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23 Abstract

24 A human liver ferritin, commercial Ferrum Lek and Maltofer® samples were studied using
25  Mossbauer spectroscopy and electron paramagnetic resonance. Two Mdssbauer spectrometers have
26  Dbeen used: (i) a high velocity resolution (4096 channels) at 90 and 295 K, (ii) and a low velocity
27  resolution (250 channels) at 20 and 40 K. It is shown that the three studied materials have different

28  superparamagnetic features at various temperatures. This may be caused by different magnetic
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anisotropy energy barriers, sizes (volume), structures and compositions of the iron cores. The
electron paramagnetic resonance spectra of the ferritin, Ferrum Lek and Maltofer® were
decomposed into multiple spectral components demonstrating the presence of minor ferro- or
ferrimagnetic phases along with revealing marked differences among the studied substances.
Maossbauer spectroscopy provides evidences on several components in the measured spectra which
could be related to different regions, layers, nanocrystallites, etc. in the iron cores that coincides

with heterogeneous and multiphase models for the ferritin iron cores.

Keywords: Maéssbauer spectroscopy; Electron paramagnetic resonance; Ferritin, Maltofer®,

Ferrum Lek

1. INTRODUCTION

Iron metabolism is essential for a large number of biological processes and its disturbance
may result in the iron deficiency anemia [1]. Maltofer® and Ferrum Lek are two commercial
pharmaceuticals used for anemia treatment. They consist of polynuclear nanosized ferric cores
surrounded by noncovalent bonded polymaltose molecules. They represent a large stable complex
(molecular weight of about 5000 Da) which do not release free iron radicals. Ferritin, the main iron
storage protein in the body, consists of 24 protein subunits shell surrounding a cavity of 8 nm
diameter in which the ferrihydrite-like iron core is located [2—4], whereas, the iron cores in
Maltofer® and Ferrum Lek are ferric hydrous oxides in the form of p—FeOOH (akaganéite) with a
similar or slightly larger size. Thus, Ferrum Lek and Maltofer® can be considered as ferritin
analogues.

The iron core structures in iron storage proteins from different living systems or even
different organs and tissues within one body vary as the iron core formation depends on different
conditions (see, for instance, [2-5]). There were various studies of ferritin mineral cores suggested

different models for the iron core structure, for instance, from one crystallite to several crystallites
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(see for review [6]). Some structural studies using electron nanodiffraction and high resolution
electron microscopy indicated that the iron cores in ferritin molecules consist of single crystals of
ferrihydrite or hematite and magnetite [7-9]. The heterogeneous iron core structure was suggested
in [10] on the basis of X-ray absorption spectroscopy. Recently the polyphasic iron core
composition consisted of ferrihydrite, magnetite and hematite was suggested in [11] on the basis of
transmission electron microscopy, X-ray absorption near edge spectroscopy and other methods. In
this work a ferrihydrite-magnetite core-shell structure was suppose. However, the thermal effect of
100-200 keV electron beam irradiation of ferritin with thermal decomposition of ferrihydrite was
not taken into account in these studies as it was demonstrated in [12, 13] (earlier studies of thermal
ferrihydrite decomposition using X-ray diffraction and infrared spectroscopy [14] and Mdssbauer
spectroscopy [15] demonstrated hematite formation). Further study of ferritin iron core using
scanning transmission electron microscopy under controlled electron fluence permitted the authors
of [16] to suggest a cubic-like core structure with eight subunits forming by closely packed
crystalline structures of ferrihydrite surrounding with the loosely packed Fe®*. The surface of each
core subunit in this model is disordered facilitating dynamic iron load and release activities. In
contrast, in the study of ferritin using scanning transmission electron microscopy with modeling the
authors suggested that the ferritin mineral core is a hollow particle [17]. Magnetic study of ferritin
demonstrated features which permitted the authors to suggest so-called core-shell model [18]. In
this study an unusual dependence of magnetization versus field was observed. This dependence
contained two components which were related to paramagnetic and antiferromagnetic parts of the
core. This model of ferritin iron core proposes an interior antiferromagnetic iron core structure with
Néel temperature (Tn) > 310 K surrounded by an amorphous surface layer with a lower Ty value,
where the exchange forces are not strong enough to maintain the antiferromagnetic order. Similar
behavior of isothermal magnetization curves were obtained for ferritin and its analogue iron dextran
[19-24]. Recently a three-phase iron core structure for ferritin was suggested in [25] on the basis of

new fitting model for the horse spleen ferritin magnetization curves and above mentioned electron
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nanodiffraction ferritin studies [7, 11]. These phases were: 60-80 % of ferrihydrite, 15-25 % of
maghemite/magnetite, and 1-10 % of hematite.

Maossbauer spectroscopy is used for the study of ferritins and its pharmaceutical analogues for
a long time (see for review [24, 26]). Ferritin taken from different organs, tissues, bodies as well as
from the same source may differ in the number of Fe atoms and iron—inorganic phosphate ratio, the
iron core structure and/or size, resulting in different superparamagnetic behavior and variations in
Mossbauer parameters. In the study of ferritin with a lower iron loading (smaller core sizes), where
the surface to volume ratio is higher, the authors [27, 28] applied the core-shell model to fit the
Mossbauer spectra of the ferritin, assuming two paramagnetic components at high temperatures and
two magnetic ones at low temperatures related to the surface and interior core. However,
application of two magnetic and/or two paramagnetic components only, is insufficient in general to
fit adequately the Mdssbauer spectra of ferritin and related pharmaceutical compounds (see [29—
32)).

