Magnetic biomineralslocalised in brain tissue:
anomalous properties, possible functional role and
synthetic analogues

Brik A.B.

Semenenko Institute of Geochemistry, Mineralogy and Ore Formation of
National Academy of Sciences of Ukraine, 34 Palladin Ave., 03142 Kiev,
Ukraine, e-mail: abrik@voliacable.com

Received: 03.03.2010
Abstract

Anomalous properties of biogenic magnetic minerals localised in human and
animal brain tissues are described. The experiments are performed using a ferri-
magnetic resonance technique. It is shown that the ferrimagnetic resonance sig-
nals caused by physiogenic and pathogenic magnetic biominerals can be detected
in the brain tissues. When the microwave power exceeds a critica value
(~ 80 mW), physiogenic magnetically ordered nanoparticles demonstrate a pres-
ence of unique dynamic effects. To our opinion, these effects are associated with
transitions of the biogenic magnetic nanoparticles to macroscopic quantum
states, which manifest themselves at the room temperature. It is supposed that the
physiogenic magnetic biominerals play an important role in the brain functions,
while the pathogenic biominerals cause brain diseases. We describe the main
principles for development of technologies aimed at creation of synthetic materi-
as with the macroscopic quantum effects occurring at the room temperature.
Possible applications of our results for solution of fundamental and applied prob-
lems are analysed.
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1. Introduction

The interest in biomineralogy, which studies minerals of biological origin, has rapidly
grown in the recent years, since this field offers new prospects when solving different
mineralogical, medical and technological problems [1-5]. At present, over 50 types of
inorganic crystalline particles, known as biominerals, have been discovered in the human
organism [3 —5]. For the most part, investigations in the field of biomineralogy are con-
nected with studies for biominerals localised in highly mineralised biological tissues
(tooth enamel, bones, etc.). However, biomineralisation processes are quite universal.
Inorganic mineral inclusions are also formed in many weakly mineralised biological tis-
sues [6—10]. Among different types of biominerals, magnetic mineral particles localised
in the brain and other weakly mineralised tissues are the most interesting for us.
Investigations of mineral inclusions in weakly mineralised tissues are difficult for
many reasons. One of them is associated with the fact that mineral particles occupy avery
small volume in the weakly mineralised tissues. This makes it difficult to look for the
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mineral particles or to prepare samples under test. At the same time, a presence of minera
inclusions in weakly mineralised tissues, including the brain tissue, is a well-established
experimental fact. Availability of magnetic biominerals in the brain tissue has been con-
firmed with electron microscopy, electron diffraction, magnetic resonance and other
techniques [7, 11]. As a rule, magnetically ordered nanoparticles localised in the brain
tissues and often called as “biomagnetites’ are in fact complex multiphase compounds
based on iron oxides and hydroxides[7, 12].

Functional role of the magnetic biominerals localised in the brain tissue still remains
debatable [6, 11, 12]. A lot of suppositions about the importance of biomagnetites in
navigation of birds, fish and other living organisms have been put forth [11]. A possible
role of physiogenic biominerals in the brain function and relations of pathogenic biomin-
erals to brain diseases have been discussed, too [6-9]. However, the functional role of the
biomagnetite has been proven experimentally only for some bacteria, which move along
magnetic forcelines[7, 13].

The results related to studies of brain and other weakly mineralised biological tissues
with the magnetic resonance spectroscopy have been reported in many works (see [6, 8—
10, 14-19)). So, the works [6, 8, 9, 16-18] describe the effect linked to splitting of the
resonance signals at high levels of the microwave power. These resonance signals have
been described in the most of studies as electron paramagnetic resonance (EPR) signals.
At the same time, the resonance signals under consideration should be attributed to ferri-
magnetic resonance (FMR) [20], according to the works [6, 17, 18]. The experimental
data concerned with anisotropy of the FMR signals and influence of strong microwave
fields on their shape have been reported in the studies [6, 8, 9].

In spite of much research devoted to the magnetic biominerals, the properties of the
latter are insufficiently understood, in particular when it comes to formation mechanisms,
functional role and different physical characteristics. The influence of microwave power
on the shape of the FMR spectra and the interpretation of this physical phenomenon re-
quires further investigations. In addition, the technologies for creating synthetic ana-
logues of the magnetic biominerals also remain poorly developed.

