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A B S T R A C T

This study was designed to compare the effects on goat spermatozoa cryosurvival of nano-lecithin-based
(NL), lecithin-based (L) and egg yolk-based (EY) extenders. Ejaculates were collected from four fertile
goats using artificial vagina and diluted with nine extenders. NL and L were tested at concentrations 1%,
2%, 3% and 4% (w/v), versus 15% (v/v) egg yolk-based extender. Overall, sperm quality (higher motil-
ity, viability and HOST, and lower apoptosis) was higher for NL than for L treatments (P < 0.05 for most
cases, except for 1%). NL at 1% and especially at 4% showed lower motility and viability than 2% or 3%
NL. NL at 2% achieved a better performance (P < 0.05) than EY for VCL (131.5 ± 1.3 vs. 120.3± 1.9μm/s),
VSL (43.9 ± 1.5 vs. 35.8 ± 1.4μm/s), LIN (35.7 ± 0.6 vs. 29.3 ± 0.8%), WOB (47.0 ± 0.5 vs. 43.9± 0.9%) and
viability (66.4 ± 1.7 vs. 52.7 ± 1.9%). Late apoptotic spermatozoa were also lower in 2% NL compared to
EY (16.0 ± 0.5 vs. 26.3 ± 1.1%, P < 0.001). EY and 2% NL were compared in an IVF trial, with no signifi-
cant differences in cleavage (68.8 vs. 70.8%) or blastocyst ratios (21.3 vs. 20.8%). In conclusion, using 2%
nanolecithin in semen dilution could improve sperm cryosurvival of goat.

© 2019.

1. Introduction

Cryopreservation can induce structural and functional damage to
different compartments of spermatozoa [1] and the sensitivity of mam-
malian gametes to cold shock considerably reduces their resilience
[2]. Besides, cell membranes are affected [3]. One of the first adverse
events is disorganization of the membrane structure during cooling
to 5°C [4]. Extenders are used to reduce the damage of cold shock.
Therefore, the composition of the freezing extender is a crucial factor
to protect spermatozoa.

Egg yolk is a major cryoprotectant for freezing semen from many
species, other substances have superseded it. Egg yolk has a high
between-lot variability, and also a risk of microbial contamination,
which can lead to endotoxin production. This reduces the fertility of
spermatozoa and increases the risk of disease transmission, of spe-
cial concern in international semen exchange [5]. Soy lecithin, mainly
composed of phosphatidylcholine [6], emerged as an alternative to
components of animal origin. Many studies have confirmed the suit-
ability of soy lecithin on sperm, including goat [7–10], ram [11–13],
human [14] and cat [15], and several commercial formulations are cur-
rently available (e.g., Andromed, BIOXCell).

The use of lecithin in the form of micelles purposely produced
could have several advantages by merely adding this cryoprotectant
to the extender. Lecithin micelles are generated by spontaneous phos
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pholipids molecular self-assembly, and they can be produced in a
range of sizes and used as stable nanoparticles [16]. The micelles have
high colloidal stability [17]. Thus, since nano micelles are in the nano
range, probably, they can have a small particle size and high solubi-
lization capacity. Therefore, a reduction in particle size of the lecithin
micelles in the extender, potentially could allow for a more efficient
effect, due to a higher surface to volume ratio. This size would allow
for a better interaction or coating of spermatozoa, therefore reducing
the damage of cold shock and other events during freezing-thawing.

In order to make stable micelle or nano-micelles, an external
source of energy is necessary, such as heating or ultrasonication [17].
Currently, there are no studies about the effect of reducing the par-
ticle size of lecithin for the cryopreservation of goat spermatozoa.
Therefore, the objectives of this study were producing nanoparticles of
lecithin, testing different concentrations of nano-lecithin for protecting
the quality of goat spermatozoa after freezing-thawing, and compar-
ing them with the same concentrations of lecithin, and with 15% egg
yolk to ensure its suitability. Considering the future testing of these
extenders in the field, we conducted a preliminary IVF trial with the
nano-lecithin extender yielding the highest post-thawing quality, to as-
sess its performance compared to the standard egg yolk extender.

