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Abstract

Significant advances have been made in sperm cryopreservation but the search for effec-
tive sperm cryopreservation technologies is a pressing issue in modern biology and medicine.
The most effective cryopreservation leaves 50-60% of viable cells. The paper discusses the use
of molecular hydrogen (H-) as a new approach to enhancing sperm protection during freezing
and thawing. H- is a universal antioxidant and limits damage to biomolecules. Visual regis-
tration of spermatozoa under the action of H- was performed using modern microscopy tech-
niques. Laser interference microscopy was used in the work. Laser interference microscopy
records the cell surface architectonics depending on the modulation of the optical density of
cellular structures. This visualization option provides information on the metabolic level and
expands the possibilities for interpreting experimental results. Sample preparation, dyes, and
fixatives are not used in interference visualization. The paper presents an analysis of phase
images of spermatozoa during cryopreservation and using H- as a cryoprotector. Verification
of the method for analyzing phase characteristics of spermatozoa as an indicator of the meta-
bolic state of cells was performed by analyzing clinical and laboratory parameters of sperma-
tozoa. The phase height of spermatozoa during cryopreservation decreased, the intensity of
energy processes decreased, and the oxidative potential of cells increased. A direct correlation
was shown between the phase height of spermatozoa and the concentration of ATP, and an
inverse correlation was found from the concentration of malondialdehyde (MDA). The use of
H- determined an increase in the phase height of spermatozoa, an increase in energy metabo-
lism, and a decrease in cell oxidation. Changes in the metabolic activity of spermatozoa under
the action of H> were combined with an improvement in sperm fertility. Thus, phase interfer-
ence microscopy allows for a qualitative and quantitative assessment of the physiological
state of spermatozoa. It is an objective method of vital analysis of complex metabolic activity
of cells. It can be used for express diagnostics of their functional state.
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1. Introduction

The technology of sperm cryopreservation, despite the wide variety of cryoprotectors, is
not perfect. The cryopreservation process leads to a loss of approximately 50% of sperm via-
bility [1]. The role of sperm cryopreservation is associated with maintaining the initial motili-
ty of sperm and preserving metabolism. However, during the process of cell cryopreservation,
damage to proteins, lipids and nucleic acids is observed [2, 3, 4]. Oxidative processes increase
during cryopreservation. Free radicals damage cellular and subcellular structures, which re-
duces cell viability [5]. Oxidative processes are triggers of morphological and biochemical
cryogenic damage, cause sperm dysfunction and determine the need for the use of antioxi-
dants. Antioxidants limit the effect of the oxidation process. The use of molecular hydrogen
(H2) as a universal antioxidant is widely discussed today, and its therapeutic effect based on
antioxidant properties is considered in various fields of medicine [6, 7]. However, the ra-
tionale for the effectiveness of using H- in cryopreservation has not yet been presented in
modern literature. An objective assessment of the effect of H- is possible when conducting a
comprehensive analysis of the state of spermatozoa. Interference methods of optical micros-
copy allow studying cellular processes [8]. Visualization of structural and morphological
changes in cells with high spatial resolution is an informative way to study the physiological
and biomechanical properties of cells [9]. Interference laser microscopy and interference im-
ages make it possible to evaluate transparent bioobjects with an analysis of the density of in-
tracellular structures [10].

The aim of the work was to study the morpho-functional state of spermatozoa during cryo-
preservation under the action of H2 using laser interference microscopy.

2. Analysis of biological objects in interference
microscopy

Interference microscopy analyzes the morphology of an object depending on the refractive
index of the intracellular structures of cells. The result of interference microscopy is the regis-
tration of the optical density of an object by a direct and reflected beam of light. This is a fun-
damental difference from conventional light microscopy. Conglomerates and dense structures
determine an increase in the refractive index and the registration of convex domains. Oblique
illumination from different angles is used for registration (Fig. 1). The phase reconstruction is
carried out using the phase step method [11]. In this case, the photodetector registers the dis-
placement of the studied object beam relative to the reference beam with a known phase,
which represents the interferogram of the object.

The calculation of the spatial distribution of the intensity of the resulting object in the
plane is carried out according to the following formula:

[(X) = Ir + Is(X) + 2,/ IrIs(X) cos(qx + ¢(X)) (1)
Where Ir and Is are the intensities in the reference and object arms of the interferometer, q
is the spatial frequency of the fringes, ¢ is the phase associated with the object.
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Fig. 1. Automated interference microscope. 1 — automated two-coordinate stage; 2 — support
mirror on piezoelectric element; 3.5 — CCD cameras; 4 — microinterferometer; 6 — laser illu-
minator.