The goals of thiswork are related to studies of anomalous properties of the magnetic
biominerals on the basis of the FMR, analysis of a functional role of these biogenic min-
erals, and development of technologies for creating synthetic materials, which would pos-
sess specific properties of naturally occurring magnetic biominerals. Finally, possible ap-
plications of the obtained results for solving various medico-biologica and technical
problems are al so discussed.

2. Sample preparation and experimental methods

Our experiments were performed on human and animal (rats) brain tissues and on the
samples extracted from shells of molluscs (sacciena putris, unio ristorum, and lymnaea
stangalis). The human and animal brain tissues were obtained from the Kiev Institute of
Neurosurgery (Ukraine) and the Kiev Institute of Biochemistry (Ukraine), respectively. In
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the case of mollusc shells, the experiments were performed on the organic matter cover-
ing exterior of the shells. Measures were taken to prevent contamination of samples by
magnetic materials during the preparation process.

The experiments were carried out using an EPR spectrometer PS-100.X (Belarus),
which operated in the three-centimetre wavelength range (an X-band). The maximal mi-
crowave power of the spectrometer was approximately equal to 100 mwW and the fre-
quency of its modulating magnetic field was 100 kHz. The main experiments were per-
formed at the room temperature. A standard sample CuSO,4-5H,0 was used while analys-
ing the resonance signal intensities.

3. Experimental results and discussion
3.1. General characteristics of the resonance signals

Several types of resonance signals with different linewidths AB have been detected for the
samples under study. We have divided these signals into the two following groups: the
first one for the narrow signals (with AB ~ 5—8 mT), and the second for the broad signals
(AB ~ 15—-150 mT). The typical shape of the narrow signalsis presented in Fig. 1. These
signals could be detected in both human and animal brains, in organic component of the
mollusc shells and other biological tissues.

A comparison of signal intensities for different samples of the brain tissues have
shown that the narrow signals, as arule, have lower peak intensities than the broad ones.
Then the volume of the areas producing the broad signals must be larger than that of the
areas giving rise to the narrow signals. Let us suppose that these signals are caused by the
EPR. Then the local concentration of paramagnetic centres would have to be higher than
10% spin/gr. Such high concentrations are atypical for the paramagnetic ions present in
biological tissues. As a consegquence, one can conclude that the resonance signals in the
brain tissues, as well asin other samples studied by us, should be caused by magnetically
ordered mineral inclusions and so those signals can be related to the FMR.

Fig. 1. Shape of narrow resonance signal for the microwave power P smaller
than the critical value (P < Pg,). Attenuation of the microwave power is equal to
1.76 dB. The abscissa corresponds to linear scan of the static magnetic field.
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It is important that the appearance of both the narrow and broad signals in our sam-
ples does not have a systematic character. In the most of cases, the resonance signals are
absent in fresh samples. However, if the resonance signals do appear later in a given sam-
ple, they would remain stable in time. The reasons explaining the presence (or absence)
of the resonance signals may be as follows. Basing on the experimental data, it is reason-
able to assume that the brain tissue contains iron hydroxides and oxides. Since the brain
tissues reveal no magnetic resonance signals immediately after extraction from an organ-
ism, their mineral particles should be initialy in the antiferromagnetic or paramagnetic
states rather than the ferrimagnetic state.

The magnetic characteristics of the iron hydroxides and oxides are now well-known
[11]. At the room temperature goethite, o-FeO(OH), has an antiferromagnetic order,
while acaganeite, -FeO(OH), reveals a phase transition from antiferromagnetic to para-
magnetic state at T~ 22 °C, which is close to the physiological temperature (37 °C). No-
tice that the phase transition temperature depends on the size and shape of nanoparticles.
Hematite, o-Fe,O3, has an antiferromagnetic (or weakly ferrimagnetic) order at the room
temperature, whereas both magnetite, Fe;0,, and maghemite, y-Fe,Os, revea a ferrimag-
netic order. The magnetic state of ferrihydrite, 5Fe,05-9H,0, is caused by many factors
linked to degree of hydratation and hydroxylation of the nanoparticles. Finally, the mag-
netic state of ferritin (a protein containing iron) depends on different factors.

