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Compositions of doxorubicin with a terpolymer of
N-vinylpyrrolidone, methacrylic acid and triethylene glycol
dimethacrylate have been prepared and investigated by UV-
VIS and NMR spectroscopy, cyclic voltammetry and DFT
quantum chemical modeling. Oxygen containing groups of the
terpolymer and hydrogen atoms of the drug OH and NH;*
groups form hydrogen bonds. The compositions have lower
cytotoxicity in vitro compared with that of free doxorubicin.
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Doxorubicin (DOX) is an anthracycline antibiotic with antitumor
and antileukemic activity.! It has adverse effects such as
cardiotoxicity, hypoallergic reactions and general disturbance of
wellbeing. To diminish its general toxicity as well as increase the
selectivity and circulation time in a bloodstream, DOX is
typically introduced into various nanocarriers such as
liposomes,?®  phospholipid nanoparticles,*  dendrimers,>”’
microgels,® hydrogels,® polyelectrolyte multilayer capsules of
dextran sulfate and poly-L-arginine,’® boron nitride
nanoparticles,'t graphene and graphene oxide!? as well as silver
and gold nanoparticles,3 details being given in reviews 1415

As the antitumor drug carriers, biocompatible nanocontainers
based on synthetic and natural polymers have been designed.16:17
In this work, we propose a terpolymer of N-vinylpyrrolidone
(VP), methacrylic acid (MAA) and triethylene glycol
dimethacrylate (TEGDM) as a DOX carrier. We found that
branched VP copolymers of different composition, molecular
weight and topology were biocompatible and affected
insignificantly the viability of normal Vero cells as well as the
A172 or HelLa tumor ones.’®2 Organic complexes of
platinum(1v) encapsulated in these copolymers have less
cytotoxicity compared with the free compounds.®?1 3D
structure of macromolecules and the size of their aggregates in
aqueous media correspond to the main criteria for delivery
vehicles and are related to the clearance in kidneys and
spleen,?-26 while small polymer particles can circulate in a
bloodstream for the time sufficient to ensure the effect of their
encapsulated drugs.?’

The 3D terpolymer was obtained here using the known
technique?? by radical copolymerization of the three monomers
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in ethanol at a molar ratio VP : MAA : TEGDM of 98 : 2 : 2 (for
details of the synthesis and isolation, see Online Supplementary
Materials). The copolymer had 3.8 wt% MAA units according
to potentiometric titration, molar ratio of VP to (di)methacrylate
units of 85.6 : 14.4, M,, of 76.0 kDa, critical aggregation
concentration (CAC) in water of 5.0 mg ml-* and hydrodymamic
radius R,, of 10 nm as measured in agueous neutral PBS at
5.0 mg mi=L,

Commercial DOX hydrochloride (Teva Parmaceuticals) used
in this work contained lactose monohydrate (~360 Da).
According to IR spectroscopy, hydrogen bonds can be assumed
between the OH groups of lactose and C=0 groups of VP units
in the solid polymer compositions. Despite this, the interaction
with water should be stronger than with the amphiphilic
copolymer and free lactose does not affect the formation of the
drug polymer composition.

Two series of the compositions were prepared, namely,
PC1DOX,with n=0.6,1.3,1.9,2.5and 3.1 wt% DOX originated
from 2 mg ml~! solutions of the copolymer in PriOH as well as
PC2DOX,, with n=0.5, 1.25, 2.5 and 5.0 wt% DOX on the basis
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of terpolymer solutions of various concentrations (for details, see
Tables S1 and S2, Online Supplementary Materials). Solutions
with no copolymer containing the corresponding amounts of DOX
were used as a control.

