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The processes of adsorption of gemcitabine (GEM) on a surface of nanosized single-do-
main magnetite (Fe30,) and magnetic properties of FeSO4@GEM nanocomposites (NC) have
been investigated. Ferrofluids (FF) were synthesized based on magnetite and physiological
solution (PS), stabilized with sodium oleate (Ol.Na) and polyethylene glycol (PEG), con-
taining GEM (Fe3O4@GEM/Ol.Na/PEG+PS). The properties of FF were investigated, as
well as cytotoxic/cytostatic activity with respect to HepG2 hepatocellular carcinoma (HCC)
cells of human liver. It was revealed that the complex action of GEM and her2 antibody
(AB) in composition of FF Fe;O,@GEM/Ol.Na/PEG+PS+HER2 onto HepG2 cells caused
the synergistic effect and an increase in cytotoxic activity by ~ 18-20 %, compared to
GEM in mono-use, with a considerable decrease in its concentration.

Keywords: adsorption, gemcitabine, nanosized single-domain magnetite, core-shell
nanocomposites, ferrofluids, her2 antibody.

Wccnemosaunl nporeccsl ancopbuun remuurabuna (') Ha mOBEPXHOCTH HAHOPASMEPHOIO
oguogomennoro wmarsHeruta (Fe;O,) um wmarmmrHble cBoficTBa HaHOKoMnosuToB (HEK)
Fe;0,@ITl. Cunresupoeansl MarHuTHbIE Kuakocry (MIK) Ha ocHOBe MarHeTHTa M (PHBHOJIOTH-
yecKkoro pactopa (DPP), crabunamusupoBanubie osearoM Hatpua (Ol.Na) M mOIMITHIIEHTIIKOIEM
(PEG), comepaxarmme I'LT (FeSO4@I‘I_[/OlNa/PEG+CDP). Wayuensr ceoiictBa MWK m mmroTokcu-
YecKoe/IIUTOCTATHUYECKOEe BO3HEMCTBHE HA KJIETKH renarone/oaapHoi kapuuaomsl (I'TIK) meue-
Hu uesoBeka auunu HepG2. VceranoeieHo, uro KomiuiekcHoe Baumsume '] m amturena (AT)
her2 B cocraBe MK Fe3O4@I‘I_[/OlNa/PEG+(I)P+HER2 Ha KiIeTku HepG2 BoIZbIBAIO CHHEpPre-
THYeCKu# >PPEKT ¥ NOBHIIIEHAE NUTOTOKCHYECKO akTuBHOCTH Ha ~ 18—20 %, mo cpasHeHUIO
¢ I'll B MOHOUCIOIB3OBAHUY IIPY CYI]ECTBEHHOM YMEHBIIEHUH €r0 KOHIIEHTPAIIMU.

CunTes i BIacTHBOCTI MATHITOUYTIMBHX HAHOKOMIIO3HUTIB i MarHiTHUX piguH HA OCHOBI
Marmerury, remuurabiny ra amruriaa her2. M.B.A6pamos, AJI.ITempanoscvka, H.B.Rycak,
AII.Rycar, HM. Kopuiituyx, C.II.Typancorka, II.II.I'op6ur, H.JO.JIyx’anosa, B.D.DexyH.

Hocaimxeno nporecu axcopbrii remuradiny (I'l) ma moBepxHi HAHOPO3IMIPHOIO OLHOLO-
mernHoro marsetuty (Fe;O,) Ta marmitai BaacrtuBocri HaHoKommosutis (HEK) F9304@I‘L[.
Cunresopano marHitai pizmam (MP) Ha ocHoBi marmeruty i disiosoriumoro posumny (PP),
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crabinisopani omeatom wHartpino (Ol.Na) i moxierumeuraikomem (PEG), mio wmictars I'I]
(F6304@I‘I_I/01Na/PEG+(IDP). Hocaigxeno BnactuBocti MP Ta mUTOTOKCHYHY/IUTOCTATUY-
HY aKTUBHICTH MIOM0 KJAiTHH remartolenionaapHoi kKapuumaomu (I'LIK) meuinkm mrogmum mainii
HepG2. Bceramosmeno, mio kommuekcHa xia 'Ll i amturima (AT) her2 y ckmaxi MP
F9304@I‘L[/OlNa/PEG+<I)P+HER2 Ha rJaituaum HepG2 cupuuuHdaga cuHepriunumii edexr rta
migBUIeHHA OTUTOTOKCHMUHOI arktuBHOCcTi Ha ~ 18-20 % mnopisusao 3 I'Il y monosacrocy-
BaHHI, IpH icTOTHOMY 3MEHIIIEHHI fioro KoHIleHTpaIii.

1. Introduction

At the modern stage of nanotechnology
development, as the promising trend with a
standpoint of fundamental science and prac-
tical application, a priority was given to the
works in the field of creation of medico-bio-
logical and biotechnological nanomachines
and "nanoclinies” [1-4]. In the works [5, 6],
the ideas have been developed about crea-
tion of multilevel magnetosensitive nano-
composites (NC) with hierarchical nanos-
tructure, which are inherent in complex of
functions characteristic for biomedical
nanorobots, according to the concept [7, 8]:
recognition of microbiclogic objects in bio-
logical media; targeted delivery of drugs to
specific cells and organs, and deposition;
complex therapy by chemo-, immune-, radia-
tion neutron capture-, photodynamic-, hy-
perthermic methods and diagnosties in real
time regime; adsorption of residual cell de-
bris, heavy metal ions, virus particles, and
separation from an organism with the help
of external magnetic field. We note that up
to this time the concept of magnetosensitive
NC with multilevel hierarchical nanoar-
chitecture and nanorobot functions has got
the experimental substantiation and cor-
roboration by chemical design of the core-
shell type nanostructures with a compound
multilevel hierarchical construction, their
complex investigation and detailed testing
of the ability to effectively carry out the
said functions [9-19].

