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The processes of adsorption of gemcitabine (GC) on the surface of nanosized singledomain magnetite (Fe;Oy)
have been investigated. Under the experiment conditions, the value of adsorption capacity A was ~ 37.2 mg/g, the
extraction extent U = 33.13 %, the separation factor E =82.58 mL/g. It has been determined that adsorption
corresponds to the Freundlich model. The magnetic properties of nanocomposites (NC) Fe;04@GC have been
investigated. The average value of the thickness of the adsorbed layer of GC in the composition of Fe;0,@GC NC is
2.4%0.1 nm, as evaluated by the method of magnetic granulometry. Magnetic liquids (ML) have been synthesized
based on magnetite and physiological solution (PS) stabilized with sodium oleate (Ol.Na) and polyethylene glycol
(PEG), which contain GC and antibody (AB) HER? (Fe;04@GC/OlL.Na/PEG+PS). The properties of ML were
investigated as well as cytotoxic/cytostatic activity with respect to HepG2 hepatocellular carcinoma of human liver.

Parameters of ML based on magnetite were found: Fe3O4 concentration — 14 mg/mL, Fe3Oy particle size —
4-22 nm, average size of Fe3Oy particles — 10.8 nm, the average size of Fe3;Oy particles stabilized with sodium oleate
— 16.8 nm, saturation magnetization M, = 14.1£2.5 % Gs, hypsometric height — 25+10% cm, viscosity
n = 1.14+3 % mPa:s, density pur = 1.14 = 1.0 % g/cm’, the concentration of GC was 1.25 mg/mL, that of HER2 AB
was 3.75 ug/mL. We have obtained the calculated and graphic data concerning the dependence of the surface area
and the specific magnetization of saturation of Fe;0,@GC/OlL.Na/PEG on the thickness of GC layer, which can be
useful for predicting of the nanoscale architecture of magnetically sensitive NC and ML in the manufacture of
relative drugs. The synergistic nature of the influence of GC/Fe;O4/HER2 complex on HepG?2 cells was revealed. It
has been determined that IC50 for ML is 0.155 mg/mL, in the range of concentration of 0.025-0.1 mg/mL, ML is
biocompatible with HepG?2 cells. It has been shown that HER2 AB used alone in the investigated concentrations does
not affect HepG2 cell viability/proliferation. In vitro, GC inhibits the proliferation of liver carcinoma cells, the IC50
value has been 0.002 mg/mL. The use of ML in complex with GC can increase the cytotoxic activity of the composite
by 8-10 %. The ML+GC+HER2 AB complexes caused the synergistic effect and an increase in the cytotoxic activity,
compared with GC used alone, up to 18—-20 %, while GC contents reduced to 0.008 mg/mL.

The results of the studies indicate that the use of ML based on magnetite, gemcitabine, and antibody increases
the effectiveness of the antitumor medicines with a significant reduction in their dose and, respectively, the toxico-
allergic reactions of the body, and nanosized magnetite can be promising for the manufacture of magnetically
sensitive adsorption materials for medical purposes, e.g. for detoxification of an organism after GC therapy.
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INTRODUCTION

At the beginning of the 21st century, the have a complex of functions characteristic for
works in the field of creation of medico- biomedical nanorobot: recognition of micro-
biological and biotechnological nanomachines biological objects in biological environments;
and “nanoclinics” have got a priority [1-4]. In targeted delivery of medicines to specific cells
these works [5,6], the ideas have been and organs, and deposit; complex therapy with
developed for  creation of  multilevel chemo-, immune, neutron capture radiation,
magnetically sensitive nanocomposites (NC) photodynamic, hyperthermic methods and real-
with a hierarchical nanostructure, which [7, 8] time diagnostics; adsorption of cellular
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decomposition remnants, ions of heavy metals,
viral particles, and their removal from the body
through an external magnetic field. It should be
noted that for today, the concept of magnetically
sensitive NC with multilevel hierarchical nanoscale
architecture and functions of nanorobots was
experimentally  substantiated and confirmed
through chemical construction of core-shell type
nanostructures ~ with ~ complex  multilevel
hierarchical structure, their combined research and
comprehensive check of the capability to perform
these functions effectively [9-19].

For in vitro and in vivo systems, the benefits
of using of magnetic liquid (ML) compared to
the traditional use of cisplatin (CP) have been
proven [20]. It has been found that the biggest
cytotoxic activity of the nanocomposite,
indicated in the MCF-7/CP resistance line, is
related to the most active accumulation of
ferrimagnetic nanoparticles in cells due to the
high level of transferrin receptors and the
disturbance of the antioxidant protection system
of resistant cells. It has been shown that a
magnetic liquid is capable to cause more
pronounced cytomorphological changes and
genotoxic effects in the cells of the resistance
line compared to cells of the sensitive line. Thus,
it has been found that ML on the basis of
magnetite and cisplatin is characterized by the
capability to redox regulation of cells with
phenotype of medicine resistance, which testifies
the prospect of its use for pathogenetically
grounded targeted therapy of malignant tumors.

It has been experimentally shown that the
use of ML containing NC on the basis of
magnetite and CP, on the general and
biochemical parameters of blood does not make
more toxic effects on the body, compared with
the official antitumor medicine cisplatin, in
according doses.

