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a b s t r a c t

Intracytoplasmic sperm injection (ICSI) is the only method for in vitro embryo production (IVP) in horses.
Besides oocyte developmental competence, the outcome of IVP is also highly dependent on sperm
quality. Therefore, it is not only essential to employ superior methods of selecting high quality sperm, but
also to be able to characterize which quantifiable properties of sperm quality are most indicative of its
fertility. In men, a net negative surface charge, estimated by zeta potential (ZP) is highly correlated with
sperm quality and in vitro embryo developmental outcomes. However, there is no information available
about approximate charges or ZP in equine sperm. Therefore, in this study we aimed to characterize
equine sperm ZP and identify its associations with known measures of sperm quality. Additionally, we
aimed to complete a comprehensive comparison of conventional sperm selection techniques as
compared to the novel method of microfluidic sorting. Ejaculates (n ¼ 22) were partitioned into fresh
(~23 �C, 0 h; n ¼ 12) and cooled (~4 �C, 24 h; n ¼ 10) groups, and processed by swim up (SU), density
gradient centrifugation (DGC), density gradient-swim up combination (DG-SU), and microfluidic chip
(MF) sorting. Motility, progressive motility, cell viability, normal morphology, and ZP were evaluated for
both unprocessed fractions and post-selected fractions. The ZP of both fresh and cooled samples was net
negative and also correlated with motility and progressive motility for both fresh and cooled samples
(P < 0.05). The ZP of cooled samples was also correlated with viability (P < 0.05). Among the compared
methods of sperm selection, MF was highly effective in selecting high quality sperm as determined by the
measured parameters. Percent motility, progressive motility, normal morphology, and viability of MF
selected sperm were of higher quality than sperm selected by SU, and of similar to DG-SU and DGC
without the use of potentially harmful centrifugation steps. Correlations between ZP, motility, and
viability parameters may indicate a role of external charge on the motility and survival of sperm within
the female reproductive tract. In conclusion, we identified an average net negative ZP on equine sperm
and correlations between ZP and other measures of sperm quality, as well as having identified MF as a
novel effective method of equine sperm selection for IVP.

© 2022 Elsevier Inc. All rights reserved.
1. Introduction

Assisted reproductive technology (ART) is an integral part of the
equine breeding industry. Reasons for the implementation of ART
may include physical distance between a selected mare and stal-
lion, providing increased safety to both animals and the handler,
the use of cryopreserved gametes of deceased animals, or the
inability of a valuable horse to be bred by live cover, indicative of
subfertility. Particularly in regard to many cases of subfertility,
methods of ARTcould be the only option available for horse owners
to breed these individuals and propagate the genetic line.

Commonly used ART includes artificial insemination (AI), em-
bryo transfer (ET), gamete cryopreservation, and more advanced
techniques such as the in vitro production of embryos (IVP). In
horses, IVP is limited to a technique called intracytoplasmic sperm
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injection (ICSI), as traditional IVF is ineffective [1]. Optimization of
ICSI often focuses on obtaining and monitoring the oocyte, in part
because the number of available oocytes at any given time is
significantly less than the number of available sperm cells. How-
ever, sperm viability and quality should not be overlooked as in-
dicators of fertilization and development potential, because there
may be a wide range of sperm quality within an ejaculate that may
influence optimal embryo production. Therefore, researchers of
male fertility often prioritize investigation into sperm physiology
and its relation to both in vivo and in vitro fertility.

