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A B S T R A C T

We determined if microfluidic sorting (MF) of frozen-thawed stallion sperm improves sperm
population characteristics and results in embryo development after intracytoplasmic sperm in-
jection (ICSI). The efficiency and efficacy of MF sperm separation was evaluated by comparing
pre- and post-separation sperm population variables. Procedural comparisons were performed
after sorting with MF, single-layer colloidal centrifugation (SLC) or swim-up (SU), and cleavage
and embryo development were evaluated after ICSI using MF-sorted sperm. In Experiment 1,
when compared to the original sperm sample, MF sorting resulted in a sperm subpopulation with
greater motility, morphology, viability, and membrane as well as DNA integrity. After sorting by
MF, SLC and SU in Experiment 2, motility, viability, and membrane integrity were similar for
sperm sorted using MF and SLC; however, morphology and DNA integrity were greater in sperm
sorted using MF when compared with SLC. Swim-up was the least effective sorting method. In
Experiment 3, sperm were processed using MF and SLC prior to ICSI. Motility, morphology and
DNA integrity were similar for sperm subpopulations sorted using either method; but viability
was greater for sperm sorted using MF than SLC. Sorting did not improve sperm membrane
integrity. Sorting with MF prior to ICSI resulted in similar cleavage and blastocyst development
rates as SLC. We concluded that MF separation of stallion sperm resulted in a subpopulation with
improved sperm population parameters, comparable or better than SLC and SU. Embryos were
produced after ICSI using MF sperm sorting.

1. Introduction

Intracytoplasmic sperm injection (ICSI) is the only repeatable and effective method to produce horse embryos in vitro (Carnevale,
2008). The selection of individual sperm for ICSI is dependent on embryologists’ experience and primarily based on sperm motility
and morphology (Sessions-Bresnahan et al., 2014). When sperm are selected using morphological markers and motility in men with
male factor infertility, sperm with DNA damage are not excluded (Celik-Ozenci et al., 2004; Avendaño et al., 2009), which can
negatively affect embryo quality and pregnancy (Barroso et al., 2009).

Fresh, frozen and refrozen sperm are used for ICSI in horses and can result in cleavage and embryo development, although sperm
processing can affect success rates (Choi et al., 2002, 2006). Optimal methods to evaluate and sort stallion sperm for ICSI have not
been identified. Potentially, the use of sperm from most stallions could result in production of embryos after use of ICSI. Differences in
cleavage and embryo development rates, however, are observed after use of semen from different stallions when there are experi-
mental and clinical conditions (Lazzari et al., 2002; Colleoni et al., 2012; Herrera et al., 2012; Hinrichs, 2013; Choi et al., 2016).
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Stallions with relatively lesser in vivo fertility also have less in vitro-fertilizing potential (Colleoni et al., 2012). Because the individual
stallion and sperm quality affect ICSI success, there is a need for selecting high quality sperm to improve pregnancy outcomes
(Carnevale, 2008). Sperm samples, therefore, are usually sorted prior to ICSI to obtain a sperm subpopulation of greater quality,
increasing the probability of selecting sperm that when used will result in optimal fertility.

Different methods have been used to sort stallion sperm prior to ICSI, with the most common being a swim-up (SU) procedure or
density gradient centrifugation (Colleoni et al., 2011; Choi et al., 2016). For men and stallions, both methods provide a sperm
subpopulation with greater percentages of desirable end points for measurements of motility, viability, morphology, mitochondrial
membrane potential, and membrane integrity and DNA intactness (Sakkas et al., 2000; Macpherson et al., 2002; Sieme et al., 2003;
Morrell et al., 2009, 2010; Colleoni et al., 2011; Kim et al., 2015; Luppi et al., 2015). The microfluidic sorting (MF) technology can be
used for sperm separation as an alternative method to obtain a subpopulation with relatively greater motility, viability, morphology
and DNA integrity (Matsuura et al., 2013; Asghar et al., 2014; Nosrati et al., 2014; Shirota et al., 2016). Because centrifugation is not
used, the MF can be used to reduce the content of reactive oxygen species (ROS) of sperm and the potential for DNA damage (Aitken
and Clarkson, 1988; Barroso et al., 2000). There is no information available regarding use of MF methods combined with ICSI for
embryo production in horses.

We hypothesized that use of MF for separating stallion sperm would result in improved values for sperm quality variables when
compared to use of unsorted sperm and sperm where other separation methods were imposed. Aims of the studies were to: 1)
determine the extent that use of MF would improve values for sperm quality variables; 2) compare values for sperm quality variables
of frozen-thawed sperm after sorting using MF, single-layer colloidal centrifugation (SLC), and the SU procedure; and 3) determine if
there would be cleavage and embryo production with use of sperm that were sorted using the MF technologies and ICSI.

