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Background. The increase in technogenic electromagnetic load leaves open the question of its impact on living cells,
which do not have a specific evolutionary mechanism for responding to such an environmental factor. Currently,
there are not enough suitable tests that can detect the effects of weak electromagnetic fields. Visualization of mor-
phological changes in cell structure by simple optical methods does not give results, therefore, an additional image
processing mechanism may be useful.

Objective. To verify the suitability of the method of correlation analysis of microimages using the example of yeast
cells dried in saline on a silicon substrate to detect the effect of a static magnetic field on the surface structure of
cells that do not have defined mechanisms of sensitivity to it.

Methods. Digital microimages of drops of yeast suspension in saline, dried on silicon surfaces under the influence of
a static magnetic field of 0.17 T and without the field, were analyzed by one of the fractal methods - the correlation
dimension parameter was determined, which was based on the matrix of pixel brightness values.

Results. The suitability of the correlation analysis method for determining changes in the surface structure of yeast
cells and sodium chloride crystals under the influence of a static magnetic field of 0.17 T during drying of the yeast
suspension was shown: the correlation measurability index, which indicated the variability of the structures, in-
creased for yeast cells, and decreased for NaCl crystals.

Conclusions. In the case of correlation dimension, unlike other dimensions, its calculation is carried out using
brightness values, therefore, even those image elements that are almost indistinguishable to the eye are taken into
account. That is why this method turned out to be sensitive to changes in the structure and relief of the yeast cell
wall dried under the influence of a static magnetic field of 0.17 T, recording its complications, and also demonstrat-
ing a more homogeneous structure of the formed NaCl crystals.

Keywords: image processing; fractal analysis; correlation dimension; yeast cells; silicon; sodium chloride; crystalli-
zation; magnetic field; sensitivity; microscopy; surface properties; biotechnologies.

Introduction

The Earth's magnetic field (MF) is one of the fac-
tors that made the emergence and existence of life pos-
sible, therefore, living cells in the process of evolution
must have mechanisms for its perception.

The influence of a magnetic field on the location of
bacteria in a water droplet - “magnetotaxis” - was es-
tablished by R. Blackmore [1]. Various microorganisms
have been shown to be magnetosensitive. Such cells
contain biogenic magnetic nanoparticles that form a
chain with a sufficiently large dipole moment for the
cell to orient itself along the lines of the Earth’s magnet-
ic field (~ 50 uT), which are directed approximately
vertically in our latitudes. The system of orientation in
space relative to the geomagnetic field may be the old-
est on Earth, giving microorganisms an evolutionary
advantage compared to chaotic movement. The mecha-

nism of magnetotaxis appeared, presumably, to elimi-
nate the toxicity of iron free radicals during the reduc-
tion/oxidation of Fe3+/Fe2*. Such organisms capable of
producing magnetic biominerals were called
“magnetogens” [2, 3].

But the vast majority of microorganisms, as well
as other eukaryotic cells, do not have specific corre-
sponding genes and an evolutionary mechanism for re-
sponding to a magnetic field. The natural geomagnetic
field is not an important factor for them to survive in
the corresponding environment. However, it has been
more than a century since the man-made electromag-
netic load on the environment began, and in recent
years it has been rapidly increasing (orbiting communi-
cation satellites, wireless technologies, robotics, MRI
devices, the development of military electronic warfare
systems, etc.). Moreover, man-made magnetic fields ex-
ceed the geomagnetic field by orders of
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magnitude [4-6]. The issue of the impact of weak (me-
dium) electromagnetic fields (EMF) on living objects
remains debatable. The fact that many studies conduct-
ed since the introduction of wireless communication
have failed to confirm hypersensitivity to man-made
electromagnetic fields as an environmental disease can
be explained by a lack of understanding of the mecha-
nisms, which has led to the development of inappropri-
ate tests. Interdisciplinary research has proven that all
life forms can respond to magnetic fields, for example,
through cryptochrome proteins [6].

It is believed that static magnetic fields (SMF) do
not interact with non-magnetic living cells, however, in
[7] it was demonstrated that SMF with an induction of
8 to 300 mT can affect the cellular structures of human
glioblastoma. SEM images revealed modification of cell
shape, cell detachment, loss of villi and appearance of
membrane roughness and bubbles. Under the influence
of SMF, cells oriented differently. Atomic force micros-
copy showed a change in the texture of the membrane
surfaces of cells exposed to SMF. It is known that exter-
nal EMFs can alter the functioning of ion channels [8],
which may result in changes in cell shape and mem-
brane texture.

Typically, in biomedical research, such back-
ground factors are ignored unless they significantly al-
ter the image. However, structural shifts that are imper-
ceptible to the eye can have unpredictable biological
consequences, possibly having an uncontrolled impact
on the results of diagnostic tests, for example, using mi-
crochips, affecting the bioprinting (functioning) of bio-
prostheses, etc. Therefore, the detection of cell sensitivi-
ty to SMF and its biological interpretation, in particular
through the improvement of cell imaging methods, is a
relevant issue.

