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Abstract—The kinetic characteristics, mechanisms of activity, and relationship between the antioxidant activ-
ity and the molecular and supramolecular structure of fullerene C60 and some of its N-monosubstituted
amino acid derivatives have been studied. The introduction of an amino acid substituent in the C60 fullerene
molecule led to an increase in its antiradical activity in the free radical oxidation of a water-soluble target (f lu-
orescein). The mechanism of the antioxidant activity of amino acid derivatives of fullerene is not associated
with the hydrogen atom transfer, electron donation, or catalysis of peroxide decomposition. It was demon-
strated that the structure of the amino acid substituent does not affect the antiradical properties, which are
thus determined only by the effective total surface area of   the nanoparticles of the fullerene C60 derivatives
and increase when their size decreases. This surface can be characterized as nanowalls on which the radical
death occurs. A change in the concentration of the compounds in solution does not lead to a change in the
relative antiradical activity and hence in the nanoparticle size. The results of this study are important for
understanding the biological activity of this group of compounds.
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INTRODUCTION
Free radical processes are an integral part of

metabolism in all living systems. On the one hand, the
excessive formation of free radicals leads to a damage
to cell structures and can lead to the development of
various diseases. On the other hand, free radicals gen-
erated by phagocytising cells are an important factor in
nonspecific immune defense. In addition, free radical
processes are involved in the regulation of many
important biological processes, including cell prolifer-
ation and apoptosis [1].

Of particular interest are the antiradical properties
of various nanomaterials, including carbon-based

nanostructures such as fullerene C60. It was noted that
the antiradical properties of fullerene C60 affect the
kinetics of radical polymerization of styrene and
methyl methacrylate until the polymerization is com-
pletely suppressed [2, 3]. The kinetics and stoichiom-
etry of the reaction of fullerene C70 with ozone were
described in [4]. Many publications demonstrated the
unique properties of fullerenes C60 and their deriva-
tives in interactions with living organisms. It was
shown that fullerene derivatives with amino acids such
as proline, ε-aminocaproic acid, and arginine exhibit
membranotropic activity and percolate through cell
membranes in ionized form, thereby causing cell
depolarization [5]. An immunofluorescence micros-
copy study of carboxylated fullerene C61(CO2H)2
showed that the water-soluble derivatives of fullerene
C60 can penetrate through the membrane layer of the
cell and that the above compound is predominantly
localized in the membrane and mitochondria-rich
fractions of the cell [6]. As mitochondria are the main

Abbreviations and notation: AAPH, 2,2'-azobis(2-amidinopro-
pane) dihydrochloride; ET–PT, sequential electron transfer–
proton transfer; SPLET, sequential proton loss–electron trans-
fer; AOA, antioxidant activity; ADFs, amino acid derivatives of
fullerene; DCs, diene conjugates; DPPH, 2,2-diphenyl-1-pic-
rylhydrazyl; RAA, relative antiradical activity; LPO, lipid perox-
idation; SOD, superoxide dismutase; PC, phosphatidylcholine;
EPR, electronic paramagnetic resonance.
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primary sources of free radicals, while fullerene C60
derivatives have antiradical properties due to which
they are often called “radical sponges” [7], these com-
pounds can be involved in the regulation of oxidative
stress, as indicated by the data of [6].

Therefore, it is important to study in detail the
inhibitory effect of fullerene C60 and its derivatives
with respect to various free radicals and to reveal the
relationship between the chemical structure of fuller-
ene compounds and their antiradical activity. The
activity with the superoxide radical was first studied in
fullerenols [8] and hexasulfobutyl fullerenes [9]. In
these studies, the superoxide radical anion was gener-
ated using the xanthine/xanthinoxidase system; the
consumption of the superoxide radical was judged
from the intensity of chemiluminescence of lucigenin.
It was found that hexasulfobutyl fullerenes had high
activity with the superoxide radical and inhibited 60
and 96% of free radicals at concentrations of 50 and
100 μM, respectively, while fullerenols inhibited only
59 and 70% at 50 and 100 μM, respectively. It was con-
cluded that the derivatives with fewer substituents had
higher activity as the system of conjugated π electrons
was retained in this case. It was also demonstrated in
[8] that the presence of fullerenol at concentrations of
0–47 μM in the xantine/xanthinoxidase system did
not affect the enzyme activity, which eliminated the
ambiguity of interpretation of studies using this sys-
tem.

