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Abstract. The paper describes magnetic core-shell nanoparticles (Fe3O4/SiO2) synthesis that is
an important stage of the manufacturing of smart material for targeted drug delivery based on the
construction of the composite system mesoporous silica (MCM-41) – magnetite nanoparticles
(Fe3O4) – immune cells (macrophages) for targeted drug delivery. The synthetic procedure for the
fabrication of core-shell nanoparticles is modified in order to produce core-shell nanoparticles of
the composition Fe3O4@SiO2 in the superparamagnetic state. This is confirmed by the studies of
phase composition and magnetic properties of this material. The dependence of the particles
size of magnetite sol on initial concentration of iron chlorides is established. The conditions for
the fabrication of core-shell Fe3O4@SiO2 particles that are aggregatively stable in water are
determined. Structural investigations of the samples demonstrate that the sizes of Fe3O4@SiO2
particles lie in the range 30 - 50 nm.

1. INTRODUCTION
One of the fundamental problems of modern chemistry as well as of chemical synthesis of new solid
substances and materials is the possibility of structural organization of the substance on the nanometer
scale. It is known that the material properties are
determined both by the nature of its constituent
components and their spatial arrangement. Therefore, the study of the micro- and nanostructuring is
the efficient modern tool for the synthesis of the
materials with controlled functional properties.
Chemical design of more complex structural
systems (composite systems) is actively developed,
including the creation of more efficient biomaterials
(e.g. smart materials with the improved functional
properties) for targeted delivery of drugs [1,2]. Smart
materials is the materials class, which are unified
through the manifestation of one or more physical
(optical, magnetic, electrical, mechanical) or physi-

cochemical characteristics, meaningfully varied
under external actions: pressure, temperature, humidity, pH, electric or magnetic field etc. [3,4].
Paper [5] deals with the drugs delivery to the
biological targets using nanoparticles. It is noted
that the average efficiency factor of known and developed chemicals is low: only 0.7% of the introduced dose of nanoparticles is delivered to the tumor.
Such low efficiency is the barrier for the transfer of
nanodrugs into the field of clinical research. Finding
the solution to this problem and increasing the degree of useful effect of such drugs is an urgent task
of the contemporary science. It is worth to note that
the efficient smart material must be a composite
material structurally organized on the nanolevel. One
of the ways of such organization is developed by
our laboratory. This is a new approach to targeted
drug delivery. We develop the procedure for the fabrication of the new smart material that represents
composite system mesoporous silica (MCM-41) –
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magnetite nanoparticles (Fe3O4) – immune cells
(macrophages) for targeted delivery. For this purpose, smart material is developed that is based on
mesoporous transport particles of silica with drug
in the matrix pores with the encapsulation system
and with magnetic decapsulation system, delivered
to the desired location in the body by the flow of
blood in the cytoplasm of macrophages.
In spite of this, the important task is the development of the magnetic decapsulation system based
on the magnetic nanoparticles of magnetite (Fe3O4).
In this paper, we investigate the stage of the synthesis of magnetic core shell nanoparticles (Fe3O4/
SiO2).

2. EXPERIMENTAL
2.1. Method of synthesis and methods
of the magnetite particles studies
Magnetite (Fe3O4) nanoparticles are currently the
main magnetic material that is widely used in medicine and pharmaceutics due to their ability to the
biological destruction. Nanosized magnetite was
synthesized according to the procedure of the collaborative hydrolysis of iron(II) and iron(III) chlorides
[6] in sealed device equipped with drip funnel, mechanical stirrer, and fitting for gas supply (Ar).
General reaction scheme is as following:

2FeCl3  FeCl2  8 NH4 OH 
Fe 3 O 4   8 NH4 Cl 4 H2 O.
Samples of iron chlorides (m(FeCl3*6H2O)=1.215 g;
(FeCl2*4H2O)=0.891 g) were dissolved in 45 ml of
0.1 M oxygen-free HCl. Then, aqueous ammonia
was added while intense stirring until pH was reached
11 (300 ml). Complete precipitation was achieved
at pH in the range 8 to 14. Next, 1 ml of oleic acid
was added as the stabilizer in order to avoid the
particles aggregation. With continued stirring, the
solution was heated up to 70 °C and kept at this
temperature for 1 h. Magnetite sol has been obtained as the result. The magnetite sol was then
covered by SiO2 nanolayer according to the method
Stöber [7-9] described below.

