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ABSTRACT: Iron oxide nanoparticles were synthesized by the
coprecipitation method. Two varying Fe3O4/tetraethoxysilane ratios
were used for silanization: 1:1.3 and 1:4.5. The samples were
investigated using transmission electron microscopy, ferromagnetic
resonance, IR spectroscopy, and magnetometry. Magnetic measurements
have shown that the magnetite core in nanoparticles has a higher
magnetization than stoichiometric magnetite nanoparticles of the same
size. The increased magnetization was caused by the deviation of the
magnetite stoichiometry due to the interaction with the silicate coating.
The blocking temperature distribution was determined from the
temperature dependence of the coercive force and from the ZFC/FC
dependencies. Nanoparticles with a thicker shell have shown greater
efficiency in DNA isolation.

1. INTRODUCTION

In recent years, magnetic nanoparticles based on iron oxides
have attracted interest in practical applications in the fields of
biotechnology and biomedicine.1−4 Surface-modified magnetic
nanoparticles can be used for selective isolation of certain
biomolecules, such as nucleic acids and proteins. The method,
commonly known as “magnetic separation”, has gained
popularity in performing tests for diagnostic purposes.5,6

The development of effective methods for the separation of
individual cells or molecules is an important and essential task
for laboratory diagnostics today. Separation allows one to
selectively analyze the components of complex biological
samples, reducing non-specific signals from impurities and
thereby ensuring the validity of the results of molecular genetic
studies. The use of magnetic nanoparticles for the separation of
biological objects (molecules, cells, etc.) has become wide-
spread due to the ease of use, relative safety in combination
with the ability to obtain a pure product, and the possibility of
automating the process. Magnetic separation is one of the most
specific and convenient methods. However, the development
of nanoparticles requires special attention to the composition
to combine the beneficial properties of the nanoparticles with
their safety and biocompatibility. Thus, various studies have
shown that iron oxide particles can cause oxidative stress in
cells, DNA damage, and protein aggregation.7,8 The use of
various coatings makes it possible to increase the biocompat-
ibility of nanoparticles. For the separation of biological

molecules, silica coating is one of the most suitable methods
because of its inertness and the ability to quickly and reversibly
adsorb nucleic acids on the surface.9 However, it is important
to choose an optimal Fe3O4/SiO2 ratio in the particles to
ensure the densest coverage of the magnetic core and maintain
magnetic properties.
Magnetic separation requires superparamagnetic particles

with high saturation magnetization. The vast majority of
magnetic particles used are iron oxides such as magnetite and
maghemite. Iron oxide nanoparticles are characterized by
sufficiently high magnetization, low reactivity, and good
biocompatibility. There is a large number of works devoted
to the use of iron oxide nanoparticles in magnetic
separation.10−12

This study aimed to synthesize and investigate magnetic
nanocomposites of iron oxide for the following functionaliza-
tion for nucleic acid separation.
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2. EXPERIMENTAL SECTION

The synthesis of magnetic nanoparticles was carried out by the
method of chemical coprecipitation of iron salts FeCl3 and
FeCl2 in a molar ratio of 2:1 in an aqueous solution. 500 mg of
the salt mixture was dissolved in 92 mL of distilled water and
stirred using a mechanical stirrer for 10 min. Then, 8 mL of
25% aqueous ammonia solution was injected into the solution
and incubated with constant stirring for another 30 min. The
final pH after the addition of aqueous ammonia was 10−11. At
the end of the synthesis, the magnetic precipitate was collected
using a neodymium magnet and washed with distilled water
until neutral pH was reached.
Tetraethoxysilane (TEOS) was used to coat magnetic

nanoparticles with silicon oxide. Magnetic nanoparticles were
coated in an ethanol/water mixture in a 9:1 ratio with the
addition of TEOS in two versions: 50 mg nanoparticles per
250 μL TEOS (sample A Fe3O4/SiO2 = 1:1.3) and 50 mg
nanoparticles per 800 μL TEOS (sample B Fe3O4/SiO2 =
1:4.5). TEOS hydrolysis and polymerization occur in the
presence of water and at room temperature for several hours.
After the addition of TEOS, the mixture was alkalized with 5
mL of 25% aqueous ammonia solution per 100 mL of the
reaction mixture and incubated for 3 h at room temperature
with continuous mechanical stirring.
Electron microscopy studies were carried out on a Hitachi

