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ABSTRACT

This work is devoted to the formation doxorubicin (DOX) zinc oxide composites in the
form of coating (DOX + ZnO), hydrogels and composite films of DOX with polyvinyl alco-
hol (DOX + PVA + ZnO) by DC-magnetron deposition of ZnO nanoscale particles (ZnO
NPs) on their surfaces (DOX, DOX + PVA) with higher (two times and more) antitumor
activity and considerable smaller toxicity at low doses of DOX in compositions compared to
the initial drug. Using the methods of spectroscopy, atomic force microscopy (AFM), scan-
ning electron microscopy (SEM) and X-ray Powder Diffraction (XRD), the role of ZnO NPs
size on the antitumor activity of doxorubicin zinc oxide compositions is shown. AFM shows
presence of many ZnO NPs on the surface DOX. A comparison of the FTIR spectra of DOX
and its zinc oxide compositions has shown the presence of new bands of OH valence and
deformation vibrations. It is possible to assume that interaction between ZnO and DOX
takes place in the form of hydrogen bond, promoting the complexes formation. It is possible
that both synergic and hydrogen-bonding ZnO with DOX increase the antitumor activity.

1. INTRODUCTION

The modification of known antitumor preparations for the purpose of reducing their system toxicity
and side effects, as well as the development of new methods for target delivery of drugs are the most im-
portant tasks in oncology. The enhancement of selectivity in reaching target tissues as well as drug delivery
efficiency is the major goal of oncology. Recently nanoparticles find application for transport of medicinal
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substances, in molecular diagnostics and as biological sensors or analyzers [1-4]. Nanoparticles can be di-
vided into the following groups:

-nanoparticles containing organic and polymeric molecules as basic structural elements [5-10];

-nanoparticles containing inorganic substances, usually metals, metal oxides as basic elements [11-
14].

Ensembles of semi-conductor nanoparticles attached to a polymeric capsule can be used to transport
medicinal agents in living organisms. As for the luminescent properties of semiconductor nanoparticles,
they allow to trace the delivery process and make sure that necessary molecules have reached the destina-
tion place [15, 16]. The important problems of the use of nanotherapeutic medicinal preparations are their
side-effects; minimization of potential toxicity of nanoparticles; prevention of side effects related to the
possible hematoencephalic barrier penetration, and many others. It is known that zinc oxide shows pho-
tocatalytic, antibacterial, antitumor activity under the influence of UV-radiation, while ZnO nanoparticles
reveal such properties without UV irradiation [17, 18]. These results confirm our earlier investigations
[19-21], where it was shown that decomposition of hydrogen peroxide on the surface of zinc oxide target
accompanied by the formation of a Zn-containing complex and was increased by two orders of magnitude
when the target surface was photo activated by UV irradiation. When transforming to the gas phase, the
complex decomposes on the surface of solid substrates with deposition of initial compound, ZnO. It is a
chemical transport reaction (CTR), various modifications of which can receive wide acceptance in various
areas of science and engineering. They are effective methods for transport of substances—just that deter-
mines their important role both in processes of formation of films, coatings and transport of drugs. Recent
investigations on deposition of thin zinc oxide films on surface of salicylidene amino acid chelates with
expressed antioxidant and antitumor properties by DC magnetron sputtering of a zinc target, have shown
that zinc oxide composites in the form of coatings and composite films with polyvinyl alcohol (PVA) re-
veal higher (by 2 and 2.5 times) antitumor activity and considerable lower toxicity in comparison with the
initial compounds [22, 23].

