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The optimal divalent cations and storage temperatures for

the encapsulation of ram spermatozoa
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Abstract

The aim of this study was to investigate the effects of encapsulation with different divalent cations and temperatures
on the quality of ram spermatozoa during cold storage. Experiment 1: diluted semen was allocated randomly into three
groups: control, encapsulation with calcium (Ca2+*) alginate and encapsulation with barium (Ba2+) alginate. The samples
were stored at two different temperatures (4 °C or 16 °C) for 24 h and subsequently examined for spermatozoa quality.
Experiment 2: determination of sperm functionality by means of sperm binding was performed. Spermatozoa with and
without Ba2* alginate were cooled for 24 h and then used for sperm binding assay. Experiment 1: the progressive
motility of spermatozoa in Ba2+ alginate stored at 16 °C was better than that stored at 4 °C (P = 0.042). Encapsulation
with Ba2* alginate and storage at 16 °C significantly improved progressive motility when compared to Ca2* alginate
(P <0.001). The motility characteristics of curve velocity, straight linear velocity and amplitude lateral head
displacement of Ba2* alginate at 16 °C were higher than Ca2* alginate (P = 0.045, P = 0.005 and P = 0.013, respectively).
A low storage temperature (4 °C and 16 °C) did not markedly decrease the viability or acrosome integrity of
spermatozoa, irrespective the type of crosslinking. Although the spermatozoa released from Ba2* alginate were motile
and could bind to the zona pellucida, the numbers of bound spermatozoa were significantly lower than in the control
group (P < 0.001, Experiment 2). In conclusion, Ba2* alginate is preferable to Ca2* alginate for the encapsulation of ram
spermatozoa with cold storage at 16 °C.
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Introduction

In farm animals, artificial insemination (AI) is used
worldwide for effective breeding. This technique
promotes breeding strategies aimed especially at
decreasing inbreeding and rapid genetic improvement
(Evans, 1988). However, pregnancy rates of ewes
following Al have been reported to be lower than those
obtained from natural breeding (Deligiannis et al.,
2005). Several reports have indicated that the time of
insemination plays an important role in high
pregnancy outcome (Wulster-Radcliffe et al., 2004;
Faigl et al., 2012), in which the ovulation times can be
variable among individuals and times of the year.
Oestrous synchronisation and fixed-time AI have,
therefore, been successfully used in the sheep industry
(Donovan et al., 2001; De et al., 2015). The success of
these techniques depends on spermatozoa viability
and longevity following AI. However, fixed-time Al is
labour-intensive with a high cost of animal
management (Vigo et al, 2009). Alternatively,
encapsulation with the slow release of viable
spermatozoa can be used principally to increase the in
utero longevity of spermatozoa and thus address
improper insemination time with cost effectiveness.
Encapsulation of spermatozoa has been successfully
reported in several species, such as bovines (Nebel and
Saacke, 1994; Nebel et al., 1996) and boars (Spinaci et al.,
2013a). This encapsulation technology can be
combined with cold storage, or cryopreservation, in
order to increase spermatozoa quality following
encapsulation. For example, encapsulated
spermatozoa can be preserved at 5 °C (Huang et al.,
2005), 15 °C (Spinaci et al., 2013b), 18 °C (Torre et al.,
2002; Faustini et al., 2004) and in liquid nitrogen (Weber
et al., 2006). In addition, the fertility of encapsulated
bovine spermatozoa has been reported to be similar to
that of non-encapsulated spermatozoa (49.4% and
48.6%, respectively; Nebel et al., 1996). Therefore, this
technology may be used for ram spermatozoa in order
to maintain its viability in the female reproductive tract
and to mitigate inappropriate insemination time.

Alginate is a brown algae composed of copolymer
of guluronic acid (G-block) and mannuronic acid (M-
block; Davis et al., 2003). This alginate has been
intensively used to preserve the quality of bioactive
compounds (Shishir et al., 2018) because its structure
permits the exchange of nutrients and metabolites
(Paredes Juarez et al., 2014). Moreover, it can maintain
the morphology and functional characteristic of
encapsulated cells (Torre et al., 2002). The process of
encapsulation involves crosslinking between block
chains (G- or M-block) and divalent cations to create
the junction zone: the so-called egg-box model. Among
divalent cations, Ca2* and Ba2* have frequently been
used for encapsulation. In spermatozoa, crosslinking of
alginate with CaCl, has been reported for bovines
(Nebel et al., 1985), swine (Huang et al., 2005) and
canines (Shah et al., 2010), while barium alginate has
also been used in bovines (Perteghella et al., 2017) and
swine (Torre et al., 2002). However, information on the
encapsulation of ram spermatozoa has been limited,
and no recent data has been reported. The aim of this
study was therefore to investigate the effects of
encapsulation with different divalent cations and

temperatures on spermatozoa quality during cold
storage.