The accepted method for numerically describing a
structure consisting of many similar elements, such as a
cell culture or crystal growths, is fractal analysis [9]. In
[10], an attempt was made to evaluate the ability of
yeast, bacterial, and algae cells dried on a silicon sub-
strate in SMF to self-organize using fractal analysis (box
counting method). Regarding yeast suspended in saline,
no obvious effect of SMF was detected, unlike yeast
suspended in distilled water. It was concluded that this
method has limitations on the dispersion of objects, the
scale of the image, and also in cases where the effect of
the solvent on the cells is stronger than the effect of the
MF. Also, the droplet boundary, scale, weak contrast,
and the image binarization procedure introduce errors
into the calculations. Therefore, some of the image in-
formation is lost, and subtle differences in structure
may not be recognized by this method.

In contrast, another subclass of fractal dimensions,
correlation analysis, is based on an alternative ap-
proach to dimension definition. Correlation dimension
is simpler and faster to compute than other fractal di-
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mensions, such as Hausdorff dimension or box counting
dimension.

Correlation dimension is a numerical measure of
the chaotic behavior of a complex dynamical system,
and its definition helps to distinguish dynamical sys-
tems whose behavior is driven by deterministic chaos
from those systems that are completely driven by ran-
dom noise. The first class of systems has a correlation
dimension value that is a finite number, while the corre-
lation dimension of the second class of systems is equal
to infinity.

The higher the correlation dimension, the more
filled with a set of points of a dynamical system is its
space, and the more complex is the structure of the
physical texture of this system. If we consider a strange
attractor (a set of points in phase space that attracts the
trajectories of a chaotic system, i.e. one that behaves
unpredictably), then the correlation dimension shows
how densely the trajectory of the attractor fills the re-
gion of space where it is defined [11-13].

The initial data for calculating the correlation di-
mension are most often time series. In the classical case
of a strange attractor, for example, this is a numerical
series that describes the dependence of one - x(t),
two - x(t), y(t) or three - x(t), y(t), z(t) of its coordinates
on time. To generalize, we can talk about the correlation
dimension of a numerical series, each element of which
reflects in numerical value a certain characteristic of the
corresponding constituent element of the object under
study. In the case of a digital grayscale image, as the
simplest case, such a characteristic is the pixel bright-
ness, and the constituent element, accordingly, is a pix-
el. By numbering the image pixels in a certain sequence
and determining the brightness value for each pixel, we
can obtain a numerical series that describes the image
in the sense of calculating its correlation dimension.

Therefore, the application of correlation dimen-
sion calculation to the cells microimage analysis that do
not have identified magnetic susceptibility mechanisms
may have a significant advantage over the use of, for ex-
ample, box counting dimension, as it involves the full
use of the information contained in the image.

This work aim was to test the suitability of the
correlation analysis method of microimages using the
example of yeast cells dried in saline on a silicon surface
to detect the effect of a static magnetic field on cells that
do not have defined mechanisms of sensitivity to it.

Materials and Methods

Sample preparation

A suspension of washed Saccharomyces
cerevisiae yeast cells in a sterile aqueous solution of
0.9% NaCl was applied with a microdispenser in 50 pl
portions onto a polished, degreased surface of silicon
wafers with a specific crystallographic plane. The sub-
strates were of three types: n-silicon {111}, p-silicon
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{111} and p-silicon {100}. The cell concentration in
the suspension was ~ 10¢ cells/ml. The dimensions of
the silicon wafers were sufficient to accommodate the
suspension drops on them and their placement on the
microscope stage. The drops were dried at room tem-
perature, normal humidity, in an open volume, with-
out forced ventilation. Control samples were dried
freely at room temperature. Immediately after apply-
ing the drops, the test samples were placed in a static
magnetic field of 0.17 T, with the magnetic induction
lines perpendicular to the sample plane. The scheme
of the installation for drying the sample is shown in
Fig. 1.

After the drops dried, the formed textures on the
silicon surface were examined and photographed us-
ing an AXIO Observer A1M Carl Zeiss metallographic
microscope in reflected light at magnifications from
x50 to x1000. The method is described in more detail
in [10]. The obtained images were saved in jpeg for-
mat files with a resolution of 2560x1920 pixels identi-

cal for all samples. A total of 20 primary images were
analyzed. In all cases, a lace-like structure of yeast
cells and NaCl crystals was observed (Fig. 2). Individu-
al cells and crystals were then analyzed from the pri-
mary images.

Calculation method

The obtained microimages were examined by
correlation analysis using the following procedure.

1. The digital grayscale microimage was convert-
ed into the corresponding numerical series.

To do this, from the image contained in the raster
graphic format jpeg file, using the Image]
program [14], a text file with a matrix of pixel bright-
ness values was obtained, which was converted into a
text file containing a numerical series of image pixel
brightness values using a script in the MathCad pro-
gram [15]. In the same script, the image pixel bright-
ness values were normalized to [0; 1] interval and re-
duced to a zero mean.