One can readily suppose that the resonance signals observed by us are most likely
caused by ferrimagnetic biominerals such as the magnetite Fe;O, and the maghemite y-
Fe,Os, or by the ferritin. A confusing appearance of the resonance signals in the brain
tissues may be explained as follows. The initial samples of the brain tissue contain iron
biominerals in their antiferromagnetic or paramagnetic states but the ferrimagnetic
biominerals (e.g., the magnetite and the maghemite) should be absent there. During the
sample preparation, the iron hydroxides and oxides in the brain samples can pass from the
antiferromagnetic or paramagnetic states to the ferrimagnetic one, owing to dehydratation
and dehydroxylation processes. Since the sizes of the magnetic mineral particles localised
in the brain tissue remain in the nanoscale range, the nanoparticles can stay in super-
paramagnetic, single-domain or pseudo-single domain states.

The areas that produce the resonance signals are distributed inhomogeneoudly in the
samples. As a rule, cutting of samples revealing the resonance signals into two parts
yields in the absence of any signal in one part and the same signal in the other part.
Therefore we conclude that the biological tissues under study should have small specific
areas which produce the resonance signals. The volume of these areas should be very
small when compare with the total volume of the sample.

The experiments have proven similar spectroscopic and dynamic characteristics of
the narrow resonance signals occurred in different biological tissues (human and animal
brains, organic matter from the exterior side of mollusc shells, etc.) and in different sam-
ples of the same tissue. Nonetheless, the characteristics of the broad signals in different
tissues and different samples differ substantially. As aresult, (i) the biological tissues un-
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der study have special areas where the mineral particles produce the resonance signals
with similar characteristics. We suppose that these mineral particles are physiogenic
biominerals and, moreover, formation of these biominerals in the living organisms is pro-
grammed on the level of genes. On the other hand, (ii) the biological tissues also have the
areas where magnetically ordered particles have essentidly different characteristics.
These mineral particles represent nothing but pathogenic biominerals, of which formation
is caused by some transformation of physiogenic processesinto pathogenic ones.

The narrow signals presented in Fig. 1 are essentially anisotropic. When the samples
are rotated in the microwave cavity, substantial changes in the resonance field B, occur.
Then the effective factor of spectroscopic splitting g« changes within the range of 1.83—
2.24 (at the room temperature) [9]. Basing on the experimental data [9], one can draw a
conclusion that the narrow signals are caused by a large quantity of magnetic particles
with the same or similar orientations. Issuing from essential anisotropy of the resonance
signals, one can also conclude that the biological tissues have special needle-shaped ar-
eas. The magnetically ordered particles are localised in (or associated with) those areas. It
would be reasonable to assume that a role of needle-shaped structural unitsin the biologi-
cal tissues is played by axons of neurons, different fibrillar proteins, and other textured
biological tissues.

It isimportant to mark that the sample rotation in the 0—180° range gives rise to four
extrema in the angular dependence of the narrow signal [9], while the resonance fields
B Of the signal are essentially temperature-depend. Almost a linear increase in ge (and
accordingly, decrease in B, takes place with decreasing temperature [6, 9, 16—18]. In
the temperature range of 77—-300 K (at a fixed sample orientation in the magnetic field),
the effective factor of spectroscopic splitting ge can change its value from 2.28 to 2.08
[9]. Since the characteristics mentioned above are not typical for the EPR signals, we
have additional arguments favouring that the resonance signals are produced by just mag-
netically ordered particles.

Thus, the resonance signals studied by us are not associated with the EPR and, ac-
cordingly, the signals are not caused by paramagnetic ions lacking magnetic ordering.
The signals are rather due to the ferromagnetic resonance or the FMR, being caused by
some magnetically ordered mineral (inorganic) particles localised in the organic biologi-
cal tissues.

3.2. Macroscopic quantum effects at room temperature

The narrow signals demonstrate a presence of unique dynamic effects. If the power of the
microwave field becomes larger than a critical value P, (P > P,), additional lines appear
on the contour of theinitial resonance signals (Fig. 2). For different samples and different
orientations, the critical microwave power P, determined at the room temperature ac-
quires the values in the interval 65—85 mW. Increasing microwave power leads to in-
crease in the quantity of the additional lines (see Fig. 2). It is worthwhile that phases of
the additional lines and the initial signal are opposite (Fig. 2). Moreover, appearance of
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Fig. 2. Shape of narrow resonance signals for the microwave power P
greater than the critical value (P > P). Attenuation of the microwave
power for curves a, b and c is equal to 1.75, 1.20 and 0.00 dB,
respectively.

the additional lines is sensitive to the temperature of samples. The critical microwave
power diminishesif the samples are dightly (by several degrees) heated [6, 16—18].

