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Abstract: Sperm preparation is a critical step in assisted reproduction, aiming to isolate
spermatozoa with optimal characteristics and high fertilizing potential. Traditional sperm
selection methods involve centrifugation, which may cause sperm damage. Microfluidic
sperm sorting (MSS) offers an alternative approach, mimicking the female reproductive tract
environment, avoiding centrifugation, and reducing manipulation and processing time. This
study aims to compare the performance of MSS and Swim-up (SU) in 26 normozoospermic,
31 hyperviscous normozoospermic, 15 oligozoospermic, and 9 asthenozoospermic subjects.
Semen samples were collected from male subjects undergoing routine semen analysis at
Careggi University Hospital, Florence. Sperm selection was carried out using both SU and MSS.
The parameters assessed included sperm motility, viability, concentration, kinematics, DNA
fragmentation (sDF), chromatin compaction, and oxidative status. Both SU and MSS improved
sperm characteristics compared to unselected samples. MSS isolated high-quality spermatozoa
with lower sDF and higher chromatin compaction than SU, not only in normozoospermic
samples but also in samples with semen defects like hyperviscosity, low concentration and/or
motility, and high sDF. In conclusion, the use of microfluidics may enhance the chances of
successful fertilization and improve reproductive outcomes, especially for individuals with
compromised semen quality where conventional methods may fail.

Keywords: microfluidic selection; Swim-up techniques; sperm DNA fragmentation; TUNEL/PI
assay; sperm oxidative levels; CelROX® Orange probe; sperm chromatin compaction

1. Introduction

The use of Assisted Reproductive Technology (ART) represents an effective treatment
option, offering infertile couples the opportunity to build a family. Sperm preparation is a
crucial step in ART procedures, as it aims to isolate spermatozoa with optimal character-
istics and high fertilizing potential, ultimately contributing to a successful pregnancy [1].
Common in vitro sperm preparation techniques bypass the natural selection barriers that
spermatozoa encounter as they pass through the female reproductive tract. These methods
primarily select spermatozoa based on their motility and morphology, while neglecting
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other important mechanisms, such as rheotaxis, thermotaxis, and chemotaxis, which con-
tribute to sperm selection in vivo [2,3].

Currently, in ART laboratories, two sperm selection methods, Density Gradient Cen-
trifugation (DGC) and Swim-up, are routinely used. These methods are based, respectively,
on sedimentation or migration to separate spermatozoa [4]. Swim-up selects spermatozoa
based on their ability to swim from the seminal plasma to the culture medium. This method
may be performed by layering the culture medium directly over the semen (direct Swim-up)
or layering the culture medium over the pellet, which is obtained after the centrifugation
of the sample (pellet Swim-up). DGC separates sperm cells based on their density by cen-
trifuging semen over a density gradient [5]. Both techniques isolate sperm cells from other
semen constituents, such as germ cells, leucocytes, epithelial cells, unviable spermatozoa,
or debris. The choice of selection method, according to the WHO manual [5], depends on
semen quality. Swim-up is usually preferred for subjects with normal seminal parameters,
whereas DGC is commonly used for cases of oligo-, terato-, or asthenozoospermia, as it
recovers a higher number of motile spermatozoa [5].

Centrifugation steps in both DGC and pellet Swim-up may lead to an increase in
reactive oxygen species (ROS), resulting in plasma membrane peroxidation and, ultimately,
sperm DNA damage [6,7]. Several studies have reported elevated levels of sperm oxidative
stress and DNA fragmentation after selection, particularly following DGC [6,8-12].

Other drawbacks of both methods include reduced yields in abnormal semen samples
and a long processing time. Alternative separation techniques have been developed based
on the surface and binding properties of spermatozoa; however, their use in clinical practice
is currently limited, as they share the same disadvantages [13] and are quite cumbersome.

In recent years, microfluidics has begun to be used to isolate gametes, embryos, and
other cell types. This method takes advantage of miniaturization by using microchannels with
dimensions of a few hundred micrometers, enabling the manipulation of small quantities of
fluids. In case of sperm separation, this method appears highly promising since (1) it mimics
the natural in vivo environment of the female reproductive tract; (2) it preserves spermatozoa
against damage by excluding centrifugation and reducing the processing time; and (3) it can
be designed to combine different separation methods within the same device [14].

In recent years, different microfluidic devices have been developed inspired by par-
allel laminar flow stream to distinguish motile from non-motile spermatozoa and other
cellular debris [15-17], via sperm rheotaxis, which allows spermatozoa to swim against the
flow [7,18-21], and via sperm responsiveness to a chemotactic gradient [22-25]. Other mi-
crofluidic devices are based on sperm responsiveness to temperature gradient [26,27] or on
a combination of chemotactic and temperature stimuli [3,28,29]. However, to date, major
drawbacks have hindered the introduction of most of these systems into the consumer market.

Currently, only three microfluidic chips are commercially available. All are made of
polymers (polymethyl-methacrylate or polycarbonate) and consist of a single inlet channel, in
which the sample is placed, communicating with a lower chamber. A microporous membrane
filter separates the lower chamber from the upper chamber, which is filled only with medium.
Only highly motile and morphologically normal spermatozoa can reach the upper outlet
chamber, where they are collected. Published studies to date agree that sperm quality improves
after microfluidic sorting compared to both raw semen and other selection methods (DGC
or Swim-up) [30-32]. However, most of these studies were conducted almost exclusively on
normozoospermic subjects, where conventional sperm selection techniques can also yield
good results. The effectiveness of microfluidics for categories of subjects with abnormal semen
parameters has been scarcely investigated so far [32-34].

