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Abstract

The synthesis and biological properties of mono(amino
acid) derivatives of fullerenes (MAADFs) as well as hybrid
nanostructures (HNSs) on their basis are reviewed. It is shown
that these derivatives are highly effective non-toxic
compounds in various fields of medicine and can be further
used as potential drugs.
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Introduction

A major challenge of modern nanotechnologies is the
creation of new materials for medicine based on the production
of hybrid nanostructures. Among modern nanomaterials, of
particular interest are the nanocarbon structures, including
fullerenes. Research in this filed is focused on the creation of
water-soluble derivatives of fullerenes, which have high
biocompatibility and exhibit a broad spectrum of biological
activity. The number of amino acid or peptide moieties and the
methods for their binding with a fullerene core can be different.
Therefore, the physicochemical and biological properties of the
resulting compounds will also differ significantly from each
other.

It was found that the water-soluble derivatives of fullerene
Cqo display antioxidant [1, 2], membranotropic [3], anti-
ischemic [4, 5], neuroprotective [6], antiviral [7], antibacterial
[8], and antitumor [9] properties and can be used as effective
low-toxic agents [10] for target-specific drug delivery in various
diseases [11, 12]. The polyaddition of amino acids to a fullerene
gives rise to new biologically active compounds. Thus, the
penta(amino acid) derivatives of fullerene Cg, show great
promise as a basis for creating highly effective potential drugs
for the treatment of pathological processes associated with the
development of type 2 diabetes [13].

Mono(amino acid) derivatives of fullerenes

The mono(amino acid) and peptide derivatives of fullerene
Cgo (AADFs) stand somewhat apart. This is explained by the
fact that the addition of one amino acid or peptide molecule
leads to the appearance of a proton on the fullerene core, which
readily enters the substitution reactions (Scheme 1).

These compounds were isolated and characterized for the
first time in 1994 at the Nesmeyanov Institute of Organoelement
Compounds of the Russian Academy of Sciences INEOS RAS)

[12-15]. These derivatives exhibit high solubility in water, low
toxicity, and different types of biological activity [16-21].

In experiments on mice and rabbits, it was demonstrated that
the fullerene derivatives of L-alanine, L-serine, L-alanyl-L-
alanine, which do not have their own immunogenicity, exhibit
pronounced adjuvant activity [18, 20]. The presence of a free
carboxy group in the amino acid and peptide moieties of AADFs
allows one to conjugate the resulting derivatives with other
biologically active compounds. The addition of the well-known
adjuvant, namely, a peptide derivative of muramic acid widely
used in biology and medicine, to N-(monohydro)fullerenyl-e-
aminocaproic acid led to the formation of a new adjuvant
(compound III, Fig. 1) which displayed more than an order of
magnitude higher activity than the initial adjuvant [19].

The conjugation of N-(monohydro)fullerenyl-¢-
aminocaproic acid with a 24-mer peptide—a fragment of the
foot-and-mouth disease (FMD) virus protein that exhibits the
anti-FMD activity—afforded antigen H-Cgy-Z-(136-159) (Z =
-NH(CH,)sC(0O)-) which immunogenicity was several orders of
magnitude higher than that of the original 24-mer peptide—
(136-159) = Y-S-A-G-G-M-G-R-R-G-D-L-E-P-L-A-A-R-V-A-
A-Q-L-P [13].

\ 1
N—R

a: R =CH,CO,H
b: R = C¢H4CO,H
c: R =(CH,)sCO,H

f: R = L-CH(CH,)C(O)-L-NHCH(CH3)COOH

g: R = D,L-CH(CH,)C(0)-D,L-NHCH(CH3)COOH
h: R = CH,C(0)-L-NHCH[CH(CH,),]COOH

d: R = L-CH(CH3)CO,H

i: RR'IN =
e: R = L-CH(CH;)CO,Me DN COOH

R'=H N

Scheme 1. Synthesis of amino acid derivatives of fullerenes.
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Figure 1. Adjuvant based on a fullerene and muramic acid.

It is known that human cytomegalovirus (CMV) can cause
illness in adults, especially in
conditions, affect young children, and lead to death of the fetus
and newborns. The CMV infection is one of the most common

severe immunodeficient

opportunistic infections in AIDS. The drugs used in the
treatment of the CMV infection are ganciclovir and foscarnet,
which are highly toxic. Furthermore, their application is often
associated with the development of the drug-resistant CMV
infection. To expand the range of substances with the anti-CMV
activity, the fullerene derivatives of aminobutyric and
aminocaproic acids were explored. The antiviral activity was
studied using a primary culture of human embryonic diploid
lung fibroblasts (HELFs). The sodium salts of the mentioned
acids were studied. These compounds do not have acute
cytotoxicity both in vitro and in vivo up to high concentrations
(the experiments were carried out on cells, mice, and rabbits),
while the chronic cytotoxicity is observed at doses 2—3 orders of
magnitude higher than the effective antiviral dose. It was shown
that the introduction of the aminobutyric acid derivative into
infected HELFs results in a decrease in the concentration of the
viral proteins in cells to the values approaching the protein
concentration in an uninfected cell culture [21]. In HIV
infection, the best demonstrated by N-
(monohydro)fullerenyl-g-aminocaproic acid, which, in ultra-low

results were
doses, effectively inhibited intracellular reproduction of HIV
under conditions of acute and chronic infection and suppressed
the infectivity of the mature extracellular virus [21].

Tritium-labeled fullerene derivative of aminocaproic acid T-
Cgo-NT(CT,)sCOOK was shown to be excreted from the body in
72 h via the kidneys [22].

However, the presence of a proton on the fullerene core
promotes significant expansion of the application scope of these
substances in biology and medicine by creating biocompatible
hybrid nanostructures through binding of the second addend to
the fullerene core instead of a proton.