Among their number, the core-shell type
NC based on single-domain magnetite (Fe30,)
and cisplatin (CP) in the composition of fer-
rofluid (FF) Fe304,@CP/Ol.Na/PEG stabilized
with sodium oleate (Ol.Na) and polyethylene
glycol (PEG), were used in creation of the
new oncological remedy "Feroplat™, for the
first time experimentally substantiated by
the combined investigations at O.Chuiko In-
stitute of Surface Chemistry and R.Kavet-
sky Institute of Experimental Pathology,
Oncology and Radiobiology of NAS of
Ukraine [20]. The idea of feroplat consists
in the strategy to overcome CP-resistance of
malignant tumors by the pharmacological
correction of endogenous iron metabolism,
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which is ensured by application of iron-con-
taining NC and CP.

In [16, 21-23] the results are given con-
cerning the investigations of NC made on
the base of nanosized Fe;0, with a modified
surface (by hydroxyapatite, aminopropyl
siloxane, polyacrylamide and so on), conju-
gated with CP and CD95 antibody (AB). In
vitro NC were characterized by recognition
of MCF-7 human breast cancer cells, having
the activity of CP, CD95, and by synergism
of their action mutual with Fez0,, which
caused death of cells in the amount exceed-
ing the action of control CP samples and
CD95 by 1.4-2.7 times, depending on the
composition of NC.

Taking into account the said, a promis-
ing task from a scientific and practical
points of view is elucidation of the possibil-
ity to use the given above approaches for
creation of new effective anticancer reme-
dies based on FF containing magnetosensi-
tive NC, other promising chemotherapeutic
drugs and antibodies [24-30]. Solving of
the said task may increase the functional
possibilities of NC, improve their specific-
ity, promote creation of novel multifunc-
tional antitumor remedies for the magneto-
carried targeted delivery and local therapy,
give the latest data concerning interaction
of oncological drugs with tumor cells.

The aim of this work is the synthesis of
new magnetosensitive nanocomposites and
ferrofluids based on magnetite, gemcitabine
and HER2 antibody, investigation of their
properties and activity in vitro against
HepG2 HCC human liver tumor cells.

2. Experimental

In this work as a drug of chemotherapeu-
tic mechanism of action — gemcitabine was
chosen (2-deoxy-2’,2)difluorocytidine mono-
chloride) — a cytotoxic drug, an an-
timetabolite from the group of pyrimidine
antagonists. GEM belongs to the List of the
basic medicines of the World Health Organi-
zation, the most effective and safe medi-
cines needed in a health system. It is char-
acterized by considerable antitumor activity
in a number of solid tumors (non-small-cell
lung cancer, pancreatic, bladder, breast,
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ovarian cancer), satisfactory endurance and
possibility of successful combining with
other anticancer drugs. It is used for treat-
ment of cholangiocarcinoma and other bile
duct cancers. General side effects include
marrow suppression, problems with liver
and kidneys, nausea, fever, rash, lack of
breath, and hair loss [31-34]. Therefore
this time the possibility is actively studied
to use GEM in composition of magnetosensi-
tive NC with the aim of creation of multi-
functional antitumor remedies for targeted
delivery and local therapy, for example, of
breast cancer, hepatocellular carcinoma,
osteosarcoma and so on [35-38].

As an AB in this work her2 (Neu, ErbB-2,
CD340) has been chosen — a membrane pro-
tein, tyrosine proteinkinase, a member of
the ErbB family of epidermal growth factor
receptor (EGFR), encoded by ERBB2 human
gene. Amplification of her2 gene plays an
important role in pathogenesis and progres-
sion of certain aggressive types of cancer
[39—41]. Her2 is an important biomarker
and a therapeutic target of disease, associ-
ated with aggressiveness of tumor and unfa-
vorable prognosis. It is known that her2 AB
is considered as one of the optimal ones for
treatment of such diseases as cancer of gas-
trointestinal organs, among their number, in
the presence of metastases in liver [42]. There-
fore for in vitro studies we chose her2 AB
combined with GEM in composition of FF
based on magnetite.

Hepatocellular carcinoma (HCC) is the
most widespread primary malignant form of
liver cancer, the result of malignant trans-
formation of hepatic cells, highly lethal
heavy disease. Every year in the world
about 600 thousand accidents are given the
diagnosis. To test the antitumor activity of
the synthesized FF in vitro, in this work we
chose HepG2 HCC cells of human liver.

For investigation the samples of magne-
tosensitive nanostructures (ensembles of
nanoparticles (NP) Fe;0, and Fe;0,@GEM
NC) and the stabilized with Ol.Na/PEG FF
were synthesized.

X-ray phase analysis of the nanostruec-
tures was carried out with the aid of a dif-
fractometer DRON-4-07 (CuK, radiation
with a nickel filter in reflected beams,
using Bragg-Brentano focusing). The size of
crystallites was determined from a width of
the corresponding most intensive line ac-
cording to the Scherrer equation.

To study morphology and size distribu-
tion of NP we used their dispersions in
water. The size and shape of NP were deter-
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mined by electron microscopy (a raster elec-
tron microscope (REM) JEM100CX-II,
transmission electron microscopes (TEM)
JEOL 2010 and JEM-2100F (Japan)).

