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The aim of the work is synthesis and study on the properties of polyfunctional magnetosensitive nanocomposites
(NC) and target-directed magnetic fluids (MF) based on physiological solution (PS), magnetite, gemcitabine (GEM)
and HER?2 antibodies (AB), promising for use in targeted antitumor therapy against MDA-MB-231 aggressive tumor
cells of triple-negative human breast cancer (BC) with high proliferative and metastatic activity.

The specific surface area (Ssp) of samples was determined by the method of thermal desorption of nitrogen using
a device KELVIN 1042 of “COSTECH Instruments”. The size of nanoparticles (NP) has been estimated by the
formula Dggr = 6/(pSser), where p is the density of NC particle, Sger is the value of the specific surface area
calculated by the polymolecular adsorption theory of Brunauer, Emmett and Teller (BET). The surface condition of
nanodispersed samples was studied by IR spectroscopy (“Perkin Elmer” Fourier spectrometer, a model 1720X). To
calculate the concentration of hydroxyl groups on the surface of nanostructures, the method of differential thermal
analysis was used in combination with differential thermogravimetric analysis. The thermograms were recorded
using a derivatograph Q-1500D of MOM firm (Hungary) in the temperature range of 20—1000 °C at a heating rate
of 10 deg/min. X-ray phase analysis of nanostructures was performed using a diffractometer DRON-4-07 (CukK,
radiation with a nickel filter in a reflected beam, the Bragg-Brentano focusing). The size and shape of NP were
determined by electron microscopy (a transmission electron microscope (TEM) JEM-2100F (Japan)). The hysteresis
loops of the magnetic moment of the samples were measured using a laboratory vibration magnetometer of Foner
type at room temperature. Measurement of optical density, absorption spectra and GEM concentration in solutions
was performed by spectrophotometric analysis (Spectrometer Lambda 35 UV/Vis Perkin Elmer Instruments). The
amount of adsorbed substance on the surface of magnetite was determined using a spectrophotometer at A = 268 nm
from a calibration graph. The thickness of the adsorbed layer of GEM in the composition of Fe;O4@GEM NC was
determined by magnetic granulometry. To study the direct cytotoxic/cytostatic effect of a series of experimental
samples of MF based on PS, Fe;04s NP, GEM, HER2 AB, as well as MF components in mono- or complex use, onto
MDA-MB-231 cells in vitro, ICsg index was determined.

MF were synthesized on the basis of single-domain Fe3O4 and PS, stabilized with sodium oleate (Ol.Na) and
polyethylene glycol (PEG), containing GEM and HER2 (Fe;04@GEM/Ol.Na/PEG/HER2+PS). The
cytotoxic/cytostatic activity of MF against MDA-MB-231 cells was studied. It was found that as a result of
application of synthesized MF composed of Fe;O0@GEM/OlL.Na/PEG/HER2+PS at the concentration of magnetite
of 0.05 mg/mL, GEM - 0.004 mg/mL and HER2 AB - 0.013 ug/mL, a synergistic effect arose, with reduction of the
amount of viable BC cells to 51 %. It has been proved that when using MF based on targeted Fe;O4/GEM/HER2
complex, the increased antitumor efficacy is observed compared to traditional use of the drug GEM, with a
significant reduction (by four times) of its dose. The high cytotoxic/cytostatic activity of Fe;O4/GEM/HER?2
complexes is explained by the fact that endogenous iron metabolism disorders play a significant role in the
mechanisms of realization of the apoptotic program under the influence of nanocomposite. Thus, when the
nanocomposite system contains Fe3;O4/GEM/HER2 complexes in MDA-MB-231 cells, a significant increase is
observed in the level of “free iron”, which favours formation of reactive oxygen species and causes oxidative stress
(Fenton reaction). The consequences of oxidative stress are induction of apoptosis, enhancement of lipid
peroxidation processes, as well as structural and functional rearrangement of biological membranes. The prospects
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have been shown of further studies of Fe;0,@GEM/Ol.Na/PEG/HER2+PS MF in order to create on their basis a
magnetically carried remedy for use in targeted antitumor therapy.

Keywords: gemcitabine, nanosized single-domain magnetite, core-shell nanocomposites, magnetic fluids, HER2

antibody, targeted antitumor therapy

INTRODUCTION

One of the main problems of modern
antitumor therapy with gemcitabine (GEM) is its
toxic effects on the human body and the
occurrence of severe adverse reactions in
patients [1-4]. Therefore, a generally accepted
alternative to traditional GEM chemotherapy has
been the use of targeted delivery methods
[5-11], which allows us to create a therapeutic
dose of the drug in the disease locus, to carry out
therapy at a much lower total dose and minimize
side effects. Among the variety of modern
methods of targeted drug delivery and local
therapy of diseases at the level of organs, cells
and genes, the most developed at this time are
methods using magnetically sensitive
nanostructures conjugated with antitumor drugs
of different mechanism of action.

To date, a concept has been substantiated of
chemical construction of magnetosensitive
nanocomposites (NO) with  multilevel
hierarchical nanoarchitecture, characterized by
the functions of “nanoclinics” and medico-
biological nanorobots [12—17]: recognition of
microbiological objects in biological media;
targeted delivery of drugs to specific cells and
organs, and deposition; complex local chemo-,
immuno-, neutron-capture, hyperthermic,
photodynamic therapy and magnetic resonance
imaging in real time, detoxification of the body
by adsorption of cell decomposition residues,
viral particles, heavy metal ions, etc. and their
removal with the aid of magnetic field [18-24].
The urgency of the topic is due to its focus on
the creation of the latest medical theranostic
remedies for targeted delivery of drugs with
different mechanisms of action, and local
complex therapy, primarily for the needs of
oncology.

