
Journal of Molecular Liquids 401 (2024) 124702

Available online 9 April 2024
0167-7322/© 2024 Published by Elsevier B.V.

Protective action of water-soluble fullerene adducts on the example of an 
adduct with L-arginine 

Vladimir V. Sharoyko a,b,c,*, Olegi N. Kukaliia a, Diana M. Darvish d, Anatolii A. Meshcheriakov a, 
Gleb O. Iurev a,c,e, Pavel A. Andoskin a, Anastasia V. Penkova b, Sergei V. Ageev a,b, 
Natalia V. Petukhova a, Kirill V. Timoshchuk a, Andrey V. Petrov b, Aleksandr V. Akentev b, 
Dmitry A. Nerukh f, Anton S. Mazur b, Dmitrii N. Maistrenko c, Oleg E. Molchanov c, 
Igor V. Murin b, Konstantin N. Semenov a,b,c,* 

a Pavlov First Saint Petersburg State Medical University, L’va Tolstogo str. 6–8, Saint Petersburg 197022, Russia 
b Institute of Chemistry, Saint Petersburg State University, Universitetskii Pr. 26, Saint Petersburg 198504, Russia 
c A. M. Granov Russian Research Centre for Radiology and Surgical Technologies, Leningradskaya Str. 70, Saint Petersburg 197758, Russia 
d Institute of Cytology of the Russian Academy of Sciences, Tikhoretsky Pr. 4, Saint Petersburg, 194064, Russia 
e Almazov National Medical Research Centre, Akkuratova Str., 2, Saint Petersburg 197341, Russia 
f Aston University, Birmingham, B4 7ET, The United Kingdom   

A R T I C L E  I N F O   

Keywords: 
Fullerene 
Collagen 
Photoprotector 
Radioprotector 
Molecular Dynamics 

A B S T R A C T   

We present radioprotective, antiglycating, and photoprotective properties of a water-soluble C60 fullerene de
rivative with L-arginine (C60-Arg) and composite films based on collagen containing C60-Arg. The synthesis of 
these materials is described. The identification of the synthesised materials was carried out using modern 
physicochemical methods of analysis. The physicochemical properties of aqueous solutions of C60-Arg, such as, 
particle size distribution, zeta potentials, distribution coefficient in the octan-1-ol–water system were measured. 
The computer simulation of the process of C60-Arg association in aqueous and isotonic solutions was carried out 
using Molecular Dynamics. Composite films based on collagen containing C60-Arg demonstrate significant 
improvement in mechanical properties, cell adhesion, and cell proliferation when the nano-modifier is added. 
This shows high potential for the use of the C60-Arg adduct in biomedicine.   

1. Introduction 

One of the most promising areas for the use of fullerenes and their 
derivatives is biology and medicine. This is due to the fact that fullerenes 
are highly reactive due to the presence of double bonds, they demon
strate high antioxidant activity, the ability to penetrate through the lipid 
bilayer, and modulate transmembrane ion transport [1–4]. 

Fullerene solubility is a serious problem, especially in connection 
with its potential applications in medicine. It is practically insoluble in 
an aqueous medium [5,6], due to its high hydrophobicity. However, 
approaches have been developed that allow the synthesis of water- 
soluble fullerene adducts with acceptable solubility of 10–200 
mg•mL− 1 for medical use [1–3,7]. 

Methods of synthesis of water-soluble fullerene adducts are currently 
in high demand, as the adducts have a wide range of biological activity: 

antioxidant [8], antimicrobial [9], membranotropic [10], antiviral 
[11,12], antitumour [13], neuroprotective [14,15], and photodynamic 
[16,17]. They can also act as radioprotectors, as well as inhibitors of 
enzymes and apoptosis (Fig. 1) [1–4,18,19]. Thus, fullerenes and its 
water-soluble adducts (fullerenols, carboxyfullerenes, adducts with 
amino acids) can serve as the basis for creating new high-tech medical 
materials and drugs. For example, it was shown [20,21] that fullerene 
adducts can sterically inhibit the HIV protease by incorporating into the 
active site cavity of the enzyme. 

One of the most studied and promising classes of water-soluble 
fullerene adducts are adducts with amino acids and peptides [22–24]. 
The works [25–30] present approaches to the synthesis of these com
pounds; a fairly large number of publications are devoted to the ther
modynamic properties of their solid phase, the physicochemical 
properties of solutions, and phase equilibria [30–34]. 
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Let us briefly describe the biomedical data on the adducts of light 
fullerenes with amino acids and peptides. In [35,36] the antiviral ac
tivity of C60 fullerene adducts with carnosine dipeptide, as well as so
dium salts of aminobutyric and aminocaproic acids against 
cytomegalovirus infection (CMVI) was studied. It was found that the 
sodium salt of fullerenylaminobutyric acid inhibits the development of 
CMVI five times more effectively than ganciclovir. Khalikov et al. [37] 
studied the antiviral activity of the sodium salts of C60 fullerene adducts 
with amino acids against the H5N1 avian influenza virus on porcine 
embryonic kidney (PEKC) cell line in experiments in vitro. These com
pounds have been shown to be able to inhibit the replication of the 
H5N1 virus. 