This paper is devoted to the systematization of data on antitumor activity of zinc oxide composites of
doxorubicin [24-27], based on facile technology for obtaining them in the form of coatings, gels and com-
posite films, alternative to the traditional nanotubes, nanoparticles. The novelty of this work in compari-
son with the previous research is the presentation of the role of nanoscale ZnO NPs sizes on antitumor
activity of doxorubicin zinc oxide composites. ZnO nanoscale particles (ZnO NPs) of a certain size are
deposited directly on the drug surface in the form of coatings and composite films on glass substrate. Na-
nosize ZnO particles (ZnO NPs) were deposited on the surfaces of DOX by DC-magnetron sputtering of
zinc targets for the purpose of antitumor drug delivery to the tumour tissue in the form of coatings, com-
posite films and gels taking into account antioxidant and transport properties of zinc oxide. Modification
of antitumor drug (DOX) pursues the following objectives:

1) Formation of composite materials on the basis of DOX in the form of coatings, composite films
and gels in the matrix of water soluble polymers.

2) Determination of optimum technological parameters of formation of DOX zinc oxide composi-
tions with high antitumor activity and low toxicity by DC-magnetron modification of DOX surface.

3) Research of acute toxicity, drug (DOX) antitumor activity and their zinc oxide compositions.

It is expected that the achievement of the above-mentioned objectives will lead to the formation of
zinc oxide compositions of antitumor drug doxorubicin with high antitumor activity and low toxicity.

2. EXPERIMENTAL SECTION

To obtain coatings, composite films from DOX and its zinc oxide composites commercial DOX
preparation (/yophilized powder containing doxorubicin (DOX) hydrochloride and mannitol in the ratio
of 1:4, “Belmedpreparaty” Company, Belorussia) was used.

2.1. Formation of Coating from DOX
Coatings from lyophilized powder doxorubicin (DOX) hydrochloride were formed with dimethyl
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sulfoxide (DMSO) at room temperature, which was used as a solvent to obtain DOX in the form of paste.
Coatings from the DOX paste for the further formation of their zinc oxide compositions at lower DOX
doses (2.5, 3.0 mg/kg) than the therapeutic dose for free DOX (5.0 mg/kg) were obtained on various glass
substrates representing circles of different diameters. These low DOX doses in the zinc oxide composites
were chosen assuming the vector character of transport of the zinc oxide composites to tumor tissues. The
formation process of DOX zinc oxide compositions is related to their physical and chemical properties as
well as their surface area which determine Zn amount and size of ZnO nanoparticles deposited on its surface.

2.1.1. Formation of Hydrogels from DOX

DOX with DMSO in the form of paste is applied on glass substrates of certain area depending on the
selected dose of antitumor preparation. After formation of DOX paste the substrates with DOX coating are
placed in DC-magnetron to deposit nanosize zinc oxide NPs on their surfaces. The ZnO NPs is deter-
mined by optimum technological parameters of its formation on the coating surface. The zinc oxide com-
posite of DOX (DOX + ZnO) obtained by deposition of ZnO NPs on the surface of glass substrates coated
with DOX, was dissolved by sonication (20 Hz, 60 sec, 65% amplitude) in physiological salt solution,
where the following polymer/polymer mixture was dissolved: starch-sodium carboxymethyl cellulose
(Starch + Na-CMC—0.3%), 2-hydoxyethyl cellulose (HEC—0.3%), polyethylene oxide (PEO—0.3%).

2.1.2. Formation of Composite Films from DOX

A series of composite films from DOX was obtained. The DOX was mixed with preliminary prepared
polyvinyl alcohol (PVA) solution, and films of a certain diameter were formed on glass substrates from the
obtained solutions.

Combined DOX-PVA films were formed by spin-coating method. Further, glass substrates with films
were placed in the magnetron, and using DC-magnetron sputtering of Zn targets nanosize ZnO layers
were deposited on the film surface. The ZnO NPs was controlled by optimum technological parameters of
the deposition process. PVA + DOX + ZnO were transferred in water emulsion by ultrasonic dispersion.
Several samples of PVA and modified polyvinyl alcohol (MPVA) differed in molecular mass (MM) and
functional composition were used to create the required polymeric matrix and choose the conditions of
obtaining the films prospectively appropriate for their combination with DOX and ZnO. The basic cha-
racteristics of PVA and MPVA samples are shown in Table 1.

