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One of the most widely used antitumor chemotherapeutic drugs is “Cisplatin” (active substance - cis-
diaminodichloroplatinum), the side effects of which are the cumulative ototoxic, nephrotoxic and neurotoxic effects. The
use of drug carrier systems for targeted delivery and adsorbents for extraction, in particular magnetite-carbon
nanocomposites, will minimize unwanted toxic effects without reducing the therapeutic effect of cisplatin.

For this purpose, a nanocomposite (NCs) of FesO4/Al,O3/C with a carbon surface was synthesized, where a layer of
alumina protects magnetite during the pyrolysis of carbohydrates. The synthesized samples were characterized by TEM,
XRD, mass spectrometry methods, magnetic properties and specific surface area were studied. It has been found that the
used heat treatment mode (T = 500 °C, argon medium) is sufficient for complete carbonization of sucrose and preserves
the phase of magnetite which does not lead to deterioration of magnetic characteristics. The results of TEM studies and
magnetic measurements indicate the formation of the Fe;O4/ALO3/C nanocomposite of the core-shell type.

The adsorption of Cisplatin on the surface of NCs FesO4ALO3y/C was performed and the adsorption process
dependent on the contact time, pH of the solution and cisplatin concentration was studied. The experimental results of
kinetic studies were analyzed for compliance with the theoretical models of Boyd and Morris-Weber, models of pseudo-
first and pseudo-second orders. Langmuir and Freundlich isotherm models were used to model adsorption processes. The
limiting factor of adsorption is the external diffusion mass transfer processes, which correlates with the calculated
parameters of the pseudo-first-order model (¥’ = 0.985). The correlation of theoretical and practically obtained values of
adsorption capacity indicates the possibility of using the Freundlich model to describe the adsorption of Cisplatin on the
surface of Fe3;04/AL,05/C.
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INTRODUCTION Reducing aggregation and increasing the size of
the specific surface area of nanoparticles (NPs), the
possibility of optimizing the magnetic and
adsorption properties is achieved by modifying the
surface with carbon [16]. Such nanocomposites with
high adsorption capacity are controlled by a
magnetic field, so the stage of extraction of spent
adsorbent can be carried out by magnetic separation.

The aim of this work is to determine the
adsorption properties of the surface of carbon-
containing nanocomposite Fe;04/AlLOs/C relative
to the Cisplatin which is the most widely used
antitumor chemotherapeutic drug.

Among the nanodisperse magnetically
sensitive materials used to create multifunctional
nanocomposites (NCs), magnetite (Fe30,) and its
modified forms occupy an important place due to
their unique physicochemical and biological
properties [1-6]. In particular, NCs based on
single-domain Fe;O4 with a core-shell structure and
hierarchical multilevel nanoarchitecture, capable of
performing the functions of medical-biological
nanorobots [7—15]: recognition of specific cells,
viruses and biomacromolecules in biological
media; targeted delivery and deposit of drugs in
cells and target organs; complex local chemo-, MATERIALS AND METHODS OF RESEARCH
immuno-, neutron-capture-, hyperthermic-,
photodynamic therapy and magnetic resonance
imaging diagnostics in real time; detoxification of
the body by adsorption of degradation residues of
cells, viral particles, heavy metal ions, efc. and their
removal by magnetic field is a priority.

Magnetite when heated in an oxygen-free
environment retains its magnetic properties to
the Curie point (585 °C) and can be heated to
800 °C without changing its magnetothermal
characteristics. In air due to the oxidation of
magnetite at a temperature of 250-300 °C,
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maghemite (y-Fe>O3) is formed, and when the
latter is heated in air to temperatures exceeding
350 °C, hematite (a-Fe,O3) is formed [17]. This
phase transition leads to a significant
deterioration of the magnetic properties. It is also
known that the shell of oxides around the Fe;O4
nucleus, such as SiO,, during heat treatment of
samples [2] to some extent stabilizes its chemical
composition and magnetic properties. Previous
studies have shown that the best way to achieve
this goal may be to use magnetite with a
modified Al,Os surface.

Thus, the thermal stability of NCs
Fe;04/Al,O3 was sufficient to maintain the
magnetic properties of the NCs nucleus in the
temperature range of sucrose pyrolysis.
Therefore, low-temperature pyrolysis (up to
550 °C) in an inert medium (Ar) was chosen to
form carbon-containing coatings in the structure
Of NCs F6304/A1203/C.

