Technical Physics, 2022, Vol. 67, No. 1

14

Application of the method of dielectric spectroscopy to study the
properties of blood serum of mice with malignant ascites
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The article presents the results of a study by the method of dielectric spectroscopy of high-frequency relaxation
processes in the blood serum of intact mice and mice vaccinated with an oncological disease — Ehrlich’s ascites
carcinoma. Using the formalism of the electrical module, the relaxation parameters were calculated for the serum

samples of the two studied systems.
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Introduction

Dielectric spectroscopy is one of the most informa-
tive physical methods of study of the relaxation proper-
ties of dielectric media in a wide range of frequencies
f =1073-10'"Hz [1-5]. In recent years, this method
has been used widely in the examination of blood and
its components [6-9]. The values of ¢'(f) and &”(f) for
the whole blood and plasma of several oncologic patients
measured in the wavelength range were presented in [9]. It
was demonstrated that ¢'(f) = 80—90; ¢”(f) = 70—15.

Since blood serum (BS) features an increased electrical
conductivity that conceals relaxation phenomena, we used
the concept of the complex electrical module (a reciprocal
of the complex permittivity) to reveal them. Experience
shows that this method provides an opportunity to identify
BS relaxation peaks, while the corresponding mathematical
techniques allow one to determine the values of the key
relaxation parameters. This method is applicable to all
BS samples. It is of interest to compare the relaxation
parameters of BS samples from healthy and pathological
biological objects. The BS parameters are expected to
differ, since the BS composition changes quantitatively
and qualitatively in the case of evident pathology, thus
altering the nature of intermolecular interactions between
the elements of BS, which is reflected in a change in
the numerical values of BS relaxation parameters. The
idea of identifying and examining pathologic behavior by
analyzing the temperature and frequency dependences of
BS relaxation parameters is an appealing one.

The aim of present study was to identify the specific fea-
tures of high-frequency dielectric relaxation and determine
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the relaxation parameters of BS of intact mice and mice
with Ehrlich’s ascites carcinoma.

1. Theory

1.1. Relaxation equations

The concept of complex permittivity e*(f) is used
in the method of dielectric spectroscopy to analyze the
relaxation properties of dielectrics. This quantity is defined
as e*(f)=¢&'(f)—ie”(f), where f is the frequency of
the applied electric field, i is imaginary unit, &'(f) is the
real permittivity of the medium characterizing the degree
of screening of the external electric field, and &”(f) is
the imaginary permittivity characterizing the absorption
of energy with its conversion into thermal energy (i.e.
dielectric losses). The values of &'(f) and &”(f) are
determined experimentally.

In the general case, relaxation phenomena are character-
ized by the Havriliak—Negami (H—N) equation [10]:

& — &€
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(1)

where &g, €5, are the static and the high-frequency
permittivity &/(f) (esat f — 0, e at f — 00), w = 2af is
the cyclic frequency, 79 is the most probable time of
relaxation of the electrical response of molecular aggregates
or molecules of the sample, « is the width of the spectrum
of relaxation times, and B is the asymmetry of this
spectrum. These parameters vary within the following
intervals: 0 <a <1, 0 <fB <1. The higher « is, the
greater is the frequency dispersion of numerical values of
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relaxation times of molecules of the sample 7 (i.e., the wider
is the relaxation spectrum); the lower § is, the higher is the
degree of asymmetry of the spectrum.

The analytical expression for the distribution function of
relaxation times G(7) with respect to 7y may be written in
the following form [11]:

G(r) - (£)""“ sin(po)
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(2)
where
0= arctgl <1,Sg)l(ﬂ(1 —2) ] and 0<0<m.
(%) + cos(7(1 — a))

At ¢ =0 and 8 = 1, the H-N equation transforms into
the Debye equation [12]. G(7) then takes the form of
delta function §(7). This corresponds to the state when all
molecules of the system have the same relaxation time 7.

At @ # 0 and 8 = 1, the H-N equation transforms into
the Cole—Cole equation [13]:

€ — €x
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(3)
G(7) is then a function symmetric with respect to 7.

At @ =0 and B # 1, the H-N equation transforms into
the Cole—Davidson equation [14]:

& — &€=
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(4)
G(r) is then a function asymmetric with respect to 7.

