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1 Introduction

According to the World Health Organization’s data in 2018, cancer has caused 9
million deaths worldwide within the reporting period and is expected o increase
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up to 22 million by 2035 [1]. Modermn cancer treatments include surgery, radiation
and chemotherapy, the main drawback of those is their non-specificity. Conventional
chemotherapeutic agents have no deliberate action and affect both cancer and normal
cells, thereby leading to non-optimal treatment as a result of excessive toxicity.

Targeted therapy using a variety of nanomaterials has become one of the means
of overcoming the lack of specificity to tumor cells of conventional chemotherapy
drugs. Due 1o the remendous efforts that have been made in nanomedicine over
the past decades, several therapeutic strategies have been proposed to treal onco-
pathology, including photothermal ablation therapy using silicon nanoshells [2],
carbon nanotubes (3], gold nanorods [4]. In addition, nanoparticles (NPs) are used
for targeted delivery of antitumor agents [5],

Successful use of NPs in the clinic requires their specific design with adapted
properties for safer and more effective cancer treatment. A significant advantage of
inorganic gadolinium and yutrium orthovanadate nanoparticles is their high biocom-
patibility and ability to simultaneously target tumor cells and inhibit their function,
When studying the toxicity, the dynamics of accumulation and excretion of NPs
hased on orthovanadates, it has been found that their oral and intraperitoneal admin-
istration to rats did not lead to the death of animals and a change in the mass coefli-
cients of internal organs, which made it possible to attribute the synthesized samples
of nanovanadates to practically nontoxic compounds (toxicity class V). Complete
excretion of NPs from the body occurred 30 days after administration [6]. Low IC50
(hall maximal inhibitory concentration) of vanadium compounds [7] supports the
evidence of the absence of toxic effects of vanadium (IV) on normal non-cancerous
cells [8].

Orwing to its atomic mass (Mr = 64), gadolinium is a good electron emitter,
which greatly enhances radiation-induced destruction of cells previously sensitized
by nanoparticles [9]. In addition, the NPs based on rare-earth metals have photophys-
ical properties, including a high photostability for a long time, a significant Stokes
shift of luminescence, the absence of flicker, the stability of characteristic narrow
luminescence bands, that opens up the prospect of their use as luminescent labels
and probes. [10].

As reported [11] the antitumor effect of some organic derivatives of vanadium
[V (IV)] (bis (malwlato) oxovanadium (IV), bis (coyato) oxovanadium (IV) and
bis 2,2'-bipyridine) oxovanadium (IV) sulfate was shown, the addition of which to
the culiure of H-35 wmor cells at a concentration of 0.5-5.0 mM led to significant
inhibition of its growth and proliferation. Vanadyl sulfate [V {IV)] or vanadate [V
(V)] had a similar effect on tumor cells [12].

Vanadium compounds can cause selective oxidation of pyrimidine bases, which
prevents a complementary DNA folding [ 13]. The tumor cells, characterized by the
disorders of the DNA repair system, are especially subjected to it. Another proposed
mechanism for the antitumor effect of vanadium compounds is their impaired perme-
ability of the tumor cell mitochondrial membrane as a result of generation of reac-
tive oxygen species [ 14], that leads 1o a release of cytochrome C and induction of
apopiosis | 15].
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However, elucidation of the conditions and mechanisms for implementation of
the ability of NPs based on rare-earth orthovanadates to change the proliferative and
metabolic activity of tumor cells has remained an urgent task,

Targeted accumulation of nanoparticles in twmor cells can be achieved by modi-
fying them and creating on their base of nanoemulsions, namely combining them
with cholesterol [16]. It is known that cancer cells, with high metabolic activity, are
able to selectively capture cholesterol from a biological environment [17]. There-
fore, cholesterol supplementation is a prerequisite for successful targeted delivery o
tumor sites. They are kinetically stable dispersion svstems, resistant to stratification
for several months. In addition, the nanoemulsion of cholesterol is relatively resistant
to reactive oxygen species, which allows a long-term circulation of cholesterol in the
bloodstream [ 16].

