles over the last few 

years. To my knowledge, hydroxylated and aminated derivatives of Gd@C82 are the best 

described fullerenes for cancer-related protein inhibition72,90,200,201. 

The antineoplastic activity of gadofullerenes includes inhibition of tumour growth, 

invasion and metastasis. Additionally, it was noticed that they could resume blocked 

immune response in the tumour microenvironment by reprograming tumour-associated 

macrophages and suppresses angiogenesis by direct interaction with angiogenic factors 

but may also destroy the existing tumour vasculature under radiofrequency irradiation201-

203. Research findings indicate that Gd@C82 derivatives reduce cell proliferation, reverse 

drug resistance, regulate the cell cycle, and induce apoptosis in cancer cells90,200,204. Some 

studies explain the mechanism of action in detail; in others, it remains unknown. For 

example, Gd@C82(OH)22 was reported to interact with two matrix metalloproteinases, 

MMP9 and MMP2 trough specified bindings192,193,205. In pancreatic cancer, MMPs show 

high expression levels relative to normal cells. MPs initiate an invasion-metastatic 

cascade, but from a broader perspective, they are pathing the way for all six cancer’s 

hallmarks to develop206. Gadofullerenes are also engaged in the degradation of 

extracellular matrix (ECM), which allows cancer cell migration and provides a 

prerequisite to angiogenesis199,207. They also participate in inflammation processes and 

impact Interleukin-6, TMF-α, Notch and other signalling pathways72,90. 

Three-dimensional gadofullerene potential: antineoplastic activity of Gd@C82 particle, 

MRI imaging potential and their specificity towards EGFR-signalling pathway proteins 

was evaluated in Article 6. Using click reaction, tyrosine kinase inhibitor erlotinib was 

attached to gadolinium containing fullerene, C60BUT and C70BUT aminofullerenes, and 

assess the activity of these theranostic nanocomplexes on pancreatic cancer cell lines.  

Using a click chemistry approach, a carboxylic functional group was introduced into the 

erlotinib moiety to obtain substrate for further amide coupling reaction. A click reaction 

was conducted between the terminal triple bound of erlotinib and synthesised earlier (in 

modified Dyke’s procedure) with 2-azidocarboxylic acid. For this purpose, several 

attempts have been made to establish the most preferable reaction conditions. Two 

approaches have been tested: i) with sodium ascorbate and copper sulphate (CuSO4) in 
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water and tert-butanol mixture, and ii) CuI/DIPEA (N,N-Diisopropylethylamine) in 

DMSO. Different reaction times, temperatures and solvents were examined (Fig.19). 

Erlotinib hydrochloride exhibits poor solubility in broad range of organic solvents. 

Finally, the best yield (91%) was obtained at 60 oC with sodium ascorbate and CuSO4 

(H2O/t-BuOH 4:1). 

 

 

 Equivalents Catalytic system Solvent Reaction time Temperature Yield 

i  

1/1/0,1/0,1 

 

CuSO4/sodium 

ascorbate 

 

H2O/t-BuOH 2:1 

H2O/t-BuOH 2:1 

H2O/t-BuOH 4:1 

H2O/t-BuOH 4:1 

1h 40 oC 15% 

48h 40 oC 20% 

48h 50 oC  70% 

48h 60 oC 92% 

ii  

1/1/0,1/0,2 

 

CuI/DIPEA 

DCM 48h 30oC 15% 

DMF 48h 50 oC 20% 

DMSO 48h 50 oC 50% 

 

Fig. 19. The synthesis scheme of ERL-COOH. Table shows evaluation of click reaction.  

 

The amide coupling was performed using one equivalent of EDC/NHS and ERL-COOH 

to achieve a single substitution while maintaining the water solubility and stability of the 

fullerene nanomaterials. Morphological studies included Cryo-TEM, Scanning Electron 

Microscopy (SEM), and additional structure confirmation of Gd@C82EDA-ERL using 

SEM energy-dispersive spectroscopy (EDS) mapping. The PDI factor indicated a narrow 

size distribution of 0.3. 

The toxicological properties of all fullerene nanomaterials were tested in vitro on  

PANC-1, AsPC-1, and PAN02 cancer cells. In vivo studies for the gadofullerene 

nanoconjugate Gd@C82EDA-ERL were performed using a Drosophila Melanogaster 

model. All biological studies were conducted by Dr Katarzyna Malarz from the 
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University of Silesia. The antiproliferative properties of the compounds were evaluated 

in vitro. C60BUT exhibited the highest activity on the erlotinib-resistant PANC-1 cell line 

(IC50 - 16,88 µM) and showed similar biological activity to erlotinib (IC50 - 6,45 µM) in 

AsPC-1 cancer cell lines. Further cellular experiments revealed that the tested fullerene 

nanomaterials could arrest the cell cycle in the G0/G1 phase, as evidenced by changes in 

p27 and cyclin E1 expression. Most importantly, it was shown that the tested fullerene 

nanomaterials inhibited the EGFR signalling pathway by reducing the production of p-

EGFR, p-Akt, PI3K, and Ras proteins. 

 

 

Fig. 20. Schematic presentation of Gd@C82EDA-ERL nanoparticle. 
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Final conclusions 

 

The amphiphilic fullerene derivatives soluble in physiological fluids and exhibiting high 

bioavailability were obtained. It was achieved via series of synthetic works as following: 

• Synthesis of malonate derivatives using optimised reaction conditions, including 

amide coupling, esterification and aminolysis. 

• Synthesis of fullerene mono- and hexakisadducts by using the Bingel-Hirsch 

reaction. 