2.2. Procedures of synthesis and
examination of the core-shell
particles Fe3O4@SiO2
For synthesis of SiO2 coating, the solution of magnetite sol placed over the magnet and allowed to
settle during one day. The particles washed twice
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with isopropanol and twice with ethanol, then dried
using a water jet pump. The formed precipitate was
placed into round bottom flask with alcoholic solution of tetraethoxysilane (TEOS) and then stirred
for 8 h using vibration stirrer. After that, distilled water
was added and the mixture stirred for 7 d to ensure
complete hydrolysis. We varied the amount of TEOS
in the work in order to find the conditions for get a
continuous silica nanolayer. Three samples with the
ratios TEOS:Fe3O4 = 1:1, 2:1, 3:1 were prepared.
During the treatment of the magnetite surface
with TEOS solution, the controlled TEOS hydrolysis occurs. Together with hydrolysis, there are the
specific processes of SiO2 sorption on the magnetite surface. Generally, TEOS hydrolysis can be described as below:

Si(OC 2H5 )4  2H2 O  SiO 2  4 C 2H5 OH.
Note that the fabrication of magnetite sol coated by
silica nanolayer includes several simultaneous processes:
1) TEOS reacts with the surface groups of magnetite;
2) TEOS undergoes partial hydrolysis in alkaline
solution;
3) TEOS and the products of partial hydrolysis react with partially hydrated TEOS, grafted to the silica
surface.
All these stages lead to the magnetite coating
by the nanolayer of silica. Precipitate was divided
by centrifugation, then washed by water, placed into
the round bottom flask and treated by the method
of lyophilic drying.
Magnetite sample with maximal specific surface
area (104 m2/g) was selected for the physicochemical studies. This sample was synthetized according to the procedure described in Experimental by
the precipitation of iron (II, III) chlorides in Ar atmosphere with addition of stabilizer (oleic acid).
Peptization was performed at 70 °C for 1 h with intensive stirring.
Particle sizes were analyzed by scanning electron microscopy (SEM) on the Zeiss Supra 40P instrument and by laser diffraction using particle size
analyzer Mastersizer 3000. Magnetic properties
were examined using vibration magnetometer Lake
Shore 7410 at the fields between 0 and 1 T at the
standard conditions. For the adsorption studies of
the magnetite sample, adsorption meter ASAP 2020
MP was used. Phase composition of magnetite and
valent state of ions were characterized using
Mössbauer spectroscopy.
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2.3. The study of the aggregative
stability of the core-shell particles
Fe3O4@SiO2 in aqueous solutions
Aggregative stability in aqueous medium is the key
factor for the successful fabrication of Fe3O4@SiO2
core-shell nanoparticles [10]. So, we started our research from the study of the aggregative stability of
these particles in water. Usually, the stability of the
colloidal dispersions can be determined by means
of zeta potential analysis. This parameter determines the strength and character of the interaction
between the particles involved in the dispersion. Zeta
potential cannot be directly measured, but can be
calculated using the theoretical models and experimentally determined electrophoretic mobility or dynamic electrophoretic mobility [10-13]. Electrophoretic mobility (Ue) of the particles was measured in the 2·10-2 M NaNO3 solutions using Zetasizer
Nano ZS “Malvern” analyzer. The measurements
were performed at 25ºC in universal capillary Ushaped polycarbonate cuvette with integrated goldcoated electrodes. Electrokinetic potential was calculated from the electrophoretic mobility using the
Smoluchowski equation.
Linear rate of the disperse phase (disperse medium) transfer (U), divided by the electric field
strength (H) gives electrophoretic (electroosmotic)
mobility (Ue):
Ue 

U

,

H

where: Ue – electrophoretic mobility, m2/V·s; U –
linear velocity of the transfer, m/s; H – electric field
strength, V/m.
Electrokinetic potential is related to the electrophoretic mobility via Helmholtz–Smoluchowski equation:
  Ue


 0



U
 0 H

,

where:  – electrokinetic potential, V;  – viscosity
of the medium (for aqueous solutions  = 0.001
Table 1. Concentration (Cinitial, FeCl3) and size (d) of
the synthesized magnetite sol samples.
Sample No.

Cinitial, FeCl3, mol/l

dFe3O4, nm

1
2
3
4

0.1
0.2
0.3
0.4

36
77
107
1000

Fig. 1. Microphotograph of the magnetite
nanoparticles (sample 1).
N·s/m2);  - dielectric permittivity of the medium (for
aqueous solutions  = 81); 0 – electric constant
(dielectric permittivity of the vacuum), equal to
8.85·10-12 F/m; U – linear transfer rate, m/s; H –
electric field strength, V/m.

