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Abstract

The magnetic properties of magnetite nanoparticles (Fe;0, NPs) strongly depend on their
chemical and physical parameters, which can be regulated by a controlled synthesis pro-
cess. To improve the quality of the obtained nanoparticles, their surface is often modi-
fied with organic compounds (from the group of surfactants, sugars, proteins, or organic
acid). In this study, we synthesized magnetite nanoparticles with a surface modified with
the organic compound DMSA. Then, the nanocrystallites were characterized in terms of
structure and morphology. To investigate the role of DMSA and to understand the adsorp-
tion mechanism, FTIR measurements were carried out. Using Mossbauer spectroscopy, we
investigated temperature-induced changes in the magnetic properties of prepared samples.
The spectra were recorded in a wide temperature range (from 4 K to 390 K) for two types
of samples: powders and ferrofluids with various concentrations. In the case of powder
samples, the superparamagnetic doublet appeared at room temperature. For magnetic sus-
pensions, the spectra were more complicated. They consisted of superposition of asym-
metrically broadened sextets and doublets, which was caused by the occurrence of long-
range dipole-dipole interactions. These interactions affected the magnetic properties of the
material and increased the blocking temperature. Additionally, the magnetic hysteresis and
zero field cooling-field cooling (ZFC/FC) curves were measured with the use of a vibrating
sample magnetometer.
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1 Introduction

Due to their chemical and physical properties, iron oxide nanoparticles (mainly magnetite
Fe;0, and maghemite y-Fe,0;) are widely used in many fields of science. Their low toxic-
ity, interesting magnetic properties, and biocompatibility make them desirable for advanced
medical applications such as drug and heat delivery (targeted therapy and magnetic fluid
hyperthermia), bioimaging (magnetic resonance imagining contrast), or tissue engineering
[1, 2]. It is worth underlining that Fe;O, NPs exhibit superparamagnetism at room temper-
ature, which means that they can be manipulated by an influence of an alternating external
magnetic field. Superparamagnetism is a form of magnetism characteristic for ferromag-
netic or ferrimagnetic materials with sufficiently small nanoparticles. Reduction of the size
of ferromagnetic material to a certain critical volume makes the creation of the domain
structure unfavourable (the energy of creating domain walls exceeds the energy gain result-
ing from the division of the molecule into domains). Then, such a particle is treated as
single-domain [3]. Due to the small size, the magnetic energy of anisotropy is smaller or
comparable with the thermal energy of crystal lattice vibrations. This results in overcom-
ing the energy barrier, which in turn leads to spontaneous fluctuations of the nanoparticle
magnetisation vector. The height of this barrier decreases as the size of nanocrystallites
decreases; therefore, smaller crystallites are more susceptible to changing the orientation
of magnetic moments [4, 5]. This unique property allows the conversion of electromagnetic
energy to heat. When magnetic nanoparticles (MNPs) are located at the tumour site, the
generated heat can be used to destroy cancer cells or pathogenic microbes. The method of
treatment that utilizes a colloidal suspension of superparamagnetic nanoparticles is called
magnetic fluid hyperthermia (MFH). MFH has many advantages compared to conventional
methods of cancer treatment. First of all, heat is generated only in the target place, which
increases the efficiency and selectivity of the method. Moreover, healthy tissues are not
exposed to heat. The frequencies of the oscillating magnetic field usually used in MFH are
harmless to the human organism. Additionally, hyperthermia based on MNPs can also be
used for controlled delivery of drugs. It is worth emphasizing that the usefulness and effec-
tiveness of MNPs strongly depend on their physical and chemical parameters, which can be
regulated in the synthesis process [6].

In the present investigation, magnetite nanoparticles were synthesized with the copre-
cipitation method from an alkaline solution and were surface modified with meso-2,3-di-
mercaptosuccinic acid (DMSA). The magnetic properties of the prepared Fe;O, nanoparti-
cles were studied using Mdossbauer spectroscopy. Magnetic hysteresis and ZFC/FC curves
were measured using a vibrating sample magnetometer. FTIR spectroscopy was performed
to achieve precise insight into the surface chemistry of Fe;O, NPs coated with DMSA.
Additionally, the thermal properties of the synthesized nanopowder were tested using the
NanoTherics Magnetherm device.