While microfluidics has been applied in ART in some studies, it remains unclear
whether sperm selection through microfluidic sperm sorting (MSS) leads to significantly
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improved ART outcomes. A recent meta-analysis suggested a modest improvement in
clinical parameters, but the results remained inconclusive [35] due to the heterogeneity of
included studies concerning inclusion/exclusion criteria and experimental design. Other
studies [36-39] have supported the potential benefits of MSS, particularly in increasing the
number of euploid embryos in couples who failed a previous ART cycle.

The aim of this study was to compare MSS with the conventional pellet Swim-up (SU)
technique by evaluating standard semen parameters, sperm kinematic parameters, DNA
fragmentation (sDF), and oxidative status in normozoospermic (n = 26), oligozoospermic
(n = 15), and asthenozoospermic (n = 9) samples. Additionally, the two techniques were
compared in hyperviscous normozoospermic semen samples (1 = 31), for which conven-
tional separation techniques often fail to obtain good yields. The comparison between the
two methods was carried out by using exactly the recommended standard procedures for
each of the two techniques.

2. Materials and Methods
2.1. Chemicals

The flushing medium was purchased from CooperSurgical (Origio Italia Srl, Rome,
Italy). PBS was obtained from Biosigma S.p.A. (Venice, Italy). The CellROX® Orange
Reagent, Yo-Pro-1 (Y1), and Propidium Iodide (PI) were purchased from Invitrogen by
Thermo Fisher Scientific (Waltham, MA, USA). The In Situ Cell Death Detection Kit was
purchased from Roche Molecular Biochemicals (Milan, Italy). Chromomycin A3 (CMA3)
was obtained from Merck Life Sciences S.r.l. (Milan, Italy).

2.2. Human Semen Samples

This study was approved by the local ethical committee (Ref: 23266_bio). After the
subjects signed informed consent, a total of 77 semen samples were included in the study,
consisting of 26 normozoospermic, 31 hyperviscous normozoospermic, 15 oligozoospermic,
and 9 asthenozoospermic samples. Four subjects were classified as both oligozoospermic
and asthenozoospermic (oligoasthenozoospermic). Sample viscosity was assessed accord-
ing to the WHO manual [5] by aspirating the semen into a pipette and allowing it to drop by
gravity. If the sample formed a thread longer than 2 cm, it was classified as hyperviscous.

Semen samples were collected after an abstinence period of 2-7 days by masturbation
from male subjects undergoing routine semen analysis for couple infertility at the Androl-
ogy Laboratory of Careggi University Hospital of Florence. Semen analysis was performed
30-60 min after collection according to the World Health Organization manual [5].

Sperm concentration was assessed using an improved Neubauer chamber after ap-
propriate dilution of the sample in formalin-containing buffer using an optical microscope
(Nikon Eclipse Ci, Nikon Europe B.V., Amstelveen, The Netherlands). Sperm motility
was assessed by observing at least 200 spermatozoa per sample and classifying them as
rapid progressive, slow progressive, non-progressive, and immotile spermatozoa. The
percentages of rapid and slow progressive motile spermatozoa were added to obtain the
percentage of total progressive motile spermatozoa. Sperm motility was evaluated by an
optical microscope with a 37 °C heated plate, using a 40x objective. The eosin test was
used to evaluate sperm viability by distinguishing between viable cells (with white-stained
heads) and non-viable cells (with pink-stained heads). Viability was assessed by observing
at least 200 spermatozoa per sample using an optical microscope. Sperm morphology was
assessed after Diff-Quik staining, determining the percentage of normal and abnormal
forms by scoring at least 100 spermatozoa per slide using an optical microscope with a
100x magnification objective.
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Manual sperm analysis was performed by highly trained operators who have partici-
pated in the UK-NEQAS (United Kingdom National External Quality Assessment Service)
external quality control program for semen analysis since 2005. The mean (+SD) percent bi-
ases for the laboratory for the year 2024 were 3.2 (£12.7) for progressive motility, 4.7 (+11.8)
for total motility, and 3.4 (£6.9) for sperm concentration (n = 16, data from UK-NEQAS).

For each sample, all analyses were performed on raw semen (unselected) and sperma-
tozoa selected using both SU and MSS.

2.3. Microfluidic Sperm Sorting

MSS was performed using the ZyMot Multi 850 uL Sperm Separation Device (Cooper-
Surgical, Origio Italia Srl, Rome, Italy). Briefly, 850 uL of the semen sample was loaded into
the inlet port of the device by using a syringe. Then, 750 uL of the Flushing medium was
placed on the upper chamber to cover the entire membrane surface. The loaded device was
incubated at 37 °C for 30 min, and then spermatozoa were retrieved from the outlet port by
aspirating 500 pL.

2.4. Pellet Swim-Up Technique

In total, 850 pL of the semen sample was centrifuged at 500x g for 10 min in an
equal volume of the Flushing medium. The supernatant was then removed, and 1 mL of
fresh Flushing medium was gently layered over it. The sample was incubated for 1 h at
37 °C. After incubation, only the upper fraction (approximately 500 pL) containing motile
spermatozoa was carefully collected into a new tube.

In five semen samples, the SU technique was performed using incubation periods of
30 and 60 min. Following incubation, the upper fraction was collected, and sperm motility,
viability, concentration, and DNA fragmentation were assessed.

2.5. Direct Swim-Up Technique

Direct Swim-up selection was performed by layering 1 mL of the Flushing medium
over 850 uL of whole semen and incubating at 37 °C for 1 h. Then, the upper fraction
(approximately 500 pL) containing the motile fraction of spermatozoa was collected into a
new tube.