Magnetic moment hysteresis loops of the
samples were measured with the help of a
laboratory vibration magnetometer of Foner
type at room temperature. Description of
the installation and the measurement tech-
nique are stated in [43]. Demagnetized
nanoparticles were distributed in paraffin
matrix with a volume concentration ~ 0.05
in order to prevent interaction. For compari-
son, we used the materials with a known
value of specific saturation magnetization
(o,): the tested nickel sample and Fe;O, NP
(98 %), produced by "Nanostructured &
Amorphous Materials Inc.” firm, USA. An
error in measuring o, with respect to the
standard sample did not exceed 2.5 %.

Specific surface area (Ssp) of the samples
was determined by nitrogen thermal desorp-
tion by means of KELVIN 1042 device of
"COSTECH Instruments™ firm. The size of NP
was appreciated by formula Dgpr = 6/(0SggT),
where p is density of a particle of NC, Sppr is
the value of specific surface area calculated by
the polymolecular adsorption theory of
Brunauer, Emmett and Teller (BET).

Investigation of the state of surface of
nanodispersed samples was carried out by
means of IR-spectroscopy (Fourier spec-
trometer "Perkin Elmer”, a 1720X model).

Adsorption of GEM was realized onto a
surface of nanosized magnetite from aque-
ous solutions of various concentration. For
studies we used gemcitabine TEVA (Phar-
machemie BV, the Netherlands).

For calculation of the concentration of
hydroxyl groups on the surface of nanos-
tructures we used differential thermal
analysis combined with differential thermo-
gravimetric analysis. Thermograms were
registered with the help of a derivatograph
Q-1500D of MOM firm (Hungary) in the
temperature range of 20-1000°C at heating
rate of 10 grad/min.

Optical density, absorption spectra and
GEM concentration in solutions were meas-
ured by spectrophotometric analysis (Spec-
trometer Lambda 35 UV/Vis Perkin Elmer
Instruments).

Adsorption capacity of the samples A
(mg/g) was calculated by the formula: A =
(Co - Ceq)-V/m, where Cy and C,, are con-
centration of initial solution and that after
adsorption (mg/L), V is a volume of solution
(L), m is a mass of a sorbent (g). On the
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basis of experimental results, adsorption
isotherms were constructed.

Distribution coefficients E (mL/g) of
GEM between a surface of nanostructures
and solution, extraction extent R (%) were
determined by the formulas: E =A/C,,, R =
(1 = C,y/Cp)-100 % , respectively.

To study the direct cytotoxic/cytostatic
action of a series of experimental samples
of magnetic fluids based on Fe;O, NP,
GEM, Fe;0,@GEM NC, her2 AB, in alone
or complex use, onto HepG2 cells in vitro,
IC50 index was determined.

Her2 AB in concentration of 3.75 ug/mL
was putted in the medium of FF with its
parameters corresponding to the data of
Table 4.

The peculiarities of interactions of mag-
netite nanoparticles with the antibody in
aqueous environment were studied for ex-
ample of normal human immunoglobulin
(Ig) that was used as a model and the
chemical analogue of her2 AB.

Description of the used samples, materi-
als, devices and methods is given below.

Samples

1. FF:Fe;0,@O0l.Na/PEG+PS (control 1),

2. Gemcitabine (control 2),

3. Her2 AB (control 3),

4. FF + GEM:Fe;0,@GEM/Ol.Na/PEG+PS,

5. FF + her2 AB: Fe;0,@01.Na/PEG
+PS+HER2,

6. FF+ GEM + her2 AB:Fe;0,@GEM/OLNa/PEG+
PS+HER2,

7. GEM + her2 (control 4),

8. PS (control 5).

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 (BioTestLabo-
ratory, Ukraine), phosphate saline buffer
(Sigma, USA, catalog No. D1408), physi-

eq’

ologic solution (LekKhim, Ukraine,
71033007 series), ethanol (Ukrspyrt,
Ukraine).

Dyes: crystal violet (Sigma, USA, catalog
No. C6158).

Other materials: plastic ware for cell cul-
ture (TPP, Italy), 96-hollowed tablets for
cell culture (SPL, Korea).

Devices

CO, incubator (Heal Force, China), in-
verted microscope Axiovert 25 (Carl Zeiss,
Germany), Goryaev chamber (Farmmedtekh,
Ukraine), mini-shaker PSU-2T (BioSan, Lat-
via), multi-hollowed spectrophotometer
(Labsystems Multiskan PLUS, Finland),
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automatic pipettes with a volume up to
20 uL (Eppendorf AG, Germany), 200 uL
(Thermo Fisher Scientific Oy, Finland) and
1000 uL (Eppendorf AG, Germany).

Methods

The investigated cells were cultivated in
the full nutrient medium DMEM with 10 %
FCS and 40 ug/mL of gentamicin in plastic
ware in moistened atmosphere at 5 % CO,
and 37°C. Changing of medium and re-sow-
ing of cells were carried out by a standard
technique [44]. In experiments we used the
cells being in exponential growth phase. In
24-48 h after the last re-sowing, the cells
were planted out for cultivation in concen-
tration of 1-1.5-10% cells/hollow of 96-hol-
lowed tablet. In 24 h, various amounts of
the experimental substances were putted
into corresponding hollows according to the
investigation scheme. In putting solutions,
syringe filters were used. The cells were
incubated for another 48 h, and the cyto-
toxic action of each substance under inves-
tigation was determined.

