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The aim of the work is synthesis of new polyfunctional magnetosensitive nanocomposites (NC) capable of the
targeted delivery in the tumors of hepatocellular carcinoma and intrahepatic cholangiocarcinoma of a drug with
chemotherapeutic mechanism of action — gemcitabine (GC), and deposition with the help of magnetic field,
investigation of the basic physico-chemical properties of NC. Research direction includes synthesis of nanosized
one-domain magnetite as a magnetically sensitive carrier, modification of its surface by carbon covering with the
aim of stabilization and chemical functionalization, biofunctionalization of NC by GC immobilization.

For investigation the following samples of NC were synthesized: Fe;0, Fe;0,/HA, Fe;0,/C. The choice of
samples is explained by the necessity to obtain a protective biocompatible cover with high adsorptive properties on a
surface of magnetosensitive carrier. Carbonization of Fe;O,surface and obtaining of Fe;0,/C NC was realized with
the help of an organic substance — CS polygel (Carbomer 934).

Adsorption of GC on a surface of magnetite and Fe;0,/HA, Fe;0,/C NC was carried out in aqueous medium in
the concentration range Cy = 0.2-0.8 mg/L (g =0.03g, V=5mL, pH=7.0) for 2 h in dynamic regime at room
temperature. Amount of the adsorbed substance on a surface of NC was determined with the help of a
spectrophotometer at 2 = 268 nm from a calibration graph.

Adsorption characteristics were studied for surfaces of the synthesized NC with respect to GC. The results
obtained show the dependence of adsorption capacity of the investigated samples on chemical nature of their
surface. An increase in equilibrium GC concentration leads to a growth of adsorption capacity of Fe;0,/HA NC,
which becomes almost in saturation for Fe;0,and Fe;0,/C NC. The surfaces of NC researched are characterized by
rather like values of adsorption parameters (A = 25-30 mg/g), which may be caused by similar nature of adsorption
centers of their surfaces and adsorption mechanisms. GC extraction extent R (%) is 25-30 %.

Magnetic properties of NC with adsorbed gemcitabine Fe;0,/GC, Fe;0,/HA/GC, Fe;0,/C/GC were investigated
with the help of a laboratory vibration magnetometer. An idea of the investigations is based on the use of an
ensemble of superparamagnetic carriers as a probe for determination of parameters and control of core-shell type
nanostructures with complex composition. Hysteresis loops were measured for magnetite particles, and NC with
immobilized GC. It has been determined by the magnetic granulometry methods that the thickness of GC shell in the
composition of Fe;0,/GC NC is (2.4+£0.1) nm. Considering the thickness of GC layer is equal to 2.4 nm in all the
studied nanostructures, we have found the value of thickness of hydroxyapatite layer in the structure of
Fe;0,/HA/GC NC (3.5+0.1 nm), and the thickness of C layer in Fe;0,/C/GC NC (3.2+0.1 nm).

The obtained data may be useful in creation of medical magnetocarried nanosystems of targeted delivery and
adsorptive materials for application in oncotherapy.

Keywords: gemcitabine, carbonization, hydroxyapatite, carbon coatings, surface, magnetite, magnetically
sensitive nanocomposites, adsorption

In works [1-10] we formulated a concept, specific cells and organs, accumulation of
created experimental samples, investigated and therapeutic doses and deposition; complex
patented magnetically sensitive nanocomposites therapy by chemo-, immune-, radiation neutron
(NC) with multilevel hierarchical nano- capture-, hyperthermic-, photodynamic methods
architecture and functions of biomedical and diagnostics in real time regime.
nanorobots: recognition of microbiologic objects As known, the targeted delivery and
in biological media; targeted delivery of drugs to deposition of drug carriers in tumor area by
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magnetic field give a possibility to decrease the
total therapeutic dose of cytotoxic drugs
considerably and, respectively, reduce to a
minimum toxico-allergic reactions of an
organism, and the use of local hyperthermia
makes it possible, in principle, to carry out
therapy of cancer diseases without application of
chemical preparations [3—10].