Electron paramagnetic resonance (EPR) spectroscopy is also a well suited method to study
ferritin and its pharmaceutical analogues. By means of EPR one can distinguish between two kinds
of ferric ions: (i) solitary ions which lead to a peak with an effective g-factor of gesr ~ 4.3 and are
bound to the ferritin protein shell and (ii) those which contribute to a broad spectral component at
Qetf 2 and are accumulated within the protein. The latter ones contribute to the nanosized
superparamagnetic ferric core [33-36]. EPR spectra demonstrate that smaller and larger ferritin core
particles can also be differentiated on the basis of their apparent magnetic anisotropy field that is
observable in their EPR spectra [35].

Recently, we have demonstrated that an increase in the velocity resolution of a Mdssbauer
spectrometer improve significantly the analysis of measuring spectra of ferritin and Imferon, an iron
dextran analogue of ferritin [37]. Méssbauer spectrometer with a saw-tooth shape velocity reference
signal formed using quantification with 4096 steps enables to deduce hyperfine parameters with

significantly smaller instrumental (systematic) errors and to fit the complex spectra with more
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reliable results. That is in contrast to conventional spectrometers operate with triangular or
sinusoidal velocity reference signals which formed using quantification up to 1024 steps (for similar
signal-to-noise ratio in the spectra). Biomedical applications of the Mdssbauer spectroscopy with a
high velocity resolution clearly demonstrated these advantages [38-43]. In order to get further
information about the iron core structure by comparison of human liver ferritin, Ferrum Lek and
Maltofer®, we report here the °’Fe Mossbauer spectra preformed at 4 different temperatures. The
high temperature spectra (at 90 and 295 K) were measured by the high velocity resolution
Mossbauer spectrometer, whereas the low temperature spectra (at 20 and 40 K) were measured by
the low velocity resolution spectrometer. We also report EPR studies performed at various

temperatures.

2. MATERIALS AND EXPERIMENTAL METHODS

The lyophilized human liver ferritin was obtained from the Russian State Medical University,
Moscow, Russian Federation. Its preparation process is described in Ref [44]. For the present
studies 100 mg powder sample was used. Commercial samples of Maltofer® (Vifor Inc.,
Switzerland) and Ferrum Lek (Lek, Slovenia) tablets were used as ferritin analogues. Each tablet
contained 100 mg of Fe and 1/3 of a tablet was powdered for sample preparation. The absorbers of
10 mg Fe/cm? were prepared for Méssbauer studies. Powder X-ray diffraction (XRD) patterns for
all samples were carried out by using PANalytical X pert PRO diffractometer with CuK, radiation
at the Ural Federal University, Ekaterinburg. These samples were studied by Quanta 200 scanning
electron microscopy (SEM) with energy dispersion spectroscopy (EDS) for chemical analysis and
by magnetic measurements using commercial SQUID magnetometer MPMS-5S (Quantum Design)
at the Hebrew University, Jerusalem. Thermogravimetry (TG) studies were carried out using
SETSYS Evolution (Setaram) at the Institute of Solid State Chemistry, Ural Branch of the RAS,
Ekaterinburg. The ferritin powder was analyzed by MORGAGNI 268D transmission electron

microscopy (TEM) at the Research Center for Natural Sciences, HAS, Budapest.
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Mossbauer spectra with a high velocity resolution were measured at the Ural Federal
University (Ekaterinburg) using an automated precision Mdossbauer spectrometric system built on
the base of the SM-2201 spectrometer with a saw-tooth shape velocity reference signal formed by
the digital-analog convertor using quantification with 4096 steps. Details and characteristics of this
spectrometer and the system are given elsewhere [45-47]. The *’Co in rhodium matrix source of
about 1.0x10° Bq (Ritverc GmbH, Saint-Petersburg) was used at room temperature. Spectra at 295
and 90 K were measured in transmission geometry with moving absorber in the liquid nitrogen
cryostat and registered in 4096 channels. Statistical counts were in the range of 4.1x10° — 2.7x10°
counts per channel and the signal-to-noise ratios were in the range from 96 to 134. The spectra were
fitted using the UNIVEM-MS program with a least squares procedure and the Lorentzian line
shape. Parameters determined for the measured spectra were: isomer shift, 3, quadrupole splitting,
AEq, line width, T, relative subspectrum area, S, and normalized statistical criteria of fitting quality
x2. As criteria for choosing the best fits, a differential spectrum, 2 and a physical meaning of the
spectral parameters were considered. The instrumental (systematic) error for each spectrum point
and for the hyperfine parameters were +0.5 and +1 channel, respectively [47]. The velocity
resolution in the spectra was ~0.001 mm/s per channel. The error of S did not exceed 10 %. If an
error calculated with the fitting procedure (fitting error) for these parameters exceeded the
instrumental (systematic) error we used the larger error instead. Values of the isomer shifts are
given relative to that of a—Fe at 295 K.

Additionally, the Mdssbauer spectra of the studied samples were measured with the low
velocity resolution at 40 and 20 K using a conventional (KFKI type) spectrometer with the
triangular velocity reference signal formed using quantification with 1024 steps, and an APD closed
cycle refrigerator at the E6tvos Lorand University, Budapest. Each spectrum recorded on the direct
and the reverse motion was registered in 500 channels using twofold increase of the multichannel
analyzer time window in comparison with the time of one velocity step. To exclude an effect of a

residual parabolic distortions and a folding procedure — which may distort the spectra (see [47]) —
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the analysis of these spectra was carried out only on the data recorded during the direct motion
measurement in 250 channels. The ~1.8x10° Bq *’Co in rhodium matrix source (Ritverc GmbH,
Saint-Petersburg) was used at room temperature. The statistical counts for the spectra of the human
liver ferritin and its pharmaceutical models measured at 40 and 20 K were in the range of 1.6x10° —
1.6x10° counts per channel, and the signal-to-noise ratio was in the range between 31 and 55. The
spectra were also computer fitted using the UNIVEM-MS program in the same manner as
mentioned above with additional determination of magnetic hyperfine field, Hetr and accounting the
parabolic distortion of the spectra. The instrumental (systematic) error for each spectrum point and
for the hyperfine parameters were +0.5 and +1 channel, respectively, while that of the line width
was 2 channels (see [47]). The velocity resolution in the spectra without the folding was ~0.11
mm/s per channel. It should be noted that in spite of the low velocity resolution of the KFKI
spectrometer it was of great help for Mossbauer spectra measurement at 40 and 20 K which are not
available using SM-2201 spectrometer.