Bjelaković et al. [38] compared the antioxidant activity of N- 
substituted fulleropyrrolidines containing a peptide side chain using the 
FOX antioxidant assay. All compounds were shown to have a more 
pronounced antioxidant activity than vitamin C. Li et al. [27] studied the 
photodynamic properties of C60 fullerene adducts with L-phenylalanine 
and glycine on human hepatocarcinoma cell line (SMMC-7721) and 
found that these adducts can be used as photosensitisers for photody
namic therapy of tumour diseases. Hu et al. [28,39,40] studied the 
biological effect of C60 fullerene adducts with β-alanine, L-cystine, and 
glutathione on the rat adrenal medulla pheochromocytoma (PC12) cell 
line. The results of the study showed that fullerene adducts in the con
centration range from 0.5 to 100 μg‧mL− 1 have an antiapoptotic effect 
on PC12 cells under the action of hydrogen peroxide. Hu et al. [41] 
studied the effect of C60 fullerene adducts with folacin and the amino 
acids β-alanine and L-valine on NO-induced apoptosis. The study showed 
that the fullerene adducts with amino acids block membrane lipid 
oxidation and mitochondrial membrane depolarisation, increase the 
activity of SOD, CAT, and GSH-Px enzymes, and thus prevent NO- 
mediated cell death by apoptosis. In the experiments in vitro and in 
vivo, the authors of [42] found that C60 fullerene adducts with various 
amino acids, L-phenylalanine, L-serine, β-alanine, and γ-phenylbutyric 

acid, inhibit the proliferation of glioblastoma cells and reduce the rate of 
their growth on the Danio rerio fish model. It was found that the adduct 
of fullerene C60 with L-phenylalanine inhibits the growth of glioblastoma 
without slowing down the recovery of neurons and without affecting 
neural stem cells. Jiang et al. [26] studied the biological effect of 
fullerene adduct with glycine on the cell lines of cervical cancer (HeLa) 
and mouse osteosarcoma (Lm8). As a result of the studies, it was found 
that the fullerene adduct with glycine upon irradiation (λ = 500–600 
nm) causes dose-dependent death of the Lm8 cell line and induces 
apoptosis in the HeLa cell line. In [43], the biological effect of C60 
fullerene adducts with folacin, L-phenylalanine, and L-arginine on HeLa 
tumour cells was studied. It was shown that when cells were irradiated 
with visible light, there was a decrease in the mitochondrial membrane 
potential, cell viability, activity of the enzyme superoxide dismutase, 
catalase and glutathione peroxidase, which ultimately lead to the acti
vation of caspase-3 and the launch of the apoptosis program. 

In [44] the membranotropic properties of C60-Ala and C60-Ala-Ala 
adducts were studied. These adducts have been shown to enter lipo
somes through the lipid bilayer of membranes. Also, the adducts of 
fullerenes with amino acids are able to carry out active transmembrane 
transport of Co2+ ions, forming complexes with it. 

Thus, the pronounced potential for the use of adducts of light ful
lerenes with amino acids in biomedicine determines the importance of 
developing scalable methods for their production, as well as further 
studies of their physicochemical and biological properties. Another 
topical trend is the use of fullerene adducts as biopolymer nanomodifiers 
to obtain composite materials with unique properties. Such composite 
materials may include materials based on type I collagen, widely used in 
tissue engineering and regenerative medicine [45,46]. Collagen is able 
to have a haemostatic [47,48], wound healing [49], anti-inflammatory 
effects [50,51], and collagen-based materials have high biocompati
bility and low immunogenicity. When developing biocomposites, 
collagen can play the role of a matrix that can hold a nanomodifier that 

Fig. 1. Main biological properties of water-soluble fullerene adducts.  
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provide specific properties to the biocomposite. Such nanomodifiers can 
also be fullerene adducts with amino acids, which can improve the 
physicomechanical and biological properties of collagen. 

This work is devoted to the study of the physicochemical and pro
tective properties of C60-Arg (radioprotective, photoprotective, anti
glycation), as well as the synthesis and biological study of composite 
materials based on collagen. 

2. Experimental part 

2.1. Materials, synthesis and identification of the C60-Arg adduct 

The reagents used for the experiments are presented in Table S1. For 
the synthesis of the C60 fullerene adduct with L-arginine 
(C60(C6H13N4O2)8H8, C60-Arg, Fig. S1), C60 fullerene of 99.95 wt% 
grade purity, produced by ZAO MST Nano (St. Petersburg), L-arginine, 
sodium hydroxide, ethanol, toluene, and distilled water were used. The 
synthesis was carried out according to the method presented in [52]. 

The identification of C60-Arg was carried out using a set of physi
cochemical methods, specifically: elemental analysis (Euro EA3028- 
HT), IR spectroscopy (Shimadzu FTIR-8400S spectrometer), solid-state 
13C NMR spectroscopy (Bruker Advance III 400 WB; operating fre
quency 100.64 MHz for 13C), electron spectroscopy (SHIMADZU UV- 
2600i), HPLC (Shimadzu LC-20 Prominence) and thermogravimetric 
analysis (NETZSCH TG 209 F1 Libra). 

2.2. Physicochemical study of C60-Arg solutions 

The distribution of C60-Arg in octan-1-ol–H2O system was studied 
using a LAUDA ET 20 thermostatic shaker (shaking frequency 80 Hz). 
The temperature was maintained within 0.1 K, the experiment time was 
5 h. To carry out the experiment, a solution of C60-Arg (C = 0.01 g⋅dm− 3) 
in deionised water was prepared, to which an equal volume of octan-1-ol 
(5 mL) was added. After reaching equilibrium, an aliquot of the aqueous 
phase was taken. The distribution coefficient of C60-Arg was calculated 
according to the following equation: 

Pow =
c′

o

c′
w
=

cw − c′
o

c′
w

(1)  

where có and cẃ are C60-Arg concentrations in organic and aqueous 
phases, respectively, cw is the initial concentration of C60-Arg in water. 