Viability of the cells in experiment was
estimated by the colorimetric method, dye-
ing them with crystal violet. Adhesive cells
are separated from a substrate after death.
This property is used to determine the num-
ber of living cells after their treatment with
the studied agents. One of the ways to find
out the attached (alive) cells is their dyeing
by crystal violet that binds to proteins and
DNA. Results were estimated with the help
of a multi-hollowed spectrophotometer (the
wavelength of 540 nm). Percentage of vi-
able cells was calculated by formula:

_ Ab40 (experiment)
R Ab540 (control)

x 100% .

3. Results and discussion

3.1. Synthesis and properties of magnetite

Synthesis of nanodispersed magnetite
was realized as described in [7] by co-pre-
cipitation of iron salts according to the re-
action:

Fe*2 + 2Fe*3 + 8NH,OH —
— Fe;04 + 4H,0 + 8NHj.

The synthesized ensembles of Fe;O, NP
were characterized by the sizes of 3-23 nm.
Average size of NP (d;) depended on synthe-
sis conditions being 6—-18 nm, size distribu-
tion could be operated technologically. The
specific surface area (S;,) of the synthesized
magnetite was Sy, — 90-180 m2/g, depending
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on average particle size, in this work we
used specimens with S, =110+1 % m?/g,
the value of average diameter of Fe;O, NP
DXRD was 10.5 nm, as calculated from the
investigation results of X-ray diffractograms
by the Scherrer formula. Functional OH
groups were found by studying IR-spectra of
a surface of magnetite, their concentration
was 2.2 mmol/g [7, 14].

The synthesized magnetite has satisfac-
tory magnetic characteristics: coercive force
H,=55.0£2.5 % Oe, specific saturation
magnetization o, = 56.2+2.5 % Gs-cm?3/g,
relative residual magnetization M,/M, =
0.2+2.5 % . Such characteristics are impor-
tant for medico-biological applications [7,
45], for example in targeted delivery of
drugs through blood vessels of small diame-
ter, in which embolization and aggregation
of particles are quite undesirable.

In the works [13, 14] it has been revealed
that the synthesized magnetite with given
properties is characterized by superparam-
agnetism of nanoparticles, being in abso-
lutely single-domain state. As known, su-
perparamagnetism is a form of magnetism
revealed in ferro- and ferrimagnetic parti-
cles. If such particles have fairly small
sizes, they come into single-domain state,
i.e. get homogeneously magnetized the
whole of bulk at any values and directions
of field H. To the peculiarities of single-do-
main state of the said particles one can also
refer the existence of domains not only in
solid alloys and compounds but in liquid
media (suspensions and colloids).

3.2. Adsorptive immobilization of gemci-
tabine on a surface of magnetite

In [7, 29, 30] it has been shown that the
adsorptive mode of immobilization of drug
onto a surface of a carrier is more advanta-
geous in a lot of cases compared to the
covalent one, because the physical character
of connection of GEM, to a certain degree,
prevents the reaction of its functional
groups with a surface of magnetite, and as
shown in the previous researches, favors the
better release of the drug, for example into
a physiologic solution (PS), and the keeping
of bioactivity.

The results of investigation of GEM ad-
sorption onto a surface of nanostructures
are given in Fig. 1.

Adsorption of GEM on a surface of mag-
netite, and synthesis of FezO,@GEM NC
were carried out in the concentration range
Cop=0.02-0.7 mg/mL (g=0.08 g, V=
5 mL, pH = 3.0) for 2 h in dynamic regime
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Fig. 1. Results of investigation of GEM ad-
sorption onto a surface of magnetite (I ~
300 K): a — GEM adsorption isotherm; b —
time dependence of GEM adsorption (concentra-
tion of GEM, mg/mL: 1 — 0.025, 2 — 0.05,
3 — 0.08; ¢ — FT-IR absorption spectra for
Fe;O0,, GEM and Fe;O,@GEM NC samples
(curves 1, 2, 3, respectively).

at room temperature. Amount of GEM ad-
sorbed on a surface of nanostructures was de-
termined by spectrophotometric method at A =
268 nm with the help of a calibration graph.
Fig. 1la shows isotherm of GEM adsorption
on a surface of magnetite. It is clear that in
experiments the surface of magnetite reaches
the adsorption capacity A ~ 37.2 mg/g, while
GEM extraction extent R (%) is 33.1 %, the
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separation factor E = 82.6 mL/g. Adsorptive
saturation of the surface was not observed.
Mathematical processing of the experimental
isotherm indicates the correspondence of
GEM adsorption on a surface of Fez0, to the
Freundlich model.

The results of adsorption researches re-
veal that nanosized magnetite can be prom-
ising for manufacture of magnetosensitive
adsorptive materials of medical destination,
e. g. for detoxification of an organism after
GEM therapy.

Research into GEM adsorption on a sur-
face of FezO, in dependence on time was
carried out in static regime at the value of
pH = 3, the volume of solution was 5 mlL,
the mass of an adsorbent 0.03 g, with GEM
concentration of 0.025, 0.05 and
0.08 mg/mL (Fig. 1b). The equilibrium
state for GEM distribution between a solu-
tion and an adsorbent is set in 90 min inde-
pendently on the starting concentration (in
the studied range).

Presence of GEM on a surface of Fez0,
was proved by FT-IR spectroscopy of Fe30,,
GEM and Fe;0,@GEM NC samples (Fig. lc,
curves 1, 2, 3, respectively).