Some characteristics of the additional lines are illustrated in Fig. 3. Fig. 3a shows a
narrow resonance spectrum, with the additional lines present. The spectrum displayed in
Fig. 3b corresponds to a fragment of the spectrum which is marked by vertical linesin
Fig. 3a. The width of this fragment is approximately equal to 5.5 mT. The spectrum
shown in Fig. 3c has been obtained by computer integration of that presented in Fig. 3b.
Finally, the spectrum of Fig. 3d, with the width close to 2 mT, corresponds to the frag-
ment marked by vertical linesin Fig. 3b.

The spectrum of Fig. 3b has two approximately linear sections, short and long ones.
The width of the former tends to zero as the amplitude of the modulating magnetic field
decreases. This is why transition among different long sections is a jump-like process.
Integration of the long (nearly linear) sections results in appearance of approximately
parabolic zones on the contour of the initia resonance signals (see Fig. 3¢). The widths of
different parabolic zones are nearly equal, with each individua zone about 1.6 mT wide.
Therefore, the number of parabolic zones increases if the microwave power does (Fig. 2),
though the widths of the individual zones remain approximately equal (see Fig. 3).

It is also worth mentioning that the microwave power absorption in the region of the
parabolic zones under the condition P > Py is less than that for the case of P < P,. Re-
duction of the microwave power absorption at P > P isillustrated in Fig. 2. The phase of
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the additional lines is opposite to that of the initial signal. In other words, absorption of
the microwave energy decreases in the areas of parabolic zones. This fact may be caused
either by reduced magnetic moment of the sample (magnetisation at the resonance fre-
guency) or by generation of the microwave energy by magnetic nanoparticles.

328 336 344 B,mT
/“'\/\/\/\/b a
332 334 /336\

1 1 1 1 1 1 |\|

N2

333.0 3335 334.0 3345 B,mT

Fig. 3. Processing of experimental spectra: signals a and b are first
derivatives of the absorption lines, while signals ¢ and d are obtained by
computer integration of the experimental spectra.

A possible generation of microwaves is illustrated in a more detail in Fig. 4. It is
well-known that the EPR spectrometers detect the first derivative of the absorption lines.
As aresult, the spectra presented in Fig. 1, Fig. 2, Fig. 3aand Fig. 3b are the first deriva-
tives of the appropriate absorption lines. Besides, the dynamic effects under discussion
may be illustrated more visually by means of the initial absorption lines. Fig. 4a and
Fig. 4b show the absorption lines corresponding to P < Py and P > P, respectively. The
absorption lines have been obtained by computer integration of the appropriate experi-
mental spectra. The difference of the two absorption linesis presented in Fig. 4c. In other
terms, Fig. 4c displays a dependence of the magnetic moment (the difference of micro-
wave magnetisation) of sample, or the intensity of microwave generation, versus the lin-
ear scanning of the static magnetic field.

The occurrence of the additiona lines has a threshold character. The spectra pre-
sented in Fig. 1 and Fig. 2a have been detected under identical conditions, except for the
power of the microwave field. The microwave power attenuation in Fig. 2a has been de-
creased only by 0.01 dB, when compare with Fig. 1 (i.e., the microwave power has been
2.3 per cent larger). However, this very small increase of the microwave power has re-
sulted in appearance of an intense additional line (see Fig. 24).
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a
b
c Fig. 4. Absorption lines versus linear scan-
ning of the static magnetic field. Curves a
and b are obtained by computer integration
of the experimental spectra at P < P, and
IE——— P > P, respectively, and curve c is a dif-
328 330 332 334 336 BmT ference of the absorption curves a and b.

As aready mentioned above, the quantity of the additional lines increases with in-
creasing microwave power (Fig. 2). Hereafter we will use the symbol B, for labelling the
region of linear scanning of the static magnetic field where the additional lines appear.
The dependence of B,° on the microwave power is presented in Fig. 5. Because the ap-
pearance of the first, second, etc. parabolic zones has a threshold character and the dis-
tance between the centres of the neighbouring zones amounts to 1.6 mT, the solid line
shown in Fig. 5is merely approximation of a step function. Nonetheless, one can consider
that the dependence of the B,° parameter on the microwave power is roughly linear.