Synthesis of nanosized Fe;0, Nanodisperse
magnetite in the single-domain state was
synthesized by the Elmore reaction [6]:

Fe™+2Fe™+8NH4OH — Fe304+4H,0+8NH,".

The synthesized NPs Fe3Os4 in the original
ensemble were characterized by sizes 3—23 nm
and a single-domain state. The average size
(Dxrp), determined by Scherrer’s formula, was
10.5nm. The specific surface area of the
synthesized magnetite was Sy, = 105 m%/g.
Magnetite was characterized by a coercive force
H.=55.0 E, specific saturation magnetization
0s=156.2 Gs-cm3/g, relative residual magneti-
zation M,/M;= 0.2 [12, 14].

Synthesis of NCs Fe;04/AL0;s The
synthesis of aluminum-containing coating on the
surface of Fes;Os was carried out by double
chemical  modification  with  aluminum
isopropylate [18] according to the scheme:

#1-OH+(C;H,0):A1 — #}-0-AIO(H)+3C;H;OH,

with subsequent polycondensation of the
products of hydrolysis of aluminum isopropylate
on the surface of the carrier.

The weight of the modifier was calculated by
the formula:

m=ngAM. (D)

Note: M — is the molecular weight of the
modifier; 4 — the number of hydroxyl groups on
the surface of magnetite, mol; n = 3 — excess
modifier, g — weight of the carrier (magnetite), g.
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Synthesis of NCs Fe;0/AL,035/C. The
obtained NCs Fe3;04/Al,03 was impregnated
using a rotary evaporator with sucrose solutions
at the rate of 0.45 g of carbohydrate per 1 g NCs.
Carbonization of the carbohydrate shell of NCs
was carried out in argon at 500 °C for 2 hours in
a furnace with programmable heating (heating
rate 10 deg min ™).

XRD analysis. The crystal structure of NPs
was determinated by powder X-ray diffraction
method (XRD). XRD measurements were
perfomed using DRON-4-07 diffractometer with
CoK, radiation and Fe filter, focusing on Bragg-
Brentano.

Mass spectrometry analysis. The
completeness of carbonization of the surface layer
of the carbohydrate was evaluated by the method
of TPD MS (MX-7304A (Sumy, Ukraine)) with
electron impact ionization [19, 20].

Magnetic properties. The magnetization of
the samples was measured using a vibrating
magnetometer at the frequency of 228 Hz at
room temperature [11].

TEM study. Investigation of morphology
and size distribution of NPs were performed in
aqueous solutions (Transmission Electron
Microscope JEOL 1200 EX (Tokyo, Japan)).

The specific surface area. The specific
surface area of the samples was determined by
the method of adsorption-desorption of nitrogen

(KELVIN 1042 Sorptometer “COSTECH
Instruments”).
Study of Cisplatin adsorption.

Chemotherapeutic drug “Cisplatin-Teva”, which

was used in the work, manufactured by
Pharmachemi BV, the Netherlands (series
14C04KA).

The adsorption study of the drug Cisplatin was
performed in physiological saline (0.9 % NaCl
solution) in the range of concentrations
Co=0.0211-0.118 mg/ml (g =0.03 g, V=5 ml,
pH =5-6, T=296 K, 7= 180 min ) in static mode.
The concentration of platinum ions in the contact
solutions before and after adsorption was
determined by the AAS method (AAS (C-115 M)
fuel oxide system: acetylene-air, Api=265.9 nm;
sensitivity 0.1 mg/l). The required pH values were
set by adding 0.1 M solutions of HCl or NaOH
(Titrisol, Merck).

The adsorption capacity A (mg/g) was
calculated with equation (1):

A = (Cr-C.y) V/g(1).

ISSN 2079-1704. CPTS 2021. V. 12. N 4



Adsorption of cisplatin by the surface of the magnetic sensitive nanocomposite FesO4/Al203/C

The removal efficiency (R) was obtained
with equation (2):

R = ((Cy~C.g)/Cy)100 % )

where Cp and C., — concentration of initial
solution and solution after adsorption (mg/ml),
V' — volume of solution (ml), g — mass of sorbent
(8)-

Spectrophotometric analysis. Determination
of absorption spectra was performed by
spectrophotometric  analysis  (Spectrometer
Lambda 35 UV/Vis Perkin Elmer Instruments).