So, for magnetite (Fig. 1c, curve 1) the
maximums are characteristic which corre-
spond at 400-640 em~1 to absorption bands
of Fe—-O bonds of a surface of Fe;0, parti-
cles, at 895, 976, 1050 em™! and 1121 em™!
— to deformation vibrations of Fe-OH
groups. Absorption bands in the range of
2800—3500 cm ™! correspond to vibrations of
hydroxyl groups of magnetite surface and
the adsorbed water molecules, showing the
presence of hydrogen bonds. For IR spectra
of free GEM (Fig. le, curve 2) and
Fe;0,@GEM NC (Fig. le, curve 3) the
maximums are characteristic which corre-
spond at 3400 cm~1 — to symmetric valence
vibrations vSyy», of NH, groups, at
2924 cm™! — to asymmetric valence vibra-
tions v#® of CH, groups, in the range of
1330-1420 cm™! deformation vibrations dgy
of alcoholic OH groups and dcy of C=C
bonds are observed, which can be the evi-
dence of gemcitabine presence on a surface
of Fe304.

3.3. Synthesis and properties of ferrofluids

As a dispersion medium for samples of
ferrofluids, PS was used for investigations.
We note that use of distilled water as a
dispersion medium has not considerably
change the magnetic properties of colloidal
systems.
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Fig. 2. TEM residue of

of dry
Fe;0,@0l.Na FF (a) and histogram of rela-
tive diameter frequencies for Fe;O, NP (b)
from the data of TEM; model of core-shell
type Fe;0,@GEM/OL.Na/PEG NC in composi-
tion of ferrofluid (c).
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As a dispersed phase, we used nanosized
magnetite in single-domain state at the con-
centration of 14 mg/mL (for comparison),
or Fe304,@GEM NC on its base.

To prevent aggregation, Fe;O, nanopar-
ticles and NC were stabilized with sodium
oleate (C8H17CH = CH(CH2)7CO—O—Na) in
dynamic regime for 1 h, and polyethylene
glycol (PEG-2000).

Functional materials, 27, 2, 2020
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Table 1. Statistic parameters of ensemble
of Fe;O, nanoparticles from the data of
TEM: <d>, <Ind>, G, Oyp,q are average
value of diameter, average value of diame-
ter logarithm, standard deviation of di-

Table 2. Magnetic characteristics for mag-
netite and F9304@GEM NC: coercive force
H,_, specific saturation magnetization o,
residual value of o, (300 K)

ameter, standard deviation of diameter Sample H, Oe |o, emu/g|c,, emu/g
logarithm, respectively Fe,O, 41 57.7 10.4

<d>, nm G, nm <lnd> Oy Fe,0,@GEM 44 39.0 6.07
10.78 2.934 2.34 0.28

A mass of sodium oleate mg, y, for stabi-
lization of a surface of NP and NC in com-
position of FF was calculated with taking
into account of a concentration of hydroxyl
groups on magnetite surface. Calculation
has been carried out by the formula: mg y,
= B-M-m, where B is the concentration of
hydroxyl groups (2.2 mmol/g on a surface
of starting nanosized magnetite, M is the
molecular mass of sodium oleate
(304 g/mol), m is a mass of Fez0, or NC.

It is known that PEG prevents adsorptive
interactions of fluid components with pro-
tein molecules [46], which is important in
medical applications of ferrofluids. The ad-
ditional modifying with PEG-2000 was car-
ried out in dynamic regime using a shaker,
a polymer quantity was 10-15 % of a mass
of Fe;0,4 NP, or NC [13, 14].

Fig. 2a, b show the results of investiga-
tions of stabilized Fe;0, by TEM: image of
dry residue of Fe;0,@01.Na FF — an en-
semble of the stabilized Fe;O, NP (a), and
histogram of relative diameter frequencies
for Fe;O, NP, constructed from its analysis
(b). Statistic parameters of Fe;0, NP ensemble
from the data of TEM are given in Table 1.

In [18] the model is given of core-shell
type NC in composition of ferrofluid. Fig. 2¢
presents schematic delineation of the struc-
ture of FezO4@GEM/Ol.Na/PEG NC in
framework of the said model. Sodium oleate
and PEG form the combined stabilizing
layer around a particle of NC, which gives
stability to the colloidal system — FF. In
Fig. 2c it is marked: d = d, + 2h, is diame-
ter of a spherical NC core — Fe304 NP, d,
is diameter of an area of magnetite NP with
the saturation magnetization M,, that is
characteristic for a bulk material, A, is
thickness of a surface "demagnetized”
layer, hg, hg are thickness of the layer of
immobilized drug (GEM) and combined sta-
bilizer (Ol.Na/PEG), respectively.

In [18] it has been revealed that calcula-
tions of the magnetization curve for the fer-
rofluid based on one-domain superparamag-
netic Fe304, in the framework of
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Langevin’s paramagnetism theory, are satis-
factorily coordinated with the experimental
results with the assumption that saturation
magnetization of magnetite particles de-
pends on their sizes. A decrease in satura-
tion magnetization o, with diminishing of
NP diameter d may be caused by the grow-
ing role of a surface spin under-system that
does not give a contribution to a general
magnetization of a particle. On the base of
results obtained, an idea was formulated to
use an ensemble of ferrofluid nanoparticles
as a superparamagnetic probe for determi-
nation of size parameters of multilevel
structure of magnetosensitive core-shell
type NC. The method of magnetic granu-
lometry [47] was successfully applied, devel-
oped and used in optimization of drug car-
riers and determination of parameters for
their standardization and control in compo-
sition of ferrofluids [14, 17, 18].

Magnetic properties of the synthesized
fluids Fe;0,@01.Na/PEG+PS and
Fes04@GEM /Ol.Na/PEG+PS were investi-
gated by techniques [18, 14]. The results ob-
tained with the aid of magnetic measure-
ments are given in Fig. 3.

