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C,, FULLERENE PREVENTS GENOTOXIC EFFECTS
OF DOXORUBICIN IN HUMAN LYMPHOCYTES IN VITRO
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The self-ordering of C,, fullerene, doxorubicin and their mixture precipitated from aqueous solutions
was investigated using atomic-force microscopy. The results suggest the complexation between the two
compounds. The genotoxicity of doxorubicin in complex with C,, fullerene (C,,+Dox) was evaluated in vitro
with comet assay using human lymphocytes. The obtained results show that the C, fullerene prevents the
toxic effect of Dox in normal cells and, thus, C_+Dox complex might be proposed for biomedical application.

Key words: C,, fullerene, doxorubicin, human lymphocytes, genotoxicity, comet assay.

T he biomedical application of pristine C,
fullerene requires a comprehensive study
of possible displays of its toxic effect in the
whole organism, as well as in the isolated cells. This
allotropic form of nanocarbon possesses a unique
structure, physical and chemical properties and bio-
logical activity in vitro and in vivo [1-3]. However,
there are several contradictory reports on C, | fullere-
ne genotoxicity [4-8].

Numerous studies with using different cell
types revealed that C, fullerenes possess genotoxic
activity. Data obtained from comet assay indicate
that aqueous suspension of colloid C, fullerenes
induced DNA strand breaks and oxidative DNA
damages in concentration-dependent manner [9—-11].
Genotoxicity of C, fullerene was also confirmed by
micronuclei test in vitro [12]. It is assumed that basic
mechanisms of its toxic effect are lipid peroxidation,
oxidative stress dissemination and genotoxicity [13].

On the other hand, there are few studies
showing no mutagenic effect of C, fullerene in vivo
and in vitro. For example, C,, fullerene did not in-
crease the level of DNA strand breaks, but signifi-
cantly increased the level of FPG sensitive sites/oxi-
dized purines determined by a comet assay in lung
epithelial cell line [10]. No increase in the level of in
vitro chromosomal aberrations and in vivo micronu-
clei was observed in the cytogenetic test at any C,
fullerene nanoparticle dose regardless of metabolic
activation and irradiation [14].
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It was found that the toxicity of C , molecules
depends on their concentration in the medium, sur-
face modifications, synthesis and processing condi-
tions [15, 16]. The toxic effect of C,, fullerene and
its derivatives differs significantly with respect to
various cell lines [17]. Thus, the genotoxicity of C
fullerene in vitro and in vivo strongly depends on the
size of its aggregates, dose administration, type of
cells and duration of exposure.

At the same time, there are data suggesting that
C,, fullerene possesses an ability to prevent oxida-
tive stress dissemination in thymocytes [18, 19].
Due to the nanosize, pristine C fullerene is unable
to penetrate cell membranes [20, 21]. Some special
biological effects of pristine C, fullerenes, such as
anticancer activity, were detected [22, 23].

Doxorubicin (Dox), the antibiotic of anthracy-
cline class, is one of the most common therapeutic
agents in cancer chemotherapy [24]. Its main draw-
backs are cardiotoxicity and low specificity which
considerably limit the effectiveness of the therapeu-
tic action. Therefore, to improve the effectiveness of
Dox therapeutic action the alternative cancer treat-
ments are to be developed, including purposeful
search for new agents such as targeted carriers and
agents which would promote minimization of Dox
side effects. One can assume that immobilization of
Dox on C, fullerene [25] prevents its toxic action
towards normal cells and enhances its uptake by the
target cells that is important for the biomedical ap-
plication of C, fullerene-drug conjugates [26].
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The aim of this study was to evaluate and
compare in vitro genotoxic effects of C fullerene,
doxopubicin, and their complex (C, +Dox) towards
normal cells (human lymphocytes) using the comet
assay technique.

Materials and Methods

Material preparation and characterization.
A highly stable reproducible pristine C, fullerene
aqueous colloid solution (C, FAS) in concentration
0.15 mg/ml was prepared according to protocol de-
scribed in [27, 28].