12 1
| B}, mT
10 -
8 4
6
4 4
2 4 Fig. 5. Dependence of linear scanning interval
for the static magnetic field Blo, where the ad-
ditional lines appear, on ratio of the microwave
05 100 15 power P to its critical value Py,.

Basing on the experimental data mentioned above, one can conclude that the strong
resonance microwave fields (P > P) stimulate a phase transition in the magnetic parti-
cles and transfer those nanoparticles into a new specific state. The most important charac-
teristics of the transition (and the new state) are the following: (i) a threshold character of
the dynamic effect (see Fig. 1, Fig. 2a and Fig. 5), (ii) jump-like processes on the bound-
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ary of the parabolic zones (see Fig. 3), (iii) a specific dependence of the magnetic mo-
ment (microwave magnetisation) or the microwave field generation upon the linear scan
of the static magnetic field (see Fig. 4), and (iv) an increase in the quantity of parabolic
zones (or additional lines) occurring with increasing microwave power (see Fig. 2 and
Fig. 5). The characteristics of the dynamic effects listed above are similar to those of the
effects associated with macroscopic quantum states in superconducting materials and, in
particular, in Josephson junctions [21-23].

Hence, comparison of the dynamic effects with the behaviour of substances staying
in the macroscopic quantum states provides some grounds for the assumption regarding
stimulation, by a strong microwave field, of transition of the biogenic magnetic nanopar-
ticles into a macroscopic quantum state. If the assumption is indeed correct, then the hy-
brid organic-mineral nanosystems localised in the brain tissue should demonstrate unique
properties, namely, macroscopic quantum effects at the room temperature.

At present there is no theory which could clearly explain the features observed in the
FMR spectra. Qualitative interpretation of mechanisms of the effects can be conducted in
the framework of different models. These models have to take into account nonlinear ef-
fects involved in the FMR. A strong resonance microwave field increases concentration
of magnons (spin waves) inside individual magnetic nanoparticles and so stimulates
magnon-magnon interactions. The magnon pairs and specific multi-magnon systems can
form nanoparticles. That is why we believe that the magnon concentration and magnon-
magnon interaction are essentially involved in the dynamic effects occurring at high mi-
crowave power levels. Beside of the precession caused by linear scan of the static mag-
netic field, precession (oscillation) of the magnetic moment of multi-magnon systems
formed by interconnected magnons can also be of significance in the dynamic effects.
Interdependence of the oscillations of these two types, due to modulation effects, can
matter much in the transformations observed in the FMR spectra.

Interactions among the neighbouring magnetic nanoparticles can also be of impor-
tance in the dynamic effects. Phonon-induced tunnelling between the neighbouring
nanoparticles (under strong resonance microwave fields and, correspondingly, high con-
centrations of magnons) can stimulate a coherent precession of the magnetic moments of
different nanoparticles. The tunnelling efficiency increases with increasing temperature,
closeness of nanoparticles and concentration of magnons. The system of magnetic
nanoparticles involved in this tunnelling is similar to the systems corresponding to the
Josephson junctions. As aresult of all the factors mentioned above, the macroscopic sys-
tem of magnetic nanoparticles can pass into a coherent state.

3.3. A role of magnetic biomineralsin functioning and diseases of the brain

As stressed above, formation of inorganic mineral particles in the biological tissues takes
place not only in highly mineralised tissues (tooth enamel, intercellular substance of
bones, and so on) but also in weakly mineralised ones. The organic matrix of bones and
teeth stimulates formation of hydroxylapatite nanocrystals [3—5]. On the contrary, the
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brain tissues stipulate formation of iron hydroxides and oxides. The general principles of
biomineralisation processes in both highly and weakly mineralised tissues are similar in
many ways. In particular, pathological mineralisation may occur in the both cases, apart
from a common physiological mineralisation.

It is important to notice that the properties of physiogenic biominerals are deter-
mined by the organic matrix, which governs a growth, sizes and shape of the inorganic
mineral particles [3—6, 12]. The control is realised via a phenomenon called bioepitaxy,
as well as the energy associated with surface of the particles. Consequently, the size of
physiogenic mineral particles must be in the range of nanometres, since this is the only
case when the contribution of the surface energy to the overall energy of the particle is
substantial. The organic matrix and the physiogenic mineral particles form an intercon-
nected hybrid organic-mineral nanostructural matter, or a mineral-organic nano-
associated (MONA) system [24]. The structural units of the MONA systems are mineral
(inorganic) nanocrystals and organic layers that cover and separate the mineral particles.
These structural units of the MONA systems possess a hon-equilibrium electric charge,
which depends on external factors and can change in time [24]. Because the properties of
the mineral (inorganic) matter in the MONA systems are determined by organic matter,
the hybrid organic-mineral nanocomposites may be considered as a separate class of ma-
terials with very specific properties [6, 24].