Zeta Potential (ZP), or electrophoretic mobility, is an estimation
of cellular surface charge [2]. ZP is the electrostatic potential at the
slipping plane of a cell (the radial distance extending from the cell
surface at which surrounding fluid particles possess fluid mobility
rather than being bound [Fig. 1A]), that is proportional to cell
surface-charge density [2e5]. It has been shown that a net negative
surface charge, estimated by ZP, is present in mature human sperm
and is primarily based on the addition of proteins terminating in
Fig. 1. Schematic diagram of Zeta Potential (ZP). A. Diagram of the slipping plane of a
sperm cell, the point at which fluid particles are not bound, but free-floating around
the cell, and where cell surface charge can be estimated as ZP. Positively charged
particles are bound to the negatively charged cell surface, and subsequently sur-
rounded by a loosely bound layer of mixed positive and negatively charged particles.
The point at which charged particles are no longer bound is called the slipping plane.
B. Glycoconjugates insert and extend away from the sperm surface, terminating in
negatively charged sialic acid groups that aid in sperm function and survival.
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negatively charged sialic acid groups (sialoglycoproteins) to the
outer plasma membrane either by the sperm or male somatic cells
during spermatogenesis and epididymal maturation, respectively
(Fig. 1A) [2,6e9]. Glycoconjugates adsorbed to the outer sperm
plasma membrane extend outwards from the cell and form a dense
layer of oligosaccharides and proteins known as the sperm glyco-
calyx (Fig. 1B). It has been shown that the glycocalyx plays an in-
tegral role in sperm immune evasion, transport within the female
tract, preservation of sperm protein integrity, and sperm-zona
pellucida binding [6,7,9e13]. The acquisition of the negative
charge on sperm throughout maturation has also been described in
rodent species, mongoose, and bulls, and is therefore thought to be
conserved among mammals [14e16].

In humans, a greater net negative ZP, largely attributed to the
composition of the glycocalyx, has been correlated with increased
percentages of morphologically normal sperm as well as those
possessing high DNA integrity [2,6,17]. Additionally, the selection of
sperm by conventional methods (selecting for motility and
viability) also selected for a more negative population [18]. Based
on these observations, multiple techniques to select sperm based
upon ZP have been developed and implemented in human clinics
[4,6,19e22]. However, no studies on equine sperm ZP or its po-
tential applications to sperm selection have been published to date.

In addition to furthering our understanding of sperm physi-
ology, it is necessary to implement findings in a clinical setting;
particularly to improve and develop new methods of equine sperm
selection for the generation of in vitro produced embryos. Standard
methods of sperm selection that are used clinically with horses, as
well as humans and livestock, are Swim Up (SU), Density Gradient
Centrifugation (DGC), and Density Gradient Swim Up Combination
(DG-SU). These methods select sperm based upon active motility
and sperm density. However, a thorough evaluation of sperm se-
lection methods has not been performed in horses and novel
techniques used in human fertility clinics have not been well
translated to the equine breeding industry.

One novel selection technique used in humans that is based on
in vivomechanisms of sperm selection is themicrofluidic (MF) chip.
The MF chip is a microfluidics-based method, which selects highly
motile sperm using innate rheo-, chemo-, or thermotactic behav-
iors of sperm [23e26]. The use of MF chips in human and bovine
clinical settings generally results in an overall enrichment of sperm
with good motility, viability, and DNA integrity [22,27e29]. Multi-
ple designs of MF devices exist, including an easy-to-use chip that
selects sperm by filtering out inferior sperm as the highly viable
population swims upwards through a porousmembrane [27,28,30].
One of these devices was utilized in an equine ICSI study, inwhich it
was observed that the selected populationwas enriched for normal
morphology, motility, viability, and DNA integrity [30]. In this
study, MF was also compared to single layer centrifugation and SU
techniques using motility, morphology, and DNA integrity out-
comes; whereMF selected for a subpopulation of spermwith better
DNA integrity than sperm selected by SU or single layer centrifu-
gation. Oocytes injected with MF-selected sperm had similar
cleavage and blastocyst rates to those injected with sperm selected
by single layer centrifugation, and better development rates than
those selected by SU, indicating that MF is an effective method of
sperm selection for equine ICSI [30].

Despite this initial assessment of MF in the stallion, a full
comparison to all common sperm selection techniques used in
stallions has not been completed. Therefore, in this study we aimed
to determine the efficacy of SU, DGC, DG-SU, and MF in selecting
high quality sperm. Quality of the selected populations will be
quantified by measuring parameters known to be correlated with
stallion fertility (motility, progressive motility, viability, and
morphology). In addition, we aim to measure the ZP of the selected
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sperm populations and use them as a “high quality” grouping in
comparison to the ZP of unselected, or “low quality” groups. We
hypothesized, based on previous studies performed in other spe-
cies, that high quality equine sperm will possess a more negative
surface charge, or ZP, than low quality samples, and that MF will be
an effective method of selecting sperm for equine IVP.