Materials and Methods

Chemicals: All chemicals used in this study were
purchased from Sigma-Aldrich (St. Louis, USA). For
fluorescent staining, ethidium homodimer-1 (EthD-1),
fluorescein isothiocyanate-conjugated peanut
agglutinin (FITC-PNA) and SYBR-14 were purchased
from Invitrogen (Thermo Fisher Scientific, USA).

Experimental animals: This study was conducted with
the permission of Chulalongkorn University of Animal
Care and Use (approval number 1931056). Semen
samples were selected from three crossbred Dorper
rams, aged 4-5 years. All animals were fed with
concentrates, mineral salts and water ad libitum. Bovine
ovaries were collected from a local slaughterhouse and
used for heterogenous zona pellucida (ZP) binding
assay.

Semen collection: First-ejaculated semen was collected
every 2 weeks from three fertility-proven rams using
an artificial vagina. The samples were evaluated for
sperm motility, viability and sperm concentration. The
sperm concentration was determined using a
haemocytometer. Semen samples with >70% viability
and motility were included in this experiment. The
concentrated semen was diluted with an egg yolk Tris-
citric extender (Tris 36.3 g/L, citric acid 18.2 g/L,
trehalose 5.68 g/L, 20% (v/v) egg yolk, streptomycin 1
g/L, penicillin 1 x 106 IU/L and distilled water to 1 L)
to achieve a sperm concentration of 1 x10°
spermatozoa/mL and transported to the laboratory
within 2 h in a thermal protective container.

Sperm evaluation: Sperm motility

A warm slide (37 °C) was loaded with a 8-pL
sample of diluted semen with phosphate buffered
saline (PBS; 1:90). Sperm movement was evaluated
using Sperm Class Analyzer (SCA; Microptic, Spain),
fitted on a microscope (Olympus, Spain) under 100x
magnification. At least 1000 spermatozoa were
determined in five different fields for each sample. The
following kinematic parameters were evaluated in the
study: 1) curve velocity (VCL; um/s), the average
velocity measure between point-to-point track
followed by the cell, 2) straight linear velocity (VSL;
pm/s), the time average velocity of the sperm head
along the straight line between the first and last sperm
positions, 3) average path velocity (VAP; um/s), the
average velocity of a sperm head along its average
path, and 4) amplitude lateral head displacement
(ALH; pm), the average distance of the sperm head
from the average sperm-swimming path.

4.2 Sperm viability: The semen samples were mixed
with 1 uM SYBR-14 and 4.65 uM EthD-1 and incubated
at 37 °C for 15 min. A total of 200 spermatozoa were
evaluated dead and alive under a fluorescent
microscope (Olympus, Spain; 400x magnification).

Acrosome integrity: The semen samples were mixed
with 4.65 uM EthD-1 and incubated at 37 °C for 15
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mins and the mixed samples smeared onto a glass slide
and air-dried. The spermatozoa were permeabilised by
95% ethanol and air-dried. The slides were stained
with 100 pg/mL FITC-PNA at 4°C for 30 mins.
Subsequently, the slides were rinsed with cooled PBS.
The acrosomal region in an intact acrosome exhibited
even staining with apple-green fluorescence. A total of
200 spermatozoa were evaluated under a fluorescent
microscope (1000% magnification).

Sperm  encapsulation: For  encapsulation of
spermatozoa with Ca2* alginate, the diluted semen
(1 x 109 spermatozoa/mL) was mixed with 2% (w/v)
sodium alginate in Tris-citric buffer solution at a ratio
of 1:1 to reach a final concentration of 1% (w/v) sodium
alginate. The solution containing the spermatozoa was
slowly dropped through a blunt 30-gauge needle
connected to a 1 mL syringe into a 100 mL beaker
containing 30 mL of 125 mM CaCl, dissolved in egg
yolk Tris-citric medium. The needle tip was 8.5 cm
above the surface of the CaCl; solution. Encapsulated
spermatozoa were incubated in the CaCl; solution for
10 min to achieve full Ca2* alginate crosslinking. The
procedure and concentrations of sodium alginate and
CaCl solution of spermatozoa for Ca2* alginate
encapsulation were modified from Huang et al. (2005)
and Shah et al. (2010). The process for encapsulation of
spermatozoa using Ba?* alginate was similar to the
aforementioned with minor modifications: modified
concentrations of sodium alginate solution and BaCl»
were 1% (w/v) and 25 mM, respectively (Perteghella et
al., 2017). The alginate solution (1% w/v) was mixed
with diluted semen in a ratio of 1:1. The concentration
of the sodium alginate was 0.5% (w/v). In all cases, the
encapsulated spermatozoa were incubated in an egg
yolk Tris-citric medium and stored at either 4 °C or
16 °C until evaluation. Prior to evaluating the
spermatozoa, five encapsulated spermatozoa were
dissolved in 100 pL of 0.3% (v/v) sodium citrate and
0.5% (v/v) ethylenediamine tetraacetic acid (EDTA)
saline solution (pH 7.4) at 37 °C for 15 min. The final
capsule concentration after dissolving the alginate was
5 x 108 spermatozoa/mL (100 capsules/mL). The
concentration of spermatozoa in each capsule was
approximately 5 x 106.

