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Abstract: Creation of new “targeted delivery” drugs is one of priority areas of
pharmacology and is especially true for oncology. Medicinal substances, in particular those
of anthracycline series, immobilized on the surface of nanosized carriers for the targeted
delivery of drugs to target organs or target tissues, allow creating an optimal concentration
of the drug in the area of therapeutic effect. The latter significantly reduces systemic
toxicity by decreasing the total dose and longer retention in the lesion, as well as increasing
the solubility and bioavailability of drugs. Ones of promising drug delivery nanosystems are
carbon materials, in particular, fullerene (C60) and pristine or modified graphene. The
feature of carbon systems, in contrast to organic and dielectric transport systems, is their
high conductivity and the dependence of the interaction energy between atoms of
transporters and drugs on their charge state. To date, the specifics of the interaction of
epirubicin with a graphene-like plane (GP) and fullerene at the atomic level remain poorly
understood. Therefore, the energy parameters of the interaction of GP and C60 with
epirubicin in various protolytic forms, which reveal at different pH values of the aqueous
medium, were studied using quantum chemistry methods. Calculations were carried out
using the MOPAC2016 program and the PM6-D3H4X method, in which, along with
hydrogen bonds, the dispersion interactions are taken into account. Based on the analysis of
the results of quantum chemical studies, the thermodynamic probability of the epirubicin
adsorption process on GP is predicted in the entire pH range of the aqueous medium, as
evidenced by the negative values of interaction enthalpies in all four cases. It has been
found that epirubicin (protonated form) will have the greatest adsorption both on the
graphene plane (—209.1 kJ/mol) and upon interaction with the fullerene molecule (—121.3
kJ/mol).

Keywords: epirubicin; fullerene; graphene-like plane; cluster approximation; semi-
empirical research methods

1. Introduction

Antitumor drugs of anthracycline series, such as doxorubicin and epirubicin,
inhibit the growth and reproduction of cells. Cells of malignant neoplasms, which
divide rapidly, are particularly sensitive to the action of such drugs. Herein, the
functionality of normal cells of a number of body systms is suppressed. The
common side effects are hair loss (alopecia), vomiting, inhibition of bone marrow
function, inflammation of the inner part of the oral cavity, death of epithelial tissues
at the injection site, as well as high cardiotoxicity [1-5].



Nano and Medical Materials 2024, 4(1), 1425.

The cardiotoxic effect of anthracyclines is often the main limiting factor for
highly effective cytostatic chemotherapy [6] and is a good reason for stopping
treatment even before a clear antitumor effect is obtained. The danger of heart
damage lies in the high frequency of their development, the difficulties of diagnosis,
their long latent course, the possibility of occurrence not only during the period of
treatment, but also many years after ending of anticancer chemotherapy [7].
Myocardial cell damage leads to violations of the ultrastructure and functional
failure of the heart muscle. Metabolic damage to cardiomyocytes caused by exposure
to toxic anthracyclines causes the development of oxidative stress [8], which leads to
apoptosis (death) of cells and necrosis of heart tissues.

Currently, toxic damage to the myocardium by anthracyclines and its
prevention with the help of pharmacological agents remains an unsolved problem in
oncology [9]. Therefore, the search for medicinal substances of natural and synthetic
origin with optimal pharmacodynamic and pharmacokinetic parameters for the
prevention and correction of structural and functional disorders in myocardial tissue,
under conditions of chronic intoxication with antitumor drugs, can solve one of the
urgent problems of modern medicine.

However, medicinal substances immobilized on the surface of nanosized
carriers for the targeted delivery of drugs to target organs or target tissues allow
creating an optimal concentration of the medicinal substance in the area of the
therapeutic effect [10,11]. This significantly reduces systemic toxicity due to the
reduction of the total dose and longer retention of the active substance in the lesion.
Ideally, carriers also increase their solubility and bioavailability [12,13]. Thus, the
creation of new “targeted delivery” drugs is one of the priority arcas of
pharmacology and, in particular, of oncology [14,15].