For transparent objects, Is(x) has a weak dependence on x. By adjusting the magnification
of the system, it is possible to select a frequency q close to or greater than the maximum fre-
quency of the interference fringes, limited by the numerical aperture of the objective, so that
the fundamental diffraction resolution of the resolving power is preserved. The interference
term can be separated by high-pass Fourier filtering. It follows that the complex analytical
signal associated with the real function u(x) can be obtained as

+C"’U(x)
z(x) = —u(x)_lz—j  x

In equality (2), using the Hilbert transform for u(x), the phase associated with the complex
analytical signal z can be represented as follows:

D(x) =tan™ { Im[z(x)]/ Re[z(x)]} (3)
The basic basis of the interference microscope is a modified Mach-Zehnder interferometer.
The radiation source in the Mach-Zehnder interferometer is a He-Ne laser [8]. The reference

field for creating the interference image is tilted relative to the object beam at an angle of 45°
relative to the x and y axes (Fig. 2).
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Fig. 2. Schematic representation of the microchamber and (on an enlarged scale) the cell be-
ing photometered. 1 — microscope objective, 2 — cover slips, 3 — erythrocyte, 4 — condenser.

The diagram of the laser interference microscope used in this work is shown in Fig. 3. The
device includes a light source I, semitransparent mirrors BS1, BS2, BS3, rotating mirrors M1,
M2, polarizers WP1, WP2, phase modulator PM, objective O, analyzer A and detector D. Po-
larizers WP1, WP2 modulate the phases of the reference and object beams. Phase modulator
PM forms the phase modulation of the reference beam. The object beam is reflected from the
object of study located on the stage S, passes through mirror BS3, mixes with the reference
beam and passes through analyzer A, which selects from it a component with one or another
polarization, and hits the detector.

BS1 BS2

Fig. 3. Schematic diagram of the laser interference microscope interferometer.



The use of an interference laser microscope allows for ultra-high resolution, which reaches
0.1 nm (vertically) and 15 - 100 nm in the plane of the object [12]. Calculation of the interfer-
ence pattern obtained from the object model allows to represent the expression of the three-
dimensional shape of the cells. This method is a new approach to visualization for the analy-
sis of cell morphology and can be useful for studying their unique physiological and biome-
chanical properties.

3. Object of study

The study involved sperm diluted with the BioXcell medium (France) and then frozen in
liquid nitrogen (-196°C) according to GOST 26030-2015. The condition of the spermatozoa
was analyzed after defrosting the sperm using standard technology. The study involved sperm
diluted with the BioXcell diluent (group I), sperm after deep freezing (group II), and sperm
after deep freezing pre-treated with H> (group III). The concentration of H- in the solution
was within 1.2-1.5 mg/l. The hydrogen generator «Sputnik-3» (China) produced Ho.

To assess the qualitative parameters of spermatozoa, we used the SFA-500 and Biola AFS-
500 sperm analyzers from NPF BIOLA (Russia). The energy parameters of spermatozoa were
assessed by the concentration of ATP using a non-enzymatic method [13]. The antioxidant
system was analyzed by the activity of SOD [14] and catalase [15]. The oxidative properties of
cells were determined by the concentration of MDA in spermatozoa using a reaction with thi-
obarbituric acid [16].

Interference laser microscopy was performed on a MIM-340 microscope using a laser with
a wavelength of 650 nm. The vertical resolution was 0.1 nm. Interferograms were processed
in the MIM Visualizer 1.0 program (MIM Software Inc., USA) [17].

Differences between groups were compared using the Student's t-test with Bonferroni cor-
rection, taking into account the significance threshold of p<0.05. Correlation analysis was
performed using the Spearman correlation coefficient.

4. Results of spermatozoa examination using interference
microscopy

The calculated parameters of sperm interforegrams without treatment (group I) were:
phase height 24.03+0.02 nm, capitulum and tail length of spermatozoa 9.53+0.62 pm and
46.82+5.25 um, respectively (Table 1). Cryopreservation determined a decrease in the capitu-
lum and tail length in 7.01% and 9.53% of spermatozoa, respectively (p<0.05). The use of H-
in the cryopreservation process led to the preservation of the optical and geometric parame-
ters of spermatozoa at the level of native cells (group I).