Sperm  binding assay: This experiment used
heterologous oocytes for sperm binding assay. Bovine
ovaries were collected from a local slaughterhouse and
transported to the laboratory within 2 h. The ovaries
were sliced with a surgical blade in order to release the
cumulus oocyte complexes. Subsequently, the cumulus
cells were enzymatically removed from the oocytes by
incubating with hyaluronidase (50 U/mL) for 5 min.
Cumulus-denuded oocytes (DOs) were preserved at
4 °C in a salt storage solution (0.5 M (NH4)2SO4), 0.75 M
CaCl, 0.2mM ZnCl,, 40 mM HEPES, pH 7.4, and
0.01% PVA) for 2 days (Herrick and Swanson, 2003).
Control spermatozoa were incubated at 37 °C for 15
mins, while five encapsulated spermatozoa were
dissolved in 100 ul of 0.3% (v/v) sodium citrate and
0.5% (v/v) EDTA before incubation. Spermatozoa
were washed with fertilising medium (9.6 mg/mL
Tyrode’s salt, 1 mM NaHCO;, 20 uM penicillamine,
1puM epinephrine, 02mM pyruvate, 10 pg/mL

heparin, 0.4% BSA, gentamicin and penicillin, pH 7.6)
by centrifugation at 1000 rpm for 5 mins. One million
resuspended spermatozoa per mL were incubated
with salt-stored oocytes, which were randomly
allocated into two groups for fertilisation with non-
encapsulated spermatozoa (control) and encapsulated
spermatozoa. Salt-stored oocytes and spermatozoa
were co-incubated at 38.5 °C for 24 h in fertilisation
medium with culture condition of 5% CO; humid air.

Assessment of sperm binding: The oocytes were fixed
in 4% (w/v) paraformaldehyde overnight. After
washing twice, the oocytes were stained with
50 ng/mL 4',6-diamidino-2-phenylindole (DAPI) for
15 mins. The number of tightly bound spermatozoa
onto the ZP was counted under a fluorescence
microscope.

Experimental design: Experiment 1: The experiment
was replicated three times with first-ejaculated diluted
semen samples from three rams. Semen samples were
pooled and allocated randomly into three groups.
Pooled semen was diluted with an egg yolk Tris-citric
extender and then allocated randomly into three
groups: control (no encapsulation), encapsulation with
calcium (Ca?+) alginate and encapsulation with barium
(Ba2?*) alginate. The samples were stored at different
temperatures (4 °C or 16 °C) for 24 h and subsequently
examined for sperm progressive motility, viability and
acrosome integrity.

Experiment 2: The oocytes were allocated
randomly into two groups and fertilised with either
control spermatozoa (non-encapsulated) or Ba2*
alginate-encapsulated sperm. First-ejaculated diluted
semen samples from three rams were pooled and
allocated randomly for control spermatozoa and Ba2*
alginate-encapsulated spermatozoa. The spermatozoa
samples were stored at 16 °C for 24 h, and the
spermatozoa and oocytes were co-incubated for 24 h.
Subsequently, the number of spermatozoa tightly
bound to the ZP was determined under a fluorescence
microscope. Three replicates were performed in this
experiment.

Statistical analyses: Data is presented as mean *
standard error (SE) of the mean. For Experiment 1, the
quality of spermatozoa (progressive motility, VCL,
VSL, VAP, ALH, viability and acrosome integrity) in
each group (control, Ca?* and Ba?* alginate-
encapsulated spermatozoa) were compared using one-
way Analysis of Variance (ANOVA). The effects of
different temperatures used for cold storage were
compared using independent t-tests. For Experiment 2,
an independent t-test was used to compare the
numbers of ZP tightly bound spermatozoa. The SPSS
statistical software version 22 was used to analyse for
normality and equality of variances. A P-value of less
than 0.05 was considered statistically significant.