The introduction of a substituent from the group of
organic acids significantly increased the antiradical
activity of fullerene in a nonpolar medium (a model
system of initiated oxidation of ethylbenzene) [10].

The antioxidant properties of fullerene adducts
with malonic acid were investigated at approximately
the same time. An electron paramagnetic resonance
(EPR) study using the xanthine/xanthinoxidase sys-
tem as a source of the superoxide radical and 5,5-
dimethyl-1-pyrroline-N-oxide as a spin trap showed
that the triadducts of fullerene with malonic acid com-
pletely inhibited the superoxide radical anions [11].

A computer simulation of the mechanism by which
the superoxide radical is inhibited by a fullerene C60
derivative with three malonic acid residues was sug-
gested in [12]. According to this model, the reaction
occurs in several stages:

(1)  transfers the unpaired electron to the fuller-
ene nucleus with formation of O2 and the radical anion
of the fullerene derivative.

(2) The electron is transferred from the radical anion
of the fullerene derivative to the second  followed by
the transfer of the proton H+ to it, forming –OOH.

(3) The transfer of the next hydrogen proton H+ to
–OOH leads to the formation of hydrogen peroxide
H2O2.

2O −i

2O −i
However, similar catalytic properties of the malo-
nic derivative of fullerene have not been confirmed
experimentally.

The addition of benzyl radicals to the fullerene C60
molecule in a toluene medium was shown by EPR
using the 13C spin trap [13]. The existence of at least
two intermediate radical adducts with three ( )
and five ( ) benzyl radicals stable at 50°C was
found. It was assumed that up to 15 benzyl radicals
could be attached to one fullerene molecule. It was
also found by mass spectrometry that one fullerene
molecule had up to 34 methyl groups attached to it.

Pulsed radiolysis studies revealed effective binding
of the solvated electron, hydroxyl radical, and singlet
oxygen by various carboxylated fullerenes. In the
interaction with the solvated electron, the carboxyl-
ated fullerene derivatives are believed to form a radical
monoanion [14].

The mechanisms proposed for the binding of the
hydroxyl radical  by hydroxylated fullerene deriv-
atives are as follows: (1)  captures H from the
hydroxyl group, forming an ether bond on the surface
of the fullerene core; (2)  is attached to the double
bond of the fullerene nucleus [15].

The inhibitory effect of hydroxyfullerene on the
nitroxide  was demonstrated both for chemical
and biological systems [16]. In the latter case, the
administration of hydroxyfullerene to mice previously
injected with a source of the  radical (sodium
nitroprusside) prevented a decrease in the activity of
the enzymes: superoxide dismutase (SOD), catalase,
glutathione-s-transferase, and glutathione peroxidase.

To summarize the available data on the mecha-
nisms of the inhibitory action of fullerene and its
derivatives with respect to free radicals, we can con-
clude that studies of the antioxidant properties were
performed for a limited number of structures, and the
relationship between the chemical structure and the
antiradical activity was studied insufficiently. The pro-
posed mechanisms are mostly hypothetical. The
activity of fullerene and its derivatives with such a bio-
logically active form of oxygen as hydrogen peroxide
was not considered either. Therefore, investigation of
the mechanism of activity of various fullerene deriva-
tives is an important challenge.