For the manufacture of magnetically
sensitive multifunctional NC, a significant
interest of researchers is drawn to nanostructures
of core-shell type based on single-domain
magnetite (FesO4), which are characterized by a
unique set of physical, chemical and biological
properties, the capability to create magnetic
fluids (MF) on their basis, containing
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oncological remedies with various functional
purpose and mechanisms of action [25, 26].

In recent years, there has been a significant
increase in the use of natural mechanisms of
endocytosis and nanostructures of various types
to deliver drugs to tumors, involving ligands
such as hormones, vitamins and growth factors
against tumor-associated receptors that are
overexpressed on tumor cell surfaces, with
limited distribution in normal tissues [9, 11, 27].
At present, magnetically sensitive and
nonmagnetic conjugates are actively being
developed by the methods of modern
nanotechnology to deliver GEM in a targeted
manner to malignant cells, which will allow to
reduce its systemic toxicity. The advantage of
the use of drug conjugation on the surface of
nanoparticles to deliver drugs in vivo is a slow
release of the drug, which potentially provides a
longer presence of the drug in the bloodstream at
the required level. A positive result of the use of
hyperthermia in combination with prolonged
drug release may be an improvement in the
patient’s condition and a decrease in the
frequency of drug reception.

Despite a large number of successful studies
on the use of magnetic nanoparticles as a
theranostic material, as well as repeated
successful results in small animal models, they
still do not meet clinical needs. However, upon
reaching high drug capacity, increased
specificity and affinity for tumor cells, a
combination of imaging and multimodal local
therapy, magnetic nanoparticles may become
convenient for clinical use in the near future and
significantly affect the effectiveness of cancer
treatment.

We note that a review of scientific
publications is contained in [28] on the synthesis,
study of properties of magnetosensitive NC
based on GEM, promising for use in the method
of targeted delivery, and their applications in
medicine, in particular antitumor therapy.

The aim of this work is to synthesize and
study the properties of magnetically sensitive
polyfunctional NC and target-directed magnetic
fluids based on magnetite and GEM, promising
for use in targeted antitumor therapy against
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MDA-MB-231 cells of aggressive tumor with
high proliferative and metastatic activity, three
times negative human breast cancer (BC).

EXPERIMENTAL PART AND DISCUSSION

Research methods and results. Gemcitabine
((2-deoxy-2',2)difluorocytidine monochloride) is
a cytotoxic drug, an antimetabolite from the
group of pyrimidine antagonists, that has been
chosen as the drug of chemotherapeutic
mechanism of action. GEM belongs to the List
of basic medicines of the World Health
Organization and the most effective and safe
drugs needed in the health care system. It is
characterized by considerable antitumor activity
in the treatment of solid tumors (non-small cell
lung cancer, pancreatic, bladder, breast, ovarian
cancer), satisfactory tolerability and the
possibility of successful combination with other
antitumor drugs. It is used for treatment of
cholangiocarcinoma and other types of bile duct
cancer. Currently, the possibility is being
actively studied [5-11, 28] to use GEM in the
composition of magnetosensitive NC to create
polyfunctional antitumor drugs for targeted
delivery and local therapy, e.g. breast cancer,
hepatocellular carcinoma, osteosarcoma, efc.

The antibody (AB) HER2 (Neu, ErbB-2,
CD340) is a membrane protein, tyrosine
proteinkinase of EGFR/ErbB epidermal growth
factor receptor family, which is encoded by
ERBB2 human gene, it has been chosen as a
drug of immunotherapeutic mechanism of action.
HER?2 gene amplification plays an important role
in the pathogenesis and progression of certain
aggressive types of cancer [29-31]. HER2 is an
important biomarker and therapeutic target of the
disease, associated with tumor aggressiveness
and unfavorable prognosis. HER2 AB is
considered to be an optimal for the treatment of
diseases such as human BC, in particular, in the
presence of metastases. Therefore, for in vitro
studies, we chose HER2 AB in combination with
GC in composition of MF based on magnetite.

To test the antitumor activity of the
synthesized MF in vitro, in this work we chose
MDA-MB-231 cells of the aggressive tumor
with high proliferative and metastatic activity,
three times negative human BC.

Samples of  magnetically sensitive
nanostructures (ensembles of Fes;04
nanoparticles (NP) and Fe;O4@GEM NC) and
MF stabilized with sodium oleate (Ol.Na) and
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polyethylene glycol (PEG) were synthesized for
research.

The synthesis of nanodispersed magnetite
was carried out according to the technique [10]
by coprecipitation of iron salts by the reaction:

Fe? + 2Fe™ + 8NH4OH —> Fe304 + 4H,0 + 8NH,4 '

The synthesized ensembles of Fe;Os NP
were characterized by sizes of 3-23 nm. The
average size (do) of NP depended on the
synthesis conditions and was 6—13 nm, and the
size  distribution could be  controlled
technologically.

The specific surface area (Sy,) of the samples
was determined by the method of thermal
desorption of nitrogen on a device
KELVIN 1042 of “COSTECH Instruments”
firm. The size of NP has been estimated by the
formula Dger = 6/(pSset), Where p is the density
of NC particle, Sger is the value of the specific
surface area calculated by the polymolecular
adsorption theory of Brunauer, Emmett and
Teller (BET). The specific surface area (Si,) of
synthesized magnetite was Sy, = 90-180 m?/g,
dependent on the average particle size, in this
work we used samples with S, = 110+1 % m%/g.

