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Summary

This study aimed to detect intracellular trehalose in boar sperm that were cryopreserved with
liposomes and conduct an analysis of its effects on some characteristics of thawed sperm,
including rheological properties. First, soybean lecithin cholesterol-based liposomes were
produced and characterized in the presence of 300 mM trehalose. Next, semen samples were
frozen in two freezing media: a control medium with 300 mM trehalose and an experimental
medium supplemented with 300 mM trehalose and 10% liposomes, both of which were thawed
and then studied to ascertain their integrity, motility, rheological response, and trehalose
quantities by testing two methods of spermatic lysis via high-performance liquid chromatog-
raphy with an evaporative light-scattering detector (HPLC-ELSD). The results found spherical
liposomes measuring 357 nm that were relatively stable in an aqueous medium and had an
entrapment efficiency of 73%. An analysis of the cryopreserved ejaculates showed that their
viability and motility did not significantly differ between groups (P> 0.05). The viscous
response of the samples was influenced by the extracellular medium rather than by the freez-
ing–thawing process, which resulted in a loss of interaction between the cells and cryoprotec-
tants. Finally, intracellular trehalose levels were determined using HPLC-ELSD, with no
differences observed (P> 0.05) when comparing both sperm lysis methods. The use of lipo-
somes with trehalose appears to be a promising option for boar semen cryopreservation, with
a marked effect on rheological properties. The proposed HPLC-ELSD method was effective for
measuring trehalose in cryopreserved cell samples.

Introduction

The extreme conditions to which sperm are subjected during the cryopreservation process result
in several changes that diminish their fertilizing capacity (Waberski et al., 2019). To reduce this
damage to sperm cells, various cryoprotective agents are used in freezing–thawing protocols.
Trehalose (α-D-glucopyranosyl α-D-glucopyranoside) is a disaccharide that is used as a nonper-
meable cryoprotectant because it does not permeate the plasma membrane and exerts its effects
at the extracellular level (Yeste, 2016). It acts by forming complexes with the biomacromolecules
of the plasma membrane through hydrogen bonds, replacing water molecules, decreasing
phospholipid-phase transition temperatures, preventing protein denaturalization, promoting
an increase in the viscosity of the medium, and reducing the effects of lipid oxidation
(Crowe, 2002; Oku et al., 2003; Sampedro and Uribe, 2004).

While it has been reported that trehalose maintains boar sperm quality upon thawing
(Athurupana et al., 2015; Gutiérrez-Pérez et al., 2009), trehalose must be present on both sides
of the lipid bilayer to exercise its cryoprotective function by neutralizing reactive oxygen species
(ROS) (da Costa Morato Nery et al., 2008; Herdeiro et al., 2006). Although the above hypothesis
has now been confirmed in several types of cells (Eroglu et al., 2000; Holovati et al., 2009; Motta
et al., 2014; Stefanic et al., 2017; Uchida et al., 2017), it has still not been confirmed for sperm.

Trehalose exercises its antioxidant function through interactions that are carried out via
hydrogen bonds between disaccharides (α,α-1,1) and the double bonds of unsaturated fatty
acids (Oku et al., 2003). Docosahexaenoic acid (22:6n-3) is the most plentiful fatty acid in
the boar-spermmembrane. As this fatty acid is particularly sensitive to lipid peroxidation during
freezing (Cerolini et al., 2000), the use of cryoprotectants is recommended to minimize damage
at that level.

Several methods of facilitating the intracellular incorporation of trehalose have been
described, and one example is liposomes. These vesicles were quickly identified as being an
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efficient means of releasingmolecules due to their biocompatibility
and low toxicity levels (Akbarzadeh et al., 2013; Toh and Chiu,
2013). Research into erythrocytes (Holovati et al., 2009) and stem
cells obtained from umbilical cord blood (Motta et al., 2014) has
shown that liposomes are an efficient means of facilitating the per-
meabilization of trehalose.

Holovati et al. (2009) asserted that the extent to which trehalose
exerts cryoprotective effects depends on its concentration. This
research stresses the importance of determining the specific cryo-
protective concentration for each type of cell. One of the tech-
niques that has been described for analyzing trehalose is high-
performance liquid chromatography (HPLC), which can be used
in conjunction with high-sensitivity evaporative light-scattering
detection (ELSD) (Allgeier et al., 2003; Dvořáčková et al., 2014).
ELSD detection represents an alternative to the inconveniences
inherent in chemical derivatization as trehalose is an analyte that
lacks chromophores (Allgeier et al., 2003).