The outlined theme investigations are goal-
directly and systematically carrying out in
collaboration by research  workers  of
0.0. Chuiko Institute of Surface Chemistry,
NAS of Ukraine, and R.E. Kavetsky Institute of
Experimental ~ Pathology, Oncology and
Radiobiology of NAS of Ukraine [1-5, 11-15].
Up to this time, with the use of magnetosensitive
NC, the new native oncological drug «Feroplat»
was developed for application in clinical
practices in treatment of malignant neoplasms, as
well as the technology of its manufacture.

«Feroplat» is a conjugate of magnetic fluid
nanoparticles with cisplatin. It is a standardized
remedy for increase in effectiveness of
chemotherapy and overcoming of medicament
resistance of malignant neoplasms, purposed for
delivery of a cytostatic agent immediately into
tumor tissue, which ensures its maximal coming
into cells and promotes an increase in
therapeutical effect. Its capability to selective
accumulation in tumor improves antitumor effect
of cisplatin, so increasing a biological safety
level. Unlike the known chemotherapy drugs,
“Feroplat” is more active with respect to tumors
that are resistant to cisplatin, and proves less
toxicity for normal cells. It has no analog in the
world [16, 17].

This work continues our previous
investigations. Its aim is the synthesis of new
polyfunctional magnetosensitive nanostructures
capable of the targeted delivery in the tumors of
hepatocellular carcinoma (HCC) and intrahepatic
cholangiocarcinoma (ICC) of drug with
chemotherapeutic mechanism of action —
gemcitabine, and deposition by the help of
magnetic field with the additional functions of
hyperthermic therapy and magnetic resonance
imaging diagnostics in real time regime.

As known [18], HCC is a highly lethal kind
of cancer. HCC is the second on frequency
among the most expanded death reasons with
cancer in the world — 745 000 patients are dead
with this disease every year. HCC morbidity
continues to increase, for instance in USA during
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the last thirty years the morbidity and mortality
through HCC has tripled. The approaches of
HCC treatment depend on the stage of disease to
a moment of giving the diagnosis and on
accessibility of complex therapy methods.
However, the disease in late stages is
problematic, its treatment is expensive and
effective only with respect to increase in index of
«qualitatively ensured life years». Prognosis with
HCC is usually quite unfavourable.

The modern variants of HCC treatment, such
as surgical resection of liver, transplantation of
liver and locoregional therapy, including
radiofrequency  ablation and transarterial
chemoembolization, are limited by very early
stages of disease and can not prevent relapse.
Moreover, most of patients (> 80 %) are at the
last or non-operable stages of cancer, and the
effective variants for treatment of such patients
are practically absent. For such cases, the
localized and systematic radiotherapy was
applied simultaneously with chemotherapy, but
with limited success.

ICC is a malignant tumor of bile ducts [19].
The basic method of ICC treatment is operative.
A total surgical ablation of tumor can potentially
be used for ICC treatment, but prognosis keeps
unfavourable because of frequent relapses and
metastasis of  tumors after  operation.
Chemotherapy and radiotherapy are used in
complex with surgical method or as palliative
treatment.

As cleared from the said, HCC and ICC are
very heavy diseases, and perspectives of
treatment are quite non-optimistic. However, in
the specialized research-medical centers of the
developed countries, the goal-oriented
investigations are carried out with the aim of
search for the ways of overcoming the problem.
So, for example, in one of the approaches chosen
in the Department of Gastroenterology,
Hepatology and Endocrinology of Hannover
Medical School (MHH), Hannover, Germany, it
is planned the wuse of magnetosensitive
nanocomposites modified with chemo- and
immunotherapeutical drugs and local methods of
therapy [20-22].

The said data show that the task of synthesis
of new polyfunctional magnetosensitive
nanostructures capable of the targeted delivery
into HCC and ICC tumors of a drug with
chemotherapeutic mechanism of action is actual
from both scientific and practical points of view.
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EXPERIMENTAL TECHNIQUES

In this work, gemcitabine (GC) was chosen
as a drug of the chemotherapeutic mechanism of
action. Gemcitabine is a cytotoxic drug, an
antimetabolite from the group of pyrimidine
antagonists. The molecular formula is
CoH;1F,N304-HCI, molecular weight 299.66, the
structural formula of respective base is given
below:

NH_

The drug exhibits cyclospecificity acting on
cells in the phases S and G1/S. Gemcitabine is
metabolised inside the cell under the action of
nucleoside kinases with the formation of active
diphosphate and triphosphate nucleosides.
Diphosphate nucleosides inhibit ribonucleotide
reductase, that acts as a single catalyst for
reactions, leading to the formation of
deoxynucleoside triphosphates, necessary for
DNA synthesis. Triphosphate nucleosides
compete actively with deoxycytidine
triphosphate embedded in the DNA molecule
and RNA. After embedding intracellular
metabolites of gemcitabine into the DNA chain,
another additional nucleotide is added to its
growing strands. As a result, complete inhibition
occur of further DNA synthesis and programmed
lysis of the cell, known as apoptosis. Common
side effects include bone marrow suppression,
liver and kidney problems, nausea, fever, rash,
shortness of breath, and hair loss. GC belongs to
the list of the basic medicines of the World
Health Organization, the most effective and safe
medicines needed in a health system, it is
commonly used off-label to treat
cholangiocarcinoma and other biliary tract
cancers [23, 24].

For investigation the following samples of
magnetosensitive nanostructures were
synthesized: ensembles of Fe;O4 nanoparticles,
NC Fe;O4/HA, Fe;O4/C based on them. The
choice of samples is explained by the necessity
to obtain a protective biocompatible cover with
high adsorptive properties on a surface of
magnetosensitive carrier.
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Synthesis of magnetite. In the work we used
the spread method for obtaining of magnetite
nanoparticles — liquid phase, in the base of which
the process of co-precipitation of bi- and
trivalent iron salts laid according to the reaction

[6]:
Fe*" + 2Fe*" + §NH,OH — Fe;0,4 + 4H,0 + 8NH, .

The size of the obtained particles was from 3
to 23 nm with the average size of 812 nm.
Specific surface area of the synthesized
magnetite was S, ~ 110 m’/g. As calculated
from the data of thermogravimetric analysis, the
concentration of surface hydroxyl groups was
2.4 mmol/g.

The synthesized magnetite is characterized
by satisfactory magnetic characteristics: coercive
force H,=55.0Oe, saturation magnetization
0,=156.2 Gs-cm3/g, relative residual magne-
tization M,/M,=0.2. Such characteristics are
important for biomedical applications, for
example in the targeted delivery of drugs
through blood vessels of small diameter, in
which aggregation of particles is quite
undesirable.

Hydroxyapatite cover was obtained on a
surface of highly dispersed magnetite by sol-gel
method according to the reaction stoichiometry:

10C3.(NO3)2 + 6(NH4)2HPO4 + 8NH3 + 2H20 i
— Calo(PO4)5(OH)2 + 20NH4NO3

For Ca;o(PO,)s(OH), synthesis the necessary
amount of components was calculated so that
molar ratio Ca:P was within the limits of
1.67 : 1.75 with excess of ammonia (pH=11)
[6]. The obtained samples were tested by the
methods of XPS and XPA. From the data of XPS
for the synthesized nanocomposite samples the
ratio Ca/P was 1.6—1.7. It is close to the optimal
stoichiometric =~ value  for  hydroxyapatite
(Ca/P =1.67). As appreciated from Fe2p-/Fe3p-
line area ratio and from the increase in NC mass,
thickness of hydroxyapatite layer on a surface of
magnetite is ~4 nm. The specific surface area

for Fe;O4/HA samples S, =105 mz/g.
Concentration of the surface hydroxyl groups is
~ 2.2 mmol/g.

Carbonization of Fe;O, surface and

obtaining of Fe;0,/C NC was realized by the
help of an organic substance — CS polygel
(Carbomer 934).

Carbomers are the derivatives of acrylic
acid, from which under certain conditions and by
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use of certain methods one obtains gels used in
pharmacology as the basis for soft, liquid and
solid medical forms. They are ether of acrylic
acid homopolymers crosslinked by allyl sucrose,
allyl pentaerythritol or divinyl glycol. Molecular
mass of these polymers was theoretically
calculated to be within the limits from 700000 to
3—4 milliards, however methods for
determination of the real molecular mass are
absent. The repeated fragment (—CH,-CH-COOH)
has molecular mass from 72 to 78, containing
from 56 to 68 % of carboxyl groups as calculated
for onto the dry substance [25].