Dox (Doxorubicin-TEVA, Pharmachemie B.V.,
10 mg of lyophilized powder) dissolved in physiolog-
ical solution (0.9% NaCl), with an initial concentra-
tion 0.15 mg/ml was used.

Dox was immobilized by the C fullerene ac-
cording to protocol based on recent findings that
C,, fullerene may act as an effective carrier of the
antibiotic molecules (three Dox molecules per C,
fullerene), protecting them from water environ-
ment [25]: C  FAS (0.15 mg/ml) and Dox solution
(0.15 mg/ml) were mixed in 1:2 (volume ratio). The
resulting mixture was treated for 20 min in the ul-
trasonic disperser, and then left for 12 h of magnetic
stirring at room temperature. The absorption spectra
of Dox solution and C  +Dox mixture were meas-
ured in the wavelength range from 400 to 600 nm
at room temperature. The pronounced hypochromic
effect observed in the experiment indicates the for-
mation of a stable complex between Dox and C
fullerene [25].

The structural state of C, fullerene, Dox, as
well as C, +Dox complex, in aqueous solutions
was monitored using the atomic-force microscopy
(AFM) on “Solver Pro M” system (NT-MDT, Rus-
sian Federation). A sample was deposited onto a
cleaved mica substrate (V-1 Grade, SPI Supplies) by
precipitation from a droplet of aqueous solution. The
sample visualization was carried out in semi-contact
(tapping) mode, and NSG10 (NT-MDT) probes were
used. AFM measurements were performed after a
complete evaporation of the solvent.

Comet assay. Human lymphocytes were ob-
tained from finger-prick blood of healthy donors by
separation of cells in a density gradient Histopaque
1077 (Sigma, USA) according to instructions of the
manufacturer and then washed in 0.15 M NaCl twice.
After washing, 200 pl of cell suspension were shared
equally into four parts and each aliquot was mixed
with 250 ul of RPMI 1640 medium. C,; fullerene,
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anticancer drug Dox, and complex of C, fullerene
with Dox were added at different concentrations to
the lymphocyte suspensions in RPMI 1640 medium.
The cells were incubated in the presence of these
agents for 1 hour at 37 °C and then washed once in
0.15 M NacCl. The suspension in the amount of 50 pl
was mixed with 100 pl of 1% low-melting point aga-
rose (Sigma, USA) at ~37 °C; 20 pl of the mixture
were used to prepare a microscope slide covered
with 1% high-melting point agarose.

Slides were kept for 3-5 min at room tempera-
ture until agarose polymerization and then placed
in the lysis solution: 2.5 M NaCl, 100 mM EDTA,
10 mM Tris-HCI (pH 8.0), and 1% Triton X-100
(Ferak, Germany) which was added before use.
Cells were exposed to lysis solution for 2 hours at
4 °C. After the lysis, slides were washed with TBE
buffer (89 mM Tris-Borat, 2 MM EDTA, pH 7.5) and
subjected to electrophoresis in the same buffer for
20 min at 4 °C (1 V/em, 300 mA).

After electrophoresis, slides were stained with
1.3 ug/ml of DAPI (Sigma, USA) and immediately
analyzed under fluorescence microscope (LOMO,
Russia) connected with Canon A570 camera (a total
100 to 200 cells on each slide were analyzed). The
relative amount of DNA in the comet tail, the pa-
rameter that reflects the level of DNA damages, was
determined using image analysis softwares Comet
Assay IV (Perspective Instruments, UK) and Com-
etScore (TriTec Corp., USA). Statistical analysis of
the experimental data was performed using Student
t-test (the level of significance was P < 0.05).

Results and Discussion

Structure of C, fullerene, Dox and their com-
plex precipitated from aqueous solution. AFM study
of C,, fullerenes precipitated from their aqueous so-
lution revealed that C,; molecules arranged singly
(~0.7 nm in diameter) or in the form of their volume
aggregates up to 60 nm in diameter (Fig. 1, a).

From the solution containing 0.15 M NaCl, C
fullerenes precipitate in the form of 'island-like' ag-
gregates, with the height no more than 0.7 nm spread
on the surface (Fig. 1, b). NaCl crystals can be seen
in Fig 1, b as white area, i.e. they have much larger
height.