2.2. The DC-Magnetron Deposition of the Nanoscale ZnO Particle on the Surfaces of
DOX, DOX + PVA

DC-magnetron deposition of ZnO NPs on the surface of DOX in the form of coatings and DOX +
PVA, composite films was carried out using UVN-71-P3 modified device equipped with a measurement
system and Ar:O, gases flow control regulators. The high purity metal (Zn of 99.99% purity) for deposition
of ZnO NPs on the surface of antitumor preparations at 10~ mm Hg vacuum ensures obtaining the zinc
oxide compositions of high purity antitumor preparations. The measurement and control system (power

Table 1. The basic characteristics of PVA samples.

PVA samples MM/10’ Functional groups, w.%
Hydroxyl groups, Acetate groups, weight %  Total salt-COONa,
weight % -OCOCH; weight %
PVA-1 20 98.5 1.5 -
PVA-2 20 88.4 10.6 -
PVA-5 65 98.4 1.6 -
MPVA-14 62 83.1 13.5 2.8
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and indication unit PR4000F) as well as the working gases control system (Ar and O, gases flow regulators
MFC1179) ensure very accurate measurement and control (within the accuracy of + 1%) of the content
and vacuum level in the chamber during the whole film formation process, at the same time providing sta-
bility of the process parameters and, hence, reproducibility of the properties of zinc oxide compositions to
be obtained. When selecting technological regimes of nanoscale ZnO particle deposition (the working
gases Ar:O, ratio, magnetron current, target-to-substrate distance, substrate temperature on the surface of
antitumor preparations within —30°C < T < 30°C temperature range) it is important to take into account
the conditions preventing undesirable side transformations of drugs. Measurement and control of ZnO
film thickness was carried out by “Micron-7” automatic control system. ZnO NPs of a certain size were
deposited on the surface of medicinal preparations with an accuracy of + 0.1 nm.

2.3. Characterization of DOX and Zinc Oxide Composites

X-ray diffraction (XRD) patterns were obtained on Empyrean X-ray diffractometer, PANalytical
Company. IR spectra were recorded on NEXUS FT-IR spectrometer. UV spectra were recorded on
TF-C-UVIS-SR 220 - 1100 nm, Stellar Net Inc.com spectrophotometer. AFM images were recorded on
Solver Nano II, MT NDT and SEM on TESCAN 3115 microscope. ZnO amount was determined by atomic
absorption spectroscopy of Zn analysis in ZnO composites of DOX in the form of coating and composite
films (AASI spectroscope).

2.4. An Investigation Method of Antitumor Activity and Toxicity of Doxorubicin and Its Zinc
Oxide Compositions

The study was carried out in Toxicology and Chemotherapy Laboratory of Scientific Technological
Centre of Organic and Pharmaceutical Chemistry of the National Academy of Sciences of the Republic of
Armenia under conditions close to GLP principles and European standards.

Acute toxicity studies were conducted on outbred mice. Six animals (white nondescript mice, 6 - 7
weeks old with an average weight of 20 to 25 g) were used for each experimental group. Maximum tolerant
doses (MTD) and lethal (LD) doses were found out. On the basis of the obtained results, therapeutic doses
were calculated that usually were made up 1/5 of a single MTD. For the in vivo experiments, antitumor
properties were studied on the model of mice transplantable tumors: Ehrlich ascitic carcinoma (EAC). The
tumor transplantation is carried out by intraperitoneal injection of ascetic liquid to the animals. Zinc oxide
compositions of doxorubicin in physiological solution were introduced into mice by intraperitoneal injec-
tions. Evaluation of antitumor activity in EAC—by the animal’s lifespan increase (ILS).

At the end of the experiment, animals were passed to histological studies. For histological evaluation
of changes of the liver, kidney and spleen the animals were euthanized and samples of mentioned organs
from each group were collected and stored in 10% buffered formalin. After dehydration samples were em-
bedded in paraffin, 3 - 5 um sections were prepared and stained with H&E. Histopathological observations
were made at 250x magnification using a light microscope (Jenaval).