The concentration of C60-Arg in the aqueous phase was determined 
by spectrophotometric method (l = 1 cm) at the wavelength of λ = 330 
nm according to Eq. (2): 

C = 0.095⋅A330 (2) 

where C is the concentration of C60-Arg, A330 is the optical density of 
the solution at λ = 330 nm. 

Fig. S2 of the Supplementary Material shows the electronic spectra of 
C60-Arg aqueous solutions, as well as individual C60 in o-xylene (for 
comparison) and the concentration dependence of the optical density at 
λ = 330 nm, demonstrating the fulfilment of the Bouguer–Beer–Lambert 
law. 

The concentration dependences of the size distribution of C60-Arg 
associates and the ζ-potential in aqueous solutions in the concentration 
range C = 0.001–10 g⋅dm− 3 were obtained using Malvern Zetasizer 
3000 (Great Britain) instrument at T = 298.15 K. 

2.3. Investigation of C60-Arg solutions at the atomic-molecular level 

To study the nature of the C60-Arg association at the atomic- 
molecular level, the methods of computational quantum chemistry 
and molecular dynamics were used. The electronic structure of C60-Arg 
was computed by DFT in accordance with the scheme that we previously 
used in [53] applying PBE functional and atomic basis DNP v. 4.4 with 

full geometry optimisation and taking into account the interaction with 
the solvent (water) according to COSMO model. For DFT calculations 
the DMol3 module from Materials Studio 7.0 program package was used. 
The charge density isosurface of Saturn-like isomer in the COSMO model 
is shown in Fig. S3. The choice of functional and basis set was based on 
numerous successful applications of this scheme to predict NMR spectra, 
thermodynamic parameters and structural properties of fullerene ad
ducts [54–56]. Molecular Dynamics was used to study the evolution of 
the interaction of C60-Arg adducts with each other in aqueous medium, 
as well as in physiological solution (0.15 M NaCl). The charges on the 
atoms, estimated according to the Mulliken scheme, were used from 
quantum chemical calculations. For Molecular Dynamics, GROMACS 
2022 package was used. For calculations with periodic boundary con
ditions, 20 C60-Arg molecules and approximately 1.3⋅105 water mole
cules were placed in a cubic box with 16 nm sides; the distance between 
C60-Arg molecules was at least 30 Å, the distance from the C60-Arg 
molecule to the wall was at least 15 Å; the diameter of the C60-Arg 
molecule was 20–25 Å. The force field for the OPLS-AA/M system was 
used for calculations; the simulation time was 200 ns with a step of 1 fs; 
the initial arrangement of molecules in the cell is shown in Fig. 2a,b. The 
initial configurations for modelling the association process were created 
using the PACKMOL package. Further, in the GROMACS 2022 package, 
the system solvation, energy minimization, and equilibration were 
performed in NVT and NPT ensembles with Berendsen thermostat and 
barostat for 400 ps with the time step of 0.1 fs under the condition T =
298.15 K, P = 1 bar. 

2.4. Synthesis, identification, and properties of composite materials based 
on C60-Arg and collagen 

Type I collagen was extracted by acid solubilisation from rat tail 
tendons. Rat tail tendons were dissolved in 0.5 M acetic acid and 
precipitated twice, first with 0.9 M NaCl and then with 0.02 M Na2HPO4. 
The precipitate was again dissolved in 0.5 M acetic acid, after which it 
was purified by dialysis against the same acid with a gradual decrease in 
its concentration. As a result, collagen solution with the concentration of 
5 mg•mL− 1 in 0.1 % acetic acid was obtained. 

To prepare collagen gels containing C60-Arg (Fig. S4), solutions of 
C60-Arg were preliminarily prepared with the concentrations of 1.25, 
2.5, 5, and 10 mg•mL− 1, then collagen was mixed with neutralising 
saline and C60-Arg solution in the 9:1:1 vol ratio. 500 µL of each gel 
sample was taken, thus, the concentration of C60-Arg in the film samples 
was C = 0.125, 0.25, 0.5, and 1.0 mg⋅mL− 1. Collagen films were ob
tained by drying collagen gels. To study the mechanical properties of 
collagen films, the gels were cast into rectangular moulds 40 × 10 mm in 
size and then dried in an oven at 30 ◦C. 

The identification of collagen and composite materials was carried 
out using several physicochemical methods: IR spectroscopy (Shimadzu 
FTIR-8400S spectrometer), solid-state 13C NMR spectroscopy (Bruker 
Advance III 400 WB; operating frequency 100.64 MHz for 13C), ther
mogravimetric analysis (NETZSCH TG 209 F1 Libra) and atomic force 
spectroscopy (NT-MDT Spectrum Instruments, Moscow, Russia). 

The mechanical properties of collagen films were studied using Ins
tron 1122 universal setup (Great Britain) in the active loading mode at a 
constant strain rate of 10 mm⋅min− 1. 

The contact angles were measured by the sessile drop method using 
LK-1 Goniometer (OOO NPK Open Science, Krasnogorsk, Russia). The 
results obtained were processed using DropShape program. 

To study cell adhesion, the wells of the plate were coated with 
collagen or collagen modified with C60-Arg. Then, cells of the HEK293 
line were seeded into the plates and incubated in the plates for 2 h. Wells 
with standard surface treatment (SPL Life Sciences Co Ltd.) were used as 
controls. At the end of the incubation, non-adherent cells were carefully 
removed by washing with phosphate-buffered saline (PBS), and the 
number of adherent cells was counted using a Burker chamber. 

