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Abstract—Patterns of the interaction between water-soluble polysubstituted fullerene derivatives (PFDs) and
the lipid bilayer of phosphatidylcholine liposomes were investigated by applying triplet and fluorescent
probes. Objective quantitative criteria have been proposed for the evaluation of membranotropic action of
chemical substances, notably, fullerene derivatives that quench fluorescent probes with different localizations
within the membrane. Thus, the defined criteria are the rate constants for the quenching of the fluorescence
of triplet probes and the equilibrium constants for PFD-probe complexes, which characterize their stability.
The localization of PFDs in the membrane was determined by comparing rate constants for the quenching of
eosin phosphorescence and equilibrium constants for PFD—chromophore complexes. In addition, the effi-
ciency of the interaction of PFDs with various sites of the phospholipid membrane has been seen to depend
on the charge of addends that are attached to the polysubstituted derivatives.

DOI: 10.1134/S1995078012030135

INTRODUCTION

According to numerous scientific reports that have
examined fullerene Cg, derivatives, the prospects for
their application in biological and pharmacological
practices deserve special consideration. The interest in
these materials is aroused due to the unique structure
of their carbon spheroid, the presence of lipophilic
and membranotropic properties, the ability to trans-
form oxygen into the singlet state, antioxidant and
antiviral activities, and cytotoxicity against cancer
cells. Thus, it has become apparent that the study of
physicochemical mechanisms of the action of
fullerene derivatives on biological structures is very
important. To address this issue, fluorescent and trip-
let probes are successfully applied.

The transport mechanisms of substances through
living cells and, thus, the interaction of these sub-
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stances with cell membranes are one of the most
important issues for investigating the biological action
of chemical substances.

This study is dedicated to evaluating the effect of
polysubstituted derivatives of fullerenes synthesized by
P.A. Troshin at the Institute of Problems of Chemical
Physics (IPCP) on phospholipid membranes by fluo-
rescence and phosphorescence techniques.

MATERIALS AND METHODS

In this study, the water-soluble polysubstituted
fullerene derivatives (PFDs) presented in the Table 1
were used. The following dyes were used as probes:
eosin Y (Sigma), 2,7-Br-proflavine, synthesized by
V.S. Romanova (Institute of Organoelement Com-
pounds, Russian Academy of Sciences (INEOS
RAS)), and pyrene (Sigma) (Fig. 1).

Fig. 1. Luminescent probes used in the study.
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Table 1. Water-soluble polysubstituted fullerene derivatives
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Liposomes were formed according to the protocol
[1]. Phosphatidylcholine (Fluka) was dissolved in eth-
anol (40 mg/ml), and the ethanol was removed by a
rotary evaporator (150 mbar, 270 rpm). A white phos-
pholipid film that was formed on the walls of a flask
was then transferred into a water buffer solution (Tris-
HCI, pH = 7.2, 0.02 M) by shaking for 10—20 min at
room temperature under argon flow. The resulting sus-
pension was subjected to ultrasound at 4°C for 10 min
under argon flow on a UZDN-1 U4.2 ultrasonic dis-
perser [2].

The kinetics of quenching of the phosphorescence
of eosin and the fluorescence spectra of 2,7-Br-profla-
vine and pyrene were registered by a Cary-Eclipse
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spectrofluorometer (Varian). Prior to the measure-
ments, oxygen was removed from the samples enzy-
matically by adding 10 mg of glucose (Sigma) and
100 ug of catalase (Sigma) [2, 3].

The location of PFDs in the membrane was
assessed by the method of fluorescence probes. The
following dyes were used as probes: eosin Y, having two
negative charges at neutral pH; 2,7-Br-proflavine,
having one positive charge; and hydrophobic pyrene,
having no charges and located in hydrophobic sites of
the membrane, which corresponds to the region of
fatty acid residues of phospholipids. Two milliliters of
phosphatidylcholine liposomes in Tris-HCIl buffer,
pH =7.2,0.02 M, were placed into a 1-cm quartz cell,
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Fig. 2. Phosphorescence decay rate of eosin Y: (a) in water
solution; (b) within the phosphatidylcholine liposomes.

followed by the addition of chromophores in a con-
centration of 2 x 10~¢ M. The samples were titrated by
aliquots of PFDs. The decrease in the fluorescence
amplitude of the probes was registered at 541 nm for
eosin Y, 510 nm for 2,7-Br-proflavine, and 370 and
475 nm for pyrene. The equilibrium constant (Keq),
characterizing the stability of the PFD-probe complex
in the water solution and within phosphatidylcholine
liposomes, was determined from the inclination of the
experimental curve by the Stern—Volmer relationship.