In papers [16, 21-23] the results are presented
concerning researches into NC made on the basis
of nanosized Fe;Os with modified (by
hydroxyapatite, aminopropylsiloxane, polyacryl-
amide, efc.) surface, conjugated with CP and
antibody (AB) CD95. In vitro NC were
characterized by recognition of MCF-7 human
breast cancer cells, determined activity of CP,
CD95, and synergism of their combined activity
with Fe;O4, which resulted in vitro to the death of
cells in an amount that exceeded the effect of
control samples of CP and CD95 in 1.4-2.7 times
as dependent on the composition of the NC.
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Taking all this into consideration, it is an
actual task from the scientific and practical point
of view to clarify the possibility of using of the
above mentioned approaches to create new
effective antitumor medicines based on ML,
containing magnetically sensitive NC, other
relevant  chemotherapeutic = medicines and
antibodies [24-30]. Solving of this task can
expand the functionality of NCs, improve their
specificity, promote the creation of new
multifunctional antitumor medicines for targeted
delivery and local therapy, and provide new data
concerning the interaction of oncological drugs
with tumor cells.

Therefore, the purpose of this work is to
synthesize new nanocomposites and magnetic
liquids based on magnetite, gemcitabine and
HER2 antibody, to investigate their properties
and bioactivity in relation to HCC hepatic cells
of HepG2 line.

EXPERIMENTAL PART AND DISCUSSION

In this work, gemcitabine — (2-deoxy-2', 2)
difluorocytidine monochloride) is used as a drug
of the chemotherapeutic mechanism of action. It
is a cytotoxic drug, an antimetabolite from the
pyrimidine antagonists group. GC belongs to the
List of the main medicines of the World Health
Organization and the most effective and safe
medicines needed in the healthcare system. It is
characterized by considerable antitumor activity
for the list of solid tumors (non-small cell lung
cancer, pancreatic, bladder, breast and ovarian
cancer), satisfactory endurance and the capability
to combine successfully with other antitumor
medicines. It is wused for treatment of
cholangiocarcinoma and other types of biliary
cancer. The general side effects include bone
marrow suppression, liver and kidney problems,
nausea, fever, rash, shortness of breath and hair
loss [31-34]. Therefore, for today, the possibility
is actively studied to use GC in composition of
magnetically sensitive NC and ML on their basis
to create multi-functional antitumor medicines
for targeted delivery and local therapy [35-38].

In this work as an AB, HER2 (Neu, ErbB-2,
CD340) was chosen. It is a membrane protein, a
tyrosine proteinkinase of the EGFR / ErbB
epidermal growth factor receptor family encoded
by the human gene ERBB2. Amplification of the
HER2 gene plays an important role in the
pathogenesis and progression of certain
aggressive types of cancer [39-41]. HER2 is an
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important biomarker and therapeutic target of the
disease, associated with aggressiveness of the
tumor and unfavorable prognosis. It is known
that HER2 AB is considered to be one of the
optimal for treatment of such diseases as
gastrointestinal tract cancer, in particular in the
presence of liver metastasis [42]. Therefore, for
in vitro researches, we have chosen HER2 AB in
combination with GC in composition of ML
based on magnetite.

Hepatocellular carcinoma (HCC) is the most
common primary malignant form of liver cancer,
the result of malignant transformation of
hepatocytes, a severe, high mortality disease.
Every year in the world about 600 thousand
cases of this disease are diagnosed. In order to
test the antitumor activity of the synthesized ML
in vitro, the cells of the HCC human liver of
HepG2 line were selected in this work.

METHODS OF RESEARCH

Adsorption of GC on the surface of
nanosized magnetite was carried out from
aqueous solutions of different concentration.
Gemcitabine TEVA (Pharmachemie BV, the
Netherlands) was used for research.

Adsorption capacity of samples A4 (mg/g),
extraction extent U (%), and separation factor £
(mL/g) were determined by techniques described
in [13, 14].

The amount of adsorbed substance on the
surface of magnetite was determined by
measuring the concentration of GC in contact
solutions before and after adsorption using a
spectrophotometer Spectrometer Lambda
35 UV/Vis Perkin Elmer Instruments.

Specific surface area (S,p) of the samples was
determined by nitrogen thermal desorption by
means of a KELVIN 1042 device of “COSTECH
Instruments” firm. The size of NP was
appreciated by formula Dggr = 6/(pSser), Where
p is density of a particle of NC, Sger is a value of
specific surface area calculated by the
polymolecular adsorption theory of Brunauer,
Emmett and Teller (BET).

The hysteresis loops of the magnetic
moment of the samples were measured using a
laboratory vibration magnetometer of Foner type
at the room temperature. The description of the
installation and the method of measurement are
set out in [43]. To prevent interactions, the
demagnetized nanoparticles were distributed in
the paraffin matrix with a volume concentration
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of ~0.05. For comparison, materials were used
with known values of specific saturation
magnetization (oy): a test sample of nickel and
Fe;04 NP (98 %) produced by Nanostructured &
Amorphous  Materials Inc., USA. The
measurement tolerance of o, did not exceed
2.5 % with respect to the reference sample.

To study the effect of experimental samples
on the viability of hepatocellular carcinoma cells
of HepG2 line in vitro we used DMEM High
glucose (Biowest, France, catalog No. L0102-500),
fetal calf serum (FCS) (Biowest, France, catalog
No. S181B-500), Versene solution
(BioTestLaboratoria, Ukraine), a phosphate-salt
buffer (Sigma, USA, Cat No. DI1408), a
physiological solution (Lekchem, Ukraine, series
71033007), ethyl alcohol (Ukrspirt, Ukraine), a
crystalline violet dye (Sigma, USA, Cat No.
C6158), plastic dishes for cell culture (TPP,
Italy), 96-well cell culture plates (SPL, Korea).