EPR spectra on powder ferritin, Maltofer® and Ferrum Lek were recorded at room
temperature using a Bruker ElexSys E500 X-band EPR spectrometer at the Research Centre for
Natural Sciences, HAS, Budapest. A modulation frequency of 100 kHz was used. The applied
modulation amplitude and the microwave power for ferritin were 10 G and ~20 mW, respectively,
whereas they were 5 G and ~10 mW for Ferrum Lek and Maltofer®. Separate measurements were
performed under identical conditions in an empty sample holder (quartz tube) in order to determine
the background level of intensities as a function of the measuring DC magnetic field, B. The
background was subtracted from the spectra measured on the samples prior to their analysis. In
order to detect the signal of non-aggregated paramagnetic iron ions in ferritin, low-temperature
measurements were carried out on the ferritin sample in the range of 150-290 K with modulation

amplitude and microwave power of 10 G and ~10 mW, respectively.
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3. RESULTS AND DISCUSSION
3.1. Characterization of the samples using XRD, SEM, TEM, thermogravimetry and
magnetization measurements

SEM image of a Maltofer® sample is shown in Fig. la. This image demonstrates
agglomerates of Maltofer® macromolecules in a powder at magnification of x600. However, the
size of the polymaltose shell excludes interparticle interaction for different iron cores in the sample.
Elemental composition in Ferrum Lek and Maltofer® samples obtained using SEM with EDS is
given in Table 1. The chemical composition for the main elements was slightly different in both
pharmaceutical samples. XRD patterns for human liver ferritin, Ferrum Lek and Maltofer® are
shown in Fig. 1b—d. These patterns reflect complex phase composition of studied samples due to the
presence of large amounts of crystallized salts in the lyophilized ferritin sample and due to different
ingredients in Ferrum Lek and Maltofer® tablets. Nevertheless, it is possible to distinguish low
intensity peaks corresponding to ferrihydrite in human liver ferritin and to akaganéite in Ferrum
Lek and Maltofer®. TEM analysis of the studied human liver ferritin sample demonstrated that the
iron cores can be considered as spherically-shaped uniform nanoparticles with a narrow size
distribution between 4 and 6 nm (Fig. 2a,b). In contrast, iron cores in Ferrum Lek and Maltofer®
were not well identified probably due to additional components in tablets (Fig. 2c,d). However,
recently the study of Ferrum Lek in aqueous suspension using TEM carried out in [48]
demonstrated ellipsoid-shaped iron cores with average diameter of ~6 nm. If Maltofer® image in
Fig. 2d is related to the iron cores, the morphology of two ferritin analogues is different.

The results of thermogravimetry of human liver ferritin, Ferrum Lek and Maltofer® samples
are shown in Fig. 3. The heat flow and mass lost curves look similar to each other, however, the
remanent mass for Ferrum Lek and Maltofer® (~25 % and ~23 %, respectively) was smaller than
that for human liver ferritin (~35 %). These data were used for magnetization measurements. Zero
field cooled and field cooled (ZFC and FC) magnetization curves for human liver ferritin, Ferrum

Lek and Maltofer® samples are shown in Fig. 4a—c. These data were in agreement with previous
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studies of other ferritins and its pharmaceutical analogue iron dextran complex (see, for instance,
[20, 24]). The isothermal magnetization curves of Ferrum Lek and Maltofer® are shown in Fig.
4d,e. The obtained curves for both iron-polymaltose complexes are very similar. The coercive fields
at 5 K are —400 Oe for Ferrum Lek and —440 Oe for Maltofer®. Isothermal magnetization curves
were also similar to the published results (see, for instance, [18, 24]) on the other ferritins and
demonstrated a slope as a result of saturation magnetization curve and additional linear component
(Fig. 4f). Previously this fact was interpreted as two phase composition of the ferritin iron core (see,
for instance, [18-24]). Our results for Ferrum Lek and Maltofer® demonstrated similar magnetic
behavior as for human liver ferritin, i.e. both isothermal magnetization curves contain saturation
magnetization part (superparamagnetic) and linear part (paramagnetic or superantiferromagnetic).
On the basis of the similar magnetic feature a core-shell model of the ferritin iron core was

developed [18] and applied for the evaluation of the ferritin Mossbauer spectra [24, 27, 28].

3.2. Mossbauer spectroscopy
3.2.1. Mossbauer spectroscopy with the high velocity resolution at 295 and 90 K

The Mossbauer spectra of the human liver ferritin, Maltofer® and Ferrum Lek measured with
the high velocity resolution at 295 K show similar patterns, as shown in Fig. 5a,c.e. In the present
study we applied a heterogeneous iron core model for the fit of Mdssbauer spectra — introduced
elsewhere [37, 49, 50] — i.e. the spectra were analyzed using several quadrupole doublets. The best
fits of these spectra were obtained with 4 quadrupole doublets for the ferritin and 5 quadrupole
doublets for both iron-polymaltose complexes Maltofer® and Ferrum Lek. It should be noted that
the best fit was determined on the basis of linear shape (within the statistical error) of differential
spectrum and minimal 2 value. For instance, in the case of the 295 K human liver ferritin spectrum
(Fig. 5a), inserted images of differential spectra obtained from this spectrum fits using one, two and
three quadrupole doublets clearly show deviations from the linear shape of differential spectra

