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The purpose of this work is to develop a simple, cheap and reproducible method for the synthesis of
stable magnetic fluid nanocomposite chitosan/magnetite with particle size less than 100 nm and to study
some of its physical and chemical properties. As a result, the method of synthesis of polyfunctional hybrid
magnetic liquid nanocomposite chitosan/magnetite/sodium oleate with multilevel architecture was devel-
oped. With methods of small-angle neutron scattering, infrared Fourier spectroscopy, and transmission
electron microscopy the structural characterization of the obtained magnetic nanofluids was performed.
The formation of aggregates in magnetic fluids is established based on results from small-angle neutron
scattering. The scattering signal from fractal particles was obtained simultaneously with the signal of
small-angle neutron scattering for polydispersed spherical particles in the studied liquid systems. The
mechanism of interaction of sodium oleate with chitosan in the system of chitosan/magnetite/sodium oleate
is proposed. It has been shown that the binding between magnetite/sodium oleate and chitosan can be ex-
plained by the electrostatic interaction between a positively charged chitosan molecule and negatively
charged coating of sodium oleate on the surface of magnetite. Strong electrostatic interaction also leads to
the proton transfer from oleic acid to chitosan, thus creating a stable complex. The synthesized nanocom-
posite can be potentially used for targeted drug delivery and deposition of drugs in target cells and organs,
for the diagnostics and therapy of diseases at the cellular level.
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1. INTRODUCTION

Control of the widespread diseases is an essential
component of efforts currently focused on extending
duration of human life. Tackling this interdisciplinary
problem relies on the achievements of various fields
such as medicine, biology, chemistry, physics, biomedi-
cine, molecular biology, biophysics, biochemistry, quan-
tum mechanics, etc. Extensive studies cover the proper-
ties of DNA structural units [1-3], the mechanisms of
interaction agents with elementary cells of a living or-
ganism [4], methods of targeted drug delivery to the
affected areas of the body cells [5], synthesis and prop-
erties of nanostructured materials [6, 7], new methods
of numerical and experimental research of many char-
acteristics of nanoparticles and biomolecules [8, 9].

One of the most promising trends in biomedicine
during the recent years is focused on creating "nano-
clinics" — the multilevel magnetosensitive nanocompo-
sites with more than one level of organization of their
chemical structure, having a functional characteristic
to nanorobots, such as recognition of specific microbio-
logical objects in biological media, targeted drug deliv-
ery to organs or cells, diagnostics and treatment of dis-
eases at cellular and/or even molecular levels, adsorp-
tion of cells, decomposition of the drug and/or hyper-
thermia therapy by-products and removing them from
the body using magnetic fields.

Researchers’ interest in magnetosensitive biocom-
patible nanocomposites arises from the possibilities to
control their motion in biological medium by external
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magnetic field. The most promising nanomaterial for
magnetic drug delivery is magnetite (FesO4) nanoparti-
cles. The characteristic features of magnetite FesO4 are
low toxicity, high level of mutagenic safety, absence of
adverse reactions in the organism after intravenous,
intraarterial and intramuscular injections of magneto-
sensitive colloid. A promising application field for mag-
netic materials with advanced surface is preparation of
their magnetosensitive nanocomposites with natural
biopolymers (e.g. chitosan). In particular, combination
of chitosan and magnetite properties opens the way to
creation of new effective pH-controllable drug delivery
and release systems with high biocompatibility.

In order to use nanoparticles for in vivo biomedical
applications, they must be in the form of stable aque-
ous colloidal suspensions, be biocompatible, and have a
size smaller than 100 nm. Particles over 100 nm are
detected by the immune system and eliminated [10].

