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Introduction

Method of dielectric spectroscopy is widely used in the
dielectrics physics, ie. the studies of frequency depen-
dencies of conductivity, permittivity and loss factor [1-
3] at various temperatures. This method is used to
study both synthetic polymers of various types [4-6]
and biopolymers [7-9]. The method of dielectric spec-
troscopy makes it possible to relate the dielectric properties
of the studied sample to the electrical properties of the
molecules forming it, in particular, to their dipole moments,
as well as to draw some conclusions about potentials of
intramolecular rotations and intermolecular interactions [10—-
14]. When analyzing maxima on the loss factor frequency
curve it is possible to find the relaxation parameters of
dielectric materials, at that, the empiric Havriliak—Negami
equation being often used. However, with high electrical
conductivity, relaxation maxima cannot be detected based
on the loss factor frequency curves. To detect them, it
is advisable to use the method of a complex electrical
module [15].

Human albumin is one of the main protein components of
blood, contained in its serum and performing the functions
of transporting various substances, as well as maintaining
osmotic blood pressure. It makes about 55 % of all proteins
contained in the blood serum. In a day, the human body
produces 10—15g of albumin. The albumin molecule is a
globular protein with a mass of about 67 kDa, consisting of
a single polypeptide chain and 585 amino acid residues, the
arrangement of which is represented, for example, in [16].
Albumin relates to the class of alpha-proteins. Its secondary
structure consists of alpha helices (50%—68 %) and beta-
sheets (16%—18%), as well as a disordered part of the
macromolecule [17]. Due to 17 disulfide bridges, a tertiary

structure is formed consisting of three domains, each of
which consists of two subdomains containing 6 and 4 alpha
helices, respectively. In this case, hydrophobic interactions
between the domains form the globular structure of the
albumin molecule. The hydrodynamic radius of albumin
molecules in an aqueous solution is 4.2nm [18], and
the conformation may be represented as an asymmetrical
flattened ellipsoid [19]. The albumin molecule contains
about a hundred pairs of positive and negative amino
acid residues (99 positive and 126 negative [20]). In
this case, the dipole moment of the albumin molecule is
about 500 D [21], which determines its electrical properties
in solution. Generalized information about albumin is
presented in [22].

The purpose of this work is to study the dielectric
properties of human serum albumin solution at physiological
temperatures in a wide range of frequencies. By analyzing
the behavior of frequency dependences of the real and
imaginary components of the complex electrical module,
it was possible to detect relaxation maxima, the study
of which made it possible to determine the relaxation
parameters «, 8,79 and based on them to construct a
function for the time distribution of relaxation oscillators
and calculate the activation energy of the detected processes.
Since human albumin is one of the main proteins of his
blood serum, when analyzing the values of relaxation
parameters «, B, 1y of blood serum samples, the contribution
of the corresponding relaxation parameters of albumin can
be identified. This may be relevant in the analysis of
relaxation parameters of blood serum from healthy donors
and sick patients and may be of interest in the analysis
of disease development, as well as in the development of
medicines for the treatment of sick patients.
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1. Calculation of dielectric spectra

1.1. Relaxation equations

To analyze the relaxation properties of dielectrics, the
concept of complex permittivity e¢*(f) is used, which
is determined by the expression: &*(f)=¢&'(f)—ie”(f),
where f is the frequency of the applied electric field,
e'(f) is the real part of the complex permittivity, which
is called the permittivity of the medium and characterizes
the degree of shielding of the external electric field,
¢”(f) — the imaginary part of the complex dielectric
permittivity, which is called the dielectric loss factor and
characterizes the absorption of energy and its transformation
into a thermal form. Values ¢/(f) and &”(f) are defined
experimentally by means of dielectric spectrometers.