Therefore, this study used HPLC in conjunction with ELSD to
determine the intracellular presence of trehalose in boar sperm cry-
opreserved with liposomes after conducting a preliminary analysis
of its effects on the integrity, progressive motility, and rheological
behaviour of sperm upon thawing. To the best of our knowledge,
there have been no reports of trehalose use at the intracellular level
in sperm cells.

Materials and methods

The experimental procedures in this work that involved animals
were approved by the Internal Committee for the Care and Use
of Animals of the Autonomous National University of Mexico
(Spanish acronym: UNAM).

The reagents used to prepare liposomes and for cryopreserving
sperm, namely, soybean lecithin, cholesterol, and trehalose, were
acquired from Sigma–Aldrich (St. Louis, MO, USA). Glycerol
and phosphate-buffered saline solution (PBS) were obtained from
JT Baker (Phillipsburg, NJ, USA). Dichloromethane (analytical
grade), acetonitrile, and methanol (HPLC grade) were acquired
from JT Baker, whereas trichloroacetic acid was obtained from
Mallinckrodt AR (Paris, KY, USA).

Preparation and characterization of the liposomes

The liposomes were formulated using lecithin (3 mM), cholesterol
(2 mM) at a 6:4 molar ratio, trehalose (300 mM), and glycerol (3%
v/v) in a PBS (e.g. NaH2PO4·H2O, NaCl and NaOH; 0.1. M, pH
7.45). The liposomes were prepared using a heating method with
the adaptations proposed by Linares-Alba et al. (2016). After heat-
ing the PBS-diluted cholesterol to 83°C while stirring at 750 rpm
for 15 min, the remaining constituents of the formula were added,
the final volume was adjusted with PBS, and N2 was applied. After
heating the mixture to 75°C with constant stirring (750 rpm, 35
min), it was kept at room temperature for 60 min. The mixture
was extruded and subsequently sterilized under aseptic conditions
using a 0.45-μm Millex PVDF Millipore syringe filter (Billerica,
MA, USA) in the first case and a 0.22-μm Millex PVDF
Millipore syringe filter in the second case. The liposomes were
refrigerated until used.

The liposome properties that were evaluated were particle size,
polydispersity index (PDI), zeta potential (ζ), morphology, and
entrapment efficiency (EE%).

Particle size and PDI: The analysis was carried out via dynamic
light scattering (DLS) using a Zetasizer Nano-ZS analyzer ZEN

3600 (Malvern Instruments Ltd, Malvern, UK.) at a temperature
of 25°C and a detection angle of 173°. Each dispersion was analyzed
three times, and the average of the three results was reported.

Zeta potential (ζ): The zeta potential was determined via elec-
trophoretic light scattering (ELS) using the aforementioned
Zetasizer Nano-ZS ZEN 3600, each dispersion was analyzed three
times, and the average of the three results was reported.

Morphology: The appearance of the liposomes was studied
using transmission electron microscopy (TEM) and a JEOL JEM
1200EX II transmission electron microscope (JEOL, Tokyo,
Japan) with ×10,000 magnification and using uranyl acetate at
2% as a negative stain.

Entrapment efficiency (EE%): The entrapment efficiency of the
liposomes was determined by determining the amount of trehalose
via HPLC with an Infinity LC 1260 system (Agilent Technologies,
Santa Clara, CA, USA) adapted to work with a 1290 Infinity evapo-
rative light-scattering detector (Agilent Technologies) and an 8-
μm (300 × 7.7 mm) Hiplex H Agilent PL1170–6830 column.
The mobile phase consisted of HPLC-grade water filtered through
a 0.22-μm membrane. The injection volume was 1 μl, while a flow
rate of 0.6 ml/min and temperature of 65°C were used. Before car-
rying out the chromatographic analysis of the liposomes, a calibra-
tion curve was plotted using aliquots with known trehalose
concentrations (e.g. 0.1 to 10 mg/ml), and each aliquot was ana-
lyzed three times.