RESULTS AND DISCUSSIONS

The negatively charged eosin Y xanthene dye is
known to adsorb onto the surface of lecithin mem-
branes near the region of polar head groups of the lip-
ids [2]. The deactivation of the phosphorescence of
eosin Y can be achieved by both a polar quencher in
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Fig. 3. Phosphorescence decay rate of eosin within phos-
phatidylcholine liposomes with the addition of the follow-
ing substances: (a) CoCl,; (b) Fe(CsHjs),.

the water solution and as a result of lateral diffusion
through the membrane bilayer by a hydrophobic
quencher. A comparison of the quenching rate of the
triplet probes by different compounds such as
fullerene derivatives in water solution, on the surface
of liposomes (in the region of polar heads), and within
the hydrophobic sites of the lipid bilayer of liposomes
can reflect the ability of chemical compounds to be
incorporated into lipid membranes. Thus, such a
comparison reveals the membrane-acting properties
of the substances. PFDs were shown to be quenchers
of the phosphorescence of eosin Y in both water solu-
tions and within phosphatidylcholine liposomes. It
was found that, when the lipid : dye ratiois 50 : 1 in a
liposome membrane, almost all eosin Y molecules are
incorporated into the lipid bilayer in the region of

Table 2. The constants of luminescence quenching of probes by water-soluble polysubstituted derivatives of fullerenes

PED Phosphorescence of eosin Y Fluorescence of 2,7-Br-proflavine Fluorescence of pyrene
S
KTl'iS’ M_l S_l KLip’ M_l S_l KTris’ M_l KLip’ M_l K394 nmo» M_l K475 nm» M_]
KB 197 0.31 x 108 0.05 x 108 5.83 x 10° 3.6x10° 1.37 x 103 1.34 x 103
KB 450 0.09 x 108 0.06 x 108 6.64 x 10° 3.20 x 10° 0.91 x 10° 0.95 x 103
KB 445 0.45 x 108 0.42 x 108 20.0 x 10° 10.0 x 10° 1.00 x 103 0.87 x 10°
KB 446 0.61 x 108 0.59 x 108 20.0 x 10° 8.30 x 10° 1.08 x 10° 1.28 x 10°
KB 449 0.97 x 108 0.84 x 108 10.0 x 103 7.00 x 10° 0.69 x 10° 0.83 x 10°
NK 205 <106 <108 0.95 x 103 0.60 x 10° 0.36 x 10° 0.41 x 103
NK 212 <108 <108 0.80 x 103 0.45x 10° 0.86 x 10° 0.88 x 103
KB 318 #3.35 % 10° #1.03 x 107 3.06 x 10° 3.46 x 10°
KB 392 2.00 x 10° 1.60 x 10° #3.49 x 103 #1.55 x 103 1.25 x 10° 1.83 x 103
TP 1105 0.90 x 10° 0.74 x 10° #3.28 x 10° *0.57 x 10° 1.53x 103 2.20x 10°
* Eosin Y is used as a dye.
NANOTECHNOLOGIES IN RUSSIA Vol. 7 Nos. 5—-6 2012
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polar heads. Moreover, the molecules from the water
part do not affect the eosin phosphorescence signal,
because the phosphorescence decay curve of eosin Y is
exponential in the water solution and within the lipo-
somes, with the absence of quenchers and with the
presence of PFDs (Fig. 2).

This conclusion is confirmed by the profile of
quenching of phosphorescence of the dye achieved by
the hydrophilic ion Co?* from the water phase and by
the neutral hydrophobic quencher ferrocene, which
can attack dyes only from a hydrophobic region of the
membrane and which is not capable of quenching the
phosphorescence of dyes in the water phase (Fig. 3).

The efficiency of quenching of the probe was
observed to depend on the character of a charge local-
ized on addends of PFDs in both the water solution
and within phospholipid membranes.

As was shown in Table 2, when the phosphores-
cence of negatively charged eosin Y is quenched by
fullerene derivatives that exhibit negative charges on
their addends (KB 445, KB 446, KB 449, KB 450) and
by fullerene derivatives NK 205 and NK212 with a
negative charge on the fullerene spheroid, the rate
constants of quenching in water solutions and within
phosphatidylcholine liposomes have orders of 10—
107 M~!s~!, which is approximately 2—3 order lower
than the diffusion constant. This phenomenon is a
result of the repulsive interaction between electrostatic
charges of chromophore and PFDs.