In general, the processes of dielectric relaxation are
expressed as Havriliak—Negami (HN) equation [23]:

& — &€=

el0)=cot (1+ (iwro)lfa)lfﬁ’

(1)

where &5, £, — static and high-frequency permittivity &'(f)
(es —at f —0, 65 —at f — 00), w =2af — cyclic
frequency, 7p — the most probable relaxation time of kinetic
units of the sample (molecules, their individual parts, as well
as molecular complexes), @ — width of relaxation spectrum,
B — dissymmetry of this spectrum. These parameters vary
within the following intervals: 0 < a < 1, 0 <3 < 1. The
larger the value «, the greater the frequency variance of
relaxation times of the kinetic units of sample 7 relative
to 19, i.e., the wider the relaxation spectrum, therefore it is
advisable to use the value 1—a in the formula; the greater 3,
the greater is its dissymmetry, ie., the degree of deviation
of the spectrum from its symmetry, therefore, it is advisable
to use the value 1—f in the formula. For Debye spectrum
a=0,8=0.

Parameters a, 3, 1y are the basic relaxation parameters of
the studied object.

The theoretical description of dielectric relaxation of the
sample’s kinetic units, considered as independent dipoles
with several discrete orientation states, implies the presence
of dipoles with different relaxation times r [24]. The coop-
erative nature of re-orientation of the molecule considered as
a dipole implies its single step-like turns under the action of
external field, when the probability of its re-orientation and
energy activation depend on the orientation of neighbors,
which, in its turn leads to emergence of the relaxation time
spectrum [25], characterized by G(7 ) function of relaxation
time distribution of kinetic units of 7 sample relative to 7.
The analytical expression for the function G(7) can be
represented as [26]:

(1/70) 1= 1=F)sin((1-B)0)
a1 [(1)70)20-042(1 /19) 1= cos(r(1—a))+1] >
2)

G(r)=
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where
sin(7(1 — a))
(1/70)1=% + cos((1 — a))

The half-width of the function G(7) is determined by the
parameter «, and its dissymmetry by the parameter S.
The larger these parameters are, the broader and more
dissymmetric the function G(7) is.

At a =0 and =0 the HN equation transforms into
Debye equation [27]:

0 = arctg , 0<0 <

Es — €0
1 +ior (3)

In this case, G(r) is a delta function of §(7p) [3], which
corresponds to the state where all kinetic units of the sample
have the same relaxation time 7.

At a # 0 and B = 0 the HN equation is transformed into
Cole—Cole equation [28]:

e (w) = €00 +

€ — €x

E ((1)):800+W

(4)
In this case, G(7) is a symmetric function relative to 7y [3]
and its half-width is determined by the parameter a.

At a = 0 and S # 0 the HN equation is transformed into
Davidson—Cole equation [29]:

€ — €x

& (a))ZSOO+W

(5)
In this case, G(7) is a dissymmetric function relative to
7y [3] and its dissymmetry is determined by the parameter 3.

The parameters «, 8, 7p and the function G(7) can
be determined if there are relaxation maxima based on
the experimentally obtained dependence &”(f). If these
relaxation maxima cannot be detected (as in our case),
then the determination of these parameters by this method
becomes impossible. In view of this, we applied the
method of analyzing the real and imaginary components of
a complex electrical module, which was previously used for
dielectric studies of blood serum in various oncological dis-
eases [30], chronic lymphocytic leukemia [31,32], Ehrlich’s
carcinoma [33], oncohematological diseases [34], as well as
for a synthetic polymer based on amide (in biophysics —
peptide) groups — polyamide SPA-3 [35], which is a good
model of intramolecular movements in peptide groups of
biopolymers.

1.2. Complex electrical module method

Complex electrical moduleM*(w) is a reciprocal of the
complex permittivity that is defined as follows

M* (@) = M’ (@) +iM” (o).

M’(w), M”(w) are the real and imaginary components of
the complex electrical module, respectively. They are equal.