Tomeasure the trehalose amounts in the liposome suspensions,
it was necessary to centrifuge the latter at 14,000 g for 40 min to
separate the liposomes in the samples using Amicon® Ultra 0.5
ml, 10K Centrifugal Filters (Millipore Co, Billerica, MA, USA).
The liposomes were recovered by placing the same filter face-
downward in a clean tube and centrifuging the sample again at
14,000 g for 10 min. Dichloromethane (1:1 v/v) was used to lyse
the liposomes, and the sample was vortexed for 2min before finally
obtaining the aqueous phase for analysis.

The entrapment efficiency was calculated based on the formula
shown below. The total trehalose values were obtained in the chro-
matographic analysis of the lysed liposomes, without having them
undergo a separation protocol with the Amicon® filter:

EE% ¼ Entrapped trehalose
Total trehalose

� 100

Freezing–thawing method

Fifteen ejaculates were obtained from four mature boars that were
provided by the Center for Education, Research and Extension in
Swine Production (Spanish acronym: CEIEPP) of UNAM and
were evaluated and diluted (1:1 v/v) in a commercial extender
(Androstar Plus, Minitube, Tiefenbach, Germany). Only those
ejaculates with progressive motilities greater than 85% and less
than 20% abnormalities were accepted.

Two freezing media, an experimental medium and control
medium, were evaluated. The experimental medium was com-
posed of 10% liposomes, 10% egg yolk, 300 mM trehalose, and
3% glycerol. For the control medium, a tested extender containing
20% egg yolk and no liposomes was used (Gutiérrez-Pérez et al.,
2009). The freezing medium used during the freezing process were
split into two parts, namely, Part A without glycerol and Part B
with glycerol.

Sperm samples with concentrations adjusted to 600 × 106 cells/ml
were centrifuged for 10min at 800 g. Supernatants were removed, and
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Part A of the freezing medium was added to the pellets. The samples
were kept at room temperature for 60 min, then at 16°C for 60 min,
and finally at 4°C for 120 min. Part B of the freezing medium was
gradually added to these samples over a period of 30 min.

The samples were placed in 0.5-ml straws, sealed with polyvinyl
alcohol, exposed to liquid nitrogen vapour (−130 to−150°C) for 20
min, and finally conserved in liquid nitrogen (−196°C). At 15 days
after being frozen, they were thawed in a water bath at 36°C for 30
s, and the contents of the straws were diluted with a commercial
extender (Androstar Plus) (1:4 v/v).

Post-thaw sperm assessment

The viability and progressive motility of the sperm were studied by
analyzing the contents of three straws per control and experimen-
tal treatment 10 min after thawing.

Cell viability: The percentages of living cells upon thawing were
determined by eosin–nigrosin staining (Gutiérrez-Pérez et al.,
2009). After diluting the semen sample with the stain (1:8 v/v)
and then incubating it at 37°C for 5 min, smears were taken and
left to dry at room temperature. The evaluation consisted of distin-
guishing the live (unstained) cells from the dead (stained) cells with
a ×100 optical microscope by examining at least 200 cells.

Progressive motility: Motility was ascertained by placing a drop
of the sample on a pretempered slide (37°C) with a coverslip and
observing the sample with an optical microscope (×10 and ×40).

Ultrastructure of the sperm: TEM was used to study the ultra-
structure of the cryopreserved sperm in the presence of trehalose-
containing liposomes, and the samples were fixed with 3% gluta-
raldehyde. After being postfixed with osmium tetroxide (OSO4) at
1%, the samples were dehydrated with ethanol at concentrations of
30% to 100%, with acetonitrile being used between the dehydration
of the samples and their embedding in EPON resin. The samples
were contrasted using uranyl acetate at 2% and lead citrate at 2%
and were examined with a JEOL JEM 1200EX II transmission elec-
tron microscope.

Rheological analysis

Characterization of the rheological properties was conducted by
studying the ejaculates from two different boars to ensure that
the test was replicable. The semen samples were analyzed under
the different cryopreservation protocol conditions (e.g. fresh,
diluted with commercial extender, diluted with freezing medium,
thawed, and thawed–diluted in a commercial extender) using a
stress-controlled DHR3® Discovery Hybrid Rheometer with a
concentric-cylinder geometry (TA Instruments, New Castle,
Delaware, USA). The steady simple shear flow tests were carried
out over a range 1–100 s−1, whereas the linear oscillatory shear
flow tests used to estimate the viscoelastic properties (storage
modulus, G 0 and loss modulus, G 0 0) were carried out under
small-amplitude oscillatory flow (γ = 30%) at a constant temper-
ature of 37°C (circulating water bath, Cole-Parmer Polystat, and
Peltier AR-G2) with an observation window of 0.1–300 rad/s.
Experimental data were obtained and analyzed directly using
TA Rheology Advantage Data Analysis v.5.7.0 (TA Instrument
Ltd, Crawley, UK) software.

