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Fullerene Cg, conjugated with L- and D-alanine: integration into lipid
bilayer and protection of cell membrane against oxidative stress
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Using atomic force microscopy and a fluorescent probe, it was
demonstrated that nanoparticles of N-(monohydrofullerenyl)
alanine enantiomers effectively embedded into lipid membranes,
reduce membrane microviscosity and increase membrane
fluidity. Even at a concentration of 1 nM, these Cg, fullerene
derivatives were found to protect human erythrocytes from free
radical-induced hemolysis. The particle sizes of the investigated
compounds determined by atomic force microscopy are consistent
with small-angle X-ray scattering data indicating the presence
of stable aggregate configurations showing a two-fold difference
between adjacent maxima in the radius distribution.

1000 -
Chicyyp-AlOK S
800 | 0 « otd
e .
I ".s'.;'.}
600 100 um
]

400

200

Intensity (arbitrary units)

O 1 1 1 1
350 400 450 500 550 600

A/nm

Keywords: fullerene, Cg, nanoparticles, lipid peroxidation, membrane fluidity, hemolysis, AFM, fluorescence, pyrene.

Since almost all biochemical processes in a living cell are associated
with its membrane structures, interaction with the cell membrane
is a critical aspect of the action of biologically active compounds.
In the context of oxidative stress, a shift in the prooxidant—
antioxidant balance disrupts the integrity and functionality of
cellular membrane structures. From the perspective of regulating
lipid peroxidation, antioxidants that can integrate into the lipid
bilayer of cell membranes are of particular interest. The mechanism
of their action may involve not only breaking of oxidation chains or
the prevention of their initiation, but also the reduction of membrane
microviscosity. In addition, the activity of many compounds capable
of generating reactive oxygen species (ROS) increases in a lipid
environment.! The reason is that inside the lipid membrane they
have access to a pool of molecular oxygen, which is stored
predominantly in the hydrophobic core of cell membranes.?
Derivatives of fullerene Cg are a class of compounds exhibiting
high antiradical and antioxidant activity.>-'0 Therefore, it is a
pressing issue to investigate their interaction with lipid membranes
and antioxidant activity in such an environment.

We have previously studied the structural parameters of
N-monosubstituted amino acid fullerene Cy derivatives (AAFDs)"
using dynamic light scattering and small-angle X-ray scattering
(SAXS) methods.!! Here, these results were confirmed and
visualized (Figure 1) using atomic force microscopy (AFM)."

 For details, see Online Supplementary Materials.
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The particle size of the L-alanine derivative (H-Cgy-L-Ala-OK)
determined by AFM scanning in the working buffer (pH 7.0)
ranges from 2.5 to 8.5 nm. The majority of the particles have a
size of 3.6+0.6 nm, while the second maximum in the distribution
is observed at approximately 6.9+0.9 nm. These results are
consistent with the SAXS data, which indicate the presence of
stable configurations of amino acid-derived fullerene aggregates,
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Figure 1 AFM images and particle size distribution curves of (a) H-Cq-L-Ala-
OK and (b) H-C4y-D-Ala-OK nanoparticles deposited on freshly cleaved mica.
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Figure 2 AFM images of a planar lipid bilayer on a mica substrate:
(a) without additives, (b) with adsorbed H-Cgy-L-Ala-OK nanoparticles,
(c) with adsorbed H-Cg-D-Ala-OK nanoparticles and (d) with H-Cg-L-Ala-OK
added at the liposome preparation stage.

showing a two-fold difference between adjacent maxima in the
radius distribution.

For the D-alanine derivative (H-Cgy,-D-Ala-OK), the particle
size measured by AFM in water ranges from 5.0 to 15.0 nm, with
the majority of particles corresponding to a size of 9.0+3.0 nm.

To investigate the ability of AAFDs to penetrate into the lipid
bilayer, supported lipid bilayers consisting of 1,2-dioleoyl-
phosphatidylcholine, 1,2-dioleoylphosphatidylserine, 1,2-dioleoyl-
phosphatidylethanolamine and cholesterol were used. When
liposomes prepared in a buffer solution were placed on a mica
support, a lipid bilayer of about 4 nm thickness was formed.!?

The experiments were conducted in two configurations:
(1) deposition of AAFDs on the surface of the supported lipid
bilayer and (2) mixing of the studied compounds in liposomes
during their preparation (Figure 2).

In the first case, the height of the nanoparticles protruding above
the surface of the lipid bilayer and in contact with the aqueous
phase ranged from 1 to 3 nm. Given that the bilayer thickness is
4 nm, it is likely that nanoparticles with a diameter larger than
the bilayer thickness were visible above the surface of the lipid
bilayer, while those with a diameter of less than 4 nm were completely
immersed in the bilayer. A similar result was observed when
introducing AAFD at the stage of liposome preparation.

Since the localization of the studied compounds inside lipid
membranes could affect their structural and dynamic parameters,
an additional investigation of their physicochemical properties was
carried out using the fluorescent probe method.” When pyrene was
added to the erythrocyte suspension containing H-Cgy-D-Ala-OK,
effective quenching of pyrene fluorescence was observed compared
to the control experiment (Figure 3). Additionally, changes were
noted in the ratio between excimer fluorescence (4., = 454 nm)
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Figure 3 Fluorescence spectrum of 5 tM pyrene in an erythrocyte suspension
at (@) Aeye =337 nm and (b) A, =280 nm (/) in the absence of additives
(control) and in the presence of (2) 10, (3) 25, (4)50 and (5) 100 uM
H-Cg-D-Ala-OK.
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Figure 4 Dependence of (a)the microviscosity of the lipid bilayer,
(b) the polarity of the microenvironment of pyrene monomers in total lipids,
(c) the microviscosity of protein—lipid contacts and (d) the polarity of the
microenvironment of pyrene monomers in annular lipids of human blood
erythrocyte membranes on the concentration of introduced H-Cg(-D-Ala-OK,
determined by the fluorescent probe method.'3

and monomer fluorescence (A, = 390 nm), as well as in the ratio
between the maxima in the fluorescence band of pyrene monomers
(Figure 4).