2.6. Assessment of Sperm Intracellular ROS

Intracellular ROS were detected using the CellROX® Orange probe, as previously
described [40]. Briefly, 4 x 10° spermatozoa were washed in the Flushing medium by
centrifugation at 500 x g for 5 min and divided into two equal aliquots. One aliquot was
incubated in 200 uL of PBS with 1 uM CellROX® Orange added, while the other aliquot was
incubated with the medium only, both for 30 min at 37 °C and 5% CO,. After incubation,
the samples were washed three times with PBS, resuspended in 300 uL of PBS, and Y1
(2.5 nM) was added for acquisition by flow cytometry.

2.7. Assessment of Sperm DNA Fragmentation

sDF was detected by TUNEL (terminal deoxynucleotidyl transferase (TdT)-mediated
FITC-dUTP nick end labeling) assay using the In Situ Cell Death Detection Kit (Roche Molec-
ular Biochemicals, Milan, Italy) with the protocol published by Muratori et al. [41], but with
slight modifications. First, 3 x 10° spermatozoa were fixed in 150 pL of 4% paraformaldehyde
(in phosphate-buffered saline (PBS) pH 7.4), centrifuged at 500 g for 5 min, washed twice
with 200 uL of PBS with 1% BSA, and permeabilized in 30 uL of 0.1% sodium citrate buffer
with 0.1% Triton X-100 of for 4 min in ice. Then, the samples were divided into two aliquots
for the labeling reaction. The test sample was incubated in the labeling solution (supplied
with the kit) with the TdT enzyme (diluted 1:10) for 1 h at 37 °C in the dark. The negative
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control was prepared by omitting TdT. Finally, samples were washed twice, resuspended in
300 uL of PBS, stained with PI (50 ug/mL), and analyzed with a flow cytometer.

2.8. Flow Cytometry

Samples were acquired with a FACScan flow cytometer (BD Biosciences, San Jose, CA,
USA) equipped with a 15-mW argon-ion laser for excitation. A total of 8000 events in the
characteristic forward scatter/side scatter region of spermatozoa [41] were acquired. Green
fluorescence of TUNEL and Y1 and red fluorescence of CellROX® Orange and PI were
revealed with the FL-1 (515-555 nm wavelength band) and FL-2 (563-607 nm wavelength
band) detectors, respectively. A marker including 99% of the total events was established
in the dot plot of the negative controls and translated to the corresponding test sample.
All the events beyond the marker were considered positive. Data analysis was performed
with the CellQuest-Pro software program version 5.2.1 (BD Biosciences, Franklin Lakes,
NJ, USA). The percentage of positive spermatozoa to CellROX® Orange was determined
within the Y1-negative events of the characteristic forward-scatter/side-scatter region of
spermatozoa (viable spermatozoa, [40]). The percentage of DNA-fragmented spermatozoa
was determined within PI-positive events of the characteristic forward-scatter/side-scatter
region of spermatozoa. The percentage of TUNEL-positive spermatozoa was calculated
within the PI brighter population (containing both viable and unviable spermatozoa, as
well as both DNA-fragmented and non-DNA-fragmented spermatozoa), the PI dimmer
population (containing unviable and DNA-fragmented spermatozoa), and in both sperm
populations (total sDF) [41].

2.9. Assessment of Sperm Kinematic Parameters and Hyperactivated Motility

Raw or selected samples were analyzed using Computer-Assisted Sperm Analysis
(C.AS.A., Hamilton Thorne Research CEROS II, Beverly, MA, USA). The following kine-
matic parameters were recorded: average path velocity (VAP, um/s), straight line velocity
(VSL, um/s), curvilinear velocity (VCL, um/s), amplitude of lateral head displacement
(ALH, pm), beat cross frequency (BCF, Hz), straightness (STR, %), and linearity of progres-
sion (LIN, %). The settings used for evaluation were an analysis duration of 1s (30 frames);
maximum and minimum head sizes of 50 and 5 pm?2; minimum head brightness of 170; and
minimum tail brightness of 70. A minimum of 200 motile cells and 5 fields were analyzed
for each aliquot. According to Mortimer et al. [42], the threshold values of VCL > 150 pm/s,
ALH > 7 um, and LIN < 50% were set to identify a fraction representing the percentage of
hyperactivated spermatozoa (HA, %).

2.10. Assessment of Sperm Chromatin Compaction by Chromomycin A3

Sperm chromatin compaction was evaluated with CMA3, a fluorochrome that com-
petes with protamines for binding to the minor groove of GC-rich DNA [43], but only in
oligozoospermic samples because the recovery after selection was not enough to evaluate
sperm DNA fragmentation via TUNEL/PI assay.

First, 0.4 x 10° spermatozoa were fixed in 4% paraformaldehyde (in phosphate-
buffered saline (PBS), pH 7.4) for 30 min at room temperature. Afterward, they were
incubated with 100 uL of the CMAS3 solution (0.25 mg/mL in Mcllvane’s buffer (0.2 M
NayHPOQOy, 0.1 M citric acid), pH 7.0, containing 10 mM MgCl,) for 20 min at room tempera-
ture in the dark. After washing, spermatozoa were resuspended in 10 pL of Mcllvane’s
buffer, pH 7.0, containing 10 mM MgCl,, smeared on a slide, air-dried, and mounted
with PBS-glycerol (1:1). Two hundred spermatozoa were analyzed on each slide using a
fluorescence microscope (Axiolab Al FL; Carl Zeiss, Milan, Italy) with an oil immersion
100 x magnification objective [39]. Two types of staining patterns were identified: bright
green sperm heads (indicating low protamine content and abnormal chromatin packaging)



Life 2025, 15, 790

6of 21

and weak green sperm heads (indicating high protamine content and normal chromatin
packaging) [44].