2. Materials and methods

Soybean lecithin (L-a-phosphatidylcholine (product number:
P3644)) in this study was purchased from Sigma (St. Louis, MO,

https://doi.org/10.1016/j.theriogenology.2019.04.024
0093-691/ © 2019.
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Fig. 2.

Table 1
Effect of different extenders on the kinematic parameters of post-thaw spermatozoa (mean ± SEM). EY: Egg yolk-based extender; L: lecithin-based extender; NL: nanolecithin-based
extender; 1–4: % of L or NL in each extender.

VAP (μm/s) VSL (μm/s) LIN (%) STR (%) WOB (%) ALH (μm)

L1 47.5± 2.4aβ 30.8± 1.2aβ∗ 26.1 ± 0.6a∗ 57.5± 3.7 42.2± 0.6a 2.76± 0.1a

L2 37.9± 2.9bβ∗∗∗ 27.8± 2.1abβ∗∗ 21.3 ± 1.2bβ∗∗∗ 58.1± 2.4 39.4± 0.9bβ∗∗∗ 2.01± 0.2abβ∗∗

L3 35.2± 2.1bβ∗∗∗ 25.7± 1.3bβ∗∗∗ 21.6 ± 1.0bβ∗∗∗ 56.4± 4.9 39.3± 0.6bβ∗∗∗ 1.93± 0.2abβ∗∗

L4 35.6± 3.4bβ∗∗∗ 24.8± 1.3bβ∗∗∗ 21.0 ± 0.6bβ∗∗∗ 57.3± 1.8 38.0± 0.9bβ∗∗∗ 1.58± 0.2b∗∗∗

NL1 48.2± 0.6aα 33.8± 1.2aα 28.5 ± 1.1a 57.2± 2.9 43.9± 0.9a 2.82± 0.2
NL2 60.5± 2.7bα 43.9± 1.5bα∗∗ 35.7 ± 0.6bα∗∗∗ 53.1± 2.2 47.0± 0.5bα∗∗ 3.90± 0.1α

NL3 54.6± 2.2bα 39.2± 2.4abα 32.3 ± 0.3bα∗ 51.1± 2.2 45.4± 0.3aα 2.99± 0.1α

NL4 49.0± 2.5aα 35.3± 2.4aα 27.3 ± 1.5aα 56.9± 1.2 43.5± 0.7aα 2.52± 0.4
EY 52.7± 1.4 35.8± 1.4 29.3 ± 0.8 56.6± 3.0 43.9± 0.9 3.18± 0.2

Treatments with asterisks differ (*P < 0.05, **P < 0.01, ***P < 0.001) to the egg yolk extender (EY). Latin letters indicate differences between concentrations within each extender,
and greek letters differences between extenders within each concentration (P < 0.05).

.

Total
motility
(%)

Progressive
motility
(%)

Viable
spermatozoa
(E/N) (%)

HOS test
(%)

Normal
spermatozoa
(%)

L1 60.1± 1.5 35.5± 1.1 64.9± 1.5 59.8± 2.2 68.1± 2.5
L2 54.1± 1.5 33.0± 1.1 55.7± 1.5 53.5± 2.2 69.7± 2.5
L3 51.5± 1.5 31.0± 1.1 52.2± 1.5 49.1± 2.2 69.3± 2.5
L4 49.9± 1.5 31.0± 1.1 50.5± 1.5 47.4± 2.2 58.2± 2.5
NL1 62.5± 1.5 46.1± 1.1 63.1± 1.5 61.1± 2.2 72.6± 2.5
NL2 66.3± 1.5 47.8± 1.1 68.8± 1.5 65.9± 2.2 75.0± 2.5
NL3 64.0± 1.5 46.3± 1.1 64.5± 1.5 62.2± 2.2 76.0± 2.5
NL4 51.2± 1.5 42.8± 1.1 52.8± 1.5 49.6± 2.2 71.8± 2.5
EY 63.3± 1.5 47.1± 1.1 46.0± 1.5 62.1± 2.2 76.1± 2.5

USA), and other chemicals were purchased from Merck (Darmstadt,
Germany).