2. Materials and methods

2.1. Chemicals and media

All reagents were purchased from Sigma-Aldrich unless other-
wise stated. Biggers-Whitten-Whittingham (BWW) media was
made from an initial salt base consisting of 89.84 mmol/L NaCl,
4.78 mmol/L KCl, 1.19 mmol/L KH2PO4, 22.94 mmol/L HEPES buffer
(fw: 260.3), 4.00 mmol/L NaHCO3, 1.70 mmol/L CaCl2 þ 2H2O, and
MgSO4 þ 7H2O. Salts were supplemented with 5.55 mmol/L D-
glucose, 0.25 mmol/L sodium pyruvate, 11% (v/v) DL-lactic acid
syrup, and 1% penicillin/streptomycin and 0.1% PVA. The completed
media containing all of the components is referred to as BWW. The
final media product was pH. balanced to 7.4 using HCl or NaOH and
had an osmolality of 300 ± 5 mOsm/kg.

2.2. Animals and animal handling

Horses used in this study (n ¼ 5) included both UC Davis resi-
dent and Veterinary Medicine Teaching Hospital (VMTH) Equine
Reproduction Service client stallions. Samples from client stallions
of VMTH were used anonymously after receiving a signed Owner
Informed Consent Form. All animal and experimental protocols
were approved by and performed in accordance with the Institu-
tional Animal Care and Use Committee of the University of Cali-
fornia Davis.

Ejaculates (n¼ 13) were collected using a phantommount and a
Missouri artificial vagina, as previously described [31]. Gel fractions
were removed via a mesh filter (Disposable Nylon Mesh Semen Gel
Filters, ARS Inc, Ontario, CA, USA), and approximately half of the
remaining gel free fraction was extended 1:1 with a commercial
equine semen extender (INRA96®, IMV Technologies, L'Aigle,
France) warmed to 37 �C for immediate analysis and processing.
This fraction will be referred to as fresh sperm. The second half of
the ejaculate was extended 1:3 with the same extender and was
cooled to 4 �C for a period of 24 h prior to analysis and processing
[32]. This fraction will be referred to as cooled sperm.

2.3. Semen quality characterization

Sperm quality parameters were measured for both fresh and
cooled samples both before and after selection protocols were
performed (see section 2.4, Sperm Selection), and included as-
sessments of motility, progressive motility, viability, and
morphology.

Concentration and viability were assessed using a Nucleo-
Counter SP-100 (ChemoMetec Allerød, Denmark), as previously
described [33]. A small fraction of the sample was diluted into a
lysis reagent (Reagent S100 Lysis Buffer, ChemoMetec) to measure
total concentration and into DPBS (500 mL, ChemoMetec) to
measure the population of non-viable cells, and then loaded into a
cassette (SP-1 Casette, ChemoMetec) containing propidium iodide
for automated analysis to determine the percentage of viable, or
membrane-intact, sperm.

Motility and morphology were analyzed using Computer
Assisted Sperm Analysis (CASA, HTM CEROS, Version 12.2 g;
Hamilton Thorne Biosciences, Beverly, MA, USA) and Sperm
Vision® SAR software (Minitübe, Tiefenbach, Germany) [34]. For
3

CASA motility analysis, 3 mL of semen, diluted to approximately
20e50 million sperm/mL as per manufacturer recommendations,
was loaded into a single chamber of a 4 chambered glass slide (Leja,
Spectrum Technologies, Healdsburg, CA, USA). Seven randomized
microscopic fields of the chamber were analyzed for each sample
and sperm motility endpoints that were recorded included the
sample's averaged total motility (M, %) and progressive motility
(PM, %). The preset values for the CASA system were: frames ac-
quired, 30; frame rate, 60 Hz; minimum contrast, 70; minimum cell
size, 4 pixels; mini-mum static contrast, 30; straightness threshold
for progressive motility, 75%; average path velocity (VAP) threshold
for progressive motility, 50; VAP threshold for static cells, 20; cell
intensity, 106; and light emitting diode illumination intensity.

For morphological analysis, spermwere fixed with 10% formalin
and pipetted on a glass slide for oil immersion phase-contrast mi-
croscopy under 100�magnification (Zeiss A�10 Lab A1, Zeiss, Jena,
Germany). The percent of sperm with normal morphology was
calculated based on a visual morphological assessment of a mini-
mum of 100 sperm within Sperm Vision® software (Minitübe).
Sperm possessing a distal droplet, but no other morphological ab-
normalities were considered normal [35,36].