Results

Experiment 1: The sperm motility in term of
progressive motility, VCL, VSL, VAP and ALH in cold
storage is shown in Table 1. Ca?* alginate and Ba2*
alginate stored at a cold temperature of 4°C
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significantly reduced progressive motility of the
spermatozoa compared with the control (P = 0.003 and
P =0.007, respectively). The VCLs of Ca2* and Ba2*
alginates were significantly reduced when compared
to the control group at 4 °C (P <0.001 and P =0.007,
respectively). The VCL of Ba?* alginate was
significantly higher than that of Ca2* alginate
(P =0.002). The VSL, VAP and ALH did not differ
among groups. With cold storage at 16 °C, motility
characteristics in term of progressive motility, VCL,
VAP and ALH of the control did not significantly differ
from those of Ba?* alginate (P> 0.05). Encapsulation
with Ba2* alginate and storage at 16 °C significantly
improved the progressive motility of spermatozoa
compared to Ca2?* alginate (P <0.001). The VCL of
control and Ba2?* alginate were significantly higher than
that of Ca?* alginate (P=0.009 and P =0.045,
respectively). The VSL of control was significantly
higher than those of Ba2* and Ca?* alginate (P < 0.001
and P<0.001, respectively) while that of of Ba2*
alginate was significantly higher than that of Ca2*
alginate (P <0.005). The VAP of Ca2+ alginate was
significantly different from that of the control
(P =0.007) but did not differ from that of Ba2* alginate

(P =0.074). The ALHs of the control and Ba2* alginate
were significantly higher than that of Ca2* alginate
(P =0.002 and P = 0.013, respectively). For cold storage
at 4 °C, control and Ca?* alginate were significantly
decreased in terms of ALH (P =0.025) and VSL
(P =0.047) when compared with those at 16 °C,
respectively. The viability and acrosome integrity are
shown in Table 2. In all cases, the encapsulation,
irrespective of the storage temperatures, did not affect
the viability or acrosome integrity (P > 0.05).

Experiment 2: As indicated in Experiment 1 cold
storage at 16 °C for 24 h of Ba2* alginate was better than
Ca?* alginate in terms of progressive motility, VCL,
VSL and ALH. This condition was therefore used in
this study. The numbers and binding capability of
encapsulated and control spermatozoa after incubation
with salt-stored oocytes are presented in Table 3. The
spermatozoa released from Ba2* alginate were motile
and could bind to the ZP (Figure 1). However, the
numbers of bound spermatozoa originating from
encapsulated spermatozoa were significantly lower
than the control group (P < 0.001).

Table 1 Effect of divalent cations and temperatures on sperm motion parameters after 24 h storage

Progressive

Groups motility (%) VCL (pmy/s) VSL (pmy/s) VAP (pmy/s) ALH (pm)
4°C
Control 21.17 £ 2.142A 113.20 £ 6.8424 26.55 +7.18A 41.44 +10.162~ 2.6 £ 0.56°8
Ca?* alginate 5.55 + 0.480A 28.17 % 0.66¢A 15.04 + 5.8524 36.95 + 2.492A 1.27 +0.13A
Ba?* alginate 8.19 + 2.24b8 75.98 £ 5.8bA 19.08 £ 1.7634 35.60 +1.762A 2.0+ 0.28:4
16 °C
Control 57.58 + 3.062A 136.38 £ 5.66°4 68.96 + 3.0324 84.50 + 3.582A 3.00 + 0.0624
Ca?* alginate 8.5 £4.91bA 58.54 +19.50b4 5.66+1.12A4 34.37 £12.11bA 1.17 £0.23bA
Ba?* alginate 51.12 + 0.522A 112.28 +2.82A 30.20 + 8.300A 62.88 +1.1620A 248 +0.284

ab Within a column, values with different superscripts differ significantly (P < 0.05)
A8 Within a column in the same group, values with different superscripts differ significantly (P < 0.05)

Values are presented as Mean + SE

Table 2 Effect of divalent cation and temperature on sperm viability and acrosome integrity after 24 h storage

Viability (%) Acrosome integrity (%)
Treatments 4°C > 16 °C 4°C B 16 °C
Control 43.33 £3.162A 59.11 £ 2.22aA 35.16 £ 2.92aA 56.33 + 4.662A
Ca?* alginate 42.42 + (0.72aA 39.40 + 8.44aA 25.36 £ 2.74aA 36.26 + 4.79vA
Ba?* alginate 46.90 £ 5.152A 53.53 £1.27aA 26.00 £ 3.51aA 55.16 + 2.77abA

ab Within a column, values with different superscripts differ significantly (P < 0.05)
A8 Within a row, values with different superscripts differ significantly (P < 0.05)
Values are presented as Mean + SE

Table3  The number of Ba?* alginate-encapsulated spermatozoa and the control group after incubation with oocytes

Group Number of salt-stored oocytes Number of sperm binding
Control 45 251.58 +11.25(113-300)2
Encapsulated spermatozoa 52 110.36 + 5.37(21-200)>

ab Within a column, values with different superscripts differ significantly (P < 0.05)
() ranges of sperm tightly bound to zona pellucida
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Figurel Encapsulated spermatozoa bound to the zona pellucida after 24 h incubation (A; oocyte and spermatozoa under a phase-
contrast microscope, B; DAPI-stained oocyte and spermatozoa under fluorescence microscope; white arrow: spermatozoa)