The surface condition of nanodispersed
samples was studied by IR spectroscopy (“Perkin
Elmer” Fourier spectrometer, a 1720X model).
OH functional groups were revealed by the study
on IR spectra of magnetite surface. To calculate
the concentration of hydroxyl groups on the
surface of nanostructures, the method of
differential thermal analysis was used in
combination with differential thermogravimetric
analysis. Thermograms were recorded using a
Q-1500D  derivatograph of MOM firm
(Hungary) in the temperature range of
20-1000 °C at a heating rate of 10 deg/min. It
has been found that the concentration of OH
functional groups on the surface of magnetite is
2.4 mmol/g.

X-ray phase analysis of nanostructures was
performed using a diffractometer DRON-4-07
(CuK, radiation with a nickel filter in a reflected
beam, the Bragg-Brentano focusing). The size of
the crystallites was determined from the width of
the corresponding most intense line according to
the Scherrer equation. The value of the average
diameter of Fe;Os NP, calculated from the
results of investigation of X-ray diffraction
patterns according to the Scherrer formula, Dxzp
was 10.5 nm.
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To study the morphology and size set out in [32]. Demagnetized nanoparticles were
distribution of NP, their dispersions in water distributed in a paraffin matrix with a volume
were used. The size and shape of NP were concentration of ~0.05 to prevent interaction. For
determined by electron microscopy (a comparison, we used materials with a known
transmission electron microscope (TEM) JEM- value of the specific saturation magnetization
2100F (Japan)). FesO4 NP in ensemble were (0y): a tested sample of nickel and Fe;O4 NP
characterized by spheroidal shape, their average (98 %) manufactured by “Nanostructured &
size was ~10.8 nm. Amorphous Materials Inc.”, USA. The error in

The hysteresis loops of the magnetic measuring o, did not exceed 2.5 % in relation to
moment of the samples were measured using a the reference sample. Table 1 shows the
laboratory vibration magnetometer of Foner type magnetic characteristics of the synthesized
at room temperature. Description of the ensemble of magnetite nanoparticles.

installation and the measurement technique are

Table 1.  Magnetic characteristics of the ensemble of magnetite nanoparticles

Sample H., Oe os, emu/g or, emu/g o+l AFe304°, %o

Fe;04 41 57.7 10.4 0.18 100

H., Oe¢ is the coercive force; g,, emu/g is the specific saturation magnetization of NC; o,, emu/g is the residual
specific magnetization of NC; o,/o, is the relative residual magnetization; ore;0.4“ is the calculated mass
concentration of Fe;O4 in NC, %

Measuring of optical density, absorption Gemcitabine TEVA (Pharmachemie BV, the
spectra and GEM concentration in solutions was Netherlands) was used for research in this work.
performed by spectrophotometric analysis (a Adsorption of GEM on the surface of magnetite
spectrometer Lambda 35 UV/Vis Perkin Elmer Fe;04 was performed in physiological solution in
Instruments). the concentration range Cy=0.02—0.67 mg/mL

The adsorption capacity of samples 4 (mg/g) (m=0.03¢g V=5mL, pH=23.0)for2hin a
has been calculated by the formula: dynamic mode at room temperature. The level of
A = (Cp—Cey)V/m, where Cyp and C, are the pH of the medium of GEM solution in 0.9 %
concentration of the initial solution and the NaCl was set by 0.IN HCL The amount of
solution after adsorption (mg/L), V' is the volume adsorbed substance on the surface of magnetite
of the solution (L), m is the mass of the sorbent was determined using a spectrophotometer at
(g). Adsorption isotherms were constructed on A =268 nm from a calibration graph.
the basis of experimental results. The The experimental values of adsorption
coefficients of distribution £ (mL/g) of GEM capacity A4 of magnetite surface were
between the surface of nanostructures and the ~37.2 mg/g, extraction extent R — 33.13 %,
solution, the extraction extent R (%) were distribution coefficient £ = 82.58 mL/g.
determined by the formulas: FE =A4/Ce, The magnetic characteristics of magnetite
R = (1-C¢y/Cp)-100 %, respectively. with adsorbed GEM (Fe;04@GEM NC) are

given in Table 2.

Table 2. Magnetic characteristics of Fe;04@GEM NC

Sample H. Oe o5, emu/g or, emu/g 6+/0s are304%, %
Fe;04@GEM 44 39.0 6.07 0.15 68
Using the method of magnetic granulometry of the adsorbed GEM layer in the composition of
and assuming that the thickness of GEM layers Fe;04@GEM NC, which is 2.4+0.1 nm.
depends a little on the diameter of Fe;O4 NP, we Synthesis and properties of magnetic fluids.
have estimated the average value of the thickness MF were synthesized based on magnetite and
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stabilized with
GEM

physiological solution (PS),
OlLNa and PEG, containing
(Fe:0s@GEM/O1.Na/PEG+PS).

As the dispersed phase of MF, nanosized
magnetite in the single-domain state was used at
the concentration of 14 mg/mL (for comparison),
or Fe;04@GEM NC based on it.

To prevent aggregation, FesOs and NC
nanoparticles were stabilized with sodium oleate
(CsH17CH = CH(CH;);CO-0—Na, dynamic
mode, 1 h), and polyethylene glycol (PEG-2000).