Hybrid nanostructures of fullerenes

Kotel'nikov ez al. [23, 24] suggested a new approach to
further modification of the amino acid derivatives of fullerenes.
A significant expansion of the range of AADFs was found to be
possible by creating hybrid structures based on fullerenes (for
example, V) obtained by the addition of the second addend
(ADDEND-2) to fullerene derivative IV by replacing the
hydrogen atom introduced into the fullerene structure in the
process of the amino acid addition (Scheme 2). These hybrid
fullerene derivatives (HFDs) or hybrid fullerene compounds
(HFCs) opened the way to a wide range of biocompatible
compounds using combinations of two different addends: one of
them, the amino acid component, imparts water solubility and
membranotropic properties to the fullerene core, while the
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Scheme 2. Synthesis of hybrid fullerene nanostructures.

second one imparts additional biological activity, in particular,
antioxidant activity, which gives the ability to release nitric
oxide, to act as a photosensitizer, or to inhibit key enzymes.

The replacement of a hydrogen atom for the second
substituent usually proceeds in pyridine under the action of the
corresponding halogen-containing compound.

The quantum-chemical calculations showed that the addition
of amino acids or peptides to fullerene Cg, occurs at the double
bond of six-membered rings of the polyene system with the
formation of 1,2-isomers [25]. However, a hydrogen atom of the
fullerene core in the resulting adduct is labile [26]; therefore, the
introduction of the second substituent instead of it can lead to
steric hindrances in vicinal positions 1 and 2, facilitating the
appearance of 1,4-isomers. The structure of the second
substituent affects not only the chemical properties of the
ensuing compounds, but also the contact area of the fullerene
core with water and, as a consequence, the solvation mechanism
[27].

To improve the biological efficacy of fullerene derivatives,
recent advances in the field of the physiological activity of nitric
oxide were used. It is known that nitric oxide controls vascular
tone, serves as a modulator of oxidative reactions, apoptosis
process, and immune responses [28].

The nitro derivative of fullerene Cqy, HO-CH,CH,-Cg¢,-Pro-
C(O)CH,CH,ONO, (VI) (Scheme 3) was tested as an
antihypertensive agent. The effect of this compound on blood
pressure and heart rate in Wistar rats was studied. A lower effect
on the NO-dependent indicators of the cardiovascular system of
rats than in the case of nitroglycerin was detected. These results
indicate the possibility of creating original vasodilating
compounds for antihypertensive therapy based on this class of
compounds [29, 30].

CICH,CH,0NO,
H,0, 100 °C

0,NOH,CH,COOC
vi

Scheme 3. Synthesis of the nitro derivatives of N-

(monohydro)fullerenyl-L-proline.

The synthesis of compounds VII-X (Fig. 2) was carried out
analogously.

To evaluate the antitumor potential of fullerene derivatives,
the hybrid structures based on a fullerenyl-substituted proline
(VII-X) with the biologically active NO donors and antioxidant
carnosine (XI) were used.
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Figure 2. HNSs based on N-(monohydro)fullerenyl-L-proline methyl
ester.

These nanostructures exhibited significant antitumor effects.
Hybrid  nanostructures  VII-XI  acted as effective
chemosensitizers, which caused the recovery of up to 67% of
animals with P388 leukemia when the compounds were
administered in combination with the clinically used cytostatic
cyclophosphamide. Similar hybrid molecules act as pronounced
inhibitors of metastasis when administered in combination with
a cytostatic. Therewith, the therapeutic dose of the cytostatic
agent is decreased tenfold, which reduces its toxicity and
prevents the development of resistance [31]. The fullerene
derivative of proline IIi showed no antitumor activity under
these conditions.

The effect of nitroxy HFDs O,NOCH,CH,-C¢y-L-Pro-OMe
(VIII) and O,NOCH,CH(ONO,)CH,-Cgp-L-Pro-OMe (X) on the
enzymatic activity of the sarcoplasmic reticulum (SR) Ca*-
ATPase was studied. These HFDs were shown to be the
inhibitors of the SR Ca**-ATPase [32]. Thus, mononitrate VIII
decelerates the ATP hydrolysis with the inhibition constant K; =
1.92:10° M and the transmembrane transfer of Ca>* ions with
the inhibition constant K; = 3.79-10° M. Dinitrate X, although it
is a close analog of mononitrate VIII and noncompetitively
inhibits both functions of the enzyme, differs from mononitrate
by the lower values (by two orders of magnitude) of the
(K): 23810° and 3.0810° M,
respectively. These experimental facts suggest an increased
sensitivity of the enzyme hydrolytic function to the action of

inhibition constants

dinitrate X and may indicate a partial uncoupling of the SR
Ca®*-ATPase function. It was noted that the results on the
induced modulation of the activity of the SR Ca®*-ATPase,
associated with a change in the ratio of extra- and intracellular
contents of Ca®* ions, suggest the existence of the antimetastatic
properties of the nitroxy HFD explored.

Photodynamic therapy (PDT) is an actively developing area
of medicine, which is based on the selective effect of low-toxic
(PS), on
microorganisms, when they are excited by light of a certain

dye molecules, photosensitizers tumors  or
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wavelength—in the tissue transparency window of 700-950 nm.
The photoexcitation results in the generation of highly toxic free
radicals: singlet oxygen, superoxide anion radical, and other
reactive oxygen species (ROS), which inhibit the growth of
tumors or microorganisms. The main advantages of PDT over
the conventional methods of treating malignant neoplasms
(surgery, chemotherapy, and radiotherapy) are non-invasiveness,
high efficiency, and selectivity of the effect on a tumor in the
absence of a noticeable effect on healthy body tissues, the
absence of toxicity of the drugs in use, and the possibility of
multiple application [33—44].