The instruments were used: CO» incubator
(Heal Force, China), an inverted microscope
Axiovert 25 (Carl Zeiss, Germany), a Goryaev
camera (Farmmedtech, Ukraine), a mini-shaker
PSU-2T (BioSan, Latvia), a multi-band
spectrophotometer  (Labsystems  Multiskan
PLUS, Finland), automatic pipettes up to 20 ul
(Eppendorf AG, Germany), 200 pl (Thermo
Fisher Scientific Oy, Finland) and 1000 ul
(Eppendorf AG, Germany).

The cells under research were cultured in a
complete nutrient medium DMEM with 10 %
FTS and 40 pg/mL of gentamicin in plastic
dishes in a humidified atmosphere at 5 % CO;
and 37 °C. The medium changes and transitions
of the cells were carried out according to the
standard method [44]. For the experiments we
used cells that were in the exponential phase of
growth. After 2448 h after the last transition,
the cells were planted for cultivation at a
concentration of 1-1.5x10* cells /well of 96-well
cell plate. After 24 h, various amounts of
experimental substances were added to the
respective wells according to the study scheme
and their cytotoxic activity was determined.

The vitality of cells in the experiment was
evaluated by means of colorimetric method by
colouring cells with crystalline violet. Adhesive
cells are separated from the substrate after death.
This property is used in order to determine the
number of living cells after their treatment with
the investigational agents. One of the ways to
determine attached (living) cells is to dye them
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with crystalline violet dye which binds to
proteins and DNA. The results were evaluated
using a multi-spectrophotometer (wave length is
540 nm). The percentage of viable cells was
calculated according to the formula:

Ir = (A540 (experiment)/A540 (control)) x 100 %.

The cytotoxic and antiproliferative activity
was determined using IC50 indicator.

SYNTHESIS AND PROPERTIES OF
MAGNETITE

The synthesis of nanodisperse magnetite was
carried out according to the method [7], by
coprecipitation of iron salts according to the
reaction:

Fe?"+2Fe**+8NH,OH—>Fe;04+4H,0+8NH,".

The synthesized ensembles of Fes;Os NP
were characterized by dimensions of 3-23 nm.
The average size of the NP (do) depended on the
synthesis conditions and was 6—13 nm, the size
distribution could be technologically managed.
The specific surface area (Sy) of synthesized
magnetite, dependent on the average particle
size, was Sy, =90-180 m*/g. In this work we
used specimens for which Sy, = 110+1 % m?/g.
The value of mean diameter of the NP Fe;04,
calculated from the results of studies of X-ray
diffractograms using the Scherrer formula, Dxzp
was 10.5nm. Functional OH groups with
concentration of 2.2 mmol/g were detected in the
study of infrared spectra of magnetite surface
[7, 14].

The synthesized magnetite is characterized
by satisfactory magnetic characteristics: the
coercivity H.=55.0£2.5% Oe, the specific
magnetization of saturation 0=56.2+2.5 %
Gs -cm’/g, relative residual magnetization
M,/M;=0.242.5%. Such characteristics are
important for medical and biological applications
[7,44], for example, while transporting the

medicine through blood vessels of small
diameter, in which the embolization and
aggregation of particles are extremely
undesirable.

In [13, 14] it has been established that the
synthesized magnetite with the given properties
is characterized by superparamagnetism of
nanoparticles and is in a completely single-
domain state. It is known that super-
paramagnetism is a form of magnetism, which is
manifested in ferro- and ferrimagnetic particles.
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If such particles are of sufficiently small size,
they are converted into a singledomain state, that
is, they become homogeneously magnetized
through the entire volume at any values and
directions of the field H. To the peculiarities of
the singledomain state of these particles, one can
also refer the existence of domains not only in
alloys and compounds in the solid state, but also
in liquid media (suspensions and colloids).

Adsorption of gemcitabine on a surface of
nanosized Fe;0, Adsorption of GC on the
surface of magnetite FesO4 was carried out in a
medium of saline solution in the range of
concentrations Co = 0.02-0.67 mg/mL (m =0.03 g,
V=5 mL, pH = 3.0) during 2 h in static mode at
room temperature. The pH of GC solution
medium in 0.9 % NaCl was given by 0.1 N HCI.

From the results of researches into the
dependence of adsorption activity on pH, the
maximal values of 4 (mg/g), U (%) and
E (mL/g) for Fe;O4 are observed in the acid
medium at pH = 3. According to the results of
spectroscopic researches, at the value of pH = 3,
up to 70 % of GC is in protonated form, which
corresponds to the medicinal form of
gemcitabine hydrochloride.

The isotherm of adsorption of GC on the
surface of Fe;Os, and the results of its
mathematical processing are given in Fig. 1.

For quantitative description of equilibrium
processes in the investigated range of
concentrations the Langmuir, Freundlich, and
BET [45] models were used. Linearized
equations of these models are used to determine
the values of the constants (for the Langmuir
model R? = 0.849, the Freundlich — 0.996, BET —
0.948), included in the isotherm equation.

In our experiments, there has been a
deviation in the adsorption character from the
Langmuir scheme, which may be caused by the
presence of several types of binding centers,
characterized by different values of equilibrium
constants (energy heterogeneity) and/or the
effects of a compatible adsorption. Therefore, we
have used the Freundlich model (Fig. 1 q,
Table 1), that describs the isotherm of adsorption
on a heterogeneous surface: 4 = KrC,1/n, in the
linearized form /n4 = InKr + 1/n InC.