As stated above, the brain and the other biological tissues produce the narrow
(AB ~ 5-8 mT) and the broad (AB ~ 15— 150 mT) resonance signals. The characteristics
of the narrow signals in different biological tissues and different samples of the same tis-
sue are similar. In contrast to the narrow resonance signals, the broad signals have differ-
ent characteristics both for different biological tissues and different samples of the same
tissue. Based on these facts, one should assume that the narrow signals are produced by
normal physiological mineral particles with similar properties, whereas the broad signals
originate from pathological mineral particles revealing different characteristics.

The physiological mineralisation is programmed on genetic level. At the same time,
pathological biomineralisation arises due to some disruption of normal physiological
biomineralisation processes. The physiological mineral particles must play some func-
tional role in the brain tissue. On the other hand, appearance of the pathological biomin-
eralisation leads to disruption of that function and, accordingly, to illness of the brain tis-
sues. For instance, it is well-known that the Alzheimer’s disease correlates with increas-
ing quantity of iron in the brain tissues [7]. Therefore understanding of biomineralisation
mechanisms of the iron oxides and hydroxides would open new prospects in developing
methods for prevention and treatment of brain diseases.

It would be reasonable to suppose that the physiological minera particles play an
important part in the storage and processing of information in the brain tissue. The litera-
ture describes mechanisms of the information storage and processing in the brain so that,
asarule, it isrelated to various organic substances and processes occurring on the level
of ions [25]. However, such processes are rather slow. Therefore one can assume that,
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besides the slow processes mentioned above, another rapid processes are also of signifi-
cance in the brain function. The rapid processes have to take place on the levels of elec-
trons and magnetic characteristics of nanoparticles. As a consequence, an assumption ap-
pears that the magnetic states of physiological biominerals and the rapid changes of their
states should be substantial in the brain function. If that function were compared to the
computer systems, then the magnetic particles would have played a part of data proces-
sors. Although there are many such processors, the number of neurons is much greater, so
that an extra processor must control functioning of alarge number of neurons.

All the unique dynamic properties of the physiological magnetic nanoparticles de-
scribed above become apparent after extraction of the samples from an organism. None-
theless, we assume that the physiological nanoparticles have also specific properties in
the living organism, i.e. in their native state. Because the FMR signals in the initial sam-
ples are absent immediately after extraction from organisms, the physiological nanoparti-
cles should have antiferromagnetic ordering in aliving organism. Most likely, these parti-
cles should be related to goethite a-FeO(OH), acaganeite B-FeO(OH), hematite a-Fe,Os
or ferritin. The antiferromagnetic state of the magnetic particles makes it difficult to de-
tect the nanoparticles in the living organisms.

As shown above, the FMR signals of the brain tissue are essentially anisotropic and
so must be formed by needle-shaped organic structural elements of the brain tissue. Most
likely, the organic structural elements contain many magnetic nanoparticles with similar
orientations. A needle-shaped organic structural element may be considered as organic
matrix that stimulates mineralisation and controls the size and shape of the mineral
nanoparticles, together with their magnetic properties. Then these minera particles are
typical representatives of the MONA systems, whose structural units (nanocrystals and
organic layers) have a non-equilibrium electric charge depending upon external influ-
ences [24]. The surface electric charge of the nanoparticles can be formed by biopoten-
tials produced by neurons and other biological cells.

The presence of electric charge on the surface of magnetic nanoparticles can be very
important in the mechanisms of brain functioning. It is known that so-called magneto-
electric effects are possible in some types of crystals [26—29]. The magnetic moment in
these crystals can be changed by an electric field, while the electric polarisation by a
magnetic field. The crystalographic and magnetic symmetries of the crystals would de-
termine a possibility (or impossibility) of the most well-known (traditional) magneto-
electric effect first described by Landau and Lifshitz [26]. However, inhomogeneous and
surface magneto-electric effects are also possible near domain walls or surface of the
magnetic particles[27, 29]. Unlike the traditional effect, such inhomogeneous and surface
magneto-el ectric effects are not symmetry restricted [27, 29].