¢'()

W)= ey ey

(6)



1152

Zh.A. Salnikova, A.A. Kononov, A.P. Smirnov, R.A. Kastro

) = S e Y

From HN (1) equation we may mathematically derive the
theoretical equations for M’(w) and M”(w) [36]:

M (w) =

Al_’BMooMs[Al_’BMS + (Mo — Ms) cos(1 — B)@]
A20=BIMZ42A1PMs(M —Ms) Cos(l—ﬂ)(p—i—(l\/loo—Ms)(z;
8

M//(a)) —

Al"PM o Ms(Mo — Ms) sin(1 — B)o
AZT=BIMZ+2ATB (M oo—Mg)Ms cos(1—B)p+(Moo—Mg)2”
)

where

1/2
A= {1 + 2(w1p) " sin % + (a)ro)m“)} ,

1—
(w19)' ~%cos IF ]

= t .
¢ = arc g{l + (@19)!~%sin ¥

It should be noted that parameters &5, eoow, and a, 8, 79 —
have the same physical sense as equation (1).

&'(f) and &”(f), as a rule, are values that can be mea-
sured in the experiment. According to the formulas (6), (7),
the dependencies M'(w), M”(w) are plotted and their
subsequent approximation using formulas (8) and (9) is
made. The least squares method is used to plot the
approximating curves. The relaxation parameters a, 3, 1o
are defined empirically from the principle of the best
simultaneous approximation of M”(w), M'(w), M"”(M’)
curves.

2. Experiment procedure

2.1. Samples

The experimental samples were human albumin 20 %
sold in RF pharmacy chain, produced by Baxter AG,
Austria. Sample composition: human albumin — 200 g/L;
sodium chloride — 3g/L; sodium caprylate — 2.7g/L;
sodium acetyltryptophan — 4.3 g/L; water for injection —
up to 11. General content of sodium 100—130 mmol/L.

2.2. Equipment and measurement procedure

The dielectric spectra were measured using spec-
trometer Novocontrol Concept 81 of the collective use
center in Herzen State Pedagogical University of Rus-
sia [37] within the frequency band f = 1-2-10° Hz, and
temperature interval 33°C-42°C. In the low frequency
band f = 1-3-10°Hz the measurements were made by
,voltmeter—ammeter method, and in high frequency area
f =3.10°-2- 10° Hz the measurements were made by a
MW method with a coaxial system.

In ,,voltmeter—ammeter method, an alternating voltage
Up(w) from the generator is supplied to the measured
sample and the current passing through it is measured:

(@) = 1a(0) + 1 15(@),

where |5(w) and | p(w) — active and reactive components
of the current. Complex impedance Z*(w) is calculated
by formula

Uo((u)
()

Z"w) =Z(0) +iZ'(w) =

Capacitance C(w) and electric conductivity ¢’(w) of the
sample are found from the formula

1 1

Z(w)+iZ2'(w) = + ToC@)

o'(w)

The dielectric constant ¢’ (w) is calculated using the formula
of a flat capacitor

e (w)eoS

Clw) = g

The loss factor ¢’ (w) is found from the formula

&' (w) = &' (w)tgs(w),

where

— tangent of the dielectric loss angle.

In the microwave method, an electromagnetic wave is
applied to the measured sample, and the complex reflection
coefficient r*(l) is measured. Complex impedance Z}(w) is
calculated by formula

14+r*(l)
Z; =2y ——+,
(@) =2 7=
where Zy — input resistance of the waveguide | long.

Based onZ:(w) all required parameters are found: C(w),
tgd(w), &'(w), £’ (w), o’'(w). The accuracy of impedance
determination was 0.1 %. The measurements were made
using BDS 1308 cell (Novocontrol Technologies GmbH &
Co) designed for operation with liquids.

WinDeta software (Novocontrol Technologies GmbH,
Germany) was used to collect and display the measurement
results.

The relaxation parameters a, B, 79, as well as relaxation
time distribution function G(7) for kinetic units was
defined by approximation of experimental curves M’ (w) (6),
M”(w) (7), M”(M’) in HN equation for electrical module
with the use of WinFit (Novocontrol Technologies GmbH
& Co) software for approximation of M’(w) and M”(w) in
equations (8) and (9) by the least-square method.