Some HNSs based on poly(amino acid) derivatives of
fullerenes were reported, for which the possibility of a
significant increase in the photodynamic activity of the dye
owing to the interaction with the fullerene core was
demonstrated [45-49]. But not all of the compounds obtained
appeared to be water-soluble. To expand the panel of HNSs, the
conjugates of chlorin (XII) (Scheme 4) and pyropheophorbide
(XIII) with the fullerene mono(amino acid) derivatives were
synthesized that showed high efficiency in PDT.

R = Ala, Pro

Scheme 4. Synthesis of the HNSs based on chlorin and fullerene
mono(amino acid) derivatives.

The fullerene derivatives of pyropheophorbide XIIIa and
XIIIb were obtained analogously (Fig. 3).

R = Val, Ala, Pro

Figure 3. HNSs based on pyropheophorbide and fullerene mono(amino
acid) derivatives.
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Hybrid nanostructures facilitate the creation of compounds
with specific photophysical and biological properties [50]. The
addition of eosin dye to fullerenyl-substituted proline was
carried out (compound XIV, Fig. 4) [51, 52].

Br Br

COOCH;

Figure 4. HNS based on eosin and N-(monohydro)-fullerenyl-L-proline
methyl ester.

Eosin is effectively excited to the triplet state; then the
excited state can be transferred to the fullerene or lead to an
electron transfer from eosin to the fullerene core. As a result,
this hybrid structure allows one to effectively generate singlet
oxygen or a superoxide anion radical upon excitation of the dye
in the green spectral region at a wavelength of 533 nm. It was
found that such a hybrid derivative penetrates the blood—brain
barrier (BBB), and its maximum content in brain tissues is
reached in two hours and significantly decreases in five hours
after injection. All this makes these hybrid structures the
promising candidates for photodynamic therapy of cancer and
pharmacokinetic studies [51, 53].

The membranotropic properties of both MAADFs [2] and
HNSs based on them [52] were studied.

Using the triplet probe method, it was shown that the HNSs
act as phosphorescence quenchers for the triplet probes in
aqueous solutions and in the composition of phosphatidylcholine
liposomes. By changes in the intensity of fluorescence of the
triplet excited state of erythrosin, the ability of the HNSs to
penetrate through the lipid bilayer into the interior of liposomes
was revealed.

It is known that the blood-brain barrier regulates the
penetration of biologically active substances, metabolites,
chemical compounds which affect the sensitive structures of the
brain, and also prevents foreign agents from entering the brain.
However, in the case of certain types of cerebral pathology:
injuries, inflammatory lesions of brain tissues, or various
neoplasms, it is necessary to overcome the BBB for the
administration of therapeutic drugs.

Yamago et al. [54] reported that water-soluble fullerene Cg
can pass through the BBB of rats. Hsieh er al. [55] showed in
vivo that water-soluble pentasubstituted derivatives of fullerene
Cgp can pass through the BBB and act as neuroprotective agents.
It was demonstrated that the HNSs based on MAADFs also pass
through the BBB [51].

Fullerenes were found to have antioxidant properties.
Moreover, this concerns both the MAADFs and HNSs based on
fullerenes [56]. The antioxidant properties of HNSs and the
BBB permeability for them suggested the prospects of their use
for the treatment of neurodegenerative diseases, in particular,
Alzheimer's disease.

94

One of the causes of Alzheimer's disease is the aggregation
of amyloid proteins, which results in the formation of plaques.
Using high-resolution electron microscopy in in vitro amyloid
systems of brain AP(1-42)-peptide and muscle X-protein of the
titin family, the anti-amyloid ability of the HNSs with nitro
groups (VIII-X) to prevent the formation of amyloid fibrils by
AP(1-42)-peptide of the brain and X-protein, as well as to
decompose the amyloid structures already formed by them was
studied [57].

Nowadays, the main criteria for screening potential drugs for
the treatment of neurodegenerative disorders, in addition to the
inhibition of pS-amyloid protein aggregation, are antioxidant
activity and an inhibitory effect on the catalytic activity of the
mitochondrial enzyme of oxidative deamination of biogenic
amines, namely, monoamine oxidase B (MAO B) [58].

Lipid peroxidation (LPO) in Alzheimer's disease is one of
the most important processes that accompanies the disease. A
relationship was established between a decrease in the content of
mitochondrial superoxide dismutase (Cu, Zn-SOD) and the
intensification of superoxide generation in Alzheimer's disease
[59]. The role of SOD in this process is explained by its main
function: the inactivation of superoxide anion radicals. The
antioxidant activity of the compounds was determined by the
change in the content of malondialdehyde (MDA) in the rat
brain homogenates.

Our research group showed [60] that compound XI exerts
the highest effect, considerably reducing the specific content of
MDA and suppressing LPO two times more effectively than
complexes VIII and X, as well as neat carnosine.

This result is caused by the binary antioxidant action of
compound X: on the one hand, the C¢, fullerene carbon spheroid
acts as an acceptor of peroxyl radicals [58], which leads to chain

the other hand, with
to form an intermediate that undergoes
heterolytic decomposition without the formation of free radicals,

termination, on carnosine binds

hydroperoxides

which excludes the possibility of a degenerate branching during
LPO [61-63]. The mono(amino acid) derivatives of fullerenes
had no effect on the treatment of neurodegenerative diseases.

It was found that compound X inhibits glutamate-induced
Ca** uptake into synaptosomes of the rat brain cortex better than
other derivatives and significantly increases the amplitude of
AMPA receptor currents. This indicates the potential ability of
structure X to positively affect the memory of animals and is of
undoubted interest for further
neuroprotective activity [60].

Of considerable interest is the introduction of a maleimide

investigation of its

unit into the hybrid structures, which enables binding of the
fullerene structures to proteins and peptides through the SH
groups of cysteine residues or amino groups of other amino acid
residues [64, 65].