Chromatographic analysis

The analysis was carried out by means of HPLC using an Agilent
Technologies HPLC Infinity Quaternary 1260 system that was
adapted to work with a PL-ELS 1000 ELSD detector (Polymer

Laboratories, Amherst, MA, USA) and a 250 × 4.6 mm Unison
UK-Amino column (Imtakt, Kyoto, Japan).

Chromatographic conditions: 70% acetonitrile and 30% HPLC-
grade water were filtered through a 0.22-μm membrane and used
in the mobile phase. The injection volume was 0.5 μl of sample at a
flow rate of 0.7 ml/min and temperature of 60°C.

Calibration curve: The calibration curve was constructed using
aliquots with known trehalose concentrations (e.g. 5–25 mg/ml)
that were dissolved in ultrapure water.

Sample preparation: Samples of four thawed ejaculates were
centrifuged for 10 min at 800 g, and the supernatants were
removed. Sperm lysis was carried out on the pellets obtained to
evaluate the effectiveness of the two protocols. The first protocol
(P1) consisted of reconstituting the pellets with 450 μl of ultrapure
water and vortexing for 2 min. The samples were then ultrasoni-
cated in VCX 500 ultrasonic processors (Sonics & Materials Inc.,
Danbury, CT, USA) for 30 min at 30% amplitude. Next, 50 μl of
trichloroacetic acid was added to the samples, which were centri-
fuged at 14,000 g for 15 min. Finally, the supernatants were recov-
ered, filtered through a 0.45-μm nylon syringe filter and analyzed
via HPLC.

The second cell lysis protocol (P2) was based on the findings
reported by Kralikova et al., (2017) but with some changes. Cell
pellets were reconstituted with 450 μl of 80% methanol and incu-
bated for 60min at room temperature. Five freezing processes were
carried out using liquid nitrogen and ultrasound thawing at 36°C,
after which 50 μl of trichloroacetic acid was added. The samples
were then centrifuged again for 15 min at 14,000 g. Finally, after
the supernatants had been recovered and filtered using a 0.45-
μmMillex®-HN nylon filter, chromatographic analysis was carried
out.

Statistical analysis

The regression coefficients for the calibration curves, the results of
the variance analysis, and mean differences (as determined by
Tukey’s test) were calculated using Version 20 of the IBM SPSS
statistical package. The distribution of sperm evaluation data
was normal.

Results

Characterization of the liposomes

The results of the liposome characterization are shown in Table 1.
DLS analysis revealed the presence of particles with an average size
of 357 nm. The PDI of the liposomes was 0.4, which indicated that
the sample was moderately homogeneous with respect to the
vesicle sizes. The electrostatic stability of the dispersion was evalu-
ated based on the ζ value (e.g. −18.13 mV) and was considered
moderate. The surface load of the vesicles that were obtained
was negative.

Table 1. Physical characterization of liposomes

Size (nm) 357 ± 23.22

PDI 0.43 ± 0.01

ζ (mV) −18.13 ± 0.47

The values presented are the means ± standard error (SE) of the three measurements that
were taken.

Boar semen cryopreserved with trehalose-containing liposomes 897

https://doi.org/10.1017/S0967199422000442 Published online by Cambridge University Press

https://doi.org/10.1017/S0967199422000442


The TEM images confirmed the formation of liposomes
(Figure 1) and showed spherical electron-lucid vesicles that were
surrounded by electron-dense edges. The average diameter of
the liposomes that were observed measured ~325 nm. This was
consistent with the DLS data.

The chromatographic analysis provided a determination coef-
ficient (R2) of 0.993, obtained from the calibration curve. This indi-
cated a strong correlation between the concentrations used in the
standards and the areas below the peaks. A total trehalose concen-
tration of 94.6 ± 0.5 mg/ml was observed in the liposome-
dispersion samples, while the trehalose concentration found in
the vesicles was 69.4 ± 3.8 mg/ml, with a 73% entrapment effi-
ciency. A trehalose retention time of 8.383 min was observed in
the chromatogram.