The experimental values of the adsorption
capacity 4 were ~37.2mg/g, the extraction
extent U= 33.13 %, the separation coefficient
E=82.58 mL/g at Co=0.67 mg/mL (m =0.03 g,
V'=5mL, pH=3.0).
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The results of the studies indicate that materials for medical purposes, for example, for
nanosized magnetite may be promising for the detoxification of an organism after GC
producing of magnetically sensitive adsorption treatment.
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Fig. 1. a — Isotherm of adsorption of GC on surface of Fe;O4 (/) and that calculated from the Freundlich equation
(2); b — the linearized form of the Freundlich isotherm

Table 1. The data of calculations of the adsorption constants of GC on Fe;04 surface according to Freundlich model

C, mg/mL Freundlich model
Surface > Aexp, mg/g ;
G, G Acaley mg/g Kr n R
Fe304 0.15 0.12 3.87 3.72 18.7 1.28 0.996
Magnetic properties of NC Fe;0,@GC. The of magnetite and NC with adsorbed gemcitabine
magnetic properties of Fe;0,@GC derived from experimental hysteresis loops.
nanocomposites have been investigated. The In the table: H., Oe — coercive force; g,, emu/g
measured hysteresis loops of magnetite NP, and — specific magnetization of saturation of NC; o,
NC with immobilized GC, are shown in Fig. 2 emu/g — residual specific magnetization of NC;
(o is specific magnetization, H is magnetic field o,/os — relative residual magnetization; o304 —
strength). Table 2 shows the magnetic properties calculated mass concentration of Fe3O4 in NC, %.
60 asnuuu [
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Fig. 2. Hysteresis loops of: / — magnetite, 2 — composite Fe;04@GC. T=300 K
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Table 2. Magnetic characteristics of magnetite and NC with adsorbed GC

Sample H., Oe o5, emu/g or, emu/g 6+/0s are304, %
Fes04 41 57.7 10.4 0.18 100
Fe;04@GC 44 39.0 6.07 0.15 68
0,3 1
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Fig. 3. Histograms of relative frequencies of the diameters of NP Fe;04 and NC Fe;04@GC, (d, D, respectively)

The histograms of the relative frequencies of
the diameters of NP Fe;04 d and NC Fe;O4@GC
D (1, 2, respectively) were constructed (Fig. 3)
using the method of magnetic granulometry and
assuming that the thickness of GC layers
depends hardly on the diameter of NP Fe;04.

The obtained results are typical for core-
shell type structures. The average value of the
thickness of the adsorbed layer of GC in the
composition of NC Fe;04@GC is 2.4+0.1 nm, as

evaluated by the method of magnetic
granulometry.

Synthesis and properties of magnetic
liquids. Magnetic liquids (ML) based on

magnetite and physiological solution (PS)
stabilized with sodium oleate (Ol.Na) and
polyethylene glycol (PEG) containing GC
(Fes04@GC/O1.Na/PEG + PS) were synthesized.

PS was used as the dispersion medium of
samples of magnetic liquids for research. It should
be noted, that the use of distilled water as
dispersion medium, does not change the magnetic
properties of colloidal systems substantially.

Nanosized magnetite was used as a dispersed
phase, in the singledomain state, or related NC
Fe3O4@GC.

To prevent aggregation, Fe;O4 nanoparticles
and NC were stabilized with sodium oleate
(CsH17CH=CH(CH,),CO-0O—-Na), (dynamic
mode, 1 h) and polyethylene glycol (PEG-2000).

The mass of sodium oleate moina used to
stabilize the surface of the NP and NC in the
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composition of the ML was calculated taking
into account the concentration of hydroxyl
groups on the surface of magnetite. The
calculation was made wusing the formula:
moiNa = B-M-m, where B is the concentration of
hydroxyl groups (2.2 mmol/g) on the surface of
starting nanosized magnetite, M — molecular
weight of sodium oleate (304 g/mol), m is the
mass of Fe3;O04 or NC.

It is known that PEG interferes with
adsorption interactions of liquid components
with protein molecules [45], which is important
for medical applications of magnetic liquids.
Additional modification with PEG-2000 was
carried out in a dynamic mode using a shaker,
the amount of polymer was 10-15% of the
weight of the bulk of NP Fe;O4, or NC [13, 14].

Fig.4 shows the hysteresis loops of
aqueous ML Fe304@OI1.Na/PEG+PS (/) and
Fe;04@GC/O1.Na/PEG+PS (2). The thickness
of the layer of GC is ~ 2.3 nm. The thickness of
the layer of the stabilizer ~3 nm, and the
volumes of water in the ML are the same.

As known, taking into account the
distribution of nanocomposite particles by
volumes p(V), the magnetization curve of ML
(Fig. 5) can be represented as follows [46]:

M(H) =g, [ poy [ My, L(x)+ pv,H v (1)
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where ¢, is the volume fraction of the magnetic
component in ML, determined by its density,

1
() =m‘exp[—lnz(V/Vm)/(ZGliv)}’

v — volume of a NC particle, M — magnetization
of the saturation of the core, v. — volume of the
core, L(x)=cthx—x"' — Langevin's function,

xz(MchH (i T)’ ¥ — magnetic susceptibility of
B

the shell, vi — shell volume. The main
contribution to the magnetization of ML is

30

introduced by the superparamagnetism of the
cores and the paramagnetism of the shells of the
core@shell particles. Compared to
superparamagnetism of cores in the fields
H =0-10 kOe, in most cases the paramagnetism
of the shells (the second term in (1)) can be

neglected.