3. RESULTS AND DISCUSSION
3.1. Synthesis and physicochemical
properties of the magnetite
particles
Initially, we synthesized the series of the magnetite
sol samples with various initial concentrations of
iron chlorides. By means of laser diffraction of the
sol suspension, we determined sizes of particles
for the obtained samples. Average particle size for
the sample 1 is found to be 36 nm. Initial concentrations of iron chloride and magnetite particles sizes
are presented in Table 1. According to SEM, the
particle size for the sample 1 after drying is varied
from 5 to 25 nm (Fig. 1). Adsorption investigation of
the magnetite nanoparticles we established that the
maximal specific surface of the magnetite sample
is equal to 104 m2/g.
This high value indicates an ultradispersed state
of magnetite. The presence of hysteresis on isotherm can be explained by the fact that when the
moisture is removed by drying at 200 °C before
measurement, the formation of agglomerates occurs, having an internal porosity (Fig. 2).
Magnetic saturation is observed. Saturation
magnetization for magnetite is 83 emu/g that corresponds to the literature data for nanoparticles (Fig.
3).
Phase composition of the sample was characterized using Mössbauer spectroscopy. Fig. 4 represents Mössbauer spectra of the magnetite
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Fig. 2. Adsorption isotherm for the magnetite
nanoparticles (sample 1).

Fig. 4. Mössbauer spectra of the magnetite
nanoparticles recorded in different conditions (sample 1).

Fig. 3. Magnetization diagram of the magnetite
nanoparticles (sample 1).

nanoparticles recorded in different conditions. Corresponding parameters are given in Table 2.
Spectrum 1 corresponds to the model for single
crystalline magnetite. Two sextets here are explained by the existence of iron ions in two spinel
sublattices. Spectrum 2 is recorded for our sample
at room temperature. This spectrum can be described as not resolved sextet. This proves that
magnetite nanoparticles are in ultradispersed state.
Table 2. Mössbauer spectra parameters (sample 1).

In order to confirm that the sample represents
magnetite, we recorded spectrum 3 at the liquid nitrogen temperature and spectrum 4 at room temperature in the magnetic field. In this case, splitting
of the spectrum into sextet is observed that is due
to the stabilization of magnetic moment. However,
the peaks width can be explained by the distributed
particle size, while the model spectrum corresponds
to single crystals. From the parameters of the
Mössbauer spectrum, main phase is magnetite; its
amount is 85%.
The shape of the Mössbauer spectrum can give
approximate information about the magnetite particles size. In [14] the spectra of the magnetite
nanoparticles (size of 100 Å) are given recorded at
different temperatures (108–350K). Spectrum for our
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(a)

(b)

Fig. 5. Room temperature Mössbauer spectra of Fe3O4@SiO2, sample 1 (A – without magnetic field, B –in
the magnetic field).
sample is virtually identical to one given in [13]. This
confirms indirectly that particle size in our sample
does not exceed 100 Å (this is also approved by
above-mentioned techniques).

3.2. Synthesis and analysis of
physicochemical properties of
core-shell particles Fe3O4@SiO2.
Influence of concentration of
silicon-containing precursor on
the continuity of SiO2 coating the
Sol-gel method
The synthesis of the core-shell nanoparticles is
described in the section 2.2. Two samples (sample
1 and sample 2) were fabricated with different concentration of silica precursor. Samples 1 and 2 with
silica shell obtained using Sol-gel method using
TEOS hydrolysis in water-alcohol-ammonia medium,

magnetite:TEOS ratio = 1:1 (sample 1) and = 1:2
(sample 2) . Hydrolysis duration is 7 days.
Phase composition of samples was characterized using Mössbauer spectroscopy. Room temperature Mössbauer spectra (Fig. 5) were recorded
without magnetic field (A) and with magnetic field
(B). Mössbauer spectra parameters of Fe3O4@SiO2,
sample 1 are given in Table 3.
It is evident that there is no splitting into the sextet if no external magnetic field is applied. The spectrum is the typical doublet that can be explained by
the small size of magnetite particles and by the
absence of dipole-dipole interaction between them
due to the presence of silica coating. Spectrum B
is characterized as non-resolved sextet. This shape
suggests small nanoparticles size. Stabilization of
magnetic moment by the external field at room temperature is not enough to get a proper sextet. However, given spectral data are characteristic of the
magnetite nanoparticles.
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Table 3. Mössbauer spectra parameters of Fe3O4@SiO2, sample 1.