One of the promising auxiliary substances are nanocarbon materials, in
particular, fullerene (Cg) and original and modified graphene [16—18]. The paper
[19] analyzed the possibility of using Cs, and C;, fullerenes as a neutral means of
drug delivery to the affected area. It has been found that fullerenes, having low
toxicity, retain a unique ability for chemical modification, namely, the addition of
functional groups with double bonds, the introduction of atoms and entire clusters
into the carbon sphere, as well as the formation of new compounds by replacing one
carbon atom with an atom of another chemical element [20]. The high reactivity of
the surface of fullerenes contributes to the fixation of anthracyclines, the main
structure of which is a tetracyclic molecule with an anthraguinone skeleton
connected to a sugar fragment by a glycosidic bond. Since the spatial dimensions of
modified molecules are in the nanometer range, when injected into human blood,
they can pass through the capillaries of the circulatory system. High permeability
makes fullerenes promising carriers of dosage forms for targeted delivery [21]. In
work [22], the properties of oncopreparations based on nanocomposites of
doxorubicin with graphene and its oxide were predicted using quantum chemistry
methods.
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Herein, creating an increased drug concentration near a diseased organ
enhances the penetrating probability of immobilized drug within diseased cells, but
does not guarantee successful treatment of the organ. Important therapeutic
procedures are the passage of nanosized carbon carriers with an immobilized drug,
or separately, through the cell membrane within the intracellular medium (the
cytoplasm) of the diseased organ and the subsequent unfastening process of drugs or
its atomic fragments from transporter and their sticking to substances localized in the
cell nucleus, in particular, DNA molecules. During the sticking process the
interaction of atomic complexes of drug and DNA molecules is accompanied by
variations in the charge and structural states of formed atomic complexes of dosage
form with nuclear substances, what may produce a therapeutic effect at the
molecular level.

In addition, the detachment process of dosage forms from the carrier and their
sticking to the DNA molecule is supported by thermal and charge fluctuations in the
intracellular environment, stimulated by heart contractions. Therefore, the
detachment energy of the dosage form from the carrier and their sticking energy to
DNA molecules may be of the order of the physical adsorption energy and does not
excess the chemical adsorption minimal value, i.e., E4 < 40 kJ/mol. Since the energy
of thermal vibrations is ~ kT, where k is Boltzmann’s constant, T is the temperature
of the intracellular medium, at T ~ 37 °C their energy contribution to the detachment
and sticking processes is about ~2.5 kJ/mol.

Besides, the accumulation of charged drug atomic fragments or the excess of
drug molecules not involved in the therapeutic process in the intracellular
environment may lead to the cytotoxicity development [23]. Therefore, the drug
delivery carriers must have the sufficient probability for exit and removal from the
intracellular environment the drug atomic fragments and excess molecules not
involved in the therapeutic process.

Currently, along with doxorubicin, its enantiomer, epirubicin, is used in medical
practice, which has identical pharmacological activity, but exhibits much lower
cardiotoxic side effects [24,25]. Epirubicin is characterized by the following
dissociation constants: pK, =8.5; pK, =10.75; pKg = 11.33 [26]. Therefore, in an
aqueous solution, depending on the pH, epirubicin can be in protonated (H:A*),
uncharged (H,A) and deprotonated (HA-, A2") forms, which are slightly different in
structure and, as a result, have different capability to interact with graphene and
fullerene.

After introducing into the bloodstream of a living body, nanosized carbon
carriers with immobilized epirubicin move in a slightly alkaline environment with
pH of 7.35-7.45 before contact with the cells of the diseased organ. Passing through
the cell membrane, they enter within the intracellular weakly acidic environment
with pH < 7. Thus, when moving from the extracellular to the intracellular
environment, the charge state of the epirubicin and medium, where the drug is
localized, may change abruptly. The variation in the cytoplasm pH value promotes
the detachment of sorbed atomic groups on epirubicin molecules into the
intracellular medium. The such process may lead, on the one hand, to a reduction in
the medium acidity, and yield an inhibitory effect, in particular, on the cancer cells,
and, on the other hand, change the binding energy value among atoms of the drug
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and carbon carriers, and the intensity of intracellular transformations.