The modification of ML
Fe;04@GC/O1.Na/PEG+PS  with AB HER2
(receiving ML  Fes04@GC/Ol.Na/PEG/AB

HER2+PS) was performed dynamically with use
of a shaker.

20+

10+

-101

c, emu/g
(=]

=201

Fig. 4.
Fe;04@GC/O1L.Na/PEGHPS (2)

The optimal parameters of the experimental
ML on the basis of magnetite were evaluated:
concentration of Fe;Os — 14 mg/mL, size of
Fes04 particles — 4-22 nm, average size of Fe;O4
particles — 10.8 nm; the average size of Fe;O4
particles stabilized with sodium oleate — 16.8 nm;
saturation magnetization M, =14.14£2.5% Gs,
hypsometric height — 25410 % cm, viscosity
n=1.14+£3 % mPa-s, density  pwmL=1.14%
1.0 % g/cm’, the concentration of GC was
1.25 mg/mL, HER2 AB —3.75 pg/mL.

The concentration of GC and AB HER2 in
such ML 1is determined by the therapeutic
necessity. In the starting ML, the concentration
of GC and AB HER?2 has been 1.25 mg/mL and
3.75 ug/mL, respectively, which allows one
providing the necessary dosages of the medicine
in the experimental samples by diluting the
initial ML. In addition, such a liquid is
characterized by  satisfactory  rheological
properties and sedimentation resistance.

ISSN 2079-1704. CPTS 2019. V. 10. N 4
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Hysteresis loops of aqueous ML Fe;04@O01.Na/PEG+PS (thickness of the stabilizer layer ~ 3 nm) (/) and

Investigation of influence of experimental
samples on viability of HepG2 hepatocellular
carcinoma cells of human liver in vitro. For the
research, the series of experimental samples
were used:

1. ML: Fe;04@OI1.Na/PEG+PS (control 1),

2. Gemcitabine (control 2),

3. AB HER2 (control 3),

4. ML + GC: Fe;04@GC/O1L.Na/PEG+PS,

5. ML + AB: Fe;04@O1.Na/PEG+PS+HER?2,

6. ML + GC + AB: Fe;04@GC/Ol.Na/PEG+PS
+ HER?2,

7. GC + HER2 (control 4),

8. PS (control 5).

The concentration of magnetite for all
systems was Crezos = 3 mg/mL, the
concentration of gemcitabine Cgc = 0.25 mg/mL,
that of antibody Cap = 0.75 pg/mL.

According to the results of research into the
influence of experimental samples on the
viability of HCC cells of human liver of HepG2
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line, features were revealed of the influence of

the composite system ML+GC+AB

(Fe;04@GC/O1.Na/PEG+PS+HER2) and of

each component separately (ML, GC, AB, PS,

respectively) on HCC cells.
In particular:

1. IC50 for ML was 0.155 mg/mL (control 1).
In samples with a ML concentration more
than 0.19 mg/mL, the number of living cells
is not determined, which is, likely, due to
high optical density of samples.

2. The HER2 AB in monoapplication (control 3)
in the studied concentrations does not affect
the viability or proliferation of hepatocellular
carcinoma of human liver cells of the HepG2
line, as its effect does not decrease the cell
viability and does not differ practically from
the influence of PS (control 5).

3. The cultivation of HepG2 cells at the same
time in the presence of ML and AB HER2 at
concentrations less than 0.05 mg/mL and
0.013 pg/mL, respectively, did not practically
affect the viability of cells of liver carcinoma.
However, the complex application of ML and
HER2 at concentrations of 0.1 mg/mL and

0.025 pg/mL, respectively, reduced the
number of viable cells of the said line to
~ 85.9 %.

4. IC50 for GC was 0.002 mg/mL (control 2).
The influence of GC in monoapplication at
the concentration of 0.008 mg/mL left ~ 78 %
of cells in a viable state. The use of GC in
this concentration in combination with ML
(0.1 mg/mL) showed a synergistic effect and
increased the effectiveness of cytostatic drug
up to ~ 10 % (the number of alive cells was
~ 68 %).

5. The combined application of GC and AB
HER2 (control 4) at concentrations of
0.008 mg/mL and 0.025 pg/mL, respectively,
also showed a synergistic effect, that resulted
in a decrease of number of viable cells to
~ 65 %.

6. The use of a composite system consisting of
GC and HER2 at concentrations of
0.008 mg/mL and 0.025 ug/mL, respectively,
and ML (0.1 mg/mL with respect to Fes;Os)
results in a reduction of the number of viable
cells of HepG2 liver carcinoma to ~ 55 %,
that indicates a significant synergistic effect
of the said components.

The revealed synergistic cytotoxic/cytostatic
effect can be explained by the high biological
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activity of the complex Fe;O04-GC-HER2 with
the integrated ligand due to recognition of
HepG2 tumor cell receptors and pharmacological
correction of endogenous iron exchange, which
is ensured by the use of iron-containing ML, GC,
and HER2 antibodies.