Discussion

This study demonstrated that encapsulation could
be wused for short-term preservation of ram
spermatozoa. It also demonstrated that the storage
temperature and type of divalent cation used affected
sperm quality during storage of encapsulated
spermatozoa. This encapsulation was effective for the
preservation of sperm functions, especially
progressive motility and binding capacity. This
encapsulation technology has been demonstrated to
improve conception rate following Al (Perteghella et
al, 2017). According to the findings that the
encapsulated spermatozoa are released slowly after
insemination, the longevity of spermatozoa will
therefore be ameliorated in utero. However, it was
found in this study that the motility characteristics
(progressive motility, VCL, VSL and ALH) of
encapsulated spermatozoa were dependent on the
type of alginate crosslinking (Table 1) and also the
temperature during cold storage. The percentage of
progressive motility was a more sensitive indicator of
the adverse effects of storage than the characteristics of
sperm motility (VCL, VSL, VAP and ALH; Arman et
al., 2006). However, a previous study in humans
reported that VSL and VAP correlated with
fertilisation, while ALH was associated with the ability
of sperm to penetrate the cervical mucus and fuse with
the oocyte (Hirano et al., 2001). Both Ca?* and Ba2*
could be used for crosslinking the alginate to form Ca2*
and Ba?* alginates, respectively. These two types of
crosslinkings have been used successfully for the
encapsulation of several cell types, including
spermatozoa (Lakde et al.; Vigo et al., 2009; Perteghella
et al., 2017). In rams, the quality of spermatozoa
encapsulated with Ca2* crosslinking was significantly
inferior to that obtained from Ba2* crosslinking.
Calcium has been reported to have positive and
negative effects on the quality of spermatozoa,
depending on Ca2* concentration and species (Simpson
and White, 1987). A low concentration of calcium in the
medium causes hyperactivation of spermatozoa
(Yanagimachi and Usui, 1974), while too high a
concentration of calcium negatively affects sperm
motility (Rosado et al., 1970; Brokaw et al., 1974; Morton
et al., 1974; Davis, 1978) and also decreases adenylyl
cyclase activity in spermatozoa (PGoh and White,
1988).

Alginate chains are composed principally of
guluronic acid (G) and mannuronic acid (M) and form
G-G or G-M blocks. For gel formation, Ca2*ions bind
to G-G or G-M blocks. In contrast, Ba2*ions bind to G-
G and M-M blocks (Paredes Juérez et al., 2014). The
binding affinity of Ca2*to alginate has been reported to
be lower than that of Ba2* (Smidsrod and Haug, 1972;
Zimmermann et al., 2007) and results in gel swelling,
increasing pore size and sphere destabilisation (Merch
et al., 2006). Due to the high binding affinity of Ba2* to
alginate, the concentration of Ba?* used in this study
was therefore lower than that of Ca2*. The lower
concentration of Ba?* than Ca2* also appeared to
mitigate the adverse effects of encapsulation on
spermatozoa.

In this study, the sperm quality of encapsulated
spermatozoa at16 °C was seen to be better than at4 °C,
as shown in Table 1. Cold shock affected sperm quality
adversely, which may be a reason for the lower sperm
quality in the semen stored at 4 °C. Cold storage of
encapsulated spermatozoa causes irreversible thermal
shock that negatively affects spermatozoa quality.
Thermal shock has been reported to decrease sperm
adenosine triphosphate, which is necessary for sperm
motility (Appell et al., 1977). Moreover, improper
thermal change can also disrupt the organisation of
spermatozoa membranes (Lee et al., 2006; Hermansson
and Axner, 2007). However, preservation of the
spermatozoa at too high a temperature of cold storage
can promote bacterial growth (Appell and Evans, 1977)
and metabolism of the spermatozoa (Mohamed et al.,
2012). After 12 h semen storage, there was no bacterial
growth at 4 °C while there was growth at 20 °C (1 x 103
colonies/mL) and dramatic growth at 37° C (1 x 105
colonies/mL). Gram-negative bacteria are the primary
organisms that can inhibit the motility of spermatozoa
(Appell and Evans, 1977). To reduce the number of
bacteria in the samples, this experiment examined
spermatozoa quality after 24 h storage at a low
temperature.