Aqueous buffer solutions of PC1DOX,, and PC2DOX,, were
analyzed by UV-VIS spectroscopy using the DOX absorption
band maximum at ~490 nm [Figures 1 and S2(a)]. As follows
from Figure 1, with an increase in DOX content for PC1DOX,,
optical density A of its absorption band grows. Besides, the A
value is higher for the solutions of PC1DOX, s and PC1DOX; 4
compared with that for the same amounts of free DOX in the
control experiments (see Figure 1, dashed lines corresponding in
their colors to PC1DOX,s and PC1DOX5 ). This difference
originates from DOX inclusion in the copolymer structure and
influence of the polymer environment on molar extinction
coefficient of the DOX chromophore. The function of A vs. DOX
concentration in solution is linear in the control experiments
(Figure S1), while the molar extinction coefficient increases as a
result of a decrease in the polarity of polymer matrix. In the
second series of solutions, namely with PC2DOX,,, the A value
of the DOX absorption band is higher than that for free DOX
[see Figure S2(a)] and the dependence of A vs. the copolymer
concentration is complex [Figure S2(b)]. These data indicate the
drug association with the terpolymer through physical entrapment
within the polymer matrix and penetration of the DOX molecules
into cavities with formation of guest-host type complexes as
well as the drug adsorption on the surface of nanoparticles.
PriOH as a poor solvent for DOX can promote its association
with the terpolymer. Besides, the macromolecules are more
compact in such a solvent, which makes it possible to diminish
the size of the 3D cavities and stimulates intermolecular
interactions in the system.

To determine effective binding constant K, the dependence
1/(A = Ag) vs. 1/[DOX] was plotted, where A and A, represented
the optical densities at 490 nm for DOX and the copolymer,
respectively. In correspondence with calculation details and
expression from the review book,?8 the ratio of the intercept to
the slope gave the K ¢ value of 5.6 x 103 dm3 mol! at 22 °C.

According to dynamic light scattering (DLS) data (Figure S3),
the scattering intensity of PC1DOXj, solution is poorly
dependent on temperature, while the scattering centers size
reaches 70 nm under ambient conditions. 'H NMR data of
PC1DOX3; in CDCl; (Figure S4, spectrum 2) reveals signals
related to DOX and the VP units!® of the terpolymer.

Figure 2 shows cyclic voltammogram (CVA) curves for DOX
and PC1DOX; 4 in PBS on a glassy carbon electrode at scan rate
v =100 mV s~L. The respective data at scan rates of 10-2000 mV s
arecollected in Figure S5. CVA curves for PBS, PBS + terpolymer
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Figure 1 UV-VIS spectra of aq. PBS solutions of the terpolymer, free
DOX as well as PC1DOX,, withn=0.6, 1.3, 1.9, 2.5 and 3.1 wt% DOX. The

spectra of free DOX solutions in control experiments (see Table S1) are
shown by the corresponding dashed lines.
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Figure 2 CVA curves at 100 mV s for ag. PBS solutions of
(1) 40x10° mol dm=? DOX and (2) PC1DOX;; with DOX
concentration of 1.4 x 10-> mol dm-2.

or PBS + terpolymer + lactose as background electrolytes [see
Figure S5(c)] do not contain any redox peaks within all the
potential range from ca. -1 to +1 V. Two peak couples are
observed in the positive [see Figure S5(a),(b), peaks pa2 and
pc2] as well as negative [see Figure S5(a),(b), peaks pcl and
pal] areas of the redox potentials associated with oxidation of
hydroquinone centers and reduction of quinone moiety in the
DOX molecule.??3% They contain nearly reversible reduction—
oxidation peaks at ca. —0.6 V and nearly irreversible ones for
oxidation-reduction in the range of ca. +0.3 to +0.6 V. In the
complex, the DOX guest is more difficult to oxidize and its
reduction is facilitated [see Figure 5S(b), peaks pcl and pal],
which leads to a greater reversibility of the process compared
with the free drug. In the anode region, the oxidation of
hydroquinone center is facilitated and the reduction of DOX is
complicated [see Figure S5(a), peaks pa2 and pc2]. This may be
due to participation of the groups in formation of a hydrogen
bond as well as its stretching and weakening. Moreover, the
nature of the electrode process changes from the adsorption for
free DOX to the diffusion—adsorption for the complex
PC1DOX5, as it follows from slopes of the Igl vs. Igv
dependences equal to 0.92 and 0.74, respectively.