2.1. Animals

Four mature Mahabadi bucks (aged 3–4 years) of good fertility
were used in the study, collecting 24 ejaculates by artificial vagina
twice a week (6 ejaculates/male) during the breeding season. Volume
ranged 0.75–2mL. Criteria for accepting an ejaculate were: Concen-
tration >3 × 109 spermatozoa/mL, percentage of sperm motility >70%,
and abnormal spermatozoa <10%. The semen from the four bucks
were pooled in each session to eliminate individual differences, there-
fore using 6 semen batches in the study. Each pooled sample was split
into nine aliquots and diluted with the different extenders.

Table 2
Effect of the exenders on the percent of viable, apoptotic and necrotic spermatozoa ac-
cording to the Annexin-V/PI staining (mean ± SEM). EY: Egg yolk-based extender; L:
lecithin-based extender; NL: nanolecithin-based extender; 1–4: % of L or NL in each
extender.

Viable (%An-
/PI-)

Early apoptotic
(%An+/PI-)

Late apoptotic
(An+/PI+)

Necrotic
(An-/PI+)

L1 60.2± 1.1a∗∗ 15.8± 0.3a 19.3± 1.2a∗∗ 4.5 ± 1.0
L2 54.5± 1.9abβ 20.0± 1.0ab 19.7± 0.7aα∗∗ 5.7 ± 1.6
L3 39.6± 2.0cβ∗∗∗ 29.7± 4.0c∗∗∗ 26.5± 1.4c 4.1 ± 0.5β

L4 30.4± 1.1dβ∗∗∗ 23.4± 1.9bcβ∗ 44.0± 1.1dα∗∗∗ 2.1 ± 0.3β

NL1 51.7± 2.1a 20.4± 1.9a 23.1± 1.6a 4.6 ± 1.1
NL2 66.4± 1.7bα∗∗ 15.3± 0.4b 16.0± 0.5bβ∗∗∗ 2.2 ± 1.0
NL3 55.6± 1.6aα 18.0± 0.7a 23.2± 1.3a 3.0 ± 0.3α

NL4 38.8± 1.8cα∗∗∗ 30.6± 0.5cα∗∗∗ 25.9± 2.4aβ 4.6 ± 0.3α

EY 52.7± 1.9 18.0± 0.5 26.3± 1.1 2.9 ± 0.7

Treatments with asterisks differ (*P < 0.05, **P < 0.01, ***P < 0.001) to the egg yolk
extender (EY). Latin letters indicate differences between concentrations within each
extender, and greek letters differences between extenders within each concentration
(P < 0.05).

2.2. Extender preparation

The basic extender was made of Tris 253.42mM, fructose
69.93mM, and citric acid 87.44mM. The osmolarity and pH were set
at 420 mOsm/kg and 7.2, respectively. Glycerol was added at 5% (v/
v) to this base extender. This extender was supplemented with egg
yolk, lecithin or nano-lecithin in order to make the extenders tested in
this study. The egg-yolk extender (EY) contained 15% egg yolk (v/v).
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Fig. 3.

The lecithin extenders were made by adding soy lecithin at 1%, 2%,
3% and 4% (w/v), termed L1, L2, L3, L4, respectively. The
lecithin-based extenders were put in slow shaking for 30min in order
to get a lecithin emulsion.

Half of each lectithin extender was further processed for mak-
ing nano-lecithin. In order to achieve a particle size below 100nm,
samples were transferred to a sonicator (mechanical probe sonicator,
TOPSONICS, Tehran, Iran) for 45min. The respective extenders were
termed NL1, NL2, NL3 and NL4.