Lastly, zeta potential (ZP) was measured as described by Ionov
et al. [18] before and after processing in both fresh and cooled
samples. ZP was measured with a commercially available zeta po-
tential analyzer (Zetasizer Nano-ZS, Malvern Instruments, UK) in
1X DPBS (pH 7.0e7.3). Each individual sample was diluted to 1.5
million sperm/mL in 1X DPBS (ChemoMetec) and run through the
zeta potential analyzer, and the total run time included a 2-min
equilibration period and 8 successional ZP measures. The 8
repeated ZP measurements were averaged to achieve an overall ZP
value, recorded in mV, for that sample.

2.4. Sperm selection

A fraction from each fresh (diluted 1:1 in INRA96) or cooled
(diluted 1:3 in INRA96) ejaculate was utilized for one of the
following selection methods: Swim Up (SU) [37], Density Gradient
Centrifugation (DGC) [38], Density Gradient-Swim Up Combination
DG-SU [39], or Microfluidics (MF) [30] and evaluated as described
previously. All selection protocols for fresh and cooled samples
were performed at room temperature.

The concentration of the initial extended sample used for pro-
cessing was dependent on the concentration of the collected
ejaculate and fell between 32 and 175 million sperm/mL, with an
average of 142.45 million sperm/mL. Initial sperm concentrations
were not adjusted prior to sperm processing by DGC, DG-SU, SU,
and MF in order to represent natural variations seen in clinical
practice. Aliquots of sperm used in quantitative measures both
before and after selection were adjusted for concentration as
described in relevant sections.

Wash: Semen diluted in extender was centrifuged for 8 min at
300�g. Supernatant was removed and the remaining sperm pellet
was resuspended in BWW culture medium as a control.

SU: Sperm were deposited into the bottom of a round-bottom
tube (14 mL Polypropylene Round-Bottom Tube, Falcon, Corning
Science, Reynosa, Tamaulipas, Mexico) and overlaid with BWW
culture medium. The tubes were then incubated at a 45� angle for
30 min at room temperature. The top ¼ fraction of media was
aspirated using a pipet for subsequent analysis.

DGC: An 84% Percoll® (Sigma, St. Louis, MO, USA) solution,
diluted in BWW, was layered into a centrifuge tube (15 mL Poly-
propylene Conical Tube, Falcon, Corning Science, Reynosa, Tam-
aulipas, Mexico) and overlaid with a 42% Percoll® solution.
Percoll® solutions were balanced for osmolality. Unprocessed
semen was then carefully deposited above the upper gradient. The



M.F. Orsolini, M.H. Verstraete, M. van Heule et al. Theriogenology 192 (2022) 1e8
tube was centrifuged for 30 min at 300�g. The resulting pellet was
removed using a fine-tip aspiration pipet, resuspended 1:1 in
BWW, and homogenized prior to analysis.

DG-SU: DGC was performed as described, however the pellet
was removed and immediately resuspended in BWW in a fresh
tube. Sperm were then re-pelleted by centrifugation for 5 min at
300�g. Supernatant was removed and the secondary pellet was
overlaid with additional culture media. Sperm were then allowed
to swim up as described above and the top fraction of media was
gently removed for analysis.

MF: Spermwere loaded into the inlet of the microfluidic device
(ZyM�ot™ Multi, 850 mL, Sperm Separation Device™, DxNow, Gai-
thersburg, MD, USA) through the inlet channel per manufacturer's
instructions and the porous microfilter was overlaid with BWW.
The device was allowed to sit at room temperature for 30 min
before sperm that had passed through the microfilter were aspi-
rated through the outlet of the collection chamber for analysis.
2.5. Statistical analysis

Data description, descriptive statistics, plots, and statistical tests
were performed in JMP® Pro 14 (JMP Statistical Discovery, Cary,
North Carolina). Normality of the data distributionwas tested using
Shapiro-Wilk test. Non-parametric methods were used for subse-
quent analyses since the data were not normally distributed.
Spearman's correlations were used to identify potential associa-
tions between zeta potential and sample quality parameters. To
identify differences in quality of samples from different selection
methods, Kruskal-Wallis and follow up post hoc analysis were used
to compare the degree of improvement in sperm quality parame-
ters after each of the tested selection methods as compared to each
other and to the initial, unprocessed sperm.
3. Results