To stabilize the surface of NP and NC in the
composition of MF, the mass of sodium oleate
moiNa Was calculated taking into account the
concentration of reactive hydroxyl groups on the
surface of magnetite. The calculation was
performed  according to the formula:
molNa = B-M-m, where B is the concentration of
hydroxyl groups (2.2 mmol/g) on the surface of
starting nanosized magnetite, M is the molecular
mass of sodium oleate (304 Da), m is the mass of
Fe304 or NC.

It is known that PEG prevents the adsorption
interactions of fluid components with protein
molecules [33], which is important in medical
applications of MF. Additional modification with
PEG-2000 was carried out in a dynamic mode
using a shaker, the amount of polymer was
10-15 % by weight of the sample of Fe;O4 NP,
or NC [34, 35]. The double stabilizing layer of
NC (OLNa@PEG) was considered to be
continuous with thickness =3 nm in water and
PS, and = 1 nm in dry residues [35].

Putting of HER2 AB into the composition of
Fe304@GEM/OL.Na/PEG+PS MF and obtaining
of Fe;04@GEM/O1.Na/PEG/HER2 AB+PS MF
was performed in a dynamic mode using a
shaker.

To obtain optimal experimental MF based on
magnetite, we used compositions with the
following parameters: concentration of Fe;Os —
14 mg/mL, particle size of Fe;Os — 4-22 nm,
average particle size of Fe;04 — 10.8 nm; average
particle size of Fe;Os stabilized with sodium
oleate — 16.8 nm; saturation magnetization
M, = 14.1£2.5% Gs, hypsometric height —
2510 % cm, viscosity #=1.14+3 % mPas,
density pur=1.14£1.0 % g/cm’, the
concentration of GEM was 1.25 mg/mL, HER2
AB -3.75 ng/mL.

The concentration of GEM and HER2 AB in
such MF is determined by the therapeutic need.
In the starting MF, the concentration of GEM
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and HER2 AB has been 1.25 mg/mL and
3.75 ug/mL, respectively, which allows us to
provide the required doses of the drug in the test
samples by diluting the starting MR. In addition,

this fluid 1is characterized by satisfactory
rheological properties and sedimentation
stability.

We note that the conditions used in these
studies for the synthesis of magnetite, adsorption
immobilization of GEM on the surface of
nanosized Fe;O4, production of MF, as well as
the magnetic properties of the research samples
are described in more detail in [9, 11, 25, 26].

Investigation of the influence of
experimental samples on the viability of
MDA-MB-231 cells of human BC in vitro. To
study the direct cytotoxic/cytostatic effect of a
series of experimental samples of MF based on
PS, Fe;04 NP, GEM, Fe;04@GEM NC, HER2
AB, in mono- or complex application onto
MDA-MB-231 cells in vitro, 1Cso index was
determined.

The description of the used samples,
materials, devices and methods is given below.

Samples
1. MF: Fe;04@O1.Na/PEG + PS (control 1),

2. Gemcitabine + PS (control 2),

3. HER2 AB + PS (control 3),

4. MF + GEM: Fe;04@GEM/O1.Na/PEG + PS,
5. MF + AB: Fe;04@O1.Na/PEG + PS + HER2,
6. MF + GEM + AB: Fe;04@GEM/O1.Na/PEG
+ PS + HER2,

7. GEM + HER2 + PS (control 4),

8. PS (control 5).

For all the corresponding systems, the
concentration of Fe;Os was Crezo4 = 3 mg/mL,
the concentration of GEM Cgem = 0.25 mg/mL,
antibodies - Cugro ag= 0.75 pg/mL.

Materials

Medium: DMEM High glucose (Biowest,
France, catalog No. L0102-500).

Serum: fetal calf serum (FCS) (Biowest,
France, catalog No. S181B-500).

Solutions: Versene solution
(BioTestLaboratory, Ukraine), phosphate-saline
buffer (Sigma, USA, cat. No. DI1408),
physiological  solution (Lekhim, Ukraine,

71033007 series), ethyl alcohol (Ukrspirt, Ukraine).
Dyes: crystalline violet (Sigma, USA, cat.
No. C6158).
Other materials: plastic ware for cell culture
(TPP, Italy), 96-well plates for cell culture (SPL,
Korea).
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Devices

CO; incubator (Heal Force, China), an
inverted microscope Axiovert 25 (Carl Zeiss,
Germany), a Goryaev camera (Pharmmedtech,

Ukraine), a mini-shaker PSU-2T (BioSan,
Latvia), a  multiwell  spectrophotometer
(Labsystems  Multiskan ~ PLUS,  Finland),

automatic pipettes up to 20 uL (Eppendorf AG,
Germany), 200 pL (Thermo Fisher Scientific Oy,
Finland) and 1000 pL (Eppendorf AG,
Germany).

Methods

The tested cells were cultured in complete
DMEM medium with 10 % FCS and 40 pg/mL
of gentamicin in a plastic ware in humidified
atmosphere at 5 % CO, and 37 °C. Changing of
the medium and resowing of cells were
performed according to standard technique [36].
The cells in the exponential phase of growth
were used for experiments. In 24-48 h after the
last resowing, the cells were planted out for
cultivation at a concentration of 1-1.5x10"
cells/well of a 96-well plate. In 24 h, different
amounts of experimental substances were added
to the respective wells according to the study
scheme. Syringe filters were used when making
the solutions. The cells were incubated for

another 48 h, and the cytotoxic effect of each
experimental substance was determined.