It is of interest to study fullerene conjugates with
molecules involved in metabolism of biological sys-
tems, in particular, conjugates with proteinogenic
amino acids [17] and amino acids that are neuromedi-
ators and/or have any other biological activity from
the viewpoint of their use as regulators of free radical
processes. The toxicity of fullerene C60 and its deriva-
tives has long been the subject of debate. On the one
hand, there is evidence that C60 fullerene has a toxic
effect on biological objects in the presence of light
[18]. On the other hand, there is a lot of evidence that

3 60R Ci

5 60R Ci

iOH
iOH

iOH

iNO

iNO
KINETICS AND CATALYSIS  Vol. 62  No. 3  2021



MECHANISM OF THE ANTIOXIDANT ACTIVITY 397
injection of even high doses of fullerene C60 does not
negatively affect the life activities of living organisms.
Thus, the administration of fullerene to mice in a dose
of 2.5 g/kg did not lead to the death of animals or any
changes in their behavior [19]. Parenteral administra-
tion of N-monohydrofullerenyl-L-serine to mice in a
dose of 80 μg/kg did not affect the behavior and viabil-
ity of mice [20].

As is known, in aqueous solutions, fullerene and its
derivatives are in the form of a colloidal solution of
nanoparticles [21, 22]. Their physicochemical proper-
ties are determined by both the molecular structure
and the size of nanoparticles [23, 24].

Here, we studied the mechanisms of the antioxi-
dant action and correlations between the structure and
antiradical activity of N-monoamino acid derivatives
of fullerene C60 based on the analysis of their behavior
in various model systems.

EXPERIMENTAL

Preparation of an Aqueous Dispersion of Fullerene С60

An aqueous dispersion of fullerene C60 was pre-
pared by the procedure of [25]. A saturated solution in
toluene was obtained, to which water was added, and
the solution was treated in the dark in an ultrasonic
bath (42 kHz, 50 W) for a few hours with intervals for
cooling.

Synthesis of Amino Acid Derivatives of Fullerene (ADFs)

The following compounds: N-(monohydrofullere-
nyl)-L-alanine potassium salt (Н–C60–L-Ala–ОK),
N-(monohydrofullerenyl)-D-alanine potassium salt
(Н–C60–D-Ala–ОK), N-(monohydrofullerenyl)-L-
valine potassium salt (Н–C60–L-Val–ОK), N-
(monohydrofullerenyl)-D-valine potassium salt (Н–
C60–D-Val–ОK), N-(monohydrofullerenyl)-L-
aspartic acid dipotassium salt (Н–C60–L-Asp–
(ОK)2), N-(monohydrofullerenyl)-D-aspartic acid
dipotassium salt (Н–C60–D-Asp–(ОK)2), N-(mono-
hydrofullerenyl)-ε-aminocaproic acid potassium salt
(Н–C60–ε-ACA–ОK) were obtained as a result of a
one-stage synthesis by direct addition of the amino
acid residue to the fullerene nucleus by the procedure
of [26].

Fluorimetry

The kinetic curves of the time dependences of f lu-
orescence intensity of f luorescein were measured on a
FluoroLog 3.21 spectrofluorimeter (HORIBA Scien-
tific, United States) using a cell compartment thermo-
statted at 37 ± 0.2°C. The observed f luorescence was
detected at a wavelength of 515 nm with an excitation
wavelength of 491 nm. The sample temperature was
KINETICS AND CATALYSIS  Vol. 62  No. 3  2021
maintained using a 12108-15 liquid thermostat (Cole-
Parmer, United States).

The relative antioxidant activity was determined by
the method presented in [27].

The solutions of f luorescein and 2,2'-azobis(2-
amidinopropane) dihydrochloride (AAPH) were pre-
pared in a phosphate buffer (75 mM, pH 7.4) and then
incubated for 10 min at 37°C. The solutions of f luores-
cein and the test sample were the first to be mixed in
the f luorimeter cell; the AAPH solution was intro-
duced last, and the recording of the kinetic curve of
fluorescence intensity started immediately. The final
concentrations of the mixture components in the cell
were: 9.6 mM (AAPH), 10–8 M (fluorescein), and
2.5 × 10–6 M (test solution). The phosphate buffer
(75 mM) was used for blank experiment; trolox
(6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid) at a concentration of 1.2 × 10–6 M was used as a
reference drug. The relative antiradical activity (RAA)
was calculated as the ratio of the differences in the
areas under the f luorescence quenching curves for the
test sample (Ssamp) and trolox (Str) including the areas
in the blank experiment (without addition of antioxi-
dants) (Sbl), as well as the concentrations of trolox (Ctr)
and test samples (Csamp):