Cell proliferation was assessed using sulphorodamine B. HEK293 
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cells were seeded in a 96-well microplate at the concentration of 2⋅104 

cells per well. Cells were incubated for 48 h in wells whose surface was 
coated with collagen or collagen modified with C60-Arg or without 
collagen coating (control), then 100 μL of 10 wt% trichloroacetic acid. 
The plates were incubated at 4 ◦C for 1 h, washed with distilled water, 
and dried at room temperature. After adding 100 µL of 0.057 wt% the 
solution of sulphorodamine B in 1 wt% acetic acid plates were incubated 
at room temperature for 30 min and washed four times with 1 wt% 
acetic acid to remove unbound dye. Optical density measurements were 
carried out at 510 nm using Allsheng AMR-100 plate reader (China) 
after adding 200 µL of 10 mM Tris buffer solution (pH 10.5; Paneco, 
Russia) to each well. 

2.5. Protective effects 

2.5.1. Radioprotective effect of C60-Arg 
Laboratory white rats of the Wistar line (males) weighing 300–350 g 

were used. The animals were obtained from the Rappolovo nursery, 
Leningrad oblast. The rats were kept at the vivarium of A.M. Granov 
Russian Research Centre for Radiology and Surgical Technologies in 
accordance with accepted sanitary standards (normal light and tem
perature conditions (20–22 ◦C), free access to water, nutritionally 
balanced granular feed (LBK-120 of the Tosnensky feed mill)) in stan
dard cages with wood shavings bedding. All experimental work was 
carried out in compliance with the international recommendations of 
the European Convention for the Protection of Vertebrate Animals Used 
for Experimental and other Scientific Purposes (ETS 123), Strasbourg, 

Fig. 2. Molecular dynamics visualisation for C60-Arg: initial arrangement of C60-Arg molecules in a cell without water molecules (a) and in saline (b); association of 
C60-Arg molecules in water after 10 ns (c) and in saline after 5 ns (d); formation of a large stable cluster consisting of C60-Arg molecules in saline after 50 ns (e); 
association of C60-Arg molecules after 100 ns in water (f) and in saline (g); association of C60-Arg molecules after 200 ns in water (h) and in saline (i). 
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1986. 
For experiments, four groups of 40 rats were formed from weight 

randomised animals: an intact control group (1), an irradiation group 
(2), a group of animals that received C60-Arg (3), and the group of an
imals that received C60-Arg and irradiated (4). Animals were previously 
kept in quarantine for 12 days. Clinical parameters (hair condition, food 
excitability, urination, coordination of movements) were assessed by 
visual assessment. Groups 3 and 4 received C60-Arg once intraperito
neally at the dose of 2.5 mL per animal (8 mg⋅kg− 1). Then, 2.5–3 h after 
injection, Group 4 was subjected to general irradiation with γ-rays on a 
linear accelerator Elekta Synergy (Sweden) with the total dose of 8 Gy. 
Group (2) was irradiated in a similar way. Subsequently, all groups were 
kept under the same conditions as before the study. Animals were 
observed daily for the next 30 days. The survival rate of rats was 
determined, the general condition of the animals was recorded, atten
tion was paid to the condition of the mucous membranes of the nose, 
skin and coat, behavioural features and the level of physical activity, the 
presence of anxiety, excitability, dysfunction of the gastrointestinal 
tract. 

2.5.2. Antiglycation properties 
The effect of C60-Arg on HSA glycation was studied in vitro by 

changing the specific fluorescence of advanced glycation end products 
(AGEs) at λex = 370 nm, λmax/em = 440 nm. Control samples (samples 
with glycation without C60-Arg) contained 0.5 mL HSA (C = 0.06 mM), 
0.4 mL glucose solution (C = 0.4 M) in PBS (pH 7.4), and 0.1 mL PBS (pH 
7.4). Experimental samples (samples with glycation in the presence of 
C60-Arg) contained 0.5 mL of HSA (C = 0.06 mM), 0.4 mL of glucose 
solution (C = 0.4 M) in PBS (pH 7.4), and 0.1 mL of C60-Arg solution (C 

= 1, 10, 25, 50, 75, 100 μM) in PBS (pH 7.4). Reference samples 
(without glucose) contained 0.5 mL HSA (C = 4 mg•mL− 1), 0.4 mL 
phosphate buffer solution (pH 7.4), and 0.1 mL C60-Arg in PBS (pH 7.4) 
(C = 1, 10, 25, 50, 75, 100 μM). All samples were incubated in a ther
mostat for 48 h at 60 ◦C. The reaction was stopped by adding 0.02 mL of 
trichloroacetic acid (50 wt%) to all samples; after 10 min, the samples 
were centrifuged for 15 min at 14,500 rpm at 6 ◦C. The supernatant was 
removed from the tubes, and the precipitate was redissolved in 1 mL of 
PBS (pH 10) by adding NaOH solution (C = 0.25 M). The specific fluo
rescence intensity of glycated HSA was measured on Solar CM2203 
spectrofluorimeter (Republic of Belarus). 

2.5.3. Photoprotective effect 
Collagen solutions (3 mg⋅mL− 1) in the absence and presence of C60- 

Arg (C = 0.5, 1, 5, and 10 µM) were irradiated at room temperature in 
quartz cuvettes in a UVC-3 ultraviolet camera (power 25 W, wavelength 
254 nm, State Ryazan Instrument Plant, Russian Federation), the 
exposure time was from 0 to 20 min with the step of 5 min. Emission 
registration was carried out at the wavelength of 320 nm with the 
excitation wavelength of 290 nm. 

3. Results and discussion 

3.1. Identification of the C60-Arg adduct 

To establish the composition of C60-Arg, elemental analysis was 
carried out, the results of which are consistent with theoretical calcu
lations, experimental C 61.35 %, H 5.37 %, N 21.20 %, theoretical C 
61.35 %, H 5.34 %, N 21.20 %. 