The nanodispersed magnetite  (mass
g=0.5 mg) was impregnated with 3 % solution
of CS polygel (Carbomer 934) (V=15 mL) in the
distilled water at room temperature. After drying
at 115°C, a matrix was obtained with the
adsorbed organic substance and roasted at
400 °C for 2 h in argon flow. Specific surface
area of Fe;04/C samples was S, = 59 m?/ g.

The experimental results show that the
process of carbonization of magnetosensitive
nanocomposites is optimally carried out at
400 °C for 2 h.

Specific surface area of the samples was
determined by nitrogen thermal desorption by
means of a KELVIN 1042 device from
«COSTECH Instruments». NP size was
appreciated by formula Dggr = 6/(pSger), Where
p is the density of NP material, Sggr is the value
of specific surface area calculated according the
polymolecular adsorption theory of Brunauer,
Emmett and Teller (BET).

Calculation of the concentration of hydroxyl
groups on a surface of nanostructures was
determined from the data of thermogravimetric
analysis using a derivatograph Q—-1500.

Adsorption of GC on a surface of magnetite
and Fe;04/HA, Fe;04/C nanocomposites was

carried out in aqueous medium in the
concentration range Co=0.2-0.8 mg/L
(g=0.03g, V=5mL, pH=7.0) for 2h in

dynamic regime at room temperature. The
amount of the adsorbed substance on a surface of
nanocomposites was determined by the help of a
spectrophotometer at A=268nm from a
calibration graph. The calibration graph was
obtained from UV- spectrophotometric data.

Adsorption capacity of the nanostructures A4
(mg/g) we calculated by formula:

A= (Cy—C.p)Vim,
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where: Cy and C,, are concentration of the initial
solution and the solution after adsorption (mg/L),
V' is volume of the solution (mL), m is mass of
the sorbent (g).

Extraction extent R (%) was determined by
formula: R, % = [(Cy — C,y)/Cy]-100.

Magnetic properties of the composites with
adsorbed gemcitabine Fe;0,/GC, Fe;O4/HA/GC,
Fe;04/C/GC were investigated by the help of a
laboratory vibration magnetometer.

RESULTS AND DISCUSSION

Adsorption characteristics were studied for
surfaces of the synthesized nanocomposites with
respect to gemcitabine. Results of the obtained
isotherms of GC adsorption are shown in
Fig. 1,a, b, c.

The results obtained show dependence of
adsorption capacity of the investigated samples
on chemical nature of their surface. An increase
in equilibrium GC concentration sets off for
adsorption saturation of Fe;O4/HA surface, with
Fe;04 and Fe;0,/C almost becoming in
saturation.

On a surface of Fe;O4/HA and Fe;04/C
composites at small concentrations, a weak
interaction with a surface is observed, then
beginning to increase sharply with growing
concentration of adsorbate.

The surfaces of NC researched are
characterized by rather close values of
adsorption parameters (4 =25-30 mg/g). It may
be caused by similar nature of adsorption centers
of their surfaces and adsorption mechanisms.
Extraction extent R (%) is 25-30 % (Table 1).

Table 1. Characteristics of gemcitabine adsorption
on a surface of nanostructures under the
conditions: C;=0.8 mg/mL, g=0.03g,
V=5mL,pH=7.0

Nanostructure A, mg/g R, %
Fe3O4 25.8 253
Fe;04,/C 30.0 29.0
Fe;O4/HA 30.5 24.8
Experimental results show that the

synthesized nanocomposites are promising for
application as  adsorption materials in
intracorporal (enterosorption) and extracorporal
detoxification.

Magnetic properties of the synthesized
nanostructures were investigated by techniques
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[24, 25]. An idea of the investigations is based
on the use of a superparamagnetic carrier as a
probe for determination of parameters and
control of complex composition nanostructures.
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The saturation magnetization of composite
particles is sufficient for their use as the
remedies of targeted delivery of drugs and the
adsorption materials for intracorporal and
extracorporal detoxification of an organism.

The magnetic characteristics of magnetite
and NC with adsorbed gemcitabine, obtained
from the experimental hysteresis loops, are
shown in Table 2.

The values of o, indicate the presence of
shell in the composites comparing to magnetite.