At water evaporation from the Dox solution
and from the mixture of Dox with C fullerene con-
taining NaCl, a non-homogeneous distribution of
the precipitated material on the mica surface was
observed. NaCl crystals were localized in the ‘salt’
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~25nm ~07nm ~1.5nm ~60nm ~8nm

0 1 2 3 4 pHm

b
Cyo fullerene island (height ~0.7 nm)

NaCl nanocrystals (height ~20 nm)

Fig. 1. AFM image of C,, fullerenes (0.15 mg/ml concentration) precipitated on the mica substrate from the
aqueous solution (a) and from the aqueous solutions containing 0.15 M NaCl (b)

spot, which was clearly seen under optical micro-
scope. The area of the spot occupies ~50% of the
whole surface initially covered by the solution. It
was established that the main fraction of NaCl and
the studied compounds, i.e. Dox or C, fullerene,
is localized within the ‘salt’ spot (the range of high
concentration). In this region Dox molecules form
ordered long-chain branched nanostructures with
6-20 nm height (Fig. 2, region I). In the vicinity of
Dox, one can notice the nanocrystals of salt from
physiological solution which are seen on the picture
as white points (Fig. 2, region II). The height of these
nanocrystals is approximately ~35 nm.

Study of the layer of C fullerene with Dox
mixture showed that in the range of high concentra-
tion its structure is similar to that of the Dox layer
(see Figs. 2 and 3). In the region of the surface away
of the ‘salt’ spot (the range of low concentration),
the structure of the layer of C  +Dox containing
system is seen as an island-like structure (Fig. 4),
which is quite similar to the structure of C,, fullere-
ne precipitated alone from the salt solution (Fig. 1,
b). In contrast to C fullerene alone, the height of the
observed islands formed in the presence of Dox is
larger than 1 nm (Fig. 4). This implies the formation
of molecular complexes of C, fullerene with Dox.
Recent studies [25] have shown that three Dox mole-
cules may simultaneously bind to one C,, molecule
without sterical overlapping so that the diameter of
such complex should be about 1.38 nm.
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Region I

Region II

0 2 4 6 8 Hm

Fig. 2. AFM image of Dox (0.15 mg/ml concentra-
tion) precipitated from the aqueous solution con-
taining 0.15 M NaCl. High concentration range
(inside the salt spot) is shown. Two regions with na-
nocrystals formed preferentially by Dox (region 1)
and salt (region Il) are indicated

Genotoxicity of C,, fullerene, Dox and their
complex. Genotoxicity of C, fullerene and Dox was
tested using the comet assay. Several representative
images of comets obtained after 20 min of electro-
phoresis of intact lymphocytes and cells treated with
C,, fullerene, Dox, or their complex are shown in
Fig. 5. In control experiments, when isolated cells
were incubated in RPMI 1640 medium containing
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Fig. 3. AFM image of C +Dox mixture (0.15 mg/ml
of C,, fullerene per 0.15 mg/ml of Dox) precipitated
on the mica substrate from the aqueous solution
containing 0.15 M NaCl. High concentration range
(inside the salt spot) is shown

0 1 2 3 4 um

Dox concentration (0.01 mg/ml), Dox-treated cells
showed the DNA damage level comparable with
such level in control cells, but a significant increase
of the average relative amount of DNA in comet tails
up to 0.15 was observed after treatment with Dox at
0.03 mg/ml (Fig. 6). Anticancer effect of Dox im-
plies two mechanisms of its action [31, 32]. As an
antibiotic of anthracycline class Dox intercalates
in DNA and, in this way, blocks DNA replication
in cells undergoing division and, thus, causes their
death [31]. Obviously, such effect is essential for di-
viding cells (e. g. cancer cells), not for non-dividing
lymphocytes. On the other hand, Dox induces an
appearance of the reactive oxygen species (ROS) in
treated cells and, thus, may provoke DNA damage
[31]. This mechanism of DNA damage should be
valid for both dividing and non-dividing cells. We
assume that concentration-dependent influence of
Dox upon lymphocyte DNA is related to the ability
of the drug to induce generation of ROS. Thus, ROS

Height, nm
| |

(e

0.4

Fig. 4. AFM image of C, +Dox mixture (0.15 mg/ml of C, fullerene per 0.15 mg/ml of Dox) precipitated on the
mica substrate from the aqueous solution containing 0.15 M NaCl (low concentration range). Right: cross-

section along the indicated line

common used antibiotics kanamycin and strepto-
mycin, the average relative amount of DNA in the
comet tails was 0.06 £ 0.01. This value corresponds
to the DNA damage rate typically observed in intact
differentiated cells [29, 30].

