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Abstract: This article is devoted to the further development of a viable technology for low-temperature
cryopreservation of reproductive cells of sturgeon fish using acoustic-mechanical fields and intelli-
gent control of the freezing process. Before vitrification begins, the piezoactuator acts on a mixture of
cryoprotectant and reproductive cells. This promotes intensive mixing of the cryoprotector and its
diffusion through the cell membrane. When vitrification is carried out directly, a phase transition phe-
nomenon is observed, accompanied by crystal formation. This article presents a new mathematical
model describing this process as developed by the authors. The corresponding boundary conditions
are formulated. Numerical experiments were carried out using the finite element method. It has been
established that during vitrification without the use of a cryoprotectant, a sharp temperature jump is
observed at the front of the crystalline formation boundary. The use of a cryoprotectant leads to a
slowdown in the process of crystal formation, that is, to a weakening of the effect of one of the most
important cryoprotective factors. The comparison with full-scale experiments showed qualitative
agreement with the experimental results, which indicates the adequacy of the proposed model. The
results obtained can be used in the future during the vitrification process and the evaluation of the
quality of cryofreezing. The application of a new methodological approach to methods of long-term
preservation at low temperatures of the genetic and reproductive material of hydrobionts using
acoustic and mechanical effects and an intelligent control module opens up great opportunities for
the creation of new cost-effective biotechnologies that make it possible to make the transition to a
new type of aquatic farms, increase the stability of aquaculture, in general, to make environmental
protection measures to save rare and endangered species more effective.

Keywords: cryopreservation; thermal conductivity; crystallization; phase transition; temperature
jump; finite element method

1. Introduction

One of the most important problems facing humanity and urgently requiring an
indispensable solution is food shortage and the fight against hunger. Governments of
different countries and many public organizations, including the world’s largest human-
itarian organization, the United Nations and its “UN World Food Program” (WFP), are
concerned about this global challenge to humanity [1-4]. In this regard, the introduction of
cryopreservation technology into the processes of artificial reproduction of commercial fish
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species can significantly increase the productivity of fish farms, and significantly reduce
food shortages in a timely manner.

Another urgent task of our time in the context of mankind’s technogenic impact on the
natural environment is the preservation of the biological and genetic diversity of the animal
world. At the same time, it is necessary to take care of the preservation of both the genetic
resources of rare, endangered fish species [5-7] and the commercial stock of valuable fish
species (genetic improvement programs, broodstock management, assistance to species
with reproductive problems) [8-10]. An effective non-invasive and non-lethal approach to
solving this problem is the creation of cryobanks [6,11-14]. Such cryobanks are capable of
ensuring the safety of cryopreserved germ cell samples without loss of their reproductive
qualities for decades, as well as developing selection and breeding direction in marine and
freshwater aquaculture farms: sperm saving; simplification of broodstock management;
transportation of gametes from different fish farms; and storage of germplasm for genetic
selection programs or species conservation.

In the case of fish reproductive cells, the process of low-temperature cryopreservation
results in a significant decrease in cell temperature [15-17]. Particular attention is paid to
salmon and sturgeon fish [18-22], of which the decline in population has reached alarming
levels and threatens the complete extinction of these species.

The temperature change is made from a temperature of plus 4 °C to a deep freezing
temperature in liquid nitrogen of minus 195.75 °C. This process can be carried out in two
main ways:

- Slow freezing (less than 10 K/min) [23];
- Vitrification (fast freezing, more than 10 K/min).

The vitrification process [13,24] has a significant drawback: as a result of placing
the frozen material (reproductive cells) in liquid nitrogen, a sharp temperature jump
and formation of intracellular ice occurs. This phenomenon causes an increase in the
membrane structures of the cell and its destruction. In order to prevent this phenomenon,
a cryoprotectant should be used [25,26].

In this regard, it is important to develop and improve cryopreservation protocols:
determining the optimal equilibration time; chemical composition of the cryoprotectant;
percentage of components, et cetera [27-32]. All these efforts are aimed at making cryop-
reservation technology viable and cost effective.

Another direction for optimizing cryopreservation protocols is additional external
influence on the suspension, for example, by external acoustic fields [33-36]. Cryopreserva-
tion with simultaneous exposure to germ cells by acoustic-mechanical fields contributes to
a more uniform distribution of the cryoprotectant among fish cells and a uniform freezing
process. This will contribute to improving the quality of the cryopreservation process by
reducing the uneven temperature distribution in the frozen suspension and increasing
cell survival.