Table 1. The effect of cryopreservation and molecular hydrogen on the optical-geometric pa-
rameters of spermatozoa

Sperm Parameters  Native spermatozoa Spermatozoa after Spermatozoa after ex-
(group I) cryopreservation posure to molecular
(group II) hydrogen and cryo-
preservation (group III)
Capitulum length, 9,53+0,62 8,32+0,55% 9,04 +0,49 A
pm
Tail length, um 46,82+2,05 42,36+2,35 * 45,74+ 1,59 A
Phase height, nm 24,03+0,02 21,32+0,05% 23,04 +£0,04%, A

Note: * — differences in relation to group I, p<0.05; A — differences between groups after cry-
opreservation (group II and group III).

Figure 4 shows typical phase portraits of spermatozoa exposed to H- during cryopreserva-
tion and without H> during cryopreservation. Analysis of phase interference images of sper-
matozoa showed that after H. exposure the capitulum was oval-shaped, the middle part of the




cell was thin and the tail was straight. The acrosomal region after exposure to molecular hy-
drogen was well defined and occupied from 40 to 70% of the cell. This distribution of the
acrosome corresponds to the physiological norm, since the acrosome was shown to cover
about 2/3 of the anterior surface of the head. Determination of the acrosome status in cryo-
preserved sperm is of fundamental importance, since cryopreservation directly damages the
sperm membranes which can lead to the loss of the contents of the acrosomal matrix. After
cryopreservation without H., uneven distribution of cytoplasm in the capitulum with abnor-
mal acrosome was noted. This indicates a change in the permeability of the plasma mem-
brane and loss of the ability to attach to the oocyte membrane. The loss of acrosomal matrix
content reduces the longevity of cryopreserved spermatozoa [18].
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Fig. 4. Typical phase images of spermatozoa after cryopreservation using H- (a) and after cry-
opreservation without H- (b).

Evaluation of phase heights of sperm interphoregrams and changes in the refractive index
allowed us to estimate the distribution of the substance density in the cells. The phase height
in the plane represents the spatial modulation of the wave from a coherent source. Different
refractive indices of parts of the cell are transformed into a two-dimensional distribution of
the optical component [19].

The analysis of the sperm profile showed the presence of a phase peak in the region of the
initial head segment in native spermatozoa and under the action of H> during cryopreserva-
tion (Fig. 5a, 5¢). This indicates the maximum density in the acrosomal region. The phase
height in the acrosome region of native spermatozoa and during cryopreservation with H.
significantly exceeded the phase height in spermatozoa during cryopreservation without H-
(Fig. 5). This region corresponds to the nucleus with the nucleolus. However, the decrease in
the phase height of spermatozoa during cryopreservation without H- indicates a decrease in
the density in this region of the cell. The low density is probably due to protein loss. Proteins
are involved in fertilization processes: motility, acrosome reaction, fusion with the egg [20].
Changes in the protein composition of the sperm membrane are one of the main reasons for
the decrease in sperm fertility after cryopreservation.

This position is confirmed by previously identified facts obtained using interference mi-
croscopy, indicating that the change in phase height is proportional to the product of the
membrane thickness and the difference in the local refractive index of the cell and the solu-
tion [21].
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Fig. 5. Profiles of changes in the phase height of spermatozoa: intact (a), after cryopreserva-
tion without H- (b) and after cryopreservation using Ho (c).

In our experiments, a decrease in the phase height of spermatozoa was observed during
cryopreservation (Fig. 5b). Apparently, this is due to damage to spermatozoa during cryo-
preservation and their subsequent thawing. In particular, it was noted that phase heights de-
crease proportionally to the degree of damage and an increase in the amount of water inside
the cell, which leads to a decrease in the refractive index due to the loss of concentration of
the substance inside [22]. Destruction of the plasma membrane during cryopreservation can
cause further damage to cells and, consequently, lead to irreversible damage to their integrity.
In many ways, this development of events can be due to oxidative processes and changes in
cell metabolism, since interforegrams reflect the dynamics of various intracellular processes
[23]. To substantiate the stated position, we conducted biochemical studies of intracellular
metabolism in parallel with the interference registration of cells.

5. Results of the study of functional and biochemical
parameters of spermatozoa

A study of the oxidative metabolism level revealed that cryopreservation was accompanied
by a significant increase in the lipid peroxidation process, which was characterized by an in-
crease in the concentration of malondialdehyde (MDA) by 39% relative to native spermatozoa
(group I) (Table 2). The use of H- in the cryopreservation process made it possible to main-
tain the intensity of oxidative processes at the level of native spermatozoa.