beyond the statistical errors. Moreover, the values of y? were 5.713, 1.621, 1.154 and 1.067 for the
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one, two, three and four quadrupole doublets fits, respectively (standard deviation for 2 is:
6=0.022). The Mossbauer spectra of the ferritin, Maltofer® and Ferrum Lek measured at 90 K are
presented in Fig. 5b,d,f. The same number of the quadrupole doublets as in the case of spectra
recorded at 295 K was necessary to obtain the best fits that can be regarded in favor of the chosen
model. In the previous study we fitted the previously measured 295 and 90 K spectra of the same
samples independently and observed unexpected differences in the corresponding Mdssbauer
parameters [49]. That is why we applied consistent fit for the spectra of the same samples measured
at two temperatures in the present study. The spectra of each sample measured at 295 and 90 K
were fitted using corresponding consistent model (maintaining similar constrains for the
corresponding Mossbauer parameters at both temperatures). The best fit Mossbauer parameters
obtained in that way are given in Table 2. We have surprisingly found an increase in the line widths
of the spectral components at 90 K. Some small line broadening related to the cryostat vibrations at
this temperature was shown in [46]. However, in the present case the line broadening cannot be
related to the cryostat vibrations only and requires a separate study that will be published elsewhere
to elucidate whether or not this result is related to a relaxation process.

It is well-known that quadrupole splitting and electric field gradient are very sensitive to the
local microenvironment of the *'Fe nucleus. Therefore, the observed differences beyond the errors
in AEq values for some corresponding quadrupole doublets obtained for the Mossbauer spectra of
human liver ferritin, Maltofer® and Ferrum Lek given in Table 2 may indicate that Fe** ions in the
iron cores of human liver ferritin and its analogues had some small stereochemical variations
related, for instance, to differences in oxygen and iron atoms packing in the core.

Though the Mdssbauer spectra of both iron-polymaltose complexes Maltofer® and Ferrum
Lek measured at 295 and 90 K were fitted with the same number of the quadrupole doublets, the
values of the hyperfine parameters turned out to be different for the spectral components with
similar relative areas. The relative areas of the components 1-5 obtained at 295 and 90 K (see Table

2 and Fig. 6) turned out to be different beyond the error limit for both Maltofer® and Ferrum Lek

10
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while the relative areas of corresponding components were the same within the error at 295 and 90
K for each sample. Consequently, one can conclude that the regions/layers of the iron cores related
to these components may differ as far as their size, the >'Fe content, degree of crystallinity, density
of atoms package, etc. is concerned. This finding indicated the existence of the iron core differences
in the two iron-polymaltose complexes that possibly may be related to different manufacturing
processes involved in their production.

According to the previous finding of Funk et. al. [29], the Mdssbauer spectrum of the iron-
polymaltose complexes measured with the low velocity resolution demonstrated magnetic
components in addition to paramagnetic one at the temperature of liquid nitrogen. Therefore, we
additionally performed Mdssbauer spectra measurements of Maltofer® and Ferrum Lek with the
high velocity resolution at 90 K in a large velocity range and compared our results with those
presented in [29] (see Fig. 7). However, we did not observe magnetic splitting in our spectra. To
account for the previous finding we can exclude aging effects that might cause an aggregation
and/or a crystallization of the iron cores, resulting in an increased blocking temperature. The iron
cores in the presently studied iron-polymaltose complexes are apparently characterized by a smaller
magnetic anisotropy energy barrier than that in the iron cores of the complexes studied in [29]. The

difference is presumably due to a smaller core-size in our case.

3.2.2. Mossbauer spectroscopy with the low velocity resolution at 40 and 20 K

The Mossbauer spectra of the human liver ferritin, Maltofer® and Ferrum Lek measured with
the low velocity resolution spectrometer at 20 K are shown in Fig. 8a-c. A comparison of these
spectra gives evidence that magnetically split components prevail in the spectra of the
pharmaceutical models while the spectrum of the ferritin consists of a major paramagnetic
component and a small magnetic one. It should be noted that a parabolic distortion in the 20 K
ferritin spectrum may mask a small magnetic component; the value of x?=1.045 was obtained in the

case of the fit without magnetic component while for the fit with a small magnetic component the
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value of %2 was equal to 1.028 (5=0.066). Moreover, previous studies of other ferritin samples
demonstrated the presence of the magnetic component at 20 K (see [51]). This finding indicated that
the magnetic anisotropy energy barriers for the iron cores in the human liver ferritin and those in
Maltofer® and Ferrum Lek were different. Furthermore, assuming the magnetic anisotropy
constants were similar in the iron cores of the studied samples, one can conclude that the iron core
size (volume) of the ferritin was somewhat smaller than that in Maltofer® and Ferrum Lek. A
comparison of the Mdssbauer spectra of Maltofer® and Ferrum Lek measured at 20 K (see Fig. 8b,
c¢) showed, in fact, small differences. Therefore, these samples were additionally measured at 40 K
and compared with the Maltofer® spectrum measured at 45 K as reported in [29] (Fig. 9). The 40 K
Mossbauer spectra of Maltofer® and Ferrum Lek demonstrated also some differences. The results
of the best fits of these spectra using individual magnetic and paramagnetic components are shown
in Figs. 8 and 9 and the spectral parameters are given in Table 3. The 40 K spectra of Maltofer®
and Ferrum Lek were fitted using 5 magnetic sextets and 2 quadrupole doublets while the 20 K
spectra of Maltofer® and Ferrum Lek were fitted using 7 magnetic sextets and 1 quadrupole
doublet. A further increase in the number of components during the fit led to the lack of physical
meaning of the parameters or increase in y?-values. The 20 K Méssbauer spectrum of ferritin was
fitted using 2 quadrupole doublets and 1 magnetic sextet. A comparison of the Maossbauer
parameters obtained for Maltofer® and Ferrum Lek at 40 and 20 K showed evidence on some
differences in the corresponding parameters. This finding may indicate the presence of the same
number of corresponding regions/layers (grains, etc.) in the iron cores of Maltofer® and Ferrum
Lek with different parameters, e. g. having a different size/volume (or number of Fe atoms) and the
magnetic hyperfine field value. However, it is not possible to directly compare these results with
those obtained for the 295 and 90 K spectra due to the different velocity resolution in the spectra.
Nevertheless, the results are compatible with the suggested heterogeneous iron core models
which seem to be more adequate than the core-shell model [27, 28] for analysis of the Mossbauer

spectra of the ferritin and its pharmaceutical analogues.
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3.3. Mossbauer parameters and the iron core structure