(1)

Voltammetry
The TsvetYauza-01-AA amperometric unit (Khim-

avtomatika, Russia) is an electrochemical cell with a
glassy carbon anode and a stainless steel cathode, to
which a potential difference in the range 0.1–2.0 V can
be applied [28]. The analyte was injected into the elu-
ent f low (distilled water) pumped through the electro-
chemical cell at a rate of 1.2 mL/min using a six-way
dosing valve with a loop volume of 20 μL. When the
sample passed through the cell, the current of electro-
chemical oxidation was recorded (nA); its time curve
(s) was displayed on the monitor, and the area S (nA s)
was determined for the samples. The dependence of S
on the applied voltage was plotted based on the data
obtained at different anode potentials, and the ioniza-
tion potential of the test substance was found.

Model Reaction with the DPPH Radical
To evaluate the antioxidant activity by the mecha-

nism associated with elimination of a hydrogen atom,
we observed the reaction of the compounds under
study with the stable chromogen radical 2,2-diphenyl-
1-picrylhydrazyl (DPPH) [29].

The test sample in various volumes was added to
the DPPH solution mixed with water in a 1 : 1 ratio to
the total volume of the reaction system of 3.6 mL. The
variation of optical density was recorded at a wave-
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length of 517 nm (maximum absorption in the visible
region of the spectrum of DPPG) on a PE 5400VI
spectrophotometer (EKROSKHIM, Russia).

Potentiometric Study of the Decomposition Kinetics
of Hydrogen Peroxide

A three-electrode printed circuit consisting of a
reference electrode, auxiliary electrode, and working
electrode modified with Prussian blue and nickel hex-
acyanoferrate by the procedure of [30] was placed,
while constantly stirring, in a 5-mL cell filled with a
1.6 × 10–5 М solution of the sample in a phosphate
buffer solution (0.05 М KH2PO4/K2HPO4, 0.1 M
KCl, pH 6.0). The measurements were performed at a
working potential of 0 V relative to the built-in refer-
ence electrode. The background current was recorded
for 5–7 min until it reached a constant level; then
hydrogen peroxide was injected to a final concentra-
tion of 5 × 10–5 M in the cell, and variation of its con-
centration was recorded according to the potential
drop on the electrode.

Initiated Oxidation of Liposomes

Liposomes based on phosphatidylcholine (PC)
serve as models for the study of biochemical processes
in biomembranes, in particular, lipid peroxidation
(LPO) and regulation of oxidation with various sub-
stances. For the preparation of liposomes, a suspen-
sion of soybean PC (P 3644, Sigma) in a phosphate
buffer (pH 7.4, ionic strength 1 mM) was used. PC
liposomes were prepared according to [31] at PC con-
centration of 1 mg/mL. To initiate liposome oxida-
tion, a water-soluble azo initiator (AAPH, Fluka,
Germany) with a final liposome concentration of
0.33 mM in solution was used. Liposomes at a con-
centration of 0.1 mg/mL were oxidized in quartz cells
thermostatted at a physiological temperature (37°C)
using a spectrophotometer (Perkin Elmer, Germany).
The kinetics of formation of the products of lipid per-
oxidation (diene conjugates, DCs) was recorded with
time at a maximum absorption wavelength of DCs of
234 nm. To study the inhibitory effect of N-monohy-
drofullerenyl-D-alanine, a solution of this amino acid
derivative at a concentration of 4.81 × 10–4 M in vari-
ous volumes (30–80 μL) was introduced in the lipo-
some solution before oxidation. For comparison with
the effect of trolox, the oxidation of liposomes was also
performed with addition of trolox (0.5–2 μL) at a con-
centration of 0.5 mM.