The purpose of this study was to investigate the possibility of using GdYEuVOy
nanoparticles and hybrid nanocomplexes synthesized on their basis to visualize and
use in the treatment of malignant tumors,

2 Physico-Chemical Characteristics of Nanomaterials
Based on Rare-Earth Orthovanadates

2.1 Synthesis of Aqueous Solutions of GdYEuVe,
Nanoparticles

Agueous solutions of nanoparticles based on Gidg ;Y 2 Eug  VOy rare-carth ortho-
vanadates were oblained by colloidal synthesis [18]. In brief: in a 50 ml flask, 1 M
aqueous solutions of rare-earth chlorides (Sigma Aldrich) were mixed: gadolinium
chloride 0.35 ml, 0.1 ml ytrium chloride and 0.05 ml europium chloride, then the
solution was added with bidistilled water to the mark. After this. the resulting solution
wus mixed with the one of sodium citrate (37.5 ml, 0.01 mol/l). Then, an agueous
solution of sodinm orthovanadate (37.5 ml, 0.01 mol) was added dropwise to the
resulting mixiure using a magnetic stirrer. The pH of the resulting solution was
adjusted with hydrochloric acid 1w 10.5. Then the reaction mixiure was heated in a
thermostat at 60 °C for 90 min.

Adier finishing heat treatment and cooling, the solution was dialyred through a
12 kDa membrane (pore size made 2.5 nm). The dialysis lasted for 3 days, however,
every 6 h the distilled water was replaced in a glass. The cleaning of the dialyzed
solution from electrolyte impurities was monitored by determining the dialysate
electrical conductivity. Concentrated solutions were obtained by evaporation with a
rotary evaporator at 60 °C,

The applied colloidal synthesis technique allows the obtaining of aggregatively
stable hydrosols of nanoparticles (NPs) with controlled geometric parameters of a
solid phase. The absence in the aqueous solutions of nanoparticles of toxic impurities,
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surfactants and polymers that are able 1o interact with biological objects makes them
suitable for biological testing.

2.2 Characterization of Aqueous Solutions of GAYEuVO
Nanoparticles

Like typical colloidal systems, the studied aqueous solutions of NPs are transparent in
transmitted light and opalescent under lateral illumination ( Tyndall cone is observed).

Under UV irradiation, aqueous solutions of NPs exhibil bright red luminescence.
Their pH value is within the range of 7.4-7.8. The & potential of NPs in colloidal
solutions was measured using a ZetaPALS amalyzer (Brookhaven Instruments Corp.,
USA) at a 157 scattering angle. In calculating the { potential, the Doppler shift of
the beam of light scattered by the particles was measured, followed by recaloula-
tion according to the Smoluchowski equations. The value of { potential may be —
36 £ 4 mV, depending on the type of NPs and storage time,

Colloidal solutions of NPs easily pass through nitrocellulose ultrafilters with a
pore diameter of 100 nm. The solid phase concentration of agueous solutions of NPs
is 1.3 g/L.. The resulting solutions can be stored for more than 6 months under standard
conditions without changing their properties. Sterilization of NPs solutions at 120°C
for 1-2 hin the sealed ampoules does not cause sedimentation and coagulation of
colloids.

The size and morphology of the NPs were evaluated using transmission electron
microscopy (TEM) with a 125K TEM electron microscope (Selmi, Uknuine) at an
accelerating voltage of 100 kV (magnification up to x 100,000). For studies in a
transmission mode, the samples were prepared according o the standard method
by applying a colloidal selution to copper grids coated with a thin layer of carbon,
followed by drying at room lemperalure.

The method of TEM showed that the NPs had a spherical shape with an average
diameter of 3 nm (Fig. 1). Size dispersion did not exceed 15%.

Ty obtain the absorption spectra, a SPECORD 200 spectrophotometer { Analytik-
Jena. Germany) was used by means of both single-beam and double-beam schemes.
The absorption spectra of agueous solutions of NPs exhibit a broadband with a
maximum of 271 nm. which corresponds to optical transitions with charge transfer
from oxygen ligands to the central vanadium ion in VO, (Fig. 2). Itis worthy of noting
that for ionic solutions of salts containing VO, ions, the absorption maximum is
in the region of A,,, = 266 nm, a shift of this band to the long-wavelength region
indicates that VO, is in the crystalline field.

The dependence of an optical density on the concentration of NPs is linear
in the studied concentration range of 5 x 107°=1 x 10 mol/l (0.01-0.25 gfl),
which indicates the compliance with the Bouguer-Lambert-Beer absorption law for
these systems. The values of the absorption maximum are used 1o determine the
concentration of NPs in solutions [ 19].
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Fig. 1 TEM image of solid phase of agueows solution of GdYEeVO, manoparticles
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Luminescence spectra were measured with a Lumina spectrophotometer (Ther-
moScientific, USA) An intense band was observed in the luminescence excitation
spectrum of an aqueous solution of GAYEuVO, nanoparticles, which coincided with
the absorption band, as well as several low-intensity narrow lines in the longer wave-
length region (395, 465. 536 nm) corresponding to optical f—f transitions of europium
in the orthovanadate matrix (Fig. 3). The absorption intensity of f-f transitions of
Eu'* is very weak when compared with the absorption if the VO3 group, indicating
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that excitation of Eu** ions, mainly through VD': groups, that is, by transferring
energy from the VO3 group to En™ ions. It should be noted that during the matrix
excitation (270 nm), the Stokes shift exceeds 300 nm, which provides visual contrast
and separation of the luminescence of NPs from the avtoluminescence of cells during
testing.