Indeed, in mechanisms of implementation of
the apoptosis program due to formation of the
medicinal effect of NC, violations of the
exchange of endogenous iron in tumor cells play
an essential role [47]. The said violations cause
an increased need of iron for cells, which is
satisfied by the accumulation of a significant
number of Fe;Os nanoparticles with ML. The
high level of “free iron” in the form of
accumulated Fe;O4 and acidic medium in the
cells, causes accelerated formation of iron ions
and active forms of oxygen (Fenton reaction),
which in its turn, leads to oxidative stress of cells
and apoptosis. Thereby an increase occurs also in
the effectiveness of both GC and HER2 AB. As
an example we can take the increase up to
~ 10 % in the action of GC at the concentration
of 0.008 mg/mL in the composition of ML and
the appearance of cytotoxic action of the ML+
HER2 complex at a level of ~10% at the
concentration of HER2 of 0.025 pg/mL,
compared to the absence of activity of AB in
these doses in monoapplication.

Thus, the combined effect of ML, GC, and
HER2 on the HepG2 cells significantly exceeds

their effects in monouse at the same
concentrations, which results in synergistic
effect.

So, in vitro, an example of the effect of a
new magnetocarried colloidal system, containing
magnetite, antitumor component GC and HER2
antibody, on HCC human liver cells of HepG2
line shows the possibility to achieve a cytotoxic
effect at substantially lower concentrations of
chemo- and immunotherapeutic medicines and to
create conditions for reducing of toxico-allergic
reactions of the organism as a whole. In addition,
the revealed experimental data indicate that the
investigated MLs can be promising for use in the
method of targeted delivery and local therapy of
oncological diseases.

CONCLUSION

The processes of adsorption of GC on the
surface of nanosized singledomain magnetite
(Fe30s4) have been studied. In the experiment, the
value of the adsorption capacity A reached
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~37.2 mg/g, the extraction extent U = 33.13 %,
the separation factor E=82.58mL/g. The
adsorption matching to the Freundlich model has
been established.

The NC Fe;04@GC were synthesized and
their magnetic properties were investigated. The
average value of the thickness of the adsorbed
layer GC (2.4+0.1 nm) in the NC Fe;0.@GC
was evaluated through the method of magnetic
granulometry.

The ML were synthesized based on
magnetite and PS, stabilized with OlLNa and
PEG, containing GC and HER2 AB
(Fes04@GC/O1.Na/PEG + PS). The properties of
ML were studied as well as cytotoxic/cytostatic
activity in relation to HCC of human liver of
HepG?2 line.

The obtained data can be useful for
predicting of the nanoscale architecture of
magnetically sensitive NC and ML in the
production of medicines on their basis.

The synergistic nature of the effect of
GC/Fe;04/HER2 complex on HepG2 cells was

revealed. It has been shown that HER2 AB alone
does not affect HepG2 cell viability/
proliferation in investigated concentrations.

GC suppressed cell proliferation of liver
carcinoma, the IC50 value was 0.002 mg/mL in
vitro. The use of ML in combination with GC
can increase the cytotoxic activity of the
composite up to 810 %. The ML + GC + HER2
complexes caused a synergistic effect and
increased the cytotoxic activity, compared with
GC in monouse, to 18-20 %, while GC content
reduced to 0.008 mg/mL.

The results of the studies indicate that the
use of ML on the basis of magnetite,
gemcitabine and antibody increases the
effectiveness of the antitumor medicines with a
significant reduction in their dose and,
respectively, the toxico-allergic reactions of the
body, and nanosized magnetite may be
promising for the manufacture of magnetically
sensitive adsorption materials for medical
purposes, for example, detoxification of an
organism after GC therapy.

MarsiTo4yT/MBi HAHOKOMIIO3UTH TA MATHITHI Pi/IUHU HA OCHOBI MAarHETHUTY,
remuurta0iny i anturtina HER2

A.JL IlerpanoBcbka, M.B. Adpamos, H.M. Onanamyk, C.I1. Typancbka,
ILIL I'opoux, H.B. Kycsk, A.Il. Kycak, H.IO. JIlyk’snoBa, B.®. YexyH

Tuemumym ximii nogepxui in. O.0. Yyuxa Hayionanvhoi akademii nayx Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, phorbyk@ukr.net
JKumomupcokuii Oepoicasnuil yHisepcumem imeni leana @panka
eyn. B. Bepouuiscoka, 40, Kumomup, 10008, Vrpaina
ITncmumym excnepumenmanvHoi namonozii, onkonoeii ma padiobionoeii im. P.€. Kaseyvkozo
Hayionanvuoi akademii nayx Yxpainu
8yn. Bacunvkiscoka, 45, Kuis, 03022, Yxpaina