3. RESULTS AND DISCUSSION

3.1. Obtaining Medicinal Preparations in the Form of DOX + ZnO Coating and Studying Their
Antitumor Activity

Optimum surface areas of DOX on glass substrates were calculated taking into account the results
earlier obtained for Cu (II) chelates of salicylidene amino acids [22, 23]. ZnO content in the film, which
made 5% - 10% of that of DOX weight, was taken for rough estimate with a view to obtain reliable opti-
mum results to ensure technological effectiveness of the deposition process. The surface area of DOX
coating was calculated for the dose of DOX for introduction into 6 mice on the basis of a simplified as-
sumption that the content of this dose (in mg) was inside a sphere of a certain volume (cm’). The forma-
tion of DOX zinc oxide composites and study of antitumor activity were carried out using significantly
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lower doses of DOX than the therapeutic dose for free DOX for the purpose of increasing antitumor activ-
ity and decreasing toxicity. On the model of EAC, the dependence of antitumor activity of doxorubicin
zinc oxide composites on size of ZnO NPs was studied for 2.5, 3.0 mg/kg doses and 5.0 mg/kg therapeutic
dose for free DOX (Table 2). So, for 2.5 mg/kg dose surface area of the preparation made up 1.57 cm” (cir-
cle diameter was 1.41 cm) and 1.33 cm’ for 3 mg/kg dose of DOX. The dependence of antitumor activity of
the zinc oxide composites on the size of ZnO areas of DOX coatings was studied at 2.5, 3.0 mg/kg doses
and different ZnO film thickness on glass substrate d = 70 - 250 nm, t = 10, 20, 30, 40 min) and ZnO NPs
on DOX and DOX + PVA surface.

Table 2 shows data on antitumor activity of zinc oxide composites for several doses and various
thickness of ZnO films on glass substrate and ZnO NPs on DOX and DOX + PV A coated glass substrates.
ZnO content is from 5% to 10% of the amount of DOX. The dependence of antitumor activity of DOX
zinc oxide composites on the deposition time and ZnO NPs covering a certain area of the DOX surface
was determined (Table 2). The dependence of antitumor activity zinc oxide composites on DOX coating
area was determined at fixed time and thickness of deposited nanosize ZnO films on glass substrate, and
ZnO NPs on DOX coated glass substrate at fixed surface area (diameters). The results of investigations of
doxorubicin zinc oxide composites the DOX revealed the increase in antitumor activity (332.3%) in com-
parison with DOX at optimal 5.0 mg/kg therapeutic dose (170%) and much higher increase (two fold) in
comparison with DOX at the same dose (165%) (Table 2). ZnO NPs size on DOX surface in the average is
made up 90 nm and ZnO film thickness on glass surface—180 nm. The growth rate of ZnO film on the
glass substrate in average is 6.44 nm/min, and ZnO NPs on the surface DOX—3.5 nm/min (see Table 2).

3.1.1. Obtaining Medicinal Preparations in the form of Polymer + DOX + ZnO Gels and Studying
Their Antitumor Activity

The gels based on the starch-sodium carboxymethylcellulose (Starch + Na-CMC) system containing
the zinc oxide composite of DOX were investigated. Total concentration of polymers (1:1 by weight) in gel
samples made 0.3% the amount of DOX was taken on the basis of 3.0 mg/kg dose. ZnO NPs deposition
time was 3.0 min for all the obtained samples of coatings, and at the given technological parameters of Zn
target magnetron sputtering, the film thickness was 180 nm on glass substrate for gel samples with the po-
lymer concentration of 0.3%. Study of antitumor properties of the obtained gels carried out on the mice
with inoculated ascitic Ehrlich’s carcinoma after a single intraperitoneal introduction of about 0.3 ml of
the antitumor complex, has revealed high antitumor activity together with low toxicity for the gels in
comparison with control mice (168.9%) for DOX therapeutic dose of 5.0 mg/kg. The antitumor activity
was determined from the life span increase (ILS) in comparison with the control animals. It is seen from
Table 2 that the maximum antitumor activity (332.6%) of HEC + DOX + ZnO is also observed for 180 nm
thickness of ZnO film on glass substrate, and within the average 90 nm on the initial coating. Polymer
concentration of 0.3% and 180 nm thick ZnO film on glass substrate and within the average 90 nm ZnO
NPs on DOX surface the antitumor activity amounted 384.1%. High antitumor activity was also observed
in the case of PEO based gels (334.9%) within the average 90 nm ZnO NPs on the DOX.