To examine the fertilising ability of encapsulated
spermatozoa stored at 16 °C, the spermatozoa were
tested for binding capability to the ZP of the oocytes.
Fertilisation in mammals consists of three critical
events: 1) movement of spermatozoa through cumulus
cells; 2) sperm attachment and movement through the
specific receptors of the ZP; and 3) fusion of
spermatozoa and plasma membrane of the oocytes
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(Hafez and Hafez, 2013). In this study, bovine oocytes
were used to examine heterologous binding assays, as
the oocytes were readily available and compared and
predicted the fertility of ram spermatozoa (Garcia-
Alvarez et al., 2009). It was found in this study that ram
spermatozoa can bind to the ZP of bovine oocytes.
Previous studies have reported that salt-stored oocytes
do not show different sperm binding capability
compared to fresh oocytes (Liu et al., 1988). The ZP
changes during the process of maturation, which
increases sperm binding to the matured oocyte
(Oehninger et al., 1991). However, previous studies
have used immature salt-stored oocytes (Franken et al.,
1991) and immature oocytes (Roth et al., 1998) to
determine sperm binding capacity. It was clearly seen
in this study that the encapsulated spermatozoa stored
for 24 h retained their functions, especially for
hyperactivation induced by heparin, which was
supplemented in the fertilisation medium. Heparin
induces plasma membrane changes during
capacitation (Ferrari et al., 2000; Parrish, 2014) by
increasing intracellular calcium, pH and cAMP
(Parrish et al., 1985). Movement of flagella are
necessary for hyperactivation of spermatozoa (Hafez
and Hafez, 2013). Following hyperactivation and ZP
binding, the spermatozoa undergo an acrosome
reaction and release acrosomal enzymes to digest the
ZP (Georgadaki et al., 2016). Although we did not
examine the acrosomal status of the penetrated
spermatozoa, the tightly bound spermatozoa within
the ZP indicated convincingly that the acrosomal
activation of spermatozoa encapsulated with Ba2*
crosslinking had been initiated.

In summary, barium alginate is preferable for the
encapsulation of ram spermatozoa, as it maintains the
quality of the encapsulated spermatozoa.
Encapsulation with calcium alginate and cold storage
at 4°C was detrimental to sperm quality.
Encapsulation of ram spermatozoa with barium
alginate and cold storage at 16 °C for 24 h can also be
used. However, longevity and fertilisation test by
means of Al should be further performed.

Acknowledgements

Pintira Thiangthientham was supported by the
Royal Golden Jubilee PhD programme (Grant number
PHD/0251/2560), the European project H2020-MSCA-
RISE-2016, GA 734434 (DRYNET), and the 90th
Anniversary of Chulalongkorn University Fund
(Ratchadaphiseksomphot Endowment Fund).

References

Appell R, Evans P and Blandy ] 1977. The effect of
temperature on the motility and viability of sperm.
Br J Urol. 49(7): 751-756.

Appell RA and Evans PR 1977. The effect of
temperature on sperm motility and viability. Fertil
Steril. 28(12): 1329-1332.

Arman C, Quintana Casares P, Sanchez-Partida LG
and Setchell B 2006. Ram sperm motility after
intermittent scrotal insulation evaluated by manual
and computer-assisted methods. Asian J Androl.
8(4): 411-418.

Brokaw C, Josslin R and Bobrow L 1974. Calcium ion
regulation of flagellar beat symmetry in reactivated
sea urchin spermatozoa. Biochem Biophys Res
Commun. 58(3): 795-800.

Davis B 1978. Effect of calcium on motility and
fertilization by rat spermatozoa in vitro. Proc Soc
Exp Biol Med. 157(1): 54-56.

Davis TA, Volesky B and Mucci A 2003. A review of
the biochemistry of heavy metal biosorption by
brown algae. Water Res. 37(18): 4311-4330.

De K, Kumar D, Sethi D, Gulyani R and Naqvi SMK
2015. Estrus synchronization and fixed-time
artificial insemination in sheep under field
conditions of a semi-arid tropical region. Trop
Anim Health Prod. 47(2): 469-472.

Deligiannis C, Valasi I, Rekkas C, Goulas P,
Theodosiadou E, Lainas T and Amiridis G 2005.
Synchronization of ovulation and fixed time
intrauterine insemination in ewes. Reprod Domest
Anim. 40(1): 6-10.

Donovan A, Hanrahan JP, Lally T, Boland M, Byrne G,
Duffy P, Lonergan P and O'Neill D 2001. Al For
Sheep Using Frozen-thawed Semen. 1841701521.
Teagasc.

Evans G 1988. Current topics in artificial insemination
of sheep. Aust J Biol Sci. 41(1): 103-116.

Faigl V, Vass N, Javor A, Kulcsar M, Solti L, Amiridis
G and Cseh S 2012. Artificial insemination of small
ruminants — A review. Acta Vet Hung. 60(1): 115-
129.