Hocnioaceno npoyecu adcopbyii eemyuma6biny (I'L]) na noeepxmi HaHOPO3IMIPHO20 OOHOOOMEHHO20 MACHEMUMY
(Fe30y4). B ymosax excnepumenmy 3nauenus adcopoyitinoi emnocmi A cmanosuno ~ 37.2 me/2, cmyniib GULYYeHHs.
U = 33.13 %, koeghiyicum poszodinenns E = 82.58 mn/z. Bcmarnosneno 8ionosionicme adcopbyii moodeni @petinonixa.
Hocniooceno maenimui eracmueocmi nHarnoxomnoszumie (HK) Fe;O04.@Il]. Memodom macnimuoi epawynomempii
OYIHEHO CepeOHE 3HayeHHs moswuHu aodcopbosanoco wapy Il y cxknadi HK Fe;04@IL], sxe cmanosums
2.4%0.1 um. Cunumesosano maenimui piounu (MP) na ocnogi maenemumy i ¢hizionoziunoeo poszuuny (©P),
cmabinizosani oneamom Hampiro (Ol Na) i noniemunenenixonem (PEG), wo micmame I'l] ma anmumino (AT) HER2
(Fe;0,@I'L]/Ol. Na/PEG+®P). [locniosxceno eracmusocmi MP ma yumomoxkcuyHy/yumocmamuyty axKmueHicmo
w000 cenamoyentonaproi kapyuromu (I'LJK) neuinku nroounu ninii HepG2. Bcmanoeneno napamempu MP na ocHogi
macnemumy: konyenmpayis FesOy — 14 me/ma, posmip wacmunox Fe3O4 — 4-22 nm, cepedniil po3mip 4acmuHoK
Fe;04— 10.8 um; cepeoniii posmip uacmunox Fe;Oy, cmabinizosanux oneamom Hampiro — 16.8 nm; namacHivenicmo
HacuuenHa M, = 14.1£2.5 % I'c, eincomempuuna eucoma — 25+10 % cm, &’askicme n = 1.14+3 % mlla-c, cycmuna
pup =1.14 £1.0 % 2/cM’, xomyemmpayis T'l] cmanosuna 1.25 me/mn, AT HER2 — 3.75 mxe/mn. Ompumani
PO3PAXYHKOBL ma 2epagiuni Oawi w000 3aNeHCHOCMI NUMOMOI NIOWi NOBEPXHi [ NUMOMOI HAMASHIYEHOCMI
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nacuuenns HK Fe;O0,@I']/Ol.Na/PEG 6i0 moewunu wapy 'Ll mosxcyms Oymu KOpucHuMu O1s NPOSHO3Y8AHHS
Hanoapximexmypu maeHimouymausux HK i MP npu euzomoenenti aikapcvkux 3acobieé na ixHili ocrosi. Buseneno
cunepeiunuti xapaxmep egexmy enaugy komnuekcy I'Ll/Fe;O/HER2 na xnimunu HepG2. Bcmanogneno, wo 1C50
ot MP cmanosums 0.155 me/mn, y oianasoui xonyenmpayiu 0.025—0.1 me/mn MP € 6iocymicrorw 3 kiimunamu
HepG2. Iloxazano, wo AT HER2 y mono3acmocy8anhi 6 OOCHIONCEHUX KOHYESHMPAYisax He 6NnIuedac Ha
orcummeszoamuicmuv/nponipepayito knimun HepG2. T'l] npueniuye nponighepayiio Kiimun KapyuHOMU NewinKu,
snauennss IC50 cmanosuno 0.002 me/mn in vitro. Buxopucmanuna MP 6 xommnaexci 3 T'l] 0oszgonse niosuwumu
yumomoxcuuny axkmusHicmo komnozumy Ha 8—10 %. Komnnexcu MP+I'L[+AT HER2 cnpuyunanu cuHepeiuHuil
epexm ma niOBUUEeHHS YUMOMOKCUYHOI akmugHocmi, nopisuano 3 I'l] y monosacmocysanni, oo 18-20 %, npu
yvomy emicm I'L] smenuiygascsa 0o 0.008 me/ma.

Pezynemamu  docnioxcenv cgiduamsv, wo eukopucmauus MP Ha ocnosi macHemumy, eemyumaobiny ma
aHnmumina niosuwye egpekmusHicmes Oii NPOMUNYXIUHHUX APEenapamie npu iCMOMHOMY 3MeHUleHHI iX 003u ma,
8I0N0BIOHO, MOKCUKO-ANEPSTUHUX PeaKyill Op2aHizMy, a HAHOPOIMIPHUL MASHEMUM Moxce OYMuU NepcneKmueHumM Ol
BUCOMOGIECHHS  MAZHIMOYYMAUBUX — AOCOPOYIUHUX — Mamepianie MeOUYHO20 NPUSHAYEHHs, HANpuKiao, Oas
Odemoxcuxayii opeanizmy nicis mepanii I'l].

Knrouosi cnosa: macnemum, macuimua piouna, eemyumabin, anmumino HER2, eenamoyemonspua kapyunoma
neuinKu TH0OUHU

Marauro4yBcTBUTEIbHbIE HAHOKOMIIO3UTHI U MATHUTHBIE KUAKOCTH HA OCHOBE
MarHeTuTa, remuuTaduHa u antureja HER2

A.JL Ilerpanosckas, H.B. A6pamos, H.M. Onanamyk, C.I1. Typanckas,
ILIL I'opouxk, H.B. Kycsk, A.IL. Kycsaxk, H.IO. JIlykbsinoBa, B.®. Uexyn

Hnemumym xumuu nosepxrnocmu um. A.A. Yyiixko Hayuonanvroii akademuu Hayk Ykpaunol
ya. enepana Haymosa, 17, Kues, 03164, Ykpauna, phorbyk@ukr.net
JKumomupckuii eocyoapcmeennwiil yrusepcumem um. Msana @panro

ya. b. Bepouuesckas, 40, Kumomup, 10008, Yxpauna
Hnemumym sxcnepumenmanvhol namonozuu, oHKonoz2uu u paouoduonozuu um. P.E. Kaseyxozo
Hayuonanvnoii akademuu nayx Yxpaunot
ya. Bacunvroscras, 45, Kues, 03022, Yxpauna