3.1. Identification of a net negative ZP of equine sperm

In order to confirm that sperm membrane charges are
conserved in equine sperm, we measured zeta potential in fresh
and cooled, and quality-selected and unselected samples. We were
able to confirm that equine sperm possess a net negative charge
similar to that reported for human sperm. The combined average ZP
of all fresh samples was �11.91 ± 2.13 (mean ± s.d.; �16.81
to �7.65 mV, min-max) and the combined average of cooled sam-
ples was �12.20 ± 1.73 (mean ± s.d.; �15.34 to �8.23 mV, min-
max) (Fig. 2A).
3.2. ZP correlations with sperm quality

The associations between ZP measurements and other known
measures of quality (motility, progressive motility, viability, and
normal morphology) for both unprocessed samples and those
processed by wash-only, SU, DGC, DG-SU, and MF of both fresh and
cooled sperm were assessed. Data were not normally distributed,
and thus Kruskal-Wallis and follow up post hoc analysis were used.
Correlation tests revealed that ZP of fresh sperm was negatively
correlated with both motility, and progressive motility (Fig. 2B). ZP
of fresh sperm was not correlated with normal morphology or
viability (P > 0.05).

In cooled sperm, there was a significant, negative correlation
between ZP and motility, progressive motility, and viability
(Fig. 2B). ZP of cooled samples was not correlated with normal
morphology (Fig. 2B).
4

3.3. Variation in quality of sperm selected by different methods

Each ejaculate was divided and evaluated as one of 6 treatment
groups. Quality parameters, excluding ZP, were compared among
unprocessed, wash-only, and DGC, SU, DG-SU, and MF selection
methods as either fresh or cooled treatments (Fig. 3).

When comparing selection efficacy of fresh sperm by total
motility, unprocessed, washed, and SU groups possessed signifi-
cantly less motile populations than DGC (P < 0.005; P < 0.005;
P < 0.05), MF (P < 0.001; P < 0.005; P < 0.005), and DG-SU
(P < 0.005; P < 0.05; P < 0.01). Numerically, the average motility
of sperm selected by DGC (mean motilityDGC fresh ¼ 88.0%) was
greatest, followed by MF (mean motilityMF fresh ¼ 84.5%), and DG-
SU (mean motilityDG-SU fresh ¼ 78.7%).

Analysis of the progressive motility of fresh sperm showed that
the unprocessed, washed, and SU groups demonstrated signifi-
cantly lower percentages of progressively motile populations than
DGC (P < 0.0005; P < 0.0005; P < 0.005), MF (P < 0.001; P < 0.005;
P < 0.05), and DG-SU (P < 0.005; P < 0.05; P < 0.05). Numerically,
DGC (mean progressive motilityDGC fresh ¼ 83.5%) selected the
highest average progressive motility, followed by MF (mean pro-
gressive motilityMF fresh ¼ 88.3%) and DG-SU (mean progressive
motilityDG-SU fresh ¼ 75.1%).

Viability analysis also showed that fresh unprocessed, washed,
and SU groups had significantly lower population viability than MF
(P < 0.0001; P < 0.0001; P < 0.0001), DG-SU (P < 0.001; P < 0.005;
P < 0.005), and DGC groups (P < 0.01; P < 0.005; P < 0.05). The
average viability of the MF (mean viabilityMF fresh ¼ 97.8%) group
was the highest, followed by DG-SU (mean viabilityDG-SU
fresh ¼ 94.6%) and DGC (mean viabilityDGC fresh ¼ 89.4%).

In selecting for morphologically normal sperm from fresh
ejaculates, unprocessed and washed groups selected for a signifi-
cantly lower percentage of morphologically normal sperm than
DG-SU (P < 0.005; P < 0.005), MF (P < 0.01; P < 0.01), and DGC
(P < 0.05; P < 0.05). DG-SU also selected for significantly more
morphologically normal sperm than SU (P < 0.05). Numerically,
DG-SU selected for the highest percentage of morphologically
normal sperm (mean normal morphologyDG-SU fresh ¼ 73.6%), fol-
lowed by MF (mean normal morphologyMF fresh ¼ 69.5%) and DGC
(mean normal morphologyDGC fresh ¼ 68.5%).