The purpose of this work is as follows:

- Construction of a continuous mathematical model of the crystallization process [37]
taking into account the phase transition, but without identification of the phase boundary;

- Itis subsequent discretization based on the finite element method and carrying out
the numerical experiments.

2. Materials and Methods
2.1. Materials (Cryoprotector Substance)

In this research, the cryoprotectant substance was used, which protects fish cells
from acoustic-mechanical and low-temperature influences. The cryoprotectants used for
cryopreservation contained the following substances: NaCl; KCI; CaCly; NaHCO;; HCl;
sucrose; mannitol; egg yolk—10%; dimethyl sulfoxide—10%.
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2.2. Semen Scoring and Freezing Procedure

For freezing, sperm of 4 points (the number of motile sperm from 50 to <75%) and
5 points (the number of motile sperm from 75 to 100%) were used [38].

The cryofreezing procedure was as follows: the sperm was mixed with a cryopro-
tective medium. The acoustic-mechanical effect is carried out by a piezoactuator. The
mixture of sperm and medium is placed in tubes for freezing. The tubes are placed in a
cryopreservation freezer.

All scientific studies were carried out on the reproductive cells of male sturgeon
fish species, including rare and endangered ones, such as Huso huso (Linnaeus, 1758)
and Acipenser ruthenus (Linnaeus, 1758). The studies also used sperm from Acipenser
gueldenstaedtii (Brant et Ratzeburg, 1833) and Acipenser baerii (Brandt, 1869), and hybrids of
Russian and Lena sturgeon and sterlet with beluga were also used in the research.

Many species of fish, including sturgeon, are currently on the verge of extinction. The
Azov beluga—Huso huso (Linnaeus, 1758) is listed in the Red Book of the International
National Union for Conservation of Nature and Natural Resources (IUCN) [39], the Euro-
pean Red List (see Appendix 2, CITES (Convention on International Trade in Endangered
Species of Wild Fauna and Flora)) [40]. Since 1956, it has been reproduced at sturgeon
hatcheries in the Rostov Region and Krasnodar Territory (Russian Federation); currently,
almost its entire stock consists of fish of hatchery origin. The sterlet is listed in the Red
Book of the International Union for Conservation of Nature and Natural Resources (IUCN),
and the Don population is listed in the Red Book of the Russian Federation (2001) [41] as
endangered. The particularly tense situation has developed with sterlet stocks in the Lower
Don basin.

2.3. Mathematical Model for Crystallization

The quality of biological material during cryopreservation on crystal formation and
freezing temperature regime.

The first problem is solved by using a cryoprotectant, and a mathematical model of its
penetration using acoustic influence was considered earlier in [42].

To solve the second problem, the freezing temperature regime, it is necessary to build
a crystallization model taking into account the temperature jump. This work is devoted to
the study of this problem. A mathematical model of crystallization is constructed based
on the thermal conductivity equation, taking into account the release of heat during the
transition from the liquid to the solid phase. Numerical implementation of the constructed
model using the finite element method allows us to study the temperature change inside
the vessel. From experimental works [33,35], it is known that, depending on the freezing
protocol, there may be a temperature jump, which affects the quality of the frozen material.
Using the constructed mathematical model and its numerical implementation, modes and
areas of occurrence of temperature jumps can be identified; therefore, it is possible to
optimize both the cryopreservation protocol itself and the geometry of the vessel.

Such fields of specially selected power and frequency can be created, for example, by
a piezoactuator. The working element of the piezoactuator is a round piezoceramic plate
with preliminary polarization in thickness. The front surfaces of the plate are electrodes
and an electrical voltage is applied to them. The plate is glued to the bottom of the vessel
with the suspension from the outside. The piezoactuator oscillates due to the inverse
piezoelectric effect.

The works of the authors [42—44] are devoted to mathematical modeling of the acoustic
effect on a suspension (reproductive cells placed in a cryoprotectant) during equilibration.
In these works, within the framework of continuum mechanics, a mathematical model of
the effect of the piezoactuator on the reproductive cells of fish during cryopreservation was
constructed. For this purpose, the equations of continuum mechanics are used as follows:

- Linear theory of elasticity;

- Linear theory of electroelasticity;
- Equations of motion of liquid and gaseous media (in the acoustic approximation).



Processes 2024, 12,413

40f13

Appropriate boundary conditions for mechanical and electric fields are added to
these equations.