2 Experimental
2.1 Synthesis of magnetite nanoparticles

The magnetite nanoparticles were prepared with the co-precipitation method from an
alkaline ammonia solution. All reagents were of analytical grade and purchased from
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Sigma-Aldrich. Iron (IIT) chloride hexahydrate and iron (II) chloride tetrahydrate were the
precursors used in the synthesis of Fe;O, NPs. Weighed amounts of the iron precursors
(the molar ratio of Fe?*/Fe>* was 1:2) were dissolved in distilled water and mixed. The
mixture of iron ions was added dropwise to the 3.89 M ammonium base solution under
vigorous stirring (500 rpm). To ensure an oxygen-free environment, nitrogen was bubbled
through the solution. The synthesis was carried out at room temperature. The resulting
black precipitate was pulled with a magnet to the bottom of the beaker and washed several
times with distilled water to remove the solvent. After that, 300 pl of the prepared sample
were modified with 7 mM of DMSA. The unmodified sample was used as the reference
probe. For more details about the synthesis, see [7, 8].

Additionally, to study the dependence of the interactions between nanoparticles on the
concentration, the sample was investigated with the use of Mossbauer Spectroscopy in two
forms: powder and ferrofluid (frozen suspension) at two concentrations: 6.0 mg/100 pl and
2.3 mg/100 pl.

2.2 Characterization

The average particle diameter was determined with use of the Williamson-Hall method
from X-ray diffraction (XRD) measurement. The XRD pattern was obtained with a Philips
X’Pert using a diffractometer with CuKa radiation at room temperature.

Samples with a modified and unmodified surface were investigated with Fourier Trans-
form Infrared Spectroscopy using the attenuated total reflection technique (FTIR-ATR).
The spectra were recorded by means of a Nicolet 6700 (Thermo Scientific) spectrome-
ter equipped with Smart Orbit ATR accessory (Thermo Scientific) in the range of 400-
4000 cm™' with the resolution of 4 cm™!, scan velocity 0.6329, and maximum source
aperture. Interferograms of 256 scans were averaged for each spectrum. The spectra were
corrected by application of a suitable baseline and Advanced ATR correction function
implemented within Omnic software.

Moreover, the sample was examined with Mossbauer Spectroscopy in a wider tem-
perature range in two forms: powder and ferrofluid (frozen suspensions). All Mossbauer
spectra were recorded in the transmission mode using a constant acceleration spectrometer.
The low-temperature data were obtained with the sample mounted in a 4 K Closed Cycle
Refrigerator System from Janis and SHI (Woburn, MA). A ¥’Co source in a Rh matrix and
o-Fe standard were used. The Mossbauer spectra were developed by hyperfine magnetic
field distributions.

The thermal properties of the synthesized nanopowder were tested using the NanoTh-
erics Magnetherm device. The ZFC/FC curve and the hysteresis curves of the magnetic
moment were obtained using a Superconducting Quantum Interference Device (SQUID)
magnetometer MPMS3 from Quantum Design.

3 Results and discussion

3.1 XRDresults

The crystal structure of the sample was verified by powder X-ray diffraction (XRD). The
26 values were taken from 20° to 80° using Cu Ka radiation. Figure 1 shows the XRD
patterns for the nanosized magnetite powder and the reference pattern of bulk magnetite
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(polycrystalline magnetite). The shapes and arrangement of the main reflections for these
two samples are analogous, which indicates the existence of the same phase. The absence
of other interference maxima indicates that the sample does not contain crystalline impuri-
ties. In addition, the dark black colour and strong magnetic properties of dried powders of
magnetic fluids are a characteristic of magnetite amongst other iron oxides. All Bragg’s
planes were indexed to the face-centred cubic inverse spinel magnetite of the Fd3m space
group. The obtained lattice constant for nanosized magnetite powder a is 8.352 A, whereas
the same for bulk magnetite is 8.396 A. This observation may indicate the presence of
vacancies in nanoparticles, which lead to unit cell contraction.

Visible differences appear in the width of the diffraction peaks. The strongly broadened
peaks in the X-ray diffraction patterns are characteristic for nanoparticles. The mean size
of the crystallites was calculated from the Williamson-Hall analysis. The average diameter
(D) of the particles in the prepared sample was 8.3 nm.