Results were similar for measured parameters of cooled sperm
to results from fresh samples processed by the same methods.
Unprocessed, washed, and SU groups possessed significantly less
motile populations than DGC (P < 0.05; P < 0.05; P < 0.05), MF
(P < 0.001; P < 0.001; P < 0.001), and DG-SU (P < 0.005; P < 0.005;
P < 0.005). The average motility of sperm selected by MF (mean
motilityMF cooled ¼ 80.9%) was greatest, followed by DG-SU (mean
motilityDG-SU cooled ¼ 78.0%), and DGC (mean motilityDGC
cooled ¼ 67.8%).

Progressive motility of cooled sperm was significantly lower in
unprocessed, washed, and SU groups demonstrated significantly
lower percentages of progressively motile populations than MF
(P < 0.005; P < 0.005; P < 0.005), DG-SU (P < 0.05; P < 0.05;
P < 0.01), and DGC (P < 0.05; P < 0.05; P < 0.05). Numerically, MF
(mean progressive motilityMF cooled ¼ 72.7%) selected for the
highest average progressive motility, then DG-SU (mean progres-
sive motilityDG-SU cooled ¼ 67.3%) and DGC (mean progressive
motilityDGC cooled ¼ 60.9%).

Viability analysis also showed that cooled unprocessed, washed,
and SU groups had significantly lower population viability than DG-
SU (P < 0.005; P < 0.005; P < 0.01), MF (P < 0.01; P < 0.05; P < 0.05),
and DGC groups (P < 0.05; P < 0.05; P < 0.05). The average viability
of the DG-SU group (mean viabilityDG-SU cooled ¼ 93.1%) was the
highest, followed by MF (mean viabilityMF cooled ¼ 87.5%) and DGC
(mean viabilityDGC cooled ¼ 82.6%).



Fig. 2. Distributions and correlations of zeta potential measurements. A. Measured zeta potential distribution of fresh and cooled sperm, in millivolts (mV). The box plot displays
median, first and third quartiles, minimum, and maximum values, and points represent individual measurements. B. Spearman's r Correlation Table. Nonparametric correlations are
displayed and color coded based on direction of correlation and intensity, purple being positively correlated and blue being negatively correlated. (*) signifies P < 0.05, and (**)
signifies P < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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In selecting for morphologically normal sperm from cooled
ejaculates, unprocessed and washed groups selected for a signifi-
cantly lower percentage of morphologically normal sperm than
DG-SU (P < 0.0005; P < 0.0005), MF (P < 0.05; P < 0.05), and DGC
(P < 0.05; P < 0.05). DG-SU also selected for significantly more
morphologically normal sperm than SU (P < 0.005). Numerically,
DG-SU selected for the highest percentage of morphologically
normal sperm (mean normal morphologyDG-SU cooled ¼ 78.8%),
followed by MF (mean normal morphologyMF cooled ¼ 69.1%) and
DGC (mean normal morphologyDGC cooled ¼ 65.5%).

4. Discussion

In the present study we have successfully shown for the first
time that equine sperm possess a net negative ZP, representative of
a net negative surface charge, similar to that demonstrated in
previous human and animal studies [2,18,40]. Results further show
that there are significant correlations between ZP and sperm
quality; specifically, motility and progressive motility of both fresh
and cooled sperm, and viability of cooled sperm.

Our data supports recent evidence from human clinical exper-
iments, in which samples with more optimal cell viability, total
motility, and morphology were shown to possess significantly
lower (more negative) zeta potentials [18]. In the aforementioned
human study, ZP of fresh sperm was most correlated with motility
(P < 0.01), which is also reflected in our data with equine sperm
[18]. The authors also showed that ZP was correlated with viability
(P < 0.05) and morphology (P < 0.05) [18], unlike our data in which
5