2.11. Statistical Analysis:

A post hoc sample size calculation revealed that the sample size used for each group
was sufficient to assess sperm sorting efficiency between MSS and SU with « = 0.05 and
above 90% power. Since data followed a non-normal distribution, as verified by the
Kolmogorov-Smirnov test, they were expressed as median values (interquartiles, IQR). The
Wilcoxon signed-rank test was used for comparison among groups. A p-value of 0.05 was
considered significant. All statistical analyses were performed using the Statistical Package
for the Social Sciences version 29.0 (SPSS, Chicago, IL, USA) for Windows.

3. Results

3.1. Comparison of MSS and SU Selection Methods in Hyperviscous and Normally Viscous
Semen Samples

First, to assess the yield after microfluidic selection of highly viscous semen samples,
we divided the 57 normozoospermic samples into two groups based on viscosity and
performed statistical analysis separately for each group. The age, sexual abstinence, and
standard semen parameters of the normozoospermic samples with normal viscosity (1 = 26)
and hyperviscosity (1 = 31) are reported in Table 1. No statistically significant differences in
the baseline parameters were observed between samples with normal viscosity and those
with hyperviscosity (Table 1).

Table 1. Median and [IQR] values of age, sexual abstinence, and semen parameters of all normo-
zoospermic samples included in the study (n = 57), and after dividing into two groups based on
viscosity (normal viscosity, n = 26, and hyperviscosity, n = 31). p = not significant (ns), non-viscous vs.
hyper-viscous semen samples.

Age (Years) Abstinence Volume H Progressive Total Concentration Normal
8 (Days) (mL) P Motility (%)  Motility (%)  (x10¢/mL)  Morphology (%)
All samples 34 4 5.1 7.8 62.0 66.0 77.0 5.0
(n=57) [28-37] [3-6] [41-56]  [7.6-7.8]  [56.0-67.5] [63.0-71.0] [52.0-119.5] [4.0-7.0]
‘I,\ils(fons‘ial 35.0 5.0 5.2 7.8 63.0 66.5 87.8 5.0
(n=2 6t)y [30.5-37.0] [3.7-6.0] [4.5-5.7] [7.6-7.8] [57.5-67.5] [64.0-73.3] [59.8-172.5] [4.0-8.0]
Hyperviscosity 33.0 4.0 49 7.8 61.0 66.0 71.0 5.0
(n=31) [24.0-36.0] [3.0-6.0] [4.0-5.6] [7.6-8.0] [55.0-68.0] [60.0-71.0] [48.0-116.0] [4.0-6.0]
p ns ns ns ns ns ns ns ns

As expected, compared to unselected samples, a significant increase in the percentage
of sperm progressive motility (Figure 1A,B), total motility (Figure 1C,D), and viability
(Figure 1E,F) was observed after selection with both MSS and SU techniques in both
groups of normozoospermic samples. Notably, a statistically significant improvement
in all parameters was observed after MSS selection compared to SU (Figure 1) in both
non-viscous and hyperviscous semen samples.

Although both selection procedures were performed using the same starting volume
of semen samples, a statistically significant increase in sperm concentration was observed
with MSS compared to the SU technique in both groups of semen samples (Figure 2A,B).

An increase in the percentage of hyperactivated spermatozoa was observed after MSS
and SU selection compared to unselected samples, both in normally viscous and hyperviscous
samples. The percentage of hyperactivated spermatozoa did not differ significantly between
the two selection methods, although a slight increase in average levels was noted after MSS
(Figure 3A,B). Additionally, kinematic parameters (such as VAP, VSL, VCL, ALH, BCF, LIN,
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Sperm progressive motility (%)

and STR) showed improvement after selection with both techniques (Table 2). Interestingly, a
notable enhancement in most of the kinematic parameters following MSS compared to SU

was observed in both groups of semen samples (Table 2).

In 23 semen samples (11 with normal viscosity and 12 with hyperviscosity), we evaluated

oxidative levels using the CelROX® Orange probe, which was recently shown by our group
to identify the sperm viable fraction with better characteristics [40]. A statistically significant
increase in the percentage of oxidized spermatozoa was observed in MSS samples compared

to unselected samples (Figure 4A,B) in both non-viscous and hyperviscous semen samples.

Notably, in hyperviscous samples, CellROX® Orange sperm positivity significantly increased
after MSS selection, compared to both unselected and SU-selected samples (Figure 4B).

Normal viscosity
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Figure 1. Box plots representing the median values of sperm progressive motility (A,B), total motility
(C,D), and viability (E,F) in Unselected, SU, and MSS selected samples, for the normal viscosity
(n = 26) and hyperviscosity (n = 31) groups. § p < 0.05 vs. Unselected; * p < 0.001 vs. Unselected;

" p <0.001 vs. SU selected.
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Figure 2. Box plots representing sperm concentration recovery rate (calculated as yield relative to un-
selected samples) after SU and MSS selection, for the normal viscosity ((A), n = 26) and hyperviscosity
((B), n = 31) groups. " p < 0.001 vs. SU selected.