Faustini M, Torre ML, Stacchezzini S, Norberti R,
Consiglio AL, Porcelli F, Conte U, Munari E, Russo
V and Vigo D 2004. Boar spermatozoa encapsulated
in barium alginate membranes: a
microdensitometric evaluation of some enzymatic
activities during storage at 18 °C. Theriogenology.
61(1): 173-184.

Ferrari S, Barnabe VH, Ziige RM and Zogno MA 2000.
Effect of two ram sperm capacitating media on
acrosome reaction and zona-free hamster oocyte
penetration test. Braz ] Vet Res Anim Sci. 37(3): 229-
233.

Franken D, Oosthuizen W, Cooper S, Kruger T,
Burkman L, Coddington C and Hodgen G 1991.
Electron microscopic evidence on the acrosomal
status of bound sperm and their penetration into
human hemizonae pellucida after storage in a
buffered salt solution. Andrologia. 23(3): 205-208.

Garcia-Alvarez O, Maroto-Morales A, Martinez-Pastor
F, Fernandez-Santos MR, Esteso MC, Pérez-
Guzman MD and Soler AJ 2009. Heterologous in
vitro fertilization is a good procedure to assess the
fertility = of  thawed ram  spermatozoa.
Theriogenology. 71(4): 643-650.

Georgadaki K, Khoury N, Spandidos DA and
Zoumpourlis V 2016. The molecular basis of
fertilization. Int ] Mol Med. 38(4): 979-986.

Hafez ESE and Hafez B. 2013. Reproduction in farm
animals. 7 ed. In: John Wiley & Sons.

Hermansson U and Axner E 2007. Epididymal and
ejaculated cat spermatozoa are resistant to cold
shock but egg yolk promotes sperm longevity
during cold storage at 4 degrees C. Theriogenology.
67(7): 1239-1248.



Thiangthientham P. et al. / Thai | Vet Med. 2020. 50(1): 89-96. 95

Herrick J and Swanson W 2003. Gonadotropin
exposure, salt storage and storage duration affect
penetration of domestic cat oocytes by homologous
spermatozoa. Theriogenology. 59(7): 1503-1513.

Hirano Y, Shibahara H, Obara H, Suzuki T,
Takamizawa S, Yamaguchi C, Tsunoda H and Sato
I 2001. Andrology: Relationships between sperm
motility characteristics assessed by the computer-
aided sperm analysis (CASA) and fertilization rates
in vitro. ] Assist Reprod Genet. 18(4): 215-220.

Huang S-Y, Tu C-F, Liu S-H and Kuo Y-H 2005.
Motility and fertility of alginate encapsulated boar
spermatozoa. Anim Reprod Sci. 87(1): 111-120.

Lakde C, Patil M, Sahatpure S and Gawande A 2018.
Standard protocol for encapsulation of canine
semen. Int J Sci Environ Technol. 7(4): 1296 - 1300.

Lee RE, Damodaran K, Yi S-X and Lorigan GA 2006.
Rapid cold-hardening increases membrane fluidity
and cold tolerance of insect cells. Cryobiology.
52(3): 459-463.

Liu DY, Lopata A, Johnston WIH and Baker HG 1988.
A human sperm-zona pellucida binding test using
oocytes that failed to fertilize in vitro. Fertil Steril.
50(5): 782-788.

Mohamed J, Ismail MN, Chou TY, Louis SR and Budin
SB 2012. A Study of Sperm Quality Characteristics
Changes in Different Storage Temperatures above
Freezing Point. Int ] Collab Res Internal Med Public
Health. 4(5): 736-743.

Morch YA, Donati [, Strand BL and Skjak-Braek G 2006.
Effect of Ca2*, Ba?*, and Sr?* on alginate
microbeads. Biomacromolecules. 7(5): 1471-1480.

Morton B, Harrigan-Lum J, Albagli L and Jooss T 1974.
The activation of motility in quiescent hamster
sperm from the epididymis by calcium and cyclic
nucleotides. Biochem Biophys Res Commun. 56(2):
372-379.

Nebel RL, Bame ], Saacke R and Lim F 1985.
Microencapsulation of bovine spermatozoa. ] Anim
Sci. 60(6): 1631-1639.

Nebel RL and Saacke RG 1994. Technology and
applications for encapsulated spermatozoa.
Biotechnol Adv. 12(1): 41-48.

Nebel RL, Vishwanath R, McMillan WH and Pitt CJ
1996. Microencapsulation of bovine spermatozoa:
effect of capsule membrane thickness on
spermatozoal viability and fertility. Anim Reprod
Sci. 44(2): 79-89.

Oehninger S, Veeck L, Franken D, Kruger TF, Acosta
AA and Hodgen GD 1991. Human preovulatory
oocytes have a higher sperm-binding ability than
immature oocytes under hemizona assay
conditions: evidence supporting the concept of"
zona maturation". Fertil Steril. 55(6): 1165-1170.