Culturing of lymphocytes with C, | fullerene at
0.005 mg/ml or 0.015 mg/ml did not change the rate
of DNA damage, thus, C_; fullerene nanoparticles do
not possess genotoxic effects in cells (Fig. 6). At low
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concentration in cells depends on Dox concentration
in the medium.

Numerous studies argue that C | fullerene na-
noparticles possess an antioxidant activity [2, 19],
and one may expect that they can reduce mutagenic
effects of Dox associated with generation of ROS in-
duction. To test this possibility, we investigated the
DNA damage rate in cells treated with the C_ +Dox
complex (Fig. 6). In the cells treated with the com-
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Fig. 5. The representative comet images obtained after 20 min of electrophoresis of control cells (1); cells treat-
ed with Dox (0.03 ug/ml) in presence of C,, fullerene at 0.015 ug/ml (2); and with free Dox at 0.03 ug/ml (3)

plex, a significant decrease of the relative amount of
DNA in the comet tails in comparison with free Dox
was observed (in both cases — free Dox and Dox in
the complex with C | fullerene — drug concentrations
were the same). It should be noted that the average
relative amount of DNA in the comet tails in cells

0.20

0.15

0.10

0.05

\

Control Dox

0.00

treated with C, +Dox complex was comparable with
control cells despite a difference in comet morphol-
ogy (Fig. 5). This difference implies that the co-in-
cubation with C, +Dox complex induces slight DNA
fragmentation in treated cells that leads to comet tail
formation. Nevertheless, the quantitative analysis

Doxorubicin (Dox) concentration 0.01 pg/ml
C,, fullerene concentration 0.005 pg/ml

Doxorubicin (Dox) concentration 0.03 pg/ml
C,, fullerene concentration 0.015 pg/ml

C,, fullerene C, +Dox

Fig. 6. The relative amount of DNA in the comet tails (P) after 20 min of electrophoresis of control cells
and cells treated with Dox, C, fullerene or C,+Dox complex. The average values for three independent
experiments are presented. * Statistically significant (P < 0.05) with regard to control cells; ** statistically
significant (P < 0.05) with regard to Dox treated cells
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shows the amount of this “migrated DNA” relative to
all DNA in cells to be very small, i.e. approximately
on the level of control (Fig. 6). Thus, the results of
this study show that the C fullerene may prevent
the toxic effects of Dox in normal cells.

Specific characteristics of structural self-or-
ganization of C fullerene in the presence of Dox
were studied by using the AFM technique. The ob-
tained results demonstrate the formation of C,+Dox
complexes. The genotoxicity of the complex was
estimated in vifro using the comet assay. It was
found that C, fullerene nanoparticles do not pos-
sess genotoxic effect towards human lymphocytes.
Moreover, the results indicate that C fullerene in
such complex prevents the toxic effect of Dox to-
wards normal cells. Thus, the C_+Dox complex can
be a promising agent used in antitumor therapy.
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Camoopranizanis  ¢ynepeny C,, m0KCoO-
pyOimuHy Ta iX CyMmimii, OCaJKEHHX i3 BONHHUX
pO34WHIB, Oyja IOCHTi)KeHa 3 BHUKOPHCTAHHIM
METOAy aTOMHO-CHJIOBOI Mikpockorii. Pesymsratu
rependagaroTh KOMIUICKCOYTBOPEHHS MIXK ITUMH
JIBOMa TMpernaparaMu. [ eHOTOKCHYHICTh KOMILICK-
cy ¢ynepeny C i3 moxcopybinmnom (C +loxc)
OIIIHIOBAJIH in Vitro Ha JiM(OIIUTaX JTIOIUHHE 32 J0-
romororo metony JIHK-komer. OneprkaHi pe3yib-
TaTH JIEMOHCTPYIOTh, 0 (ynepen C 3amobirae
TokcHuHiM 1mii Jlokc Ha HOpMadbHI KIITHHHU |,
BiAnoBiHO, KomIuteke C, +Jloke Moxe OyTH BUKO-
pUCTaHWH y OIOMEIUYIHUX ITIITSIX.