Post-thaw sperm assessment

The resulting semen quality that was observed upon thawing is
presented in Table 2, and shows that the levels of viability and
progressive motility of the thawed semen did not differ signifi-
cantly from the results that were obtained for the freezing medium
that were used (P> 0.05). Although no significant differences were
found for the studied variables, the largest percentage of viable
spermatozoa (28%) was found in the ejaculates that were cryopre-
served in the presence of trehalose-containing liposomes whereas,
in contrast, a smaller percentage of spermatozoa with progressive
movement was found in the experimental group.

The TEM images (Figure 2) showed cryopreserved spermato-
zoa from the experimental medium that remained structurally
intact (Figure 2a), along with cells with changes commonly asso-
ciated with the freezing–thawing process. Additionally, vesicles
that, due to their appearance, were identified as liposomes inter-
acted with the plasma membrane of the cryopreserved spermato-
zoa (Figure 2b).

Rheological analysis

The results obtained from the simple shear viscosity tests
(Figure 3a) showed that the boar semen examined was a non-
Newtonian shear-thinning fluid, that is, the viscosity decreases
with respect to shear rate (shear-thinning behaviour, n< 1).
Furthermore, no variations were observed in the sample viscosities
before and after cryopreservation. When diluted with a commer-
cial extender (1:4 v/v), the sample viscosities were one order of
magnitude less while retaining their non-Newtonian shear-thin-
ning properties (n< 1). Conversely, the linear viscoelastic oscilla-
tory test (Figure 3b) showed a significant viscoelastic response,
with elastic behaviour prevailing over viscous behaviour (G 0 >
G 0 0) in the fresh boar semen, whereas in the samples that were

diluted with a commercial extender or experimental freezing
medium, G 0 0 (viscous modulus) prevailed over G 0 (elastic modu-
lus), so the ejaculate changed its behaviour from a viscoelastic solid
material (G 0 >G 0 0) to a viscoelastic liquidmaterial (G 0 0 >G 0). The
freezing–thawing process changed the microstructure of the sam-
ples (G 0). This phenomenon was more evident over short times or
high frequencies, as shown in Figure 4. The Han plot allows us to
visualize and compare the sample microstructures before and after
cryopreservation. The solid black line represents the equimodulus
line (where G 0 =G 0 0), which shows the transition from viscous (G 0
< G 0 0) to elastic (G 0 > G 0 0) behaviour, so that the systems above
the diagonal line (fresh semen) exhibit predominantly elastic solid
behaviour, while the diluted samples below the diagonal line
mainly exhibit the behaviour of a viscoelastic liquid (G 0 0 > G 0).
It should be noted that, in the samples of diluted semen, the data
relating to the experimental freezing medium lie closer to the
diagonal line, indicating a predominant viscoelastic liquid behav-
iour and therefore pointing to more interactions among the com-
ponents of the system. The rheological results of frozen–thawed
boar semen suggested typical pseudosolid-like behaviour. The
presence of this pseudosolid-like behaviour needs to be confirmed
with other experimental evidence; however, it is consistent and
could explain the microscopic behaviour and mechanical proper-
ties observed.

Chromatographic analysis

The calibration curve results showed a linear relationship between
the trehalose concentrations (5–25 mM) and the areas below the
peaks that were detected by the device, with a determination coef-
ficient (R2) of 0.999. Table 3 shows the trehalose concentrations
that were detected in cryopreserved boar sperm with respect to
the freezing medium used and the sample-preparation protocol.
The trehalose concentrations that were observed in the cryopre-
served sperm in the experimental group were higher in P2 (2.8
± 0.4 mg/ml), although no significant differences were observed
between the two sample-preparation protocols (P> 0.05).

Although the freezing medium formula did not include treha-
lose-containing liposomes, a trehalose concentration level similar
to that observed in the experimental group was also observed in the
cryopreserved sperm pertaining to the control group for both sam-
ple-preparation protocols (P> 0.05).