viability was only correlated with ZP in cooled sperm and no cor-
relation was observed between morphology and ZP. Some differ-
ences may be attributed to species differences, whilst others may
be due to differences in experimental design such as the media and
any unknown influences of selection techniques on ZP. For
example, although ZP was correlated with quality parameters, no
comparison of ZP among selection techniques is presented, as the
Percoll® particles used in DGC separation are known to possess a
low surface charge and may bias DGC and DG-SU results [43]. As
mentioned previously, ZP is a media dependent, relative parameter.
Thus, buffer concentrations can alter the quality of ZetaSizer phase
plot data and distribution curves, despite still being capable of
producing ZPmeasures proportional to measures taken in the same
media. In this study, 1X DPBS was initially selected as the dilution
buffer due to concerns of inducing hypoosmotic stress on sperm
cells, and presented data are generally similar to results from
samples measured in 0.1X DPBS (preliminary data not shown). In
future studies, using 0.1X buffer may be advantageous for
measuring ZP of sperm cells and could improve data quality and
strength of correlations.

Regardless, using a small number of replicates we were able to
demonstrate a correlation between ZP and basic measures of sperm
quality. This association could be further improved by utilizing
parameters such as DNA integrity, mitochondrial membrane po-
tential, or the presence of apoptotic factors that are more strongly
associated with embryo development and pregnancy outcomes
[41,42].

Research in human IVF has focused on the development of a



Fig. 3. Average sperm quality measurements by sperm selection technique. Motility (A), progressive motility (B), viability (C), and morphology (D) are given for unprocessed sperm
(none) and sperm processed by washing, SU, DG-SU, DGC, and MF. Data are represented as mean ± standard error. Superscripts (a, b, c) denote statistical significance between fresh
groups (P < 0.05) and (A, B, C) denote statistical significance between cooled groups (P < 0.05).
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novel method of high quality sperm selection for IVP based on ZP
[19e21]. In 2006, Chan et al. established a method of positively
charging a glass centrifuge tube using static electricity generated by
friction in order to bind more negatively charged sperm [4]. This
method is used immediately following DGC and the combination of
techniques will hereafter be referenced in total as the ZP selection
method [4]. Upon its initial use, the ZP selection method almost
doubled the percentage of morphologically normal sperm as
compared to the original sample (19.3 ± 0.1 and 10.0 ± 0.1,
respectively), as well as significantly increased hyperactivemotility,
progressive motility, and DNA integrity [4]. Total motility was not
significantly increased and total recovery was just under 9% [4]. The
ZP method was later implemented clinically with infertile couples
in combinationwith ICSI. Again, ZP selection yielded improved DNA
integrity as compared to results from a hyaluronic acid sperm
binding method, percentages of normal morphology, and normal
protamine content [20,21]. However, others showed that the ZP
selection method increased percentages of Annexin-V and ubiq-
uitin positive sperm as compared to DGC selected and untreated
sperm, indicating either increased apoptosis or capacitation [20].
We did not perform Annexin-V staining in the current study.
Additionally, ZP selection prior to ICSI significantly increases
fertilization rates (52.39%e65.79%, P < 0.05) and numerically im-
proves pregnancy rates (P > 0.05) over ICSI following DGC sperm
selection [19]. A study with a similar experimental design observed
significantly greater fertilization and pregnancy rates after ICSI
utilizing ZP-selected sperm over ICSI utilizing DGC-selected sperm
6

[3]. However, pregnancies reaching full term revealed a signifi-
cantly skewed sex ratio, favoring XX offspring, which aligns with
other observations of electrophoretic X-chromosome selection bias
and X-chromosome bearing sperm possessing a more negative ZP
[2,22,44,45].

As previously mentioned, the negative charge on sperm has
been attributed to the presence of sialoglycoproteins embedded in
the sperm membrane and extending outward to make up the
sperm glycocalyx [6,7]. Glycoconjugate b-Defensin DEFB126 is a
major contributing protein to the sperm glycocalyx that contains
terminal sialic acid groups and is a largely homologous molecule
between human and macaque sperm [46,47]. DEFB126 is highly
expressed during epididymal maturation and heavily coats the
sperm until capacitation [48]. Furthermore, the removal of
DEFB126 from the glycocalyx is integral to tight sperm-zona
binding [46], implying that the charged glycocalyx is integral to
fertilization events. The negatively charged oligosaccharides of
DEFB126, specifically terminal sialic acid residues, have been
shown to play a role in active in vitro motility in the macaque. The
removal of DEFB126 inhibits over 80% of successful navigation of
periovulatory cervical mucus by disrupting progressive linear mo-
tion [7,48e50]. Similar to sperm, cervical mucus has been shown to
possess a negative charge, likely repelling sperm and preventing
adherence to the tract as well as driving progressive motion to-
wards the site of fertilization [51,52]. Thus, it is no surprise that
motility and progressive motility were correlated with ZP in the
present study, although the exact relationship between the
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properties in vitro still requires further investigation.
Properties of the glycocalyx, specifically electrical charge, have