The constructed model is an initial boundary value problem and, in general, its
solution can be obtained only numerically using finite element analysis software packages.
The conducted series of numerical experiments (to build a geometric model, generate a
finite element mesh, and carry out calculations, the free software package for finite element
analysis ACELAN was used) made it possible to perform modal analysis, find resonant
frequencies, and determine the electromechanical coupling coefficient, depending on the
radius of the piezoelectric element. Analysis of the results obtained indicates the presence
of sections with positive and negative components of the vertical and horizontal speed in
the first bending mode. This phenomenon in the frequency range acceptable for biological
objects should cause intensive mixing of the cryoprotectant inside the occupied volume. A
series of full-scale experiments carried out showed the adequacy of the theoretical model.

The constructed model should be supplemented with a model of cryoprotectant
diffusion through the cell membrane. This model is based on the equation of mass transfer
through the membrane, which describes the multiphase diffusion of several impurities
interacting with each other. A feature of the mathematical modeling of the diffusion
of the cryoagent component through the cell membrane is that, according to modern
concepts, quite a lot of different models of intracellular transfer of substances are used for
applied problems.

In order to improve the quality of freezing and control this process, it is necessary to
study in more depth the transition of suspension from the liquid phase to the solid phase.
The thermodynamic process under study can be described by a mathematical model called
the Stefan heat problem.

In contrast to [45,46], the mathematical model is constructed in an axisymmetric for-
mulation based on a non-stationary heat equation in which the thermophysical properties
of the suspension depend on temperature. It is accepted that the heat capacity at the front
of the free boundary (phase transition boundary) changes according to a law that takes
into account the blurring of this boundary. In addition, the changes in thermal conductivity
and heat capacity in the solid and liquid phases were taken into account. We consider that
the thermophysical properties on the surface of the frozen material during crystallization
change abruptly during the transition from the zone with a higher temperature to the zone
with a lower temperature. A temperature source is set on a surface, which corresponds to
the heat released during the crystallization process. In the numerical implementation of
the model, this source is replaced by a volumetric one with a narrow Gaussian distribution.
The work uses the FlexPDE program for scenario models for solving differential equations
using the finite element method.

The mathematical model of crystallization is based on the non-stationary heat-transfer
equation for a homogeneous medium, which has two states—liquid and solid phase:

VM—LVﬂ+q%§—S=O (1)

where

i Cl, T>TC
Cp‘{CZ,T<TC @

(L, T>T
L{M,T<TC ®)

S = Qw exp(—d-(T — T¢)?) (4)

The following notations are used in Formulas (1)—(4): T—temperature; C;, C,—heat
capacity of liquid and solid phases; L;, Ly—thermal conductivity of liquid and solid
phases; T.—crystallization temperature; and S—an internal heat source associated with the
crystallization process in the vicinity of the surface with a temperature of T..



Processes 2024, 12, 413 50f13

Boundary conditions can be of different types, namely: (5) constant temperature;
(6) the condition of thermal insulation, meaning, the absence of heat flow; and (7) the
condition of heat exchange with the environment, where h is the heat transfer coefficient.

Tlg, = Ta (5)
oT

oT

anls, =h(T —Tc)(T — To) )

Specifically, the boundary Condition (5) corresponds to a constant temperature. The
boundary Condition (6) is a condition of thermal insulation; that is, it indicates the absence
of heat flow. The boundary Condition (7) is a condition indicating the presence of heat
exchange with the environment (here, h is the heat transfer coefficient).

It should be noted that in the case of heat exchange with the environment (Condition (7)),
the heat transfer coefficient h(T — T.) also depends on the phase of the substance. If the
vessel walls are thin enough and the coefficient h(T — T.) is large enough, then at such a
boundary, it makes sense to use Condition (5), which corresponds to a fast freezing process.
Further in the calculations, this condition will be specified on the cylindrical surface and
the lower end.

2.4. Finite Element Modeling

For a numerical experiment, let us consider the non-stationary problem of crystalliza-
tion of a suspension (reproductive cells placed in a cryoprotectant) in a circular cylindri-
cal region.

An axisymmetric cylindrical container has thin walls. The top cover is made of heat-
insulating material. The material to be frozen (fish reproductive cells) at room temperature
is placed in the container. Next, the container with the contents is frozen with liquid
nitrogen at a temperature of minus 195.75 °C. Thus, the boundary conditions are as follows:
- Condition (5) is set at the lower end; that is, a constant temperature of minus 195.75 °C

is set;

- Condition (5) is also set on the lateral cylindrical boundary; that is, a constant temper-
ature of minus 195.75 °C is set;
- The upper end of the container is thermally insulated (Figure 1), which is described

by Condition (6).

Z
-

heat insulation
m

liquid nitrogen biological material

—195.75 °C

PR

GRS

Figure 1. Setting the boundary conditions for a frozen cylindrical cryovial sample model.