Statistical Data Processing

The statistical processing of the experimental data
was performed using the Microsoft® Office Excel and
OriginPro 8.5 computer programs.
RESULTS AND DISCUSSION
The results of screening of the relative antiradical

activity (RAA) of fullerene C60 and six of its amino
acid derivatives by f luorescence observation of inhib-
ited free radical destruction of a f luorescent target
molecule were presented in [32]. According to Fig. 1,
the introduction of an amino acid substituent leads to
a significant increase in the antiradical activity of
compounds that form aggregates of similar size in the
aqueous phase. At the same time, the amino acid
derivatives of fullerene with different structures of sub-
stituent lie on the same regression line, which indi-
cates that the structure of the amino acid substituent
does not significantly affect the antiradical activity of
the compounds. Further studies showed that the cor-
relation dependence shown in Fig. 1 is also valid when
the synthesis of the same compound gave nanoparti-
cles with another average size. In this case, the corre-
sponding point lies on the same regression line. Thus,
N-monohydrofullerenyl-D-alanine obtained in the
second synthesis and having a nanoparticle size similar to
that of N-monohydrofullerenyl-L-valine also coincides
with this compound in the antiradical activity.

This correlation between the RAA and the
nanoparticle size of amino acid derivatives of fullerene
(ADFs) is apparently due to the steric factor: when the
nanoparticle size increases, the number of molecules
isolated from the radicals lying in the reaction medium
increases in proportion to the cube of their radius, which
just leads to a decrease in the effective RAA values.

To simulate the protective effect on biomembranes,
we studied the inhibitory effect of fullerene derivatives on
the initiated oxidation of PC in the liposomal model sys-
tem. For this, N-(monohydrofullerenyl)-D-alanine
obtained in synthesis 2 was used (Fig. 2).

In complex heterogeneous systems that simulate
biological membranes (PC liposomes), the com-
pounds exhibit dose-dependent inhibitory activity,
reducing the rate of DC formation during the oxida-
tion of PC liposomes initiated by AAPH.

The protective effect of the D-alanine derivative
(synthesis 2) in the liposome model, calculated from
the areas above the PC oxidation curve (2) by the
method similar to the one used for a homogeneous
fluorescent system, was 0.03 for trolox, which is nine
times lower than the value obtained for inhibited oxi-
dation of f luorescein. This phenomenon is evidently
associated with the increased affinity of the nanopar-
ticles of fullerene substituted with amino acid for
aqueous medium:

(2)

where АОА is the antioxidant activity in the model
system of oxidation of PC liposomes; , , and

 are the areas over the sample oxidation curves in
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Fig. 1. Correlation between RAA and the nanoparticle size of the amino acid derivatives of fullerene C60: (1) C60; (2) H–C60–
L-Ala–OK; (3) Н–C60–D-Ala–OK, synthesis 1; (3') H–C60–D-Ala–OK, synthesis 2; (4) H–C60–L-Val–OK; (5) H–C60–
D-Val–OK; (6) Н–C60–L-Asp–(OK)2; and (7) Н–C60–D-Asp–(OK)2. The Pearson coefficient of pair correlation is rxy = – 0.981. 

40 60 80 100 120

0

0.2

0.4

0.6

R
A

A

Nanoparticle size, nm

3

4

2
5

6
7

3'

1

Fig. 2. Increase in the optical density (D) of diene conjugates (DCs) in the AAPH-induced (0.33 mM) oxidation of PC liposomes
(0.1 mg/mL): (1) in a blank experiment; (2) after addition of trolox at a concentration of 0.17 μM; and (3) after addition of Н–
C60–D-Ala–OK (synthesis 2) at a concentration of 4.81 μM. 
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the absence of the sample and in the presence of
trolox, respectively, calculated to the horizontal
asymptote drawn at the level of the plateau of the oxi-
dation curve; Ctr and Сsamp are the trolox and sample
concentrations, respectively.