2. Materials and methods

2.1. Chemicals, reagents and animal care

All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated. Animal care and
semen collection procedures were performed in accordance with the Animal Care and Use Committee at Colorado State University.

2.2. Experiment 1: sorting of stallion sperm using MF

2.2.1. Sperm samples and MF
Frozen-thawed sperm samples were obtained from 20 stallions. Ten of the samples were obtained from research stallions and were

cryopreserved in-house as previously described (Kirk et al., 2005). A single ejaculate was collected from ten stallions, using an
artificial vagina (CSU Model™; Animal Reproduction Systems, Chino, CA, USA) equipped with an in-line nylon micromesh filter
(Animal Reproduction Systems) to remove the gel fraction. Volume, sperm concentration, and motility were evaluated using a
graduate cylinder, 590B Equine Densimeter (Animal Reproduction Systems) and computer-assisted sperm analysis (CASA; Sperm
Vision ® Therio, MOFA Global, Verona, WI, USA), respectively. Filtered semen was extended in pre-warmed E–Z Mixin® “BF” (Animal
Reproduction Systems) at 50×106 sperm/mL, before the sperm suspension was centrifuged at 400 g for 15min. The supernatant was
discarded, and the pellet was re-suspended to 200× 106 progressively motile sperm/mL in E–Z Freezin™ -"LE" Equine Semen Ex-
tender (Animal Reproduction System) and packed in 0.5-mL straws (IMV Technologies, Maple Grove, MN, USA). Straws were po-
sitioned in a floating straw rack (Animal Reproduction Systems) and cooled at 4 °C for 30min. Straws were placed 4 cm above liquid
nitrogen for 15min and then plunged into liquid nitrogen for storage.

Ten samples of frozen sperm were obtained from other facilities and contained sperm of variable quality from commercial
stallions. The samples were frozen in various extenders, containing approximately 200×106 motile sperm/mL before freezing. These
samples were representative of sperm that is obtained for clinical ICSI.

For thawing, a small section of each straw (approximately a tenth of the length) was cut under liquid nitrogen to mimic clinical
procedures. The cut sections were thawed at 37 °C in G-BSA [G-MOPS™ (Vitrolife Sweden AB, Frölunda, Sweden) plus 0.4% BSA].
Frozen-thawed sperm were processed using MF with the use of a commercial device (FERTILE PLUS™ Sperm Sorting Chip, DxNow
Inc., MA, USA) previously used for human sperm. The manufacturer’s guidelines were followed with modifications for stallion sperm
as noted. Thawed sperm were suspended in≤800 μL G-BSA and placed into the loading chamber. The collection chamber had 500 μL
of G-BSA added, and the device was incubated in room air at 37 °C for 20min, allowing sperm to swim up and through a porous
membrane into the collection chamber. From the collection chamber, 300 μL of sorted sperm were removed for evaluation.

2.2.2. Sperm analysis
Frozen-thawed sperm were analyzed before and after MF sorting for the following variables (percentage per total sperm) of: 1)

total motile sperm, MOT+, 2) normal morphology, MORPH+, 3) live sperm, as a measurement of viability and sperm head
membrane integrity, LIVE+, 4) positive hypoosmotic swelling, indicative of membrane integrity in the principal piece of the tail,
HOS+, and 5) DNA fragmentation, DNA–.

For MOT+, visual assessment by a single observer was performed, using phase-contrast microscopy at X 200 magnification. For
MORPH+and LIVE+, an aliquot (20 μL) of the sperm sample was mixed on a slide with 20 μL of an eosin-nigrosin stain (Hancock
Stain®, Animal Reproduction Systems Inc.). The mixture was smeared on a slide and dried on a warming plate at 37 °C to avoid
hypotonic artifacts. Sperm (n=100 per sample) were examined under X 1000 magnification using bright field microscopy.
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Morphological abnormalities included defects of the head (altered head size and shape head, acrosome defects, nuclear vacuoles and
deformities), midpiece (proximal or distal cytoplasmic droplets, swollen or rough midpiece, and fractured axonemal fibers), and
principal piece (cytoplasmic retention, bending and coiling). For LIVE+, sperm with an intact post-acrosomal plasma membrane that
did not uptake eosin in the head region were considered to be live, and sperm with any detectable eosin in the head region were
counted as dead (Brito, 2007; Mocé and Graham, 2008). LIVE+ sperm were characterized on each slide as the percentage of un-
stained sperm per 200 total sperm (Brito, 2007).