Compound XV (Fig. 5) was covalently bound to
hemoglobin through the SH group. This technique can be used
to covalently bind fullerenes to various carriers, including
proteins, peptides, and nucleic acids, which opens up great
opportunities for
immunological and molecular genetic methods [66].

the application of fullerenes in new

The same approaches can be used to create regular
monolayers and organized structures from fullerenes on the
surface of metals and films, for grafting them to polymers,
synthetic and natural fibers [67].

V. S. Romanova and N. Yu. Shepeta, INEOS OPEN, 2022, 5 (4), 91-98
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COOCH,

Figure 5. HNS based on N-(monomaleimidyl)fullerenyl-L-proline
methyl ester.

Using the principle of binding of biologically active
moieties to MAADFs, the methods for synthesizing potentially
biologically active substances based on the derivatives of
fullerenes and vitamin B, were developed.

The full member of the Academy of Sciences of USSR M.
E. Vol'pin suggested [68] that the catalytic sources of reactive
oxygen species, able to selectively accumulate in a tumor, can
actively suppress the growth of malignant cells. Of particular
interest are natural macrocyclic complexes of cobalt: vitamin
By, and its derivatives (cobalamins, in particular, e-carboxylic
acid By, (e-COOH-Cbl-CN, XVI) and e-carboxydioxy
cobinamide (e-COOH-Cbi- (OH),, XVII), Fig. 6).

H,NOCH,CH,C

Me Me  CH,CONH,

CH,CH,CONH,
H,NOCH,CH,C
H,COCNH,

Me Me  CH,CONH,

CH,CH,CONH,

Figure 6. e-Carboxylic acid By, (XVI) and e-carboxydioxy cobinamide
(XVID).

The results of investigations, in particular, the study of the
catalytic activity of corrin complexes in the oxidation of natural
substrates [69] and the formation of ROS [70] in these
processes, the oxidative cleavage of nucleic acids in the
presence of these metal complexes [71-73] and medical and
biological tests (evaluation of the antitumor activity of corrin
complexes of cobalt and their compositions with L-ascorbic
acid) confirmed that the catalytic systems generating reactive
oxygen species based on cobalt complexes with corrin ligands
and L-ascorbic acid can be very effective antitumor and related
agents [74].

Therefore, it was suggested that the introduction of a
pharmacophore catalytically active derivative of the fullerene
and vitamin B, into the molecule would significantly improve
the antitumor efficacy of the complexes and afford the
compounds with a new set of biological properties.

Based on this, the methods for obtaining the following
hybrid nanostructures were developed (Fig. 7).

The results obtained in the oxidation of ascorbic acid in the
presence of the ensuing HNS were comparable with the data for
the unmodified vitamin B;, derivatives and confirmed the
prospects of further investigations of these nanostructures as

XVIII R = L-Phe, g-Ahx

Figure 7. HNS based on e-carboxydioxy cobinamide and mono(amino
acid) derivatives of fullerenes.

biologically active substances [75—77].

Besides the derivatives of fullerene Cgy, the endohedral
metallofullerene (EMF) derivatives are also used as HNSs.
These HNSs are especially attractive for magnetic resonance
imaging (MRI). This direction is very promising [78] since the
EMEF carbon backbone protects the metal atom, preventing its
release into the body and thereby reducing the toxicity of the
drug. For MRI the contrast agents that exhibit relaxation
(paramagnetic) properties are used. In clinical practice, the
contrast agents containing gadolinium chelate complexes gained
popularity. However, a serious drawback of these compounds is
their toxicity caused by the possible appearance of free
gadolinium ions in the body [79].

The HNSs based on gadolinium proline derivatives H-
Gd@C82-Pro  hydroxyethyl-Gd @C82-Pro (XIX)
maleimidyl-Gd @C82-Pro (XX) were obtained (Fig. 8) [80].

and

(e}

AN
CH,CH,OH N
Valkaks /
Gd@Cs; Gd@Cs; o)
AN AN
I 1D
H,COOC HzCOOC
XIX XX

Figure 8. HNSs based on methyl esters of the proline derivatives of
endometallofullerenes with gadolinium.

The relaxation ability of these water-soluble compounds was
determined from their effect on the spin-lattice relaxation time
of water protons in an NMR spectrometer. The relaxation
coefficients R for aqueous solutions of XIX and XX were 0.757
I/mol/s and 1.091 1/mol/s, respectively. The relaxation ability of
the hybrid nanostructures is comparable to that of the
commercial contrast agent magnevist (R = 2.041 1/mol/s) used in
MRI, which increases the attractiveness of their use as contrast
agents [80-83].

Conclusions

Thus, the mono(amino acid) derivatives of fullerenes and
hybrid nanostructures on their basis are non-toxic compounds
that offer ample opportunities for their application in biology
and medicine.

V. S. Romanova and N. Yu. Shepeta, INEOS OPEN, 2022, 5 (4), 91-98

95



INEOS OPEN — Journal of Nesmeyanov Institute of Organoelement Compounds of the Russian Academy of Sciences

Acknowledgements

This work supported by the Ministry of Science and Higher

Education of the Russian Federation (agreement no. 075-03-
2023-642).

Corresponding author

* E-mail: nadshep@mail.ru (N. Yu. Shepeta)

References

13.

14.

16.

17.
18.

19.
20.
21.