It is worthwhile to note that the kinetic curves of
PC liposome oxidation in the presence of trolox and
the test sample are different. In experiments with
trolox, the oxidation curves are S-shaped, indicating
that trolox is quickly and completely consumed along
with almost complete inhibition of oxidation, and this
is followed by uninhibited oxidation of lipid mem-
branes. The shape of the oxidation curves in experi-
ments with fullerene derivatives suggests partial
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decrease in the intensity of oxidations throughout the
experiment with a slight change in the inhibitory effect
of the test compound. Thus, fullerene derivatives act
as inhibitors for much longer periods of time. This
character of inhibition of free radical oxidation is pref-
erable from the viewpoint of obtaining optimum bio-
logical effects (protection of living organisms from the
oxidative stress) as free radicals in living systems play
not only the negative role, but are also involved in nor-
mal biological processes.

The linear character of the dependence of the
increase in the transformation time of 0.25 of the oxi-
dized compound relative to the control experiment on
the concentration of the fullerene derivative (Fig. 3)



400 VOLKOV et al.

Fig. 3. Dependence of the increase in the conversion time of 0.25 of the initial oxidized compound relative to the control exper-
iment (  – ) on the concentration of H–C60–Ala–OK in the reaction medium: (a) oxidation of f luorescein and (b)
oxidation of PC liposomes. 
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suggests that dilution does not affect the values   of
RAA and AOA and hence the rate constants of the
interaction of monoamino acid derivatives of fullerene
with radicals. The fact that the antiradical activity of
the compounds is in negative linear correlation with
respect to the size of aggregates formed by them leads,
in turn, to the conclusion that dilution of solution does
not cause a change in the size of nanoparticles formed
by fullerene derivatives, in contrast to some published
data [33].

The straightening of the damped exponential
curves of f luorescein oxidation in the absence and in
the presence of inhibitor in semilogarithmic coordi-
nates indicates that the process is pseudo-first-order
under the chosen experimental conditions (Fig. 4).
This agrees with the results of our other experiments,
which showed that the half-transformation time of
fluorescein is independent of its initial concentration
in the range from 10–8 to 5 × 10–8 M at a fixed AAPH
concentration of 9.6 mM. This is also consistent with
the theoretical assumptions because due to the low
(1.3 × 10–6 s–1 [34]) rate constant of initiator decom-
position, its amount does not markedly change, and
thus the concentration of radicals in the reaction sys-
tem is in the quasi-stationary equilibrium state.

The general kinetic equation of the pseudo-first-
order reaction in the case of f luorometric observation
of the consumption of the initial component has the
form

(3)

(4)

where I0 and I are the initial and current intensities of
f luorescence of f luorescein,  is the rate constant of
the pseudo-first-order reaction,  is the bimolecular
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rate constant of the interaction of f luorescein with
radicals, and  is the concentration of free radicals in
the system.

Using Eq. (4) we obtain

(5)

Integrating the areas under the kinetic curves, we
derive the relationship between the increase in the
conversion time of 0.25 of f luorescein relative to the
control experiment and RAA:

(6)
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where  is the induction period for trolox, and  is
the rate constant of the pseudo-first-order reaction in
the control experiment (without addition of antioxi-
dants).

As
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Fig. 4. (a) Kinetic curves of the decrease in the f luores-
cence intensity (I) of f luorescein as a result of its degrada-
tion in its interaction with the radicals formed during the
decomposition of AAPH and (b) their semilogarithmic
anamorphoses in a (1) blank experiment and in the pres-
ence of H–C60–D-Ala–OK in amounts of (2) 2.89, (3) 6.27,
and (4) 9.41 μM. The initial concentrations of fluorescein and
AAPH solutions are 0.01 and 9.6 mM, respectively. 
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Thus, the linear relationship between (  –
) and CAO (Fig. 3a) indicates that the RAA does

not change when the concentration of the fullerene
derivative in solution changes in the given range of
concentrations.