Approximation error for parameters «, didnt ex-
ceed 0.02; for parameter 7y it was no higher than 10%.
When «, B are about 0.0 their error didn’t exceed 0.01.
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Values of relaxation parameters a, 3, 7o (in compliance with equation (1))*

First relaxation process: Second relaxation process: Third relaxation process:
T. °C f =10'-10*Hz f =10"~10°Hz f =10°~10"Hz
ay B 70.1 (S) a B> T02 (S) a3 B 703 (S)
33 0.09 0.62 3.7-1072 0.35 0.02 57-107¢ 0.00 0.37 9.80-1071°
34 0.05 0.73 4.5-1072 0.32 0.00 57-107¢ 0.00 0.35 9.81-1071°
35 0.03 0.74 3.4.1072 0.31 0.01 56-107° 0.00 0.38 9.77-1071°
36 0.02 0.74 261072 0.30 0.03 53.107°¢ 0.00 0.38 9.73-1071°
37 0.00 0.74 2.1-1072 0.30 0.02 5.1-107° 0.00 0.30 9.74 . 10710
38 0.04 0.72 1.6-1072 0.29 0.05 51-107¢ 0.00 0.34 9.65-1071°
39 0.09 0.70 1.6-1072 0.29 0.07 51-107°¢ 0.00 0.35 9.65-1071°
40 0.30 043 9.1-1073 0.32 0.07 52-107°¢ 0.00 0.35 9.60- 1071
41 0.28 041 7-9.107° 0.33 0.09 52-107° 0.00 0.32 9.59. 1071
42 0.28 0.40 6.9-1073 0.34 0.08 52-107¢ 0.00 0.31 9.56- 1071

Note. * — approximation error for parameters «, f didn’t exceed 0.02; for parameter 7 it didn’t exceed 10 %. With the values «a, § about 0.0 their error

didn’t exceed 0.01.

11
— 1-M"(33°C)
0008 B T Mn(35 oC) \ /5
L —— M"(37°C)
— M"(39°C)
AOOO6 B e 5*M"(42 OC)
b L
S 0.004
0.002
0
10° 10! 102 10® 10* 10° 10° 107 103 10°
Freq.,Hz

Figure 1. Frequency dependence of the imaginary part of the
electrical module M” (f) at temperatures 33 °C—42 °C.

3. Results and discussion

Fig. 1 illustrates frequency dependencies M”(f) at tem-
peratures 33°C—42°C. Three maxima were observed in
these curves: the first one at f = 10'—102 Hz, the second
one at f = 10*—10° Hz, the third one at f = 103—10° Hz.
For all maxima, the parameters «, 3, 79 were determined
using HN equation for an electrical module using the
WinFit program, according to the methodology described
in sec. 2.2. The results of calculations of these relaxation
parameters are presented in the following table.

The shift of the maxima M”(f) to the high frequency
range with increasing temperature indicates the presence
of three relaxation processes. In this case, the first and
second processes partially overlap. The first process ends

23 Technical Physics, 2025, Vol. 70, No. 6

L =—[-T=33°C
—2-T=37°C I
03 _+3*T:420C

0.1

0 iy -
102108107 10° 10 104 1073 102 107! 100 10!
T,8
Figure 2. Relaxation oscillators time distribution function G(7)

for the first (I) and the second (II) relaxation processes at different
temperatures: I — 33°C, 2 —37°C, 3 —42°C.

at frequency f ~ 103 Hz (Fig. 1), however M”(f) # 0, ie.
the second relaxation process starts. Fig. 2 illustrates the
function of time distribution of relaxation oscillators G(7)
for the first and second relaxation processes, plotted based
on equation (2) in WinFit program.

It can be seen that the first and second relaxation
processes do partially overlap. It should be noted that
the degree of dissymmetry G(7) of the first relaxation
process is determined by the large value of the parameter S;
(B1 = 0.7), and the half-width G(7) of the second relaxation
process is determined by the large value of the parameter a;
(a2 =~ 0.3). Let’s review each relaxation process in detail.
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0.40 F q0.75 where A — constant for this liquid, E, — activation energy,
0.35 0.70 k — Boltzmann constant, T — temperature, [°K].

