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A b s t r a c t  
 

Design of plant phospholipid based extenders free of animal-derived components is ur-
gent in farm animal semen cryopreservation. However, a complex of plant lipids, unlike the yolk 
complex, lacks cholesterol which plays an important role in cryoresistance of spermatozoa. En-
riching spermatozoa membranes with cholesterol improves their cryotolerance (E. Mocé et al., 
2010; E. Mocé et al., 2014; M.H. Fayyaz et al., 2016). We first estimated the impact of different 
cholesterol concentrations (0, 8, 18, 33 and 50 %) in soybean phospholipid mixtures both on 
morphology of obtained liposomes or lipid particles, and on their cryoprotective property as 
judged by the effect on motility when added to the extender at bull sperm cryopreservation. Lipo-
some suspensions were prepared from commercial lecithin LeciPRO 90 («Unite-chem Co., Ltd», 
China) and purified cholesterol form lanolin («Sigma-Aldrich Co.», USA) by sonication at an 
ultrasound disintegrator UZDN-2T (NPP «Academpribor», Russia; 22 kHz, 60 W/cm2, 5 min). It 
was found that cholesterol did not notably influence the obtained liposomes at low concentration 
(8 %). At 18 and 33 % cholesterol in the lipid mixture the size of the liposomes increased and 
averaged 66±6 nm and 62±11 nm, respectively. Fifty percent cholesterol changed the lipid sus-
pension completely resulting in complex structures formed by phospholipid-cholesterol lamellae 
and crystals of cholesterol monohydrate. Eight percent cholesterol did not increase a cryorpotec-
tive efficiency of lecithin, while 18-50 % cholesterol decreased its cryoprotective capacity. An 
increase in cholesterol concentration in the lipid mixture up to 50 % ( 66 mol%) led to some-
what higher spermatozoa motility compared to a minimum score observed at freezing with 33 % 
cholesterol. The most probable cause of the negative impact of cholesterol on the cryoprotective 
effectiveness of lecithin suspension is impairment in liposome interaction with a sperm plasma 
membrane caused by condensation of phospholipid packing in a lipid bilayer. 
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Cryopreserved sperm of elite producers is widely involved in farm animal 
reproduction and breeding. In Russia, media containing egg yolk which has high 
cryoprotective effect is traditionally used in bull semen freezing. In this, the 
complicating factors are volatility of the yolk, the high probability of contamina-
tion with dangerous pathogens, the rapid loss of protective properties during 
storage, the complexity of sterilization, etc. That is why much attention is re-
cently being paid to the cryoprotective media without egg yolk or other compo-
nents of animal origin [1].  

It is known that the cryoprotective function of yolk is due to the pres-
ence of phospholipids of the light lipoprotein fraction [2, 3]. Plant-derived phos-
pholipids, for example soy lecithin, could replace this component in cryoprotec-
tive media [4, 5]. However, in addition to phospholipids, the egg yolk contains a 
number of other substances with protective effect, in particular, cholesterol, 
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completely absent in plant lipids.  
Cholesterol is an important component of cytoplasmic membranes and 

has a great influence on cell resistance to cooling and freezing. In mammals [6-
8], birds [9] and fish [10] the spermatozoa with high content of cholesterol and 
lipids in the membranes are more resistant to cold shock than those with low 
cholesterol. Later, cyclic oligosaccharide cyclodextrin was used for artificial en-
richment of cell membranes with cholesterol [11]. Numerous experiments con-
firm that the enrichment of cell membranes with cholesterol enhances the toler-
ance of bull spermatozoa to cooling and freezing [12-15]. Consequently, it can 
be assumed that the inclusion of cholesterol in the composition of yolk-free me-
dia based on plant lecithins can increase cryoprotective efficiency.  

Soy lecithin is introduced into cryoprotective media as liposomes, the 
structure and size of which depend on the method of preparation and the com-
position of the raw materials. Since cholesterol has a strong effect on the struc-
ture and characteristics of the lipid bilayer, it will significantly change both the 
properties of liposomes, and their interaction with cytoplasmic membranes [16-
18]. The effect of cholesterol on the bilayer membrane, in turn, depends on the 
phospholipid composition of the liposomes. Therefore, to obtain reliable data on 
the cryoprotective role of cholesterol-contacting liposomes of plant phospholip-
ids, it is necessary not only to study their effect on spermatozoa, but also to 
track changes in the liposomes themselves. 