The core-shell model proposed for the iron core of the ferritin [18] was used as a physical
model when analyzing the ferritin Mdssbauer spectra measured at various temperatures [27, 28].
However, heterogeneous and multiphase models were proposed for the ferritin iron cores [6-11, 16,
17, 25]. In the present work we continue the development of the heterogeneous iron core model on
the basis of the Mossbauer spectra best fits [37, 49, 50]. Interactions between the iron cores should
be neglected due to a protein shell shielding (see also [24, 52]). Therefore, the Mdssbauer
parameters can be analyzed in relation to the size and structure of the iron core. In this case we may
assume that the doublets with the smallest quadrupole splitting obtained in the Mdssbauer spectra
measured at 295 and 90 K can be related to the internal region of the ferrihydrite type core with a
higher degree of crystallinity and density of atoms packing. In contrast, the doublets with the largest
quadrupole splitting can be related to the surface shell of the core with a less ordered structure.
Therefore, if we consider the same recoilless fraction for various core regions/layers it is possible to
estimate their contribution as follows: about 15-16 % of surface core shell, about 23-27 % of the
next region/layer in the nanoparticle, about 31-35 % of a deeper internal regions/layer and about 26
% of an internal core area. The akaganéite type cores in Maltofer® and Ferrum Lek with a larger
magnetic anisotropy energy than that in the human liver ferritin iron cores probably have a lager
particle size (volume). Therefore, the Mssbauer spectra of Maltofer® and Ferrum Lek measured at
295 and 90 K could be fitted using 5 quadrupole doublets while those of the human liver ferritin
were fitted using 4 quadrupole doublets only. Within the same assumption we can suggest five
regions/layers of the iron core from the surface shell down to the internal core region/layer with
relative contributions of about 5 %, 11%, 35-36 %, 35% and 15-16 %, respectively, for Maltofer®,
and those of about 6-7 %, 9 %, 30 %, 33-34 % and 20-21 %, respectively, for Ferrum Lek.
Unfortunately, it is not possibile to apply the model used for the analysis of 295 and 90 K spectra
for a similar analysis of 40 and 20 K spectra due to different quality of the high and low velocity

resolution spectra and their fits. Nevertheless, the fitting of the spectra of Maltofer and Ferrum Lek
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measured at 40 and 20 K also supports the heterogeneous iron core models by revealing multiple
magnetic components (Fig. 9). We can assume that the smallest regions of the cores with a higher
degree of crystallinity still remained paramagnetic at lower temperatures. The magnetic components
(with decreasing magnetic field values) may be related to the regions/layers varied from a higher
degree of crystallinity towards more amorphous surface layer. The possible effect of morphological
differences for Maltofer® and Ferrum Lek iron cores should be studied additionally. Thus, the
heterogeneous model with more than the core and shell only should be considered for further

analysis of the Mossbauer spectra of the iron cores in ferritin and its analogues.

3.4. Electron paramagnetic resonance

Measured EPR spectra of human liver ferritin, Maltofer® and Ferrum Lek are shown in Fig.
10. The EPR spectrum of human liver ferritin displays a broad absorption signal centered near g~2,
which agrees with corresponding results found previously for horse spleen ferritin [33] and human
spleen ferritin [34]. The width of the signal is presumably contributed to by inhomogeneous
broadening caused by the disordered nature of the anisotropy axes of weakly ferrimagnetic
substances such as the ferrihydrite core of ferritin [53], as well as by a distribution in the size of the
ferrimagnetic core particles. Namely, as superparamagnetic relaxation of magnetic nanoparticles
results in an apparent reduction of the effective anisotropy field depending on the particle size,
anisotropy energy density and temperature [54], at the same temperature particles being of the same
kind but having different volumes will sense a different fraction of their magnetic anisotropy field,
and will, therefore, result in an EPR signal centered at a different apparent g factor and
characterized by a different magnitude of anisotropy broadening. As shown in [35] larger
ferrimagnetic particles of ferritin may produce a broad signal at lower resonance fields.

Fitting the EPR spectrum of human liver ferritin to a single Lorentzian derivative (not shown)

results in an effective spectroscopic splitting factor of ges=~2.04 and an apparent FWHM line width