3.1.2. Obtaining Medicinal Preparations in the form of PVA + DOX + ZnO Films and Studying
their Antitumor Activity

The PVA samples were: PVA-1 and PVA-2 MM = 20,000, mass fraction of acetate group 10.6% and
1.5%, PVA-5, MM = 65,000 and mass fraction of acetate group—1.6%. MPVA-14, MM = 62,000 and mass
fraction of acetate group—13.5% (Table 1). PVA-5 differs from PVA-1 and PVA-2 by higher MM with
the same as in PVA-1 mass fraction of acetate group. Solubility of the films before and after deposition of
ZnO NPs was studied both in model conditions at various pH and in vivo by intraperitoneal introduction
to mice and measurement of solubility time. PVA-5 was selected as a composite film base; its molecular
mass (6500) is higher than PVA-land PVA-2, however the acetate group content (1.6%) is approximately
the same as in PVA-1. PVA-5 + DOX + ZnO samples have shown high ILS at dose of 2.5 mg/kg (304.3%)
and at dose of 3.0 mg/kg (390%) in comparison with DOX control samples at dose of 5.0 mg/kg (176%)
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Table 2. Antitumor activity of doxorubicin and its zinc oxide compositions in the form of coating,
gels and combined films on the model of ascitic Ehrlich’s carcinoma.

DOX area D "
eposition .
DOX 1 ZnO NPs Antit
. on glass time of ZnO ZnO thin film n S Ant }lmor
Composmon dose, substrate, size on action

thin fil lass,
(mg/kg) cm’(dose 1S of o ghass, im DOX,nm (ILS), %

) glass, (min)

for 6 mice

DOX 5.0 - - - 170

DOX 1.57 - - - 150

DOX + ZnO 2.5 290

DOX - - - 165

10 70 - 100
DOX + ZnO 3.0 1.33 20 130 >0 293.8
30 180 90 332.3

40 250 200 280

DOX 5.0 - - - - 186

DOX - - - - 165

Starch + Na-CMC + DOX - - - 169
Starch+Na-CMC+DOX+ZnO 30 180 90 384.1
PEO + DOX - - - 175
PEO + DOX + ZnO 30 180 90 334.9
HEC + DOX - - - 160
HEC + DOX + ZnO 3.0 - 10 70 - 251.9
HEC + DOX + ZnO 20 130 50 150.4
HEC + DOX + ZnO 30 180 90 332.6
HEC + DOX + ZnO 40 250 200 245
DOX 5.0 - - 176.3
DOX + PVA-1 + ZnO - 182.2
DOX + PVA-5 + ZnO 3.0 20 100 - 390
DOX + MPVA-13 + ZnO - 220.3
DOX ) - - - 165

DOX + PVA-5 + ZnO 55 10 44 50 82.6
DOX + PVA-5 + ZnO 20 90 110 304.3
DOX + PVA-5 + ZnO 25 138 250 130.4

(Table 2). ZnO NPs size made 110 nm on DOX + PVA-5 surface and ZnO film thickness on glass sur-
face—90 nm.

3.2. Optimum Parameters of DC Magnetron Deposition of ZnO and Structural Characteristics of
Zinc Oxide Compositions of DOX

The nature of the ZnO thin films deposition on glass substrates was investigated for the purpose of
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obtaining optimal technological parameters for preparations of crystalline ZnO films on glass substrate for
further deposition of ZnO NPs on DOX, DOX + PVA surfaces for preparing DOX zinc oxide composites.
X-ray investigations of nanosize ZnO film (Empyrean (1 CuKa) has shown that the structure depends on
power of the magnetron source. By the technique of DC-magnetron sputtering of zinc target we produced
polycrystalline samples of ZnO films oriented along the crystallographic direction (002) on glass substrates
(see Figure 1). Optimum target-to-substrate distance was 13 c¢m, and ratio of working gases Ar:O, = 3:1,
with power of magnetron source 120 W was selected taking into account the obtained dependences and
uniformity of the ZnO films deposited on glass substrate. At such target-to-substrate distance the film
growth rate made 6.5 - 7 nm/min on glass substrate.