[ ] As a result, the following equation is obtained after taking
0.30 0.65 . .
- 4 the logarithm of equation (10):
0.25 0.60
50201 0.5 Inm=InA+t 2.
0.15 050 “T
0.10 kL 1045 In its turn, after introducing the_ Vah_les: y= In 7o,
0.05 1 0.40 x = 1000/T, InA = C, we have a straight line equation:
O 1 v 1 3 R R R R 035 . Ea
33 34 35 36 37 38 39 40 41 42 Y =C+ 1000k * (11)
T,°C

Figure 3. Temperature dependences of relaxation parameters
ai1(T) and B (T) of the first relaxation process.

3.1. First relaxation process

The first relaxation process corresponding to the max-
imum M”(f)a1.5-107% is observed at temperatures
T =33°C—42°C in the frequency band f = 10'—10? Hz
(Fig. 1). In the temperature range T = 33°C—9°C this
process is well described by Davidson—Cole equation (5),
since a; ~ 0 and B, ~ 0.7.

Figure 3 shows the temperature dependences of the
relaxation parameters a;(T), 81(T) for this process.

In Fig. 3 at 37°C the minimum «; is clearly seen,
as well as in the temperature range 35°C—-37°C — the
maximum fJ; is observed. The decrease in parameter «;
is probably due to the fact that the sizes of kinetic units
become less different from each other. This conclusion
can be drawn based on the fact that for Debye spectrum
a =0, even in this case, the kinetic units in the system
have almost the same size. Higher parameter S means that
the spectrum becomes less symmetrical, since for Debye
spectrum 8 = 0, even in this case, the kinetic units in the
system have an identical shape. The very high value of
B ~ 0.7 in particular means that the shapes of kinetic units
are significantly different. Thus, a simultaneous decrease in
parameters « and increase in 8 may be associated with a
change in the conformation of the kinetic units of the first
relaxation process.

Within the temperature range 39 °C—40°C parameters
a; and By are simultaneously significantly increasing: pa-
rameter a; rises threefold from 0.1 to 0.3, and parameter ;
decreases almost twofold from 0.7 to 0.42. These changes
can also be explained by a change in the conformation of
kinetic units of the first relaxation process. With a further
increase in temperatures 40°C—42°C these parameters
remain almost constant.

The equation [38] was used to calculate the activation
energy of the dipole polarization process:

70 = AeB/KT, (10)

After constructing this straight line in the Cartesian coor-
dinate system based on the data 75_;, T from the table,
we determined the activation energy E, using the following
formula:

¢ (12)

where @ — the straight line inclination angle (11).

Fig. 4 shows the curve of In7y_; versus (1000/T) for the
first process. The activation energy of the first relaxation
process turned out to be equal Ep; = (1.8 £0.1)eV,
ie. (173 £ 13) kJ/mol.

Since both the relaxation time and the activation energy
turned out to be quite large (791 =6.9 - 1073-3.7- 10725,
Ea=173kJ/mol), respectively, the possible kinetic units
of the first process include whole albumin molecules, or
large segments, for example, domains that make up their
tertiary structure. In both cases, the first relaxation process
is a dipole-segmental motion, or aprocess [6] associated
with orientation rotations of large segments of albumin
macromolecules, or with a change in albumin molecule
conformation as a whole.

The change in conformation of albumin molecule at
physiological temperatures as a first-order phase transition
of ,,globule—tangle” was shown in the work of E.B. Shadrin
group [39]. In this work, it was noted that the temperature
of the phase transition depends on concentration of an
aqueous solution of albumin and at a concentration of 5%

-3.0
3.2
-3.4
-3.6
-3.8
—4.0
—4.2
—4.4
—4.6
—4.8

-5.0 —
3.22
1037, K1

lnro_l

I
3.24 3.26

Figure 4. Temperature dependence of the relaxation time 7o for
the first relaxation process: In7y_; (1000/T).
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Figure 5. Relaxation oscillators time distribution function G(r)
for the first relaxation process at different temperatures: 1 —
33°C,2—35°C,3—37°C,4—39°C,5 —42°C.

makes 38 °C. According to these data, the phase transition
temperature decreases with increasing concentration. In
our case (concentration of albumin in water 20%) at a
temperature of 37°C we observe the minimum a; =0
and maximum JB; = 0.74. Thus, the minimum of param-
eter ap, equal to zero, with the simultaneous maximum of
parameter i, may be an indicator of a phase transition
of the first kind. It should be stressed that within
the temperature range39 °C—40°C a simultaneous drastic
change of parameters a; and f; is observed; a; increases
threefold, and f; decreases almost twofold (fig. 3). At higher
temperatures, the parameters a; and f; change slightly.