of ~2.3 kG, but with a residual that suggests the presence of more than one subcomponent. An
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acceptable fit of the main spectrum feature can be achieved by applying at least three
subcomponents as shown in Fig. 10. The component with the largest (~76.5 %) relative area
fraction (Fa) displaying a large apparent peak-to-peak width of I'pp (Fa)=2.61 kG represents the
theoretical model of a random powder of particles with uniaxial magnetic anisotropy subject to an
effective magnetic anisotropy field of ~1 kG and an intrinsic Lorentzian FWHM line width of ~3.9
kG along with an intrinsic g factor of gefr(Fa)=2.093(5). Due to the large intrinsic width and the
relatively low anisotropy field, the value of gef(Fa) is close to the apparent go(Fa)~2.1 spectroscopic
splitting factor that corresponds to the maximum of absorption (i.e. zero crossing of the derivative
of absorption considering also the baseline) represented by the Fa component (via the relationship
g, = hf / B,z Where f is the measuring frequency, ws is the Bohr magneton, h is the Planck constant
and Bo is the resonance magnetic field that results in the maximum of absorption). On the basis of
its g factor and its rather large line width, component F. bears close similarity with the EPR
spectrum reported for natural inorganic goethite [55] displaying gox~2.09 and I'pp (Fa)~2.79 KG,
which suggests that the particles contributing to component F, are, at least in part, composed of
larger particles of ferric oxide-hydroxide. The Fa. peak may, however, also be contributed to by
ferrihydrite for which go=2.1 and I'pp~850 G was recently reported [56]. The symmetric component
Fo (accounting for ~23.3 % of the total spectral area) corresponds to a Lorentzian with
0o(Fb)=2.019(1) and TI'pp(Fn)=0.92 kG, which values are close to those (go~2.02 and I'pp~0.84 kG)
observed for biogenic intracellular magnetite chains produced by the magnetotactic bacteria
Magnetospirillum magneticum [55]. Again, one cannot exclude a contribution of ferrihydrite to
component Fy, especially that the peak-to-peak width characteristic to ferrinydrite is close to that of
Fo. The presence of magnetite along ferrihydrite, however, is a reasonable possibility considering
the conception [51] that the biodegradation of ferrihydrite may lead to the biogenic magnetite
crystals identified in human brain tissues. As shown in Fig. 11, in the EPR spectrum of human liver
ferritin below room temperature a minor signal becomes discernible at g ~ 4.2, that can be attributed

to non-aggregated, solitary high-spin Fe** ions bound on the ferritin protein shell to core-nucleation
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sites with rhombic symmetry [33, 35, 57].

To account for the main features of the EPR spectrum of the Maltofer® sample at least three
Lorentzian subcomponents were needed. Component Ma, characterized by go(Ma)=2.67 and
I'op(Ma)~2.89 kG, gives ~94 % of the total absorption area. The splitting factor and the width of this
component were in good agreement with corresponding values (gox2.67, I'pp=2.74 kG) reported for
synthetic magnetite [55]. The remaining two components, My and M, represent respectively ~4 %
and ~2 % of the total spectral area. They are characterized by go(Mb)=~2.32, I'pp(Mb)~0.52 kG and
0o(Mc)~2.90, T'pp(Mc)=0.41 KG. It should be noted that EPR spectra recorded on different samples
made of Maltofer® powder indicated that the samples may develop a texture that can also
significantly affect the actual resonance field of the detected peaks and the associated spectral
shape. However, mixing the measured sample with MgO powder in order to reduce texture
preserved the essential features of the Maltofer® powder spectrum shown in Fig. 10.

The shape of the EPR spectrum of Ferrum Lek (Fig. 10) suggests that it can mainly be
accounted for by magnetic anisotropy broadening. By assuming that the sample can be seen as a
random powder of particles with similar size, we found that the assumption of cubic magnetic
anisotropy provides a better fit of the spectrum than does the assumption of uniaxial anisotropy.
The corresponding best fitting curve shown in Fig. 10 represents an intrinsic splitting factor of
Qefr~1.945, a magnetic anisotropy field of Baerf ~2.16 kG and an intrinsic FWHM line width of
~2.45 kG. The spectrum is furthermore characterized by Tpp=2.78 kG and go=2.145(6)
demonstrating that when the anisotropy field is large, then the apparent g factor determined on the
basis of the zero crossing of the derivative of absorption may be a poor approximation of the
intrinsic g factor. On the basis of a comparison with the data in [55] by considering go and I'pp alone
natural inorganic goethite would be again the closest match to our data, but this assignment is
unlikely as goethite is expected to display a positive uniaxial magnetocrystalline anisotropy [53]. At
the same time, the ferrihydrite core of ferritin was found to exhibit negative uniaxial magnetic

anisotropy [35] in agreement with its hexagonal crystal structure, though if this assignment was
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correct we would expect the model of uniaxial anisotropy to fit better the spectrum than that of
cubic anisotropy. As it is known to exhibit negative first-order cubic magnetocrystalline anisotropy
at room temperature, magnetite is also not excluded as the origin of the main feature in the EPR

spectrum of Ferrum Lek.

4. CONCLUSIONS

Mossbauer spectroscopic study of the iron storage protein ferritin (from human liver) and its
pharmaceutically important analogues Maltofer® and Ferrum Lek confirmed hypothesis on
heterogeneous and probably multiphase iron core composition in the studied materials supposed on
the basis of structural studies (for instance, [6, 10, 11, 16]). However, the present interpretation of
our Mossbauer results could not support suggestions about a single crystalline iron core [7] or a
hollow interior in the core [17]. Therefore, the heterogeneous model could be used for further
development of the simple core-shell model in the fit of Mdssbauer spectra of ferritin and its
analogues by considering more than two regions/layers which can be derived from magnetization
measurements. It was shown that the magnetic anisotropy energy barrier for the iron cores in the
human liver ferritin and its pharmaceutical related compounds was different and, probably, the size
(volume) of these nanosized iron cores was smaller in the ferritin than that in its analogues.
Moreover, it was also observed that the iron cores in Maltofer® and Ferrum Lek could be
considered as a complicated system with at least 5 regions or layers with differences in some of
them that might have resulted from different manufacturing processes of Maltofer® and Ferrum
Lek. In contrast, the studied human liver ferritin iron core may be considered as a system composed
of at least 4 different regions and/or layers, etc.