3.2 FTIR-ATRresults

The mechanism of DMSA adsorption on the surface of the Fe;O, (Fe;0,@DMSA) nano-
particles was investigated with the Fourier Transform Infrared Spectroscopy using FTIR-
ATR technique. Figure 2 shows the FTIR spectra of pure DMSA (C,H40,S,), bare magnet-
ite nanoparticles, and Fe;O, NPs coated with DMSA.

Well-resolved absorption bands are visible for the DMSA sample. The bands located
in the range of 3800-3000 cm™! correspond to stretching vibrations of O-H and inter- and
intra-molecular hydrogen-bonded carboxylic acid groups (OH----O-C) [9]. The presence of
carboxyl groups in the DMSA molecule is manifested on the spectra as a strong band at
1698 cm™! ascribed to the stretching vibrations of the carbonyl group (vVC=0) and weaker
bands of vC-O located between 1200 and 1130 cm™'. The presence of -OH in-plane defor-
mation can be ascribed to the band at 1422 cm™. In turn, the C-O asymmetric stretching
vibration can be assigned to the bands near 1190 and 1180 cm™" The band at 928 cm™!
corresponds to the OH out-of-plane deformation, characteristic for a carboxylic dimer.
The vibration bands near 2970 and 2830 cm™' correspond to the asymmetric and sym-
metric stretching C-H vibrations. The deformation vibrations of C-H groups are visible
in the range of 1330-1215 cm™!. The strong maxima at 2562 and 2536 cm™' result from
the presence of S-H stretching vibrations. The C-S stretching vibrations are observed at
693 cm™!. The bands located at 425, 556, 625, and 700 cm ™! may indicate the presence of
Fe-O stretching vibrations in the iron oxide particles [10, 11].

In the FTIR spectrum of Fe;O, NPs, a characteristic peak of magnetite is observed
in the range of 550-630 cm™'; in our case, the peak at 576 cm™! indicates the presence
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Fig.2 FT-IR spectra of pure DMSA, bare Fe;O, NPs, and DMSA-coated Fe;0, NPs

of magnetite with a face-centred reverse spinel structure, which was also indicated
by the X-ray analysis. In this range, the absorption band is caused by the vibrations
of the Fe—O bonds in the tetrahedral and octahedral positions [12]. The wide absorp-
tion bands located between 3800 and 2700 cm™! can be ascribed to the vibrations of
hydroxyl groups bounded to the surface of the iron oxide nanoparticles. These groups
come from the environment from which the nanoparticles were precipitated (aqueous
ammonia solution) [13].

The intensity of the vibration bands is lower in the DMSA-modified samples. The
absorption bands of the characteristic groups of DMSA molecules are not clearly vis-
ible on the spectra of iron nanoparticles. The irregular bands located between 1200 and
1500 cm™! on the spectra can be ascribed to the symmetric and asymmetric stretching
vibration bands of the carboxylate group (COO™). The differences in the band intensity
and position in this range of the spectra of bare magnetite and DMSA-coated Fe;0,
samples may indicate different concentrations and surface arrangement of carboxyl
groups (including the chelating bidentate and unidendate configuration and hydrogen
bonding interactions). In the resulting chelate, the hydrogen atoms have been replaced
with heavier iron atoms. The absorption band at 1640 cm™" can be related to the bend-
ing vibrations of surface hydroxyl groups and may indicate molecular adsorption with-
out ionisation [14, 15].
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Fig.3 a) Mossbauer spectra and b) hyperfine magnetic field distributions for the powder sample
(D=8.3 nm) recorded at temperatures in the range from 4 K to 490 K. The marker placed below the spec-
trum indicates 1% relative transmission

3.3 Mossbauer spectra

Figure 3 shows the Mdssbauer spectra of the sample in the powder form measured at dif-
ferent temperatures. At a low temperature, a symmetrical sextet is observed. An additional
component, i.e. the superparamagnetic doublet, appears at 77 K. As the temperature rises,
a gradual transformation of the sextet into a doublet appearing in the middle part of the
spectral area can be noticed. At RT, the majority of the sample is in the superparamag-
netic state, whereas all nanoparticles fluctuate at 390 K (the interparticle interactions are
neglected). A decrease in the average value of the internal magnetic field is also observed.
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Fig.4 Mossbauer spectra for the sample in the form of frozen suspensions at concentrations of
6.0 mg/100 pl (@) and 2.3 mg/100 pl (b). The marker placed below the spectrum indicates 0.1% relative
transmission for each sample