The viability of cells in the experiment was
evaluated by colorimetric method, staining the
cells with crystalline violet. Adhesive cells are
separated from the substrate after death. This
property is used to determine the number of
living cells after treatment with test agents. One
way to detect attached (living) cells is to stain
them with a crystalline violet dye that binds to
proteins and DNA. The results were evaluated
using a multi-well spectrophotometer
(wavelength 540 nm). The percentage of viable
cells (/r) was calculated by the formula:

Ir=(As0 (experiment)/Asso(control))x100 %,
where As4o is absorption (the value proportional
to cell concentration) at wavelength of 540 nm.

Cytotoxic and antiproliferative activity was
determined using the index “inhibitory
concentration 50” (ICso — the concentration of
the test substance at which 50 % of cells die),
which was calculated using Excel program.
Table 3 shows the results of the study of the
effect of concentrations of the studied
preparations when used in mono-regime and their
combinations on the viability of MDA-MB-231
cells.

Table 3. Influence of concentrations of the studied preparations in mono-regime and their combinations on the

viability of MDA-MB-231 cells

Sample MF+  MF+ Y Gpme
MF GEM  HER2 GEM+ PS
Concentration GEM HER2 HER2
HER2
%*
nll\g/l:ni n(l;g}%:l/li E;ﬁi’ Amount of living cells, % **
3805 897+ 3655 960+
_ kkk _kkxk _kkk _kkk
L5 0.125 0.38 17 1.9 18 3.1
35.0+ 3505 897+
ok ok ks ok
0.75 0.063 0.19 >0 88729 T oy
38.6+ 369+ 973+
_keksk __kkek _kkek _keksk
0.38 0.031 0.1 OE 9ggeds o o
48.5+ 464+ 945+
_ckksk _kekk _kkk _ ckekek
0.19 0.016 0.05 S5 o84x59 5 "
013= 724+ 1000+ 707+ 859+ 550+ 639+  90.9+
0.1 0.008 0.025 6.6 1.9 23 6.7 43 5.7 25 6.2
00.1= 743+ 1000+ 687+ 88.0+ 512+ 726+ 967+
0.05 0.004 0.013 7.0 24 45 5.6 7.7 2.9 3.9 18
973+ 883+ 1000+ 739+ 95.1+ 665+  85.0+ 964+
0025 0.002 0.007 9.7 22 2.9 48 10.0 438 1.6 2.1

Note: * — the concentration of MF was determined by the content of magnetite, ** — in comparison with the cells of
the control group, which were cultured without adding the substances indicated in Table 3 (100 %), *** — it is not

determined, or it is not determined reliably
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It has been shown by analysis of the data that
HER2 antibody at concentrations less than 0.1
pg/mL and PS in monoapplication do not affect
significantly the viability or proliferation of
MDA-MB-231 BC cells. Therefore, the ICsy is
not determined for these ingredients, at the
studied concentrations.

The 1Csp was determined experimentally for
gemcitabine to be Cgem = 0.016 mg/mL, and for
GEM/HER2 composition (Cgem = 0.016 mg/mL,
Cuer2 = 0.05 pg/mL) with respect to MDA-MB-
231 BC cells.

In the experiment, the ICso value was not
determined for MF at concentrations less than
0.1 mg/mL in the absence of toxicity. Cultivating
MDA-MB-231 cells in the presence of MF and
HER2 AB, simultaneously, we observed a slight
synergistic effect of these components up to 4 %,
compared with control 1.

Close to optimal concentrations of all
components (MF, GEM and HER2 antibodies)
were determined to achieve the highest cytotoxic
effect of MF. Experimental studies have shown
that the combination of concentrations of
components Cvr = 0.05 mg/mL, Cgem=0.004 mg/mL,
Cuer2 = 0.013 pg/mL creates the best result of
cytotoxic activity, at which about 51.2 % of
MDA-MB-231 cells survive.

The results show that the proliferation of
human breast carcinoma MDA-MB-231 cells is
inhibited by GEM in individual use better than
by other studied components. Under the
conditions of complex action of GEM with other
experimental substances, it has been found that:

—MF allows to increase the antitumor
activity of GEM in vitro by 5.6-14.4 %j;

—MF allows to increase the antitumor
activity of HER2 antibody in vitro by
4.9-12.0 %,

— target-directed MF/GEM/HER2 complex
causes a synergistic antitumor effect and
increases the cytotoxic activity of GEM by more
than 23 %.

This can be explained by the fact that in the
mechanisms of realization of the apoptotic
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program under the influence of nanocomposite, a
significant role is played by disorders of
endogenous iron metabolism. Thus, when the
nanocomposite system contains
Fe;04/GEM/HER2 complexes, in human breast
carcinoma MDA-MB-231 cells a significant
increase is observed in the level of “free iron”,
which favours formation of reactive oxygen
species and causes oxidative stress (Fenton
reaction). The consequence of oxidative stress is
the induction of apoptosis and enhancement of
lipid peroxidation processes. It is proved that the
nanocomposite is capable to initiate the apoptotic
program in cells by mitochondrial pathway and
cause structural and functional rearrangements of
biological membranes [37].

CONCLUSIONS

Magnetic fluids were synthesized based on
Fe;04 and physiological solution, stabilized with

sodium oleate and polyethylene glycol,
containing GEM and HER2 antibody
(Fe;04@GEM/O1.Na/PEG/HER2+PS). The

cytotoxic/cytostatic activity of MF was studied
against MDA-MB-231 aggressive tumor cells of
triple-negative human breast cancer with high
proliferative and metastatic activity. It was found
that as a result of application of synthesized MF
composed of Fe;04@GEM/OLNa/PEG/HER2+PS
at the concentration of magnetite of 0.05 mg/mL,
GEM - 0.004 mg/mL and HER2 AB -
0.013 pg/mL, a synergistic effect arose, with
reduction of the amount of viable BC cells to
51 %.

