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Feasibility of the Skin Electrodynamic
Introscopy to Assess 2D Acid-Base

Balance Dynamics
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2Center of the Skin Electrodynamic Introscopy, Kyiv, Ukraine

ABSTRACT

Synchronization is a universal phenomenon that occurs at all levels of the existence of living
and inanimate matter. Shortly after enabling monitoring of the electrical impedance landscape of the
skin, such phenomena were detected as dynamic clusters with in-phase and anti-phase dynamics.
The behavior of these clusters turned out to be very sensitive to various endogenous and exogenous
factors and was especially pronounced, for example, at the melanoma areas. Hypothesis of the
acid-base balance fluctuations have been put forward as one of the most likely mechanisms for
this phenomenon, since hydrogen ions are one of the main factors that determine tissue electrical
conductivity. The purpose of this study was to obtain experimental evidence for this hypothesis. The
2D dynamics of glycolysis metabolism was studied on a yeast model as an adequate model of cancer
cells. The image sequences reflected the dynamics of processes occurring at the intercellular and
intracellular levels, in the form of current values of the 2D active and capacitive components of the
impedance in the range of 2 kHz and 1 MHz. As a test factor, a single drop of glucose was used. The
revealed effects of clusterization were found similar to those obtained earlier in human experiments.
Specifically, these effects were also clearly manifested in the affected region. At the same time, the
intercellular medium turned out to be the most rapidly responsive, while the intracellular response
occurred with a significant delay but without so marked manifestations of anti-phase behavior. The
observed effects are presumably a macroscopic manifestations of quorum sensing mechanisms
and cooperative wave processes. We believe that the developed technology can be used as an
inexpensive and non-invasive tool for both In vivo and In vitro real-time pH monitoring.

Introduction

The main mechanism of tissue and cellular metabolism is glycolysis, the
spatiotemporal dynamics of which can, in certain cases, acquire a cooperative
character in cellular ensembles, and, in turn, cause a coherent response of other
metabolites. Unlike normal cells, glycolysis in tumor cells is disturbed towards
greater acidity (Warburg effect) and resistance to therapeutic factors. In addition,
such anaerobic glycolysis leads to increased production of various metabolites
used further by proliferating cells. Accordingly, the development of methods for
visualization and, especially, real-time monitoring of the pH-landscape in living
tissue would be of obvious interest both for fundamental research and for the
purposes of early diagnosis and targeted intervention.

It is beyond the scope of this paper to review the many modern non-electrical
methods of pH metering, including visual pH sensors, which include, for example,
molecular synthetic organic sensors, metal organic frameworks, engineered
sensing nanomaterials, and bioengineered sensors [1].

Here we intend to present only preliminary results on the possibilities of the Skin
Electrodynamic Introscopy (SEI) method, which belongs to the field of electrical
spectral impedancemetry, which can be used for the above purposes both at the
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cellular and tissue levels, including the objects of practical
medicine.

Methods of electrical and electrochemical spectral
impedancemetry have been greatly developed over the
past decades and are used for characterization of living
matter both at the tissue and cellular level. The description
of the principles and various applications is well presented
in numerous academic and popular publications [2-8].
The state of the art of modern pH electrometry is mainly
represented by potentiometry methods, of which, the
technology of ion-sensitive field-effect transistors should
be mentioned. However, in all cases, the practical limitations
of such absolute measurements are mainly due to the need
for a reference electrode. It should also be noted that there
are known limitations in the speed of measurement inherent
in all bridge methods. Therefore, the use of this method in
medicine is limited to liquid (including monocellular and
molecular) measurements, but is not suitable for studying
the acid-base features of the sub-epidermal layers and other
soft tissues. On the other hand, the methods of general/
tissue Electrical Impedance Spectroscopy (EIS) allow
characterization of these tissues in a variety of different
parameters, but are not ion-selective and thus not suitable
for the pH-measurement. Here it is also appropriate to
note that the known approaches to measuring the electrical
impedance of the skin still face the problem of adequately
visualizing the Skin Electroimpedance Landscape (SEL)
and, moreover, its dynamics, i.e.: due to the need to
simultaneously ensure three conditions at once: high spatial
and temporal resolution over a large enough area of view.