At the same time, when the negatively charged
eosin Y is quenched by fullerene derivatives KB 318,
KB 392, and TP 1105, with five and eight positive
charges on the addends, the process of quenching dif-
fers significantly from one that uses the study of mole-
cules having negative charges as quenchers. The rate
constants of the quenching of the phosphorescence of
eosin Y by KB 392 and TP 1105 derivatives have orders
of 10°, which is two to three orders higher than those
of negatively charged derivatives and which is compa-
rable with the rate constants of quenching of phospho-
rescence of the probe in case of diffusion interactions
(Table 2). The addition of even low concentrations of
the derivative KB 318 into the sample containing the
dye lead to a sharp decrease of the phosphorescence
intensity of eosin and did not have any considerable
effect on its lifetime. This effect can be related to the
formation of a strong fullerene-dye complex by elec-
trostatic interactions between the negatively charged
chromophore and the positively charged fullerene
derivative. Consequently, the generation of the stable
PFD-probe complex causes a complete quenching of
the excited state of the dye within the complex struc-
ture and makes it impossible to measure the rate con-
stants of quenching of the phosphorescence of eosin Y
for the positively charged KB 318.

Thus, it was found that the efficiency of quenching
of the phosphorescence of the triplet probes in water
solutions and within phospholipid membranes
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Fig. 4. Quenching of the fluorescence of 2,7-Br-proflavine
in liposomes by the following substances: (a) KB197,
(b) KB213, and (c¢) KB445 in the coordinates of Stern—
Volmer

depends on the character of the electrostatic charge of
the triplet probe and the fullerene derivatives. This
result provides a basis for selecting the cations and
anions from a set of fullerene derivatives by comparing
the rate constants of the phosphorescence quenching
of oppositely charged probes by the derivatives. This
issue is very important for investigations into the bio-
logical activity of this class of compounds, because, on
the one hand, electrostatic interactions play an impor-
tant role in biochemical processes in the organism
and, on the other hand, polysubstituted derivatives of
fullerenes possess a quite complicated structure; thus,
it is often not very easy to assess their electrostatic con-
ditions.

The localization of PFDs within the membranes of
phosphatidylcholine liposomes was determined by a
fluorescence technique with the following fluores-
cence probes: the negatively charged eosin Y, the pos-
itively charged 2,7-Br-proflavine localized in the
membrane in the region of the polar heads of phos-
pholipids, and the uncharged hydrophobic probe
pyrene localized in hydrophobic sites of the mem-
brane in the region of fatty acid residues of phospho-
lipids.

The quenching of the fluorescence of chro-
mophores in water solutions and membranes in the
presence of quenchers is known to be achieved by two
mechanisms, notably, by the diffusion interactions
between chromophore and the quencher and by a
complex formation between them [5]. Thus, in the
case of dynamic collisions of excited molecules of
chromophores and quenchers, the registration of the
quenching processes of fluorescence can be performed
at molar concentrations of quenchers [5].
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Fig. 5. Fluorescence spectrum of pyrene incorporated into
phosphatidylcholine liposomes.

Since the quenching of the fluorescence of the
probes occurs at low concentrations of the fullerene
derivatives ~107% M, it is possible to conclude that
quenching of the studied dyes in the excited singlet
state (with a lifetime of ~1 ns) is not a result of diffu-
sion interactions but is achieved due to the formation
of a long-living complex PFD dye held together by the
mutual electrostatic attraction of opposite charges on
the dye and PFDs.

The interaction between a luminescent molecule
and a quencher and the subsequent formation of the
complex is defined by the Stern—Volmer equation as
follows [6]:

L-1
A

o
2 = K[q],
I pld]

where o

where [ is the luminescence intensity of a probe in the
absence of a quencher, [ is the luminescence intensity
of chromophore molecules in a complex with a
quencher, and [ is the luminescence intensity of a
probe upon the concentration of a quencher [q].

The equilibrium constant K., (Fig. 4) can be calcu-
lated from the angulation of linear anamorphoses in
the Stern—Volmer coordinates by considering /, = 0 in
all experiments. For a set of oppositely charged dyes
and PFDs, the K, values lie in diapason of 10°—10® M~
(Table 2).