The luminescence spectrum (Fig. 4) of the studied agueous solution of
GdYEuVO, nanoparticles is represented by narrow bands of the Dy — 7F ran-
sitions (Jf =0, 1, 2, 3, 4), characteristic of the europium ion in the composition of
orthovanadate matrix. The most intense peaks are observed at the *Dy~"F; electric
dipole transition at 615 and 618 nm. The band corresponding to the *Dy-"F, electric
dipole transition contains narmow lines with maxima of 69% and 704 nm. At 650 nm,
weak lines are observed corresponding 1o the “Dy—"F; magnetic dipole transition.
Marrow lines and their fine structure confirm the crystalline nature of NPs, The pres-
ence of these bands within a visible range allows the identification and registration
of NPs using luminescence microscopy in experiments in vitro and in vivo,

It has been established that in biological environments of the NPs, based on
orthovanadates of the rare-earth elements are not inert. They are often subjected to
aggregates andior agglomeration, especially in salines, that may lead to formation
of new molecular complexes [20], To stabilize the NPs, the isotonic solution of 5%
glucose was used as a solvent, since previous studies have demonstrated no changes
in the NPs diameter occur under these conditions, that is a strong advantage for
further investigations in biosystems,
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2.3 Synthesis and Physicochemical Properties of Hybrid
Nanocomplexes

A hybrid nanocomplexes (NCs) is an aqueous dispersion of sheep cholesterol in
concentration of (.55 g/l { Acros organics, Belgium) using GdY EuVO, nunoparticles
(of 2-3 nm diameter) at a concentration of 1.30 g/l. Hybrid nanocomplexes were first
synthesized al the Institete for Scintilkaion Materials of the National Academy of
Sciences of Ukraine (Kharkiv) as reponed [16]. A method of eliminating the NCs
involves dissolving the cholesterol in ethyl alcohol and adding to the mixture a
stabilizer substance, stimng the mixture with subsequent evaporation with a rotary
evaporaior. The use of NPs above 5 nm reduces the probability of their localization
on the surface of the dispersed cholesterol particles and does not provide sulficient
electrokinetic potential (charge) on the surface of the dispersed cholesterol particles
for their electrostatic repulsion in solution, and therefore does not contribute to their
aggregation.

In hybrid NCs the negatively charged NPs are localized along the periphery of
cholesterol particles owing 1o van der Waals and hydrophobic interactions. The NPs
stabilize the hybrid NCs via electrostatic interactions. The sizes of the synthesized
NCs do not exceed 100 nm. Negatively charged hybrid NPs of orthovanadates inter-
fere an adhesion and aggregation of cholesterol particles, Structure of hybrid NCs is
shown in Fig. 5.

The ideology of using such hybrid NCs in cancer therapy is based on the assump-
tion that the antitumor effect of each of its components is mutually reinforced
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Fig. § Hybrid nanocomplex: 8 schematic representation, b (ransmission electron microscopy
photomicrography of hybrid nanocomplexes. procared from cholesterol aqueous solution placed
on carbion network

due to the presence of cholesterol in them, which has an affinity for the wmor
cell membranes with a simultaneous possibility of their identification due 1o the
luminescent properties of onthovanadates NPs [ 16].

It is known that cholesterol is actively “eliminated” from the bloodstream by
proliterating cancer cells to build biomembranes. This is facilitated by the presence
on the surface of tumor cells of a large number of SR-B1 (scavenger receptor, class
B type [) and caveolin-1 (Cav-1) receptors that can bind to free cholesterol from
the bloodstream [17]. Thus, the incorporation of cholesterol into the membranes of
tumor cells can serve as a prerequisite for targeted dehvery of hybnd NCs directly
into a cell.

3 The Ways to Inhibit the Tumor Growth by Using
Nanomaterials Based on Rare-Earth Orthovanadates

The possibility of nanomaterials based on GdYEuV0, rare-eanth onthovanadates
o identify and specifically inhibited the wmor-inducing cells should, first of
all, be assessed under adequate experimental conditions. A convenient model for
performing such experimental research is the inoculated tumor cell line of Ehrlich
carcinoma (EC), which was obtained from spontancous breast cancer in mice [21].
The EC tumor cell inoculation is 100%.