The available data on how cholesterol affects the cryoprotective func-
tions of complex liposomes are poor though this information is of special im-
portance when improving yolk-free diluents. For the first time, we simultaneous-
ly evaluated the effect of cholesterol in different concentrations (0, 8, 18, 33 and 
50 %) on the physicochemical properties of liposomes and lipid particles of soy-
bean phospholipids, as well as on the protective effect of the resulting lipid sus-
pensions in the cryopreservation of bull semen. It was revealed that cholesterol 
did not increase, and in the concentration of 18-50 % even reduced the cryopro-
tective efficiency of lecithin. 

The aim of the study was to study the dimensional characteristics and 
cryoprotective properties of the suspensions resulted from a mixture of soybean 
phospholipids and different concentrations of cholesterol.  

Technique. LeciPRO 90 (Unitechem Co., Ltd, China) commercial leci-
thin and purified cholesterol derived from lanolin (Sigma-Aldrich Co., USA) 
were used. Cholesterol fractions were 0; 8; 18; 33 and 50 %. The lipids in this 
ratio were dissolved in chemically pure chloroform. The chloroform was then 
removed with a rotary evaporator for 4-5 hours until a thin film of phospholip-
ids was formed on the inner wall of the glass flask, after which a sucrose solu-
tion (242 mM sucrose, 10 mM HEPES) was added up to 1 ml of water per 15 
µg of lecithin. The lipids were dispersed on a laboratory shaker (type 358S, 
ELPIN PLUS s.c., Poland) for 2 hours at room temperature. The resulting sus-
pension, to prevent oxidation of lecithin, was purged with nitrogen, then cooled 
in an ice bath to 4 C and treated for 5 min on an ultrasonic disintegrator 
UZDN-2T (NPP Akadempribor, Russia 22 kHz, 60/cm2; an immersed probe of 
2 mm in diameter). 

The average hydrodynamic diameter of the liposomes or lipid particles in 
the suspension and their size distribution were evaluated using the dynamic light 
scattering method of the N5 Submicron Particle Size Analyzer (Beckman Coul-
ter, Inc., USA) 24 hours after the suspension was prepared. 

The particles were examined under an Axio Scope FL microscope (Carl 
Zeiss, Germany) at ½400 magnification with dark field contrast. 

For cryopreservation of bovine semen and evaluation of the protective 
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efficacy of lecithin we used rejected ejaculates (OAO Head Center for the Re-
production of Farm Animals), in which the proportion of spermatozoa with rec-
tilinear motility was at least 70 %. Lactose-glycerol diluent (242 mM lactose, 
10 mM HEPES, 55 mM glycerol) was a cryoprotectant. Analyzed phospholipid 
or phospholipid-cholesterol suspensions were added to a final lecithin concentra-
tion of 3 mg/ml. Egg yolk (20 %) was added to the control samples instead of the 
suspension. The semen was diluted with the cryoprotective medium in two stages 
(depending on the amount in the ejaculate) and, after 4 hours of equilibration at 
4 C, frozen in open granules on plates of solid carbon dioxide (dry ice) by the 
standard procedure [19]. The granules were thawed in a water bath at 39-40 C 
in a special solution containing 130 mM NaCl, 4 mM KCl, 1 mM CaCl2, 
0.5 mM MgCl2, 14 mM fructose, 10 mM HEPES (Merck KGaA, Germany), 
and 0.1 % bovine serum albumin (OOO NPP PanEco, Russia).  

The cryoprotective efficacy of lecithin and a mixture of cholesterol and 
lecithin was determined as the survivability of spermatozoa during cryopreserva-
tion. The viability of the reproductive cells was assessed by the mobility imme-
diately after thawing and after 5 hours of incubation at 38 C. The mobility 
was determined on a SFA-500 sperm analyzer (OOO NPF BIOLA, Russia) as 
a proportion of spermatozoa with rectilinear motion at a velocity of more than 
25 μm/s. A standard lactose-glycerol yolk medium was the control. 

Statistical processing was performed in the program Sig-maPlot 12.5 
(Systat Software Inc., USA). Differences were considered statistically significant 
at P < 0.05. The experimental data (except the particle size dispersion) are pre-
sented as mean ( തܺ) with a standard error (±SE). For the sizes of particles pro-
duced by ultrasonic treatment, a size dispersion (SD) is shown.   

