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Hanouacturakm cyrniepmaraiTHoro okcuy 3aitiza (SPION)
IIMPOKO BUBYAIOTHCS OCTAaHHIMH POKaMH 3 OIVIIAY Ha iX
VHIKaJIBHI, 3aJIeKHI BiJl pO3MIpy BIACTHBOCTI 1 MOTEHIIIHHE
3aCTOCYBaHHS B OpPraHIYHOMY CHHTE3i, OIOTEXHOIOTIT i
MeIMIMHI. X ImMpoke MeIMYHEe 3aCTOCYBAHHSA y TAKHX
cdepax, SK KOHTPOJIbOBAaHA CHCTEMa IOCTa4YaHHS JiKap-
cekux 3aco0iB  (DDS), wMarnitHmit pesonanc (MRI),
MarHiTHO-pimaHa Tineprepmis (MFH) i nikyBaHHS paky €
HaHOLIBII ICTOTHUMH.

MarHiTHi YacTKM HAaHOPO3MIPY MAarOTh TCHACHIIIO
30mpatucs B OUTBII 00’€MHI TPYNH, BTpayaloud cerugiuni
BJIACTHBOCTI, TTOB's3aHi 3 iX MalleHbKUMU HaHOMETPUYHUMHU
BUMipaMu. Y TBOpPEHHsSI OOOJIOHKH JIOBKOJIA MarHiTHOTO sijipa
3a100irac TaKOMy CKYITYEHHIO siZiep Ta TapaHTye TUCIEPCio
1 CTaOUIBHICTh IIMX HAHOYACTHHOK B PI3HMX PO3YMHHHUKAX
TIpH OZIHOYacHOMY 30epexkeHHi ix BnactuBocteil. Kpim Toro,
1ie 30LIbIIYye OlOJIOTriYHY CYMICHICTB 1 3a0e3medye po3ramry-
BaHHA (YHKIIOHAIBHUX TPyH HAa TIIOBEPXHI MAarHITHUX
HaHouacTuHOK (MNP) 171 mofansInoi aepruBaTu3ai.

Jlnst yTBOpeHHsI OOOJIOHKHM JIOBKOJIA MArHiTHUX SAep
4acTo BHKOPUCTOBYEThCs kBapll (Si0,), sk Marepiai, sIKUid
BiZI3HAYAETHCS UYJOBOIO OIlOJIONIYHOI CYMICHICTIO, XiMid-
HOIO IHEPTHICTIO, ONTHYHOIO IPO3OPICTIO 1 HEKOATYJISIIiH-
HHUM XapaKTepOM.

VY 1pOMy JIOCHIIKEHHI ONHCAHO YTBOPEHHS TiapodoOHMX
3QJTI3HMX OKCUJIHUX HaHOYACTHUHOK 3 iX HACTYITHUM ITOKPUT-
M (3-amiHonporuib) TpuMerokcrciianom (TMOSNH2)
i/abo TerpaerokcucinanoM (TEOS) mus yrBopeHHs mo0pe-
JIACTIEPCOBAHMX MAarHiTHUX KBApLEBUX HAHOCHED.

OtpuMaHi [aHi MATBEPAMIN YTBOPEHHS! HAHOYACTHHOK
cynepMarHitHoro okcuy 3amiza (SPION), mokpuTix amiHo-
CLJTaHOM 3 PI3HOIO TOBIIMHOKO KBapI[OBOIO IIAPY i BiIHOCHO
BM3BKUM  posroaiioM. [IpoBeseHo aHaimi3  3aJeKHOCTI
BiactuBocteld MNP (Hampuknan, aucnepcis, CTIHKICTb 1O
XIMIYHUX PEaKTHBIB, HOPMa MIrpallii ITi/1 30BHILIHIM MarHiT-
HHUM TIOJIEM) BiJ TOBUIMHM OOOJIOHKW. Pe3ynbTaté Lboro
JIOCII/PKEHHS LIHHI JUISl OLIHKA MaiOyTHHOr0 BUKOPHCTaH-
HS IMX MarHITHOKBapIEBUX HaHOC(Ep B O10MEIHITHHI.
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Magnetic nanoparticles coated with diverse aminosilane
shells were synthesized. The size, structure and chemical
composition of the nanoparticles were determined by various
techniques, including transmisson eectron microscopy
(TEM), Fourier transform infrared spectroscopy (FTIR) and
differential scanning calorymetry (DSC). These results are
valuable for assessing the future applications of such magnetic
silica nanospheresin biomedicine.

Keywords — magnetic nanoparticles, superparamagnetism,
core-shell structure, surface coating, aminosilane.