HT7700 transmission electron microscope (accelerating
voltage, 100 kV). Ferromagnetic resonance (FMR) spectra
were measured with the X-band (9.4 GHz) spectrometer
ELEXSYS E580 (Bruker, Germany). IR spectra were obtained
on samples in the KBr matrix in the spectral range 350−4000
cm−1. The static magnetic measurements were performed on
an automated vibrating sample magnetometer in fields of up to
15 kOe at room temperature. The studies were carried out on
the equipment of the Krasnoyarsk Regional Center of Research

Equipment of Federal Research Center ≪Krasnoyarsk Science
Center SB RAS≫.

3. RESULTS AND DISCUSSION

Figure 1 shows transmission electron microscopy (TEM)-
images of Fe3O4 and Fe3O4@SiO2 nanoparticles. The average
size of the magnetite core was ∼10 nm. The diameter of the
silicate coating was ∼3 nm for the Fe3O4/SiO2 = 1:1.3 sample
and ∼15 nm for the Fe3O4/SiO2 = 1:4.5 sample. The
diffraction images shown in the insets contain all reflections
characteristic of magnetite. Using the shell thickness values
obtained from TEM, we estimated the ratios between the
magnetite core and the silicate shell: sample A Fe3O4/SiO2 =
1:0.7 and sample B Fe3O4/SiO2 = 1:2.4. The obtained ratios
turned out to be somewhat different from the ratios at
synthesis.
Figure 2 shows X-ray diffraction patterns of magnetite

nanoparticles and magnetite nanoparticles coated with silica
with different shell thicknesses. The diffraction patterns
contain reflections characteristic of magnetite: 29.7, 35.3,
43.1, 53.4, 56.7, and 62.5°.
Figure 3 shows the FTIR spectra of magnetic nanoparticles

coated with silica. Analysis of IR spectra showed the presence
of Fe−O bonds (∼580 cm−1). The peaks of strong stretching
vibrations of siloxane groups Si−O (∼1090 cm−1) and silanol
groups Si−OH (∼800 and ∼950 cm−1) prove the formation of
a silicon oxide shell on the surface of a nanoparticle. The broad
absorption band at 3400 cm−1 and the band at 1640 cm−1

correspond to the stretching and bending vibrations of
adsorbed water molecules. Comparison of the spectra shows
that they have the same characteristic oscillations. The main
vibration band of Si−O−Si at 1090 cm−1 does not change its
position. An increase in the intensity of the 800 and 950 cm−1

bands and a decrease in the vibration intensity of 580 cm−1 are
observed.

Figure 1. TEM images of magnetic nanoparticles: (a,b)naked Fe3O4 nanoparticles and their size distribution and (c,d)Fe3O4:SiO2 = 1:1.3,
(e,f)Fe3O4/SiO2 = 1:4.5. The insets show microdiffraction patterns.
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The data of magnetic measurements (Figure 4) provide
information on the magnetic response of the particles, which is

necessary for the analysis of the magnetic and magneto-
mechanical response of the prepared composite particles. In
addition, magnetic measurements are an additional source of
information about the structure of particles.
The magnetization curves measured in the range from −15

to 15 kOe are symmetric about the origin and contain a
reversible part as well as an irreversible parta hysteresis loop
(Figure 4). The coercive force, remanent magnetization, and
magnetization in a field of 15 kOe decrease with increasing
temperature. Low values of the coercive field indicate that
particles with this size are close to the transition to the
superparamagnetic state. The relatively small values of the
saturation magnetization of nanoparticles are due to the silica
shell. This can be used for an independent assessment of the
ratio of magnetite and silica, originally made on the basis of the
technological filling of the components during the synthesis.
For such an estimation, we determined the magnetizations of
the two studied samples of the composite material in a state of
complete magnetic saturation and zero temperature (Ms0). As
can be seen from Figure 5, the magnetization does not reach

saturation even in the maximum fields used (15 kOe) and
decreases with increasing temperature; therefore, we deter-

Figure 2. X-ray diffraction patterns of naked nanoparticles and
nanoparticles coated with silica.