Table 4. Mössbauer spectra parameters of Fe3O4@SiO2, sample 2.

Mössbauer spectra of Fe3O4@SiO2, sample 2,
recorded under analogous conditions, are given in
the Fig. 6. Spectrum A is a doublet and spectrum B
is a sextet with the parameters that correspond to
magnetite.
However, here we observe two sextets. This can
be explained by the fact that in the magnetic field,
magnetic moments of the particles of various sizes
have various degree of order. In Table 4, the
Mössbauer spectra parameters for Fe3O4@SiO2
sample 2 are given.

In order to confirm the coating of magnetite
nanoparticles by silica we studied adsorption properties of two core-shell samples. As the representative, adsorption isotherm of the Fe3O4@SiO2 sample 1 is given (Fig. 7).
Isotherm of the sample 2 is analogous and is
not given here. Surface area, calculated according
to BET is equal to 87 m2/g (sample 1) and 77 m2/g
(sample 2). These values are lower than for initial
magnetite nanoparticles. This confirms coating of
magnetite with silica.
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(a)

(b)

Fig. 6. Room temperature Mössbauer spectra of Fe3O4@SiO2, sample 2 (A – without magnetic field, B – in
the magnetic field).

Fig. 8. Microphotograph of Fe3O4@SiO2 (sample 1).
Fig. 7. Adsorption isotherm for Fe3O4@SiO2, sample 1.
The analysis of core-shell particles sizes was
performed using SEM. Microphotograph of the sample 1 (Fig. 8) demonstrates the particle size within
30 nm. Microphotograph of the sample 2 is analogous; particle size is ~ 50 nm.

Core-shell samples Fe 3 O 4 @SiO 2 are
superparamagnetic (Fig. 9). With the increase of
TEOS concentration, saturation magnetization decreases significantly (Ms values were found to be
54 emu/g for sample 1 and 35 emu/g for sample 2).
This effect suggests increase of SiO2 amount in the
particles and indirectly proves the degree of the
coating of magnetite with silica.
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Fig. 9. Magnetization curves for the Fe3O4@SiO2 samples 1 and 2.

Fig. 10. pH-dependence of  for Fe3O4@SiO2 samples 1 and 2.
In order to investigate the aggregative stability of
the core-shell particles Fe3O4@SiO2 in aqueous
medium, we determined electrophoretic mobility.
Studied dispersion was placed into the electric field
and the transfer rate of the particles was measured.
This allowed the calculation of the electrophoretic
mobility and subsequently zeta potential.
NaNO3 electrolyte solution with 2·10-2 M concentration was introduced Into the dispersed media
of Fe3O4@SiO2 with variable fixed pH value. pH-dependence of  for samples 1 and 2 is given in the
diagrams below. Based on the data presented in
Fig. 10, we graphically determined pH value of the
isoelectric point for the studied samples. For sample 1, isoelectric point is 3.6. (for the reference,
isoelectric point for magnetite is 7, for silica – 2.2).
Therefore, we can conclude that magnetite parti-

cles are not completely coated with SiO2 layers.
For sample 2, isoelectric point is 2.5 that is close
to the isoelectric point of silica. So, in this case,
magnetite is coated with continuous silica shell.

4. CONCLUSIONS
Magnetite (Fe3O4) nanoparticles are the main magnetic nanoparticles currently applied for the targeted
drug delivery. They attract great attention for the
medicine and pharmaceutics due to the ability to
the biodegradation. In the work the technique of
synthesis of core-shell nanoparticles is modified.
The conditions of the synthesis of the magnetic coreshell nanoparticles (Fe3O4/SiO2) are studied. The
dependence is established of the particles size of
magnetite sol from initial concentration of iron chlo-
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rides in solution. The developed procedure allows
the synthesis of core-shell Fe 3 O 4 @SiO 2
nanoparticles in the superparamagnetic state that
is confirmed by the studies of the phase composition by means of Mössbauer spectroscopy and
magnetic properties of the material. The conditions
of the fabrication of aggregatively stable core-shell
Fe3O4@SiO2 particles in aqueous medium was determined. Structural investigations of the samples
demonstrate that the sizes of Fe3O4@SiO2 particles lie in the range 30 - 50 nm.
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