For HOS+, 10 μL of the sperm sample was mixed with 100 μL of hypoosmotic sucrose solution (100 mOsm/Kg) in a 1.5mL
microtube. The mixture was incubated at 37 °C for 30min. Sperm (n = 300 per sample) were examined under X 400 magnification
with contrast field microscopy. Sperm with unaltered tail morphology were considered HOS–, and sperm with a distinctive curling of
the tail were considered HOS+ (Jeyendran et al., 1984). Results are expressed as percentages of HOS+ sperm per total sperm.

Sperm chromatin dispersion test was used to determine DNA–. Briefly, 50 μL of 1% low-melting point agarose in 1.5mL microtube
was placed in a water bath at 90 °C for 3min and then moved to a slide warmer at 37 °C for 5min. An aliquot (10 μL) of the sperm
sample was mixed with the melted agarose. The mixture was pipetted onto a 0.65% agarose-precoated slide, covered with cover glass,
and cooled at 4 °C for 5min. After removing the cover glass, the slide was incubated in the dark with an acid denaturation solution
(0.08 N HCl) for 7min at room temperature. The slide was then immersed in Lysing Solution I (0.4M 2-Amino-2-(hydroxymethyl)-
1,3-propanediol, 0.4M 2-mercaptophenol, 1% sodium dodecyl sulfate, and 50mM ethylenediaminetetraacetic acid, pH 7.5) for
10min and Lysing Solution II (0.4M 2-Amino-2-(hydroxymethyl)-1,3-propanediol, 2 M NaCl, and 1% sodium dodecyl sulfate, pH 7.5)
for 5min. After washing with distilled water for 5min, the slide was consecutively immersed for 2min in 70%, 90% and 100%
ethanol. The slide was stained with Dip Quick Stain (Jorgensen Laboratories Inc., Loveland, CO, USA), and 300 sperm were counted
under X 1000 magnification using bright field microscopy. Sperm with a large or medium halo of DNA dispersion were considered to
have intact DNA, and sperm with small or no halo of DNA dispersion were considered to have fragmented DNA (DNA–). DNA– was
determined for each slide as the percentage of sperm with fragmented DNA per total sperm (Fernandez et al., 2003, 2005; López-
Fernández et al., 2007; Olaciregui et al., 2016)

2.3. Experiment 2: Comparison of sperm population sorting using MF, SLC, and the SU procedure

2.3.1. Sperm samples and sorting
Sperm from 19 stallions were frozen in-house (n=10) or obtained from other facilities (n = 9) as described in Experiment 1. A

single straw from each stallion was thawed in a water bath at 37 °C for 30 s before being divided into three aliquots for sorting using
MF, SLC and SU. For MF, thawed sperm samples were processed as described for Experiment 1. For SLC, thawed samples (100 μL,
˜40× 106 sperm) were suspended in ≤ 200 μL of G-BSA and layered onto 500 μL of Equipure™ (Nidacon, International AB,
Gothenburg, Sweden) diluted with G-BSA (75% v/v) in a 1.5-mL microtube and centrifuged at 200 g for 8min. Supernatant was
discarded, and the remaining sediment (50 μL) was washed in 300 μL G-BSA at 400 g for 3min for analysis. For SU, thawed sperm
were overlaid by 1mL of G-IVF (Vitrolife, plus 0.4% BSA) at 38.2 °C. The tube was positioned at ˜45° angle and incubated in 6% CO2

and air at 38.2 °C for 15min. Approximately, 0.5mL of supernatant was removed and centrifuged at 300 g for 3min. The supernatant
was discarded and the remaining sediment (100 μL) was used for evaluation.

2.3.2. Sperm analysis
Frozen-thawed sperm were analyzed before and after sorting for MOT+, MORPH+, LIVE+, HOS+and DNA–. Assessments of