Our pioneering research on the SEL imaging began in the
late 80s with developing an early SEI sample using which,
for the first time in the world, adequate images of the SEL
were obtained, first in statics, and then in dynamics. In later
pre-clinical trials, a number of basically new spatiotemporal
phenomena like the SEL structuring have been registered in
health and disease [9-11]. The magnitude and kinetics of the
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structures/clusters turned out to be very sensitive to detect
the influence of various internal and external factors. Taking
into account the fact that under each microelectrode of the
scanner there are not one, but many thousands of cells, the
most intriguing was their coherent initial and the more so
test-induced dynamics, which manifested itself in difference
images in the form of in-phase and anti-phase clusters, or,
in other words, unidirectional or multidirectional changes
in the electrical parameters of neighboring and/or remote
areas of the SEL. Such in-phase and out-of-phase activity
was especially pronounced in the area of malignancy
(melanoma) in response to even weak testing factors like
magnetic fields, microwave radiation and transient hypoxia
[10] (Figure 1).

A number of hypotheses about the possible biophysical
and, biochemical mechanisms of these electrical impedance
phenomena have been put forward [11]. The purpose of
this study was to experimentally test the most likely cause,
namely, variations in the acid-base balance of the skin.

Culture of yeast cells was chosen as an ideal model
system to study synchronization and propagation waves of
glycolytic oscillations in large populations [12].

Materials and Methods

Preliminary test

The scanning area was divided into 3 sections by 2 strips
of adhesive tape (in order to mark strips withno testingatall).
A pad of several layers of medical bandage (as a skin model)
moistened with a neutral solution of pH =7.6 was applied
over the entire surface. On the top of the pads, a counter-
electrode from stainless steel was placed. After 10 frames of
preliminary scan, 0.4 ml of an acid and alkali solution with
pH 5.5 and 9.8, respectively (i.e., with approximately the
same difference in pH relative to neutral) were injected into
the left and right pads, leaving the central one untouched.
Then another 20 frames were scanned (Figures 2,3).
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Figure 1 SEL dynamical features as interframe correlation fields in health and disease: pixel-to-pixel calculated maps for 20 consequence image matrices.

Intercellular level (phase angle at 2kHz).

A). Healthy skin as a chaotic landscape as presumably a reflection of normal cellular respiration

B). Melanoma with antiphase structures (corellation up to 1) at the tumor boundary

C). Proliferating nevus with antiphase structures of unknown origin
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As a model object, ordinary yeast from the store was
used (Biologische Hefe, DE-OKO-003, EU-Landwirtschaft).
Lightly soaked with a distilled water to the state of a viscous
fluid mass, yeast was poured onto the membrane of sterile
insert (Transwell Costar 3450 Clear) in a thin layer about
1 mm thick and covered with a stainless steel counter
electrode. In the middle of the electrode there was a thin hole
for injecting a glucose solution with a syringe. In this way,
the stable contact with the yeast was maintained before and
after exposure. The room temperature was around 25°C. The
outside of the membrane was soaked with saline (0.8%). The
insert with yeast was placed on the electrode matrix of the
scanner and kept for adaptation for about an hour. A point
application of a drop (1.5 uL, 6 mm) of glucose was used. The
glucose took ~5 minutes from to diffuse from the top to the
cell layer. In each of the 6 experiments performed, the SEL
monitoring took about 1 hour, i.e. until complete relaxation
of the SEL dynamics. The fast periodic scanning (4s/frame)
was used: firstly every 2 min and then 5 min. These SEL
reading series consisted of a sequence of 5-10 frames. The
processing and presentation of the obtained image matrices
was done in two ways: - to assess the dynamics in the
second range, variations in the parameters of all pixels were
calculated during each series in the form of dispersion fields;

Strips sealed with tape
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to evaluate the dynamics in the minute range, the difference
images between the averaged values of each series were
calculated.

Results

On figure 4 the dispersion fields of three series starting
from the 10th minute are presented in phase angle values
ok. Figure 4a demonstrates the typical chaotic nature of the
initial 2D dynamics and further for about 5 minutes of the
latent period after glucose application. (Here it is appropriate
to emphasize the similarity with the chaotic dynamics ¢, of
the healthy skin, figure 4a and if in figure 4a no noticeable
response is yet visible, then in figure 4b two opposite events
can be seen occurring in the same feeding area over the next
5 minutes:

- A sudden increase in their metabolic rate known as
a “GLC burst” with maximum variations (black),
which are more than an order of magnitude higher
than the background values;

- The area of weakened dynamics around it (white).