RESULTS AND DISCUSSION

Sinthesis and structure research of
Fe;0/A1,03/C nanocomposite. Fe;04/A1,05/C
nanocomposite was synthesized. Methods of
XRD analysis (Fig. 1), mass spectrometry
(Fig. 2) and study of magnetic properties (Fig. 3)
show that in the process of carbonization, the
phase of magnetite and its magnetic properties
are preserved.

According to XRD analysis, the crystal
structure of the original Fe;O4 was characterized
by clear reflexes, the most intense of which at
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20 =35.5,41.5, 50.1 °. The data found (Fig. 1 a)
are in good agreement with the crystallographic
data of the magnetite phases (JCPDS No. 88-
315). The results of XRD analysis of samples
Fe304/A1203 and FC304/A1203/C, which were
obtained by pyrolysis of NCs
Fe304/Al,Os/sucrose at a mass ratio of
Fes;04/Al,05/carbohydrate 1.00/0.45 g at 500 °C
in argon for 2 hours, shown in Fig. 1 b.

Comparison of diffractograms of magnetite,
magnetite modified with aluminum isopropylate
(Fe304/A1,03) and composite (Fe304/Al,05/C),
shows their identity, slight decrease in the
intensity of reflexes indicates the presence of
carbon coating on the surface (Fig. 1 b).

According to the results of mass
spectroscopy studies, the use of pyrolysis
temperature of 500 °C in an argon stream for
2 hours allows us to carbonize efficiently the
carbohydrate modifier (Fig.2). In this case, a
carbon surface is formed without derivatives and
other products characteristic of thermal
destruction of carbohydrates, and the main
products are CO,, CO and H,O.
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Fig. 1. XRD patterns of NPs of the original Fe;O4 (a); NCs Fe304/Al,03 and Fe304/A1,03/C (b)
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Fig. 2. Mass spectra of NCs Fe;04/Al,03/C for temperatures 235 °C (mass ratio of magnetite/carbohydrate
1.00/0.45, pyrolysis 7= 500 °C, = 2 h, environment is argon)
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Using the superparamagnetic carrier as a
probe, the parameters and structure of NCs
Fes04/ALLO3/C were determined. The hysteresis
loops of Fe;04 and NCs Fe304/Al05/C particles
are shown in Fig. 3. The calculated value of
0s=157.9 emu/g for Fe;O4 samples is characte-
ristic of nanodispersed magnetite and a decrease
in this value for structures Fe304/ALO;
(51.0 emu/g) and Fe;04/Al,03/C (42.4 emu/g)
are consistent with the corresponding changes in

the mass fraction of 6sNC/ocsFe;O4 magnetite in
the NCs and indicates the presence of a
nonmagnetic shell around the magnetic core.

According to the results of image processing of
ensembles of NPs Fe3;Os and Fes04/AlOs5/C,
obtained by the TEM method, the similarity of
shape (Fig.4) and their average size were found:
FC304 — 10.5 nm, FC304/A1203/C — 15.5nm
(Fig. 5).
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Fig. 5. The corresponding particle size distribution of Fe;O4 NPs (a) and NCs Fe304/A1,03/C (b)
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According to the research results of samples,
the specific surface area of NCs Fe304/Al05/C
increased to 160 m*/g, the micropore volume up
to 19.27 mm®/g and the micropore surface area
up to 54.70 m*/g (specific surface area of the
original magnetite — 110 m%/g, the volume of

micropores  1.16 mm®/g, surface area of
micropores 3.30 m*/g) (Fig. 6, Table 1).
Isotherms according to the IUPAC

classification belong to type II and are
characterized by the presence of a hysteresis
loop, the loop in the high pressure region
indicates the presence of slit-like pores. As a
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result of modification, the parameters of the
structure change. The fracture in the middle of
the loop of the desorption branch of the isotherm
and the presence of a plateau in the low pressure
region are associated with the processes of
polymolecular nitrogen adsorption and indicate
the effect of the developed surface structure
obtained as a result of modification (Fig. 6 a,
curve 2). Changes are also recorded in the pore
structure: the volume of small diameter pores
increases significantly — up to 7.5 nm (Fig. 6 b,
curve 2).
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Fig. 6. Adsorption/desorption isotherms (a) and pore distribution (b) of samples: / — Fe;0s, 2 — Fes04/A1,05/C