There is a number of articles reporting on synthesis
and properties of magnetite/chitosan nanomaterials.
For instance, a hydrogel, chitosan crosslinked carbox-
ymethyl-B-cyclodextrin (CM-B-CD) polymer covering
Fe304 magnetic nanoparticles was synthesized in [11].
However, the average diameter of the composite parti-
cles in [11] was estimated to be 80-200 nm. In [6], mag-
netic nanocapsules, based on N-palmitoyl chitosan and
magnetite and loaded with anticancer drug doxorubi-
cin, were prepared using a double emulsion method.
SEM micrographs showed that magnetic nanocapsules
prepared in this way had a narrow size distribution in
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the range of 100-150 nm and dynamic light scattering
measurements evidenced an average hydrodynamic
size of magnetic nanocapsules to be 215 + 23.33 nm [6].
Authors of [12] reported synthesis of doxorubicin-
conjugated FesOs4 nanoparticles and chitosan-coated
nanocarriers. The final product (Fes3Os-doxorubicin-
chitosan) showed an average diameter of 136 nm with a
polydispersity index of 0.493 [12]. As an another exam-
ple [13], magnetic nanoparticles double coated with
different concentrations of dextran sulfate or reduced
dextran and chitosan solutions were formed by layer-
by-layer deposition. The second layer of chitosan gave
the nanoparticles the hydrodynamic diameters ranging
from 230 nm to 250 nm. The resulting colloidal systems
were stable over the time period of 60 days [13]. Simi-
larly, PLGA/magnetite composite particles obtained by
the method [14] had a size of around 200 nm.

At the same time, colloidal stability of the above-
mentioned systems is not clear from the cited papers.
Indeed, most of the SEM and/or TEM images presented
in [6, 11-13] demonstrate substantial presence of aggre-
gates, which may cause the formation of blood clots and
blocking of blood vessels thus preventing the use of these
nanoparticles in biomedical applications. In addition, the
reported size of the particles is greater than 100 nm,
which is not desirable for in vivo biomedical applications.
Thus, the problem of creation of stable magneto-sensitive
biocompatible colloids remains relevant.

The main goal of this paper is to develop a simple,
cheap, and reproducible synthesis procedure for crea-
tion of stable magnetite/chitosan nanocomposite mag-
netic liquids with particles size smaller than 100 nm
and to investigate some physicochemical properties of
the obtained nanofluid.

2. EXPERIMENTAL METHODS

All the chemicals were of analytical grade and were
used as purchased. Double distilled water was used as a
solvent whereas sodium oleate (CsH17CH = CH(CHz2)7CO
— O Na*) was used as the surfactant. Chitosan (low mo-
lecular weight, 50-190 kDa) was purchased from Sigma.
Chitosan solution was prepared by dissolution of chitosan
in 1 % acetic acid.

Preparation of magnetite. 24 g of ferrous chloride
(FeCl2) and 48 g of Ferric chloride solution (FeCls) were
dissolved in 11 of deionized water. This solution was add-
ed dropwise to 250 ml of ammonia solution (NH4OH,
25 % 1n water). Black precipitate was collected and
washed several times by distilled water to pH = 7.

The synthesis of magnetite was carried out by the co-
precipitation of iron salts according to the reaction:

Fet2 + 2Fe*3 + SNH4OH — Fe304 + 4H20 + 8NH4*

Preparation of magnetic fluid (magnetite/sodium
oleate nanofluid). To obtained magnetite, 15 g of sodium
oleate was added and the suspension was kept on water
bath (80°C) for 1 hour with stirring. Obtained magnetic
fluid with magnetite concentration of 50 mg/ml was
used as a concentrate for further experiments.

Preparation of chitosan/magnetite magnetic fluid
(chitosan/magnetite/sodium oleate nanofluid). Magnet-
ite was coated with chitosan by physical sorption pro-
cess in acidic media (chitosan/magnetite nanocompo-
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site). To 25 ml of 1 % chitosan solution 6 ml of magnetic
fluid concentrate was added and solution was sonicated
in ultrasound bath over 15 min. Obtained composite was
collected by permanent magnet and washed with water
20 times. Chitosan/magnetite nanocomposite was addi-
tionally stabilized by agitation with of 0.1 g of sodium
oleate and 15 ml of water with heating to 75 °C during
30 min (sodium oleate as a surfactant provides addi-
tional solubility of chitosan and whole stability of the
colloidal system). Aggregates were separated by perma-
nent magnet. Nanoparticles were obtained by centrifu-
gation of colloidal solution at 15000 rpm during 15 min.
Fourier transform infrared spectroscopy (FTIR) of the
samples was performed by a «Perkin Elmer» (model
1720H) spectrometer. 20 pl of magnetic fluid was dried on
KBr transparent glass, and transmittance spectra were
collected in the wavenumber range of 500-4000 cm — 1.
Small-angle neutron scattering (SANS) experiment
was carried out on the small-angle neutron time-of-flight
YuMO instrument at the pulsed IBR-2 reactor at the
Joint Institute for Nuclear Research. A two-detector set-
up with ring wire detectors were used. The neutron scat-
tering vector module range was 0.05-0.80 nm~!. The
measured scattering curves were corrected for back-
ground scattering from buffer solutions. For absolute
calibration of the scattered intensity during the meas-
urements, a vanadium standard was used. For the meas-
urements, the solutions were put in 1 mm thick quartz
plain cells (Helma) and kept at room temperature.
Transmission electron microscopy (TEM) was carried
out using Transmission Electron Microscope JEOL 2010.