Separation of function G(7) (Fig. 2) in first and second
processes is illustrated in Fig. 5 and in section. 3.2, respec-
tively.

The function G(7) shown in Fig. 5 for the first relaxation
process in the temperature range T =33°C—-39°C is
clearly dissymmetric, which is confirmed by the value of
parameter B; = 0.61—0.74, and at the same time it is
very wide (7 frequency orders 1078—10~'s). At higher
temperatures, G(7) becomes more symmetrical, which is
confirmed by the value of parameter 8; = 0.4 and less wide
(5 frequency orders 107—10~!s). Function G(7) reaches
its maximum T = 37°C, being the most dissymmetrical.
Maximum G(7) at T = 37 °C lies within 791 = 2.1 - 1072
at that, the relaxation oscillators are present from 7 up
to 1078s (6 of frequency orders relative 79.1), but there
are no relaxation oscillators from 7 > 6 - 102 s (below 1/2
of the frequency order relative to 79_;). This distribution
of relaxation oscillators can be explained by the fact that
there is a superposition of movements of the skeleton of
the albumin molecule main chain and internal rotations in
the lateral polar groups strongly linked to the main chain
of the molecule. A single process may be observed at such
movements [40], and G(7) function becomes significantly
dissymmetrical [40].

23* Technical Physics, 2025, Vol. 70, No. 6

3.2. Second relaxation process

The second relaxation process corresponding to the
maximum M”(f)~2-107% is observed at temperatures
T = 33°C—42°C in the frequency band f = (10*—10°) Hz
(Fig. 1). With an increase in temperature, a shift of the
maximum M” to the high frequency range is observed,
which indicates a relaxation process associated with orien-
tation rotations of kinetic units of albumin macromolecules.
However, this shift is a way lower than in the first process.
In the temperature range T = 33 °C—42°C this process is
well described by Cole—Cole equation (4), since in this
case ap ~ 0.3 and B, =~ 0.

Figure 6 shows the temperature dependences of relax-
ation parameters a,(T), B2(T) for the second process.

Unlike the first process, the second process has a
very wide (@ ~ 0.3) but symmetric (8, < 0.1) relaxation
spectrum. At temperatures 38 °C—39 °the parameter «;
is minimal, the parameter 3, increases monotonously in
the temperature range 34 °C—41 °C. The average relaxation
time for the second process is almost four orders of
magnitude shorter than for the first (79, ~ 5 - 10~%s and
To ~2-1072s, respectively), which indicates different
sizes and masses of the corresponding kinetic units of these
processes.

The equations (10)—(12) were also used to calculate the
activation energy of the second process. Fig.7 shows the
function of In 7y, versus (1000/T).

The activation energy of the second relaxation pro-
cess turned out to be equal Ez, = (0.10+0.02)eV,
1e. 9 = 2kJ/mol.

Since the activation energy of the second process is
significantly less compared to the first one and the relaxation
times of the second process are also significantly less
than the first one, the alpha helices of albumin molecules
(dipole group motion, or 8 process) may possibly represent
themselves the kinetic units of the second process [6]. At
the same time, due to thermal fluctuations, the angles of
internal rotation in the main (¢, %i, i) and lateral (y;)

0.38 T £ 0.10
037F 10.09
036 F \{ 0.08
0.35 4 40.07
0.34 '— A 0.06
5'0.33 -_ -: 0.05 &
032+ 4 0.04
031k / — 0.03
030 = 40.02
C\ B 10.01
029 L !2—./| , o 0

2 L
33 34 35 36 37 38 39 40 41 42
T,°C

Figure 6. Temperature dependences of relaxation parameters
a>(T) and B(T) of the second relaxation process.
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-12.25F

-12.30 ' ' .
3.18 3.20

| | |
3.22 3.24 3.26

1037, K!