Using the NC model of core — multilayer
shell type and the calculation techniques
[26,27], the experimentally found values of

average size of Fe;O, cores (dj), specific
saturation magnetization (o), mass concentration
of Fe;04 in NC (are304™"), specific surface area
of NC (S,,"") we found the average value of
thickness of adsorbed GC layer in the
composition of Fe;04/GC NC to be 2.4+0.1 nm.
Considering the thickness of GC layer is equal to
24 nm in all the studied nanostructures, we
found the value of thickness of hydroxyapatite
layer in the structure of Fe;O4/HA/GC NC
(3.5+0.1nm; in our opinion, this is
satisfactorily coordinated with the value ~4 nm
[27]) and the thickness of C layer in Fe;0,/C/GC
NC (3.2 +£0.1 nm).

Table 2. Magnetic characteristics of magnetite and composites with adsorbed gemcitabine

O-S 9

O H=8 kOes

calc ¢
No Sample H_, kOe emulg emu/g o, emu/g o,/o; Oroz04 s Y0
1 Fe;04 0.081(7) 60.1 58.4 7.28 0.121 100
2 Fe;0,/GC 0.079(9) 55.8 54.2 5.66 0.101 92.8
3 Fe;O4/HA/GC 0.085(9) 14.2 13.5 4.16 0.118 23.6
4 Fe;04,/C/GC 0.101(3) 10.2 9.7 3.85 0.114 17.1

H,, kOe is coercive force, o, emu/g is specific saturation magnetization,
o1-3 koe, €MU/g s specific magnetization in the field of 8 kOe, o,, emu/g is residual specific magnetization, o,/0; is
relative residual magnetization, Ore304°" is the calculated mass concentration of Fe;0, in NC, %

We note that using techniques [26, 27] one
can calculate: density of the shell p, function
h(d), where h, d are thickness values of the shell
and diameter of Fe;04 NP, respectively, specific
surface area of the samples, as well as to find p
and A(d) at which NC ensembles have the
maximal specific surface area. Such data may be
actual for analysis of medical magnetocarried
systems promising for the use in oncotherapy.

The data said show that the synthesized
magnetocarried NC are  promising  for
continuation of the goal-oriented investigations
aimed at creation of a new nanotechnology for
oncology, based on the use of polyfunctional
nanostructures capable of the targeted delivery of
chemotherapeutical drug gemcitabine and
deposition. The principal capability to realize the
additional functions of recognition of tumor
cells, hyperthermic therapy and magnetic
resonance imaging diagnostics in real time
regime was substantiated in [6].
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CONCLUSIONS

New  polyfunctional = magnetosensitive
nanostructures were synthesized capable of the
targeted delivery into tumors of hepatocellular
carcinoma and intrahepatic cholangiocarcinoma
of the drug with chemotherapeutic mechanism of
action — gemcitabine. The processes of
adsorption of gemcitabine from its solutions in a
physiological liquid on a surface of magnetite
and magnetically sensitive NC with wvarious
surface nature were investigated. Adsorption of
gemcitabine is: 4 =25-30 mg/g (Cp=10.8 mg/mL,
g=30mg, V=5mL). The quantity of GC on a
surface of NC was determined by
spectrophotometric method at A=268 nm
according to the calibration graph. The magnetic
properties of synthesized nanostructures were
studied. From the data of magnetic
measurements, the size parameters of
nanocomposite components were determined.
The synthesized magnetocarried NC are
promising for creation of a new nanotechnology
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for oncology, based on the use of polyfunctional
nanostructures capable of recognizing of HCC
and ICC tumors, the targeted delivery of drugs of
the chemotherapeutic and immunotherapeutic

therapy and magnetic  resonance imaging
diagnostics in real time regime.

Publications are based on the research
provided by the grant support of the State Fund

mechanism of action on them, and deposition

with additional functions of hyperthermic For Fundamental Research (project N ®76/48-

2018).