Normal viscosity

8

8

Hyperactivated motility (%)

Hyperactivated motility (%)

Hyperviscosity

. e ==
Unselected SU selected MSS selected Unselected SU selected MSS selected
Figure 3. Box plots representing the median values of hyperactivated motility in unselected, SU, and
MSS selected samples, for the normal viscosity ((A), n = 26) and hyperviscosity ((B), n = 31) groups.
*p <0.001 vs. Unselected.
Table 2. Median and [IQR] values of kinematic sperm parameters, including VAP, VSL, VCL, ALH,
BCE, LIN, and STR in Unselected, SU, and MSS selected samples, for the normal viscosity (1 = 26)
and hyperviscosity (1 = 31) groups. * p < 0.001 vs. Unselected; § p < 0.05 vs. Unselected; " p < 0.001 vs.
SU selected; ° p < 0.05 vs. SU selected.
VAP (umls) VSL (umls) VCL (umls) ALH (um) BCF (Hz) LIN (%) STR (%)

> Unselected 37.2 28.2 57.9 42 21.5 45.0 72.1

% [33.9-40.6] [24.0-31.1] [35.1-66.4] [3.7-4.6] [20.3-24.6] [41.4-48.3] [68.0-75.5]

g SU selected 62.6 491 100.9 5.8 23.0 49.3 77.6

= [55.7-72.2]*  [41.3-57.3]*  [92.4-126.1]* [5.1-6.9] * [21.0-24.8] [38.7-53.8]  [70.8-80.1]§

§ MSS selected 67.8 49.0 108.9 6.2 21.1 50.8 77.4

= [55.5-73.0]*° [44.9-62.2]*  [92.1-128.4] * [5.4-7.6]* [19.2-22.6]"  [44.1-551]§  [72.9-81.0]*

< Unselected 40.8 31.0 61.4 39 24.2 44.6 70.7

-"% [31.0-44.0] [22.0-35.1] [51.8-70.5] [3.5-4.6] [21.5-26.4] [39.2-50.1] [66.9-77.7]

§ 62.2 453 108.2 5.8 24.8 441 744

= SU selected . . * %

2 [48.2-73.4] [37.3-55.5] [82.2-141.7] [4.2-8.0] [22.2-28.6] [40.5-51.8] [68.9-80.3] §

V

5 MSS selected 68.2 56.1 113.2 6.8 22.3 46.9 77.5

= [62.4-769]*°  [47.3-62.9]*  [105.1-1362]*  [5.6-7.7]*  [20.1-23.5]§° [42.9-53.6]§° [73.3-82.7] *°

Both oxidation levels (Figure 4A,B) and sDF (Figure 4C-H) improved significantly
after MSS.

Lastly, we evaluated sDF in 34 semen samples (19 with normal viscosity and 15 with
hyperviscosity). As shown in Figure 4C-H, a statistically significant decrease in sDF was
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CellROX® Orange
positive spermatozoa (%)

Sperm PI Pimmer DNA Sperm PI Brighter DNA

Sperm total DNA

Fragmentation (%)

observed in the PI brighter, PI dimmer, and total sperm population with both selection
methods compared to the unselected samples, although MSS yielded significantly lower
sDF levels compared to SU in both normally viscous and hyperviscous samples.
Noteworthy, MSS is able to decrease both PI brighter and total sDF, even in samples
with sDF levels above the cutoff values discriminating fertile and sub-fertile men with our
method (PI brighter sDF = 17.5%, total sDF = 30.5%, [45]). This reduction was similar to
that observed in semen samples with sDF below cutoff values (PI brighter sDF: —63% for
samples above cutoff vs. —54% for samples below cutoff; total sSDF: —71% for samples above
cutoff vs. —74% for samples below cutoff). Notably, in 10 out of 34 samples, SU selection
did not improve or even increase sDF, whereas MSS reduced it in all samples (Figure 5).
On average, the decrease was —52% for PI brighter and —64% for total sperm populations.
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Figure 4. Box plots representing the median values of CellROX® Orange sperm positivity (which
is able to detect oxidized sperm fraction related to better parameters [40]; (A,B)), PI brighter (C,D),
PI dimmer (E,F), and total (G,H) sDF in Unselected, SU, and MSS selected samples, for the normal
viscosity (n = 11 for sperm oxidation and n = 19 for sDF) and hyperviscosity (n = 12 for sperm
oxidation and n = 15 for sDF) groups. § p < 0.05 vs. Unselected; * p < 0.001 vs. Unselected; ° p < 0.05
vs. SU selected; " p < 0.001 vs. SU selected.
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Figure 5. Line graphs showing individual values of PI brighter (A) and total (B) sDF in 10 out
34 semen samples in which SU selection did not improve sDF whereas MSS reduced it.

To verify that the improvement in the analyzed sperm parameters observed after MSS
compared to SU is not due to the centrifugation step included in the SU indirect protocol,
we compared MSS and SU with direct SU in 18 normozoospermic samples. As shown
in Table 3, a statistically significant increase in standard semen parameters, particularly
sperm progressive and total motility and viability, was observed in MSS selected samples
compared to both direct SU and SU selected samples. MSS also improved some kinematic
parameters (ALH, BCF, and VCL) compared to direct SU, whereas the percentage of
hyperactivated spermatozoa was similar after selection with all three procedures. A slight,
not statistically significant increase in sperm oxidation was observed in MSS selected
samples compared to the other groups (Table 3). Conversely, a statistically significant
decrease was observed in MSS samples compared to both direct and indirect SU selected
samples for PI Brighter, PI Dimmer, and total sDF (Table 3).