Fig. 2. (continued). 
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Fig. 3 shows the 13C NMR spectrum of C60-Arg, which has the 
following bands: a is the band of carbon in the carboxyl group (176.9 
ppm), b is the band of carbon in the guanidine group (158.8 ppm), c is 
the band of α-carbon atom in L-arginine (55.6 ppm); d, e are the bands of 
carbon atoms in –CH2– groups (42.3, 27.8 ppm), as well as the bands of 
carbon atoms in the fullerene core (139.3, 75.6, 63.8, 16.5 ppm). The 
spectral line with a chemical shift of 75.6 ppm can be attributed to 
carbon of the fullerene core bonded to the hydrogen atom. 

The IR spectrum of a solid C60-Arg sample in a KBr pellet (Fig. S5) 
includes the following peaks (cm− 1): 3430 — νO–H, 2900 — νC–H, 1605 
— νC = O, 1390 — νC–N, 1140 — (νN–C60), 515 — (C60 core). 

Fig. S2a shows the electronic absorption spectra of the aqueous so
lution of C60-Arg and C60 in o-xylene. The following conclusions can be 
drawn from the obtained spectra: (i) the electronic spectrum of the 
aqueous solution of C60-Arg does not contain absorption bands; (ii) in 
the spectrum of the aqueous solution of C60-Arg there is no absorption 
peak characteristic to fullerene C60 (λ = 335 nm); (iii) the comparison of 
the spectra of C60-Arg and C60 solutions confirms the fullerene func
tionalisation and the absence of unreacted C60 fullerene. 

The purity of C60-Arg was determined by HPLC with UV detection at 
300 nm, using the Phenomenex® NH2 column (150 mm × 2.0 mm, 5 
μm, 100 Å), the injection volume was 2⋅10− 8•m3, the injection rate was 
0.2 mL⋅min− 1, the eluent was acetonitrile / 0.1 % aqueous solution of 
acetic acid (5 / 95). Based on the chromatographic data, the purity of the 
C60-Arg derivative was determined to be 99.8 % (Fig. S6). 

Fig. S7 shows the results of thermogravimetric analysis of C60-Arg. 
The obtained data demonstrate the following: (i) in the temperature 
range up to 340 K, the C60-Arg adduct is thermally stable; (ii) in the 
temperature range T = 340–950 K, multistage decomposition processes 
of C60-Arg (in the presence of O2) occur, including dehydration, decar
boxylation, denitrogenation, and dehydrogenation; the weight loss of 
65.9 % corresponds to the degradation of eight L-arginine residues; (iii) 
in the temperature range T = 950–1270 K, the fullerene core is oxidised. 

3.2. Physicochemical study of C60-Arg solutions 

The main factor determining the ability of a biologically active 
compound to penetrate the target and become distributed throughout 
the body is lipophilicity. A lgPow value between − 1 and + 2 is consid
ered to be optimal for substances intended for oral administration. At a 
low value of lgPow, the compound will be poorly absorbed and, as a 
result, have low bioavailability. With a high value of lgPow, the com
pound will be completely retained in the lipid layers. The increase in 

lipophilicity correlates with the increase in biological activity, the 
decrease in water solubility, the acceleration of metabolism and slowing 
excretion. Also, high lipophilicity makes it easy to penetrate the skin 
(transdermal application) [57]. The value of the logarithm of the C60- 
Arg distribution coefficient was lgPow = 0.23. This value shows that C60- 
Arg has almost the same affinity for the aqueous and lipid phases. 

The analysis of the concentration dependences of C60-Arg associates 
size distribution and ζ-potentials in aqueous solutions in the concen
tration range C = 0.001–10 g•dm− 3 at T = 298.15 K (Fig. S8) shows the 
following: (i) the absence of monomeric C60-Arg molecules with linear 
dimensions of 2 nm over the entire range of concentrations; (ii) the 
presence of associates of the first and second types in the concentration 
range C = 0.001–0.1 g•dm− 3 with linear dimensions of 50–70 nm and 
200–300 nm, respectively; (iii) the presence associates of the second 
type only in the concentration range C = 0.1–0.2 g•dm− 3; (iv) the 
simultaneous presence of associates of the second and third orders (5–6 
µm) in the solution in the concentration range C = 0.3–10 g dm− 3. The 
analysis of the concentration dependence of the ζ-potential shows that: 
(i) in the entire range of concentrations, the values of the ζ-potential are 
negative and equal to − (60–20) mV; (ii) in the studied concentration 
range, C60-Arg solutions are aggregately stable; (iii) the distribution of 
the ζ-potential includes two peaks related to the associates of the first 
and second types in the concentration range C = 0.001–0.1 g•dm− 3; one 
peak related to the associates of the second type in the concentration 
range C = 0.2–5 g•dm− 3; two peaks related to the associates of the 
second and third types in the concentration range C = 5–10 g•dm− 3; (iv) 
the comparison of experimental data shows a discrepancy between the 
dimensions of the associates in the concentration range C = 0.1–3 
g•dm− 3. Most likely, this is due to the fact that, under the action of an 
electric potential, charged C60-Arg particles can associate or dissociate, 
depending on the ratio of the surface charges and the degree of cluster 
hydration. 