According to the histological structure, the EC is an undifferentiated tumor that
has lost its epithelial character. Ehrlich carcinoma exists in the form of two strains,
i.e., subcutaneous and ascites. The average life span of animals with the ascites EC
induced by intraperitoneal injection of 3 x 10° cells/mouse is 10-16 days, and with
subcutaneous inoculation, it makes 1620 days [21]. Such properties of EC as growth
rate, good reproducibility, and the relative constancy of morphological and biological
properties make it possible to use it in experimental oncology.
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Previous assessment of phenotypic characteristics and functional potential of the
ascites EC has shown that this tumor is a heterogeneous population of tumor cells of
various degrees of differentiation, related o highly and less potent tumor-inducing
precursors [22]. In general, the differentiation row of subpopulations of breast cancer
cells can be represented as follows:

CD44MER . CDY4TOD24™ — CD44TCD24T — CD44-CD24%

Al the same time, a higher (10-fold) wmorigenic activity of CD44" cells of EC
in comparison with CD44™ cells has been proven. In the compared pair, CD44%
cells had a higher potential to form subpopulations of CD44™e" CD44°CD24 " and
CD44*CD24* cells in peritoneal cavity (PC) of mice, emphasizing the presence of
stem cancer cells in the CD44" population [22],

Thus, an excellent inoculation, easy reproducibility, and analysis of the EC
subpopulation composition suggest its successful use in testing new drogs, including
nanomaterials. It has been previously shown that the NPs of rare-earth orthovanades
of various shapes and sizes (spherical, spindle-like, and rod-like) had different
binding potentials for the EC tumor cells in vitro. Spectral analysis demonstrated
that WPs of only spherical and spindle-shaped forms can identify the tumor cells in
the total pool of EC [23].

The question on the duration of interaction of wmor cells with nanomaterials
remains unclear since, in these studics, the incubation ime was sclected according
te the duta obtained from healthy liver cells [24]. The most informative way to
find out the dynamics of the accumulation of nanomaterials inside a cell is w use
a multispectral analysis using a laser scanning microscope, The capabilities of a
conventional Auorescence microscope are limited and it is safe w say that NPs are
on or inside the cell surface. On the contrary, using the optical slicing method and
subsequent 3D reconstruction of the object, it is possible to reproduce the volume
distribution of nanomaterials in a cell and to evaluate the resulis of smdies in four
dimensions: length, width, depth and time.

Therefore, the number of cells that bind toe NPs and hybrid NCs was counted using
an LSM 510 META confocal laser scanning microscope (Carl Zeiss, Germany) after
different incubation periods (1, 2, 3, and 4 h). The results of the study showed that the
EC cells without the addition of nanomaterials (Control) throughout the observation
period had an average Auorescence intensity of 15.33 £+ 3.28 arb. units corresponding
to an electronic noise level of the detector (Fig. 6).

Confocal microscopy showed o gradual penetration and sccumulation of NPs in
the EC cells during the study time period (1-4 h) (Figs. 6a, 7). After 1 hof incubation,
an increase in mean fluorescence intensity (Y7.73 & 10,13 arb. units) was found in
all the EC cells compared to the control (15.33 & 3.28 arb. units), which indicates
the penetration of NPs inside cells. After 2 h of incubation, average fluorescence
intensity of total pool of the EC cells continued to increase (125,33 4 20.28 arb,
units) and reached a maximum by 3 h (177.27 £ 24.50 arb. units). At this time
single cells with hyperhigh (2.220.50 £ 1 19.50 arb. units), which did not exceed 5%
appeared. After 4 h of incubation, the mean fluorescence intensity of the total cell
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Fig. 8 Mean fuorescence intensity of total EC cell population (rectangular columns) and fluo-
rescence of individual cells (blue morker) after incubation with spherical NPs {a) and hybrid NCs
(b} for 1. 2, 3 and 4 h. Nove Asterisk—difference is statistically significant compared with similar
indices of EC cells without incubation with NPs or NCs (control) (p < 0.05)

population decreased slightly (137.75 £ 14.84 arb. units), with the number of single
cells with a hyperhigh degree of luminescence remaining al the same level (2172 =
110,70 arb. units) as after 3 h incubation.

Thus, NPs have been shown to be able to penetrate and accumulate in virtually
all cells in total EC pool. The maximum accumulation of NPs in tumor cells is
established afrer their 3-howr incubation. In the same period, the single cells with
hyperhigh level of luorescence appeared, the number of which did not exeeed 59%.
This indicates that NPs have the ability to identify all the tumor cells. The intensity
of intracellular accumulation of NPs was different. Only a small population of tumor
cells was capable of increased accumulation of the NPs under study.