Figure 1. Scheme of the installation with a static magnetic field: 1 - permanent magnet; 2 - slit for placement samples;

3 - silicon wafer; 4 - drop of yeast suspension.
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Figure 2. Example of a microimage (x50) of a dried drop of yeast suspension on a p-Si {100} silicon wafer (control) [10]; the
grayscale contains the corresponding numerical intensity values.
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2. The correlation dimension of the obtained
numerical series was calculated using the d2 program
from the TISEAN software package [16]. For conven-
ience, the biopsyNLToolbox program [17] was used,
which is a graphical interface for the d2 program. The
d2 program result is a graph of the correlation dimen-
sion Dz(e, m) dependence on the neighborhood size
¢ and the embedding dimension m, an example of
which for the microimage in Fig. 2 is shown in Fig. 3.

The embedding dimension (the dimension of the
embedding space) is an integer m that determines the
dimension of the space in which the correlation di-
mension is calculated using the Grassberger-Procacci
algorithm. This is an m-dimensional space in which the
correlation integral is calculated - the relative number
of points pairs in a numerical series, separated from
each other in each pair by a distance less than the
neighborhood size &. The function graph slope tangent
of the fraction of the division of the natural logarithm
of the correlation integral and the natural logarithm of
the neighborhood size ¢, provided that ¢ — 0, is nu-
merically equal to the correlation dimension D2(€, m)
in this m-dimensional space.

In the default case, the correlation dimension
graph consists of 10 separate graphs collapsed onto a
single coordinate plane. Each of these separate graphs
displays the dependence of the correlation dimension
calculation value using the Grassberger-Procacci algo-
rithm on the neighborhood size &. Accordingly, for
each of the ten graphs, the embedding dimension m
value changes sequentially from 1 to 10. Three charac-
teristic regions are distinguished in the graph. Region
1 is artifacts for small values of the neighborhood size
. Region 3 is a region of divergence for large values of
the neighborhood size ¢, where the calculated value of
the correlation dimension increases consistently as
the embedding dimension m increases. These two re-
gions do not contain any information about the corre-
lation dimension value.

The actual correlation dimension value is deter-
mined in region 2, where the graphs reach a plateau
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and their convergence becomes apparent - a decreas-
ing dependence on the value of the embedding dimen-
sion m.

But even at the plateau, the graph numerical data
had too high a spread to allow the standard mean and
standard error to be calculated by a generally accept-
ed method. Therefore, given the classical definition of
correlation dimension, it is most mathematically cor-
rect to calculate the correlation dimension as the mean
of the two largest Dz(€, m) values for the embedding
dimension m = 10 within the neighborhood size ¢,
provided that the convergence condition for these two
values is met. If convergence was not observed at the
entire € = [0.07; 0.3] interval, then the two largest val-
ues were chosen at that subinterval within the neigh-
borhood size ¢ = [0.07; 0.3] where the convergence
condition was met. The error value was calculated in a
standard way - as the difference between the previ-
ously calculated mean Dz(s, m) value and any of the
two largest Dz(s, m) values. For the two-value case,
there is no difference between simple (linear) and root
mean square error.

For the highest results relevance, it is important,
but not necessary, that all image samples have the
same pixels number. The pixels number affects the
sensitivity of the calculated value of the correlation
dimension to the deterministic chaos component.

Results

As noted above, in the case of drying a drop of
yeast cell suspension in saline on silicon substrates, a
lacy pattern was observed in the microimages, which
did not fundamentally differ from the control in the
case of using 0.17 T induction value SMF (Fig. 1). Ac-
cordingly, the fractal dimension calculated by the box
counting method also did not show significant differ-
ences (the fractal dimension D ranged from
1.77 to 1.78, and the lacunarity L ranged from
0.25 to 0.26) [10].
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Figure 3. Correlation dimension Dz(e, m) graphs example for the microimage in Fig. 2 with the designation of

characteristic regions.
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Instead, the correlation dimension graphs for
such microimages showed some differences. An exam-
ple of microimages correlation dimension of yeast
suspension droplets dried without and with SMF on
p-Si {111} silicon substrates is shown in Fig. 4, 5, and
in this pair, there is a distinct difference in correlation
dimension at the highest visual similarity.

In particular, region 1 was present on all graphs
without exception. Region 3 in the part of the graphs
to which the graphs shown belong did not exhibit clas-
sical divergence. Therefore, it can be distinguished
from region 2 - the plateau - either by the approxima-
tion of the D values to zero, as in Fig. 5, or as in the
case of Fig. 4: choose the plateau interval within the
£=10.07; 0.3] characteristic limits.