To study the state of C60-Arg in aqueous medium, its electronic 
structure, total energy, and binding energy were calculated in the form 
of a neutral molecule and in the form of zwitterion. The calculation was 
carried out using DMol3 program, where DFT method is implemented; in 
water environment and using the COSMO model. For calculations, the 
PBE functional and the DNP v. 4.4 basis were used. The transfer of 
proton to amino group attached to the α-carbon atom of L-arginine 
residue increased the binding energy to − 50.481 Ha (for the compari
son, the binding energy of C60-Arg in neutral state is equal to − 50.568 
Ha). 

Calculated energy of HOMO level is − 169976 and LUMO level is 
− 0.126207 Ha in C60-Arg molecule. The visualisation of these orbitals 
are in Fig. 4a,b. The calculations of the electronic structure showed that 
the electron density is concentrated both on the carbons of the fullerene 
core and on the oxygen and nitrogen atoms of amino acid residues 
(Fig. 4c). At the same time, the carbon atoms of the fullerene core, 
connected to amino acid residues, donate their electrons to the nearest 
nitrogen atom. Thus, the interaction of C60-Arg molecules with each 
other can occur both through atoms with an increased electron density 
of the fullerene core, and through the amino acid residues. To further 
elucidate the possible ways of C60-Arg aggregation, Molecular Dynamics 
was used. In modelling the association of C60-Arg molecules in physio
logical saline, it was found that the approach of C60-Arg nanoparticles to 
each other occurred quite dynamically, by 5 ns the dimers of C60-Arg 
molecules were formed in the system (Fig. 2d), while in water the dimer 
formation occurs by 10 ns (Fig. 2c). Further, by 50 ns, a large associate 
formed in physiological saline, consisting of 10 C60-Arg molecules 6–7 
nm in size, which persisted until the end of the calculations (Fig. 2e). At 
the end of the simulation in physiological saline, the remaining 10 C60- 
Arg molecules were either combined into small groups of up to three 
C60-Arg molecules, or remained as individual molecules. In contrast to 
the simulation in physiological saline, more uniform association of C60- 
Arg molecules was observed in water with the formation of groups 
consisting of two or three molecules. Large size associates were formed Fig. 3. 13C NMR spectrum of C60-Arg.  
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for a short time during the simulation. Fig. 2f–i shows the arrangement 
of C60-Arg molecules after 100 ns and 200 ns in water and saline. The 
higher potential for clustering in saline is further evidenced by the 
reduction in solvent-accessible surface during the simulation compared 
to the behaviour of C60-Arg molecules in water (Fig. 5). 

3.3. Protective properties of C60-Arg 

3.3.1. Radioprotective properties of C60-Arg 
The results of studying the radioprotective properties of C60-Arg are 

shown in Table 1. One day after irradiation in Groups 2 and 4 at the dose 
of 8 Gy, the following clinical manifestations of radiation sickness were 
observed in animals: inhibited motor activity, depression, ruffled coat. 
Visible mucous membranes were pale. Later, there was a disorder in the 
function of the gastrointestinal tract (diarrhoea) and brown discharge 
from the nasal passages and eyes. 

Death in Group (2) (control) was 100 % on the 11th day after the 

experiment. In the group of animals after irradiation and treated with 
C60-Arg (Group 4), the death of animals was 75 %. In the remaining 
Groups (1) and (3), the death of animals was not observed. 

3.3.2. Antiglycating properties of C60-Arg 
As a result of the experiment on HSA glycation in the presence of C60- 

Arg, with increase in the concentration of the latter, more intense in
hibition of the formation of glycated HSA occurs. This is the reason for 
the decrease in the concentration of formed AGEs in the sample, which 
leads to the decrease in the intensity of the detected fluorescence signal 
compared to the fluorescence of glycated HSA without C60-Arg. Fig. 6 
shows the dependence of the intensity of HSA glycation on the con
centration of C60-Arg. Thus, we show that C60-Arg exhibits antiglycation 
activity in vitro. The calculated IC50 value for C60-Arg was 45 µM. 

3.3.3. Photoprotective properties 
Fig. 7 shows the results before and after the exposure to UV light of 

aqueous collagen solutions in the absence and presence of C60-Arg. It can 
be seen that as the irradiation time increases, the fluorescence intensity 
decreases. This is due to two effects: photocrosslinking and photo
degradation of collagen. Photocrosslinking causes the conformational 
transition of the collagen molecule (helix-coil), which leads to the 
decrease in emission due to shielding of tryptophan residues. Photo
degradation leads to the decrease in collagen concentration, which is 
accompanied by the change in the fluorescence spectrum. Both of these 
effects are associated in the literature with the formation of reactive 
oxygen species during UV irradiation. Therefore, substances exhibiting 
antiradical activity can also exhibit photoprotective properties [58]. To 
assess the protective effect of the C60-Arg adduct in UV-induced collagen 
damage, we calculated the changes in the fluorescence intensity before 
and after irradiation (Fd = (F0 − Ft) / F0), which characterise the relative 
changes in fluorescence due to photocrosslinking and photodegradation 
of collagen. The dependence of Fd on t showed that the exposure of 
collagen to UV radiation in the presence of the C60-Arg derivative leads 
to the dose-dependent decrease in collagen photodegradation and 
photocrosslinking. The Scatchard equation was used to determine the 
binding constant (Kb) and the number of binding sites (n) of C60-Arg to 
collagen: 

lg
F0 − F

F
= lgKb + nlgQ (3)  

where F0 and F are fluorescence intensities in the absence and presence 
of the quencher, Q is the quencher concentration. From the dependence 
in Hill coordinates lg[(F0 − F) / F] on lgQ (Fig. S9), the following values 
were obtained: Kb = (1.08 ± 0.03)⋅107 M− 1 and n = 1.39 ± 0.04. The 
obtained value of the binding constant indicates that C60-Arg forms a 
strong complex with RatCol, and thus provides a photoprotective effect. 
Therefore, the C60-Arg adduct has a potential for developing photo
protective nanomaterials. 