Additionally, spectra of the sample were evaluated by hyperfine magnetic field distribu-
tions. Along with the temperature evolution, the magnetic field significantly decreases.
The broadened hyperfine magnetic field distributions indicate the existence of interparticle
interactions. At room temperature, the magnetic field is evenly distributed, which indicates
the interaction between particles and the existence of both paramagnetic and ferromagnetic
phases [16-18].

Figure 4 presents Mossbauer spectra of the sample in the form of frozen suspensions
at concentrations of 6.0 mg/100 pl and 2.3 mg/100 pl. These spectra are more compli-
cated. In the case of the more concentrated ferrofluid suspension, the spectrum recorded
at 4 K is similar to the spectrum for the powder sample. With the increasing temperature,
the lines become wider and asymmetrical. The explanation is that the relaxation is influ-
enced by magnetic interactions between nanoparticles (long-range dipole-dipole interac-
tions). Strong magnetic dipole interactions are difficult to avoid due to the broad particle
size distribution. At 200 K, only a small fraction of the nanoparticles is in the superpara-
magnetic state. Interparticle interactions strongly affect the blocking temperature causing
its increase. The blocking temperature is defined as a temperature at which half of the spec-
trum is occupied by a sextet and the other half is occupied by a singlet or a doublet [18,
19]. In the case of a diluted sample, the inter-particle interactions are not as strong as for a
concentrated sample. The spectrum shows gradual transition with the temperature increas-
ing from an asymmetrical sextet to a broad singlet, which occupies the whole spectral area
at 200 K.
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Fig.5 Magnetisation loops measured for the sample with D=8.3 nm at 4 K, 77 K, and 290 K. The inset
shows the low field region of the hysteresis loop

3.4 Magnetic measurements

In order to characterize the magnetic behaviour of the Fe;0, nanocrystals, the hysteresis
loop and zero field cooling-field cooling (ZFC/FC) curves were measured with a vibrating
sample magnetometer. Figure 5 presents the magnetisation curves for the powder sample at
the temperatures of 4 K (circles), 77 K (triangles), and 290 K (squares).

The hysteresis loops apparently pass through the origin, which indicates zero coercivity
and zero remanence (Fig. 5), indicating that the samples are in the superparamagnetic state
with unstable magnetisation.

The samples exhibit superparamagnetic behaviour without coercivity and remanent
magnetisation. The saturation magnetisation value (M) is above 70 emu/g at the tempera-
tures of 4 K and 77 K and about 63 emu/g at room temperature. Upon careful examination
of the high-resolution magnetisation data (inset Fig. 5), low coercivity values are observed
at 4 K. The appearance of the zero coercivity may be attributed to the long-range magnetic
dipolar interactions.
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These results are consistent with those obtained for monodisperse magnetic iron oxide
nanoparticles via surface double-exchange with DMSA [20, 21].

Figure 6 shows the ZFC-FC curves for the sample with D=28.3 nm. The measurements
were carried out as follows: demagnetized samples were cooled down from room tempera-
ture to 6 K in the zero magnetic field; then, a 50 Oe magnetic field was applied and the
magnetisation was measured during heating the sample to 300 K, determining the ZFC
curve. Next, maintaining the value of the magnetic field, the samples were cooled again to
6 K and the magnetisation was measured as a function of temperature (FC curve). It can be
noticed that, in the case of the ZFC mode, the magnetisation increased rapidly. Moreover,
the ZFC and FC curves showed irreversibility, which is characteristic of the process of
nanoparticle assembly blocking [22, 23].

3.5 Calorimetric measurements

Finally, we investigated experimentally the influence of an alternating electromagnetic field
on the heat generation rate expressed in terms of the Specific Absorption Rate (SAR) and
Specific Loss Power (SLP).