Figure 7. Temperature dependence of the relaxation time 79, for
the second relaxation process: In 7y (1000/T).

0.25 - 2
o AN
JEAN II
0.20 1-T=33°C ‘l'.){ \C\'
2-T=37°C i
S 015 3-T=42°C f" 1\
~ ] 5
(C) 1] 1
374 i1/
0.10 | /’ A
“_“‘ \‘:“-.
0.05 4 P

10° 10 107 10 10° 10* 103 102 107!
T, s
Figure 8. Relaxation oscillators time distribution function G(r)

for the second relaxation process at different temperatures: / —
33°C,2—37°C, 3 —42°C.

chains may vary [41]. The presence of three rotation
angles expands the relaxation spectrum, i.e., increases
the parameter a;. However, the relaxation spectrum is
symmetrical (8, < 0.1). This suggests that the angles of
internal rotation can equally increase or decrease.

Function G(7) for the second process is given in Fig. 8.

For the second process, the function G(7) is also very
wide (6 frequency orders (1078—102s), but symmetri-
cal, which is confirmed by the value of the parame-
ter By < 0.1. Compared to the first relaxation process
(Fig. 5), the half-width G(r) for the second process is
a way larger. Since parameter a; ~ 0.3 and function
G(r) are wide for the second relaxation process, a wide
range of different-scale movements with different activation
barriers and different characteristic times may occur in
the albumin molecule, which is a common property of
proteins and can be described as a set of dielectric
permittivity, each of which corresponds to its time inter-
val [42].

3.3. Third relaxation process

The third relaxation process corresponding to
the maximum M”(f)~8-1072 is observed at
temperatures T =33°C—42°C in the frequency range
off = (108—10°)Hz. This process is well described by
Davidson—Cole equation (5), since in this case a3 =0
and B3 # 0 in the whole temperature range.

Figure 9 shows the temperature dependences of relax-
ation parameters a3(T), B3(T) for the third process.

It can be seen that with increasing temperature, the
parameter B3 decreases, while a minimum is observed at
37°C. This means that the system shows a weak tendency
to symmetry, although it remains rather asymmetrical
(B3 > 0.3). In turn, the parameter @3 = 0 over the entire
temperature range 33 °C—42 °C. This means that the system
has a minimally wide relaxation spectrum (for Debye
spectrum a3 = 0).

Fig. 10 shows the function G(7) for the third relaxation
process, plotted using the equation (2) in WinFit program at
T = 38°C. For cases of other temperatures, it looks similar.

0.10 _I v T v T v T v T v T v T T T T T v I_ 0.40
0.09 - 10.39
0.08 | J038
0.07 J037
0.06 | J0.36
5005 1035

0.04 |- 4034
0.03 F 033
0.02 F o J032
0.01F 0.31

0 b ﬁ a5 0.30

33 34 35 36 37 38 39 40 41 42
T,°C

Figure 9. Temperature dependences of relaxation parameters
a3(T) and B3(T) of the third relaxation process.
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Figure 10. Relaxation oscillators time distribution function G(7)
for the third relaxation process at a temperature 38 °C.
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Figure 11. Temperature dependence of the relaxation time 793
for the third relaxation process: In 73 (1000/T).

This function has practically no half-width, but there is
a dissymmetry, which is confirmed by the parameter S
(B3 ~0.3).

To calculate the activation energy of the third process
also equations (10)—(12) were used. Fig. 11 shows the
dependence Inzp3 on (1000/T). The activation energy
of the third relaxation process turned out to be equal
Eas = (0.025 £ 0.002) eV, i.e (2.4 £ 0.2) kJ/mol.

The average relaxation time of kinetic units of the
third process obtained by us is 793 ~ 1 - 10~%s. As the
temperature rises, there is a slight shift of the maximum M”’
to the high frequency range, which is a way lower than
in the first and second processes. This shift is related to
the orientation rotations of kinetic units of various shapes
(B ~ 0.3). Most likely, such units are the polar amino acid
residues of the main chain of the albumin molecule. As
mentioned in the abstract of this article, there are about two
hundred (99 positive and 126 negative) units.