Parameters «, 8,7, and G(r) are the key relaxation
parameters of the object under study. They are determined
if relaxation peaks are found in the experimentally measured
e”(f) dependence. If such peaks are not found, one
cannot use this method to determine these parameters. In
the present study, we determined them using the complex
electrical module method. This method has already been
applied to BS in our earlier study on chronic lymphocytic
leukemia [15].

1.2. Complex electrical module method

Complex electrical module M*(w) is a reciprocal of
the complex permittivity that is defined as follows [16]:
M*(w) = M (w) + iM”(w). Quantities M'(w) and M”(w)
are the real and imaginary components of the complex
electrical module. M”(w) takes the form

8”((1))
8’2(60) + 8”2((1)) . (5)

The equation for M”(w) may be derived from the H-N
equation [17):
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Parameters «a, 3, 790 have the same physical meaning as in
Eq. (1).

2. Experimental procedure

CD-1 mice (female, weight: 22—24g) from the
~STEZAR® breeding station were used in the experiment.
Animals were housed in cages (5 mice in each cage) with
free access to water and food (combined feed ,,Labora-
torkorm®). Their zoosanitary parameters at the start of the
experiment were within normal limits. The following groups
were formed for the study: a group of intact mice (10 an-
imals) and an experimental group (5 animals subjected to
the abdominal injection of a suspension of Ehrlich’s ascites
carcinoma cells with a concentration of 3-10° cells per
mouse). Blood sampling in the experimental group was
performed on the fifth day after the injection. All animals
were anesthetized with an intramuscular injection of Zoletil
100® (2mg/kg) prior to blood sampling. The obtained
blood samples were introduced into VACUETTE vacutainer
tubes 20mL in volume with a coagulation activator and
centrifuged for 10 min at 2000 rpm. Blood serum was then
sampled. The parameters of samples were measured on
the day of sampling without refrigeration. All applicable
international, national, and/or institutional guidelines for
animal care and management were observed.

The dielectric spectra of BS samples were measured
using a ,,Concept-81“ (Novocontrol Technologies GmbH)
spectrometer that is designed for the study of dielectric and
conducting properties of a wide range of materials (liquids
included) [18]. The volume of the measurement cell
was 60 ulL. Measurements were performed at frequencies
f = 10°~1.5 - 10° Hz at room temperature (T = 20°C).

3. Results and discussion

The frequency dependences of real ¢'(f) and imaginary
e”(f) parts of permittivity for BS samples from intact mice
and mice with Ehrlich’s ascites carcinoma were measured.
The frequency dependence of electrical module M” (w) for
each animal was plotted in accordance with formula (5).
The results for BS samples from intact mice and animals
injected with Ehrlich’s ascites carcinoma cells are presented
in Figs. 1 and 2, respectively. The experimental data
were approximated with a curve in accordance with (6).
Relaxation parameters «, 3, 7o were determined empirically
by finding the best fit between the experimental data and the
theoretical curve of M”(w). The results of approximation
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Figure 1. Frequency dependence of the imaginary part of elec-
trical module M”(f) of BS samples from intact mice. Numbers
1-10 correspond to different animals (see table).
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Figure 2. Frequency dependence of the imaginary part of
electrical module M”(f) of BS samples from mice injected with
Ehrlich’s ascites carcinoma cells. Numbers I—-V correspond to
different animals (see table).

are listed in the table. In the case of sample I (Fig. 2),
the results of approximation only for the high-frequency
(right) relaxation peak are presented. Parameter @ turned
out to be zero (¢ =0) for all BS samples from intact
mice at T = 20°C, while parameter § # 1. Therefore, their
relaxation spectrum is characterized by Cole—Davidson
equation (4). This demonstrates that BS molecules have
differing relaxation times 7 that are distributed over the
horizontal scale asymmetrically with respect to 7y (ie.,
function G(r) is asymmetric).

Figure 3 presents function G(7) plotted based on the
results of examination of BS samples / and 3. The plots
for BS samples from other intact mice are similar: the
distribution of relaxators over relaxation times is asymmetric
with respect to 7.