Table 3. Median and [IQR] values of sperm progressive motility (n = 18), total motility (n = 18),
viability (1 = 18), CellROX® Orange sperm positivity (1 = 9), and PI brighter, PI dimmer, and total
sDF (n = 14) in Unselected, Direct SU, SU, and MSS selected samples. § p < 0.05 vs. Unselected;
*p <0.001 vs. Unselected; ° p < 0.05 vs. SU selected; " p < 0.001 vs. SU selected; # p < 0.05 vs. Direct
SU selected; @ p < 0.001 vs. Direct SU selected.

Progressive Total Motility Viability CellIROX® Orange sDF (%)
Motility (%) (%) (%) Positivity (%) Pi Brighter Pi Dimmer Total

63.5 67.5 83.0 9.8 242 112 344
[55.5-69.5] [60.8-74.5] [73.8-91.3] [8.4-20.5] [19.6-28.7] [7.7-12.8] [30.0-38.7]

Direct SU 85.5 90.0 9.5 114 122 1.1 12.8
selected [82.8-90.3] * [86.0-94.0] * [92.8-98.0] § [8.4-25.3] [8.3-15.2] * [0.4-3.5] * [9.1-17.3] *

85.5 89.0 94.0 17.8 20.9 5.4 29.0
[76.8-91.0] * [78.0-94.3] *# [87.3-96.5] *# [4.8-30.7] [13.2-24.6] §#  [1.2-8.5]§#  [18.2-33.3] §#

93.0 96.0 100.0 27 9.9 03 10.3
[90.0-95.0] *°@ [93.8-97.3]*@  [99.8-100.0] '@ [9.1-29.6] [5.6-12.8]%  [02-0.6]*#°  [6.0-14.1] *#"

Unselected

SU selected

MSS selected

Overall, only small, non-significant differences were observed between direct and
indirect SU in post-selection sperm parameters, indicating that the ameliorative effect of
MSS is not due to the centrifugation step.
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3.2. Comparison of MSS and SU Selection Methods in Oligozoospermic and
Asthenozoospermic Samples

The age, sexual abstinence, and semen parameters of oligo- and asthenozoospermic
samples are reported in Table 4.

Table 4. Median and [IQR] values of age, sexual abstinence, and semen parameters of 15 oligozoosper-
mic and 9 asthenozoospermic samples included in the study.

Age Abstinence  Volume H Progressive Total Concentration Normal
(Years) (Days) (mL) P Motility (%)  Motility (%) (x108/mL) Morphology (%)
Oligozoospermic 33.0 3.0 4.5 7.8 40.0 50.0 6.2 2.0
samples (n = 15) [26.0-37.0] [3.0-5.0] [3.8-5.8] [7.6-7.8] [33.0-57.0] [43.0-64.0] [4.1-8.8] [1.0-4.0]
Asthenozoospermic 40.0 4.0 5.0 7.8 15.0 30.0 15.5 1.0
samples (z = 9) [28.5-44.0] [3.0-5.0] [43-61]  [7.6-7.8] [11.5-30.5] [18.0-41.5] [8.1-19.0] [0.0-2.0]
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As shown in Figure 6, in oligozoospermic samples (which, in our cohort, were character-
ized by a sperm concentration of less than 10 x 10°/mL), both selection methods significantly
increased sperm progressive motility (Figure 6A), total motility (Figure 6B), and viability
(Figure 6C) compared to unselected samples. However, MSS significantly increased the
percentage of total motile and viable spermatozoa compared to SU, whereas no significant
difference was observed in the percentage of progressive motile spermatozoa. Concerning
sperm kinematic parameters, a significant improvement was found, particularly for VAP,
VCL, VSL, ALH, BCE and hyperactivated motility, with both selection methods compared to
unselected samples. However, no differences were noted between MSS and SU.
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Figure 6. Box plots representing the median values of sperm progressive motility (n = 15, (A)), total
motility (n = 15, (B)), viability (n = 15, (C)), and CMAS3 positivity (n = 10, (D)) in Unselected, SU,
and MSS selected oligozoospermic samples. § p < 0.05 vs. Unselected; * p < 0.001 vs. Unselected;
° p <0.05vs. SU selected.
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Due to the low number of selected spermatozoa obtained from oligozoospermic sam-
ples, the evaluation of sperm oxidative status and sDF was not feasible. However, we
assessed the degree of protamination using CMAS3 staining, a test that can be performed
with a low number of cells, to measure chromatin integrity and compaction [46]. A statis-
tically significant decrease in sperm CMAS3 positivity was observed after MSS selection
compared to both unselected and SU selected samples (Figure 6D).

The comparison between MSS and SU was also conducted in 9 asthenozoospermic
samples, characterized by progressive motility of less than 32% (Table 4). The data obtained
for this category of samples were similar to those observed in normo- and oligozoosper-
mic samples, showing a significant increase in sperm progressive motility (Figure 7A),
total motility (Figure 7B), viability (Figure 7C), kinematic parameters, and hyperactivated
motility after MSS selection compared to both unselected and SU selected samples.
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Figure 7. Box plots representing the median values of sperm progressive motility (n =9, (A)), total
motility (n =9, (B)), viability (n =9, (C)), and CMAS3 positivity (n = 7, (D)) in Unselected, SU, and
MSS selected asthenozoospermic samples. § p < 0.05 vs. Unselected; ° p < 0.05 vs. SU selected.

Moreover, a significant decrease in sperm CMAS3 positivity was observed in MSS
selected samples compared to both unselected and SU samples (Figure 7D).