Unlike NPs. the incubation of EC cells with hybrid NCs within the whole obser-
vation period practically did not change the mean Muorescence intensity of the total
pool of cells compared to the control (Figs. 6b, 7). However, starting from the first
hour of incubation, the appearance of individual cells with an extremely high level of
fluorescence intensity (89 = 5.72 arb. units), which reached maximum values after
3 h ol incubation (1662 = 33.89 arb. units). was noted (Fig. 6b). At the 4th hour of
incubation. the fluorescence intensity of single cells with hyperhigh levels did not
change significantly, remaining at a fairly high level (1445 £ 11.70 arb, units). The
number of cells with hyperhigh luorescence inensity gradually increased during the
observation time, from 0.2% in the first hour to 1% of the total number of cells in a
vision ficld at 3 h of incubation, remaining at this level until the end of the observation
period.

Thus, the hybrid NCs have been established 1o be able of selective binding only
to individual tumor cells, the number of which did not exceed | % in the absence of
their accumulation in total population of EC cells,

Todetermine to which EC population on phenotypic signs the cells with high levels
of fluorescence belong were simultaneously treated with the cells with nanomaterials
and monoclonal antibodies 1o CD44 (Fig. 8). The incubation period of cells with
hybrid NCs and NPs with double staining was 3 h according to the above data on the
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[a]

Fig. 7 Confocal microscopy of EC cells after incubation with spherical NPs (a) and hybrd NCs
{b) for 1,2, 3, and 4 b
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Fig. 8 Double staming of BC cells with nanomaterals—red and vellow Mluorescence and mono-
clonal antibodies to CD<4-—green fluorescence (a treatiment with spherical nanoparticles, b treat
ment with hybrid nanocomplexes). Confocal microscopy of EC cells aller 3 h incubation with
nancmaterials

maximum accumulation of nanomaterials during exactly this penod. The rationale
for this approach was the previously established fact that it is CD44* cells that have a
proliferative potential, estimated by the twmor growth rate in vivo, and play a critical
role in tumorigenesis [22].

Confocal microscopy data confirmed (Table 1) that the number of CD44* cells
with green fluorescence was 7.00 £ (L.58% of the total EC pool. However, these cells
were found to have different levels of luorescence intensity. Thus, 5.83 £ 0.63% of
CD44” cells had a fluorescence intensity of 300,25 = 96 arb. units. At that ime, only
117 £ 0.10% of CD44” cells had ulira-high Auorescence (1297.29 £ 40 arb. units)
and can be attributed o CD44%® cells. Tt is well known that they are stem cancer
cells and have the highest wmor-inducing potential [22].

Table 1 Fluorescence imtensities of EC cells after their double stianing with monoclonal antibodies
to CD44 and nanomaterials

Number of cells with fluorescence versus total EC pool

(%)

Staining type

CDa4 .'["D-M- + NPs CD4 4+ NCs
Fluorescence intensity {arb. units) I TN & .58 I 674 =041 I LI+ 013
With the highest fluorescence (%) 1.17 £ 0,10 . 516 =041 . 1.2 £+ 013
Fluorescence intensity (arb. units) | 1297.29 & 46 . 272050 £ 11950 | 1662.49 + 33,89
With mean fluorescence (%) 583 £ 063 204 £ 0,17

Fluorescence intensity {arh. units) HL2S £ 96 17727 £ 24.50
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The double staining of EC cells by nanoparticles and monoclonal antibodies 1o
CD44 was found to be characteristic of 6.74 £+ 0.41% of total EC pool cells. This
indicates that NPs are capable of accumulating in almaost all the cells expressing the
CD44 marker (Fig. 8a, Table 1). The vast majority of CD44" cells (76.56%) were
capable of intense NPs accumulation, as evidenced by their ultra-high fluorescence
level of this marker (2220.50 £+ 119.50 arb. units). The number of cells with mean
NPs fluorescence was about one-third of the entire CD44* population, [t was noted
that this level had no statistically significant differences from the fluorescence level
of cells in total EC pool capable of accumulating NPs. Thus, the NPs were found to
have some affinity to CD44* cells, but not absolute, due to their presence in the vast
majority of cells lacking the CD44 marker.