After the next five minutes, the distribution of activity
changed even more sharply but in anti-phase manner
(Figure 4c):

- The zone of the former epicenter expanded many
times, but its activity dropped to zero;

- the surrounding space also greatly expanded and also
inverted its activity from white to black, i.e. from
minimum to maximum activity, i.e. many times
greater than that of the background level itself (p <
0.05).

To emphasize this anti-phase dynamics, in figures 4d-f
the additional difference images of the last two figures 4 b,c
with the initial one figure 4a are depicted at (compare with
figure 1b).

< 2D dynamics of melanoma area
before (top) and during hypoxia

() ) W w & "
Dif of e at 2ZkHz
hahusan framae #17 and G

2 s 0
Tine 3 p
parts of the scanne:

(bottom). Difference images of
neighboring frames (the measured
parameter and the time scale are
the same).

< Time curves of two points
from the red and blue zones
in both experiments.

Figure 3 Preliminary test on the SEI feasibility to assess the pH dynamics. Photo of the scanner-head with applied separating strips and a set of liquids with
different pH. On the left of the frame, a part of the mesh counter electrode is visible. The right images and graphs demonstrate the similarity of the SEL response
to testing exposure: (i) direct change in pH in the model experiment and (ii) oxygen test in the melanoma zone [9]. Long arrows mark zones of similar reactions.
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In addition, the through-sequence time graphs of
individual pixels were built (Figure 5).

Spatial variations of all 3 parameters were calculated
as the difference between the averaged image matrices
of neighboring stages of the experiment, i.e. they reflect
how much the landscape changed in 5 minutes compared
to the previous one, figure 6. Thus, in figure 6a-a'' one
can note relatively weak changes compared to the original
landscape, expressed in a general downward trend, as was
also noted in the graphs of (Figure 4). In addition, and most
importantly, this is the absence of pronounced anti phase
circular structures in all parameters. These structures
begin to noticeably appear only in the parameters of ¢, and
Z, (Figure 6b). Interestingly, here and below, one can note
the formation of not only the near (most pronounced),
but also the far circular zone of coherent changes, marked
by elliptical and circular dotted lines, respectively. (It can
be assumed that if homogeneous yeast were used in the
experiment, then these structures would also have the shape
of circles). The next row of difference images of figure 6c¢, c"'
shows: (i) the appearance of an intracellular response (Z,)),
as well as (ii) a distinctly increased anti phase structuring
in the "feeding" zone, noted earlier in the dispersion fields
(Figure 4). Similar dynamics, but with a 5 min delay, can be
seen at the intracellular level (Z,) in the next row, (Figure
6d)"". In the next steps, figures 6e-g, one can see the
relaxation processes, which are especially clearly visible
by the inversion of the sign/direction of the process in the
epicenter zone.

Discussion

Given the fundamental role of pH in many physiological
and medical aspects, it is necessary to develop new

JOURNAL OF BIOMEDICAL RESEARCH & ENVIRONMENTAL SCIENCES Issn:| 2766-2276

technologies that provide both lower cost and practical
application for the visualization and monitoring of this
parameter at all levels of living tissue. The results of our
previous phenomenological studies in human experiments
revealed previously unknown phenomena of structurization
and synchronization of SEL. Here we present an experimental
confirmation of these phenomena obtained on the inorganic
and cell models, and thus also the SEI ability to visualize and
monitor the 2D acid-base landscape both on tissue and cell
levels. In particular, it turned out that the phenomenon of
anti-phase clustering at the border of the zone of increased
glycolysis metabolism is characteristic of both melanoma
and the yeast model. Furthermore, we have also shown the
SEI ability to differentiate temporal and spatial features of
these collective processes occurring at the intercellular and
intracellular levels.

Yeast are unicellular microorganisms and can live
independently, but life within a community is beneficial
for the long-term survival and to adapt to the environment
changes, in the cell-cell communication, they can use not
only various molecular messengers but also metabolic
oscillations as a more long-range means of communication
[13]). This additional mechanism of local intercellular
communication via the exchange of metabolites was earlier
introduced as dynamic quorum sensing [14,15]. A typical
behavior of reaction-diffusion waves was observed after
local injection of glucose into the yeast cell suspension at
two opposite sites leads to the formation of traveling circular
waves which annihilate upon head-on collision [16-18].