It has been proved that when using MF
based on targeted Fe;O./GEM/HER2 complex,
the increased antitumor efficacy is observed
compared to traditional use of the drug GEM,
with a significant reduction (by four times) of its
dose. The prospects have been shown of further
studies of Fe;O04@GEM/OlL.Na/PEG/HER2+PS
MF in order to create on their basis a
magnetically carried remedy for use in targeted
antitumor therapy.
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Memoto pobomu € cunmes i OOCHONCEHHSI GIACMUBOCHE NONIDYHKYIOHATLHUX — MACHIMOYYMIUGUX
Hanoxomnoszumie (HK) ma miwenv-cnpsamosanux maenimuux pioun (MP) na ochosi ¢izionociunozo pozuuny (OP),
maenemumy, eemyuma6iny (I'l])) ma awmumina (AT) HER2, nepcnexmusenux Ol 6UKOPUCMAHHA 6 QOPECHIl
npomunyxaunniu mepanii npomu knimun ainii MDA-MB-231 acpecu6nol nyxaunu 3 6Ucokoio npoiighepamusHo ma
MEMAcmamudHo aKMUGHICMIo mpui He2amueHo20 paxy mMonoyHoi 3anosu (PM3) moounu.

Tlumomy nogepxuto (Swum) 3PA3KI6 GUBHAUANU MeMOOOM mepMoOdecopbyii azomy 3a O0ONOMO2OK NPUIAdy
KELVIN 1042 ¢ipmu “COSTECH Instruments”. Posmip nanouacmunox (HY) oyinosanu 3a gopmynorno
Dger = 6/(pSser), Oe p — eycmuna yacmunxu HK, Sper — 3HaueHHs numomoi naowi NoeepxHi, po3paxosauoi 3a
meopicio nonimonexyisiproi aocopoyii Bpynayepa, Emmema i Tennepa (BET). [Hocniooscenns cmawny noeepxwi
HAHOOUCHepCHUX 3paskig 30iticHioganu memooamu I[9-cnekmpockonii (@yp’e-cnekmpomemp “Perkin Elmer”,
modenv 1720X). [lna po3paxynky KoHyenmpayii 2i0pOKCUNbHUX 2PV HA NOBEPXHI HAHOCMPYKMYP 8UKOPUCTNOBYBAIU
Memoo OughepeHyianbH020 MepMIiuHO20 AHANI3Y 8 NOEOHAHHT 3 OUGhepeHYiaNbHUM MePMOSPABIMEMPUYHUM AHATIZOM.
Peecmpayiro mepmoepam 30iiicHiosanu 3a donomozoio depusamoepaga Q-1500D ¢ipmu MOM (Veopwuna) 6
inmepeani memnepamyp 20-1000 °C  3a weuokocmi Haepieanns 10 epad/xe. Pemmeenogpazosuii  ananiz
HAHOCMPYKMYP SUKOHY8AU 3a 00nomoeorw ouppaxmomempa [JPOH-4-07 (sunpominiosannus Cuk, 3 Hixereeum
@inempom y siobumomy nyuxy, oxycysanus 3a bpececom-bpenmano). Posmip ma ¢popmy HY eusnauanru memooom
enekmponHol  MIKpockonii  (npocsiuyroyuti  enekmpounuil  mikpockon (IHIEM) JEM-2100F (Anownis)). Ilemni
eicmepesucy MAcHIMHO20 MOMEHMY 3PA3Ki6 SUMIDIOSANU 3a  O0ONOMO20I0  1aO0pamopHo20  8iOpayiiHoeo
MacHimomempa POHepiBCbKo20 MUny npu KiMHamuit memnepamypi. Bumiproganus onmuunoi eycmunu, cnekmpis
noenunauwHa ma kowyenmpayii 'Ll 6 posuunax 30iliCHEHO Memodamu CneKmpogpomomMempuiHo2o aHaizy
(Spectrometer Lambda 35 UV/Vis Perkin Elmer Instruments). Kinokicme adcop6o8anoi pewosuHu Ha NOBEpXHi
MASHemumy GU3HA4AIU 3d OONOMO20l0 chekmpogomomempa npu A =268 um 3a KaniOpysanrvHum 2pagikom.
Toswuny aocopbosanozo wapy I'l] y cknadi HK Fe;O4@I'l] susnavanu memooom macnimuoi epanyiomempii. /s
BUBUEHHS NPAMOL YUMOMOKCUHHOI/yumocmamuynoi Oii cepii excnepumenmanvHux 3paskie MP na ocnoei ®P, H4
Fe;0,4 I'l], AT HER2, a maxooic xomnonenmie MP 6 MOHO- ab0 KOMNJIEKCHOMY 3ACMOCY8AHHI, HA KIIMUHU JIHIT
MDA-MB-231 in vitro, eusnauanu nokasuux 1Cs.