[. Introduction

Superparamagnetic iron oxide nanoparticles (SPIONs)
have been widely studied in recent years due to their uni-
que, size-dependent properties [1] and potential applica-
tions in organic synthesis [2], biotechnology [3] and me-
dicine. Medicinal applications, including controlled drug
delivery systems (DDS) [4], magnetic resonance imaging
(MRI) [5], magnetic fluid hyperthermia (MFH) [6] and
cancer therapy [7] are particularly significant.

The prevailing factors that determine medical appli-
cations of SPIONs are their shape, size and size distri-
bution. In vivo biomedical applications require homoge-
neous particles for uniform physical and chemical
properties. The shape, dimensions and size distribution of
resulting nanoparticles can be adjusted by applying a
strict control of the reaction conditions (time, tempera-
ture, pH, concentration of reactants and added surfactants,
stirring rate). The most common methods used to
synthesize iron oxide nanoparticles are: coprecipitation of
the corresponding salts from solution [9-11], high-tempe-
rature decomposition of organic precursors [12, 13] or
microemulsions [14, 15].

Nanometer-sized magnetic nanoparticles tend to
aggregate into larger clusters loosing the specific proper-
ties connected with their small nanometer dimensions. [1]
For medical purposes it is desirable that particles remain
well dispersed in the medium. It can be achieved by
surrounding of magnetic cores by homogeneous shell
wall. In addition, shell of coating material:

0 prevents the formation of large aggregates,
0 provides biocompatibility and resistance to
physiological conditions such as pH or enzymes,
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0 delivers functional groups at the surface of MNPs

for further derivatization,

0 ensures stability of these nanoparticles in various

solvents.

Magnetic nanoparticles may be coated by organic
(usually polymeric [16]) or inorganic (e.g. metallic [17]
or silica [18-20]) materials. The shells may be either
biocompatible in itself (such as dextran or PEG), or may
possess active groups which can be used to connect
biologically active compounds as drugs, proteins, nucleic
acids etc. Preparation of coating requires highly
controlled and sensitive synthesis conditions to ensure
complete coverage of core particles with the shell mate.

Silica (SiO,) is a material frequently used to form
shells around magnetic cores because of its excellent
biocompatibility, chemical inertness, optical transparency
and non-coagulating nature [8]. Silica-coated SPIONs are
redispersible and stable in aqueous solutions with a wide
range of pH wvalues[21-23]. In addition, hydrophilic
negatively charged silica coating provides an ideal
platform for covalent binding. Process of silanization is
rather complex. It involves a few mechanism and many
various intermediates are possible [24-25]. Size of silica-
coated iron oxide MNP may be amended depending on
the parameters of their synthesis, but the development of
monodispersed solution often encounters difficulties.

In this work we describe the preparation of magnetite
nanoparticles coated with single and double aminosilane
layer and their characterization by transmission electron
microscopy (TEM), Fourier transform infrared spectroscopy
(FTIR) and differential scanning calorymetry (DSC).

Il. Preparation and characterization
of aminosilane-coated MNPs

Hydrophobic iron oxide nanoparticles were
synthesized according to the well-known modification of
Massart’s method [25]. This process, based on a particle
coprecipitation from a mixture of hydrated ferrous and
ferric chloride in an alkaline environment, is commonly
used to produce water-based magnetic nanoparticles at
low temperatures. Employment of oleic acid (OA) as a
surfactant facilitates controlling of the size, distribution
and shape of the particles. Subsequently, on the surface of
obtained magnetic cores, formation of silica coatings has
been carried out. Magnetic nanoparticles were treated
with tetraethoxysilane (TEOS) and/or (3-aminopropyl)
trimethoxysilane (TMOS-NH,) to deposit the amino-
terminated silica on their surface. Two types of magnetic
silica nanospheres were obtained: monolayered
Fe;04@ TMOS-NH,; and double layered Fe;O4@TEOS@
TMOS-NH,. The overall surface modification procedures
are shown in Fig. 1

Magnetic nanoparticles surrounded by a different
thicknesses of the aminosilica shells were received in
reactions of equal amounts of oleic acid-stabilized MNPs
with varying volumes of TMOS-NH, (Table 1).

The Fe;0,@TEOS@TMOS-NH, nanospheres were
prepared in two-step synthesis. Initially, MNPs were
modified with TEOS leading to insertion of silanol (Si-

OH) and ethoxysilane (Si-OEt) groups at the surface of
the magnetic nanoparticles. These functional groups, were
subsequently treated with TMOS-NH, creating second,
amine-terminated silica layer around magnetic cores.