MORPH+, LIVE+ and HOS+were performed as described for Experiment 1. For MOT+and DNA–, sufficient numbers of sperm
were available to evaluate larger numbers of sperm using different methods. For MOT+ evaluation, thawed sperm were diluted in
prewarmed E–Z Mixin® “BF” (Animal Reproduction System) to a final sperm concentration of 50×106 sperm/mL. Total sperm
motility was analyzed using a computer-assisted sperm analyzer (Sperm Vision® Therio). For DNA–, samples were evaluated following
the protocol for Sperm Chromatin Structure Assay (Evenson and Melamed, 1983). Briefly, an aliquot of (100 μL) frozen-thawed sperm
was layered onto 500 μL of Equipure™ in a 1.5mL microtube and centrifuged for 10min at 200 g to remove extender. For samples
sorted by SLC, this step was not needed, and the SLC samples were not exposed to another centrifugation step with Equipure™ prior to
the DNA assay. The supernatant was removed, and the pellet was re-suspended in TNE-Tris (1.0 mM 2-Amino-2-(hydroxymethyl)-1,3-
propanediol, 15.0mM NaCl and 1.0 mM ethylenediaminetetraacetic acid, pH 7.4). Sperm concentration was adjusted to 2×106

sperm/mL. A 200 μL sperm-TNE-Tris suspension was mixed with 400 μL of a detergent solution (0.08 N HCl, 15mM NaCl and 0.1%
Triton X-100). Thirty seconds later, 1.2 mL of acridine orange solution (20mM Na2HPO4, 10mM citric acid, 1 mM ethylenediami-
netetraacetic acid, 15mM NaCl and 6 μg acridine orange/mL) was added. A minimum of 20,000 events per sample were analysed
within 3–5min using an Accuri ™ C6 Flow cytometer and CFlow Plus (Becton Dickinson, Franklin Lakes, NJ, USA). Percentage of DNA
fragmentation (DNA–) was assessed by selecting sperm to the right of the main population on a dot plot of red (FL3,> 670 nm/long
pass band) compared with green (FL1, 530/30 nm band pass) fluorescence.

2.4. Experiment 3: Use of MF for separation of sperm prior to ICSI and comparison with SLC

2.4.1. Sperm samples and sorting for oocyte injection
Sperm frozen with various extenders and methods in 0.25-, 0.5- or 5-mL straws (n=40 analyzed samples) from 21 commercial

stallions were included. Commercial sperm samples were incorporated into the clinical program without specific preconditions and
rotating days for different sample processing. Individual straws were cut under liquid nitrogen to use a minimal number of sperm. The
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cut sections were thawed at 37 °C in G-BSA. Sperm were sorted by MF or SLC as described in Experiments 1 and 2. In samples
processed by MF (n=22), sperm from the collection chamber were used for final selection. The SLC samples (n=18) were pro-
cessed, and sperm from the sediment were washed prior to final selection. After processing and just prior to ICSI, the final selection of
sperm for oocyte injection was based on motility and morphology at X 200 magnification by the ICSI technician.

2.4.2. Sperm analysis
Samples were analyzed before and after sorting for MOT+, MORPH+, LIVE+, HOS+and DNA– as described in Experiment 1.

2.4.3. Oocyte collection and sperm microinjection
Oocyte donors were mares 3 to 25 yr (n=20, mean ± SEM of 12.2 ± 4.7 yr). Oocytes were collected by transvaginal, ultra-

sonic-guided follicle aspirations during the follicular phase of the estrous cycle from dominant follicles, yielding maturing oocytes
(Carnevale, 2016). Maturing oocytes completed maturation in Medium 199 with Earle’s salts, L-glutamine, and 2.2 g/L sodium
bicarbonate (GIBCO BRL Life Technologies, Grand Island, NY, USA) with additions of 10% fetal calf serum, 0.2mM pyruvate and
25mg/mL gentamicin for approximately 20 h at 38 °C in 6% CO2 and air. During the study, matured oocytes in metaphase II with
extrusion of a polar body were used for ICSI. Sperm injections (Day 0 = day of ICSI) were performed by a single technician using a
piezo drill into 50 oocytes (n=29 for sperm processed by MF, n=21 for sperm processed by SLC). After ICSI, potential zygotes were
placed into 30-μL drops of culture medium (Dulbecco Modified Eagle medium/F12, GIBCO BRL Life Technologies, with 10% fetal calf
serum) under oil (Ovoil™, Vitrolife, Göteborg, Sweden) at 38 °C in an atmosphere of 5% O2, 5% CO2 and 90% N2. The day after ICSI,
potential zygotes were observed under X 200 magnification for cleavage; if complete cell division was not observed, but markers of
imminent cleavage were noted, such as change in shape or fragmentation of the oolemma, the potential zygote was reassessed for
cleavage on the following day. Cleaved embryos were evaluated on Days 5 and daily thereafter until development into a blastocyst or
confirmation of embryo degeneration. Development after ICSI was defined per injected oocyte as Cleavage, ≥ 2 cells by Day 2, and
Blastocyst, development of a blastocyst.