According to the analysis of the EPR spectra one could clearly detect differences between the
ferro- or ferrimagnetic phases of human liver ferritin and those of its actual pharmaceutical
analogues Maltofer® and Ferrum Lek. Whereas the ferrimagnetic signal of ferritin seems to be

realized by the residual ferrimagnetism of a ferric oxide-hydroxide phase, that of Ferrum Lek and
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especially of Maltofer® is likely to be mainly contributed to by an another type of magnetic
compound. It is important to emphasize that as antiferromagnetic compounds are — apart from a
possible residual ferrimagnetism — EPR silent, the actual overall composition of the studied samples
may differ from that reflected by the EPR results that in the present study inform exclusively about
the ferro-, ferri- and paramagnetic phases. For the same reason, the >’Fe M&ssbauer spectra of the
samples (that also report about antiferromagnetic iron-containing phases) may well reflect a
different composition while the phases contributing to the EPR spectra may actually have negligible
contribution to the >’Fe Mdossbauer spectra, and vice versa. Nevertheless, the data obtained using
EPR study of human liver ferritin, Maltofer® and Ferrum Lek demonstrated differences in the
phase composition of the iron core related to the presence of minor ferro- or ferrimagnetic phases

and contributed also to the heterogeneous and multiphase models of the iron core.
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Table 1. Chemical composition of Ferum Lek and Maltofer® samples.

Sample Element Weight % o (wt.%)
Ferrum Lek C 27.86 0.38
) 40.94 0.37
Na 1.57 0.06
Mg 0.61 0.04
Si 0.80 0.05
Cl 3.22 0.09
Fe 24.99 0.53
Total 100
Maltofer® C 22.13 0.50
0o 36.16 0.45
Na 2.55 0.09
Cl 5.24 0.15
Fe 33.92 0.66
Total 100
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Table 2. Mossbauer parameters obtained from the best fits of the Mdssbauer spectra of the human

liver ferritin, Maltofer® and Ferrum Lek measured with the high velocity resolution at 295 and 90

K.
Sample T,K No? § mm/s AEq, mm/s ', mm/s S, %
Ferritin 295 1  0.374£0.001  0.407+0.002  0.276+0.003  26.31

2 0.372+0.001 0.618+£0.001  0.258+0.003  31.16

3 0.366+0.001  0.859+0.001  0.283+0.003  26.62

4 0.360+0.001  1.156+0.003  0.343+0.004 15.91

Maltofer® 295 1  0.368+0.001  0.409+0.002  0.233+0.003  15.07
2 0.370£0.001  0.605+£0.001  0.254+0.003  33.41

3 0.366+0.001  0.856+0.001  0.304+£0.003  35.70

4 0.359+0.001  1.130+£0.002  0.261+0.004  10.52

5 0.344+0.002  1.430+£0.006  0.320£0.008  5.30

Ferrum 295 1 0.366+0.001  0.429+0.001  0.245+0.003  20.28
Lek 2 0.368+0.001  0.628+0.001  0.249+0.003  33.84
3 0.363+0.001  0.877+0.001  0.278+0.003  30.34

4 0.358+0.001  1.137£0.002  0.233+0.004  9.15

5 0.344+0.001  1.424+0.005  0.312+0.006  6.39

Ferritin -~ 90 1  0.490+0.002  0.416+0.012  0.340+0.012  26.66
2 0.480+0.001 0.657+0.018  0.345+0.037  34.89

3 0.475+0.002  0.918+0.027  0.353+0.042  23.18

4 0.460+0.003  1.215+0.027  0.433+0.017 15.26

Maltofer® 90 1  0.479+0.001  0.452+0.001  0.303+0.003  15.77
2 0.47240.001  0.647+£0.002  0.372+0.003  32.87

3 0.465+0.001  0.867+0.002 0.415+0.003° 35.33

4 0.448+0.001  1.171+0.002  0.339+0.003" 10.74

5 0.410£0.002  1.525+£0.005  0.421+0.003° 5.29

Ferrum 90 1  0.479+0.001  0.475+0.003  0.311+0.003  20.59
Lek 2 0.477+0.001  0.683+£0.002  0.358+0.004  33.46
3 0.465+0.001  0.902+0.002  0.396+0.003" 30.16

4 0.450+0.001  1.150+0.006  0.331+0.003°  9.00

5 0.421+0.002  1.442+0.009  0.406+0.003"  6.80

“Numbers of components correspond to components’ numbers in Mdssbauer spectra in Fig. 4.

bFixed parameter.
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Table 3. Mdssbauer parameters obtained from the best fits of the Mdssbauer spectra of the human

liver ferritin, Maltofer® and Ferrum Lek measured with the low velocity resolution at 40 and 20 K.