Cunmeszosano MP na ochosi oonodomennozo Fe;O4 i @P, cmabinizoeani oneamom wampio (On.Na) i
noniemunenenikonem (IIET), wo micmamo I'l] ma AT HER2 (Fe;O4@ll]/OnNa/lIET/HER2+®P). Busueno
yumomoxcuuny/yumocmamuyny akmuenicmo MP wooo knimun ninii MDA-MB-231.  Bcmawnoenewo, wo
sacmocysants cunmesosanux MP cknady Fe;O4@I'L]/On.Na/[IET/HER2+®P 3a ronyenmpayii macHemumy
0.05 me/mn, I'll — 0.004 me/mn ma AT HER2 — 0.013 mxe/mn 6uAenano cuuepeiuHuti egexm ma 3MeHULy8ano
Kinekicms  ocummeszoamuux kuimun PM3 0o 51 %. JJosedeno, wo euxopucmanna MP na ocHo8i miuieHob-
cnpamosanoeo komnnexca FesOyT'LI/HER2 xapakxmepuzyemobcs niogueHo egheKmusHicmo npomunyxXiunHoi oii,
NOpieHAHO 3 Mpaouyitinum 3acmocysanusam npenapamy I'L], npu icmomuomy 3menwenni (y yvomupu pasu) 1020 0o3u.
Bucoxy yumomoxcuuny/yumocmamuuny akmusnicmo komnaexcie Fe;Oy/TLJ/HER2 nosicheno mum, uwjo 6 Mexanizmax
peanizayii anonmuunoi npocpamu 3a 6NAUEY  HAHOKOMNO3ZUNMY CYMMESY pONb GI0iepaioms NOPYUIeHH 00Mily
enodoeennozo 3aniza. Tax, 3a nasewicmio 8 Hanokomnosumuin cucmemi xomniexcie Fe;OuILI/HER?2 y knimunax
MDA-MB-231 cnocmepicacmbcs 3naune niOGUUEHHA PIBHA «BINbHO20 3aNi3a», WO CHPUAE YMBOPEHHIO AKMUGHUX
@opm KucHio ma cnpudunsie oxcuoamueHui cmpec (peaxyis @enmona). Hacniokamu oxcudamusnozo cmpecy €
IHOYKYis anonmosy, NOCUIEHHs NpoYecié NEepeKUCHO20 OKUCHEHHS JInidie ma CcmpyKmypHO-Q)YHKYIOHANIbHA
nepedyoosa bionociynux  membpan.  Ilokazano  nepcnexkmusHicmes — nooanvwux — 0ocriodceno  MP
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Fe;0,@I'1]/On.Na/[IEIT/HER2+®P 3 memoro cmeopenHs HA iXHill OCHOBI MASHIMOKEPOBAHO20 NIKAPCHLKO20 3acoby
07151 BUKOPUCMAHHSL 8 AOPECHIU NPOMUNYXAUHHIU mepani.

Kniouosi cnoea: cemyumabin, HanoposmipHuii 00HOOOMEHHUL MAcHemum, HAHOKOMNO3UMU 0po-000JI0HKA,
maenimui piounu, anmumino HER2, adpecna npomunyXiunna mepanis
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Llenv pabomvl — cunmes U UCCICO0BAHUE CEOUCME NONUDYHKYUOHAILHBIX MACHUMOYYECIEUMETbHBIX
nanoxomnozumos (HK) u muwienv-nanpasnennvlx masnummusix scuoxocmeti (MK) na ocnoge ¢husuonocuueckoco
pacmeopa (DPP), macnemuma, cemyumabuna (I'l]) u aumumena (AT) HER2, nepcnexmu6nvix 0115 UCNOIb308AHUS 8
aopecHol mepanuu mpudicobl He2camusHo20 paxka Moaounou xcenesvl (PMJK) uenosexa — aspeccusnou onyxonu c
6bICOKOU NPOUDEPAMUBGHOU U MEMACMAMUYECKOU akmusHocmoio (kiemxu unuu MDA-MB-231).

Yoenvnyro nosepxnocmo (Syy) obpazyos onpedensinu memooom mepmooecopoyuu azoma ¢ HOMOwbio npubopa
KELVIN 1042 ¢upmer «COSTECH Instrumentsy. Pasmep wnanouacmuy (HY) oyenusanu no ¢opmyne
Dger = 6/(pSser), 20e p — naomnocms wacmuyvl HK, Sper — 3Hauenue yodenvHoll niowaou HOBEPXHOCHIU,
PACCYUMAHHOU NO Meopul NOJUMONEKYIAPHOU aocopoyuu Bpynayspa, Ommema u Teinepa (FOT). Hccnedosanue
COCMOSIHUSL NOBEPXHOCMU HAHOOUCNEPCHBIX 00pasyos ocyuecmensanu memodamu HK-cnexmpockonuu (@ypve-
cnekmpomemp «Perkin  Elmery, moodenv 1720X). [na pacuema KoHyemmpayuu 2UOPOKCUTbHBIX 2SPYAN HA
HOBEPXHOCIU HAHOCMPYKIMYD UCHOIb308ANU MeMO0 OUPhepeHyUarpno20 mepmMudecko20 anamu3d 6 COYemanuu ¢
oupepenyuanvubim  MepmMocpAsUMEemMpUHecKUM — analuzoM. Peeucmpayuio  mepmozpamm  ocywecmensiiu ¢
nomowvio Oepusamoepagpa Q-1500D pupmer MOM (Benepus) 6 umnmepsare memnepamyp 20-1000 °C npu
ckopocmu  Hazpesa 10 epad/mun.  Penmeenogazosvlii  anHanu3  HAHOCMPYKMYP  GbINOJHAAU C  HOMOWLIO
ouppaxmomempa JJPOH-4-07 (uznyyenue Cuk, ¢ HUKeIe8bIM QUILMPOM 8 OMPANCEHHOM NYUKe, (POKYCUPOBKA NO
bpoeey-bpenmano). Pasmep u gopmy HY onpedensiiu memooom 31eKmMpPOHHOU MUKPOCKONUU (Npoceeyusarouyuil
anexmponnvlil muxkpockon (IIOM) JEM-2100F (Anonus)). Tlemnu cucmepesuca mMacHummo20 MOMeHmMa ooOpa3yos
UBMEPANU C NOMOWbIO 1AOOPAMOPHOZO BUOPAYUOHHO2O MAZHUMOMEMPA (DOHEPOBCKO20 MUNd Npu KOMHAMHOU
memnepamype. H3mepenue onmuyeckoi NIOMHOCMU, CNeKMpo8 nozioujenuss u Kouyenmpayuu 'L} 6 pacmeopax
ocyujecmenieno Mmemooamu cnekmpogomomempuieckozo ananuza (Spectrometer Lambda 35 UV/Vis Perkin Elmer
Instruments). Koauuecmeo adcopbupoeanno2o Gewecmea HA NOGEPXHOCHU MASHEMUmMa Onpeoesiiu ¢ NOMOWbIO
cnekmpoghomomempa npu A =268 Hm no kamubposouromy epaghuxy. Tomyuwny aocopdoupogannozco cros I'l] e
cocmage HK Fe;0@ll] onpedensinu MmemooomM MACHUMHOU 2paHyiomempuu. [Jna usyyeHus npsamozco
YUMOMOKCUYECKO20/YUMOCAMUYecKo20 Oeticmaust cepu IKCnepuMeHmanbivix 0opasyos MK na ocnose @P, H4
Fes0,4 I'l], HK Fe;0,@I'l], AT HER2, a maxace komnonenmog MK 6 MOHO- unu KOMHAEKCHOM NPUMEHEHUU, Ha
xnemxu aunuu MDA-MB-231 in vitro, onpedensnu nokazamenv ICsy.