2.5. Statistical analysis

Statistical analyses were performed using R Core Team Software 3.4.2017 (R: A language and environment for statistical com-
puting; R Foundation for Statistical Computing, Vienna, Austria). Data obtained for sperm variable analyses were tested for normality
and homogeneity of variances using the Shapiro-Wilk and Levene test. In Experiment 1, Wilcoxon Rank Sum test for independent
samples was used to compare sperm population quality parameters between in-house and commercial samples. Because multiple
sperm variables were different between in-house and commercial samples, further comparisons were performed separately by sample
source. Percentages for sperm quality variables before and after MF sorting were examined by two-factor repeated measures design
with sample type (in-house and commercial samples) as the between-factor and sorting (unsorted and sorted sperm) as the within-
factor. A mixed model was fit to each sperm variable separately, with type of samples, sorting and type and sorting interaction were
fixed effects. In Experiment 2, percentages for sperm variables before and after sorting among methods were analyzed using one-
factor repeated measures design with sorting methods as the within-factor and stallion as a random effect for repeated measures. A
mixed model was fit to each sperm variable separately. Tukey adjusted pairwise comparisons were considered among sorting
methods. In Experiment 3, comparisons of percentages for sperm variables before and after sorting within each method and between
methods were performed by Wilcoxon test for paired and independent samples, respectively. Associations among values for sperm
variables after sorting were performed by Spearman’s rank correlation (rs). Percentages for sperm variables after sorting that resulted
in positive (Yes) or negative (No) ICSI outcome for Cleavage and Blastocyst were compared by Wilcoxon Rank Sum test for in-
dependent samples. Logistic regressions were conducted to investigate the association between sorting methods and ICSI outcomes
for Cleavage and Blastocyst. Odd ratios (OR) and 2.5% and 97.5% confidence interval (CI) were calculated. Values for sperm
variables are presented as mean ± SEM. Statistical differences were considered to occur at P < 0.05.

3. Results

3.1. Experiment 1: sorting of stallion sperm using MF

When compared to original sperm samples, values for MOT+, MORPH+, LIVE+, and DNA– were greater (P≤ 0.05) after MF
sorting of in-house and commercial samples (Table 1), there being no significant interaction between sample type and sorting for
these variables (P > 0.08). In-house samples, however, had a greater HOS+ value before (P < 0.004) and after (P < 0.0001)
sorting than commercial samples, with an interaction between sample type and sorting (P > 0.015). In commercial samples, HOS+
was not affected (P > 0.2) by MF sorting (Table 1).

3.2. Experiment 2: Comparison of sperm population sorting using MF, SLC, and SU procedures

When the original sperm population was compared to sorted sperm, MF was the only sorting method that when used there was
improvement in MORPH+, LIVE+ and DNA– (Table 2). There was a greater MOT+after MF and SLC than in the original sperm
population. There was none of the sorting methods that were assessed with which there was an increase for HOS+when compared to
the original samples, although the percentage of HOS+was greater after sorting with SLC than SU (Table 2). Values for sperm
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population variables were not different after SU when compared to values with the original samples (Table 2).

3.3. Experiment 3: Use of MF for sorting sperm prior to ICSI and comparison with SLC

Prior to sorting with MF or SLC, mean values for sperm population variables (MOT+, MORPH+, LIVE+, HOS+and DNA–) were
not different from those of the original samples (Table 3). With the exception of HOS+, mean values for sperm population variables
were greater after sorting with MF or SLC (Table 3). Only the mean value for LIVE+was greater for sperm sorted using MF as
compared with the value when there was use of SLC. There were no differences in mean values for the other sperm variables after
sorting (Table 3). Some values for sperm population variables were correlated after sorting using MF and SLC (Table 4), although
correlations were not significant between sorting methods (MF and SLC).

After ICSI, 54% (27/50) of all sperm-injected oocytes cleaved, and 46% (23/50) of sperm-injected oocytes developed into a
blastocyst by Day 7, however, there was no blastocyst development beyond Day 7 of culture. There were no embryo developmental
associations related to sorting methods used and ICSI outcomes for Cleavage [P > 0.3; MF: OR=1 (CI, 0.4–1.9) and SLC: OR=1.74
(CI, 0.6–5.6)] or Blastocyst [P > 0.4; MF: OR=1 (CI, 0.3–1.50) and SLC: OR=1.55 (CI, 0.5–4.9)]. Mean values for sperm variables
that were associated positive or negative for Cleavage or Blastocyst were not different among sorting methods; with the exception
that MORPH+ was greater (P < 0.02) for sperm populations that did not result in blastocyst formation when sperm were separated
using SLC (Table 5).