Table 1. The value of the specific surface area and pore size of nanostructures based on magnetite

. . . Non-
Langmuir BET Surface Total pore  Micropore Micropore microporous
Samples Surface Area 2 volume volume area
5 Area m“/g 3 3 2 Surface Area
m*/g cm’/g mm-/g m*/g m?/g
Fe;04 110.2 86.2 0.31 1.16 33 82.9
Fe;04/ALOs/C 160.4 114.8 0.25 19.27 54.7 60.1
The adsorption characteristics of a replication and transcription and leads to delayed

chemotherapeutic drug Cisplatin on the surface of
Fe;04/A1,05/C were studied. Adsorption of drugs
can be one of the effective ways to create drugs of
prolonged action and adsorption materials.
Cisplatin is an antitumor drug that is mass-
produced by the industry in the form of a
solution. The active substance is a complex of
cis-diaminodichloroplatinum (cis-[Pt(NH3).Cl:]).
The mechanism of antitumor action of cisplatin
is associated with the capability to alkylate DNA
bifunctionally, resulting in disruption of

ISSN 2079-1704. CPTS 2021. V. 12. N 4

295

cell cycle and apoptosis [21, 22].

Effect of initial pH on the Cisplatin
adsorption. The dependence of CP adsorption on
the surface of the nanocomposite on pH is
investigated (Fig. 7). The absence of changes in
the spectral characteristics under experimental
conditions (pH range 3-9.6, medium 0.9 % NaCl
solution) indicates the stability of the complex
[Pt(NH3).Cl,], which matches the data [23]
(Fig. 8). The maximum degree of extraction is
fixed in a weakly acidic environment (pH 5.5-6.5).
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Fig. 7. Dependence of the degree of extraction on pH
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Fig. 8. UVspectra of cisplatinin 0.9 % NaCl solution
atdifferent pH: 7-3.6; 2-4.6; 3-5.6;
4-6.6;5-7.6;6-8.6;7-9.6

Study and model ling kinetics of adsorption.

One of the conditions for the wuse of
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The linear dependence, with a high correlation
coefficient, for the Boyd diffusion model
(Fig. 10 @) indicates a significant influence of the
external diffusion sorption process and a small
influence of film diffusion on the sorption process.
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nanocomposites for targeted delivery and as
adsorption materials is the rapid interaction of the
substances with the surface of NPs. Therefore, the
subject of the study was the mechanism of short-
term (up to 180 min) contact of the drug solution
with the surface of NCs. The experimental
dependence of the value of Cisplatin adsorption
(A mg/g) on the contact time (¢ min) for the

nanocomposite  Fe;04/ALOs/C at values of
Co=0.0326 mg/ml is shown in Fig. 9.
The results of kinetic studies in the

coordinates -In (1-F) — t (Boyd diffusion model
[24], (Fig.10a)) and F —"° (Morris-Weber
model (Fig. 10 b)), respectively) were analyzed,
which are used to determine the external or
intradiffusion limitation of adsorption [25].
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Fig. 9. Experimental dependence of the value of
Cisplatin adsorption on the contact time on
samples of Fe;04/Al,O3/C nanocomposite
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Experimental kinetic dependences of Cisplatin adsorption in the coordinates --In(I1-F) —t (a) and F — > (b)

The linearity of the initial section of the
dependence F — ¢*° (Fig. 10 b) indicates the
predominance of surface processes and indicates
the effect of the boundary layer, at the same time
there is no contribution of intradiffusion
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processes (diffusion within particles or pores) in
the overall process speed.

To determine the limiting kinetic process —
external or intraparticle diffusion, the data were
analyzed using the Boyd kinetic equation:

n=w 1
F=1 —%Z—zexp(—Btnz)

R @)

Converting the resulting equation

B =-0.4977—In(1-F) @

which is used to calculate the value of B; for
different values of ¢.

The B, — t dependence was used to
distinguish the limiting influence of external and
intraparticle diffusion (Fig. 11).