M. Wang, S. Maragani, L. Huang, S. Jeon, T. Canteenwala, M.
R. Hamblin, L. Y. Chiang, Eur. J. Med. Chem., 2013, 63, 170—
184. DOL: 10.1016/j.ejmech.2013.01.052

R. A. Kotel'nikova, A. I. Kotel'nikov, G. N. Bogdanov, V. S.
Romanova, E. F. Kuleshova, Z. N. Parnes, M. E. Vol'pin, FEBS
Lett., 1996, 389, 111-114. DOIL: 10.1016/0014-5793(96)00537-6
J. Rasouli Vani, M. T. Mohammadi, M. S. Sarami Foroshani, M.
Jafari, EXCLI J., 2016, 15, 378-390. DOI: 10.17877/DE290R-
17426

V. Vorobyov, V. Kaptsov, R. Gordon, E. Makarova, 1. Podolski,
F. Sengpiel, J. Alzheimer's Dis., 2015, 45, 217-233. DOL
10.3233/JAD-142469

M. G. Medzhidova, M. V. Abdullaeva, N. E. Fedorova, V. S.
Romanova, A. A. Kushch, Antibiot. Khimioter., 2004, 49 (8-9),
13-20. EDN: MQFJEN

T. Mashino, D. Nishikawa, K. Takahashi, N. Usui, T. Yamori, M.
Seki, T. Endo, M. Mochizuki, Bioorg. Med. Chem. Lett., 2003,
13,4395-4397. DOI: 10.1016/j.bmcl.2003.09.040

A. Tkeda, T. Tizuka, N. Maekubo, R. Aono, J.-i. Kikuchi, M.
Akiyama, T. Konishi, T. Ogawa, N. Ishida-Kitagawa, H. Tatebe,
K. Shiozaki, ACS Med. Chem. Lett., 2013, 4, 752-756. DOI:
10.1021/m14001535

N. A. Monteiro-Riviere, K. E. Linder, A. O. Inman, J. G.
Saathoff, X.-R. Xia, J. E. Riviere, J. Toxicol. Environ. Health,
Part A, 2012, 75, 367-373. DOL
10.1080/15287394.2012.670894

M. Mgdrek, F. Plucinski, A. P. Mazurek, Acta Pol. Pharm., 2013,
70, 659-665.

S. Jennehalli, S. G. Pyne, P. A. Keller, RSC Adv., 2014, 4,
46383-46398. DOL: 10.1039/C4RA07310J

Yu. V. Soldatova, R. A. Kotelnikova, A. V. Zhilenkov, 1. L
Faingold, P. A. Troshin, M. A. Kozlova, D. A. Areshidze, S. M.
Aldoshin, Dokl. Biochem. Biophys., 2019, 488, 320-323. DOL:
10.1134/S1607672919050089

V. S. Romanova, V. A. Tsyryapkin, Yu. I. Lyakhovetsky, Z. N.
Parnes, M. E. Vol'pin, Russ. Chem. Bull., 1994, 43, 1090-1091.
DOLI: 10.1007/BF01558092

M. E. Vol'pin, V. S. Romanova, Z. N. Parnes, Mol. Cryst. Liq.
Cryst. Sci. Technol., Sect. C, 1996, 7, 53—60.

V. B. Luzhkov, V. S. Romanova, A. 1. Kotelnikov, Russ. Chem.
Bull., 2014, 63, 567-571. DOI: 10.1007/s11172-014-0474-1

A. N. Danilenko, V. S. Romanova, E. F. Kuleshova, Z. N.
Parnes, E. E. Braudo, Russ. Chem. Bull., 1998, 47, 2134-2136.
DOLI: 10.1007/BF02494267

O. V. Masalova, A. V. Shepelev, S. N. Atanadze, Z. N. Parnes,
V. S. Romanova, O. M. Vol'pina, Yu. A. Semiletov, A. A.
Kushch, Dokl. Biochem., 1999, 369, 180—183.

RU Patent 2196602, 2003.

S. M. Andreev, A. O. Petrukhina, A. A. Babakhin, A. V.
Garmanova, V. S. Romanova, L. M. DuBuske, Immunologiya,
2006, 27, 343-348.

RU Patent 2124022, 1997.

RU Patent 2129436, 1997.

A. 1. Kotel'nikov, R. A. Kotel'nikova, G. N. Bogdanov, D. V.
Mishchenko, N. S. Goryachev, A. V. Barinov, A. Yu. Rybkin, A.

22.

23.
24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

96

V. Smolina, D. A. Poletaeva, V. S. Romanova, Shornik
konferentsii "Nanoteknologii v onkologii 2010" (Proc. Conf.
"Nanotechnlogies in Oncology 2010"), Moscow, 2010, pp. 48—
49.

G. G. Miller, V. S. Romanova, L. N. Pokidysheva, I. V. Titova,
E. N. Kaliberda, L. D. Rumsh, O. I. Andreeva, N. P. Rybalkin,
Antibiot. Khimioter., 2004, 49 (12), 3-8. EDN: MQDPDP

RU Patent 2462473, 2007.

A. 1. Kotel'nikov, R. A. Kotel'nikov, G. N. Bogdanov, N. P.
Konovalova, S. M. Aldoshin, V. S. Romanova, Yu. N. Bubnov,
Materialy mezhdunarodnogo foruma po nanotehnologiyam.
Sbornik tezisov dokladov nauchno-tehnologicheskikh sektsii
(Proc. Int. Forum on Nanotechnologies, Scientific and
Technological Sections), Moscow, 2008, /, pp. 390-391.

T. Yu. Dolinina, V. B. Luzhkov, Russ. Chem. Bull., 2012, 61,
1631-1634. DOLI: 10.1007/s11172-012-0218-z

R. Taylor, D. R. M. Walton, Nature, 1993, 363, 685-693. DOL:
10.1038/363685a0

G. I Timofeeva, A. A. Tepanov, V. A. Lopanov, V. S.
Romanova, Russ. Chem. Bull., 2012, 61, 1635-1637. DOIL
10.1007/s11172-012-0219-y

N. P. Konovalova, S. A. Goncharova, L. M. Volkova, T. A.
Rajewskaya, L. T. Eremenko, A. M. Korolev, Nitric Oxide, 2003,
8, 59-64. DOL: 10.1016/s1089-8603(02)00142-8