It can be seen from the table that parameter o # 0 for
BS samples from animals injected with Ehrlich’s ascites
carcinoma cells at T = 20°C. Since 8 = 1 for samples I and
I, their relaxation spectrum is characterized by Cole—Cole
equation (3). This equation implies that molecules have
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Relaxation parameters «, 8, 7o for BS samples from intact mice
and mice with Ehrlich’s ascites carcinoma

Sample number* a B 7 ()
1 0.00 0.85 1.03-107°
2 0.00 091 1.38-107°
3 0.00 0.85 8.42-1071°
4 0.00 0.80 8.30- 10710
5 0.00 0.67 4,52.1071°
6 0.00 0.56 4.44.1071°
7 0.00 0.62 6.12-1071°
8 0.00 0.78 5.34.107%°
9 0.00 0.66 5.32-1071°
10 0.00 091 1.05-107°
I 0.26 1.00 1.82-107°
I 0.25 1.00 5.95.107%°
111 0.01 0.90 5.72-1071°
v 0.01 0.82 6.01-1071
A% 0.01 0.98 2.29-107°%

Note. * /-10 — intact mice, -V — mice injected with Ehrlich’s ascites
carcinoma cells.

differing relaxation times 7 distributed symmetrically with
respect to 7y (ie., function G(r) is symmetric). Figure 4
presents function G(r ) for samples I and III. It can be seen
that the distribution is symmetric. The visual difference
between Figs. 4,a and 4, b is attributable to the fact that
parameter @ for sample I is higher. Function G(r) for
sample IT looks the same as that for sample I. Function G(7)
for samples IV, V is the same as that for sample III. Samples
IIL, IV, V have @ #0 and B # 1. However, the average
value of parameter 8 for them ((8) = 0.90) is significantly
closer to unity than the corresponding value for intact mice
({B) = 0.76). Therefore, their relaxation spectrum, just as
the spectrum for BS samples I and II, may be characterized
approximately by Cole—Cole equation (3).

The presence of macromolecules with different relaxation
times 7 in serum samples follows from the theoretical
description of dielectric relaxation for independent dipoles
with several discrete orientation states [19]. If one takes
the cooperative nature of reorientation of a macromolecule
(dipole reorientation is executed in the form of isolated
transitions, but the probability of reorientation or the
reorientation activation energy depends on the orientation
of neighbors [20]) into account, a spectrum of relaxation
times 7 emerges (see Figs. 3 and 4). The spectrum of
relaxation times for more elongated molecules is asym-
metric, since their jumps from one equilibrium position
to the other depend on the orientation of neighbors and



122 Zh.A. Salnikova, A.P. Smirnov, A.A. Bogdanov, N.A. Verlov, R.A. Kastro
Mouse sample 1 a Mouse sample 3 b
30_ T ooy T LR | T T 30_ T ooy T AL ToTTT T
25F i 25f E
20 F 1 20¢f ]
=15k 1 Z15¢ ]
CR 1 ¢ | ]
10 F . 10 .
SE . 5k .
0F L-*—**M : 0F s :
E Lol Lol Lol Lo g E Lol Lol Lol Lo
10711 10710 107 1078 107 10 10710 107 1078 10”7
T8 1,8
Figure 3. Distribution function of relaxation times G(7) for intact mice: @ — sample /, b — sample 3 (see table).
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Figure 4. Distribution function of relaxation times G(7) for mice injected with Ehrlich’s ascites carcinoma cells: ¢ — sample I, b —

sample III (see table).

the energy of interaction with them. The spectrum for
macromolecules with a near-spherical shape is symmetric,
since the orientation of neighbors is insignificant in this
case. Thus, the difference between the relaxation spectra
of BS samples from intact mice and animals injected with
Ehrlich’s ascites carcinoma cells is probably attributable to
a change in the conformation of protein macromolecules in
the blood serum occurring during malignant processes.

Conclusion

The complex electrical module method allows one to de-
termine relaxation parameters «, 3, 79 and function G(r ) for
BS samples from intact mice and mice with Ehrlich’s ascites
carcinoma. These parameters for intact and affected animals
differ somewhat at a temperature of 20°C. These differ-
ences are likely to be more pronounced at physiological

temperatures (35—41°C). The BS composition may change
during disease development, thus affecting intermolecular
interactions and, consequently, the BS relaxation properties.
The interrelation between changes in relaxation parameters
and the presence and stage of a disease (e.g., cancer) is
a potential subject for future studies. Additional physical
methods of research are needed to examine the issue of a
probable change in the conformation of protein molecules
in the blood serum during pathological processes. It is
essential in this respect to perform correlation analysis of
the data obtained by dielectric spectroscopy and the data
from biochemical blood assays for various diseases.

The obtained data suggest that the dielectric spectroscopy
technique may be applied in the future in diagnostics of
diseases (e.g., cancers) based on the identification of specific
features of molecular physical processes in body fluids.
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