not only been shown as essential for the movement of the sperm
through the female tract but also are important in the survival of
sperm and immune evasion in the female tract, and sperm-zona
binding [6,7,10e13]. The association between the survival rate of
sperm and electrical charge could be an explanation for our finding
that sperm assayed after a 24-h cooling period showed correlations
between viability and ZP. Potentially, the integrity of the glycocalyx
and thus the preservation of a negative charge protects the un-
derlying sperm plasma membrane, both increasing survival and
improving preservation of sperm quality. A lack of correlation be-
tween viability and ZP in fresh samples may be simply due to a
shortened time between ejaculation and quality measurement.

Results from the current study also reinforced the efficacy and
potential of MF sorting as a clinical method of sperm selection for
equine IVP. Not only was MF capable of selecting high quality
sperm, but MF selected for a population of sperm from a cooled
ejaculate that possessed higher motility and progressive motility
than all other selection methods. Viability and morphology pa-
rameters were numerically higher in MF selected sperm than
sperm selected by all traditional methods other than DG-SU for
both fresh and cooled sperm. The MF method was also user
friendly, not requiring expensive incubators or centrifuges. Sperm
selected by MF also pose an advantage over sperm selected by DGC
and DG-SUmethods because centrifugation causes DNA damage to
sperm [53,54] as well as increasing the number of apoptotic like
changes [55]. In fact, Percoll®, the silica coated particle solution
used to create gradients that is commonly used in animal DGC, has
been shown to be cytotoxic. Specifically, Percoll® has been shown
to cause inflammatory responses in the female reproductive tract,
and ultrastructural and endotoxic injury to sperm resulting in
inferior embryo development [22,56e60]. As a result, Percoll® is
prohibited for use in humans, and the equine industry often sub-
stitutes Percoll® with Equipure™ to reduce instance of sperm
injury, which works similarly to increase motility, normal
morphology, and pregnancy rates [61e63]. Equipure™ was not
utilized in this study because similar results were observed be-
tween Equipure™ and Percoll® during initial optimization.
Regardless of the cytotoxic effects of gradient particles on sperm
injury, the lack of a centrifugation step is still an appealing feature
of the MF method.

One drawback to the MF selection method, despite selecting
sperm with extremely high quality, is that it selected for lower
concentrations of sperm than the DGC method (data not shown).
Although the efficacy of the selection method is highly dependent
on the initial sample, the tight meshwork of the MF device may
limit the number of viable sperm that are able to pass through the
membrane over the course of a 30-min time period. Increasing the
time period of sperm selection or introducing additional selection
fluid over the device membrane after the initial time period for a
secondary selection may increase sperm yield. However, due to the
small number of sperm required for ICSI, it is potentially better to
have a smaller pool of higher quality sperm for selection than it is to
have a larger pool of inferior quality, centrifuged sperm. Although
this study serves as the first comprehensivemethod comparison for
equine sperm selection, future studies may focus on factors more
directly associated with sperm fertility and future embryo devel-
opmental outcomes such as DNA integrity, membrane integrity,
mitochondrial membrane potential, and a lack of apoptotic markers
[41,42].

5. Conclusions

In conclusion, we have been able to verify a net negative surface
7

charge, through ZP measurements, on equine sperm that is corre-
latedwith bothmotility and viability parameters. The identification
of a negative ZP can be applied to the development of a future
equine sperm selection technique to optimize IVP outcomes.
Additionally, MF has been shown as an effective method of sperm
selection for equine IVP purposes, selecting high quality sperm
without exposing sperm to potential injury from forces applied
during centrifugation. In providing groundbreaking approaches for
sperm characterization and selection for implementation within
the equine breeding industry, our results could spark future in-
novations for the improvement of IVP.
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