The concentration of glycerol and the freezing procedure were
based on a previous study [7]. The semen was extended at room tem-
perature (∼25°C) for 5min and then equilibrated at 4 °C for 2.5h.
The cooled semen was loaded into 0.25-mL French straws (Biovet,
L'Agile France) at 5× 107 spermatozoa/mL [18], then sealed with
polyvinyl alcohol powder. The straws were exposed to liquid nitrogen
vapors, 4cm above the liquid nitrogen for 12min [19]. Subsequently,
the straws were plunged into the liquid nitrogen for storage. After 2
months, the frozen straws were thawed individually at 37°C for 30s
in a water bath and evaluated. The morphology of nano micelles was
assessed by transmission electron microscopy (TEM) (Zeiss Em10C,
Germany) using negative staining with 1% phosphotungstic acid. The
mean diameter of the nano micelles formulation was determined based
on the dynamic light scattering (DLS) by a Zetasizer system manufac-
tured by Malvern Instruments Ltd. (UK).

2.3. Evaluation of spermatozoa after thawing

2.3.1. Sperm motility
Sperm motility was measured according to Gil et al. [20]. Three

straws from different freezing treatments were thawed at 37°C for

30s and pooled in a test tube. Sperm motility was assessed using a
computer-assisted sperm analysis system (CASA, Version12 IVOS,
Hamilton-Thorne Biosciences, Beverly, MA, USA). Semen samples
were diluted 1:1 with Tris-buffered medium and incubated at 37°C for
10min. A 3μl drop of the sample was placed on a Leja chamber and
evaluated for: Total motility, progressive motility, VCL (curvilinear
path velocity), VSL (straight path velocity), VAP (average path ve-
locity), LIN (linearity), STR (straightness), WOB (wobble), and ALH
(amplitude of the lateral displacement of the sperm head).

2.3.2. Plasma membrane integrity
Plasma membrane integrity was assessed by the eosin-nigrosin

stain method. The composition of the stain was: 1.67g eosin-Y, 10g
nigrosin and 2.9g sodium citrate, dissolved in 100ml distilled water.
Sperm smears were prepared by mixing a drop of sperm sample with
two drops of stain and spreading it with a second slide. Plasma mem-
brane integrity was assessed by counting 200cells under phase-con-
trast microscopy (CKX41; Olympus, Tokyo, Japan) at × 400 magnifi-
cation. Eosin is impermeable to intact plasma membranes, therefore
entering and staining non-viable (broken plasma membrane) sperma-
tozoa. Sperm displaying partial or complete purple staining were con-
sidered nonviable, whereas spermatozoa showing strict exclusion of
the stain (white over nigrosin background) were counted as viable
[21].

2.3.3. Plasma membrane functionality
The hypo-osmotic swelling (HOS) test was used based on the pres-

ence of curled and swollen tails of spermatozoa after a hypo-osmotic
treatment. The assay was performed by incubating 10μl of semen with
1ml of a 100 mOsm/L hypoosmotic solution (57.6mM fructose and
19.2mM sodium citrate) at 37°C for 60min at room temperature [22].
The mixture was homogenized and evaluated under an inverted light
microscope. A total of 200 spermatozoa were counted in at least five
different microscopic fields. The percentage of sperm with swollen
and curved tails was recorded [16].

2.3.4. Sperm abnormalities
Ten microliters of semen were pipetted into 1.5ml tubes, con-

taining 1mL Hancock's solution [23]. The Hancock's solution was
prepared by mixing 62.5ml formalin (37% formaldehyde), 150ml
sodium saline solution, 150ml buffer solution and 500ml double-dis-
tilled water. The percentage of sperm abnormalities was recorded by
counting 200 spermatozoa under a phase contrast microscope (CK-
X41; Olympus, Tokyo, Japan).