The measured hysteresis loops of magnet-
ite NP and Fe30,@GEM NC with the ad-
sorptively immobilized GEM are shown in
Fig. 3a (o is specific magnetization of NC,
H is magnetic field strength), magnetic
characteristics are given in Table 2 for mag-
netite and NC with adsorbed GEM, obtained
from the experimental hysteresis loops.

For analysis of magnetization curves of
nanocomposites we used a technique and the
known equation, given in [13, 14, 18]:

oNC(H) = (1)
i 3 pMGgH T 3
—c ohEL B
= CmGs A .
Elniali3
i=1

where oNVC(H) is field dependence of specific
magnetization for an ensemble of NC parti-
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Fig. 8. a — Magnetization curves for the samples: I” — calculated by formula (1) for the lognor-
mally distributed (2.34, 0.28) ensemble of FezO, NP, I — experimental curve for ensemble of
Fe;0,, 2 — experimental one for ensemble of Fe;0,@GEM (for insertions: upper — dependence of
mass concentrations of magnetite in Fe3O4@GEM ensemble on thickness of GEM layer; lower — initial
parts of the curves); b, ¢, d — calculated from the data of magnetic granulometry, respectively:
histogram of probability density for diameters of Fe;O, NP, Fe3O4@GEM NC, polygons of relative
frequencies for diameters of Fe;O, NP d and Fe3O4@GEM NC D.

cles, c¢,, is mass concentration of Fe;0, in en-

semble of NC particles, 62 is specific saturation
magnetization of bulk magnetite, d; and n; are
diameter and number of magnetite particles in
i-th interval, respectively, L(§ = cth — 1/ is

PpOsH

the Langevin function, & T
B

T
8- 2h;)3,

Pps is density of magnetite, h; is thickness
of "demagnetized” layer (we considered #;
=ag = 8.397 A is the lattice parameter of
magnetite),

3 -1

k
d; + 2h
Cp = Zni 1 +%H1T2J - 1} » Pge is
i=1 ¢ !

density of gemcitabine, n; = Np(d), N is
number of nanoparticles in ensemble,

d) = 1 exp —(Ind — <Ind>)2
p doy, V21 2084

are probability densities of lognormal distri-
bution of diameters, <lnd> is average value of

diameter logarithm, o}, , is standard deviation

of diameter logarithm, £ is number of inter-
vals, as interval width (2 =0.2) we have
choose a nearest vulgar fraction of number
(Ind,,,, — Ind,,;,)/(1 + 8.822IgN) = 0.1894
(the Sturges formula [183, 14, 18]).

In Fig. 3a, the experimental points
(blacksquare) of Fe;0, magnetization curve
(1) are combined with the curve of Langevin
fit (—), calculated by formula (1), in the
case of lognormal distribution of magnetite

cores with parameters (<In d> = 2.84, o4
= 0.28). From the theory of probability, the
average value of diameter

(dy = exp[(Ind) + 0.50f,4] = 10.8nm

and standard deviation

0.5
64 = [(exp(ofyy) — yexp(2(Ind) + of )]~ =
= 3.08nm.
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Table 3. Statistic parameters for ensemble
of Fe;O, nanoparticles from the data of
magnetic granulometry

<Ind>

2.34

<d>, nm

10.8

Gy, hm
3.08

Olng
0.28

The obtained statistic parameters are
given in Table 8 for ensemble of Fez0,
nanoparticles from the analysis of magneti-
zation curve.

Comparing the data of Tables 1 and 3,
one can confirm that for ensemble of Fe30,
nanoparticles, results of magnetic granu-
lometry coordinate well with statistic pa-
rameters from the data of TEM.

Using the method of magnetic granu-
lometry, histogram of probability density
has been constructed for Fe;O, NP diame-
ters (Fig. 3b), which satisfies the condition
of combining of the experimental and
theoretic magnetization curves (with
Langevin fit (1)).

Using the core-multilayer shell type NC
model (Fig. 2¢) and the calculation tech-
niques [13, 14, 17, 18], the experimentally
found values of average size of Fe;0, cores
(dg), specific saturation magnetization (o),
mass concentration of FezO4 in NC
(aFe30,4%*P), specific surface area of NC
(S;,¢*P), we have found the average value of
thickness of adsorbed GEM layer in compo-
sition of Fe30,@GEM NC which is hy =
2.440.1 nm. The double (combined) stabiliz-
ing layer of NC (Ol.Na/PEG) was considered
as continuous with a thickness =3 nm in
the medium of water and PS, and =1 nm —
in dry residues (DR) of FF [13, 14].

In Fig. 3a, upper insertion shows the de-
pendence of mass concentration of magnet-
ite in the ensemble FezO4@GEM NC on the
thickness of GEM layer. Clearly, at &y =
2.4+0.1 nm the mass part of magnetic phase
in composition of NC is ~ 0.67.

Using the magnetic granulometry method
and supposing the thickness of GEM layers
depends hardly on the diameter of FezO,
NP, we have constructed (Fig. 3c) histo-
gram of relative frequencies for diameters
of Fe;0,@GEM NC under the condition that
thickness of the adsorbed layer of GEM in
composition of NC is 2.4 nm does not de-
pending on diameter of Fe;O, NP. Fig. 3d
shows polygons of relative frequencies for
diameters of Fe30, NP d and Fe;0,@GEM
NC D from the data of magnetic granu-
lometry. The obtained results are charac-
teristic for the core-shell type structures.

Functional materials, 27, 2, 2020
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Fig. 4. Dependence of specific surface area
(1) and specific saturation magnetization (2)
for Fe;0,@GEM/Ol.Na/PEG NC on thickness
of GEM layer.