The latter is mathematically correct, since it
turned out that the plateau interval boundaries in
those cases where it can be distinguished without
problems depend only on the method of normalizing
the initial data, and do not depend on the number of
image pixels and the nature of the image itself. The
method of initial data normalizing for all images is the
same - they are normalized to [0; 1] interval and re-
duced to a zero mean.

Region 1 Region 2 Regon3

D;(e,m) r T i 1

Therefore, to detect the SMF effect on yeast cells
(which do not have defined magnetic sensitivity
mechanisms), the correlation dimension was calculat-
ed for microimages of yeast suspension drops dried on
different silicon substrate types: n-silicon {111},
p-silicon {111} and p-silicon {100} under control con-
ditions and under SMF exposure. For microimages at
the same magnification within a pair, 4, 3, and 3 pairs
of correlation dimension calculations were performed
for each silicon type, respectively.

In all cases, after the SMF action, the D2 dimen-
sion increased (Fig. 6).

In the microimages of dried drops of yeast sus-
pension in saline, it was noticeable that the yeast and
crystals formed a common structure (Fig. 2, 7 a, b).
The microimage at higher magnification shows that
yeast cells are more concentrated along the crystal
edges (Fig. 7b) from its faces and edges, that is, in
places where the crystal growth continues, and the
growing NaCl crystal has set cubic symmetry in the
space around it. However, the yeast cells actively in-
teracted with each other and at a distance with the
formed salt crystal, creating a lacy mesh, grouping, ap-
parently, in areas with a higher salt concentration.
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Figure 4. a) The correlation dimension graph b) of the sample image on a p-Si {111} silicon wafer (x1000) without the SMF
influence (control), Dz = 1.56 = 0.03; the grayscale contains the corresponding numerical intensity values.
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Figure 5. a) The correlation dimension graph b) of the sample image on a p-Si {111} silicon wafer (x1000) with 0.17 T SMF
influence, D2 = 1.93 + 0.17; the grayscale contains the corresponding numerical intensity values.
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Figure 6. Correlation dimension values for microimages of yeast suspension dried on silicon substrates, calculated at the
same magnification within a pair: p-Si {100} (3 image pairs), p-Si {111} (3 image pairs) and n-Si {111} (4 image pairs).

Figure 7. The microimage examples of salt crystal samples of yeast suspension dried drop on p-Si {100} silicon wafer at
different magnifications (control): a) x200, b) x1000 [10]; the grayscale contains the corresponding numerical intensity

values.

To compare the SMF effect on the components of
dried yeast suspension in saline, in addition to images
of the entire structure (mesh) of the samples, an ex-
ample of which is shown in Fig. 2, the correlation di-
mension was calculated separately for the samples -
yeast cells and salt crystals in the control samples and
under the SMF influence.

For this purpose, 10 individual cells with the
same 150x150 pixels number were cut out from the
x1000 images. Fig. 8 shows the the normal distribu-
tion of the correlation dimension for two samples of
10 individual cell images each. The normal distribu-
tion of the correlation dimension was calculated using
dnorm(x, u, o) - a built-in Mathcad function.

Despite the fact that the correlation dimension
values partially overlap, there is a noticeable D shift
towards an increase for cell samples that were ex-

posed to SMF. The appearance distribution has not
changed (Fig. 8).

From the literature data [18] it is known about
the SMF effect on crystals; therefore, correlation anal-
ysis was applied to microimages of the formed NaCl
crystals. The image for calculation was selected at a
lower magnification (x50) because the formed salt
crystals size was much larger than individual yeast
cells.

To eliminate yeast cell clusters at the edges, a
square mask was applied to the crystal image, the cen-
ter of which coincided with the visible crystal center.
The image size was on average 150x150 pixels, or
100x100 pm.

Fig. 9 shows individual crystal examples that
were formed after the suspension dried in control
samples and under the SMF influence.
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Figure 8. The normal distribution of the correlation dimension for two samples of 10 individual cell images (x1000) of sus-
pension dried on different silicon types.

Figure 9. The image examples of individual NaCl crystals cut from x50 micrographs and calculated correlation dimension
parameter Dz a) (D:z = 3.06 + 037), b) (D2 = 485 * 0.63) - control; c¢) (D2 = 158 =+ 0.03),
d) (Dz=1.18 # 0.32) - under the SMF influence; the grayscale contains the corresponding numerical intensity values.

Fig. 10 presents the normal distribution of the without SMF influence (control), and under 0.17 T
correlation dimension for two samples of 5 individual =~ SMF influence.
NaCl crystal images (x50) each, which were formed
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Figure 10. The normal distribution of the correlation dimension for two samples of 5 individual crystal images (x50) of

suspension dried on different silicon types.

The obtained D: values for crystals exposed to
SMF were lower than in control samples (unlike D2 for
yeast cells). Also, the normal distribution of the corre-
lation dimension for crystals under the SMF action
showed a shift opposite to the shift for yeast cells.