The results of quantum chemical (QTAIM) modeling of
PCDOX, reveal that the formation of hydrogen bonds of various
strength and energy between oxygen containing groups of the
terpolymer as electron donors and hydrogen atoms of OH and
NH3* groups of DOX are possible (for details, see Online
Supplementary Materials). Table 1 shows the values of the
energies for the hydrogen bonds. MAA units represent the main
donor of electronic density (Figure S6), which generates the
most strong and numerous bonds with the drug compared to
carbonyl group of the lactame ring of VP units. Intermolecular
structures are also formed between TEGDM units and DOX,
however, the energy of these hydrogen bonds is lower. The
counterpart interactions between oxygen atoms of DOX and
hydrogen atoms of the terpolymer, according to calculations, are
still weaker and do not exceed 3 kcal mol-t. Meanwhile, the

Table 1 Energy of the hydrogen bonds formed between oxygen atoms of
the copolymer and hydrogen atoms of DOX.

Terpolymer
Terpolymer groupsas DOX groups Epong (QTAIM)/
units electron  aselectron acceptors  kcal mol!
donors
MAA COOH CH, OCH,, OH-, NH;* 8.8,13.3,12.3,255,22.1
VP C=0 OH, OCHj3, NH5* 11.8,9.4,6.9
TEGDM C-0-C OH~- 12,13,35,6.2
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Figure 3 MTT staining after 24 h action of (a) the terpolymer on (1) HeLa
and (2) Vero cells, (b) (1) DOX and (2) PC1DOX;; on HeLa cells as well as
(c) (1) DOX and (2) PC1DOX5; on Vero cells.

known maximum values of E,,,q for DOX in the VP-TEGDM
copolymer complex®! do not exceed 12 kcal mol-1.

Cytotoxic effect of the terpolymer, free DOX and PC1DOX; ;
was investigated using tumor HeLa cells and the noncancerous
Vero ones in vitro. The dose-response curves are given in Figure 3
and ICsq values are collected in Table S3. The terpolymer has no
cytotoxic effect on both tumor and normal cells [see Figure 3(a)]
in the entire range of concentrations explored and thus does not
contribute significantly to the cytotoxicity of PC1DOXj;,
similar to other biocompatible and/or biodegradable polymers
like polylactide.3? Free DOX has higher toxicity to HeLa tumor
cells compared with the Vero ones. PC1DOX3 ; is less cytotoxic
than free DOX for both cell lines [Figure 3(b),(c)]. For HeLa
cells, both free DOX and PC1DOXj, have the dose-response
curves with a classic S-shape, while for the Vero ones under the
action of both compounds the curves flatten out. With PC1DOX;5 4
and Vero cells, it was not possible to achieve 50% decrease in the
cell viability within 24 h. The differences in the effects of free
DOX and PC1DOX;, seem to be related to the delayed drug
release from the polymer carrier due to necessity of the DOX-
terpolymer hydrogen bonds destruction and the drug diffusion
from the carrier.

In summary, the compositions of DOX with an amphiphilic
copolymer VP-MAA-TEGDM have been designed and
characterized. Experimental data and quantum chemical
calculations indicate the formation of complexes, in which

oxygen containing groups of the terpolymer monomer units and
hydrogen atoms of the DOX OH and NH3* groups form hydrogen
bonds. The strongest bonds arise for the carboxyl group of MAA.
The polymer-DOX composition reveals less cytotoxicity in vitro
compared with the free drug. The resulting systems may be used
for investigation of their toxicity in vivo as well as development of
modern approaches to control the selectivity of their action and
reduce the general toxicity of the anticancer drug.

This work was carried out within the framework of topics
AAAA-A19-119041090087-4, AAAA-A19-119071890015-6
and AAAA-A19-119061890019-5 of the State Assignment.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2023.02.034.
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