Table 1
Reaction volumes of tmos-nh, used
to synthesizethe silica shells of different thicknesses

Volume of Mass Shell
Sample name added TMOS- | increase thickness
NH, [mL] [mg] [nm]
Fe;0,@TMOS-NH, 1 0.1 50 1-3
Fe;0,@TMOS-NH, 2 0.4 255 3-6
Fe;0,@TMOS-NH, 3 0.8 395 5-8
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Fig. 1. Synthesis and a surface modification of SPIONS.

The obtained, silica-coated SPIO nanoparticles exhibit
higher stability compared to the uncoated nanospheres. In
the case of Fe;04@TMOS-NH,, depending on
the thickness of the silane coating, MNPs show different
properties in solution. The rate of aggregation and the rate
of migration of nanoparticles under external magnetic
field decrease with an increase of the thickness of the
silane coating. Nanospheres with double silica coating
form aggregates that do not undergo dispersion after
sonication.

The formed nanostructures have been analyzed using
TEM. Figure 2 shows representative TEM images of
synthesized magnetic nanoparticles before and after silica
coating. It was found that uncoated magnetite
nanoparticles (Fig. 2 (A)) show a relatively narrow size
distribution and the average size over 100 particles is 10
nm. It is noticeable that uncoated MNPs tend to aggregate
in loose clusters. The Fe;O4@TMOS-NH, nanoparticles
(Fig. 2. (B)) are more dispersed than the uncoated one,
suggesting  successful  silanization process. The
dependence of shell thickness on volume of added (3-
aminopropyl)trimethoxysilane is summarized in Table 1.
Isolated particle (Fig 2.(C)) with light contrast shell,
presumably due to the silica, and dark contrast core of
Fe;0, is easily observed. Particles with double silica
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coating (Fig. 2(D)) instead of monodispersed core-shell
nanostructures turn out to form bulk composites, thus they
are useless for medical purposes.

Fig. 2. TEM images of: (A) MNPs (B)
Fe;0,@TMOS-NH,_2 nanoparticles, (C) anisolated
Fe;0,@TMOS-NH,_2 nanoparticle and (D)
Fe;0,@TEOS@TMOS -NH, structure

The FTIR spectra analysis was performed to confirm
core-shell structure of Fe;04@TMOS-NH, nanoparticles
and different thickness of coating. Fig. 3 shows the FTIR
spectra of magnetite nanoparticles before and after
surface modification.

Fa,0,@04

N T
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Fig 3. FTIR spectra of silica-modified SPIONs
compared to OA-stabilized magnetite

The existence of magnetite nanoparticles stabilized
with oleic acid is indicated by iron carboxylate bands
around 1400 cm” and band at 638 cm’ which
corresponds to the Fe-O bond of bulk magnetite.
Following spectra show new strong bands around 1115,
1048 cm™ which can be ascribed to the Si-O-H and Si-O-
Si groups. The adsorption band of Fe-O-Si bonds cannot
be seen in the FTIR spectrum because it appears at around
584 cm™ and therefore overlaps with the Fe-O vibration
of magnetite nanoparticles. Differences between the
intensity of bands originating from the vibrations of Si-O-

272

H and Si-O-Si groups indicate changing of the shell
thickness.

DSC analysis have been conducted to demonstrate
thermal characteristics of MNPs. Differences in the shape
of heating curves of uncoated and aminosilane-coated
MNPs (Fig 4) confirm changes in the chemical nature of
coating.

Fig. 4. DSC measurements of: oleic acid-stabilized MNPs (1)
and Fe;0,@TMOSNH, nanospheres of various shell thickness
(2-4). Temperaturerange 50 -160° C; heating rate 10 K/min.

Conclusion

In this study, diverse silica-coated magnetite
nanoparticles were prepared with a relatively narrow-size
distribution and dimensions in range required for clinical
applications. TEM microscopy, DSC calorymetry and
FTIR spectra analysis documented the formation of silica
coating. The research have revealed that particles with
double silica layer had formed large composites, thus they
are useless for medical purposes. Therefore, studies
focused on more promising monolayer coated MNPs.
Obtaining of amino-terminated silane layers of various
thickness around magnetic cores was confirmed by
elemental analysis and the aforementioned techniques. It
was found that thickness of shell affects properties of
magnetic cores e.g. dispersion, tendency to agglomeration
or resistance to chemical reagents. Influence on the rate of
the migration under external magnetic field was also
tested. The best properties in the context of potential
medical applications exhibit Fe;0,@TMOS-NH, 2 par-
ticles. The presence of amine group provides opportunity
to attach compounds possesing biological activity e.g.
drugs, proteins or nucleic acids. In the future, a further
study on a biocompatibility and a cell toxicity of obtained
aminosilane-coated MNPs will be developed.
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