3. RESULTS AND DISCUSSION

Obtained nanosized magnetite had a zero-residual
magnetization and was In superparamagnetic state so
that each particle can be considered as being a single-
domain but interparticle magnetic interaction can still be
neglected. Such a state is important for biomedical appli-
cations due to its convenience for magnetic field-driven
transportation applications. Such magnetite nanoparti-
cles (Fig. 1) were used for the following modifications.

Fig. 1 - TEM-image of initial magnetic fluid concentrate

Chitosan is soluble in water only in acidic media
(pH = 2-6). At pH = 2-6, chitosan swells and its chains
undergo deploying due to electrostatic repulsion of posi-
tively charged —NHs* groups (Fig. 2). Magnetite nano-
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particles are positively charged in aqueous media from
pH =2 to pH = 8, this is why negatively charged oleate
residue has good adsorption of magnetite surface.
SANS experiment was done to perform structural
characterization of the synthesized magnetic composite
at the nanoscale. From the SANS data we can see scat-
tering from polydisperse nanoparticles with radius of
gyration R; = 7.5 nm as well as SANS signal from quite
big nanoparticles with radius of the gyration
Re= 7.5 nm as well as SANS signal from quite big ag-
gregates (size > 100 nm) (Fig. 3).

OH OH
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Fig. 2 — Scheme 1. Structure of protonated chitosan molecule
monomer unit
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Fig. 3 — SANS scattering spectrum for liquid system of mag-
netite nanoparticles covered with chitosan. 1 — primary parti-
cles of magnetic fluids chitosan; 2 (aggregates) and 3 corre-
spond to power laws I~ g5 and I ~ g~ respectively. Dashed
line 4 corresponds to Guinier approximation for aggregates
with radius of gyration R, = 7.5 nm

The nature of the latter can be deduced from the be-
havior of the scattering curve in the range of small scat-
tering vector module q. This behavior can be described
by the power law with the exponent 1.5, so that accord-
ing to the theory and interpretation of small-angle scat-
tering [15] it can be inferred that the aggregates corre-
spond to branched rod-like mass fractal. Due to their
quasi one-dimensional particles with smoothed surface
exist in the system as well. It should be mentioned that
SANS structure these ‘aggregates’ can be thought to be
rather fragile in contrast to the bulk (‘three-dimen-
sional’) aggregates observed in [10-13]. In large g-values
we can see power law behavior with the power exponent
4 which means that individual polydisperse spherical
results are in good correlation with previous results for
similar kind magnetic fluids and its component [16-18].
Also obtained SANS and TEM data on the particle sizes
agree between each other rather well.

Obtained nanofluids were characterized by FTIR
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spectroscopy (Fig. 4). In the FTIR spectrum of chitosan/
magnetite and magnetite/sodium oleate magnetic fluids
(Fig. 4), the broad adsorption band from 3600 to
3100 cm ! corresponds to the stretching vibrations O—H
of hydroxyl groups. Adsorption bands at 2920 and
2851 cm~! were attributed to the asymmetric and sym-
metric CHz stretch vibrations, respectively.