Assuming that during delivery of epirubicin molecules immobilized on
nanosized transporters, such as the graphene layer and fullerenes, their charge state
changes in an environment with different pH values, it is possible to estimate
variations in the binding energy of the drug forms with the carbon carriers.

To date, the specifics of the interaction of epirubicin with fullerene and a
graphene-like plane (GP) at the atomic level remain poorly understood. Therefore,
the interaction of GP and Cs, intermolecular complexes with epirubicin in various
protolithic forms, which exist in the aqueous mediums with different pH values,
were modeled by quantum chemistry methods and their energy parameters were
calculated.

2. Objects and calculation methods

According to experimental and theoretical data [27—29], the epirubicin molecule
has five proton-donating hydroxyl groups in the tetracyclic structure of the
anthraguinone framework, which is connected by a glycosidic bond to one proton-
accepting amino sugar fragment (Figure 1a). Therefore, the protonated form of
epirubicin is formed as a result of protonation of the amino group (Figure 1b).
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Figure 1. (a) Uncharged; and (b) protonated forms of epirubicin.

To elucidate which of the five hydroxyl groups of the epirubicin molecule has
the highest proton-donating capacity, five epirubicin anions were optimized, each of
which had one deprotonated hydroxyl group (Figure 2). It should be noted that when
trying to localize the anion by detaching a proton from the hydroxyl group of the
amino sugar fragment, during optimization, the proton moves from the hydroxyl
group closest to it (Figure 2d). This indicates that the proton-donating ability of the
hydroxyl group of the amino sugar fragment is the lowest.
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Figure 2. Possible equilibrium structures of the singly charged epirubicin anionsand their total energies (here and in
the future, the value of the total energy is given in kJ/mol) (a) —682649.9008; (b) —682582.1561; (c) —682483.2843;
(d) —682725.299; (e) —682748.1516.

To establish the structure of the doubly deprotonated anion, four possible
structures were optimized (Figure 3) by successive removal of a proton from the
remaining four hydroxyl groups in the monoanion, which is shown in Figure 2d.
According to the results of the analysis of the total energies of these dianions, it was
found that the smallest value, and therefore the most probable, is the dianion
depicted in Figure 3a.

Comparing the total energies of monoanions of epirubicin, it was found that the
anion shown in Figure 2e has the deprotonated hydroxyl group located in the
anthraquinone fragment, and the lowest total energy value. Therefore the proton-
donating capacity of such hydroxyl group is the highest and it will be the first to
dissociate in an aqueous solution. Note, in the future the epirubicin structure of
shown in Figure 2d will be used as the HA- anion model.
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Figure 3. Equilibrium structures of doubly charged epirubicin anions and their total energies (a) -682649.9008; (b)
—682582.1561; (c) —682483.2843; (d) —682525.299.

The smallest Cso molecule was chosen as the fullerene model, which is a sphere
with a diameter of 7.13 A (Figure 4a), which contains 60 equivalent carbon atoms,
each of which is connected to three other covalent bonds, forming pentagons and
hexagons on the surfaces. The C = C bond lengths are 1.38 A, and the C — C bond
lengths are 1.46 A, respectively, which are confirmed by experimental and
theoretical studies described in the literature, since the fullerene structure has been
precisely established by experimental methods and studied in detail by theoretical
methods [30,31].

A graphene-like plane commensurate with the epirubicin molecule (maximum
length 12.2 A, width 10.8 A) was chosen as the graphene model. Its gross
composition is Cs4H;s and contains 19 condensed benzene nuclei [32]. The

graphene-like plane has a symmetrical structure (Figure 4b), with a length of 14.2
A
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Figure 4. Equilibrium spatial structure of (a) the Cq, fullerene molecule; and (b) the Cs,H;5 graphene-like plane.