Discussion

The study design belongs to the correlational
type, namely the “case-control” subtype. Since we pre-
viously observed the SMF effect on the cell membranes
preservation after drying of yeast suspension, we as-
sumed that changes in the microstructure still occur,
and they can be detected using another method of
fractal analysis, which takes into account not the con-
tours of the image, like the box counting method, but
the brightness of the pixels in it. This method (correla-
tion analysis) proved to be suitable for identifying dif-
ferences between individual comparable photos and
for numerically evaluating such differences. The calcu-
lation of the correlation dimension value was based on
the matrix obtained from the brightness of pixels in
images with the same magnification: the changes that
occurred in a dried yeast cells suspension under the
0.17 T SMF influence were shown (Fig. 6). The drop-
lets dried on different types of silicon wafers, which
are used as semiconductors both for converting solar
energy into electricity and in microchips for diagnostic
purposes. For all types of silicon studied, the value of
the correlation dimension increased, although fractal
analysis using the box counting method did not reveal
any changes.

To interpret the results, magnified microimages
of individual cells and individual salt crystals were an-
alyzed. Correlation dimension D2 calculation for imag-
es of control samples and those exposed to SMF was
carried out for two data sets: yeast cells and sodium
chloride crystals. Based on the results of calculating
for cells and salt crystals that correspond to each other
in terms of similarity and number of pixels, a normal
distribution of the correlation dimension was

constructed separately for cells and crystals (Fig. 9
and 10). Since in the case of yeast cells, only the sur-
face of the cells is visible in the microimages, not their
contents, it is quite reasonable to assume that changes
in the structure and relief of the cell surface occurred
under the influence of the magnetic field, which was
revealed by the correlation analysis method. Changes
were also assessed for individual, more transparent,
salt crystals that formed during the drying of the drop,
which indicates the suitability of the correlation analy-
sis method for detecting sensitivity to EMF exposure
not only in living objects.

The correlation analysis presented data of mi-
croimages of yeast suspension in physiological solu-
tion, dried on different silicon substrates without and
under SMF influence, indicate differences in the D; cal-
culated parameter values (Fig. 6), in contrast to the
box counting method, which did not show changes in
the parameters of fractal dimension D and lacunarity L
[10]. As can be seen, the correlation dimension under
SMF influence increased for all samples, although the
type of silicon wafer on which the suspension dried
may also affect the D2 parameter.

According to the definitions contained in the
Grassberger-Procacci algorithm description, the key
concepts for the possibility of using graphs numerical
data to calculate a specific value of the image correla-
tion dimension are: 1) reaching graphs plateau; 2) the
convergence presence - in the case of a sequential in-
crease in the embedding dimension m from 1 to 10,
the graph dependence on its value becomes less and
less with each subsequent step of the embedding di-
mension m.

However, as can be seen from the graphs given
(Fig. 3, 4), their appearance does not have such char-
acteristic regions as shown in Fig. 3. In the general
case, the correlation dimension increased with in-
creasing embedding dimension m and changing the
neighborhood size ¢ for all samples only in region 1. In
region 3, for some samples, the correlation dimension
increased with increasing embedding dimension m
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and the neighborhood size ¢ as well, for another sam-
ples part it decreased to zero with increasing the
neighborhood size ¢, and in another samples part, the
D2 value remained at the plateau level, similar to re-
gion 2.

Therefore, it is possible to distinguish region 3
from region 2 - the plateau - either by approaching of
the D: values of to zero, or by choosing the plateau in-
terval within the specified characteristic € = [0.07; 0.3]
limits. As noted above, the plateau interval boundaries
in those cases where it can be easily distinguished vis-
ually depend only on the method of normalizing the
initial data, and therefore do not depend on the image
pixels number and the nature of the image itself.

Since previously for calculations the pixel bright-
ness data from the image were normalized to [0; 1] in-
terval and reduced to zero mean, it can be expected
that the plateau in all graphs will be contained in the
same value limits of neighborhood size € from 0.07 to
0.3. Therefore, the relevant data for further calculation
of the image correlation dimension value are in region
2.

According to the correlation dimension classical
definition, its value is the consecutive counts upper
limit under the condition of a fixed value of the neigh-
borhood size ¢ in the case of a consecutive increase in
the embedding dimension m. It follows that, if there is
convergence, for calculating of the correlation dimen-
sion for a given neighborhood size ¢, one can choose
the numerical data of only one graph out of ten for the
embedding dimension m = 10.

Since each image, in addition to the actual study
objects, also contains random noise caused by various
reasons, it is necessary to note how its presence af-
fects the results of calculating the correlation dimen-
sion. From a mathematical point of view, random
noise is an image additive component and, since the
same conditions and the same equipment cause the
same random noise and the same share of it, in the
correlation dimension value it represents a certain
constant term. Therefore, if the images are obtained
under the same conditions and on the same equip-
ment, then random noise will increase the correlation
dimension value equally on all samples and will not be
significant for the comparison purpose. It should be
noted that the droplet edge or scale bar are linear
structures and do not have the property of very high
correlation dimension values such as random noise, so
they do not significantly affect the calculation results.