Figure 3. FTIR spectra of iron oxide nanoparticles coated with silica.

Figure 4. Hysteresis loops of magnetic nanoparticles. (a)Fe3O4/SiO2 = 1:1.3 and (b)Fe3O4/SiO2 = 1:4.5.

Figure 5. Determination of Ms0 from the magnetization curves of
particles in the region of magnetization approaching saturation. Blue
symbolsmeasured M (H), thin black linesfitting by eq 1, red
symbolssaturation magnetization estimated from (1), and black
thick linedescription of Ms(T) by eq 2.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c00349
J. Phys. Chem. C 2022, 126, 7510−7516

7512

https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00349?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00349?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00349?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00349?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00349?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00349?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00349?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00349?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00349?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00349?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00349?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00349?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00349?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00349?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00349?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c00349?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c00349?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mined Ms0 as follows. It was found that at a stabilized
temperature in high fields, the magnetization of nanoparticles
approaches saturation according to the equation13−15

i

k
jjjjj

y

{
zzzzzM H M

H
H H H

( ) 1
1

15 ( )s
a
2

1/2 3/2
R
3/2= · −

+ (1)

where Ms is the saturation magnetization, Ha is the anisotropy
field, and HR is the exchange field in the core−shell system.
Indeed, in our case, eq 1 makes it possible to describe the
magnetization curves in high fields and estimate the
quantitative values of Ms for different temperatures.
The change in the Ms value in magnetite nanoparticles with

temperature is described by Bloch’s law T3/216

M T M B T( ) (1 )s s0
3/2= · − · (2)

Extrapolation of the data to 0 K according to eq 2 (Figure 4)
gives an estimate of Ms0 (Table 1). Because the magnetization

of silica is zero, the magnetization of the composite particle is
related to the weight fraction of magnetite nanoparticles Xm
and their magnetization Ms0_m as Ms0 = Xm·Ms0_m. Using the
measured value Ms0 and the weight fraction of magnetite Xm,
we estimated that the magnetization of nanoparticles reduced
only to the weight of magnetite Ms0_m (see Table 1). Table 1
shows the mass fraction of magnetite calculated from the
synthesis and the corresponding magnetization of the magnet-
ite core. In parentheses are the mass fraction and magnet-
ization calculated from the TEM results. As is known, the
magnetization of pure quasispherical magnetite nanoparticles
Ms0_m is lower than the magnetization of bulk magnetite
crystals (92 emu/g) and depends on their size. For particles
with an average size of 10 nm (our case) and a thickness of the
spin-glass shell of 1.7 nm,17,18 according to ref,19 the
magnetization should be Ms0_m ≈ 26 emu/g. It can be seen
from Table 1 that the magnetization of nanoparticles is
significantly higher and that the magnetization of magnetite in
the composition of the two studied samples is different. This
can be interpreted as stoichiometric displacement in the
composition of Fe3O4@SiO2 nanoparticles from standard
Fe3O4. In addition, we also find an indication that this
stoichiometric displacement is different in samples with
different weights of the magnetite and silica (the difference
in magnetization in Table 1). Different stoichiometries in the
magnetite mean that the stoichiometry of the silicate coating
will also differ, that is, it will have varying potencies in the
isolation of nucleic acids.
Based on the enthalpies of formation of bulk SiO2 and