Knwouosi cnosa: ¢ynepen C,, mokco-
pyOillMH, JIM(OLUUTH ITHOJAUHU, F€HOTOKCHYHICTD,
metox JJHK-komer.
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Camoopranusanus  ¢ymnepena C , mT0KCO-
pYOHIIMHA W WX CMECH, OCaXXJICHHBIX M3 BOJHBIX
pacTBOpPOB, ObLIIa MCCIIEOBaHA C UCTOIh30BAHUEM
METOJIa aTOMHO-CHJIOBOM MUKpOCKonuH. Pesyribra-
THI TIPEATIONIATAI0T KOMIIIEKCOOOpa30BaHHE MEK Y
STUMHU JByMs TpenapataMi. | eHOTOKCHYHOCTh
komiuiekca ¢ymnepena C,, ¢ I0KCOpyOMUMHOM
(C60+[[0KC) OIIEHWUBANH in Vitro Ha JTUMQOIHTAX
yenoBeka ¢ nomoubio Meroaa JHK-komer. [omy-
YEHHBIE PE3YNBTaThl MOKa3anu, uto dymiepen C
MpeoTBpaIaeT TOKcH4eckoe aerictBue Jlokc Ha
HOpMAaJbHBIE KJIETKHU M, CIIeI0OBATEIIbHO, KOMILIEKC
C,,Hlokc MokeT OBITH MCTONB30BaH B OMOMENH-
IUHCKHUX LEIAX.

Knwuersnie cnosa: dymrepen C ), mok-
COpYOUITHH, JTUMQOIHUTHI YeJIOBEKa, T'€HOTOKCHY-
HOCTb, MeTOJl JIHK-KOMET.

References

1. Anilkumar P, Lu F., Cao L., Luo P. G, Liu J. H.,
Sahu S., Tackett K. N., Wang Y., Sun Y. P.
Fullerenes for Applications in Biology and
Medicine. Curr. Med. Chem. 2011;18 (14):2045-
2059.

2. Medicinal chemistry and pharmacological
potential of fullerenes and carbon nanotubes.
Series: Carbon materials: chemistry and physics.
Cataldo F, Da Ros T. (eds.). Netherlands:
Springer, 2008;1:408 p.

3. Fullerenes. Principles and applications. Eds.:
Langa de la Puente F., Nierengarten J. F.
Cambridge: RSC Edition, 2007. 400 p.

4. Andrievsky G., Klochkov V., Derevyanchenko L.
Is C,, fullerene molecule toxic?! Fullerenes,
Nanotubes, Carbon Nanostruct. 2005;13:363-
376.

ISSN 2409-4943. Ukr. Biochem. J., 2015, Vol. 87, N 1



K. S. AFANASIEVA, S. V. PRYLUTSKA, A. V. LOZOVIK et al.

. Ema M., Tanaka J., Kobayashi N., Naya M.,

Endoh S., Maru J.,, Hosoi M., Nagai M.,
Nakajima M., Hayashi M., Nakanishi .
Genotoxicity ~evaluation of fullerene C
nanoparticles in a comet assay using lung cells
of intratracheally instilled rats. Regul. Toxicol.

Pharmacol. 2012;62(3):419-424.

. Folkmann J. K., Risom L., Jacobsen N. R,

Wallin H., Loft S., Mpller P. Oxidatively
Damaged DNA in Rats Exposed by Oral
Gavage to C,, Fullerenes and Single-Walled
Carbon Nanotubes. Environ. Health Perspect.
2009;117(5):703-708.

. Matsuda S., Matsui S., Shimizu Y., Matsuda T.