4. Discussion

Results of several studies with different species provide ample evidence that the use of MF provides a sperm subpopulation with
improved characteristics for assisted reproductive technologies (Matsuura et al., 2013; Asghar et al., 2014; Nosrati et al., 2014;
Shirota et al., 2016). In the present study, stallion sperm were sorted using a MF approach. The device that was used was designed
with two chambers separated by a membrane filter with 8-μm micropores. Motile stallion sperm, having a head width of approxi-
mately 3 μm (2.79 to 3.26 μm) (Brito, 2007) and can transit through the membrane and into the collection chamber when using MF.
Motile sperm move selectively against gravity and through the micropores, with less motile or nonmotile sperm and debris remaining
behind (Asghar et al., 2014). Advantageously, the use of MF does not require centrifugation, which can cause sublethal damage to
sperm and expose DNA to relatively greater concentrations of ROS that can ultimately lead to DNA fragmentation (Aitken and
Clarkson, 1988; Hughes et al., 1998; Barroso et al., 2000). In the present study, sperm samples from in-house and commercial
stallions differed for MOT+, HOS+and DNA–, before sorting, with in-house samples having values indicating greater (P < 0.02)

Table 2
Mean ± SEM percentages for sperm quality variables for the original samples (Unsorted, n= 19) and sperm sorted using microfluidics (MF), single
layer colloidal centrifugation (SLC) and swim−up procedure (SU); Values with different superscripts within a row differ at a,b,cP < 0.05; MOT+,
percentage of total motile sperm; MORPH+, percentage of morphologically normal sperm; LIVE+, percentage of live sperm; HOS+, percentage of
sperm with functional tail membrane; DNA–, percentage of sperm with fragmented DNA.

Unsorted Sorting Methods

MF SLC SU

MOT+ 43.7 ± 3.3a 53.9 ± 3.5bc 61.8 ± 3.9c 49.2 ± 4.0ab

MORPH+ 57.0 ± 5.2a 71.1 ± 4.1b 62.2 ± 5.2a 62.6 ± 4.8a

LIVE+ 65.8 ± 2.2a 73.9 ± 2.3b 67.9 ± 2.5ab 63.9 ± 2.6a

HOS+ 33.6 ± 2.0ab 30.5 ± 1.8ab 35.4 ± 2.0b 30.1 ± 1.9a

DNA– 12.7 ± 1.5a 6.0 ± 1.2b 12.1 ± 1.9a 10.5 ± 1.5a

Table 3
Mean ± SEM percentages (range) of sperm quality variables of samples used for ICSI in Experiment 3 for Unsorted (original sample) and Sorted
sperm using microfluidics (MF, n=22) and single layer colloidal centrifugation (SLC, n = 18); Values with different superscripts for Unsorted and
Sorted within a row for sperm quality variables differ at a,bP < 0.05; Values within a column differ at A,BP < 0.05 between MF and SLC. MOT+,
percentage of total motile sperm; MORPH+, percentage of morphologically normal sperm; LIVE+, percentage of live sperm; HOS+, percentage of
sperm with functional tail membrane; DNA–, percentage of sperm with fragmented DNA.

MOT+ MORPH+ LIVE+ HOS+ DNA–

Unsorted Sorted Unsorted Sorted Unsorted Sorted Unsorted Sorted Unsorted Sorted

MF 23.7±3.2a

(10–60)
55.9± 2.8b

(40–90)
54.7± 3.5a

(18–74)
73.8± 2.4b

(49–95)
51.9± 2.8a

(22–80)
67.5± 3.2bA

(39–91)
21.3±1.4
(11–34)

21.5±2.3
(4–45)

21.9±2.9a

(7–52)
9.4± 1.6b

(1–26)
SLC 25.0±3.2a

(10–50)
53.5± 3.9b

(25–80)
54.5± 3.6a

(25–76)
66.1± 4.0b

(19–88)
46.4± 2.9a

(22–68)
57.8± 3.8bB

(19–86)
21.4±2.2
(12–51)

21.0±2.0
(9–36)

17.3±2.1a

(7–36)
12.4±1.8b

(4–30)
Total 24.6±2.5a

(10–60)
54.8± 2.6b

(25–90)
54.6± 2.9a

(18–76)
70.8± 3.0b

(19–95)
49.4± 2.9a

(22–80)
62.7± 3.5b

(19–91)
21.3±1.6
(11–51)

21.2±2.0
(4–45)