Figure 8 demonsirated the difference ina selective accumulaiion of NPs and hybrid
NCs in CD44 population. It is guite illustrative. Thus, unlike NPs, the accumulation
of hybrid NCs was observed only in 1.20 & 0.13% of cells in a total pool of EC
(Table 1). At the same time, all CD44™ cells, which were characterized with their
ability to accumulate NCs, had extremely high levels of their fluorescence, i.e., at the
levelof 1662 4= 33.89 arb. units. The data obtained indicate that only 1714 £ 2.13% of
EC cells, expressing the CD44, are capable of accumulating NCs. This subpopulation
may certainly be CD44 cells, suggesting that tumor cells with stem potential (CD44
cells) may be the preferred target for the anti-proliferative properties of hybrid NCs,

One of the possible pathways of antiumor action of nanomaterials based on
orthovanadate is W generate reactive oxygen species with subsequent mitochondrial
function damage or induction of cell death by apoptosis/necrosis [15]. Therefore,
at the end of each incubation perind of cells with NPs and hybrid NCs (1-4 h),
the activity indices of mitochondrial cell respiration were determined using the Cell
Growth Determination KitMTT based (Sigma, USA) according to the manufacturer’s
instructions, as well as the number of apoptotic and necrotic cells using annexin-
V—aAn (BD, USA) and Propidium iodide—PI (Sigma, USA) on a FACS Calibur
Becton-Dickinson flow cytometer,

According to the research results after the first hour of incubation of the EC
cells with NPs and hybrid NCs, there was a tendency to a decrease in the level of
mitochondrial respiration (Fig. 9); functions of NADP-H-dependent oxide reductase
enzymes of mitochondria. After 2 h of incubation with NPs and hybrid NCs, the
difference in control was statistically significant (by 20.5 and 27%, respectively). At
the third hour of observation, the optical density of formazan solution in both types
of treatment reached the minimum values, remaining at this level and at the fourth
hour of incubation (optical density for NP's was 35.8 and hybrid NCs it made 46%
if compared with control). That is, treatment of both by NPs and hybrid NCs for 3 h
contributed to the maximum inhibition of mitochondrial respiration of EC cells.

The results suggest that inhibition of mitochondrial respiration through damage
to the mitochondrial enzymatic system is an early sign of the toxic effect of nano-
materials used in the work in respect of EC cells, and this may subsequently lead to
their death.
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(ptical density at 540 nm

Ih Ih 3h 4h

BEC OEC+NPs BEC+NCs

Fig.® Mewbolic sciivity of EC cells belore and alier incubation with spherical NPs (a) and hybrid
NCs (b) for 1, 2, 3 and 4 b, Nere Asterisk—difference is staistically significant conwpared with
similar indices of EC cells withoul incubation with NPs or hybrid NCs {conirol) ip < 0.05)

Mitochondna are considered the main link that integrates the various signals
involved into implementation of apoptosis, the programmed cell death [13]. Simul-
taneous siaining with anpexin-V¥ and Pl allows the determination of the type of
cell death. Annexin-V in the presence of Ca®* and Mg®* ions interact with phos-
phatidylserine, which at the early stages ol apoptosis moves from the inner membrane
of the cell to the outer. The living cell membrane is impermeable o PL. However, with
irreversible damage to the cell (necrosis), the P1 passes through the cell membrane and
is capable of intercalation with defragmented DNA, Double staining with annexin-V
and propidium iodide indicates late stages of apoptosis.

It has been found that in the control samples, regardless of incubation time, the
number of living cells (An/PI1 ) was 90 4 2.3%, those of early apoptosis (An* /P17 )
made 1.34 = 0L67%, the ones of late apoptosis (An*/PI*) was 1.26 = 0.13% and
necrosis (An /PI*) was 3.16 £ 0.42% (Fig. 10). Addition of both types of nano-
mateniuls (NPs or hybrnid NCs) to the EC cells resulted in a gradual decrease in the
proportion of living cells { An~ /P17 ) throughout the observation period.

Al the same time, from the first days of incubation, the difference in the effect
of NPs or hybrid NCy on the type of cell death was noted. 1t has been shown that
the addition of NPs to the EC cells after | h caused an increase in the amount of
An*/P1™ from 1.34% up to 6.11% {p < (L05), which indicates the restructuring of
the composition of membranes under the action of NPs and the beginning of the
implementation of the mechanism of apoptotic cell death. In contrast, hybrid NCs
were able 1o induce a statistically significant rise in the number of late-onset apoptosis
(An*/PI*) and necrosis (An—/PI1*) cells after | h of incubation (Fig. 10).