Similar remarks are quite valid regarding the im-
pact on the results of calculating the correlation di-
mension of the losses and artifacts inherent in JPEG
raster graphic format files during encoding. From a
mathematical point of view, these losses and artifacts
during encoding also represent an additive component
of the image. Since their size and nature depend only
on the JPEG encoding software algorithm, they are
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identical for images obtained on the same equipment.
Therefore, in the meaning of the correlation dimen-
sion, they, like random noise, will represent a certain
constant term. From this we can conclude that for the
comparison purpose, these losses and artifacts will not
affect the result.

Since on the presented microimages obtained
with a metallographic microscope only be seen the
general lacy pattern of a dried drop of yeast suspen-
sion in saline and the surface of yeast cells, it is logical
to assume that the differences revealed by correlation
analysis may relate specifically to the structure of the
cell surface. Thus, the correlation analysis method can
reveal significant changes just in the structure of cell
shells. In the case of a yeast suspension in saline solu-
tion exposed to a static magnetic field (SMF) of 0.17 T
during drying, such changes are probably cannot be
significant enough, as demonstrated in Fig. 8.

This assumption is supported by other studies
testifying a substantial biological impact of magnetic
fields (MF) on ion channel permeability [19]. Such ef-
fects have been manifested, for example, in the en-
hanced adsorption of chemotherapeutic drugs due to
the formation of nanosized pores in the cell membrane
[20]. In particular, an enhanced the in vitro action of
paclitaxel against human leukemia K562 cells under
exposure to an SMF of 8.8 mT has been reported [21].
Disruption of ion channel function under external EMF
can alter intracellular ion concentrations, thereby dis-
turbing the electrochemical balance of the cell [8].
Therefore, modulation of ion channel activity is a plau-
sible mechanistic pathway underlying the observed
change in cell shape and membrane texture.

Visual inspection under optical microscopy re-
vealed that the effect of the SMF was detectable only
when the field was applied during the drying process
of the suspension - that is, while convection, evapora-
tion, salt crystallization, osmotic processes at the cell
membrane, and adhesion to the substrate were active-
ly occurring within the droplet. If the drying process
had been completed in the absence of SMF exposure
and the associated physicochemical dynamics had
ceased, no subsequent changes in the cell shape or in
the structure of the dried saline samples were ob-
served after placement in the SMF [10].

It is clear that in a hypotonic environment, spe-
cifically in samples of cells suspended in distilled wa-
ter, cell shells rupture was observed with subsequent
pronounced cell degradation. However, samples of the
same yeast suspension that were dried under the ex-
posure to a SMF remained virtually intact after more
than one year of observation, and their shape did not
change. In contrast, in saline solution, which is isotonic
for the cells, the optically visible shape of the yeast
cells remained stable regardless of SMF exposure.
Nevertheless, this does not preclude the presence of
micro-scale alterations in the relief or structura
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organization of the cell shells that are not detectable
by optical microscopy [10].

These micro-scale alterations were identified in
our study as an increase in pixel intensity variability in
the analyzed images compared with control micro-
graphs. In contrast to the box-counting method, the
correlation dimension parameter increased even in
cases where no visible changes were detectable under
optical microscopy. We attribute the structural modi-
fications of the cell shell revealed by correlation analy-
sis to the influence of the SMF on the ion channel activ-
ity, alterations in the permeability of the chitin-
ous/cellulosic cell wall, changes in hydropho-
bic/hydrophilic properties, and enhanced adsorption
of substances onto the cell surface, which may con-
tribute to its stabilization.

As previously noted, images acquired at x50
magnification (Fig. 9) were selected for the analysis of
the correlation dimension of individual salt crystals.
For accurate calculation, it was essential that each im-
age contained a single crystal in its entirety as an in-
dependent, integral structure, without adjacent cells,
the presence of which in large numbers could distort
the computational results. To address this, cropped
images of individual crystals were rotated around an
axis passing through the crystal center to ensure that
the rectangular region of interest included only the
crystal itself and excluded surrounding cells clustered
in its vicinity.

As shown in Fig. 10, the correlation dimension D,
for individual crystals formed under SMF exposure
during drying of the yeast suspension in saline also
changed, with effects more pronounced than those ob-
served for yeast cells. For cells, SMF exposure resulted
in an increase in correlation dimension while preserv-
ing the distribution half-width, whereas for salt crys-
tals the opposite effect was observed: a decrease in
correlation dimension accompanied by narrowing of
the distribution.

The observed variations in D, confirm the influ-
ence of SMF on NaCl crystallization reported by other
researchers. For example, study [18] demonstrated
that a SMF of 55 # 3 mT altered the growth rate of di-
amagnetic sodium chlorate (NaClOs3) crystals differ-
ently along distinct crystallographic directions, result-
ing in lattice parameters differing compared to control
samples. Changes occurring at the surface of the grow-
ing crystal under SMF exposure are considered the key
factor, which likely contributed to the observed varia-
tion in correlation dimension index.