• Synthesis of ethylenediamine- and butyldiamine-substituted fullerenes, which 

enables further conjugation with erlotinib. 

• Attaching the erlotinib to corresponding aminofullerenes via alkyne fragment, 

using 1,4 - Huisgen cycloaddiction 

Malonate functional groups were selected to enable multiblock nanomaterial engineering. 

The fullerene carbon cage forms the first block, while the second consists of malonate 

functional groups, which can be further modified towards specific applications or 

combined therapy, following the theranostic approach.  

• All obtained structures were confirmed and fully characterised using 1H NMR,  

13C NMR, UV-VIS, FT-IR, XPS, and ESI-MS. It applies to malonate derivatives, 

mono- and hexakisadducts, modified erlotinib and erlotinib-conjugated 

aminofullerenes. Where required the particle size and aggregate forms of the final 

fullerene nanomaterials were analysed using DLS and TEM. Zeta potential 

measurements were used to determine the charge, which changes depending on 

functionalisation.  

• All the synthesised fullerene nanomaterials exist in one isomeric form.  

• All the synthesised nanomaterials can cross the cell membranes (except 

azidoamino-C60 fullerene) and localise primarily in lysosomes, consistent with 

previously published data.  

• In physiological fluids, the obtained fullerene derivatives form spherical or fluffy-

like aggregates with varying polydispersity. 
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• All fullerene derivatives exhibit no cytotoxicity in the dark, which was evaluated 

in vitro and for Gd@C82EDA-ERL also in vivo on the D. Melanogaster model. 

The investigation towards fullerenes’ potential application in anticancer therapies, 

including photodynamic therapy, gene and drug delivery and protein inhibition, yielded 

the following results: 

• Amino and glycofullerenes were confirmed as potential photosynthesisers, being 

non-toxic in the dark and cytotoxic after blue light laser irradiation (weaker effect 

was observed for green light). For HexakisaminoC60, the presence of bovine 

serum albumin increased singlet oxygen production, suggesting that this protein 

may serve as a suitable host and boost the photodynamic effect. 

• The same HexakisaminoC60 passed the green fluorescent protein (GFP) 

fluorescence quenching test, confirming its siRNA transfection efficacy. It forms 

a stable complex with siRNA and effectively delivers and releases it into cancer 

cells in vitro. 

• The in situ click experiment provided a simple method to track fullerene 

nanomaterials within living systems without prior functionalisation, which could 

otherwise alter their pharmacokinetic profile. Fluorescence microscopy identified 

lysosomes as the primary accumulation site.  

The inherent activity of fullerenes toward tyrosine kinases was analysed, leading to the 

following conclusions: 

• The glycine derivative HDGF shows inhibitory potential against the BTK protein. 

The absorbed protein corona has minimal impact on its activity. The molecular 

mechanism suggests that the negatively charged regions of fullerene 

nanomaterials associated with glycine fragments are primarily responsible for 

BTK inactivation. These regions interact with the positively charged ATP-binding 

pocket, thereby blocking BTK autophosphorylation and its subsequent activation. 

• The EGFR inhibition capacity of Gd@C82-ERL and C70BUT was confirmed.  

In the case of C70BUT, its inhibition was comparable to erlotinib, supporting the 

premise of fullerenes’ activity against tyrosine kinases. However, the conjugation 

of erlotinib with Gd@C82EDA reduced its inhibitory effect, despite simulations 
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showing additional interactions between the ATP-binding pocket of the EGFR 

domain and the triazole ring connecting erlotinib to fullerene. The high positive 

charge likely prevented fullerene from approaching the ATP-binding pocket or the 

formation of aggregates limited the accessibility of erlotinib. Further studies are 

needed to better understand the interactions between C70BUT and EGFR. 

Additionally, Gd@C82EDA-ERL exhibited good relaxation times and no 

cytotoxicity in in vivo studies on D. Melanogaster, indicating its potential as  

a theranostic agent. However, functionalisation of fullerene carrier or erlotinib 

conjugation needs to be optimised. 

 

The primary challenges in advancing fullerenes to clinical trials have been their 

insolubility in physiological solvents and their tendency to aggregate. While solubility 

issues have largely been addressed through the chemical modifications discussed in this 

dissertation, aggregation remains a significant hurdle to fully realizing the therapeutic 

potential of fullerenes. Methods employed for solubilization (also in our studies) often 

result in polydisperse aggregates. One promising approach involves using suitable,  

non-toxic carriers, referred to as supramolecular hosts, in which fullerene is complexed 

with host molecules in a 1:1 ratio. 

The research team from Bologna University, which focuses on fullerene-protein guest-

host interactions, has developed solutions to alleviate aggregation. Their approach 

enables the maintenance of the photophysical and photochemical properties of the 

particles while addressing the protein corona issue. However, fullerene functionalisation 

may hinder the selective binding of fullerenes to binding pockets, which limits the 

potential for synthetic modifications. Nevertheless, attaching appropriately sized 

antennae to the fullerene scaffold, extending beyond the protein, may enable fullerene in 

vivo interactions. These findings indicate that such fullerene derivatives preserving their 

unique properties, could enhance drug delivery precision and efficacy by targeting 

specific cellular components. 

The prospects of this research underscore the importance of designing biocompatible 

fullerene-based compounds that not only improve therapeutic targeting but also reduce 

off-target effects. Additionally, by exploring the potential of fullerenes as enzyme 
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inhibitors, I believe my work opens new avenues for developing alternative therapeutic 

strategies at a molecular level to combat resistant cancer cells. Continued exploration in 

this field could ultimately contribute to the broader field of nanomedicine and the 

development of more effective, fine-tuned treatments with applications extending beyond 

oncology. 
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