O. I Pisarenko, V. S. Shulzhenko, I. I. Faingol'd, R. A.
Kotel'nikova, V. S. Romanova, N. A. Sanina, A. I. Kotel'nikov,
S. M. Aldoshin, E. 1. Chazov, Sbhornik Rossiiskogo
natsional’nogo kongressa kardiologov "Ot dispanserizatsii k
vysokim  tekhnologiyam”.  Prilozhenie 1 k  zhurnalu
"Kardiovaskulyarnaya terapiya i profilaktika" (Proc. Russ. Natl.
Congress of Cardiologists "From Prophylactic Medical
Examination to High Technologies", Appendix 1 to the Journal
"Cardiovascular Therapy and Prophylaxis"), 2006, 5 (6), p. 288.
L. I. Serebryakova, O. I. Pisarenko, O. V. Tskitishvili, I. I
Faingol'd, R. A. Kotel'nikova, V. S. Romanova, N. A. Sanina, A.
I. Kotel'nikov, S. M. Aldoshin, E. I. Chazov, Sbornik Rossiiskogo
natsional’nogo kongressa kardiologov "Ot dispanserizatsii k
vysokim  tekhnologiyam”.  Prilozhenie 1 k  zhurnalu
"Kardiovaskulyarnaya terapiya i profilaktika" (Proc. Russ. Natl.
Congress of Cardiologists "From Prophylactic Medical
Examination to High Technologies", Appendix 1 to the Journal
"Cardiovascular Therapy and Prophylaxis"), 2006, 5 (6), p. 339.
D. A. Zhokhova, R. A. Kotel'nikova, V. S. Romanova, G. N.
Bogdanov, I. I. Faingol'd, D. V. Mishchenko, N. P. Konovalova,
A. 1. Kotel'nikov, Pervaya shkola-seminar molodykh uchenykh
"Organicheskie i gibridnye nanomaterialy” (Proc. First School-
Seminar for Young Researchers "Organic and Hybrid
Nanomaterials"), Ivanovo, 2008, pp. 142—146.

L. V. Tat'yanenko, O. V. Dobrokhotova, R. A. Kotel'nikova, D.
A. Poletaeva, D. V. Mishchenko, I. Yu. Pikhteleva, G. N.
Bogdanov, V. S. Romanova, A. I. Kotel'nikov, Pharm. Chem. J.,
2011, 45, 329-332. DOL: 10.1007/s11094-011-0627-6

J. W. Arbogast, C. S. Foote, J. Am. Chem. Soc., 1991, 113, 8886—
8889. DOL: 10.1021/ja00023a041

Y. Yamakoshi, S. Sueyoshi, N. Miyata, Kokuritsu Iyakuhin
Shokuhin Eisei Kenkyusho Hokoku, Bull. NIH Sci., 1999, 117,
50-60.

H. Mizuseki, N. Igarashi, R. V. Belosludov, A. A. Farajian, Y.
Kawazoe, Jpn. J. Appl. Phys., 2003, 42, 2503-2505. DOL
10.1143/JJAP.42.2503

A. S. Stasheuski, V. A. Galievsky, A. P. Stupak, B. M.
Dzhagarov, M. J. Choi, B. H. Chung, J. Y. Jeong, Photochem.
Photobiol., 2014, 90, 997-1003. DOI: 10.1111/php.12294

M. A. Orlova, T. P. Trofimova, A. P. Orlov, O. A. Shatalov, Yu.
K. Napolov, A. A. Svistunov, V. P. Chekhonin,
Onkogematologia, 2013, 8, 65-71. DOIL: 10.17650/1818-8346-
2013-8-1-65-71

H. Tokuyama, S. Yamago, E. Nakamura, T. Shiraki, Y. Sugiura,
J. Am. Chem. Soc., 1993, 115, 7918-7919. DOI:
10.1021/ja00070a064

V. S. Romanova and N. Yu. Shepeta, INEOS OPEN, 2022, 5 (4), 91-98



INEOS OPEN — Journal of Nesmeyanov Institute of Organoelement Compounds of the Russian Academy of Sciences

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

D. M. Guldi, M. Prato, Acc. Chem. Res., 2000, 33, 695-703.
DOI: 10.1021/ar990144m

M. G. Alvarez, C. Prucca, M. E. Milanesio, E. N. Durantini, V.
Rivarola, Int. J. Biochem. Cell Biol., 2006, 38, 2092-2101. DOI:
10.1016/j.biocel.2006.05.019

Y. Tabata, Y. Murakami, Y. Ikada, Fullerene Sci. Technol., 1997,
5,989-1007. DOIL: 10.1080/15363839708013312

Y. Tabata, Y. Ikada, Pure Appl. Chem., 1999, 71, 2047-2053.
DOL: 10.1351/pac199971112047

A. Ikeda, T. Mae, M. Ueda, K. Sugikawa, H. Shigeto, H.
Funabashi, A. Kuroda, M. Akiyama, Chem. Commun., 2017, 53,
2966-2969. DOI: 10.1039/C7CC00302A

B. Zhao, Y.-Y. He, P. J. Bilski, C. F. Chignell, Chem. Res.
Toxicol., 2008, 21, 1056-1063. DOI: 10.1021/tx800056w

A. Yu. Belik, V. I. Kukushkin, A. Yu. Rybkin, N. S. Goryacheyv,
P. A. Mikhailov, V. S. Romanova, O. A. Kraevaya, P. A.
Troshin, A. 1. Kotelnikov, Dokl. Phys. Chem., 2018, 481, 95-99.
DOLI: 10.1134/S0012501618070023

S. R. Morgunova, A. Yu. Rybkin, A. Yu. Belik, P. A. Mikhailov,
V. S. Romanova, N. S. Goryachev, I. I. Parkhomenko, N. V.
Filatova, A. A. Terent'yev, A. I Kotel'nikov, Ross.
Bioterapevticheskii Zh., 2018, 17 (S), 48. EDN: UPQFGW

A. 1. Kotel'nikov, A. Yu. Rybkin, N. S. Goryachev, A. Yu. Belik,
P. A. Tarakanov, A. P. Sadkov, V. S. Romanova, Ross.
Bioterapevticheskii Zh., 2018, 17 (S), 38-39. EDN: XODQWT
A. Yu. Belik, V. S. Romanova, A. Yu. Rybkin, I. I. Faingol'd, N.
V. Filatova, P. A. Tarakanov, N. S. Goryachev, A. A. Terent'yev,
R. A. Kotel'nikova, A. I. Kotel'nikov, in: Organic and Hybrid
Nanomaterials: Production, Investigation, and Application, M. V.
Kluev, V. F. Razumov (Eds.), Izd. Ivanovskogo Univ., Ivanovo,
2019, pp. 338-342 (in Russian).