Fig. 4.
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Table 3
Comparison of the percentage of cleavage rate and blastocyst formation rate of EY and
NL2 (the best treatment is selected based on qualitative parameters) (mean ± SEM).

Proportion of (%) embryos developed to blastocyst/oocytes

cleavage

NL2 70.83± 3.42 20.83± 1.27
EY 68.79± 3.42 21.28± 1.27

EY: Egg yolk-based extender; NL2: nanolecithin-based extender containing of 2% of
NL.

2.3.5. Phosphatidylserine (PS) translocation assay
Apoptosis in post-thaw spermatozoa was evaluated by flow cytom-

etry, using a FACSCalibur flow cytometer (Becton Dickinson, San
Jose, CA, USA) [13]. Annexin-V was used to track phosphatidylser-
ine translocation in the sperm plasma membrane. A commercial PS
Detection Kit (IQP, Groningen, the Netherlands) was used according
to the manufacturer's instructions. Spermatozoa were washed in cal-
cium buffer then centrifuged and 10 μl annexin V-FITC was added
to 100 μl semen suspension, incubating for 15 min at room tempera-
ture. Then, 10 μl of propidium iodide (PI) was added to the sperm sus-
pension, and the resultant suspension was analyzed with a Flow cy-
tometer. Following flow cytometry, spermatozoa were classified into
four groups as: live spermatozoa (An-/PI-), early-apoptotic spermato-
zoa (An+/PI-), late-necrotic spermatozoa (An+/PI+) and necrotic sper-
matozoa (An-/PI+).

2.3.6. In vitro fertilization (IVF)
Spermatozoa for IVF trials were obtained from the EY and NL2

treatments (this treatment was selected after the quality assessment
as described in Results). Ovaries were recovered from prepubertal
ewe lambs at the local slaughterhouse and transported to the labo-
ratory within 1h in Dulbecco's PBS at a temperature between 25°C
and 35°C [24]. Occytes were recovered by aspirating cumulus-oocyte
complexes (COCs) were cultured in Hepes-buffered TCM 199, peni

cillin-streptomycin 100 IU/ml and 10% (v/v) fetal calf serum (FCS)
for 24h in 5% CO2 at 39°C and 100% humidity [12]. The cumu-
lus-oocyte complexes (COCs) comprised of 4–10 layers of granulosa
cells and oocytes with a uniform cytoplasm, homogenous distribution
of lipid droplets in the cytoplasm and with an outer diameter of about
90μm (mean) were selected for the experimental procedure [25]. The
selected COCs, washed four times in the fertilization medium (Fert-
TALP) before being transferred in groups of 40–50 into 200μl drops
of fertilization medium [26]. Three straws of frozen sperm repre-
senting one treatment were thawed (37 °C, 40s) and pooled. Motile
spermatozoa were obtained by centrifugation at 700 rpm, on PureS-
perm (Nidacon; Gothenburg, Sweden) for 10min at room temperature,
transferring 2× 106 spermatozoa/ml from the pellet to each droplet of
fertilization medium containing 10 matured COCs, and incubated for
24h in 5% CO2 in humidified air at 39°C [24]. Cumulus cells were
removed from presumptive zygotes by vortexing in 2ml phosphate
buffered saline solution (PBS) for 1min. In vitro embryo culture was
carried out in modified SOF medium [27] containing FCS (10% v/v)
under paraffin oil in a humidified atmosphere of 5% CO2 and 90%
N2 at 39°C. The number of cleaved zygotes and embryos reaching the
blastocyst stage were recorded at 3 and 7–8 days post-insemination,
respectively [28].

2.3.7. Statistical analysis
Data were analyzed in the R statistical environment (www.r-

project.com) by linear mixed-effects models, assessing both the ef-
fects of the treatments relative to the egg yolk extender and the effects
of the two extenders (lecithin and nano-liposome-based extender) and
the four concentrations, including the study of their interactions. An-
nexin V/PI data were also submitted to principal component analysis
in order to reduce the complexity of the interpretation from four vari-
ables to two principal components. The results of the IVF trial (cleav-
age and blastocyst development rates) of NL2 and EY were compared
with the χ2 Test. Results are shown as mean ± SEM except otherwise
stated.