Cunre3 I BJACTUBOCTI MATHITOYYTJIMBUX HAHOKOMIIO3HUTIB
HAa OCHOBi MarHeTHUTY i reMIUTA0IHY

A.JL IlerpanoBcbka, M.B. AOpamoB, H.M. Onanamyk, C.II. Typancbka, H.B. Kycsk, ILIL I'opouk

Tnemumym ximii nogepxui in. O.0. Yyiixa Hayionanvhoi akademii Hayx Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, opanaschuknatalya@gmail.com
JKumomupcokuii depoicagnuil ynisepcumem imeni leana Opanka
eyn. B. Bepouuiscoxa 40, JKumomup, 10008, Yrpaina

Memorw pobomu € cunmes HOBUX RONIQYHKYIOHATBHUX MacHimoyymaueux Hanokomnoszumie (HK), 30amuux 0o
Yinbogoi 00CMABKU 6 NYXIUHU 2enamoyenionrapHoi KapyuHoMmu 1 BHYMPIUHbONEUIHKOBOI XOJIAHSIOKAPYUHOMU
JIKApcbKoeo npenapamy Ximiomepanesmuuno2o mexawnizmy 0ii eemyuma6in (I'L]) ma denonysanus 3a 00nOM0O2010
MA2HIMHO20 NOJA, OOCHIOHNCEHH OCHOBHUX (isuxo-ximiunux eracmueocmett HK. Hanpsamox oocriddcensv sxmouac
CUHME3 HAHOPO3MIPHO20 OOHOOOMEHHO20 MACHEMUMY SIK MAZSHIMOYYMAUBO20 HOCIs, MOOUDIKYEAHHS 11020 NOBEPXHI
gyaneyesumM NOKpummsam 3a0as cmabinizayii ma ximiunoi yuxyionanizayii, 6iogynxyionanizayiro HK wuwisixom
immobinizayii I'l].

s oocnidocenv cunmesosano nacmynti spasku HK: Fe;0, Fe;0,/I'A, Fe;0,/C. Bubip 3paskié nosachioemoscs
HeOOXIOHICMI0 OMPUMAHHSL HA NOGEPXHI MASHIMOYYMIUBO20 HOCIS 3AXUCHO20 DIOCYMICHO20 NOKPUMMS 3 GUCOKUMU
aocopboyiunumu enacmusocmamu. Kapoouizayiro nosepxui Fe;0, ma ompumanus HK Fe;0,/C 30iichiosanu 3a
donomoeor opeaniunoi pevosunu — nonicens CS (Kapbomep 934).

Aocopoyiro TI'l] na nosepxni macnemumy ma HK Fe;0/I'A, Fe;0,/C nposodunu y 600HOMY cepedosuui 6
dianasoni xonyeumpayin Cy= 0.2—-0.8 me/mn (g =0.03 2, V=5mn, pH = 7.0) npomscom 2200 y OunamiuHomy
pedicumi npu  KimHammuitl. memnepamypi. Kinokicme adcopboeanoi peuvosunu ua nosepxui HK eusnauanu 3a
donomozor cnekmpogomomempa npu A = 268 HM 3a KANiOPY8arbHUM 2paAdiKom.

Bugueno adcopoyiiini xapaxmepucmuku nosepxoms cunmesoganux HK wooo I'l]. Odepowcani pezyromamu
ceiduams npo 3AnNeHCHICMb a0CopOYItiHOI EMHOCMI OOCHIOJCEHUX 3PA3KI8 GI0 XIMIUHOI NMpupoou ix noeepxmi.
3pocmanns pienosascnoi konyenmpayii I'l] npuzeooums 00 30invwents adcopoyitinoi emnocmi HK Fe;0,/T' A, sxa
ona Fe;0, ma HK Fe;0,/C matioce suxooums na nacuuenns. Ilosepxmi 0ocnioocenux HK xapaxmepusyiomuvcs
documo  ONU3LKUMU 3HAYEHHAMU adcopOyiunux napamempie (A = 25-30 me/2), wo moodce Oymu 06yMO81eHO
noOiOHOI NPUPOO0I0 A0COPOYIIHUX YeHmPI8 IX noeepxoHb ma mexanizmie aocopoyii. Cmynine sunyyenns I'I] R (%)
cknaoae 25-30 %.