Linearity in the coordinates B, — ¢ (Fig. 11)
indicates a limitation of the sorption rate by
external diffusion. The calculated values of B
were used to calculate the effective diffusion
coefficient: Dayve- 107" = 0.065 (cm?/s).

Experimental results were checked for

compliance with the kinetic models of the
pseudo-second

pseudo-first and order

(Fig. 12 a, b) [26, 27].
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It is found (Fig. 12 a) that the experimental
curve in the coordinates of the pseudo-firstorder
equation are described with a high value of the
correlation coefficient (= 0.985) (Table 2). For
a pseudo-second-order model that takes into
account the sorbent-sorbate chemical interaction
and the intermolecular interactions of the sorbed
substances, a nonlinear dependence is recorded
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Kinetic dependences of Cisplatin adsorption in the coordinates of the pseudo-first order model (a) and the

(Fig. 12 b). The obtained results correlate with
the results of processing of kinetic curves using
the model of external diffusion limitation of the
adsorption process and the existence of non-
hydrolyzed ionic forms of Cisplatin in solution.
Study and modelling adsorption
equilibrium. Langmuir and Freundlich models
were used to quantitatively describe the
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equilibrium adsorption processes. Linearized
equations of these models are used to determine
the values of the constants included in the
isotherm equation. The results of mathematical
processing of experimental results are shown in

The highest correlation coefficient /* = 0.977,
the correlation of theoretical and practically
obtained values of adsorption capacity indicates
the possibility of using the Freindlich model to
describe the adsorption of Cisplatin on the

Fig. 13 and in the Table 3. surface of Fe304/Al:05/C.

Table 2. Kinetic characteristics of Cisplatin adsorption

Pseudo-first order model

Co=0.0326 mg/ml

Aexp (mg/g) 1.965
Acalc(mg/g) 1.921
kmin™! 0.0061
¥ 0.985
Note: k is the sorption rate constant of the pseudo-first order (min™)
2,54 1
2,0 2 “
Y = 0.543x +2.021 20
% 1,51 r2=0.977 1S
E 10 E 0
< ’ 0,5
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Fig. 13. Isotherms of Cisplatin adsorption on NCs Fe;04/Al,O3/C obtained from adsorption experiment (/);

calculated from the parameters of the Freundlich equation (2); linearized form of Freundlich isotherm (@)

Table 3. Parameters of Cisplatin adsorption on NCs Fe304/Al,O3/C calculated using Freundlich models

Equation Ap= KrC,""

Linearized form In Ay=InKr + (1/n)InC,

Calculated parameters Aexp, mg/g Acat, mg/g Kr 1/n I
Co=10.0211-0.118 mg/ml 2.196 2.196 7.54 0.54 0.977

CONCLUSIONS

The processes of pyrolytic carbonization of
sucrose-containing coatings on the surface of
single-domain magnetite have been studied. It is
shown that in the mass spectra of Fe;04/ALO3/C
nanocomposites, the main pyrolysis products are
CO,;, CO and water, which indicates the
efficiency of the carbonization process of the
carbohydrate coating. It is found that the used
heat treatment mode (500 °C for 2 h in an argon
stream) does not lead to deterioration of the

298

magnetic characteristics of magnetite under the
condition of preliminary creation of a protective
layer of alumina on its surface. The TEM
method proved that in all studied samples of
Fe304, Fe;04/Al,03/C the shape of the NPs is
similar, their average size is Fe3Os — 10.5 nm,
Fe304/A1203/C —15.5 nm.

The adsorption of the antitumor drug
cisplatin on the surface of NCsFe;O04/AlL,O3/C
were studied. Adsorption processes depending
on contact time, solution pH and cisplatin

ISSN 2079-1704. CPTS 2021. V. 12. N 4



Adsorption of cisplatin by the surface of the magnetic sensitive nanocomposite FesO4/Al203/C

concentration were studied. The kinetics of The results of the work can be used in the
cisplatin adsorption corresponds to the pseudo- development of new magnetically controlled
firstorder model (7% = 0.985), the limiting factor adsorption materials for ecological and medical-
of adsorption is the process of external diffusion. biological purposes, teranostic means of targeted
Equilibrium adsorption of Cisplatin corresponds delivery, etc.

to the Freundlich model (+* = 0.977).