Sample T,K No* § mm/s AEo, mm/s Hesr, KOe T, mm/s S, %
Maltofer® 40 1 0.43+0.12 -0.12+0.12 411.8+3.6 0.61+0.24 16
2 0.334+0.12 -0.01+0.12 381.3+6.1 0.77£0.26 16
3 0.70+0.12 —0.79+0.16 327.4+6.5 0.75+0.39 8
4 0.36+0.12 —0.33+0.12 286.0+4.3 0.77+0.26 8
5 0.17+0.12 -0.15+0.12 174.1£3.5 0.78+0.24 15
6 0.42+0.12 0.66+0.12 - 0.58+0.24 31
7 0.50+0.12 1.64+0.22 - 0.51+0.24 6
Ferrum 40 1 0.43+0.12 —0.08+0.12 411.3+£3.5 0.44+0.24 8
Lek 2 0.40+0.12 -0.12+0.12 387.2+3.5 0.78+0.24 20
3 0.57+0.12 —0.34+0.12 342.843.5 0.78+0.24 10
4 0.50+0.12 —0.48+0.12 288.9+3.5 0.78+0.24 12
5 0.17+0.12 —0.43+0.12 172.9+£3.5 0.78+0.24 13
6 0.444+0.12 0.65+0.12 - 0.60+0.24 28
7 0.37+0.12 1.28+0.12 - 0.64+0.24 9
Ferritin 20 1 0.38+0.12 —0.69+0.22 344.6+8.0 0.96+0.39 10
2 0.42+0.12 0.484+0.12 - 0.51+0.24 72
3 0.43+0.12 0.94+0.12 - 0.41+0.24 18
Maltofer® 20 1 0.45+0.12 —0.12+0.12 417.9+3.5 0.60+0.24 28
2 0.46+0.12 —0.15+0.12 393.1+3.5 0.66+0.24 20
3 0.43+0.12 —0.03+0.12 366.1£3.5 0.60+0.24 11
4 0.50+0.12 —0.06+0.12 332.6+3.5 0.5440.24 7
5 0.55+0.12 0.03+0.12 296.8+£3.8 0.77+0.24 8
6 0.69+0.12 —0.12+0.12 220.2+4.8 0.78+0.26 6
7 0.73+0.12 —0.28+0.12 157.7£5.2 0.78+0.24 6
8 0.43+0.12 0.75+0.12 - 0.78+0.24 14
Ferrum 20 1 0.44+0.12 —0.13+0.12 416.8+£3.5 0.61+0.24 30
Lek 2 0.45+0.12 —0.2040.12 393.3+3.5 0.56+0.24 17
3 0.45+0.12 —0.16+0.12 369.0+£3.5 0.57+0.24 10
4 0.47+0.12 —0.09+0.12 340.3£3.5 0.69+0.24 10
5 0.46+0.12 —0.03+0.12 303.7£3.5 0.70+0.24 8
6 0.45+0.12 —0.29+0.12 215.7+5.4 0.78+0.24 6
7 0.66+0.12 —0.25+0.12 155.7+4.4 0.80+0.24 6
8 0.42+0.12 0.79+0.12 - 0.78+0.24 13

®Numbers of components correspond to components’ numbers in Mdssbauer spectra in Figs. 7 and

8.
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FIGURE LEGENDS

Fig. 1. Scanning electron microscopy image of Maltofer® (a) and X-ray diffraction patterns of
human liver ferritin (b), Ferrum Lek (c) and Maltofer® (d). Arrows indicate peaks positions for
ferrihydrite (F) and akaganéite (A).

Fig. 2. Transmission electron microscopy image of human liver ferritin sample (a) with distribution
of ferritin iron core sizes determined using 50 particles (b) and transmission electron microscopy
images of Ferrum Lek (c) and Maltofer® (d) samples.

Fig. 3. Thermogravimetry of human liver ferritin (a), Ferrum Lek (b) and Maltofer® (c).

Fig. 4. Magnetization curves for human liver ferritin (a), Ferrum Lek (b, d) and Maltofer® (c, e, f).
PM is a paramagnetic (or superantiferromagnetic) linear component, Ms is a saturation
magnetization.

Fig. 5. Mossbauer spectra of human liver ferritin (a, b), Ferrum Lek (c, d) and Maltofer® (e, f)
measured at 295 K (a, ¢, €) and 90 K (b, d, f) with the high velocity resolution (in 4096 channels).
Indicated components are the results of the best consistent fits. Examples of non-linear differential
spectra for the fits using one, two and three quadrupole doublets are inserted into the spectrum of
human liver ferritin (a). Differential spectra are shown below.

Fig. 6. Histograms of the relative areas of the components in the Mdssbauer spectra of human liver
ferritin (a), Ferrum Lek (b) and Maltofer® (c) measured at 295 K (") and 90 K (). Numbers of
spectral components are corresponding to those in Fig. 4.

Fig. 7. Mossbauer spectra of Maltofer® (a) and Ferrum Lek (b) measured at 90 K with the high
velocity resolution in a large velocity range (a — in 4096 channels, b — presented in 2048 channels)
and iron-polymaltose complex measured with the low velocity resolution at 78 K in a large velocity
range adopted from [29] (c). Indicated components are the results of the best fits. Differential
spectra are shown below.

Fig. 8. Mossbauer spectra of human liver ferritin (a), Maltofer® (b) and Ferrum Lek (c) measured
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at 20 K with the low velocity resolution (in 250 channels) on the direct motion. Indicated
components are the results of the best fits. Differential spectra are shown below.

Fig. 9. Mdssbauer spectra of Maltofer® (a), Ferrum Lek (b) measured with the low velocity
resolution (in 250 channels) on the direct motion at 40 K and iron-polymaltose complex measured
with the low velocity resolution at 45 K adopted from [29] (c). Indicated components are the results
of the best fits. Differential spectra are shown below.

Fig. 10. X-band EPR spectra (derivative of microwave absorption as a function of the flux density
of the sweeping magnetic field) of human liver ferritin, Maltofer® and Ferrum Lek recorded at
T = 293(2) K, and the corresponding fit envelopes with subcomponents. The magnetic field axis has
been scaled to correspond to a measuring frequency of f=9.8 GHz. The actual measuring
frequencies were 9.8604 GHz (ferritin), 9.3235 GHz (Maltofer®) and 9.8658 GHz (Ferrum Lek).
The magnetic field value belonging to the spectroscopic splitting factor of g =2 is marked by a
vertical dashed line.

Fig. 11. X-band EPR spectra of human liver ferritin measured at the given temperatures and
displayed for the magnetic field range of 500-2500 G, showing that the intensity of the
paramagnetic signal at g ~ 4.2, referring to solitary iron ions bonded to the ferritin shell, tends to
increase with decreasing temperature such that it becomes discernible below room temperature. The
magnetic field axis has been scaled to correspond to a measuring frequency of f=9.8 GHz. The

actual measuring frequency was 9.3347 GHz.
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