The clusterization/synchronization effect is the main
sign of the presence of ""quorum sensing", since the collective
oscillatory behavior, for example, the yeast cell population

o
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Figure 4 The dispersive fields of three series starting from the 10th minute are presented in phase angle values gk: a). before; b). at the beginning; c). 5 minutes

after the "explosion of glycolysis". Pay attention to:

a). Chaotic and low-amplitude relief, similar to the SEL of healthy skin (Figure 1a);

b). The appearance of a (bright) expanding cluster with opposite (diminishing) dynamics near the epicenter (value is “11") of the “explosion” (cf. Figure 1b);
¢). High-amplitude antiphase dynamics of the epicenter and the entire environment, the emergence of a neighboring cluster of high activity (value is “16”) in a
previously weakened zone. The entire landscape is no longer chaotic, but has clear signs of a circular standing wave around the epicenter.
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falls when the cell density falls below the threshold [18,19]
In our work, a similar conclusion can be drawn by comparing
the results of a preliminary experiment with "non-living
matter" and that with yeast, i.e. figure 3 with figure 6: in the
first case the zone of response to a local change in acid-base
was limited only by a linear diffusion process, while in yeast
this test caused long-term oscillatory metamorphoses of the
entire landscape.

In contrast to the above references, many thousands of
yeast cells are located under each microelectrode of the SEI
scanner, so all the phenomena presented are a macroscopic
manifestation of cooperative processes of intercellular and

JOURNAL OF BIOMEDICAL RESEARCH & ENVIRONMENTAL SCIENCES Issh:| 2766-2276

intercluster signaling. At the same time, the intermittent
monitoring mode was used to assess the integral/cluster
effects of SEL structuring, and not for detailed monitoring
of wave dynamics. The latter, however, manifested itself
in the form of increased activity at the edges of the entire
yeast mass. Figure 7 represents 3 maps of the entire yeast
model as the ¢, -dispersion fields calculated over 3 periods
of 20 seconds each: 5, 15 and 60 min after glucose injection,
respectively. For greater clarity of the range of SEL changes,
the maps are presented in real values and full range of
specific dispersion, the scales of the contour are linear with
a step of 5%.

On figure 7a, i.e. at the time of the first appearance of
the SEL response, it can be noted: - absence of noticeable
structuring effects, except at the border of the epicenter "1";
- a multiple difference in the intensity of ""1" and the entire
yeast mass, which persists with a slight decrease for 1 hour.

The wave nature of the ¢ -dynamics is seen in figure
7¢ as a noticeable alternation of light and dark concentric
zones. Comparing Figures 7b,c anti phase dynamics can be
noted in all marked zones 1-4. In this case, the outer active
ring appears to be a standing pH wave. It manifested itself
most actively at all stages of the experiment, including the
last one shown in (Figure 7c), when, as a result of edge
drying, the area of the yeast has noticeably decreased, but
still exhibits activity many times over above the initial level
(Figure 7a).

It is worth emphasizing that the configuration of
structures 2.3, once created as a result of GLC, continues
to persist for some time. It can be assumed that in the case
of melanoma, a similar structuring mechanism took place,
i.e., the appearance of a standing pH wave in the zone of
functional homogeneity.

We believe that the dynamics of structures 1-2 can
be interpreted in favor of the version that "only hungry
cells oscillate" [19-21]. At the same time, there is also a
temptation to assume that long-term oscillations of the
surrounding cells after the “feeding” of the center, which
is many times greater than the initial one, are explained by
cellular “envy”, which is humanly understandable® or, more
diplomatically speaking, by a dynamic sensing quorum.

If the journal's lexicon allows such a hint.

Conclusion

The proposed SEI monitoring method is not only
inexpensive and fast compared to, for example, the seahorse
method, but also provides information for tracking many
important details of the co-metabolism of glycolysis. It
hopefully also provides a link between In vivo and In vitro
studies. Since glycolysis is universally present in living
cells, we can extrapolate our findings to other cell models,
such as skin organoids, liver and pancreatic cell cultures
etc. This will require further optimization of the proposed
methodology.

Babich YF, et al. (2022) J Biomed Res Environ Sci, DOI: https://dx.doi.org/10.37871/jbres1583
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Figure 6 Spatial variations of all 3 parameters. The maps were calculated as the difference between the averaged image matrices of neighboring stages of the
experiment, i.e. they reflect how much the landscape changed in 5 minutes compared to the previous one.
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respectively.
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Figure 7 Maps of the entire yeast model as the ¢pk-dispersion fields calculated over 3 periods of 20 seconds each: a-c) 5, 15 and 60 min after glucose injection,
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