Fe3O4,
20,21 oxygen should not move from the Fe3O4 core to

the SiO2 shell. Because the thickness of the silicate shell in
sample A is several nanometers, one can expect its greater
imperfection and, consequently, a different (including
increased) reactivity. We assume that this activity is the reason
for the deviation of the out-of-stoichiometry magnetite−

maghemite series for sample A. The magnetization of sample B
does not differ much from the literature data for nanoparticles
of the magnetite−maghemite series19,22 due to the fact that the
properties of much thicker silica differ little from the properties
of bulk SiO2. This gives us a reason to assume that in the case
of magnetite nanoparticles in a silica shell of nanometer
thickness, we are dealing with a special result of chemical
interaction associated with these nanometer scales of the core
and shell.
The temperature behavior of the coercive force in Figure 6

does not follow the power-law dependence

H T H T T( ) (0) (1 ( / ) )c c B= · − α
(3)

usually discussed for single-domain non-interacting nano-
particles at temperatures below the blocking temperature
(TB).

23,24 The power exponent α, in this case, is in the range
from 0.67 to 1.00.25,26 This deviation may be due to the
inhomogeneity of the blocking temperature in the system of
the studied nanoparticles. Therefore, to describe the coercive
force, we used averaging27

H T H
H T f T dT

f T dT
( ) (0)

( ) ( )

( )c c
c B B

B B

∫
∫

= ·
(4)

where the parameter ⟨Hc(0)⟩ is the average coercive force at T
= 0 K. Describing the experimental behavior of the coercive
force by expression (2), we can determine the parameters of
the distribution function f(TB) corresponding to the best
description of the experiment. The best agreement is achieved
u s i n g t h e l o g n o rm a l d i s t r i b u t i o n f u n c t i o n :

( )( )f T( ) exp ln /2
T

T
TB

1
2

2 2
B

B

B0
σ= · −

σ π·
with the parameters

TB0 = 85 K and σ = 0.55. This blocking temperature value is
calculated from a number-weighted distribution. For practice,
the volume-weighted distribution of particles is more
important. The estimate of the volumetric average blocking
temperature is ⟨TB⟩V = 130 ± 20 K.
Figure 7 shows the M(T) dependencies obtained in the

ZFC/FC mode in the field H = 10 Oe. The dependencies
obtained are typical for systems of superparamagnetic
nanoparticles; a maximum of the ZFC dependence (Tmax) is
observed, as well as a bifurcation of the FC and ZFC
dependencies (Tirr). For the A sample, the Tmax and Tirr values
were 129 and 147 K, respectively. For the B sample, the Tmax
and Tirr values were 144 and 172 K, respectively. The obtained

Table 1. Saturation Magnetization of Particles at 0 Ka

sample
Xm, at synthesis
(from TEM) Ms0, emu/g

estimate of Ms0_m, at synthesis
(from TEM)

A 0.435 (0.588) 46.0 ± 0.2 105 (78.2)
B 0.182 (0.291) 10.9 ± 0.2 60 (37.5)

aXm is the mass fraction of magnetite, Ms0 is the saturation
magnetization, and Ms0_m is the magnetite core magnetization. Figure 6. Temperature dependence of the coercive force. The inset

shows the distribution of nanoparticles by blocking temperature.
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temperatures differ from the same temperatures for uncoated
nanoparticles.22 This difference is due to the presence of a
silicate shell.
The size and blocking temperature distribution of nano-

particles can be estimated using the dependence d(M(T)ZFC −
M(T)FC)/dT. The maximum of this dependence can be
considered as the average blocking temperature. For nano-
particles with a thin shell, the f(TB) dependence has a
maximum at 77 K, while for particles with a thick shell, two
maxima are observed at 20 and 90 K. As a result, we see that
the estimate of the blocking temperature from the M(T)
dependencies is in good agreement with the previous estimate
from HC(T).
FMR spectra measured in the temperature range 110−370

°C are shown in Figure 8. With increasing temperature, a
decrease in the FMR line width, an increase in the resonance
field, and the intensity of resonant absorption are observed.
According to ref 28 29, in an ensemble of chaotically

oriented ferrimagnetic nanoparticles, the absorption line width
is a function of temperature ΔH(T) = ΔHS(T) + ΔHU(T),
where ΔHS(T) is the contribution to broadening due to
superparamagnetism of nanoparticles and ΔHU(T) is the
contribution to the broadening due to the scatter of the
directions of the anisotropy fields of the particles.
These two contributions are described as follows