Paredes Juarez GA, Spasojevic M, Faas MM and de Vos
P  2014. Immunological and  Technical
Considerations in Application of Alginate-Based
Microencapsulation ~ Systems. Front Bioeng
Biotechnol. 2(26): 1-15.

Parrish JJ 2014. Bovine in vitro fertilization: in vitro
oocyte maturation and sperm capacitation with
heparin. Theriogenology. 81(1): 67-73.

Parrish JJ, Susko-Parrish JL and First NL 1985. Effect of
heparin and chondroitin sulfate on the acrosome

reaction and fertility of bovine sperm in vitro.
Theriogenology. 24(5): 537-549.

Perteghella S, Gaviraghi A, Cenadelli S, Bornaghi V,
Galli A, Crivelli B, Vigani B, Vigo D, Chlapanidas
T, Faustini M and Torre ML 2017. Alginate
encapsulation preserves the quality and fertilizing
ability of Mediterranean Italian water buffalo
(Bubalus bubalis) and Holstein Friesian (Bos
taurus) spermatozoa after cryopreservation. J Vet
Sci. 18(1): 81-88.

PGoh P and White I 1988. Control of ram sperm
adenylate cyclase by divalent cations. Aust J Biol
Sci. 41(3): 377-386.

Rosado A, Hicks JJ, Martinez-Zedillo G, Bondani A and
Martinez-Manautou ] 1970. Inhibition of human
sperm motility by calcium and zinc ions.
Contraception. 2(4): 259-273.

Roth TL, Weiss RB, Buff JL, Bush LM, Wildt DE and
Bush M 1998. Heterologous in vitro fertilization
and sperm capacitation in an endangered African
antelope, the scimitar-horned oryx (Oryx
dammah). Biol Reprod. 58(2): 475-482.

Shah S, Nagano M, Yamashita Y and Hishinuma M
2010. Microencapsulation of canine sperm and its
preservation at 4°C. Theriogenology. 73(5): 560-567.

Shishir MRI, Xie L, Sun C, Zheng X and Chen W 2018.
Advances in micro and nano-encapsulation of
bioactive compounds using biopolymer and lipid-
based transporters. Trends Food Sci Technol. 78:
34-60.

Simpson AM and White IG 1987. Interrelationships
between motility, c-AMP, respiration and calcium
uptake of ram and boar sperm. Anim Reprod Sci.
15(3): 189-207.

Smidsrod O and Haug A 1972. Dependence upon the
gel-sol state of the ion-exchange properties of
alginates. Acta Chem Scand. 26(5): 2063-2074.

Spinaci M, Bucci D, Chlapanidas T, Vallorani C,
Perteghella S, Communod R, Vigo D, Tamanini C,
Galeati G, Faustini M and Torre ML 2013a. Boar
sperm changes after sorting and encapsulation in
barium alginate membranes. Theriogenology.
80(5): 526-532.

Spinaci M, Chlapanidas T, Bucci D, Vallorani C,
Perteghella S, Lucconi G, Communod R, Vigo D,
Galeati G, Faustini M and Torre ML 2013b.
Encapsulation of sex sorted boar semen: Sperm
membrane status and oocyte penetration
parameters. Theriogenology. 79(4): 575-581.

Torre ML, Faustini M, Norberti R, Stacchezzini S,
Maggi L, Maffeo G, Conte U and Vigo D 2002. Boar
semen controlled delivery system: storage and in
vitro spermatozoa release. ] Controlled Release.
85(1): 83-89.

Vigo D, Faustini M, Villani S, Orsini F, Bucco M,
Chlapanidas T, Conte U, Ellis K and Torre ML 2009.
Semen controlled-release capsules allow a single
artificial insemination in sows. Theriogenology.
72(4): 439-444.

Weber W, Rimann M, Schafroth T, Witschi U and
Fussenegger M 2006. Design of high-throughput-
compatible protocols for microencapsulation,
cryopreservation and release of  bovine
spermatozoa. ] Biotechnol. 123(2): 155-163.



96 Thiangthientham P. et al. / Thai | Vet Med. 2020. 50(1): 8§9-96.

Woulster-Radcliffe MC, Wang S and Lewis GS 2004.
Transcervical artificial insemination in sheep:
effects of a new transcervical artificial insemination
instrument and traversing the cervix on pregnancy
and lambing rates. Theriogenology. 62(6): 990-1002.

Yanagimachi R and Usui N 1974. Calcium dependence
of the acrosome reaction and activation of guinea
pig spermatozoa. Exp Cell Res. 89(1): 161-174.

Zimmermann H, Shirley SG and Zimmermann U 2007.
Alginate-based encapsulation of cells: Past,
present, and future. Curr Diabetes Rep. 7(4): 314-
320.