For NaCl crystals formed under SMF exposure, in
contrast to yeast cells, narrowing of the normal distri-
bution and reduction of fine structural details were
observed. In other words, crystals formed in a magnet-
ic field become more homogeneous and structurally
“cleaner,” with smoother facets. Study [22], using the-
oretical modeling, analyzed the influence of a static
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magnetic field of 55 + 3 mT on the growth kinetics of
sodium chlorate crystal faces within a supersaturation
range of 0.89-1.78% and demonstrated that crystal
growth occurred via a complex dislocation source
mechanism. Suppression of dislocation motion under
SMF exposure may enhance crystal surface purity. As
shown in Figs. 6 and 8, control samples exhibited
greater incorporation of yeast cells into growing crys-
tals, likely due to adhesion to growth surfaces, where-
as crystals formed under SMF exposure were signifi-
cantly cleaner. It can be assumed that such crystals
contained fewer dislocations available for cell attach-
ment. These findings are consistent with results re-
ported in [23], where a magnetic-field-induced dislo-
cation pinning effect was observed on the surface of
single-crystal silicon under a magnetic field of 0.33 T.
Therefore, the type of silicon substrate may also influ-
ence sodium chloride crystallization.

It should be noted that the informational value of
images for correlation analysis increases with micro-
scope magnification. Considering the origins of corre-
lation analysis - the study of strange attractor, its di-
mension increases with increasing dynamical chaos;
and if the dimension is limited from 1 to 3, this corre-
sponds to an increase in the branching of the trajecto-
ries of the strange attractor. When applied to yeast cell
surface structure, this interpretation suggests that
SMF exposure may increase variability in surface re-
lief, pore number and size, and receptor structural or-
ganization. For crystal images obtained at different
magnifications, the shift of the normal distribution un-
der SMF exposure would likely vary in magnitude;
however, the direction of the shift - opposite to that
observed for cells - would remain unchanged.

The correlation analysis method has certain limi-
tations. Reliable results are obtained only when pro-
cessing images with sufficient resolution and appro-
priate object scale. The minimum resolution expected
to yield meaningful results is approximately
64 x 64 pixels. A further limitation concerns scale: the
analyzed object or objects must occupy more than
25% of the original image area. These objects corre-
spond to image regions, which capable of revealing po-
tential differences induced by the investigated exter-
nal factors. When multiple objects are present, the
minimum resolution requirement applies to each indi-
vidually.

Beyond demonstrating the sensitivity of yeast
cells to SMF exposure, under conditions of increasing
electromagnetic environmental load, correlation anal-
ysis may enable the development of methods for de-
tecting extraneous EMF effects including impacts on
soil microorganisms. Changes in the D, parameter of
selected samples may therefore serve as indicators
(test parameters) of external magnetic field exposure.
In such systems, living cells may function as sensitive
elements, whose images are captured by a photosen-
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sor and processed by a microcontroller for calculation
and signal indication. In medical and biotechnological
applications, correlation analysis may also prove use-
ful for processing color images, as modern software
packages allow computation using multiple numerical
series (e.g, up to four in TISEAN), corresponding to
the red (R), green (G), and blue (B) image channels.
Furthermore, comparison between artificial composite
structures produced by 3D printing and healthy bio-
logical tissues may enable development of printing al-
gorithms capable of generating materials closely re-
sembling natural structures [24]. Another promising
direction involves evaluating the influence of magne-
tostatic fields in the range of 1-10 mT on soil biore-
mediation processes [25]. Correlation analysis enables
separation of SMF interactions with mineral compo-
nents (aqueous solutions) and soil microorganisms
and may assist in identifying strains resistant to tech-
nogenic stress for the preparation of dried microbial
formulations used in soil restoration.

Conclusions

The suitability of the method of correlation anal-
ysis of digital images for determining the sensitivity of
a suspension of yeast cells to the action of a static
magnetic field is shown in cases where box counting
analysis of these microimages did not reveal signifi-
cant differences.
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For yeast suspensions dried on three types of sil-
icon substrates - n-silicon {111}, p-silicon {111} and
p-silicon {100} - the effect of SMF led to an increase in
the correlation dimension Dz, on average, from
3.07 to 3.67, and for salt crystals - on the contrary, to a
decrease in Dz, on average, from 3.88 to 1.66. The in-
crease in the correlation dimension is mathematically
related to an increase in the variability in pixel bright-
ness, and physically - to a change in the structure of
the cell wall and its relief.