Table 2. Oxidative and metabolic activity of spermatozoa during cryopreservation and expo-
sure to molecular hydrogen

Indicators Native spermatozoa | Spermatozoa after | Spermatozoa after ex-
(group I) cryopreservation posure to molecular
(group II) hydrogen and cryo-
preservation  (group
I11)
MDA, nmol/ml 0,61+£0,12 0,85+0,14 * 0,56+0,08 &
SOD, units/mg 0,61+0,08 0,78+0,08 * 0,87+0,08 *,A
protein
Catalase, mcat/mg 9,03+0,76 8,48+0,82 15,78+0,71 *,A
ATP, umol/1 0,79+0,09 0,28 +0,05 * 0,47+0,04 *, A

Note: * — differences in relation to group I, p<0.05; A — differences between groups after cry-
opreservation (group II and group III).

The inhibiting factor of oxidative processes is the increase in the activity of antioxidant en-
zymes. The activity of SOD and catalase in spermatozoa increased after the addition of H- to
the cryopreservation medium (group III) (Table 3). The activity of SOD and catalase in-
creased by 42% and 74%, respectively (p<0.05) relative to native spermatozoa (group I).

The ATP concentration in spermatozoa after cryopreservation was lower than in native
spermatozoa (group I) by 65%. The ATP content in spermatozoa increased by 67% during
cryopreservation with H2 (group III) relative to group II.

A correlation dependence was revealed between the metabolic indices and the phase char-
acteristics of spermatozoa during cryopreservation and the use of H- against the background
of cryopreservation (Table 3). Analysis of the correlation dependences between the phase
height and the oxidative metabolism index revealed a close negative correlation in all groups
(R=-0.88 — Group I, R=-0.85 — Group II, R=-0.93 — Group III) and a strong correlation be-
tween the phase height and the energy metabolism index (R=0.88 — Group I, R=0.85 —
Group II, R=0.93 — Group III).

Table 3. Correlation analysis of phase height and metabolic indices in different groups

Phase Phase
Height/MDA | Height/ATP
Native spermatozoa (group I) -0,88 0,84
Spermatozoa after cryopreservation (group II) -0,85 0,86
Spermatozoa after exposure to molecular hydrogen and cry-
: -0,93 0,91
opreservation (group III)

Correlation relationships prove that the analysis of the phase height of spermatozoa ob-
tained by interference microscopy allows us to evaluate the total metabolic activity of sperma-
tozoa and has the highest sensitivity compared to biochemical methods.

When analyzing the results obtained, it should be taken into account that during cryopres-
ervation, lipids and proteins in a liquid state harden, turning into a gel, forming a rigid and
fragile structure that is more sensitive to damage [24]. Our study shows that during cryopres-
ervation, there is a loss of integrity of both acrosomal and plasma membranes. During freez-
ing, spermatozoa undergo significant metabolic changes and mitochondrial function is great-
ly impaired [25]. The bioenergetic function of mitochondria plays an important role in sper-
matozoa, especially for capitation, hyperactivation and acrosome reaction [26]. The obtained
results demonstrate that the use of Ho is effective in protecting sperm metabolism during cry-
opreservation. The use of H- can ensure the preservation of sperm functional parameters.

The study showed that the use of H.> during cryopreservation maintained the number of
motile spermatozoa, the number of fast spermatozoa, and the average speed of spermatozoa




at the level of native cells (Table 4). Whereas after cryopreservation of spermatozoa, these in-
dicators were reduced.

Table 4. Effect of molecular hydrogen on sperm fertility parameters

Sperm Fertility | Native = spermatozoa | Spermatozoa after cry- | Spermatozoa after ex-

Criteria (group I) opreservation  (group | posure to molecular
IT) hydrogen and cryopres-

ervation (group III)

Mobility, % 82,51+3,95 71,15+3,34 * 79,6243,60 4

Number of mo- 35,76+£2,17 27,35+2,16% 33,71£2,03 2

bile, mil-

lion/dose

Number of fast, 65,54+7,14 51,77+6,13* 58,98+6,554

million/dose

Average speed, 85,62+3,54 74,53+2,48% 81,56+3,52 4

um/sec

Note: * — differences in relation to group I, p<0.05; A — differences between groups after cry-
opreservation (group II and group III).

Considering that the speed of sperm movement is one of the most informative indicators of
sperm quality [27], the detected increase in the number of motile, fast spermatozoa and the
average speed of spermatozoa under the influence of H2 compared to these indicators during
cryopreservation proves the effectiveness of using H2 as a cryoprotector.

Conclusions

1. The study demonstrated the effectiveness of using H- as a new strategy for protecting
spermatozoa during cryopreservation.

2. Analysis of spermatozoa interforegrams provides a comprehensive assessment of the
state of spermatozoa metabolic processes during cryopreservation.

3. Phase images allow for clear identification of spermatozoa with a reduced functional
state which can be used for express analysis of spermatozoa quality.
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