H T
x L
xL

H T
K
M

L
L

( )
2
3

( )

and ( ) 3

S
1

1

U
2

1

ω
γ

α
Δ =

−

Δ =

where x = ω/γMV/kT is the Langevin parameter, M is the
magnetization, V is the particle volume, k is the Boltzmann
constant, T is the temperature, ω is the frequency, γ is the
gyromagnetic ratio, L1,2 is the Langevin functions, and K is the
anisotropy constant.
Figure 8b shows the values of the FMR line width of

nanoparticles depending on temperature and the result of
fitting the experimental data. The FMR line width was
determined as the distance between two peaks on the
differential resonance absorption curve. The theoretical curve
shown in Figure 8b is characterized by two fitting parameters:
KeffV = 6.95 ×·10−14 erg and MV = 5.7 ×·10−17 emu. Assuming
that the magnetization of nanoparticles is 370 G, the
nanoparticle size and anisotropy constant can be calculated.
Thus, the size is 6.7 nm and the anisotropy constant is Keff =
4.4 × 105 erg/cm3. The deviation of the average size of
nanoparticles from the results of electron microscopy can be
explained by the fact that atoms of the surface-disordered layer
do not participate in FMR.
To assess the ability of the obtained nanoparticles to bind

DNA, they were used as a replacement for a silicate sorbent in
the commercial reagent kit for DNA isolation DNA-sorb B

Figure 7. M(T) dependencies measured in the ZFC/FC mode and dependencies f(TB) ∼ d(M(T)ZFC − M(T)FC)/dT. (a)Fe3O4/SiO2 = 1:1.3
and (b)Fe3O4/SiO2 = 1:4.5.

Figure 8. (a) FMR spectra and (b) temperature dependence of the FMR line width.
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(AmpliSens, Russia). Some modifications in the manufacturer’s
protocol of the isolation procedure were published earlier and
included the absence of particle heating both at the stage of
drying and at the stage of DNA elution. Elution was carried out
with preheated TE buffer.30 The result of approbation showed
that 1:1.3 nanoparticles allow the isolation of an equal or a
smaller number of molecules in comparison with standard
silica per 1 mg of sorbent. However, the further use of the
isolated DNA for genetic testing by the polymerase chain
reaction method demonstrated the inhibitory effect of
nanoparticles on the reaction enzyme (DNA polymerase).
DNA isolation with 1:4.5 particles made it possible to isolate
up to 3.6 times more DNA per 1 mg of sorbent, and the
inhibitory effect was not observed in further studies.30

4. CONCLUSIONS

In this work, silica-coated magnetite nanoparticles with
different shell thicknesses have been investigated. Magneto-
metric studies have shown that the magnetization of magnetite
cores of synthesized Fe3O4@SiO2 nanoparticles is significantly
higher than that of bulk magnetite and that the magnetization
of magnetite in the composition of the two studied samples is
different. This can be interpreted as stoichiometric displace-
ment in the composition of Fe3O4@SiO2 nanoparticles from
standard Fe3O4. The stoichiometric displacement depends on
the silica to magnetite ratio. A larger deviation in a sample with
a thinner shell is due to a chemical interaction of the nanosized
shell and core. The nanoparticle blocking temperatures were
determined both from the ZFC/FC dependencies and from
the temperature dependence of the coercive force. The
obtained blocking temperatures are in good agreement.
Analysis of the temperature dependence of the FMR line
width made it possible to determine the values of the constant
of effective anisotropy and magnetization of an individual
particle: KeffV = 6.95 × 10−14 erg and MV = 5.7 × 10−17 emu.
Thicker-coated nanoparticles show greater efficiency in DNA
isolation and do not damage molecules due to complete
magnetite coverage.
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