The finite element method was chosen for solving the initial boundary value problem.
In the program of scenario models for solving differential equations by the FlexPDE finite
element method, a solution script has been developed (a geometric model has been created,



Processes 2024, 12,413

6 of 13

min

(a)

and a finite element grid has been generated). The resulting finite element mesh is shown
in Figure 2 and contains 2780 cubic triangular finite elements with 1471 nodes.

.
3.0

R
o.s 1.0

Figure 2. Finite element mesh: z—designation of the vertical axis (along the axis of the cylinder from
bottom to top); R—designation of the horizontal axis (along the radius of the cylinder from the center
to the outside); 0—(the origin of the coordinate system) in the lower left corner.

3. Results

Over time, the non-stationary turns into a stationary mode: the entire volume of the
liquid goes into the solid phase since a constant temperature and thermal insulation are set
at the container boundary (Condition (5)). The interphase boundary begins to move from
the boundaries at which a constant temperature is set into the interior of the region under
consideration. Thus, Figure 3 shows a heat map of the temperature distribution by volume
(depending on depth and radius). The distribution is shown specifically at the beginning
of the process (a), in the presence of two phases (b), and when the entire volume is already
in the solid phase (c).

gg-g 19.8 max —1250
200 200 1580
10.0 100 1290
0.00 0.00 “1320
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-200 -20.0 150
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Figure 3. Temperature distribution of the suspension during crystallization: (a) the beginning of the
process, (b) the presence of two phases, (c) the entire volume in the solid phase.



Processes 2024, 12,413

70f13

Tp

The temperature distribution over the radius in the middle section for different time
points is shown in Figure 3 (natural convection (x,y), simplified). It is possible to notice a
well-defined temperature jump at the beginning of the process in the region of the phase
front (Figure 3a). Further, in the presence of two phases, at the front of the temperature
distribution, there are features in the form of an inflection point in the graph.

In this work, the temperature distribution is numerically studied, as a function of time
for points lying in the direction from the cylinder walls to points lying on the axis. These
distributions are shown in Figures 4-7. Their analysis shows that in the region of the phase
boundary, there are some features that arise due to the temperature jump. Figure 4 shows
the dependence of temperature on time, depending on the location of points along the
radius (with respect to the second vertical coordinate, these points are located in the middle
of the region). These graphs show horizontal sections corresponding to the temperature
jump and phase transition. In Figures 4-7, the colors of the lines correspond to the points
in the cryotube (the points are indicated in Figures 4-7 in the rectangle on the right).
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Figure 4. Suspension temperature distribution along the radius: (a) at the beginning of the process;
(b) in the presence of two phases.
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Figure 5. Temperature distribution at selected points along the radius, depending on time.
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Figure 6. Temperature distribution at points on the symmetry axis, depending on time (the tempera-

ture jump is highlighted in red and orange colors).
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Figure 7. Temperature distribution at points on the symmetry axis, depending on time.

edd

Figures 6 and 7 clearly show temperature jumps in the region of crystallization
temperature—orange and red curves. Figure 6 shows the dependence of temperature
on time for a point located in the center of the region in height at r = 0. Similarly, Figure 7
shows the dependence of temperature on time for a point located in the center of the
region in height at r = 0.5 R (where R is the radius of the region under consideration). The

magnitude of such a jump is about 10 degrees.

The results obtained can be used in the vitrification process to assess the quality of

reproductive cells freezing.
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4. Discussion

Cryopreservation is one of the most attractive and rapidly developing areas of the
conservation of rare endangered species. Currently, in world research practice, work on
cryopreservation and the use of frozen fish sperm is carried out quite widely. Over the past
few decades, scientific knowledge about the specifics of cryopreservation procedures for
fish sperm has increased significantly. In fish, unlike warm-blooded animals, sperm is most
suitable for cryopreservation according to its cytological and cryobiological characteristics,
but methods suitable for mammals could not be used.

In Russian aquaculture, cryopreserved sperm is currently underused, while the prac-
tice of fish farming dictates the need for widespread use of cryosperm to solve the problems
of producing high-quality fish seeding material and material for selection and breeding
work. At the moment, to date, the effectiveness of defrosted sperm does not yet meet
high fish farming requirements due to the diversity of morphophysiological specificity
of fish germ cells, which is most relevant for further improvement of cryopreservation
technologies, not only to preserve the gene pool, but also for widespread use in commercial
aquaculture when growing economically valuable fish. In this case, it is necessary to solve
a number of extremely important issues on the scientific foundations of cryotechnology
for low-temperature freezing of male germ cells, taking into account their species charac-
teristics and criteria of potential significance (quality). When forming cryobanks of male
reproductive cells, it is important to store high-quality material.