Genotoxicity of colloidal fullerene C, . Environ.
Sci. Technol. 2011;45(9):4133—4138.

. Wallin H., Jacobsen N. R., White P. A,

Gingerich J., Mpller P. , Loft S., Vogel U.
Mutagenicity of Carbon Nanomaterials.
J. Biomed. Nanotechnol. 2011;7(1): 29.

9.Dhawan A., TaurozziJ. S., Pandey A. K., Shan W.,

10.

11.

12.

13.

Miller S. M., Hashsham S. A., Tarabara V. V.
Stable colloidal dispersions of C fullerenes in
water: evidence for genotoxicity. Environ. Sci
Technol. 2006;40(23):7394-7401.

Jacobsen N. R., Pojana G., White P., Mgller P.,
Cohn C. A. Korsholm K. S. Vogel U,
Marcomini A., Loft S., Wallin H. Genotoxicity,
cytotoxicity, and reactive oxygen species induced
by single-walled carbon nanotubes and C(60)
fullerenes in the FEl-Mutatrade markMouse
lung epithelial cells. Environ. Mol. Mutagen.
2008;49(6):476-487.

Al-Subiai S. N., Arlt V. M., Frickers P. E.,
ReadmanlJ. W., Stolpe B., Lead J. R., Moody A. J.,
Jha A. N. Merging nano-genotoxicology with
eco-genotoxicology: an integrated approach to
determine interactive genotoxic and sub-lethal
toxic effects of C,, fullerenes and fluoranthene
in marine mussels, Mytilus sp. Mut. Res. Genetic
Toxicol. Environ. Mutagen. 2012;745(1-2):92-103.
Totsuka Y., Higuchi T., Imai T., Nishikawa A.,
Nohmi T., Kato T., Masuda S., Kinae N.,
Hiyoshi K., Ogo S., Kawanishi M., Yagi T.,
Ichinose T., Fukumori N., Watanabe M.,
Sugimura T., Wakabayashi K. Genotoxicity of
nano/microparticles in in vitro micronuclei, in
vivo comet and mutation assay systems. Part
Fibre Toxicol. 2009;6:23-38.

Rouse J. G., Yang J., Barron A. R., Monteiro-
Reviere N. A. Fullerene-based amino acid nano-

ISSN 2409-4943. Ukr. Biochem. J., 2015, Vol. 87, N 1

14.

15.

16.

17.

18.

19.

20.

21.

22.

particle interactions with human epidermal
keratinocytes. Toxicol. In vitro. 2006;20(8):1313-
1320.

Shinohara N., Matsumoto K., Endoh S., Maru J.,
Nakanishi J. In vitro and in vivo genotoxicity
tests on fullerene C,, nanoparticles. Toxicol.
Lett. 2009;191(2-3):289-296.

Johnston H. J., Hutchison G. R., Christen-
sen F. M., Aschberger K., Stone V. The
biological mechanisms and physicochemical
characteristics responsible for driving fullerene
toxicity. Toxicol. Sci. 2010;114(2):162-182.
Aschberger K., Johnston H. J., Stone V.,
Aitken R. J. , Tran C. L., Hankin S. M.,
Peters S. A. K., Christensen F. M. Review of
fullerene toxicity and exposure — Appraisal
of a human health risk assessment, based on
open literature. Regul. Toxicol. Pharmacol.
2010;58(3):455-473.

SuY., Xul. Y., Shen P, Li J,, Wang L., Li Q.,
Li W, Xu G. T, Fan C., Huang Q. Cellular
uptake and cytotoxic evaluation of fullerenol in
different cell lines. Toxicology. 2010;269(2):155-
159.

Prylutska S. V., Grynyuk . I., Matyshevska O. P.,
Prylutskyy Yu. I, Ritter U., Scharff P. Anti-
oxidant properties of C fullerenes in vitro.
Fullerenes, Nanotubes, Carbon Nanostruct.
2008;16(5-6):698-705.

Prylutska S. V., Grynyuk I. 1., Grebinyk S. M.,
Matyshevska O. P., Prylutskyy Y. I, Ritter U.,
Siegmund C., Scharff P. Comparative study
of biological action of fullerenes C, and
carbon nanotubes in thymus cells. Mat. wiss.
Werkstofftech. 2009;40:238-241.