Further incubation of the cells with NPs (2-4 h) led to a gradual decrease in the
proportion of cells in early apoptosis (An*/P1™) on the background of a rise in the
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Fig. 10 The ratio of apoplotic/necritic cells revealed with snnexin-V/PI staining before and after
incubation with spherical NPs (a) and hybrid NCs (h) for 1, 2. 3and 4 h

percentage of cells in late apoptosis (An*/P1*) and necrosis (An™/PI*). It has been
shown that 3 h after the start of incubation under the influence of NPs, the maximuim
redistribution of the number of cells in the apoptosis/necrosis occurs: the number of
early apoptotic cells decreased by 2 times compared to | h of incubation, and the
number of necrotic and late apoptotic cells increased by 2 and 7 times, respectively,
compared o 1 hol reatment with NPs. Prolongation of the time of exposure of NPs
to tumor cells up to 4 h did not lead to statistically significant differences in the ratio
of the proportion of living, apoptotic and necrotic cells (Fig. 10). Thus, at the third
hour of exposure to the NPs, the maximum cell death was observed by both necrosis
and apopuosis with some advantage of the lauer.

Thus, the data obtained suggest that NPs belong to those unigue compounds that
can simultaneously cause several types of cell death. Compounds which act in a
similar manner are known [25]. The authors attribute this o simulianeous damage
to both the inner and outer mitochondrial membranes. When the inner membrane is
disrupted, the mitochondrial membrane potential changes, that is a prerequisite for
cell death by necrosis. On the other hand, when the outer mitochondrial membrane is
damaged, the cytochrome C is released, causing apoptosis. The above experimental
data on mitochondrial dysfunction throughout the observation period indicate that
hybrid NPs can act in the same way.

Regarding the effect of hybrid NCs on the EC cells, it has been established even
starting from the first time of incubation and later throughout the observation period
that the predominant tumor cell death was by necrosis. Moreover, within 14 h, a
gradual increase in the percentage of necrotic cells (An™/PI™) was found compared
to the control with maximum values reached after 3 h of incubation (19.29 + 2. 43%)
{Fig. 10). In this case, the number of cells being in early apoptosis (An*/P1™ ) remained
virtually unchanged within 1-4 h and did not differ significantly from the control
values, Under the influence of hybrid NCs, the proportion of cells in late apoptosis
(An*/P1*) was significantly increased by 1 h of incubation (9.58 £ 7.54% compared
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with 1.26 & 0.13% in control). This index decreased rapidly throughout the obser-
vation period down to 2.79 £ 0.32% at the third hour, remaining at this level up to
4h (206 0.01%).

Thus, it draws attention to the fact that, in contrast to the effects of NPs, incubation
of umor cells with hybrid NCs for 3 h caused the highest cell death by necrosis and
this was accompanied by a maximal decrease in metabolic activity of mitochondna.
The established feares of NPs or hybrid NCs on a cell death type are important for
further developmentfinactivation of lumor in vivo,

It is believed that one of the reasons for ineffectiveness of the bady’s antitumor
immune response and formation of immunological wlerance in malignant tumors is
activation of cell death by apoptosis [26]. It is known that the apoptotic pathway of
cell death leads to an activation of phagocytosis without consequences for the body in
the form of alteration and inflammation [27]. In case of tumor cell death by necrosis,
the release of DNA. RNA and wmor-specific proteins, which are DAMPs (damage-
associated molecular patterns ) and are recognized by the immune system, triggering
a tumor-specific immune response. [28]. The release of DAMPs and cell death by
necrosis leads (o an activation of the TLR4 signaling pathway, which enhances the
production of the transcription factor NF-KB, that resulted in an increased production
of proinflammatory cytokines and development of immune-inflammatory process

29].

Therefore, depending on the method of cell death in the body of the mor carmer
can develop s an immune inflammative and immune-suppressive state. This demon-
strates the need to review therapeutic strategies and target them to “switch”™ the mech-
anism of tumor cell death from apoptotic to necrotic. The above data indicate that
hybrid NCs are capable of this task solving.

This assumption was experimentally confirmed in vivo by estimating the intensity
of EC development from cells that had been pre-incubated with NPs and hybrid NCs
for different times ( 1=4 h) (Table 2).

After 7 days of in vivo culuring of the EC cells of all the groups, inhibitory
action of NPs and hybrid NCs was observed on an absolute number of EC cells
in PC. However, only after 3-h incubation of both types of nanomaterials with EC
cells, a statistically significant decrease in an absolute number of EC cells in PC
(23.03 £ 4.87% in the NPs and 18.27 £ 1.23 in the hybrid NCs) compared to the
control (55.09 = 7.56%). The advantageous etfect of nanocomplexes in minimizing
the accumulation of wmor cells was noted, but first of all, in the group with the
induction of EC cells, which had been pre-incubated with hybrid NCs for at least
ih

The decrease in an absolute number of the EC cells in PC (Table 2) under the
action of nanomaterials in all the experimental groups indicates suppression of EC
intensity growth. Judging by this index the hybrid NCs had a maximum antitumor
effect. After 3-h of incubation, it was 33.16 £+ 4.67%.