It is known that some bacteria demonstrate ability for moving the along magnetic
field lines [13]. There are magnetic nanocrystals included inside of these bacteria, which
act a magnetic compass [7, 13]. It would be natural if the magnetic signals formed inside
the compass due to magnetic fields were transformed to electric signals owing to mag-
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neto-electric effects. One can also suppose that the magneto-electric effects are signifi-
cant in functioning of the human and animal brains. These effects promote transformation
of magnetic signalsto electric ones, which can be transmitted to different neurons.

Thus, investigations of the properties of magnetic biominerals open new prospects
for studying the brain functioning. We should emphasise that the mineral inclusionsin the
brain tissue have a structure of solid-state particles. This fact, together with the informa-
tion available on the properties of nanoscaled solid-state particles, opens new possibilities
for description of the processes occurring in the brain tissues by means of direct physical
techniques.

3.4. Synthetic analogues of magnetic biominerals

Preparation of magnetic biomineral samples for experimenta investigations is difficult
because the magnetic nanoparticles occupy a very small volume in the biological tissues.
Moreover, it is difficult to control the processes leading to modifications of magnetic
state of the prepared samples. These factors make detailed studies of properties of the
magnetic biominerals very cumbersome. In order to study the mechanisms of the macro-
scopic quantum effects and the role of magnetic biominerals in the brain function, it is
necessary to develop technologies for creating synthetic analogues of the magnetic
biominerals.

We are inclined to suppose that the optimal technologies for creation of synthetic
analogues of the magnetic biominerals have to be similar to biomineralisation processes
known to take part in the living organisms. The conditions associated with formation of
biogenic magnetite have been described in the most detail for bacteria [30]. It is believed
that the magnetite is formed by dehydratation and dehydroxylation of the iron hydroxides
and the oxygen concentration strongly affects the process of magnetite biomineralisation.
The results described in the works [12, 30, 31] enable one to analyse the influence of syn-
thesis conditions on the size, phase composition and magnetic properties of the nanoparti-
cles obtained with different technologies.

In order to create the synthetic analogues in laboratory conditions, magnetic
nanoparticles must be formed in the presence of organic matrices. The matrix, together
with magnetically ordered nanoparticles, must form a hybrid mineral-organic nanosys-
tem. Basing on the results described by us, we assume that the optimal technologies for
creating the synthetic analogues must include formation of iron hydroxide nanoparticles
associated with the organic matrix, and subsequent transformation of these hydroxides
into iron oxides. The transformation must occur owing to the processes of dehydratation
and dehydroxylation, as well as additional oxidation (or reduction) of the iron ions.

Development of methods suitable for comparison of the corresponding characteris-
tics of the synthesised material and the biogenic magnetic particles themselves is also
very important for solving the problem discussed here. The most important criterions of
equivalence of the synthetic hybrid organic-mineral nanosystems and the biogenic mag-
netic nanosystems have to be as follows: the FMR signals of the synthetic materials must
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be anisotropic, the width of the signals has to be in the range of 60—100 mT, and the syn-
thetic materials must demonstrate the anomalous dynamical effects described above.

Creation of synthetic organic-mineral nanomaterials that demonstrate the macro-
scopic quantum effects at the room temperature would open up new opportunities for
solving different fundamental and applied problems by means of non-traditional ap-
proaches. In particular, the above materials could be employed when devel oping technical
systems for storage and processing of information that use the principles of brain func-
tioning.

4. Conclusions

Let usin summarise in brief the results reported in this work. The results of our studies
show that the brain tissue should contain magnetic biominerals formed by iron oxides and
hydroxides. These biominerals are formed by both physiological and pathological proc-
esses. Formation of the physiological biominerals is programmed on the level of genes,
while the pathological biominerals are produced if the interaction of organic and minera
matters is disrupted, e.g., because of some changes in the properties of the organic matrix
(broken chemical bonds, free radicals, surplus iron, etc.). As a result, an uncontrolled
growth of inorganic mineral inclusions may take place.