Results. Dimensional characteristics of a suspension of lec i-
thin obtained by sonication. Sonication is widely used for the preparation 
of nanosized liposomes. Unlike liposomes obtained by extrusion (punching a 
suspension through a polycarbonate membrane with pores of a certain size), in 
sonication the particle size essentially depends on the lipid composition and the 
properties of the lipid bilayer (Table 1). 

After sonication, the 
size of the liposomes formed 
in the suspension, depended 
on the lecithin/cholesterol ra-
tio. Figure 1, A shows a typi-
cal histogram of the particle 
distribution in the sonicated 
LeciPRO 90 suspension. Ul-
trasonic treatment resulted in 
a polydisperse suspension with 

a two-, less often a three-modal distribution. There was a cluster with average 
liposome sizes of about 30 nm and a cluster of larger particles (about 100 nm). 
In some samples, up to 1.5 % liposomes were 300 to 1000 nm in diameter. 

The increase in the duration of ultrasound treatment (from 5 to 20 min) 
did not significantly affect the average size of the liposomes and their size distri-
bution. LeciPRO 90 is a complex mixture of soybean polar lipids and other fat-
soluble compaunds characteristic for plant raw materials, for example, carotenes. 
The most common components of commercial soybean lecithins of a similar 
class are phosphotidylcholine, phosphotidylethanolamine and phosphotidylinosi-
tol [20]. Liposomes resulted from such complex mixtures after sonication quite 
often demonstrate a complex polydisperse distribution in size [21], which corre-
sponds to the results obtained by us. 

1. Average size of phospholipid and phospholipid-
cholesterol particles after sonication (n = 4) 

Cholesterol 
content, %  

Average size of par-
ticles, nm ( തܺ±SE) 

Dispertion of particles (SD) 
within the sample, nm 

0 41±7 51 
8 43±13 42 
18 66±6 56 
33 62±11 46 
50 3476±532 2978 
N o t e. In determining the average size, the difference between the 
mean values for particles in different samples is considered. 
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Fig. 1. Histogram of the size distribution 
of lipid particles formed from a mixture of 
cholesterol and lecithin LeciPRO 90 after 
sonication: A — without cholesterol, B — 
18 % cholesterol, C — 50 % cholesterol; 
V/Vtotal — the ratio of the total volume 
of particles of the indicated size to the 
total volume of particles in the suspen-
sion. Ultrasonic disintegrator UZDN-2T 
(NPP Akadempribor, Russia, 22 kHz, 
60 W/cm2, 5 min).  
 

The introduction of lipo-
somes of LeciPRO 90 and low 
cholesterol (8 %) did not signifi-
cantly affect the dimensional 
characteristics of the suspension. 
The average particle diameter did 
not change (see Table 1), and the 
type of their size distribution was 
similar to that observed for pure 
LeciPRO 90 (data not shown). 

The increase in the cho-
lesterol fraction up to 18 and 33 % 
led to an increase in the average 
particle size and changed their 
distribution. After sonication, the 
mixtures formed a monodisperse 
suspension with an average parti- 

cle size of 66±6 and 62±11 nm, respectively (see Table 1, Fig. 1, C). 
 

 

Fig. 2. Suspension obtained from a 
mixture of cholesterol and LeciPRO 
90 (50:50 w/w) after sonication. The 
arrows indicate particles with a 
shape characteristic of cholesterol 
crystals. Microscope Axio Scope FL 
(Carl Zeiss, Germany), ½400 mag-
nification, dark field contrasting. 
 