Thus, the data obtained indicate that only after 3 h of incubation of nanomaterials
with the EC cells their significant antitumor effect was marked. With the same time
of previous exposure to tumor cells (3 h), the hybrid NCs had some advantage over
the use of just NPs,



Mechanisms of Antitumor Effect of Nanomaterials ... 1%

Table 2 Intensity of growth of EC cells pretreated with spherical NPs and hybreid NCs for 1, 2, 3
and 4 h

Giroup Volume of ascine | Number of EC | Absolute number | Intensity growth

Auid (ml) cells in PC (= of BC cells in PC | of BC (%)
' [{x10")

Control (EC | 5.84 £0.77 D544+ 155 [S5.00+7.56 100

cells)

EC+NPs1h| 4.4+056 | 1200£203 |S1LI4£987 9282+ 568

EC + NPs2h | 4.26 £ 0.85 L 10.23 4 138 ’43ﬂ+m| 17910 + 4.38

EC + NPs 3h | 3.08 + 1.02 | 748 +2.09 23,03 £ 4.57° | 41.80 + 3.54

EC 4+ NPs4h | 262 +0.71 I 10LE9 4+ ] %) 2? 5K &+ T RT* | J‘JI.IHI + 2 T8

EC+NCslh| 4.5+ 064 1L10£084 | 495374 | 89.85+ 487

EC+MNCs2h | 1R 4+072 I LTS5 4= (.94 I 406 4+ 541 l Ti81 4 323

EC+NCs3h| 2.9+043 | 6374072 |I1B27+£123*  |33.16+ 4,67

LLINLS-II‘I.: 31.{'_{1'-"? I SI'BHJ'_I}H : |TﬁJ’.ISH"‘ .'ﬂ'ﬁi-i!ﬁ

Nees An ahsolute number of EC Lr:]ls. in PC was found by the formula: ANC = Vol * Conc. where
Vol 1s the volume of ascites fluid in P'C' of animals (ml}, Conc 15 the concentration of tumor cells
conted in Goryaey’s chamber (x 10 cellsiml)

Intensity grmi'th of EC (1) was calculated by the formula: | = [(ANC (experimentifANC
(Control)] * WK%, where ANC (experiment) is the absolule mmhu:rnltumnr cells in PC of animals

with EC, which was initiated by treated nanomaterial cells; ANC (Control) is the absolute number
of cells im PC of animals with EC, which was initiated by untreated nanomaterial cells

Thus, successful implementation of antitumeor ability of hybrid NCs involves the
implementation of a mult-stage cascade, namely, their penetration, accumulation
inside cells, impaired mitochondrial function with subsequent induction of apoptotic
and necrotic chunges. There is absolutely no possibility of existence of “alternative”™
mechanisms for the implementation of the antitumor action of hybrid NCs. As we
established in our previous studies, the treatment of EC cells with hybrid NCs lad
to the formation of a pool of tumor cells with reduced expression of pluripotency
genes, primarily nanog, which is key in determining the seli-support of cancer stem
cells [30]. In general, the obtained results complement the understanding of the
mechanisms of implementation of anticancer therapy of nanomaterials based on
rare-garth orthovanadates,

4 Conclusions

1. Inexperimental conditions in vivo the possibility of using GdYEuV0, nanopar-
ticles and hybrid nanocomplexes synthesized on their basis for the identifica-
tion of cancer cells and inhibition of umor growth is substantiated, that allows
attributing these nanomaterials to promising drugs for the diagnosis and treatment
of malignancies.
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The dependence of an antitumor effect of nanomaterials on the time of their
pre-incubation with tumor cells was established. Treatment of EC cells in vitro
with hybrid nanocomplexes within 3 h resulted in a mimmal EC intensity growth
in vivo (33.16 £ 4.67%).

Implementation of an antitumor effect of nanomaterials involves their penetra-
tion, accumulation inside tumor cells, damage to mitochondrial function with
subsequent induction of apoptotic and pecrotic changes. The established fact of
the death of EC cells mainly by necrosis under the action of hybrid NCs is one
of the conditions for further inactivation of a tumor.

Double staining of EC cells with monoclonal antibodics to CD44, together with
hybrid NCs, allowed them to establish their selective accumulation capacity in
CD44™ EC cells with ultra-high fluorescence intensity of this marker (CD44
cells). This confirms that a successful implementation of anti-proliferative prop-
erties of hybrid NCs is accomplished by inhibiting the function of umor cells
with a stem potential,
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