Hccnedosanwvl npoyeccor aocopoyuu eemyumabuna (I'L]) Ha nosepxrocmu HAHOPAZMEPHO20 OOHOOOMEHHO20
maenemuma (Fe3Oy). B ycrnosusx sxkcnepumenma 3uauerue adcopoyuontol emxocmu A cocmaguno ~ 37.2 me/e,
cmenenv usenevenus U =33.13 %, kosgp@uyuenm pasdenenus E = 82.58 ma/e. Ycemanoeneno coomsemcmaue
adcopboyuu moodenu @petinonuxa. Hccnedoganvt macHummuvle cgolicmeéa Hanokomnosumos (HK) FezO,@I'L].
Memodom macHumHOU 2panyiomempuu OyeHeHo CpedHee 3HaweHue Moauunsl adcopbupoeannozo cinos 'Ll &
cocmage HK Fe;O04 @ I'l], komopoe cocmasnsiem 2.4+0.1 nm. Cunmesuposanvl macnumuvle sxcuoxocmu (MIK) na
OCHOBe MmazHemuma u ¢usuonozcuueckozo pacmeopa (©P), cmabunuzuposannvie oneamom nampus (OlLNa) u
nonusmunenenuxkonem (PEG), cooepocawue I'll u ammumeno (AT) HER2 (Fe;O4@I'[]/Ol.Na/PEG+®P).
Hccneoosanvt  ceoticmea MK u  yumomoxcuueckoe/yumocmamuyeckoe — oelicmeue 6 — OMHOUWEHUU
eenamoyennmonapuou kapyunomol (I'LIK) neuenu uenosexa aunuu HepG2. Ycemanosnenwvl napamempor MK na
ocHose mazHemuma: konyenmpayus Fe;Oy — 14 me/mn, pasmep wacmuy Fe;Oy — 4-22 um, cpeonuii pasmep yacmuy
Fe;0y — 10.8Hm; cpeonuti pasmep uacmuy Fes;O4 cmabuiusuposanuvlx oneamom Hampus — 106.8 Hm;
HamacHuueHHocmy  Hacvlugenus Mo, = 14.1£2.5 % I'c, euncomempuueckas evicoma — 2510 % cm, 6a3xKocmb
n = 1.14+3 % mlla-c, nnomnocme pypx = 1.14%+1.0 % 2/cm’, konyenmpayusa I'l] cocmasuna 1.25 me/mn, AT HER2 —
3.75 mxe/ma. Tlonyuennvle pacuemnvie u epagpuueckue OaHHbIE O 3ABUCUMOCIU YOETbHOU NAOWAOU NOBEPXHOCIMU U
yoenvHoti Hamaenuuennocmu nacviyenus HK Fe;O4@l'[/Ol.Na/PEG om momwunvl cioss T'L] mozym 6Ovimo
HONE3HbIMU OISl NPOSHO3UPOBAHUS HAHOAPXUMEKMYpbl Machumodyscmeumenvuvix HK u MJK npu uzeomoenenuu
JIEKAPCMBEHHBIX CPeOCmB HA UX OcHoge. Buvlsigneno cunepeuyeckutl xapakmep 3¢)@exma 6030eicmeus KoMnieKca
I'lJ/Fe;04/HER2 na xnemrxu HepG2. Ycmanoeneno, umo IC50 onss MK cocmasnsem 0.155 me/mn, 6 ouanaszowne
xkonyeumpayuti 0.025—0.1 me/mn MOK xapaxmepusyemcs 6uocosmecmumocmoio ¢ xknemxkamu HepG2. Iokaszano,
umo AT HER2 npu MOHOUCNONb308AHUU 8 UCCACO0BAHHBIX KOHYECHMPAYUSIX He 6lusem Hda JICU3HeCnOcobHOoCmb /
nponugepayuro kremoxk HepG2. I'l] noodasnsem nponugepayuro Kiemox Kapyunomvl neuenu, 3nauenue IC50
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cocmagnsiio 0.002 me/mn in vitro. Hcnonvzosanue MK ¢ komnnexce ¢ I'L] no3gonsem noswicums yumomokCuiecKkyio
akmusHocmo komnosuma Ha 8—10 %. Komnaexcor MOK + I'l] + AT HER2 svisviganu cumepeuyeckuii sgpgexm u
nosviulenue YumomoKCu4eckou akxmusHocmu, no cpaenenuio ¢ I'l] 6 mononpumenenuu, 0o 18-20 %, npu smom
cooepacanue I'l] ymenvuwanoco 0o 0.008 me/ma.

Pesynomamor  uccnedosanuii - ceudemenvcmayiom, umo ucnoivsosanue MK na ocnoge maenemuma,
cemyumaduHa U ammumena nogviuiaem IQP@EKMUSHOCMb OelUCmeUs NPOMUBOONYXONEBbIX NPEnapamos npu
CYWeCMBEHHOM YMEHbUeHUY UX 003bl U, COOMEEMCMBEHHO, MOKCUKO-ANNEPSUYECKUX DeaKyull Opeanusmd, a
HAHOPA3MEPHbINL  MASHemum Mmoodicem Obimb NEePCHeKMUSHBIM OISl U320MOBNIEHUSL  MACHUMOYYBCMEUMETbHBIX
A0COPOYUOHHBIX MAMEPUATOE MEOUYUHCKO20 HA3HAYEHUs, Hanpumep, ONid OeMmOKCUKAYUU Op2aHUu3Md Nnocie
mepanuu I'L].

Kniroueeswvie cnosa: mazcHemum, MAacHUNHAA afcu()Kocmb, ZQML;Mma6uH, arnmumeino HERZ, cenamoyeiirojIsipHat
KapyuHoma nedeHu yeioeexka
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