The electron-donating ability of ADFs was studied
by amperometry, recording the area under the current
curve S with an increase in the potential difference
between electrodes U [30]. According to Fig. 5, signif-
icant electrochemical oxidation of monoamino acid
derivatives starts at anodic potentials of more than 1.2 V.

The highly active antioxidants such as f lavonoids
start to donate electrons already at anode potentials   of
0.4–0.6 V [35]. As is known, f lavonoids can exhibit

samp0.25t

bl0.25t
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antioxidant activity both by the radical mechanism
(hydrogen atom transfer (HAT)) and ionic mecha-
nisms based on electron transfer (sequential proton
loss–electron transfer (SPLET) and electron trans-
fer–proton transfer (ET–PT)) [36]. Based on the vol-
tammograms obtained for fullerene C60 derivatives
(Fig. 5), it can be concluded that these compounds do
not exhibit antiradical activity by the mechanism asso-
ciated with electron transfer because of the high oxida-
tion potential. The different values   of the slope are due
to the change in the electrode response on different
dates of experiment.

The observation of the optical density of the solu-
tion of the stable 2,2-diphenyl-1-picrylhydrazyl chro-
mogen radical after addition of Н–C60–D-Ala–ОK
and Н–C60–ε-ACA–ОK to the reaction system
showed that they were inactive with respect to this rad-
ical. The stable shielded DPPH radical interacts only
with antioxidants that can easily donate a hydrogen
atom. Thus, amino acid derivatives of fullerene do not
exhibit activity according to the above-mentioned
HAT mechanism.

The antiperoxide activity (the ability to destroy
peroxide compounds by various mechanisms) of the
D-alanine derivative was studied by adding it to a buf-
fer system containing hydrogen peroxide, whose con-
centration was controlled potentiometrically. Accord-
ing to Fig. 6, after the mixing of the components of the
reaction system (vertical section of the curve), the
measured value of the potential, which was propor-
tional to the concentration of hydrogen peroxide, did
not change over the whole time of experiment. Thus,
the fullerene derivative under study is not a catalyst for
peroxide decomposition and thus cannot promote or
prevent the branching of chain peroxidation reactions.
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Fig. 6. Potentiogram obtained after addition of H2O2
(50 μL) to the phosphate buffer (4.95 mL) (pH 6.0) con-
taining H–C60–D-Ala–OK (16 μM). 
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CONCLUSIONS

The data obtained by voltammetry, potentiometry,
and DPPH analysis indicate that the antioxidant
mechanism of action of amino acid derivatives of
fullerene is not associated with electron donation or
hydrogen atom transfer and that these compounds are
not catalysts for decomposition of peroxides. At the
same time, the linear relationship between the anti-
radical properties of the N-monosubstituted amino
acid derivatives of fullerene in the f luorescent model
and the sizes of nanoparticles formed by them in aque-
ous solutions suggests that the total surface area of
  nanoparticles is the main factor that determines the
antioxidant activity of these compounds. The intro-
duction of an N-amino acid substituent significantly
increases the inhibitory efficiency of the compounds
with respect to the oxidation of a water-soluble target
(fluorescein).

The structure of the amino acid substituent has no
significant effect on the antiradical activity of
nanoparticles, as confirmed by the comparison of the
RAA of compounds with different substituents with
the RAA of the same compound from different syn-
theses, which formed aggregates with different average
sizes. The linear dependence of the inhibitory effect of
nanoparticles on the concentration in both the f luo-
rescence and liposomal models indicates that a change
in the concentration does not lead to a change in the
size characteristics of nanoparticles. Fullerene and its
derivatives are electron-deficient molecules possess-
ing a system of conjugated double bonds. The accessi-
bility of the π-bonds of atoms is evidently just the fac-
tor that determines the possibility of radical addition
reactions for nanoparticles of the amino acid deriva-
tives of fullerene. The active surface of these nanopar-
ticles can be characterized as nanowalls on which free
radicals die.
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