Cunmesuposanvt MK Ha ochose FesOs; u ®P, cmabumusuposanuvie oneamom uampus (OnNa) u
noausmunenenuxonrem (I19I), codepocawue I'll u AT HER2 (Fe;04.@I'l]/On.Na/[IDI/THER2+®P). H3zyuena
yumomokxcuyeckas/yumocmamudeckas axmuenocmo MK no ommnowenuro x xiemxam aunuu MDA-MB-231.
Yemanoeneno, umo npumenenue cunmesuposanuvix MK cocmasa Fe;O4@l'1]/On.Na/[IDIT/HER2+®P npu
xkonyeumpayuu maewemuma 0.05 me/mn, Il — 0.004 me/mn u AT HER2 — 0.013 mxe/mn npusoouno K
CuHepeuueckomy 3¢hgexmy u yMeHbUIeHUIO KOIUYeCmed Hu3Hecnocoonulix kiemok PMOK 0o 51 %. /lokaszano, umo
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ucnonvzoganue MK Ha ocHose muwenv-Hanpagnennoco komniexca FesOJT'LJ/HER2 xapaxmepuszyemcs
nogvluenuem 3phexmueHocmu nPOMuUBOONYxXone8020 OeUcmeusl, 0 CPAGHEHUI0 ¢ MPAOUYUOHHBIM NPUMEHEHUEM
npenapama  Il], npu  cywecmeeHHOM  yMeHbuwieHuu (8 uemwipe paza) e20  0o3vl.  Bwvicoxas
yumomoxcudeckas/yumocmamudeckas akmusHocms Komniexcoe Fe;OyTLI/HER2 obvsacuena mem, umo 6
MEXAHUBMAX Peanu3ayuyl NPOSPAMMbL ANONMO3d NpuU 6030€UCMEUL HAHOKOMNOZUMA CYUWECTNBEHHYIO POJib USPAlom
Hapywienus obmena 3HO02enH020 Jicenesd. Tax, npu Hamuuuu 6 HAHOKOMHOZUMHOU Ccucmeme KOMNLEKCO8
Fe;04/TTI/HER? ¢ knemxax MDA-MB-231 nabniwoodaemcs 3HauumenbHoe NOGbllUeHUe YPOBHS «C860000H020 dicee3ay,
umo cnocobcmeyem 0OpPA3Z06AHUID AKMUBHBIX (POPM KUCIOPOOAd U Gbl3blédaen OKCUOAMUGHBILL cmpecc (peaxkyus
@Denmona). Ilocnedcmsuamu OKCUOAMUBHOZO CMpecca AGIAIOMCA UHOYKYUs anonmosd, YCuieHue npoyeccos
NEPOKCUOHO20 OKUCIEHUs. JUNUO08 U CMPYKMYPHO-(DYHKYUOHATbHASL NepecmpoiKd OUOI02UYeCKUX MeMOpaH.
THokasana nepcnexkmugnocms OanvHetuux uccireoosanu MK Fe;O4@I'Ll/On.Na/[IDI/HER2+®P ¢ yenvio
CO30aHUsl HA UX OCHO8e MASHUMOYNPABNAEMO20 AeKAPCMBEHHO20 CpedCmea OJid UCHOIb308AHUS 8 AOPEeCHOl
NPOMUBOONYXO0Ne80U Mepanuil.

Kniouesvie cnoea: cemyumabumn, HAHOPAIMEPHBIL O0OHOOOMEHHBIU MASHEMUM, HAHOKOMNO3UMbL S0PO-
obonouka, maznummwle sHcuoxocmu, anmumeno HER2, adpecnas npomueoonyxonesas mepanusi
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