3.4. Activation energies of three processes
compared

Let’s compare the activation energies of the three
relaxation processes: Es; = 173 kJ/mol; Ez» = 9kJ/mol;
Eas = 2.4kJ/mol.

The maximum activation energy E,; and the longest
relaxation time (7o.; ~ 1072s) are observed in the first
relaxation process. This is probably due to the size (radius
of about 42nm) and the shape of albumin molecules (an
asymmetric flattened ellipsoid), since they determine the
magnitude of its dipole moment (about 500D) and, as a
result, the energy of the dipole-dipole interaction between
both albumin and water molecules, and between albumin
molecules. It should be emphasized that the energy of van
der Waals dipole-dipole interaction between molecules is
proportional to the product of the squares of their dipole
moments [12]. Since the albumin molecule is large in size
and dipole moment, it will interact with a large number
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of water molecules. Accordingly, there will be a large
energy of dipole-dipole interaction of albumin and water
molecules, as well as albumin molecules with each other.
To overcome these energy barriers, a large activation energy
is required E, ;.

The activation energy of the second process Eg»
is 20 times less than that of the first one, i.e., the energy
barriers of dipole rotations of alpha helices inside the
albumin molecule are 20 times less than when the albumin
molecule as a whole is rotated in an aqueous environment.
As mentioned in [43], proteins are characterized by low
dielectric constant, the presence of a constant intra-protein
electric field, and a wide range of dielectric relaxation times.
It was the wide relaxation spectrum of the second process
(ap = 0.32) that we observed.

The activation energy of the third process E; 3 is 4 times
less than that of the second one and 72 times less compared
to the first one. This means that the energy barriers of
the dipole orientation of polar amino acid residues are
significantly lower than the barriers of dipole rotations
of alpha helices and much lower than the barriers of
dipole rotations of whole albumin molecules. For the third
process a = 0, B ~ 0.35 which makes it similar to the first
process (a ~ 0, 8 ~ 0.7) and different from the second one
(a = 0.30, B = 0.0). This is probably due to the different
shapes of amino acid residues and different values (and
direction relative to the axis) of their dipole moments.

Conclusion

During the study of a 20% aqueous solution of hu-
man serum albumin at physiological temperatures, three
relaxation processes were detected and their parameters
determined. Most likely, the first of them (low-frequency)
well described at T =33°C—-39°C by Davidson—Cole
equation (5) is associated with rotations of whole albumin
molecules under the action of an alternating electric field,
as well as, possibly, with a change in the conformation
of albumin molecules from globular to the tangle one at
37°C. The cooperative nature of the rotation of whole
albumin molecules is characterized by high values of S;
and the activation energy E, ;, as well as the shape of
the function G(r) (Fig. 5). The second process (medium
frequency), well described by the Cole—Cole equation (4)
is probably related to the rotation of the alpha helices of
albumin molecules. The third (high-frequency) process,
well described by Davidson—Cole equation (5) is probably
related to the rotations of the polar amino acid residues of
the albumin backbone.

Analysis of graphs «(T), B(T) can provide new infor-
mation about the change in the conformation of kinetic
units of this relaxation process, including phase transitions
in them. The minimum of parameter «, equal to zero,
with the simultaneous maximum of parameter 3, may be an
indicator of a phase transition of the first kind.
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The method of dielectric spectroscopy can be a good
addition to other various methods of studying serum
albumin in clinical medicine, since this method is able to
effectively detect changes in the conformations of relaxers
(structural units) of biopolymers, and therefore variations
in intermolecular interactions in their aqueous solutions.
Dielectric spectroscopy allows for a deeper understanding
of the nature of relaxation processes in a wide class of
complex liquids, including biological ones, which has not
yet been sufficiently developed.

In conclusion, we should emphasize that the method of
complex electrical module is effective for studying relax-
ation processes in aqueous solutions of polymers, including
water-soluble globular proteins, the main molecules of
wildlife.
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