Of the 15 oligozoospermic and 9 asthenozoospermic samples, 4 belonged to both
categories, characterized by both a low concentration and low motility. In this group, MSS
was more effective in isolating spermatozoa with good motility, viability, and chromatin
compaction compared to SU.
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Furthermore, when we extracted the subgroup of samples with normal morphology
below 4% from our cohort, we identified 26 cases. Even within this subgroup, the MSS
selection method led to significant improvements in sperm progressive motility, viability,

DNA fragmentation, and CMA3 positivity compared to the SU method (Figure 8).
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Figure 8. Box plots representing the median values of sperm progressive motility (A), viability
(B), total sDF (C), and CMAS3 positivity (D) in Unselected, SU, and MSS selected samples, for the
teratozoospermic group (1 = 26). § p < 0.05 vs. Unselected; * p < 0.001 vs. Unselected; ° p < 0.05 vs.
SU selected; " p < 0.001 vs. SU selected.

To assess whether the extended incubation time during the SU procedure with respect
to that of MSS may be responsible for the lower sperm quality found in the former, five sam-
ples were processed by SU with both 30- and 60-min incubation. No significant differences
were observed in the percentages of progressive motility (Figure 9A), viability (Figure 9B),
and DNA fragmentation (Figure 9D-F) of spermatozoa between the two time points. As
expected, sperm concentration recovery was higher after 60 min of incubation compared to

Sperm total motility (%)

Sperm CMA3 positivity (%)

§ %A
Unselected SU selected MSS selected
§
ﬁ |
Unselected SU selected MSS selected

30 min, although this difference did not reach statistical significance (Figure 9C).



Life 2025, 15, 790

14 of 21

Sperm progressive motility (%)

Sperm concentration recovery (%)
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Figure 9. Box plots representing the median values of sperm progressive motility (A), viability (B),
concentration recovery (C), total sDF (D), PI brighter sDF (E), and PI dimmer sDF (F) in Unselected,
SU selected samples (30 min of incubation), and SU selected samples (60 min of incubation), n = 5;
*

p <0.001.

4. Discussion

In recent years, the number of couples seeking ART procedures has increased, making
the selection of high-quality spermatozoa crucial for improving fertilization outcomes [47].
Traditional sperm selection methods, such as Swim-up and DGC, can elevate ROS levels and
cause DNA damage, including sDF [7-10]. Recently, attention has shifted to novel sperm
selection techniques, particularly microfluidic systems, which do not require centrifugation.
This approach aims to select live, motile, and morphologically normal spermatozoa, closely
replicating the natural selection process in the female reproductive system.

In this study, we demonstrated that the microfluidic sorting of normo-, oligo-, terato-,
and asthenozoospermic semen samples effectively identifies and selects a high-quality
sperm fraction, characterized by elevated motility and viability, with virtually no immotile
spermatozoa. This high quality of selected spermatozoa is evident not only when compared
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to the unselected samples but also in comparison to the conventional Swim-up method,
both with (indirect) or without (direct) the centrifugation step. These findings are consistent
with most studies in the literature [30,48-50], extending them to non-normozoospermic
and high viscosity semen samples. Additionally, we evaluated the effect of MSS selection
on kinetic parameters, corroborating results obtained for motility. To our knowledge,
kinematic parameters after MSS selection were only reported in a previous study [32],
with similar results as ours for VCL, LIN, and ALH. However, despite the improvement
in kinematic parameters after MSS compared to SU, the percentage of hyperactivated
spermatozoa did not statistically differ between the two selection methods, suggesting that
the fraction of hyperactivated spermatozoa in semen samples is limited and that most, if
not all, hyperactivated spermatozoa are selected with both methods. It is likely that the
onset of hyperactivation is not due to the separation method but rather to the components
present in the medium.

In our hands, the microfluidic method has been shown to yield higher or comparable
sperm concentrations compared to the traditional approach. This result contrasts with those
of other studies [31-33,50,51], likely due to differences in the initial semen volume used
to compare the different methods. For example, in the study by Hsu et al. [32], the initial
volume of seminal fluid used was 1 mL for DGC and 850 pL for microfluidics, resulting
in a higher yield after traditional selection. Similarly, Pujoi et al. [31], Vahidi et al. [33],
Zaha et al. [50], and Quinn et al. [51] observed significantly different sperm concentrations
between MSS and other methods, likely because they used a microfluidic device where
only 50 pL or less of seminal fluid was loaded. In contrast, Aydin et al. [52], starting
from the same initial volume for both MSS and pellet Swim-up, found no differences in
concentration recovery after selection. The fact that we recovered a higher sperm number,
starting from the same semen volume, suggests that this procedure may be particularly
useful for selecting healthy spermatozoa for IUI, where outcomes are highly dependent on
the number of inseminated spermatozoa [53].

In line with previous studies [32,36,37,51], a distinct decrease in sDF was observed
following selection, with a pronounced reduction using the microfluidic method. Our
results demonstrated that MSS is capable of isolating spermatozoa with sDF levels below
the cutoff values defined with our method [45], even when the sDF in neat semen was
particularly high. Additionally, MSS selects spermatozoa with the correct chromatin
structure, consistent with a recent study by Vahidi et al. [33]. High levels of sDF and
an abnormal chromatin structure have been associated with male infertility, poor ART
outcomes, and recurrent miscarriages [54—61].