A. Yu. Belik, A. Yu. Rybkin, N. S. Goryachev, A. P. Sadkov, N.
V. Filatova, A. G. Buyanovskaya, V. N. Talanova, Z. S.
Klemenkova, V. S. Romanova, M. O. Koifman, A. A. Terentiev,
A. L. Kotelnikov, Spectrochim. Acta, Part A, 2021, 260, 119885.
DOI: 10.1016/j.saa.2021.119885

A. I. Kotel'nikov, R. A. Kotel'nikova, N. P. Konovalova, G. N.
Bogdanov, V. S. Romanova, I. I. Faingol'd, D. V. Mishchenko,
D. A. Popletaeva, A. V. Smolina, A. Yu. Rybkin, N. S.
Goryacheyv, 1. E. Kareev, V. P. Bubnov, E. B. Yagubsky, A. V.
Kornev, E. A. Khakina, P. A. Troshin, Shornik materialov V
Troitskoi konferentsii "Meditsinskaya fizika i innovatsii v
meditsine” (Proc. V Troitsk Conf. "Medicinal Physics and
Innovations in Medicine"), Troitsk, 2012, pp. 16-18.

A. 1. Kotel'nikov, R. A. Kotel'nikova, V. S. Romanova, I. L
Faingol'd, N. P. Konovalova, V. N. Varfolomeev, D. V.
Mishchenko, A. V. Barinov, G. N. Bogdanov, A. Yu. Rubtsov,
Ross. Bioterapevticheskii Zh., 2008, 7 (3), 97. EDN: KZGNYL

I. I. Faingol'd, R. A. Kotel'nikova, N. P. Konovalova, G. N.
Bogdanov, V. S. Romanova, Ezheg. Inst. Probl. Khim. Fiz. RAN,
2011, 8, 145-154.

R. A. Kotel'nikova, V. S. Romanova, I. I. Faingol'd, N. P.
Konovalova, A. V. Barinov, D. V. Mishchenko, G. N. Bogdanov,
E. N. Berseneva, A. Yu. Rubtsov, D. A. Zhokhova, A. L
Kotel'nikov, Ross. Bioterapevticheskii Zh., 2008, 7, 97-98. EDN:
KZGNYL

S. Yamago, H. Tokuyama, E. Nakamura, K. Kikuchi, S.
Kananishi, K. Sueki, H. Nakahara, S. Enomoto, F. Ambe, Chem.
Biol., 1995, 2, 385-389. DOI: 10.1016/1074-5521(95)90219-8
F.-Y. Hsieh, A. V. Zhilenkov, I. I. Voronov, E. A. Khakina, D. V.
Mischenko, P. A. Troshin, S.-h. Hsu, ACS Appl. Mater.
Interfaces, 2017, 9, 11482—11492. DOIL: 10.1021/acsami.7b01077
Y. G. Bogdanova, A. A. Tepanov, V. A. Joutsi, V. S. Romanova,
G. N. Bogdanov, R. A. Kotel'nikova, D. V. Mishchenko, A. Yu.
Rybkin, A. 1. Kotel'nikov, Moscow Univ. Chem. Bull., 2012, 67,
154-158. DOI: 10.3103/S0027131412040025

A. G. Bobylev, L. G. Marsagishvili, M. D. Shpagina, V. S.
Romanova, R. A. Kotelnikova, Z. A. Podlubnaya, Biophysics,
2010, 55, 353-357. DOL: 10.1134/S0006350910030024

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

97

P. J. Krusic, E. Wasserman, P. N. Keizer, J. R. Morton, K. F.
Preston, Science, 1991, 254, 1183-1185. DOL:
10.1126/science.254.5035.1183

A.M.-Y. Lin, S.-F. Fang, S.-Z. Lin, C.-K. Chou, T.-Y. Luh, L.-T.
Ho, Neurosci. Res., 2002, 43, 317-321. DOI: 10.1016/S0168-
0102(02)00056-1

V. V. Grigoriev, L. N. Petrova, T. A. Ivanova, R. A.
Kotel'nikova, G. N. Bogdanov, D. A. Poletayeva, I. I. Faingold,
D. V. Mishchenko, V. S. Romanova, A. I. Kotel'nikov, S. O.
Bachurin, Biol.  Bull., 2011, 38, 125-131. DOL
10.1134/S1062359011020038

F. Forette, F. Boller, in: Alzheimer's Disease and Related
Disorders, K. Igbal, D. F. Swaab, B. Winblad, H. M. Wisniweski
(Eds.), Wiley, New York, 1999, pp. 623-631.

C. Melchior, M. A. J. Collins, CRC Crit. Rev. Toxicol., 1982, 9,
313-356. DOL: 10.3109/10408448209037496

H. G. Brunner, M. Nelen, X. O. Breakefield, H. H. Ropers, B. A.
van  Qost,  Science, 1993, 262, 578-580. DOL
10.1126/science.8211186

S. M. Andreev, A. A. Babakhin, A. O. Petrukhina, V. S.
Romanova, Z. N. Parnes, R. V. Petrov, Dokl. Biochem., 2000,
370, 4-7.