Considering Fe;O, NP (Fig. 8b) are log-
normally distributed (2.34, 0.28), for en-
semble of NC particles, the average values
of specific saturation magnetization and
specific surface area have been calculated
by formulas:

oNC = (2)
k
Sn, - 2n)°

—— i=1

s k k k
piZnidig + Py l(d, + 2h2)3 - d[.3] + P, + 2h, + 2h3)3 -+ 2h2)3]
i=1 i=1 i=1

NC —

SNC = 3
k

6 n(d, + 2h, + 2h)"

- i=1

b

k k k
piZnid? + pyynfd, + 2h2)3 - df] + pgynl(d, + 2h, + 2h3)3 -+ 2h2)3]

i=1 i=1 i=1

where M? is saturation magnetization of

bulk magnetite (470 Gs), £ is number of
intervals in variation series of Fe;0, NP
diameters, n; is probability of Fe;O, NP
with a diameter belonging to the middle of
i-th interval, moreover

k
Zni =1, n; ~ f(di),
i=1

P1 = P Fe304 = 518, Py = Pgpy = 1.8 g/cm?,
is thickness of "demagnetized” layer of
Fe304 NP, hy = hggyms i3 = holNa/prG = 8 N
Fig. 4 shows dependencies of specific satura-
tion magnetization and specific surface area,
calculated by formula (2) and (3), respectively,
for ensemble of Fe;0,@GEM/Ol.Na/PEG NC
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Table 4. Parameters of FF based on mag-
netite and GEM.

Property name and measuring unit| Quantity
of physical
value
FF saturation magnetization, 14
o, emu/g
Concentration of magnetite, mg/mL 14
Size of magnetite particles, nm 3-23
Average Fe;0, particle diameters 10.8
determination from TEM data,
Ay, DM
Average Fe;0,@GEM particle 17
diameters, nm
Average Fe;0,@GEM/Ol.Na/PEG 23
particle diameters, nm
Average Fe;0, particle diameters 10.5
determination from XRD pattern,
dygpp, NI

particles, on the thickness of GEM layer
(according to the model in Fig. 2¢ — &y
layer). In NC ensemble, Fe3O, cores are log-
normally distributed (2.34, 0.28), the thick-
ness of Ol.Na/PEG layer (according to the
model — hg layer) is 8 nm. The obtained
calculation and graphic data can be useful
for prediction of nanocarchitecture of mag-
netosensitive NC in composition of FF in
manufacturing remedies on their base.

The generalized parameters of
Fe;0,@GEM/Ol.Na/PEG+PS FF are given
in Table 4. Concentration of GEM in such
FF is determined by therapeutic necessity,
moreover its contents do not considerably
change the magnetic properties of fluids. In
the starting FF, GEM concentration has been
1.25 mg/mL, which allows one to ensure the
necessary doses of drug in the experimental
samples by dilution of the starting FF.

We note that investigation of FF being
like for properties has been realized by us
in [13, 14, 17, 18], where their rheological
properties and sedimentation stability have
been determined.

34. Investigation of possibility of formation
of magnetite-gemcitabine-antibody complexes

Fig. 5, curve I shows the adsorption iso-
therm of a model antibody (a normal human
Ig) on a surface of magnetite. It is obvious
that the surface of nanosized Fe3z0, is ad-
sorptively active in aqueous medium with
respect to Ig, the adsorption capacity reach-
ing the value of ~ 14 mg/g in the used con-
centration range of solutions, the adsorp-
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Fig. 5. Isotherm of adsorption of normal
human immunoglobulin on magnetite surface.

tive saturation of the surface has not been
observed. Notice that on the surface of
magnetite with previously adsorbed GEM,
adsorption of immunoglobulin has been also
taking place (Fig. 5, curve 2), while the ad-
sorption capacity reduces, however, to
2 mg/g. We mention that qualitatively
similar conclusions have been made by us in
studying interaction of magnetite with
modified surface with CD95 AB and cis-
platin in FF medium [16, 21-23].

The given data show the possibility of
formation of magnetite-gemcitabine-antibody
complex in aqueous environment, which has
an integrated ligand able to recognize corre-
sponding receptors of tumor cells.

3.5. Research into influence of experimen-
tal samples on viability of HepG2 hepatocel-
lular carcinoma cells of human liver in vitro

The results of influence of experimental
samples on the viability of HepG2 HCC cells
of human liver are given in Table 5.

Analysis of the data given in Table 5 al-
lows to reveal the peculiarities of the influ-
ence of FF+GEM+AB composite system
(Fe304@GEM/0l.Na/PEG+PS+HER2) and
each of its components separately (FF,
GEM, AB, PS, respectively) onto HCC cells.

IC50 for FF was 0.155 mg/mL (control 1).
In the samples with FF concentration more
than 0.19 mg/mL, the amount of living cells
is not determined, which is probably caused
by a high optical density of the samples.