When exposed to a magnetic field, the correlation
analysis method can detect subtle changes in the mi-
crostructure of cell shells, namely their permeability,
as well as changes in the structure of NaCl crystals,
namely their homogeneity.
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"KMl im. Irops Cikopcbkoro, Kuis, YkpaiHa

’['pomapcbka opraHisauis «AHinb», Kuis, Ykpaina
SIHCTUTYT NpuKnaaHoi disnkm HAH Ykpainm, Cymu, Ykpaina
4CTokronbmcbkuin yHiBepcuteT, CTokronsm, Lsewis

3ACTOCYBAHHS KOPENALUIAHOIO AHANI3Y 306PAXEHb ANA BUABNEHHA YYTIUBOCTI KNITUH
A0 MATHITHOro nons

MepenymoBu. [igBULLEHHS TEXHOrEHHOTO E€NEKTPOMAarHiTHOrO HaBaHTAXEHHS 3anuvliae OUCKYTUBHWM NMUTaHHS WOro BMIMBY Ha XUBI
KNiTUHW, SKi HE MalTb BU3HAYEHOrO EeBOSIOLIMHOMO MeXaHiamy BiOMOBi4I Ha TaKWM €KOMOriYHWM YMHHWK. Hapasi HepocTaTHbO
BiANOBIOHMX TECTIB, 30aTHUX BUSIBMSTA BMMMB Criabkoro enekTpomarHiTHoro nons. Bisyanisauisi MopdonoriyHnx 3miH CTPYKTYpU KNiTUH
NPOCTMMW ONTUYHUMU METOAAMMN He A€ pesynbTaTy, OTXe [40AAaTKOBUA MexaHiaM 0b6pobkM 306paxeHb Moxe BT KOPUCHUM.

MerTa. lMepeBipuTn NpuaaTtHiCTb MeTOAy KOpEnsUiHOro aHanidy Mikpo3obpaxeHb Ha npuknagi BUCOXNUX Y Di3pO3UMHI ApiKOKOBMX
KMNiTUH Ha KPeMHI€eBIN Nigknaguis ANS BUSIBMEHHS BMAMBY CTAaTMYHOTO MarHiTHOrO MOSs Ha CTPYKTYpPY MOBEPXHi KMiTWH, SiKi HEe MaloTb J0
HbOro BU3HA4YEHMX MEeXaHi3MiB YyTNMBOCTI.

MeToauka peanisauii. Lindposi mikpozobpakeHHs1 kpanenb cycneHsii ApikaxkiB y (ispo3umHi, BUCOXNINX Ha KPEMHIEBKX Niaknagkax 3a
BMNMBY CTaTU4HOro marHitTHoro nons 0,17 Tn Ta 6e3 nons, aHanisyBanu OAHWM i3 ppakTanbHUX MeToAiB — BU3HaYanum napameTp Kope-
NSALUINHOT BUMIPHOCTI, sikuii 6asyBaBcs Ha MaTpuLi 3HaYeHb ACKPaBOCTI NikceniB.

Pe3ynbTtaTu. [NokazaHo npyaaTHICTb MeToay KOpensuiiHoro aHanisy 4ns BU3Ha4yeHHs 3MiH Y CTPYKTYPi NOBEPXHi APDKIKOBMX KMNiTUH Ta
KpULITanukiB Xropvay HaTpito 3a BNAMBY cTaTU4HOro marHitHoro nonst 0,17 Tn nig Yyac BUCUXaHHSA OPiXKAXKOBOI CYCNeHsii: NOKasHWK Ko-
pensuiiHOi BUMIpPHOCTI, SIKWI CBiAYMB NPO BapiaTUBHICTb CTPYKTYP, OANS APDKIKOBUX KNiTWH 36inbwwmBes, a ana kpuwTanukis NaCl —
3MEHLLMBCSI.

BucHoBKuW. Y Bunagky KopensiliiHoi BUMipHOCTi, Ha BigMiHY Bif iHLUMX BUMIpHOCTEN, T 06UMCNEHHS 3AINCHIOETLCS 3a 3HAYEHHSIMU SIC-
KpaBOCTi, OTXXe, BPaxOBYIOTbCS 1 Ti eNeMeHTU 300paKeHHs, L0 Maike He po3pi3HSTbCA okoM. Came TOMy Lie METOZ BUSIBUBCS YyT-
NNBUM [0 3MiH Yy CTPYKTYpi Ta penbedi KNiITUMHHOT CTiHKM APDKOXKIB, BUCOXNNX 3@ BNAMBY CTaTUYHOro MarHitTHoro nonsi 0,17 Tn, 3adikcy-
BaBLUM ii yCKNagHEHHSs!, a TaKkoX 3acBiaumB GinbLL oAHOPIAHY CTPYKTYpPY yTBOpeHux kpuctanis NaCl.

KnroyoBi cnoBa: 06pobka 306paxeHb; opakTanbHUIn aHani3; kopensuiniHa BUMIPHICTb; APDKOYKOBI KNITUHW; KPEMHIW; XNOpua HaTpito;
KpucTanisawisi; MarHiTHe none; YyTnNuBICTb; MiKPOCKOMisi; BNACTUBOCTI NOBEPXHi; BioTexHonorii.