Calculations were performed using the MOPAC2016 program [33] and the
PM6-D3H4X method [34-36], which takes into account the influence of hydrogen
bonds and dispersion interactions. The enthalpy of adsorption was considered as the
thermal effect (AH,qg) Of the interaction reaction of the epirubicin molecule (A) and
GP or Cq (B) with the formation of an intermolecular complex (A:--B) and
according to the reaction

A+B— A-B
and calculated according to the formula:
AHzg8 = Hagg(A-+*B) — [Ha0s(A) + Hags(B)],

ne Hpe(A--B)—the enthalpy of formation of the intermolecular complex,
H.,gs(A)—epirubicin, H,gs(B)—GP or Cg, respectively, was calculated.

3. Results and their discussion

To begin with, the interaction of epirubicin with the fullerene molecule was
investigated. Equilibrium structures of the most likely intermolecular complexes of
Cso With epirubicin in various protolithic forms were found (Figure 5), the structure
of which is given above (Figures 2 and 3). In particular, in Figure 5 the
intermolecular complex of the fullerene molecule with the protonated form of
epirubicin is depicted. It can be seen that the acraquinone framework of epirubicin
cation is significantly deformed, compared to the original one (Figure 1b) due to
interaction with fullerene. At the same time, its protonated amino group is oriented
towards the fullerene molecule. The enthalpy of this interaction has a negative value
and is —121.3 kJ/mol, which indicates the thermodynamic probability of this process.

Next, the interaction of fullerene with the neutral epirubicin molecule is
considered. As can be seen from Figure 5b, the epirubicin molecule due to
interaction with fullerene is less deformed compared to its protonated form. AH,gg Of
the interaction is much smaller compared to the similar value of the previous case
and is only 38.5 kJ/mol (see Table 1).
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Figure 5. Equilibrium geometry of intermolecular complexes of the fullerene molecule with protolytic forms of
epirubicin: (a) protonated; (b) neutral epirubicin molecule; (c) monodeprotonated; and (d) deprotonated.

As can be seen from Figure 5c, the structure of this intermolecular complex of
epirubicin monoanion with a fullerene molecule is similar to the complex with a
neutral epirubicin molecule. In particular, in both complexes the methyl group of the
amino sugar fragment of epirubicin is oriented toward the fullerene molecule, while
the amino group is oriented away from the Cs; molecule. The interaction enthalpy is
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slightly higher for the case with the epirubicin monoanion compared to the neutral
molecule (see Table 1) and is 48.7 kJ/mol.

Table 1. Energy effects (AH,qg) Of the interaction of epirubicin with fullerene and
graphene-like planes (in kJ/mol).

) S Adsorbent
Protolytic form of epirubicin
C60 C54H18
H3A+ -121.3 —209.1
H2A -38.5 —-138.8
HA- —48.7 -18.7
A2- —69.4 -35.9

A further increase in the charge of the anion from one to two leads to a change
in the intermolecular complex structure of the epirubicin dianion with fullerene
(Figure 5d), in comparison with the intermolecular complex of the epirubicin
monoanion with fullerene (Figure 4c) and, as a result, to a change in the interaction
enthalpy from —48.7 to —69.4 kJ/mol (see Table 1).

The next task was to investigate the interaction of the graphene-like plane with
the epirubicin molecule in various protolithic forms. Figure 6a shows the
intermolecular complex of a graphene-like plane with a protonated form of
epirubicin. It can be seen from the figure, the epirubicin cation is placed on the
graphene sheet almost parallel to it. In this complex, dispersion interaction occurs
with a larger number of atoms of structural units compared to the intermolecular
fullerene-cation complex (Figure 5a). At the same time, as expected, the calculated
enthalpy of intermolecular interaction is significantly higher (—209.1 kJ/mol)
compared to the similar value for the complex fullerene—protonated form of
epirubicin (—121.3 kJ/mol) (see Table 1).

The intermolecular complex obtained as a result of the interaction of a
graphene-like plane with a neutral epirubicin molecule (Figure 6b) is structurally
similar to the complex with an epirubicin cation (Figure 6a). Both intermolecular
complexes are characterized by a parallel arrangement of the anthraquinone aromatic
framework relative to the graphene-like plane. As a result, the enthalpy of
intermolecular interaction also has a rather high value, which is —138.8 kJ/mol.