One can confirm that her2 AB used alone
(control 3) in the studied concentrations
does not affect the viability or proliferation
of HepG2 human liver carcinoma cells, since
its action does not lead to a decrease in
cellular viability and does not practically
differ from the influence of PS (control 5).
Cultivation of HepG2 cells in presence of FF
and her2 AB, simultaneocusly, at the concen-

Functional materials, 27, 2, 2020
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Table 5. Influence of experimental samples on the viability of HepG2 HCC cells of human liver

Sample FF GEM HER2 FF + FF + FF+ | GEM + PS
c trati AB GEM | HER2 | GEM + | HER2
oncentration HER2
FF*, | GEM, | HER2, Amount of alive cells, % ™
mg/mLmg/mL ug/mL
1.5 |0.125| 0.38 - 136.042.9| 89.7+4.0 | - = = 52.410.9|87.9+4.0
0.75 | 0.063 | 0.19 = 140.042.1| 83.742.1 | - = 64.8+2.1|86.5+2.7
0.38 |0.031| 0.1 = 144.942.0| 92.648.6 | -7 T 65.2+4.0|93.045.1
0.19 |0.016 | 0.05 [26.7+2.0|47.6+1.2|98.0+8.2| - T = 165.240.2(92.7+3.0
0.1 |0.008| 0.025 |95.4+7.8|78.2+1.6|100.8+3.3| 68.746.7 | 85.9+4.3 | 55.045.7 | 65.7+3.5(91.8+5.2
0.05 | 0.004 | 0.013 |96.149.0|80.4+3.0 |95.5+13.6| 71.0+7.7 95.0+10.3 62.7+3.9| 75.9+3.4 | 92.7+1.1
0.025 | 0.002 | 0.007 |96.0+7.7|84.64+3.2(101.9+3.6|72.4+3.804.3+13.4 62.516.4 | 80.8+2.1 | 98.4+2.0

trations lower than 0.05 mg/mL and
0.018 pg/mL, respectively, did not practi-
cally influence on viability of liver carci-
noma cells. However, the complex use of FF
and her2 in the concentration of 0.1 mg/mL
and 0.025ug/mL, respectively, decreased
the amount of viable cells of the said line to
~85.9 %.

IC50 for GEM was equal to 0.015 mg/mL
(control 2). The action of GEM mono-used
in the concentration of 0.008 mg/mL leaved
in a viable state ~ 78 % of cells. Use of
GEM in this concentration in complex with
FF (0.1 mg/mL) caused the synergistic ac-
tion and increased the cytostatic effective-
ness by ~ 10 % (the amount of living cells
was ~ 68 %).

The complex use of GEM and her2 AB
(control 4) in the concentration of
0.008 mg/mL and 0.025 ug/mL, respec-
tively, also caused the synergistic action,
which led to a decrease in amount of viable
cells to ~ 65 %.

The use of the composite system com-
posed of GEM and her2 in the concentra-
tions of 0.008 mg/mL and 0.025 pg/mL, re-
spectively, and FF (in the concentration of
0.1 mg/mL for Fe;O4) have caused a de-
crease in amount of viable cells of HepG2
human liver carcinoma cells to ~ 55 %,
which shows a considerable synergistic ef-
fect of the action of the said components
(Table 5).

The revealed synergistic cytotoxic/cyto-
static effect can be explained by a high bio-
logical activity of Fez04-GEM-HER2 com-
plex with an integrated ligand due to recog-
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nition of receptors of HepG2 tumor cells and
pharmacological correction of endogenous
iron exchange, which is ensured by the use of
iron-containing FF, GEM and her2 AB.

Really, in mechanisms of realization of
apoptosis program due to formation of
medicine influence of NC, breaches of endo-
genous iron exchange in tumor cells play a
significant role [48]. The said breaches
cause an increased need of cells in iron,
which is satisfied by accumulation of a con-
siderable amount of Fe3O, nanoparticles
from FF. A high level of "free iron" in the
form of accumulated Fe;0,4 and an acid en-
vironment in cells causes an accelerated for-
mation of iron ions and active oxygen spe-
cies (the Fenton reaction), which, in turn,
leads to an oxidative stress in cells and
apoptosis. Thereby, intensification of effect
of GEM, as well as her2 AB occurs also. The
example is an increase by ~ 10 % of GEM
action at the concentration of 0.008 mg/mL
in composition of FF, and a rise of cytotoxic
action of FF+HER2 complex at the level ~
10 % at her2 concentration of 0.025 ug/mL,
compared to the absence of activity of AB
mono-used in these doses (Table 5).

So, the combined action of FF, GEM and
her2 AB onto HepG2 cells considerably ex-
ceeds their influence in mono-use at the
same concentrations, which causes the re-
vealed synergistic effect.

Thus, in vitro for example of influence
of the novel magnetocarried colloidal sys-
tem, in composition of which there are mag-
netite, antitumor drug GEM and her2 anti-
body, upon HepG2 HCC human liver cells,
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the possibility has been shown to reach the
cytotoxic effect at significantly lower con-
centrations of chemo- and immunotherapeu-
tic drugs, and to create the conditions for a
decrease in toxico-allergic reactions of an
organism on the whole. Besides, the ob-
tained experimental data show that the
studied FF can be promising for application
in targeted delivery and local therapy of
oncological diseases.

4. Conclusions

The processes of adsorptive immobi-
lization of GEM on a surface of nanosized
mono-domain magnetite from aqueous solu-
tions were studied. Magnetic properties of
Fe;0,@GEM NC  were investigated.
Fe;0,@GEM/Ol.Na/PEG+PS FF were syn-
thesized, and their magnetic properties were
investigated, as well as cytotoxic activity
with respect to HepG2 HCC human liver
cells. It was revealed that the complex ac-
tion of Fe;0,@GEM/Ol.Na/PEG+PS+HER2
FF onto HepG2 cells caused the synergistic
effect and an increase in cytotoxic activity
by ~ 18-20 %, compared to GEM in mono-
use. The revealed synergistic cytotoxic/cy-
tostatic effect has been explained by a high
biological activity of Fe;0,-GEM-HER2
complex with an integrated ligand due to
recognition of receptors of HepG2 tumor
cells and pharmacological correction of en-
dogenous iron exchange, which is ensured
by the use of her2 AB and GEM in composi-
tion of iron-containing FF.
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