19.6±2.4a

(7–52)
11.3±1.8b

(1–30)
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sperm quality. Consequently, analyses were performed grouping samples by origin (in-house and commercial) as sperm quality is a
potential confounding factor for sperm sorting efficiency, and freezing methods used in the present study were standardized only for
the in-house samples. Results of this study indicate MF can be used with stallion sperm and result in a sperm subpopulation with
improved motility, morphology, viability and DNA integrity, independent of the starting point values for most individual sperm
quality variables. In sperm samples with disrupted membrane integrity as measured using the HOS test, the use of MF did not result in
an improvement of membrane integrity in the separated sperm populations when this technology was used. Human sperm sorted
with similar MF devices as that used in the present study have a subpopulation with greater motility, viability, normal morphology,
nuclear maturity, and DNA integrity (Asghar et al., 2014). In humans, a negative relationship was observed between sperm DNA
fragmentation and pregnancy outcomes when there was use of IVF and ICSI technologies (Avendaño et al., 2009; Zhao et al., 2014).
The use of sperm with>30% DNA fragmentation resulted in reduced pregnancy rates after IVF, but a similar association was not
detected after use of ICSI (Bungum et al., 2006; Li et al., 2006). The selection of sperm based on motility and morphology char-
acteristics for ICSI from a population with relatively greater DNA fragmentation (> 50%) resulted in a similar pregnancy rate when
compared to selection of sperm with a lesser DNA fragmentation (< 15%), however, there was an increase in miscarriages suggesting
a potential negative effect on embryonic/fetal development (Dar et al., 2013). Although sperm DNA fragmentation may not result in a
reduction in cleavage and early pregnancy after use of ICSI in horses (Gonzalez-Castro and Carnevale, 2018), this fragmentation may
be associated with embryo loss at later stages of development as occurs in humans (Miller and Smith, 2001; Loutradi et al., 2006;.
During embryo development in humans, developmental abnormalities, implantation failure or early pregnancy loss are associated
with a paternal effect related to nuclear or chromatin defects in sperm such as aneuploidy, genetic anomalies and DNA fragmentation
(Barroso et al., 2009). The use of MF was the only sorting method in the present study that resulted in the selection of a sperm
population with less DNA fragmentation; therefore, some advantages of MF sperm sorting could become evident at development
stages later than observed in the present study.

The use of current sperm sorting methods, such as density gradient centrifugation or SU procedures, can provide a means to select
a more desirable population of sperm prior to use for ICSI in horses and humans (Choi et al., 2016; Galli et al., 2016; Simopoulou
et al., 2016). A proteomic comparison of human sperm has been used to evaluate density gradient centrifugation results in sperm with
greater capacitation potential than SU (Luppi et al., 2015); but in most studies, use of both methods result in detection of sperm of
similar quality for motility, morphology, viability or DNA integrity (Sakkas et al., 2000; Zini et al., 2000; Kim et al., 2015, 2017). In
the present study, SU was the least effective method that was assessed to separate small quantities for sperm with greater mean values
for quality variables with the use of MF and SLC resulting in sperm subpopulations with greater normal morphology, motility,
viability and DNA integrity. Consistent with the results from the present study, MF sorted sperm in a previous study had a greater

Table 4
Correlations among sperm quality variables after sorting using microfluidics (MF) and single layer colloidal centrifugation (SLC) (n=40 samples);
No differences in correlations were observed with use of MF and SLC; Spearman’s correlation coefficients (rs) noted with asterisk (*) were significant
at P < 0.05. MOT+, percentage of total motile sperm; MORPH+, percentage of morphologically normal sperm; LIVE+, percentage of live sperm;
HOS+, percentage of sperm with functional tail membrane; DNA–, percentage of sperm with fragmented DNA.

MORPH+ LIVE+ HOS+ DNA–

MOT+ rs= 0.52*
P=0.0001

rs= 0.53*
P=0.0001

rs= 0.07
P=0.7

rs = –0.56*
P < 0.0001

MORPH+ rs= 0.40*
P=0.004

rs = –0.03
P=0.8

rs = –0.44*
P= 0.001

LIVE+ rs=0.32*
P=0.04

rs = –0.68*
P < 0.0001

HOS+ rs= 0.001
P=0.9

Table 5
Cleavage and Blastocyst development rates per sperm injected oocyte after sorting of sperm with use of microfluidics (MF) and single layer colloidal
centrifugation (SLC) and mean±SEM percentages for sperm variables in which ICSI resulted in positive (Yes) or negative (No) outcomes; Values
with different superscripts for individual sperm variables within sorting method differ at a,bP < 0.05; MOT+, percentage of total motile sperm;
MORPH+, percentage of morphologically normal sperm; LIVE+, percentage of live sperm; HOS+, percentage of sperm with functional tail
membrane; DNA–, percentage of sperm with fragmented DNA.