Discussion

HPLC-ELSD was used in this study to detect trehalose at the intra-
cellular level in cryopreserved boar sperm. The obtained results
revealed the presence of trehalose inside the spermatozoa that
had been frozen and subsequently thawed, and an effective

Figure 1. (a–c) TEM micrographs of trehalose-containing liposomes.
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analytical method for measuring sugars in cryopreserved cell sam-
ples is proposed.

Two distinct trehalose-extraction protocols were used, and no
significant differences were found between them. In the first pro-
tocol, sonication was used to break down the sperm-cell mem-
branes whereas, in the second protocol, methanol was used
along with repeated freezing–thawing cycles. Among the findings
reported when using HPLC-ELSD to quantify intracellular treha-
lose levels, the detection of trehalose in the control-group samples
should be stressed. Intracellular incorporation of trehalose during
freezing has been reported in platelets (Gläfke et al., 2012) and
fibroblasts (Zhang et al., 2016). It has been suggested that the lipid
phase transition that occurs during freezing makes the plasma
membrane more permeable, facilitating the permeation of treha-
lose (Stewart andHe, 2019). However, the part played by liposomes
in the incorporation of trehalose inside the cryopreserved sperm
was found to be minimal, a finding that concurs with that of
Holovati et al., (2009), who reported low concentrations of intra-
cellular trehalose when using liposomes to cryopreserve human
erythrocytes. Notwithstanding the above, the adverse effects of lip-
osomes areminimal compared with those of other methods used to
facilitate the intracellular release of trehalose.

In this work, liposomes were prepared using a heating tech-
nique, which facilitates the production of high-entrapment effi-
ciency liposomes (Linares-Alba et al., 2016). Subsequently, those
features that have a significant effect on the in vivo performance
of liposomes were studied (Saadeldin et al., 2020). The results of
the characterization confirmed that there was dispersion of spheri-
cal liposomes measuring 357 nm, moderately polydisperse (Danaei
et al., 2018), relatively stable (Bhattacharjee, 2016), and with a 73%
trehalose-entrapment efficiency. The average vesicle size that was
achieved via filtration is worth noting, and it is worth mentioning
that the presence of trehalose fosters the formation of larger lipo-
somes. Roy et al. (2016) reported that trehalose is able to form
hydrogen bonds with the phospholipids of liposomes made from
dimyristoylphosphatidylcholine (DMPC), increasing the size of
the vesicles as a result of this interaction. Similar to the liposome
size, the moderate levels of polydispersion that were observed in
the system are due to the less effective interactions between treha-
lose molecules and phospholipids, therefore resulting in a lower
percentage of vesicles with smaller sizes.

Regarding the influence of liposome size on the interactions
between liposomes and cells, it has been shown that the use of small
liposomes (<200 nm) favours interactions between the vesicles and
plasmamembranes of the target cells, providing more efficient cry-
oprotection of cells (Kheirolomoom et al., 2005; Papahadjopoulos
et al., 1973). We also measured the zeta potential to determine the
stability of our dispersion, with at least ±30 mV being necessary for
the formulation to be deemed stable. According to the zeta poten-
tial values, our dispersion was classified as relatively stable, indicat-
ing that the electrostatic repulsive force between the vesicles is not
sufficient to prevent their agglomeration (Bhattacharjee, 2016).
Nevertheless, studies on exosomes have shown that trehalose

can maintain sufficiently high repulsion forces to keep the vesicles
separate from each other (Bosch et al., 2016).

Concerning the effects of intracellular trehalose on cryopre-
served boar semen, the percentages of viable cells and progressive
motility upon thawing showed no significant changes despite the
presence of trehalose-containing liposomes in the freezing
medium. We suggest that the aforementioned results might be
influenced by the incubation conditions used in this study
(Holovati et al., 2008; Röpke et al., 2011; Stewart et al., 2020)
and by the soybean lecithin concentrations in the liposome
dispersion (Zhang et al., 2009). There have been no reports to date
of liposomes made with soybean lecithin being used in boar semen.
This opens the door for further research that contributes to the
development of boar-sperm freezing techniques, which are becom-
ing an increasingly relevant method for maintaining biosecurity.

Moreover, He et al. (2001) reported the use of liposomes made
from a variety of phospholipids to cryopreserve boar sperm. These
results are consistent with those presented here regarding the
effects of liposomes on the viability and progressive motility of
thawed boar sperm. The authors also described the use of lipo-
somes combined with egg yolk to create a freezing medium.