Foley S., Crowley C., Smaihi M., Bonfils C,,
Erlanger B. F., Seta P., Larroque C. Cellular
localisation of a water-soluble fullerene
derivative. Biochem. Biophys. Res. Commun.
2002;294(1):116-119.
Prylutska S., Bilyy R., Overchuk M., Bychko A.,
Andreichenko K., Stoika R., Rybalchenko V.,
Prylutskyy Yu., TsierkezosN. G., Ritter U.
Water-soluble pristine fullerenes C, increase the
specific conductivity and capacity of lipid model
membrane and form the channels n cellular
plasma membrane. J. Biomed. Nanotechnol.
2012;8(3):522-527.

Prylutska S. V., Burlaka A. P., Klymenko P. P,
Grynyuk L. I, Prylutskyy Yu. L., Schiitze Ch.,
Ritte U. Using watersoluble C,, fullerenes

97



EKCITEPUMEHTAIJIBHI POBOTHU

23.

24,

25.

26.

27.

98

in anticancer therapy. Cancer Nanotechnol.
2011;2(1):105-110.

Prylutska S. V., Burlaka A. P, Prylutskyy Yu. L,
Ritter U., Scharff P. Pristine C,, fullerenes
inhibit the rate of tumor growth and metastasis.
Exp. Oncol. 2011;33(3):162-164.

Hrelia S., Fiorentini D., Maraldi T. Angeloni C.,
Bordoni A., Biagi P. L., Hakim G. Doxorubicin
induces early lipid peroxidation associated
with changes in glucose transport in cultured

cardiomyocytes. Biochim. Biophys. Acta.
2002;1567(1-2):150-156.
Evstigneev M. P., Buchelnikov A. S.,

Voronin D. P, Rubin Yu. V., Belous L. F,
Prylutskyy Y. L, Ritter U. Complexation of C
fullerene with aromatic drugs. Chem. Phys.
Chem. 2013;14:568-578.

Liu J. H,, Cao L., Luo P. Gm Yang S. T., Lu F,,
Wang H., Meziani M. J., Haque Sk. A, Liu Y.,
Lacher S., Sun Y. P. Fullerene-conjugated
doxorubicinincells. ACS Appl. Mater. Interfaces.
2010;2(5):1384-1389.

Prylutskyy Yu. 1, Buchelnikov A. S,
Voronin D. P., Kostjukov V. V., Ritter U.,
Parkinson J. A., Evstigneev M. P. C_ fullerene
aggregation in aqueous solution. Phys. Chem.
Chem. Phys. 2013;15(23):9351-9360.

29.

30.

31.

32.

. Prylutskyy Yu. L., Petrenko V. 1., Ivankov O. 1.,

Kyzyma O. A., Bulavin L. A., Litsis O. O,
Evstigneev M. P, Cherepanov V. V.,
Naumovets A. G., Ritter U. On the origin of
C,, fullerene solubility in aqueous solution.
Langmuir. 2014;30(14):3967-3970.

Afanasieva K., Chopei M., Zazhytska M.,
Vikhreva M., Sivolob A. DNA loop domain
organization as revealed by single-cell gel
electrophoresis.  Biochim.  Biophys. Acta.
2013;1833(12):3237-3244.

Afanasieva K., Zazhytska M., Sivolob A.
Kinetics of comet formation in single-cell
gel electrophoresis: loops and fragments.
Electrophoresis. 2010;31(3):512-519.

Tacar O., Sriamornsak P., Dass C. R. Doxo-
rubicin: an update on anticancer molecular
action, toxicity and novel drug delivery systems.
J. Pharm. Pharmacol. 2013;65(2):157-170.
Hozayen W. G., Abou Seif H. S. Protective effects
of rutin and hesperidin against doxorubicin-
induced lipodystrophy and cardiotoxicity in
albino rats. J. Am. Sci. 2011;7(12):765-775.

Received 27.06.2014

ISSN 2409-4943. Ukr. Biochem. J., 2015, Vol. 87, N 1