In previous studies [33,35,47], a mathematical model of the effect of acoustic fields
on reproductive cells during cryopreservation was constructed. This applies to all stages
of cryopreservation (mixing with a cryoprotectant, diffusion, and temperature jump).
This technology has received several patents in the Russian Federation [33,47]. In previ-
ous studies [35,48], experimental confirmation of the constructed mathematical theory of
acoustic-mechanical action was given.

In this work, the mathematical model of the crystallization process was constructed
and the program for its numerical implementation was developed. An axisymmetric case
is considered: the temperature of liquid nitrogen is set on the side surface and the base of a
circular cylinder; the upper end is thermally insulated. Calculations of the non-stationary
problem were carried out, and spatial distributions of temperature at different time points
and its time dependences for different sets of points were obtained and analyzed. The
results of the numerical analysis show the presence of some significant features in the
spatial and temporal temperature distributions in the vicinity of the crystallization front.
Specifically, as the front moves, time intervals appear at which the temperature is constant,
and then temperature jumps appear.

Figure 8 shows the temperature dependences in the experiment carried out in [47].
There is a temperature jump in the suspension when the cryoprotectant is not used (dot-
ted curve), and no temperature jump when the cryoprotectant is used (solid line). The
completed series of full-scale experiments showed a qualitative match with the calculation
results presented in Figures 4-7. This indicates the adequacy of the proposed model.

The studies carried out using a cylindrical vessel and instantly placing it in liquid
nitrogen showed qualitative agreement with the experimental results [33,35]. It was found
that, at the beginning of the process, there are time intervals with a relatively constant
temperature. However, as the phase transition front moves toward the cylinder axis, a
region appears in which a temperature jump occurs, which was observed in the above
experiments. This confirms the adequacy of the proposed model.
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Figure 8. Temperature jump—full-scale experiment. (a)—distilled water: control version, not treated
with ultrasound (-—); ultrasound-treated solution (---). ultrasonically treated (---); ultrasonically
treated solution (-), (b)—sturgeon base solution: control version, not treated with ultrasonicated
(-—); ultrasonicated solution (-), (c¢)—base solution for sturgeon: control version, not treated with
ultrasound (---); ultrasonicated solution (-), (c)—+10% dimethyl sulphoxide base solution: control
version, not treated with ultrasonicated solution (---); ultrasonicated solution (-), (d)—base solution
+10% dimethyl sulfoxide: control version, not treated (---); ultrasonicated solution (-), (d)—base
solution +10% dimethyl sulfoxide +10% egg yolk: control variant, not ultrasonically treated (---);
ultrasonically treated solution (-).

5. Conclusions

As a result of the research, a mathematical model was obtained, which describes
the process of freezing a liquid (suspension), taking into account the temperature jump
that occurs at the boundary of solid and liquid phases. The boundary between the solid
and liquid phases is determined by the crystallization temperature. The mathematical
model takes into account their thermophysical properties. The initial boundary value
problem of thermal conductivity is considered, in which the heat capacity and thermal
conductivity change abruptly at the phase boundary. At the phase boundary, internal
heat sources are taken into account, characterizing its release during crystallization. The
proposed model is implemented in the FlexPDE finite element analysis software package.
In computer implementation, the surface heat source is replaced by a narrow volumetric
Gaussian distribution. In a numerical experiment, a non-stationary axisymmetric problem
is considered for a circular cylinder at the lower end and side boundary, of which a constant
temperature of liquid nitrogen is set to minus 195.75 °C, and the upper end is thermally
insulated. The spatial distributions of temperature at different time points and its time
dependences at different points of the internal volume of the cylinder were constructed. The
results of the numerical analysis show the presence of some features in these temperature
distributions in the vicinity of the crystallization front. As the front moves, time intervals
appear in which the temperature is constant, and then temperature jumps appear. The data
of this temperature behavior can be used when carrying out the vitrification procedure
and the assessment of the quality of freezing of biological cells, since the temperature in
these areas, having dropped to the crystallization temperature, rises sharply by almost
ten degrees.

The application of a new methodological approach to methods of long-term preserva-
tion at low temperatures of genetic and reproductive material of hydrobionts using acoustic
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and mechanical effects and an intelligent control module opens up great opportunities for
the creation of new cost-effective biotechnologies that will make the transition to a new
type of aquaculture, increase the stability of aquaculture, and increase the effectiveness of
environmental protection measures to save rare and endangered species.
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