3. Results

The results of size and particle charge and structure of soybean
nano-lecithin are presented in Figs. 1 and 2 respectively. Fig. 1a shows
that the average particle size used in the present study was 94.6nm,
thus being in the nm range. Fig. 1b shows that the nanoparticles had a
negative charge. Fig. 2 shows the microstructure of the extender with
the nanoparticles.

The total motility (figure 3) was similar between EY and 1–3%
NL (P > 0.05) but significantly decreased when lecithin was added at
2–4% or at 4% as nano-lecithin. Progressive motility (figure 3) was
similarly affected, being significantly lower in all L respect to EY
and 2–3% NL (not significant differences among them). Results of the
kinematic parameters ( (Table 1) showed an improvement in 2% NL,
with VCL, VSL, LIN, and WOB being significantly higher than in
EY. Lecithin extenders and 1% and 4% NL showed lower values.

The plasma membrane integrity, plasma membrane functionality
(HOS) and the proportion of normal spermatozoa ( Fig. 4) showed
small changes between treatments, with EY and 2–3% NL yielding the
highest values. Again, lecithin extenders presented the lowest values,
especially at 2–4%.

The analysis of apoptotic features ( Table 2) showed that 2%
NL yielded the highest values for the proportion of viable sperma-
tozoa and the lowest for apoptotic ones, noticeably for late apopto-
sis (P < 0.05). Sperm apoptosis (early and late) was highest in 3–4%
L and 4% NL. Necrotic spermatozoa appeared in a more substantial
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proportion in 1–3% L and 1% NL. The analysis by principal com-
ponents (5) showed that the lecithin-based extender 2–4% and Nano
lecithin-based extender 4% tended to cluster together and in the region
corresponding to a higher incidence of apoptotic spermatozoa. Obser-
vations corresponding to 2% and 3% NL, 1% L and egg yolk exten-
ders clustered together in a region corresponding to higher viability
and lower apoptosis.

The 2% NL was selected for comparison to EY in the IVF trial
( Table 3). Both extenders achieved similar results for cleavage and
blastocyst formation (P > 0.05).

4. Discussion

Our experiments showed that the sperm kinetics and motility para-
meters of semen declined in all three extenders after freezing-thawing.
We demonstrated a differential effect depending on the extender com-
position, and a good performance of the nano-lecithin formulation, es-
pecially at 2%.

The main reason for the decline of sperm motility after cryop-
reservation are the biochemical and ultrastructural damages produced
by the freezing and thawing process [29], which release of free fatty
acids [30] and plasmalemma phospholipids is especially relevant [31].
Spontaneous lipid transport is a mechanism whereby lipid molecules
move between membranes without any catalytic [32]. Therefore, sup-
plementation with lipid particles, such as LDL from egg yolk or
lecithin from nanoparticles of soybean could prevent and even revert
this effect. Chelucci et al. (2015) reported that the most effective con-
centration of lecithin for goat spermatozoa was 1% [24].

Soybean lecithin nanoparticles at 2% yielded good results for goat
sperm cryopreservation, similarly and even improving results of egg
yolk at 15%. Not only 2% NL yielded good results, but all the
nano-lecithin proportions were superior to their lecithin counterparts.
We did not test which kind of interactions enabled the nanoparticle
protection, but we can pose several hypotheses to test in future stud-
ies. Lipid vesicles may prevent lipid losses from the plasmalemma,
change its composition or modify the membrane permeability to water
and cryoprotective agents [33]. If lecithin nanoparticles alter the per-
meability of the plasmalemma, it could lead to better penetration of
glycerol while facilitating the exit of intracellular water, thus prevent-
ing osmotic shock and the formation of ice crystals within the sperma-
tozoa.