SAR is commonly defined as the heating power (P, measured in W) generated per unit
mass (mynp, measured in g):

P
SAR = , 1)

Mynp

The power generated by MNPs depends on the physical and magnetic properties of
these MNPs. However, the dissipated power depends linearly on the frequency (f, meas-
ured in Hz) and squarely on the magnetic field strength (H, measured in A-m™").
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Fig. 7 Time-dependent temperature increase. Values of SAR determinable by the initial temperature tran-
sient

In order to become independent from these external factors, it has become common to
use the concept of internal loss power (ILP, measured in Hm? g‘l) [24]

ILP = SAR (2)

fH?

which, in the rather more convenient units of nanoHenrys m? per kg used in clinical prac-
tice, is computed as:

SAR|Wkg™'|

ILP[nHm*kg™'] = =
flkHZ)H? [kAm~1]

3

The measurement was carried out in the following way. The sample in the form of fer-
rofluid (5 mg/ml) was placed in a 1.5 ml Eppendorf tube and then in a polystyrene jacket
for thermal protection. Next, the sample was exposed to the alternating magnetic field
(f=532 kHz, H=10 kA/m). The ferrofluid was heated under the influence of an external
alternating magnetic field. After 600 s, the field was disabled. The results of our experi-
ments are shown in Fig. 7.

Different models can be used to determine quantitative parameters describing the
thermal properties of the sample: SAR and ILP. The Initial Slope method (ISM) and its
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extension, i.e. the Corrected Slope Method (CSM), are most common [25]. In ISM assum-

ing that thermal losses are negligible at the start of the heating process, SAR is calculated
as:

SARgy = —C AT

Mywp Al

“4)

,
=0

where C is the heat capacity of the sample.
CSM corrects the estimates of ISM by considering the early linear losses that occur
from the start of the heating process.

dr
SAR sy = (C- +LAT ) [y 5)

where L is a linear loss parameter that may be deduced from a Fig. 7 style cooling curve
and AT is the (mean) temperature difference between the sample and the baseline, which
must be within the bounds of the linear-loss regime.

In present work, the corrected slope method was used. Multiple linear fittings are
applied over an interval within the linear loss region. The SAR values are derived from the
following equations:

N C("—T> + L(AT),
1 dr i
SARcgy = ~ e —

; MyNp

(6)

The computations parameters used to calculate SAR and ILP values include the fitting
interval (50 s) and the number of fits N=_8). The values of the above parameters obtained
for the tested sample are as follows: SAR=(7.547+1.18) W/g and ILP=(0.142+0.087)
nHm?kg.

The measurement was carried out in non-adiabatic conditions; hence, many factors may
influence its result. These include magnetic field heterogeneity, losses related to the con-
version of the electric signal into a magnetic field, time effects (time constant related to
induction heating, response time of the measuring probe, etc.), heat capacity value, and
sample holder (geometry and material from which it is made) [24-27].

4 Conclusions

In this paper, Fe;O, nanoparticles obtained with the coprecipitation method were investi-
gated in terms of their chemical and physical properties. The coprecipitation method has
many advantages, e.g. repeatability, fast, low cost, and high purity of the product. More-
over, by selecting appropriate reaction conditions (amounts of substrates, concentration
of the ammonium base, etc.), nanoparticles with the desired size can be generated. The
structural research showed that nanoparticles with a diameter of 8.3 nm were obtained. As
shown by the Mossbauer spectra for the powder sample, such nanoparticles exhibit super-
paramagnetic behaviour even at room temperature. In the case of frozen fluids, for a more
concentrated solution, relaxation is influenced by interparticle interactions (asymmetrical
and broadened lines are observed). In the diluted sample, the asymmetrical sextet gradu-
ally turns into a broadened singlet with increasing temperature. The analysis of IR spectra
indicates that, during the modification of the Fe;O0, NPs, hydrogen atoms from the COOH
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group were replaced with iron atoms. This caused the disappearance of the absorption band
of the COOH group and the appearance of the asymmetrical and symmetrical absorption
bands -OCO-. The DMSA coating increases the stability and biocompatibility of nanoma-
terials. As indicated by the magnetic measurements, the sample with an average diameter
of 8.3 nm exhibits superparamagnetic behaviour at 290 K with negligible coercivity and
remanent magnetisation. The parameters describing the thermal properties of the sample
are as follows: SAR=(7.54+1.18) W/g and ILP=(0.142+0.087) nHmZ/kg.
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