The dependence of the physicochemical parameters of biological
membranes of human blood erythrocytes on the concentration of
introduced H-Cg-D-Ala-OK was determined using the fluorescent
probe method. The excimerization coefficient (the ratio of the
fluorescence intensity of pyrene excimers at 454 nm to that of its
monomers at 390 nm, Is4/l399) at A =337 nm reflects the
change in the microviscosity of the lipid bilayer [Figure 4(a)].
The ratio of the fluorescence intensities at wavelengths of 374 and
390 nm (I374/139) at A¢y. = 337 nm demonstrates a change in the
polarity of the microenvironment of pyrene monomers in total
lipids [Figure 4(b)]. The excimerization coefficient at
Aexe = 280 nm characterizes the change in the microviscosity of
protein—lipid contacts [Figure 4(c)]. The I374/l39) ratio at
Aexe =280 nm indicates changes in the polarity of the
microenvironment of pyrene monomers in annular lipids
[Figure 4(d)]."

The quenching of pyrene fluorescence compared to the control
in all experiments indicated an effective interaction of the fullerene
derivative with excited pyrene molecules in both monomeric and
excimer forms. The increase in the excimer to monomer pyrene
fluorescence ratio upon addition of AAFD to erythrocytes
demonstrated a statistically significant decrease in membrane
microviscosity affecting both lipid-lipid and protein—lipid
interactions (Table 1).

A decrease in the ratio of fluorescence intensities of pyrene
monomers at wavelengths of 374 and 390 nm indicated an increase
in the polarity of the microenvironment of the fluorescent probe
molecules'? upon the introduction of the fullerene derivatives. In the
presence of both pyrene and fullerene in the same medium but
without erythrocytes, the fluorescence intensity of pyrene monomers

Table 1 Structural and dynamic parameters of human blood erythrocyte
membranes depending on the added fullerene derivative.

Iexcimerllmonomer (/‘Lexc/nm) 1374/1390 (lexc/nm)
Sample
337 280 337 280
Without additive (control) 0.488 1.214 1.092 1.050
H-Cgy-D-Ala-OK (25 uMm) 0.511 1.460 1.078 1.024
H-Cg-L-Ala-OK (25 um) 0.522 1.450 1.018 0.988
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Figure 5 AAPH-induced hemolysis of human blood erythrocyte suspension
(1) in the absence (control) and presence of H-Cyy-L-Ala-OK at concentrations
of (2) 1, (3) 10 and (4) 100 nM, as well as (5) 1 and (6) 10 uM.

at 390 nm was higher than at 374 nm, which is typical for an
aqueous medium. The introduction of a fullerene derivative into a
medium without erythrocytes led to a decrease in the ratio of pyrene
excimers to monomers, whereas in a suspension of erythrocytes,
excimerization increased upon the addition of a fullerene derivative.

The increase in the polarity of the microenvironment in the regions
of lipid-lipid and lipid—protein interactions may be due to the presence
of polar groups of the fullerene derivatives incorporated into the lipid
bilayer, as well as a potential increase in membrane hydration.
These factors may contribute to the observed decrease in microviscosity.
Within the studied concentration range from 10 to 100 uM, the
effects are monotonic and dose-dependent (see Figure 4).

The results suggest that the studied compounds either accumulate
in membranes or are capable of passing through them. By increasing
membrane fluidity, AAFDs can enhance the rate of biochemical
processes in membranes. This effect, for example, could inhibit
the generation of ROS in the inner mitochondrial membranes.

Previously, our studies demonstrated the protective effect of
AAFDs in a model chemical system of liquid-phase radical
oxidation of phosphatidylcholine liposomes.'* In this work, we
investigated their protective activity in a biological model system of
free radical oxidation using human blood erythrocytes (Figure 5).

The obtained results indicate that AAFDs exhibit a membrane-
protective effect against damage to erythrocyte membranes caused
by alkylperoxy radicals generated during thermal decomposition
of AAPH. This effect is manifested at very low, nanomolar
concentrations and reaches a plateau at higher concentrations.

Our work has shown that AAFDs, in particular with L- and
D-alanine isomers, in the form of nanoparticles are effectively
integrated into the lipid bilayers of biological membranes, reducing
their microviscosity and increasing fluidity. Using the fluorescent
probe pyrene, an increase in the polarity of the membrane micro-
environment was observed upon the addition of the fullerene
derivatives, which correlates with their membranotropic activity.
Experiments with oxidative hemolysis of erythrocytes induced
by AAPH confirmed the dose-dependent protective effect of the
studied compounds, emphasizing their potential to suppress free
radical processes. The protective effect against oxidative stress in
erythrocyte membranes, observed even at areduced concentration
of AAFD (10~ M), confirms the previously described ability of
these compounds to exhibit biological activity at low doses in
various agricultural applications.!?

Based on the obtained data, it can be concluded that the
membrane protection mechanism is associated not only with
direct neutralization of radicals, but also with modulation of the
structural and dynamic properties of the lipid bilayer. A decrease in
membrane microviscosity may reduce the probability of electron
leakage in mitochondria, thereby preventing the generation of
ROS. Together with our previous studies,'* these results provide
a physicochemical basis for the application of water-soluble
amino acid derivatives of fullerene Cg, in biotechnology and
agriculture.
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