The peaks at 1637 and 1564 cm ~! were derived from
the existence of the symmetric (vs) and asymmetric (vas)
stretching vibrations of —COO- group, respectively.
Strong adsorption band at 1564 cm! indicates non-
coordinated —COO- group due to the excess of sodium
oleate in solution. Adsorption band at 1417 cm -1 can be
attributed to —OH bending vibrations (Fig. 4, line 1).

According to the literature data, binding of —COO-
group to the magnetite surface can be characterized by
four types of complexation: monodentate, bridging (bi-
dentate), chelating (bidentate), and ionic interaction.
Type of carboxylate interaction with magnetite surface
can be distinguished by measuring wavenumber sepa-
ration (A) between vas and vs. If A is smaller than
110 cm -1, binding is bidentate. According to that, we
can conclude from the obtained FTIR spectrum that
sodium oleate interacts with magnetite by two oxygen
atoms [19, 20] of carboxylic group (Fig. 5).

Reduction of adsorption band (vas) absorption inten-
sity in chitosan/magnetite spectra as compared to the
magnetite/sodium oleate one can be attributed to the
amide absorption band and can be explained by electro-
static interaction between the nitrogen atom of the
amino group of the chitosan and carboxyl group of oleic
acid (Fig. 6).

From the FTIR data, we can also conclude that the
sodium oleate interacts with chitosan by electrostatic
mechanism. This process can affect the charge distribu-
tion of chitosan molecule, which can result in shrinking
of chitosan and lead to the formation of weak aggre-
gates. This conclusion is in good agreement with SANS
data.

Summarizing SANS and FTIR data, the following
mechanism responsible for structural reorganization at
chitosan addition to aqueous ferrofluids can be pro-
posed (Fig. 7).

In the proposed model, the bonding of magnetite/
sodium oleate with chitosan can be attributed to the
electrostatic interaction between the positively charged
chitosan molecule and negatively charged sodium ole-
ate coating on magnetite surface. Strong electrostatic
interaction also leads to the proton transfer from oleic
acid to chitosan thus creating a stable complex.

4. CONCLUSIONS

Treatment of the most threatening diseases re-
quires the development of effective methods for di-
rected transport of drugs, due to which healthy tissues
will not be exposed to the molecules of potentially high-
ly toxic drugs. One of the methods for achieving the
necessary concentration of drug molecules in a given
region of a living organism is the use of nanoparticles
as a carrier of the drug and control of their movement
within the body with the help of a magnetic field. Na-
noparticles of magnetite are the most promising nano-
material for magnetoconveiled drug delivery.
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Fig. 4 — FTIR spectra of magnetite/sodium oleate (line 1) and chitosan/magnetite/sodium oleate (line 2) magnetic fluid

Fig. 5 — Scheme 2. Sodium oleate interaction with magnetite
surface

Fig. 6 — Interaction of sodium oleate and chitosan

-

Chitosan molecule

N\
\\‘:‘ b Magnetite coated with
sodium oleate bilayer

Fig. 7 — A possible mechanism responsible for structural organization at chitosan/magnetite/sodium oleatc magnetic fluid

In this paper, the method for the preparation of multi-
functional chitosan/magnetite nanocomposites with multi-
level hierarchical architecture is developed. Created nano-
composite structure has been characterized by transmis-
sion electron microscopy, FTIR spectroscopy and small-
angle neutron scattering technique. The results obtained
by different methods are in good agreement and confirm
that the proposed synthesis procedure achieves its objec-
tives. The synthesized nanocomposite can be used for the
targeted drug delivery and deposition of drugs in target

cells and organs, for the diagnostics and therapy of dis-
eases at the cellular level. The obtained nanostructures
are also promising for preparation of novel medicinal drug
forms with high efficiency and complex (cytotoxic, immu-
notherapeutic and hyperthermic) activity.
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CunTes Ta XapakTepu3ania riocpuaHOl HAHOKOMIIO3UTHOI pianHN XiTO3aH/MarHeTUuT