A. Petrukhina, I. Andreev, A. Babakhin, V. Romanova, L.
DuBuske, S. Andreev, 12th Int. Congress of Immunology and 4th
Annual Conf. of FOCIS, Clinical and Investigative Medicine,
Montreal, 2004, 27 (4), 24A.

S. M. Andreev, A. A. Babakhin, A. O. Petrukhina, I. M. Andreev,
V. S. Romanova, L. M. Dubuske, J. Allergy Clin. Immunol.,
2002, 109, 112—-113. DOI: 10.1016/S0091-6749(02)81450-6

Yu. G. Bogdanova, V. D. Dolzhikova, Z. S. Klemenkova, V. S.
Romanova, G. I. Timofeeva, G. N. Bogdanov, A. E. Kharlov,
Moscow Univ. Chem. Bull., 2013, 68, 102-109. DOI:
10.3103/S002713141302003X

M. E. Vol'pin, L. Ya. Levitin, S. P. Osinsky, Proc. 3rd Eur. Conf.
on Bio-inorganic Chemistry, Noordwijkerhout, 1996, P2.

M. E. Vol'pin, G. N. Novodarova, J. Mol. Catal., 1992, 74, 153—
162. DOL 10.1016/0304-5102(92)80232-6

M. E. Vol'pin, N. Yu. Krainova, I. Ya. Levitin, Z. Ya. Mityaeva,
G. N. Novodarova, V. K. Oganezov, A. A. Pankratov, V. L
Chissov, R. I. Yakubovskaya, Ross. Khim. Zh., 1998, XLII, 116—
127.

M. E. Vol'pin, D. G. Knorre, G. N. Novodarova, Dokl. Akad.
Nauk SSSR, 1988, 298, 363-366.

M. E. Volpin, G. N. Novodarova, N. Yu. Kranova, N. F.
Krynetskaya, V. G. Metelev, Z. A. Shabarova, Dokl. Akad. Nauk
SSSR, 1991, 317, 650—-652.

V. M. Belkov, N. F. Krynetskaya, E. M. Volkov, Z. A.
Shabarova, N. Yu. Krainova, G. N. Novodarova, M. E. Vol'pin,
Bioorg. Khim., 1995, 21, 446-453.

S. J. Lippard, in: Bioinorganic Chemistry, 1. Bertini, H. B. Gray,
S. J. Lippard, J. S. Valentine (Eds.), Univ. Sci. Books, Mill
Valley, CA (USA), 1994, pp. 505-584.

V. S. Romanova, N. Yu. Shepeta, Z. S. Klemenkova, K. K.
Babievskii, D. V. Beigulenko, I. A. Yamskov, K. A. Kochetkov,
INEOS OPEN, 2019, 2, 41-44. DOIL: 10.32931/i01907a

V. S. Romanova, N. Yu. Shepeta, A. G. Buyanovskaya, R. U.
Takazova, Processes Petrochem. Oil Refin., 2019, 20, 14-24.

V. S. Romanova, N. Yu. Shepeta, Z. S. Klemenkova, K. A.
Kochetkov, Mendeleev Commun., 2021, 31, 844-846. DOI:
10.1016/j.mencom.2021.11.025
R. D. Bolskar, Nanomedicine,
10.2217/17435889.3.2.201

RU Patent 2396207, 2010.

I. I. Faingol'd, A. I. Kotel'nikov, R. A. Kotel'nikova, V. S.
Romanova, Ross. Bioterapevticheskii Zh., 2012, 11 (2), 55-57.
EDN: PXJXAJ

I. 1. Faingol'd, A. 1. Kotel'nikov, R. A. Kotel'nikova, V. S.
Romanova, V. P. Bubnov, 1. E. Kareev, V. E. Muradyan, Sbronik
VII Vserossiiskoi konferentsii molodykh uchenykh, aspirantov i

2008, 3, 201-213. DOL

V. S. Romanova and N. Yu. Shepeta, INEOS OPEN, 2022, 5 (4), 91-98



INEOS OPEN — Journal of Nesmeyanov Institute of Organoelement Compounds of the Russian Academy of Sciences

82.

studentov s  mezhdunarodnym  uchastiem po  khimii i
nanomaterialam "Mendeleev-2013" (Proc. VII All-Russian Conf.
for Young Researchers, PhD Students and Undergraduate
Students with Int. Participation on Chemistry and Nanomaterials
"Mendeleev-2013"), St. Petersburg, 2013, pp. 40—41.

L. I. Faingol'd, D. A. Poletaeva, A. V. Chernyak, A. V. Kornev, P.
A. Troshin, I. E. Kareev, V. S. Romanova, R. A. Kotel'nikova, V.
P. Bubnov, E. B. Yagubsky, A. I Kotel'nikov, Sbornik II
Vserossiiskoi molodezhnoi konferentsii "Uspekhi khimicheskoi
fiziki” (Proc. II All-Russian Conf. for Young Researchers
"Advances in Chemical Physics"), Chernogolovka, 2013, p. 186.

83.

98

I. 1. Faingol'd, A. I. Kotel'nikov, R. A. Kotel'nikova, D. V.
Mishchenko, A. Y. Rybkin, V. S. Romanova, V. P. Bubnov, L. E.
Kareev, E. B. Yagubsky, V. E. Muradyan, Sbornik materialov V
Troitskoi  konferentsii  "Meditsinskaya fizika i innovatsii v
meditsine” (Proc. V Troitsk Conf. "Medicinal Physics and
Innovations in Medicine), Troitsk, 2012, pp. 289-291.

This article is licensed under a Creative

Commons Attribution-NonCommercial 4.0
BY NC

International License.

V. S. Romanova and N. Yu. Shepeta, INEOS OPEN, 2022, 5 (4), 91-98


https://creativecommons.org/licenses/by/4.0/