Maenimni  enacmusocmi HK 3 adcopbosanum ecemyumabinom Fe;0, /L, Fe;0/T'A/ML, Fe;0,/C/ML
00CI0HCYBANU 30 OONOMO20I0 1aDOPAMOPHO20 Gibpayilinoeo macHimomempa. 10esi 0ocniodcensb PYHMYEMbCs HA
BUKOPUCMAHHI AHCAMOTISL CYNEPRApaMASHIMHUX HOCII8 Y AKOCMI 30HO0a OJisl BUSHAYEHHS NApaMempie ma KOHmMpOoJio
HAHOCMPYKMyp muny sopo-006010HKA CKA1ao0HOl 6y006u. Bumipsni nemii eicmepesucy yacmunok macnemumy ma HK
3 immoobinizoganum I'L]. Memooamu maeuimuoi epanyromempii 6cmanosneno, wo moswuna oboaonku I'l] y cknadi
HK Fe;0,/I'l] cmanosums 2.4%0.1 nm. Beaoswcaiouu moswuny wapy 'Ll pienoio 2.4 nm 6 ycix 00cnioimceHux
HAHOCMPYKMYpax, 3HAUOEHO 3HAYeHHsi MOoswuHu wapy ciopokcuanamumy ¢ cmpykmypi HK Fe;0,/TA/TI]
(3.5£0.1 nm) ma moswuny wapy C ¢ HK Fe;0,/C/T'L] (3.2+0.1 nm).

Ompumani Oani mModcyms Oymu KOPUCHUMU NPU CMEOPEHHI NIKAPCLKUX MASHIMOKEPOBAHUX HAHOCUCTEM
aopecHoi 0ocmasku ma adcopoOYitinux mamepianie 0isk UKOPUCHIAHHS 8 OHKOMEPAnii.

Knrwowuosi cnosa: cemyumadin, xapbowizayis, ciopoxcuanamum, @yeieyei NOKpUmmsl, NOGEPXHs, MAcHemum,
MASHIMOYYMAUSI HAHOKOMNO3UMU, A0COPOYIs
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CuHTe3 U CBOMCTBA MAarHuTO41yBCTBUTEC/IbHbIX HAHOKOMIIO3UTOB
Ha OCHOBC MarHeTurTra u I‘eMlIPITaﬁI/IHa

AL IlerpanosBckas, H.B. Aopamos, H.M. Onanamyk, C.I1. Typanckas, H.B. Kycsk, ILIL T'opoux

Hucmumym xumuu nogepxnocmu um. A.A. Yyiiko Hayuonanvnoii akademuu nayx Yxpaumnol
ya. Fenepana Haymosa, 17, Kues, 03164, Yxpauna, opanaschuknatalya@gmail.com
JKumomupckuil cocyoapcmeennviil ynusepcumem umenu Meana Opanko
ya. b. Bepouuesckas, 40, Kumomup, 10008, Yxpauna

Leavio pabomur asnsemcs cunmes HOBbIX NOAUDYHKYUOHATLHBIX MAZHUMOYYBCHBUMETbHBIX HAHOKOMNO3UMOG
(HK) o0Ona aolpecHoui OoCmagxku 6 ONYXOau 2enamoyeiionapHol  KAPYUHOMbL U BHYMPUNEYeHOYHOU
XONAHSUOKAPYUHOMbL JIEKAPCMBEHHO20 NPEnapama XUMUOMePanesmuiecko20 MexaHusma Oeucmeus 2emyumaoun
(T'L]) u denonuposanus ¢ NOMOUBIO MACHUMHO20 NOJISl, UCCLE008AHUE OCHOBHBIX pusuKo-xumuyeckux ceoticms HK.
Hanpasnenue uccnedosanuii @xnovaem cunmes HAHOPAZMEPHO20 OOHOOOMEHHO20 MAZHEMuUmd 6 Kayecmee
MACHUMOYYBCMBUMENbHO20 HOCUMENs, MOOUDUYUPOBAHUE €20 NOBEPXHOCMU Y2lepOOHbIM  NOKpblmuem OJisl
cmadunuzayuu U XuMuyeckou Qyukyuonanusayuu, ouodynkyuonaruzayuio HK nymem ummoobunuzayuu I'L].

s uccreoosanuii cunmesuposatul cieoyiowue oopasyvt HK: Fe;0, Fe;0,/I'A, Fe;0,/C. Bvibop obpasyos
00bsACHAEMCL HEODXOOUMOCMbIO NOAYYEHUS HA NOBEPXHOCMU MASHUMOYYECMEUMENbHO20 HOCUMENs 3aUWUMHO20
OUOCOBMECMUMO20 NOKPLIMUSL C BbICOKUMU a0COpOYUOHHbIMU ceoticmeamu. Kapbonuzayuio nosepxnocmu Fe;Oy4 u
noayuenue HK Fe;0,/C ocywecmensinu ¢ nomouvio opeanuieckozo seugecmsa — noaueens CS (Kapoomep 934).