A study of the rheological properties of boar semen was carried
out to analyze sperm–medium and sperm–sperm interactions
before and after the cryopreservation process, as well as the effect
of trehalose-containing liposomes on the viscoelasticity of the sam-
ples. The results from simple shear tests showed higher viscosity
levels in semen samples that were reconstituted in the experimental
freezing medium. The higher viscosity levels were mainly due
to the presence of cryoprotectants and remained unchanged even
after freezing–thawing (Sampedro and Uribe, 2004; Morris et al.,
2006; Rodriguez-Martinez and Wallgren, 2011). Dissolving cryo-
preserved sperm in a commercial extender reduces its viscosity,
which is a phenomenon that is relevant in view of the protective
effects of conserving these cells in a viscous medium. Several inves-
tigations have stated that sperm-cell dilution in a viscous medium
prevents cellular sedimentation and favours a reduction in sperm
metabolic demand (Nagy et al., 2002; López-Gatius et al., 2005;
Corcini et al., 2011). Furthermore, studies on boar sperm have
shown that increased viscosity of the medium enhances sperm
membrane stability and their ability to move (Coy et al., 2009;
Gil et al., 2014; González-Abreu et al., 2017)

With regard to the oscillatory shear flow tests, we observed that
the viscoelastic properties of semen samples were affected by the
freezing–thawing process. This is related to the diminished inter-
actions among the components of the freezing medium and sperm
with a damaged plasma membrane (Barnes, 2000; Medina-Torres
et al., 2000). Additionally, a change in the slope and a slight plateau
were observed in the flow curves of thawed semen at low frequen-
cies (or long times), typical of a pseudosolid-like behaviour, which
is associated with the strong interaction between the sample com-
ponents (Medina-Torres et al., 2019). Interestingly, Tung et al.
(2017) reported that the elasticity of a medium induced collective
swimming patterns of bovine sperm, facilitating sperm migration
and therefore the success of fertilization. To our knowledge, there
have been no reported studies of the viscoelastic behaviour of cry-
opreserved boar semen; therefore, the above findings may serve as
a basis for designing quantitative tests to determine the quality of
this semen.

It is worth mentioning that we also carried out a rheological
analysis of those samples that were reconstituted in the control
freezing medium (results not shown) and determined that
their viscosities were similar to those of the experimental

Table 2. Effects of liposomes on cryopreserved sperm

Treatment Sperm viability (%) Progressive motility (%)

Control 27.29 ± 3.27 21.06 ± 3.76

Experimental 28.22 ± 2.72 18.92 ± 1.41

The values presented are the means ± SE. n= 15.
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Figure 2. TEMmicrographs of different segments of boar sperm cells cryopreserved in the presence of trehalose-containing liposomes. (a) Sperm cells with intact (PM), distended
(DPM) and broken plasma membranes (BPM). (b) Cross-section of the sperm head showing the presence of liposomes (L) close to the plasma membrane of spermatozoa. AP,
acrosomal protuberance; MP, main piece; N, nucleus.

(a) (b)

Figure 3. Rheological characterization of boar semen
before and after cryopreservation. (a) Viscosity curves
(viscosity vs. shear rate, γ) and (b) oscillatory shear
curves (filled symbols are G 0 : elastic module and empty
symbols are G 0 0 : viscous module).

Figure 4. Han plot showing the elastic module (G 0) versus vis-
cous module (G 0 0) of boar semen samples before and after
cryopreservation.
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group due to the presence of cryoprotectants in the freezing
medium. Nevertheless, a slight effect of trehalose-containing
liposomes on the viscoelastic properties of the samples (G’)
was observed.

In conclusion, in this study, we measured the amounts of intra-
cellular trehalose in cryopreserved boar-sperm lysates by means of
HPLC-ELSD and developed and characterized a freezing medium
made from trehalose-containing liposomes that was effective in
maintaining the viability and motility of thawed sperm. The rheo-
logical response of the samples during cryopreservation shows that
they are mechanically stable for flow and that their rheological
properties change when they are diluted in a freezing medium that
contains trehalose and after thawing.

Further research should be carried out using soybean lecithin
and trehalose in the boar-sperm freezing–thawing process to
ascertain what concentrations are needed to achieve optimal
cryoprotection.
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