Zinc oxide composites of doxorubicin were obtained by DC-magnetron deposition of ZnO NPs (us-
ing a Zn target) on doxorubicin surfaces in the form of coatings or composite films in the optimal tech-
nological mode obtained on glass substrates: operating current was 400 mA, gas mixture Ar:O, at 70:30
ratio; operating pressure 10~ mm Hg, target-to-substrate distance 13 cm. Figure 1 shows diffractograms
of DOX, DOX + DMSO and doxorubicin zinc oxide composite samples obtained at different times of de-
position of ZnO NPs on the surfaces of doxorubicin coatings. The diffractogram of DOX + DMSO (Figure
1) clearly shows intense peaks of interplanar distances and AFM pictures (Figure 3(a), Figure 3(k)) indi-
cating the orientation of DOX micro particles. In DOX + ZnO, DOX + PVA + ZnO, ZnO NPs are oriented
along 002 crystallographic direction in the same manner as on glass substrates (Figure 1, Figure 2) to re-
veal the character of DOX + ZnO, DOX + PVA + ZnO interaction, crystalline characteristics of DOX and
DOX zinc oxide composites were investigated at 180 nm ZnO film thickness deposition on the glass sub-
strate and different ZnO NPs (within the average of 50, 90 and 200 nm) on surface of DOX coatings
(Figure 1, Table 2) and within the average of 50, 110 and 250 nm composite films on DOX + PVA surface
(Figure 2, Table 2). An increase in antitumor activity was observed for doxorubicin zinc oxide compo-
sites, 332.3%, in the form of coatings, when deposition of ZnO NPs with 90 nm average sizes on DOX sur-
face was carried out at lower 3.0 mg/kg doxorubicin doses than the therapeutic dose (5 mg/kg), at which
DOX activity made up 170%. Significant increase of antitumor activity and decrease of toxicity on the
model of ascitic Ehrlich’s carcinoma was shown for doxorubicin zinc oxide composites at lower 2.5, 3
mg/kg doxorubicin doses than therapeutic one (5 mg/kg) for coating and 3 mg/kg for gels in the case of
deposition within 90 nm the average size of ZnO NPs. In the case of ZnO NPs of 200 nm size an excess
amount of Zn resulted in a slight decrease of antitumor activity of the composites (see Table 2). Thus, in
zinc oxide composites of doxorubicin the regulation of ZnO NPs sizes plays an important role in target
delivery of antitumor medicinal preparations into the tumor tissue determining high antitumor activity
and low toxicity in the case of deposition within the average of 50 - 200 nm sizes of ZnO NPs on doxoru-
bicin surface and within the average of 110 nm NPs size for DOX + PVA + ZnO (Table 2).

Figure 3(a), Figure 3(d) show AFM 2D and 3D microphotographs of DOX on glass substrate, Figure
3(b), Figure 3(e)—nanosize (180 nm thick) ZnO film on glass substrate, and Figure 3(c), Figure 3(f)—
DOX + ZnO NPs (within the average 90 nm) coating. The AFM microphotographs show many nanosize
ZnO NPs formations on DOX surface obtained at the same (optimum) technological parameters of depo-
sition as ZnO films on glass. It is seen from Figure 3(a) (AFM) and Figure 3(k) (SEM) that the surface of
DOX consists of 0.5 - 6 um long extended particles of non regular cylindrical form of 0.5 - 0.8 pm in di-
ameter, and Figure 3(c), Figure 3(f) represent ZnO NPs of average 90 nm size formations on the DOX
micro particles. At the same deposition time (30 min) the thickness of ZnO film is 180 nm on the glass
surface (Table 2). Figure 3(g), Figure 3(i) and Figure 3(1) and Figure 3(m) show AFM and SEM micro-
photographs of DOX + PVA and DOX + PVA + ZnO. It is seen from Figure 3(g) that the surface of DOX
+ PVA consists of 250 - 700 nm in cross section and DOX + PVA + ZnO show particle with 110 nm aver-
age width.