3.4. Identification and study of the properties of composite materials 
based on C60-Arg and collagen 

Fig. S10 and 11 show the IR spectra of collagen, C60-Arg, and com
posite films based on collagen containing C60-Arg at various concen
trations. The spectrum of pure collagen (Fig. S11) shows the presence of 
characteristic bands: at 3300 cm− 1 — νN–H, νO–H (amide I), 1540 cm− 1 

— νC–N and δC–H (amide II), 1650 cm− 1 — νC = O in peptides, 1240 
cm− 1 — νC–C (amide III), which is consistent with the literature data 
[59]. The spectra of the composite films show a shift in the maxima of 
the absorption bands corresponding to the stretching vibrations of C = O 
in the region of 1650 cm− 1, as well as N–H and O–H in the region of 
3300 cm− 1, compared with the spectrum of individual C60-Arg. This fact 
is associated with the formation of hydrogen bonds between the groups 
having an electron-deficient hydrogen atom and the groups having an 

Fig. 4. HOMO visualisation (a), LUMO visualisation (b), total electron density 
map (c). 
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atom with high electronegativity. 
Fig. 8 shows the 13C NMR spectrum of collagen, which has peaks 

corresponding to the carbon atoms of the amino acids that make up 
collagen: 17.4 ppm — β carbon atom of L-alanine (Ala β); 27.8 ppm — β 
carbon atom of L-proline (Pro β); 42.8 ppm — α carbon atom of glycine 
(Gly α); 50.2 ppm — δ carbon atom of L-proline (Pro δ); 60.4 ppm — α 
carbon atom of L-proline (Pro α), α carbon atom of L-hydroxyproline 
(Hyp α), δ carbon atom of L-hydroxyproline (Hyp δ); 70.5 ppm — γ 
carbon atom of L-hydroxyproline (Hyp γ); the signal at 173.3 ppm cor
responds to the carbon atom of the carbonyl group (C =O). The resulting 
spectrum is consistent with the literature data [60–62]. 

Fig. 9 shows the 13C NMR spectra of collagen films with different 
contents of C60-Arg. The comparison of the spectra shows that the band 
corresponding to the γ-carbon atom of L-proline at 50.2 ppm is weak in 
the spectra of the composite films. This effect may be due to hydro
phobic interactions between the non-functionalised regions of the 
fullerene core and the non-polar part of the pyrrolidine ring of L-proline. 
It was previously noted that in the most stable C60-Arg isomer, amino 
acid residues are not evenly distributed on the fullerene core, but are 
localized in the equatorial region of the molecule; moreover, they do not 
have a zwitterionic structure. Taking into account the electronic struc
ture of C60-Arg, one can also assume the formation of hydrogen bonds 

between the nitrogen atoms of the imino group, which have an unshared 
electron pair, as well as hydroxyl, amino, and carboxyl groups of amino 
acids that make up collagen. However, the complex nature of the spectra 
does not allow to detect changes associated with the formation of 
hydrogen bonds. 

Fig. S12 shows the results of thermogravimetric analysis of collagen 
and collagen films containing C60-Arg at various concentrations. From 
Fig. S12, it can be seen that the TG curves of collagen and collagen films 
containing C60-Arg have two areas of weight loss. In the temperature 
range up to 100 ◦C, the dehydration of collagen films occurs (mass loss is 
about 10 %). In the temperature range of 225–500 ◦C, processes asso
ciated with the thermal decomposition of collagen films most likely 
occur (mass loss is 50–60 % for all samples). The obtained experimental 
data indicate that the introduction of C60-Arg into the composition of 
collagen films leads to a dose-dependent increase in thermal stability. 
This effect may be associated with the structuring action of C60-Arg due 
to the formation of the network of hydrogen bonds and hydrophobic 
interactions. 

Fig. 10 shows an example of the AFM photograph of a collagen film 
containing 0.125 mg⋅mL− 1 C60-Arg. The analysis of this image shows 
that under the described experimental conditions, a film is formed that 
contains C60-Arg associates up to 20 nm in size. At the same time, it is 

Fig. 5. Change in the surface area of C60-Arg molecules available to the solvent during molecular dynamics in water (shown in blue) and in saline (shown in green).  

Table 1 
Scheme of the experiment on the radioprotective effect.  

Animal group 
number 

Number of rats in the 
group 

Name of the 
substance 

Method of substance 
administration 

Dose / 
mL 

Radiation dose / 
Gy 

Animal death 

1 10 — — — — no 
2 10 — — — 8 11th day — death is 100 

% 
3 10 C60-Arg intraperitoneally 2.5 — no 
4 10 C60-Arg intraperitoneally 2.5 8 11th day — death is 75 %  
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clear that the nanoparticles are evenly distributed in the composite 
material. Table 2 shows the AFM images, mean (Sa), and root mean 
square (Sq) surface roughness of the collagen samples and collagen films 
modified with C60-Arg. It can be seen that the increase in the content of 
C60-Arg in the collagen film leads to the dose-dependent effect of 
increasing the surface roughness. The data obtained are consistent with 
the literature, where it was previously described that the use of carbon 
nanostructures (fullerenes, carbon nanotubes, graphenes) as a dopant 
for collagen films led to an increase in surface roughness [63–67]. It was 

shown in [68] that the increase in roughness leads to the increase in cell 
adhesion and proliferation. Thus, the obtained collagen films containing 
C60-Arg can be considered as promising materials for biomedical 
applications. 