TLII. Top6ux!, E.B. [Tuaumuyk!-2, B.I. Ilerpenxo3, T.10. Hikosaenko3

1 Incmumym ximii nosepxni im. 1. Yytika HAH Ykpainu, eyn. I'enepana Haymosa, 17, 03164 Kuise, Ykpaina
2 Jllgedcvruii ynisepcumem cinbcvio2ocnooapevkux nayx (SLU), Allmas alle 5, SE-750 07 Uppsala, Ilseyis
3 Kuiscoruil hayionanvruil ynigepcumem im. T. Illesuenka, 8ys. Bonodumupcora, 64/13, 01601 Kuis, Vrkpaina

Meroro ganoi pobOTH € PO3POOKA IIPOCTOrO, IEIIeBOr0 1 BIATBOPIOBAHOTO METOIY CHHTE3y CTAOLILHUX HAHO-
KOMIIO3UTHUX MATHITHUX PIIMH XITO3aH/MArHETUT 3 PO3MIPOM YacTUHOK MeHtrie 100 HM 1 JOCITIPReHHS TeSTKIX
IXHIX (PIBMKO-XIMIYHHUX BJIACTUBOCTEH. B peaysibraTi mMpoBeeHnX JTOCIIKEeHb PO3POOIEHO METOJ CHHTE3y II0-

JNPYHKINOHAJBHAX — TIOPHIHIX

HAHOKOMIIO3UTHHX

M:

arHITHUX  PIOWH  CKJIALy  XITO3aH/MarHeTwt/

oJrear HATpiI0 3 baraTopiBHEBOI apxiTeKTypor. Jyist crpyrTypHOI XapakTepuaariii OTprMAaHIX MArHITHHX Ha-
HOPIIUH OyJI BUKOPHCTAH] METOM MAJIOKYTOBOIO PO3CITHHS HEUTPOHIB, iHGpadepBoroi Dyp'e-criekTpo-cromil
Ta MPOCBIYYOUOI eJIEKTPOHHOI MIKPOCKOIi. MeTomoM MaJIOKyTOBOTO PO3CISHHS HEHTPOHIB BCTAHOBJIEHO (DOP-
MyBaHHS arperaTtiB B MarHiTHUX piguHax. CHrHAI PO3CIOBAHHS BLI (DPAKTAIBHIX YACTHHOK OYB OTPHMAHMM
OJTHOYACHO 3 CUT'HAJIOM MAJIOKyTOBOTO PO3CISTHHS HEMTPOHIB JIJISI TIOJIIUCIIEPCHUX CPEPUYHNX YACTUHOK B BU-
BYAEMHUX PIOKUX CHCTEMAaX. 3aIlpoIlOHOBAHO MEXaHI3M B3aeMOIl 0JieaTy HATPII0 3 XITO3aHOM B CHCTEMI XiTo-
3an/maruerut/osiear Harpio. [lokazaHo, 110 3B'130K MAarHeTUTY/0JIeaTy HATPIIO 3 XITO3AHOM MOKHA IIOSICHUTH
€JIEKTPOCTATUYHOK B3AEMOIIEI0 MIsK IO3UTUBHO 3aPSKEHOI0 MOJIEKYJION XiTO3aHy 1 HEraTHBHO 3aps/IsKeHIM
THOKPUTTSIM 3 0JIeaTy HATPi0 HA MOoBepxHi MarHetuTy. CHIIbHA €JIEKTPOCTATUYHA B3AEMO/IIA TAKOMK IIPU3BOUTH
JI0 TIEPEHOCY TIPOTOHA 3 0JIETHOBOI KHMCJIOTH B XITO3aH, CTBOPIOIYM TAKUM YMHOM CTA0LIbHMHM KoMIutekc. CunTe-
30BaHMI HAHOKOMIIOSUT MOKe OyTH BUKOPHCTAHUN IJIA aJPeCHOl JOCTABKH JIKIB 1 OCAIKEeHHSA JIKIB B KJITH-
Hax 1 opraHax-MIiIIeHsX, I JIarHOCTUKY 1 Teparrii 3aXBOPIOBaHb Ha KJIITHHHOMY PIiBHI.

Knrouori ciosa: Xirozan, Hanouacruuku marmernty, Hamopimuuu, MasokyToBe pO3CisiHHS HEHTpPOHIB,

IepapxiuHi HAHOCTPYKTYPH.
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