As it is known from the publications, at UV irradiation or plasma treatment of ZnO films the elec-
trons can interact with the Zn lattice ions forming Zn"* defect regions [28], what in our opinion is favoura-
ble to the adsorption of the doxorubicin hydroxyl groups and leads to the formation of a charge transfer
doxorubicin complex. Plasma is a good source of ultraviolet irradiation, so plasma treatment could be
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Figure 1. X-ray diffraction pattern of DOX, DOX +
DMSO and their zinc oxide composites at ZnO NPs
size 50, 90, 200 nm.
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Figure 2. X-ray diffraction pattern of DOX, DOX + PVA
and their zinc oxide composites at ZnO NPs size 50, 110,
250 nm,
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Figure 3. AFM pictures: (a)-(i)—morphology samples DOX, ZnO (90, 180 nm), DOX + ZnO, DOX +
PVA + ZnO; SEM picture: (k,) (1), (m)—morphology samples DOX, DOX + PVA, DOX + PVA + ZnO.

considered as an analogue of UV irradiation, and the generation of electron-hole pairs on the ZnO—anti-
tumor drug interface could promote the formation of charge transfer complexes. During the deposition
and formation of nanosize zinc oxide films on the surface of doxorubicin, electron-hole pairs were appar-
ently generated in plasma. Thus, in zinc oxide composites of doxorubicin the regulation of ZnO NPs size
and the complex cation balance apparently affects their toxicity and antitumor toxicity. Vector character
of the transport of zinc oxide compositions of antitumor medicinal preparations into the tumor tissue de-
termines increase in their activity and decrease in toxicity, which is apparently related to the choice of op-
timum process parameters of DC-magnetron deposition, in particular, to the ZnO NPs size on the surface
of antitumor drugs to form complex antitumor drugs with zinc oxide.

FTIR spectra of doxorubicin (lyophilized powder containing DOX and mannitol in the ratio of 1:4,
“Belmedpreparaty” Company, Belorussia) and zinc oxide composites of doxorubicin (DOX + ZnO) were
recorded in nujol oil. Both spectra contain the following characteristic absorption bands: 3387, 3285 cm™
(valence vibrations of OH), 1720, 1616 cm™ (C=0), 1565 cm™ (aromatic ring), 1281, 1264, 1209, 1082,
1018 cm™ (deformation vibrations of OH), 701,631,584 cm™ (1, 2, 3 substituted aromatic ring). Compari-
son of (DOX) and DOX + ZnO absorption spectra has shown the presence of new bands of OH valence
and deformation vibrations at 3325 and 1043 cm™, correspondingly, as well as ZnO absorption band at
418 cm™'. Taking into account the obtained data, it is possible to come to the conclusion on interaction
between ZnO and DOX, presumably, in the form of hydrogen bond promoting the complexes formation.

3.3. Comparative Histological Studies of Mice Organs after Treatment with DOX and DOX + ZnO

It is known that doxorubicin causes significant damaging action on some internal organs of experimental
animals [29]. In this connection, histological studies of the liver, kidneys and spleen were carried out. It
was established that under the influence of both doxorubicin in a dose of 3.0 mg/kg and its zinc oxide
composites in the form of coatings with DOX content in a dose of 3 mg/kg, various pathological abnor-
malities are observed in all the organs.

In the macroscopic studies it has been found out that compared to control animals in the experimen-
tal mice kidneys were anemic and reduced in size. The liver was enlarged in size, had pale surface. In mice
treated with DOX in the mucosa of stomach and intestines multiple hemorrhages and erosions more often
were revealed more often, than in mice treated with DOX + ZnO.