When the mono- and dianion of epirubicin interacts with a graphene-like plane,
similar intermolecular complexes are formed (Figure 6c¢,d). Unlike the previous two
(Figure 6a,b), they are characterized by a non-parallel orientation of the
anthraquinone aromatic framework to the graphene-like plane. In this regard, fewer
atoms of the reacting molecules interact with each other due to dispersion forces.
Therefore, the enthalpies of intermolecular interaction for anions (HA-, A*) of
epirubicin are significantly smaller, compared to similar values for protonated and
molecular forms of epirubicin. In particular, the interaction enthalpy for the
epirubicin monoanion—graphene-like plane complex is —18.7 kJ/mol, and for the
epirubicin dianion—graphene-like plane complex, this value is 17.2 kJ/mol higher
and has a value of 35.9 kJ/mol.
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Figure 6. Equilibrium geometry of intermolecular complexes of a graphene-like plane with protolytic forms of
epirubicin: (a) protonated; (b) neutral epirubicin molecule; (c) monodeprotonated; (d) dideprotonated.

It can be seen from the table that all values of the enthalpy of intermolecular
interaction are negative values, which indicates the thermodynamic probability of
adsorption for all considered protolytic forms of epirubicin, both for fullerene and
for the graphene-like plane. An analysis of the results of quantum chemical
calculations shows (see Table 1) that the largest value of AH,g relative to interaction
with both fullerene and a graphene-like plane is characteristic of the protonated form
(HsA") of epirubicin and is —121.3 (in the case of fullerene) or —209.1 kJ/mol (in the
case of a graphene-like plane).

The lowest value of the enthalpy of intermolecular interaction with fullerene is
revealed for the neutral molecule of epirubicin, which is —38.5 kJ/mol, and for
interaction with a graphene-like plane—the monodeprotonated form of epirubicin
(HA") (-18.7 kJ/mol). Such weakly bound states of epirubicin molecules are the
most promising dosage forms, since their detachment is not accompanied by intense
release of thermal energy. The dependence of the binding energy E; of epirubicin
molecules with carbon and hydrogen atoms of nanocarriers indicates the possibility
of E; value varying during their delivery to desease organ due to adsorption of

10
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References

functional groups from the environment and the resulting change in the charge
density distribution in the electronic spectra of carbon nanocarriers. In addition, the
range of E; value changes is due primarily to variations in the hydrogen bond energy
contribution when the epirubicin molecule charge state changes. When penetrating
within cells with increased acidity of the intracellular environment and the
concentration of hydrogen ions, the processes of drug detachment from the
nanocarrier and dissociation of the epirubicin molecule into atomic fragments can be
enhanced due to electrostatic interaction with hydrogen ions. The migration of
detached epirubicin molecules and their dissociates to the cell nucleus is probably
caused to dispersed interactions with fluctuations in the dipole moment of the
intracellular environment stimulated by changes in the blood pressure due to
contractions of the heart muscle.

4. Conclusions

Based on the analysis of the results of quantum chemical calculations, it was
found that the most proton-donating hydroxyl groups of the epirubicin molecule are
located on its atraquinone fragment.

The thermodynamic probability of adsorption of epirubicin on GP in the entire
pH interval of the aqueous medium is assumed, as evidenced by the negative values
of interaction enthalpies in all four cases.

It was found that epirubicin (protonated form) will have the greatest adsorption
both on the graphene plane (209.1 kJ/mol) and upon interaction with the fullerene
molecule (121.3 kJ/mol).

The lowest value of the enthalpy of intermolecular interaction during interaction
with fullerene is characteristic for the neutral molecule of epirubicin (-38.5 kJ/mol),
and when interacting with a graphene-like plane—for the monoanion of epirubicin
(-18.7 kJ/mol).

Based on the obtained calculation results, it can be predicted that the adsorption
of epirubicin on the surface of nanocarbon particles will best occur in an aqueous
medium with pH < 7. The application of the results of quantum chemical
calculations to intracellular processes is considered.
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