AncopOuisi HUCIVIATHHY HA MOBEPXHi MAarHITOYYTJINBOro HaHOKOMNO3uTy Fe304/ALO3/C

ILIL I'opouxk, A.JL. llerpanoBcbka, H.B. Kycsak, H.M. Kopniiiuyk, A.Il. Kycsk,
0.1. Opancebka, T.B. Kyauk, B.b. ansauuusg, O.A. lynapko

Tucmumym ximii nogepxui in. O.0. Yyixa Hayionanvhoi akademii Hayx Yxpainu
syn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, petranovska@ukr.net
JKumomupcokuii oeporcasnuil yHisepcumem imeni Ieana @panka
8yn. B.bepouuiscvka 40, ’Kumomup, 10008, Vkpaina

O0num 3 HaAUOINbUWL WUPOKO BUKOPUCIIOBYBAHUX NPOMUNYXIUHHUX XIMIOMEPANesMuyHuUxX npenapamie ¢
«ucnnamuny (diroua pewosuna — yuc-0iaMiHOOUXIOPONIAMUHA), NOOIMHUMU eQEeKMAMU SUKOPUCMAHHS SIKO20 €
KYMYJISIMUBHA OMOMOKCUYHA, HepPOMOKCcuyHa ma Heupomoxcuyna Ois. Minimizayis nebaxcanux egexmie Oe3
SHUDICEHHsT mMepanesmuytol il yucniamuny mooce Oymu 00CsieHyma 3 GUKOPUCMAHHAM HOCII8 JiKi8, 30Kpemda
MacHemum-6y2ueyesux HaHoKOMNO3UMIG.

3 yiecro memoro cunmesogano Harokomnozum Fe;04/AlO03/C 3 gyeneyesor nosepxuero, oe npowapox okcuoy
AIOMIHIIO 3aXunae mazHemum npu niponisi gy2neeoonie. Cunmes08ati 3pasku oxapakmepuszosari memooamu TEM,
XRD, mac-cnexmpomempii, 00CiOHCEHO MASHIMHI 8IACMUBOCII MA BeIUYUHY NUMOMOI NO8epXHi. Bcmarosnewo,
wo suxopucmarnuu pexcum mepmoodopooku (T = 500 °C, cepedosuwye apeony) docmamuiii 015 No8HOI KapooHizayii
caxaposu ma 30epicac hazy macHemumy, wo He NPU3BOOUmMb 00 NOSIPULEHHS MASHIMHUX XAPAKMEPUCTUK.
Pesynomamu  TEM-O0ocniooiceny i MacHimHux —6UMIpDIOBAHb — C8I0YAMb NPO  (POPMYBAHH HAHOKOMNO3UMY
Fe304/A41,03/C muny siopo-obonouxa.

IIposedeno aocopbyiro yucniamuny na nogepxui HK Fe;04/ALO3/C; npoyec aocopdyii susueno 8 3a1eichocmi
6i0 uacy xoumakmy, pH posuuny i xonyemmpayii yucniamuny. Excnepumenmanvui pezynomamu KiHemuyHux
00Cni0JHCeHb NPOAHANI308aH0 HA GION0GioHicmb meopemuynum moodenam boiioa ma Moppuca-Bebepa, modenam
ncegoonepwoeo i nceddoopyeo2o nopsaokis. Mooeni izsomepm Jlenemopa ma @petinonixa UKOPUCAHO O AHANIZY
npoyecie aocopoyii. Jlimimyouum Gaxmopom adcopbyii € 308HIUHLOOUDY3IUHI Npoyecu MACONEPeHoCy, o
KOpenioc 3 po3paxoeanumu napamempamu Mooeni ncesdonepuiozo nopsaoxy (> = 0.985). Kopenayis meopemuunux
ma RPAKMUYHO OMPUMAHUX GEIUYUH AOCOPOYIUHOL EMHOCMI GKA3YE HA MOJICIUBICMb 3ACMOCY8AHHS MO0l
Dpetinonixa 015 onucy aocopbyii yucniamuny Ha nogepxui Fez04/Al,03/C.

Knrouosi cnoea: maznimouymnusi HAHOKOMNO3UMuU, gyeiieyeda nosepxws, kapbouizayis, Lfucniamun, adcopoyis
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