Microscopic studies have shown that in mice treated with DOX some histological structure abnormalities
were observed in liver, kidneys and spleen. The whole liver parenchyma has revealed fatty degeneration,
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Figure 4. Microscopic pictures (H&E staining) of mice or-
gans after treatment with DOX and DOX + ZnO.

the girder structure is abnormal, and in the parenchyma there are small nidi of necrosis as well as signs of
karyolysis and karyopyknosis are noted. Lymphohistiocytic infiltration is observed in the liver portal tract
(Figure 4(a)). These abnormalities occur to a lesser degree under the action of DOX + ZnO lipophanero-
sis mainly is noted in the peripheral parts of the liver lobules (Figure 4(b), Figure 4(c)). Under the action
of DOX histological structure of kidneys is mostly damaged. Dystrophic changes of the convoluted tubules
are noted, where nuclei are not often present. In nephrocytes plasmolysis phenomena is recorded. Some-
times infiltration processes in the kidney cortex, as well as a diffuse lesion of renal glomerules are ob-
served. In the proximal and distal tubules of the renal parenchyma phenomena of fatty dystrophy are de-
fined. Tubular lumen is narrowed (Figure 4(d)). These pathologies are qualitatively reduced under the
DOX + ZnO action, although in this case there is plethora in the blood capillaries of the medullary sub-
stance with the phenomena of perivascular infiltration. (Figure 4(e), Figure 4(f)) histological structure of
spleen under the DOX + ZnO action is relatively better preserved (Figure 4(h), Figure 4(i)). In spleen
under DOX action hyperplastic processes, nodi of leukemic and diffusive infiltrations and partial destruc-
tion of the follicles are found. In the pulp and sinuses outbreaks of destructive changes of the red pulp, as
well as regions of infiltrations of the lymphoid character in the sinuses are recorded (Figure 4(g)). Along
with the abovementioned changes, histological structure of spleen under the DOX + ZnO action is rela-
tively better preserved (Figure 4(h), Figure 4(i)). The morpho-histological data obtained demonstrate
that when using zinc oxide compositions of doxorubicin, some decrease of its damaging action on some
internal organs of animals takes place.

4. CONCLUSIONS

In summary, we have reported the doxorubicin modification by DC-magnetron deposition of ZnO
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NPs on the drug surface resulting in the formation of zinc oxide compositions in the form of coatings, po-
lymer based films and gels. The effect of the size of modified surface, size of nanoscale ZnO particles depo-
sited on it, as well as compositions with the polymers of various molecular weights, concentration and a
certain functional composition, ensuring prolonged action in animal (mice) organisms, on the antitumor
activity and toxicity of the obtained zinc oxide compositions were studied. An increase in antitumor activ-
ity and decrease in toxicity of doxorubicin zinc oxide composites in the form of coating (DOX + ZnO) at
optimally chosen coated areas were revealed in the range of 50 - 200 nm ZnO NPs, hydrogels with ZnO
NPs in the range of 90 - 200 nm and composite films (DOX + PVA + ZnO) with an optimum polymeric
matrix for ZnO NPs of 110 nm size.

Chemotherapeutic investigations on the model of Erlich’s carcinoma have revealed significant in-
crease in antitumor activity regarding life span increase (ILS, %) together with decrease in toxicity of the
doxorubicin zinc oxide compositions at the drug dose of 3 mg/kg in the form of coatings (332%), compo-
site films with PVA (390%) as well as Starch + Na-CMC (384%), HEC (330%) and PEO (332.6%) based
hydrogels in comparison with therapeutic 5 mg/kg dose of DOX (170%). Vector character of the transport
of zinc oxide compositions of medical preparations into the tumor tissue determines increase in their ac-
tivity and decrease in toxicity, which is apparently related to the choice of optimum process parameters of
DC-magnetron deposition, in particular, to the ZnO NPs size on the surface of antitumor drug in the form
of coatings, composite films, hydrogels to form complex antitumor drugs with zinc oxide.
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