Aocopoyuio I'l] na nosepxnocmu maenemuma u HK Fe;0 /T4, Fe;0,/C nposoounu 6 600101 cpede 8 duanasone
xkouyenmpayuti Cy= 0.2—-0.8 me/mn (g =0.03 2, V =>5un, pH =7.0) 6 meuenue 2 4 8 OUHAMUYHOM pedcume npu
KomHamuou memnepamype. Konuuecmeo aocopbuposannozo eewecmeéa na nosepxwocmu HK onpedensiu ¢
nomouyvio cnekmpogomomempa (A = 268 HM) nO KATUOPOBOUHOMY SPAPUKY.

H3zyuenvr adcopbyuonnvie xapaxmepucmuku nogepxnocmeti cunmesupogannvix HK no ommuowenuro x I'L].
Ionyuennvle pezynbmamol cUOEMENTbCMBYIONM O 3A8UCUMOCIIU A0COPOYUOHHOU eMKOCMU UCCLe008AHHbIX 00paA3Y08
om Xumuweckoll npupoovl ux nosepxwocmu. Pocm pasnosecnou xomyemmpayuu '] npusooum Kk ygenuueHuio
aocopoyuonnou emxocmu HK Fe;O0/I'A, a ona nanocmpyxmyp Fe;O; u Fe;0,/C — 6auska K HACbiweHuro.
IHogepxnocmu uccnedosannvix HK  xapaxmepusyiomcs 00Ccmamouyno OIUSKUMU 3HAYEHUSIMU  AOCOPOYUOHHBIX
napamempog (A = 25-30 me/2), umo modcem boimb 00yCN08IEHO NOOOOHOU NPUPOOOT AOCOPOYUOHHBIX YEHMPOS UX
nosepxrocmeti u mexanuzmos aocopoyuu. Cmenens uzenevenus I'l] R (%) cocmaegnisem 25-30 %.

Maenumuvie ceoticmea HK ¢ adcopbuposannvim cemyumadbunom Fe;0,/IL, Fe;0/T'A/ML], Fe;0,/C/TL]
uccnedosanu ¢ NOMowbI0 1ab0pamopHo20 BUOPAYUOHHO20 MacHumomempa. HMoes ucciedosanuii 0cHo8blIBaEmMCs HA
UCNONBL30BAHUU AHCAMOTISL CYNEPRAPAMACHUMHBIX HOCUMENell 8 Kauecmee 30H0a O/l ONpedeleHUst Napamempos u
xoumponsi HK muna s0po-o6onouka cnosicno2o cmpoenusi. Mzmepenvl nemau 2ucmepesuca 4acmuy Ma2Hemuma u
HK c ummobunuzosanuvim I'l]. Memooamu MacHUMHOU epaAHyI0MempUY YCMaHo8IeHo, 4mo moayuna obonrouxu I'1]
6 cocmasee HK Fe;0/TL] cocmasnsiem 2.4%0.1 um. Ilpunumas monwuny cnos 'Ll pasnou 2.4 nm 60 ecex
uccnedosannvix HK, Haiioeno 3uauenue monwumnvl crosi euopokcuanamuma ¢ cmpykmype HK Fe;O,/TA/TI]
(3.5£0.1 um) u monwuny cnos C 6 HK Fe;0,/C/I'L] (3.240.1 nm).

Ionyuennvie dannvie mozym Ovimb NONE3HbL NPU CO30AHUU TEKAPCMBEHHBIX MASHUMOYNPAGIAEMbIX HAHOCUCTEM
aopecHotl 00CmMaBKY U A0COPOYUOHHBIX MAMEPUANO8 OJisl UCHONb308AHUSL 8 OHKOMEPANUU.

Knrwouesvle cnosa: cemyumadbun, xapOoHuzayus, 2uOpOKCUANAMUM, YenepOOHble HOKPbIMUs, NOBEPXHOCHIb,
MazsHemum, MazHumo4y8CmeumenbHble HaHOKOMNO3UMbL, A0COpOYUs
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