The 50 % cholester-
ol corresponds to approxi-
mately 66 mole%, the limit-
ing amount of cholesterol 
that can retain the lipid bi-
layer formed from phosphoti-
dylcholine. A higher chol-
esterol/lecithin ratio results 
in high cholesterol phospho-
lipid lamellas and cholesterol 

monohydrate crystals [22, 23]. The amount of cholesterol retained by the bilayer 
depends on the composition of the phospholipids [22]. For LeciPRO 90, this 
amount is unknown. From the data presented (see Table 1, Figure 1, C) it fol-
lows that the suspension of LeciPRO 90 and 50 % cholesterol ( 66 mole%) was 
fundamentally different from the others. The particle size in this mixture was 
more than an order of magnitude higher than that in suspensions from mixtures 
with a lower cholesterol concentration. In the suspension, two fractions of parti-
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cles (of 40-120 and 2500-3500 nm) were observed. Among the particles that 
were larger and more clearly distinguishable under a microscope, those with a 
shape characteristic of cholesterol crystals were seen (Fig. 2). At that, the sus-
pension was sufficiently stable. During 24 hours, no signs of stratification were 
observed, in contrast to a suspension of pure cholesterol crystals which precipi-
tated fairly quickly. It can be assumed that the large fraction is formed by complex 
structures of cholesterol crystals and cholesterol-phospholipid lamellae, and the 
small fraction is a liposome from a mixture with the maximum possible cholesterol 
content in the experiment. 

Cryoprotection effect of liposomes formed from LeciPRO 
90 and cholesterol. Comparison of spermatosoa viability in the control 
(standard sucrose-glycero-yolk medium) and when adding liposomes or lipid 
particles from a mixture of soybean lecithin and cholesterol in different ratios 
did not reveal a positive effect of cholesterol. Moreover, the viability of bull 
spermatozoa cryopreserved in the presence of mixtures with high cholesterol 
concentrations (18, 33 and 50 %) was lower than when frozen with LeciPRO 90 
without cholesterol or when adding egg yolk (Fig. 3). Interestingly, the viability 
of spermatozoa gradually decreased as the cholesterol concentration increased up 
to 33 % ( 50 mole%). It is in this range of concentrations that cholesterol posi-
tively affects lipid chains, making the lipid bilayer stable and reducing fluctua-
tions in the mobility of molecules. 

 

 

Fig. 3. Motility of bull spermatozoa 
frozen in the presence of mixtures of 
soybean lecithin and cholesterol 10 
minutes (a) and 5 hours (b) after 
thawing ( തܺ±SE, n = 10).   

 
Further increase in 

cholesterol concentration to 
50 % ( 66 mole%) was ac-
companied by a certain in-
crease in the viability of 
spermatozoa relative to the 
minimum value with a cho- 

lesterol content of 33 %. Thus, a suspension of a lipid mixture with 50 % cho-
lesterol provided significantly (P < 0.05) higher motility of spermatozoa 5 hours 
after thawing than a mixture with 33 % cholesterol (see Fig. 3). It is in this 
range of cholesterol concentrations that the structure and size of lipid particles 
in the suspension change radically (see Table 1, Fig. 1, 2). 

From this it can be concluded that the addition of cholesterol impairs the 
interaction of the lipids of the suspension with the cytoplasmic membrane of the 
spermatozoon. A direct negative effect of cholesterol on spermatozoa should 
manifest itself in a monotonous decrease of cryoprotection across the whole range 
of concentrations, which does not correspond to our data. This contradiction may 
be removed by the explanation that cryoprotective efficiency changes due to weak-
ening the interaction between the lipid particles and the cells.  

An increase in the proportion of cholesterol in membranes often leads to 
a decrease in the fusogenicity of liposomes [16, 17, 24]. However, this trend is 
observed in the range from 0 to 50 mole% of cholesterol. With an increase in 
cholesterol content of more than 58 mole%, the interaction of cholesterol and 
lipid molecules becomes energetically less favorable [25], which can increase the 
fusogenic property of liposomes compared to a minimum at 50 mole%. Because 
of a complete rearrangement of the suspension structure which we observed in 
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our experiments (see Fig. 1, 2), we can expect a significant change in the inter-
action between the lipids of the suspension and cell membranes of spermatozoa.  

Thus, cholesterol added at 18-33 % concentration to commercial soy-
bean lecithin LeciPRO 90 increases the size particles after sonication of the mix-
ture. At 50 % concentration cholesterol completely changes the lipid suspension 
leading to formation of complex structures of phospholipid-cholesterol lamellae, 
cholesterol monohydrate crystals and liposomes. At 8 % concentration choles-
terol does not increase the cryoprotective effectiveness of lecithin, and at 18-
50 % concentrations the cryoprotection decreases. The most probably, this is due 
to deterioration in the interaction of lipids from the suspension with the cyto-
plasmic membrane of the spermatozoa.  
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