As was shown in Table 2, the values of K, depend on
the nature of the dye and fullerene derivatives, as well
as on the matrix that solvates a current complex, where
the higher the salvation of charges of a dye and PFDs
is, the lower the complex stability is. For example, the
values of K, in the 0.02 M Tris- HCl buffer solution are
higher than in liposomes for the eosin Y — KB318 and
2,7-Br-proflavine — KB-445 pairs.
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Thus, it was demonstrated that, by applying the
method of triplet probes, the selected lipophilic
charged dyes adsorb efficiently on the membrane
when the particular lipid : dye ratio is used. The fol-
lowing part of the study proposes a quantitative
method for estimating the efficiency of the interaction
of fullerene derivatives with dyes in the region of polar
heads of the membrane based on the equilibrium con-
stants K, that were obtained by analyzing the depen-
dence of the fluorescence intensity of a dye from the
concentration of PFDs.

Similar to eosin Y, the 2,7-Br-proflavine dye
adsorbs onto the membrane in the region of polar
heads of phospholipids, because proflavine is a lipo-
philic positively charged molecule.

A study of the interaction between PFDs and non-
polar sites of the membrane was performed by analyz-
ing the effect of PFDs on the fluorescence of the
hydrophobic probe pyrene interacting with the lipids
of a membrane in the region of fatty acid residues.

Due to the fact that the lifetime of pyrene in the
excited singlet state is ~100 ns, which is about 100 times
higher than that of the fluorescent hydrophilic probes
used in the study, it is possible to examine very slow
diffusion processes in solutions and within a mem-
brane by measuring the changes in pyrene fluores-
cence [5].

The second essential property of pyrene is the for-
mation of so-called excimers, which are complexes of
excited molecules of the probe with unexcited mole-
cules [5]. The fluorescence spectrum of the excimer is
shifted into a long-wave region compared to a mono-
mer (Fig. 5). When pyrene is used as a fluorescent
probe, the monomers of pyrene, during the period of
the excited state (80—120 ns in liposomes), dislocate
by 20—40 A in the membrane. This feature allows one
to analyze the membrane structure at these distances.
Various events of static and dynamic quenching of
pyrene in the excimeric and monomeric states by
other molecules in the membrane can provide valuable
information about the structure of the membrane and
the membrane activity of molecules. As was shown in
Fig. 5, the fluorescence spectrum of pyrene in the
liposomal membrane consist of several peaks in the
range of 350—400 nm corresponding to the mono-
meric state of pyrene and a wide peak in the range of
430—500 nm corresponding to the excimeric state of
pyrene.

The titration of pyrene by different PFDs resulted
in the efficient quenching of the fluorescence of
pyrene, while the ratio between “monomeric” and
“excimeric” peaks was changed negligibly. This indi-
cates that the interaction between PFDs and excited
molecules of the probe is efficient in both monomeric
and excimeric states and leads to the complete
quenching of excited molecules of pyrene. By taking
into account the fact that the quenching of fluores-
cence of the probe is observed at concentrations of
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PFDs of around 10~°—10—3 M (Table 2), it is possible
to conclude that quenching is achieved not due to the
presence of dynamic complexes, but through the for-
mation of long-living complexes of PFDs with pyrene
in both monomeric and excimeric states. Since the
pyrene molecule is uncharged and has an aromatic
saturated structure, most likely the interaction of
pyrene with PFDs is achieved through the direct for-
mation of the complex between the aromatic pyrene
structure and the spheroid of fullerene or its addends
in the hydrophobic region of a membrane. The
observed differences in K., for the interaction of
pyrene with different PFDs (table) can be the result of
a partial involvement of the addends in the process of
the formation of the complex, or they can be caused by
a different extent of immersion of the fullerene core
into the hydrophobic region of a membrane. In partic-
ular, higher values of K., were observed for positively
charged PFDs.

Thus, this study suggests objective and quantitative
criteria to estimate the membrane activity of chemical
substances, in particular, fullerene derivatives, which
are quenchers of fluorescence for probes with different
localizations in the membrane. These criteria are the
rate constants for the quenching of the phosphores-
cence of triplet probes by fullerene derivatives and the
equilibrium constants for the PFD-probe complexes,
which display the stability of the complexes. This in
turn allows one to determine the location of PFDs in
the membrane when fluorescence probes interacting
with different membrane sites are involved.

A comparison of the rate constants of the quench-
ing of the phosphorescence of eosin and the equilib-
rium constants for the PFD—chromophore complexes
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has revealed that the efficiency of the interaction of
PFDs with different sites of the phospholipid mem-
brane depends significantly on the charge in addends
attached to the spheroid of polysubstituted derivatives.
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