The reduction in particle size might increase these effects, possibly
because the larger surface-to-volume ratio could facilitate the interac-
tion and beneficial effects of lecithin on spermatozoa, explaining why
the nano-lecithin extenders were superior to the lecithin extenders in
general. The overall negative charge of nano-lecithin could improve
these effects. Upon addition of charged donor vesicles, transfer of neg-
atively charged lipid occurs [34], therefore nanomicelles could have a
significant advantage over coarser or larger particles.

The nano-lecithin formulation could act via coating of the sperm
plasma membrane [35] or by the interaction of with other extender
components. Moreover, we cannot discard that the particles resulting
from the simple lecithin suspension could exert a negative effect on
the spermatozoa. Interestingly, we noticed a decrease in semen motil-
ity and other quality parameters when the proportion of nano-lecithin
increased above 3%, which could result from an excessive coating or
membrane modifications.

The interaction between seminal plasma and egg yolk are delete-
rious to goat spermatozoa [36]. Nevertheless, the present study ob-
tained good results when using 15% egg yolk. The main compo-
nents of egg-yolk are phosphatidylcholine (PC) and phos

phatidylethanolamine (PE), whereas the main component of the
lecithin in the present study was phosphatidylcholine. Therefore, we
cannot discard that the performance of egg yolk was due to the pres-
ence of a high proportion of phospholipids other than phosphatidy-
choline. Also, egg yolk contains more saturated fatty acids compared
to soy lecithin, potentially having better oxidative stability than soy-
bean lecithin [37]. Salmani et al. [7] reported that 1.5% of soy lecithin
was the most appropriate for freezing goat semen, achieving similar
results than 15% EY. Also, Yodmingkwan et al. (2016) showed that
there was no difference in post-thawing quality of Boer goat semen
in Tris-fructose-citric acid either with 2.5% egg yolk or 1.5% soybean
lecithin [38]. However, the present study obtained a lower quality for
1–2% L in the present study compared to the EY. This may be the re-
sult of the difference in goat breeds, locations and protocol for prepar-
ing soybean lecithin extender which may affect the quality of semen
[39].

However, because the lipid composition and fatty acid content of
egg yolk differ to that of soy lecithin [37,40], it interacts differently
with the lipase enzymes in goat seminal fluid, responsible of toxic ef-
fects when using egg yolk as a cryoprotectant [9]. This effect was not
apparent in this study but could be the case when cryopreserving goat
sperm with other protocols.

The results of the apoptosis assay showed not only an improvement
of cell viability in the 2% NL, but also a significant effect in reduc-
ing both early and late apoptotic spermatozoa. However, the other NLs
failed in reducing late apoptotic spermatozoa. These findings seem to
support the hypothesis that the stabilizing effects of soy lecithin are
highly dependent on concentration, and nano-lecithin might be toler-
ated at a higher concentration. Moreover, apoptotic or necrotic sper-
matozoa could be detrimental per-se for the viable spermatozoa in the
same sample [41], and the reduction of these subpopulations is a very
attractive feature of using 2% NL.

The present study extends our knowledge on the effects of the ad-
dition of nanoparticles of soybean lecithin to semen freezing media on
spermatozoa functional properties and in vitro fertilizing capacity. The
IVF results showed that 2% lecithin nanoparticles produces no nega-
tive effects in oocyte fertilization and blastocyst production, compar-
ing to the standard egg yolk extender. Other studies have shown that
the Tris-fructose-citric acid-based extender containing 1.5% soybean
lecithin provided the best motility and viability of the chilled-stored
spermatozoa and preserved their fertilization capacity [42].

5. Conclusions

The use of a Tris-based extender containing 2% nanoparticles of
soybean lecithin for goat semen cryopreservation seems to be advan-
tageous. The performance of this extender was superior to any of the
tested soybean lecithin suspensions and the 15% egg yolk extender,
for which 2% NL could be a suitable replacement.
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