The meaning of the magnetic biominerals is not restricted to the substances where
the iron ions are accumulated. The results described in this article alow us to conclude
that the physiological magnetic biominerals have an important part in functioning of the
brain, and the pathogenic magnetic inclusions may cause brain diseases. Information
about the magnetic biominerals localised in the brain tissue may stimulate further investi-
gations of the problems related to the mechanisms of storage and processing of informa-
tion in the brain tissue, and development of methods for preventing and treating brain
diseases.

Following from our results, we conclude that the magnetic biominerals comprise a
separate class of materials. Investigations of the hybrid organic-mineral biocomposites
have a potential to result in discovery of new physical phenomena and finding solutions
of many applied problems, using non-traditional approaches. The macroscopic quantum
effects described above and detected at the room temperature represent a vivid illustration
of specific properties of our objects. These unique effects demonstrate that the properties
of biogenic nanocrystals are determined not only by their crystal lattice and symmetry,
but also by the organic matrix.

Although the unique properties of the samples described here have been detected in
strong microwave fields, one can assume that magnetic biominerals should also reveal
some specific physical properties in their native state, i.e. in a living organism. On the
basis of our results one can put forth an assumption about specific magneto-electric prop-
erties peculiar of the organic-mineral nanocomposites. This assumption agrees with the
properties of MONA systems related to the presence of non-equilibrium electric charges
in the nanoscale structural units of those systems. In other words, magneto-electric prop-
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erties of the magnetic biominerals should be very important in the brain functioning and
magneto-reception of birds or other living organisms.

For achieving further progress in this field, it is necessary to create synthetic ana-
logues of the magnetic biominerals. When analysing the results obtained here, one can
bring nearer the optimal technologies for creating these synthetic materials. The corre-
sponding technologies must reproduce the environments typical for the living organisms,
including formation of iron hydroxide nanoparticles associated with the organic matrix,
and transformation of these hydroxides into iron oxides. The described dynamic effects
may be used in order to control the properties of the synthetic materials. A presence of the
macroscopic quantum effects at the room temperature must be the main criterion of com-
patibility in the properties of the synthesised materials and the magnetic biominerals of
natural origin.

It is difficult to over-estimate the prospects associated with practical applications of
synthetic materials possessing the macroscopic quantum effects at the room temperature.
Among such prospects, one can recall creation of devices for information storage and
processing using the principles of brain function. In particular, hybrid organic-mineral
nanomaterials with the macroscopic quantum states existing at the room temperature may
be used when solving a number of problems related to quantum computers.
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Anomauyin. Onucano aHOMAanvbHi 81ACMUBOCMI Oi0O2EHHUX MASHIMHUX MIHepanie, 10KANi308AHUX Y
MKAHUHAX MO3KY TI0OUHU ma meaput. Excnepumenmu 6UKOHAHO 3a 00NOMO20I0 epimacHimHo2o
pesonancy. Ilokazano, o 8 MKAHUHAX MO3KY MOJICHA 3aPeECmpyeamu cueHalu QepimazHimmozo
De30oHaucy, obymosneni i ¢hiziocenHumu, i namozeHHuMU OGiomineparamu. AKuo MIKpoXeunbosa
nomyacricmo nepesuwyye kpumuute snaveniss (~80 mBm), mo (iziocenni macnimosnopsaokoeami
HAHOYACMUHKY  BUABIAIOMY  VHIKANbHI OuHamiyHi egexmu. Mu esaxcacmo, wo yi egpexmu
no6’' s13aHi 3 Nepexo0om OI02eHHUX MACHIMHUX HAHOYACMUHOK 00 MAKPOCKORIMHUX KEAHMOBUX
cmanie 3a KiMHamuoi memnepamypu. 3pobieno npunyweHHs, wo Qiziocenti maeHimui biominepa-
U gidieparoms 8axcauy poib y (YHKYIOHY8AHHI MO3KY, A NAMO2eHHI bioMminepanu € NpuduHoo
3ax60pr06ans MO3Ky. Onucano 0CHOBHI NPUHYUNU PO3POOKU MEXHONO02IU CMEOPEHHSA CUHMEMUYHUX
Mamepianié 3 MaKpoCKONIYHUMYU K8AHMOBUMU epekmamu 3a KimHamuoi memnepamypu. IIposede-
HO aHAi3 MONCIUBO20 BUKOPUCMAHHA 00EPAHCAHUX Pe3VIbmamis y eupiuleHHi pyHOamMeHmanbHux i
NPUKIAOHUX NPOOIEM.
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