The contact angles of wetting of composite materials showed 
(Fig. S13) that the addition of C60-Arg as a modifier leads to decrease in 
the value of the contact angle, and, consequently, to increase in the 
hydrophilicity of the surface. 

The mechanical properties of composite films showed (Fig. S14 and 

Fig. 6. Concentration dependence of HSA glycation inhibition in the presence 
of C60-Arg at various concentrations. C is the molar concentration of C60-Arg. 

Fig. 7. Relative changes in collagen fluorescence under UV irradiation in the absence and presence of C60-Arg at various concentrations: C = 0 ( ), 0.5 ( ), 1.0 
( ), 5.0 ( ), 10.0 ( ) μM. 

200 180 160 140 120 100 80 60 40 20

Pro

C=O
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Pro
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Fig. 8. 13C NMR spectrum of collagen.  
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Table S2) that the introduction of C60-Arg leads to significant change in 
mechanical properties. Films with high content of C60-Arg had the 
breaking tension and the elongation at break two times more than 

unfilled collagen films. The results obtained also indicate the increase in 
the number of intermolecular bonds in the film structure in the presence 
of C60-Arg. Visually, the change in the mechanical properties of collagen 
films can be assessed by interaction with water: a drop of water flowing 
down the film caused pure collagen film to roll up, while the films 
modified with C60-Arg remained straightened (Fig. S15). Obviously, the 
described intermolecular interactions will significantly affect the phys
icomechanical properties of collagen films. Previously, our group 
investigated aqueous solutions of fullerene adducts and showed that the 
addition of nanoparticles leads to compaction and structuring of the 
solution, as evidenced by the significant absolute value and negative 
sign of the partial molar volumes of fullerene adducts [30–34]. The in
fluence of carbon nanoparticles on the physicochemical and mechanical 
characteristics of various materials is widely described in literature 
[1–4]. Using cement-containing systems as an example, our group 
described the following scheme of nanoparticle action: water-soluble 
fullerene adducts structure water (which can be seen from the values 
of partial molar volumes of the fullerene derivative), then the fullerene 
adduct structures the aqueous solution involved in hardening the poly
merising material, and, finally, the polymerising material inherits its 
structure [69]. In [70], Molecular Dynamics was used to study aqueous 
solutions containing collagen and nanomodifiers, among which full
erenol (C60(OH)24) and endohedral fullerenol with an encapsulated 
gadolinium atom (Gd@C82(OH)22) were considered. It was shown that 
these nanoparticles contribute to the formation of fibrils, which leads to 
increased rigidity of the native structure, due to the formation of a 
network of additional hydrogen bonds. The degree of impact of fullerene 
adducts depends on its surface charge and the presence of hydrophilic 
groups in the structure. 

Fig. 11 shows data on the adhesion of HEK293 cells to composite 
collagen films containing C60-Arg. From the obtained results, it can be 
seen that the cell adhesion increases with the increase in the content of 
C60-Arg in composite films. 

Fig. 12 shows data on the effect of composite collagen films con
taining C60-Arg on the proliferation of HEK293 cell line. As can be seen 
from Fig. 12, the proliferation of HEK293 cells on collagen films in
creases with the increase in the content of C60-Arg, and at C = 1.0 
mg⋅mL− 1 it was 200 % compared to the control. 

The data obtained demonstrate the promise of using the synthesised 
composites in regenerative medicine, combustiology, and tissue 
engineering. 

4. Conclusions 

The synthesis and identification of C60-Arg was carried out and for 
the first time solid-state 13C NMR spectroscopy was used to characterise 
the adduct. The physicochemical properties of aqueous solutions of C60- 
Arg showed that the solutions are strongly associated, and in the con
centration range C = 0.001–10 g dm− 3 the aggregates were of 5–6 µm in 
size. The presence of associates in aqueous solution was also confirmed 
by Molecular Dynamics modelling. The calculated distribution coeffi
cient in the octan-1-ol–water system was lgPow = 0.23, which indicates 
the amphiphilicity of C60-Arg. The protective properties of C60-Arg 
demonstrate that this material has potential in developing radio
protectors, antiglycating agents, and photoprotectors. It was found that 
the mortality of rats treated with C60-Arg at the concentration of 8 
mg⋅kg− 1 after irradiation with γ-rays at the total dose of 8 Gy decreased 
by 25 % compared with the control group. The inhibition of HSA gly
cation in the presence of C60-Arg (C = 100 μM) was more than 80 %. The 
introduction of C60-Arg nanoparticles into collagen leads to a dose- 
dependent decrease in photodegradation by 1.5–2 times. 

Composite films with different contents of C60-Arg (C = 0.125–1.0 
mg⋅mL− 1) were also synthesised. The introduction of a nanomodifier (C 
= 1.0 mg⋅mL− 1) leads to significant improvement in the mechanical 
properties, namely, a twofold increase in the breaking stress and elon
gation at break; a 6-fold increase in cell adhesion (C = 1.0 mg⋅mL− 1), as 

200 150 100 50

13C chemical shift / ppm

Fig. 9. 13C NMR spectra of collagen (—) and collagen films with different 
content of C60-Arg: C = 0 (black), 0.125 (red), 0.25 (green), 0.5 (blue), 1.0 
(violet) mg⋅mL− 1. 

Fig. 10. AFM images of collagen films containing C60-Arg (C =

0.125 mg⋅mL− 1). 
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well as increase in cell proliferation by 200 % (C = 1.0 mg⋅mL− 1) 
compared to unmodified collagen. The obtained results demonstrate 
significant potential in using water-soluble fullerene adducts in 
biomedicine. 
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