Rates Outcome MOT+ MORPH+ LIVE+ HOS+ DNA–

Cleavage MF 48.3% (14/29) YES 53.1 ± 3.1 73.9 ± 3.0 67.1 ± 3.9 21.3 ± 3.7 11.8 ± 2.1
NO 57.2 ± 2.9 74.8 ± 2.7 68.2 ± 3.6 20.2 ± 8.5 8.4 ± 2.0

SLC 61.9% (13/21) YES 52.9 ± 4.1 62.1 ± 6.4 59.3 ± 4.6 22.4 ± 2.1 12.1 ± 1.9
NO 53.2 ± 8.5 74.9 ± 6.1 57.2 ± 5.0 19.3 ± 1.4 11.7 ± 1.8

Blastocyst MF 41.3% (12/29) YES 54 .0 ± 3.8 74.1 ± 3.8 65.9 ± 4.9 21.2 ± 3.6 11.8 ± 2.2
NO 56.1 ± 3.1 74.9 ± 2.5 68.7 ± 3.2 20.1 ± 8.6 9.4 ± 7.6

SLC 52.3% (11/21) YES 52.8 ± 3.9 57.2 ± 6.0a 61.8 ± 4.6 20.9 ± 2.7 10.8 ± 2.2
NO 54.1 ± 6.6 77.4 ± 2.1b 54.4 ± 4.8 20.1 ± 2.1 12.7 ± 1.8
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normal morphology and DNA integrity when compared to sperm sorted using density gradient centrifugation and SU in sperm
samples from infertile and fertile men (Schulte et al., 2007; Shirota et al., 2016; de Martin et al., 2017). Human sperm separated by
MF also have less ROS when compared with sperm sorted using basic washing or SU (Asghar et al., 2014). This finding indicates that
the greater ROS generation with use of SU resulted from the centrifugation steps (Aitken and Clarkson, 1988; Hughes et al., 1998),
which are avoided using MF. Fresh sperm from stallions processed using single- or double-layer colloidal centrifugation have greater
motility, normal morphology, and DNA integrity when compared to unprocessed sperm (Morrell et al., 2009, 2010). The use of
density gradient centrifugation results in a greater viability, but not motility or morphology, for fresh stallion sperm when compared
to unsorted samples, and use of the SU results in samples have greater motility, but not normal morphology or viability. The use of
density gradient centrifugation and SU result in similar viability, but use of SU results in a greater motility and lesser normal
morphology in the sorted sperm subpopulation (Sieme et al., 2003). The efficiency of sperm sorting based on motility can be co-
founded by the sperm quality of the originating sample (Xue et al., 2014; Simopoulou et al., 2016). Findings in the present study
indicate SU is not an efficient method to sort small numbers of limited quality stallion sperm, and SLC and MF are more efficient
techniques that are less sensitive to the confounding effects of quality of the original sample.

In clinical practice, the stallion effect on ICSI is confounded by mare selection and can require additional ICSI cycles if differences
in samples are to be detected (Galli et al., 2016). In the present study, there were no differences between the ICSI outcomes that were
related to the sorting methods when there were a relatively small sample numbers. Larger sample sizes (n = 197 for cleavage and
n=321 for blastocyst formation) would have been required to detect statistical differences at a power of 0.8. Human fertilization and
pregnancy outcomes after standard in vitro fertilization are similar when there is use of density gradient centrifugation and SU (Kim
et al., 2015). In horses, there were greater cleavage and blastocyst rates after ICSI when sperm were sorted using density gradient
centrifugation followed by SU when compared to sperm processed by density gradient centrifugation alone, but the outcomes did not
differ when compared to sperm processed by basic washing or SU (Choi et al., 2016). In the present study, sperm motility and
morphology were used as the final criteria for sperm selection, and this could have negated some of the effects of sorting method.
Selection of a sperm sorting method in a clinical program, to some extent, is going to depend on particular aspects of the original
sperm sample. In the present studies, there was use of MF sorting with relatively few numbers of sperm and with sperm populations
with compromised quality. In addition, MF was the only sorting method that when used there was a subpopulation of sperm with
greater DNA integrity when compared to use of SLC and SU. Although, MF was the only sorting method in the present study that
when used there was a subpopulation of sperm with relatively greater DNA integrity than with use of the other methods, the
advantage of using MF sorting for clinical ICSI with horses is still to be determined.
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