As previously mentioned, studies [6,8-12] have shown that traditional sperm selection
methods can increase sDF in some individuals while decreasing it in others ([62-64] and
the present study), indicating that these procedures do not always select spermatozoa with
minimized DNA damage. The centrifugation steps involved in both DGC and Swim-up
procedures may increase ROS levels, which can explain the rise in DNA breakage after
selection ([6,8-12] and the present study). It has also been shown that transition metals
present in selection media may contribute to DNA damage [65]. In contrast, microfluidic
sorting, which does not involve centrifugations and prior washing in preparation media and
allows for rapid selection, is able to reduce sDF even in cases where traditional methods
are less effective (present study, [32,51,66]). Here, we demonstrated that even in cases
where the Swim-up procedure either increased or did not reduce sDF, MSS was able to
improve this parameter (see Figure 5; [9,10]). Other alternative sperm selection strategies
aimed at improving sperm quality prior to fertilization procedures involve the use of
functionalized nanoparticles to selectively isolate spermatozoa with enhanced viability,
DNA integrity, and membrane functionality. Evidence from animal studies suggests
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that such approaches may increase conception rates [67]. In human ART, compared to
conventional methods such as DGC, nanoparticle-based selection has been associated with
improved ICSI outcomes, including higher fertilization rates and an increased proportion
of high-quality blastocysts [68].

Oxidative stress has a detrimental effect on semen parameters and fertility poten-
tial [69]. Several studies have reported higher levels of ROS in the semen of infertile men
when compared to fertile controls [70]. However, it is well established that low levels of
ROS are required for capacitation and the development of hyperactivated motility [71,72].
Here, we observed a significant increase in the percentage of CellROX® Orange-positive
spermatozoa after microfluidic selection compared to SU. Although this increase may
appear contradictory with respect to several studies reporting an adverse effect of oxidative
stress on sperm functions (for rev. see [73]), it likely reflects the selection of a functionally
competent sperm subpopulation rather than indicative of cellular damage [40]. Indeed, as
demonstrated by our group [40], this probe effectively detects oxidation levels reflecting
better sperm performance in their reproductive functions, further suggesting that MSS
selects spermatozoa with better performance and quality.

Only one study [30] has investigated the effect of selection through MSS on oxidative
stress in human spermatozoa by comparing the oxidative reduction potential (ORP) across
three different sperm selection methods (MSS, DGC, and Swim-up). The authors found
that ORP was significantly lower in the microfluidic group compared to the other groups.
However, a comparison with our results is not possible, as our method measures the occur-
rence of intracytoplasmic sperm oxidation, whereas ORP measures the balance between
total oxidants and reductants in semen.

To our knowledge, this is the first study to apply microfluidic selection to semen
samples with hyperviscosity, demonstrating that it is an effective strategy for handling
samples with this anomaly. Indeed, it has been reported that ICSI outcomes are poorer in
infertile couples with increased seminal viscosity compared to those with normal viscos-
ity [74], likely because DGC or Swim-up techniques do not always ensure the recovery of
a sufficient number or quality of highly motile spermatozoa free from contamination by
immotile spermatozoa or other cell types.

To date, only a few studies have evaluated the effect of microfluidic selection de-
vices in non-normozoospermic semen samples. All studies support that MSS yields better
results in terms of sperm motility, viability, and low sDF compared to DGC and Swim-
up [32-34], consistent with the findings of the present study. In particular, Vahidi et al. [33]
demonstrated that MSS is more effective in selecting high-quality spermatozoa than other
non-conventional methods, such as zeta potential or MACS. However, these studies [32-34]
concluded that MSS is not suitable for cases of oligozoospermia due to very low yields.
In our case, similar sperm concentrations, starting from the same semen volume, were
recovered after both Swim-up and MSS. A case report on a couple with secondary infer-
tility due to oligoasthenozoospermia in the male partner showed that sperm preparation
with a microfluidic device resulted in a clinical pregnancy after ICSI [75]. Overall, these
studies suggest that MSS selection could be particularly beneficial in cases of male factor
infertility. It should be noted that although improvements in sperm parameters such as
motility may appear modest (although statistically significant), they can be biologically
important, particularly in the context of ART. The ability to select spermatozoa with op-
timal functional quality becomes especially relevant when working with compromised
semen samples—such as those with poor quality (e.g., oligozoospermia, teratozoospermia,
or asthenozoospermia), high viscosity, or elevated DNA fragmentation. In these cases,
standard selection methods commonly used in fertility clinics (Swim-up or DGC) may not
effectively isolate the most competent spermatozoa, likely because viscosity does not allow
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correct sperm swimming and/or because sperm DNA is particularly vulnerable to damage
during such procedures. Therefore, even slight improvements in sperm parameters may
reflect the enrichment of a higher-quality sperm subpopulation, with potentially beneficial
effects on fertilization outcomes and embryo development.

A potential limitation of this study is that although we followed the recommended
incubation times for each method, these differ between MSS (30 min) and SU (60 min).
A longer incubation time could, on one hand, improve the yield in terms of sperm count,
but, on the other hand, it could also select spermatozoa with suboptimal semen quality.
However, our findings suggest that extending the incubation time of SU does not negatively
impact sperm quality, as no significant differences were observed in sperm motility, viability,
or DNA fragmentation between the two durations (Figure 8).

Another limitation of the study is that only a subset of samples was analyzed for
sperm oxidative levels and DNA fragmentation due to the limited number of spermatozoa
recovered after the selection process.

Several studies provided data on the application of microfluidics in ART procedures;
however, as mentioned above, whether ART outcomes improve with MSS sperm selection
is still unclear. A recent meta-analysis reported a slight enhancement in ART outcomes,
including fertilization, cleavage, blastocyst rate, and clinical pregnancy, as well as a reduc-
tion in miscarriage rates, although without statistical significance [35]. Studies by Palermo
and co-authors [36-38] support the use of this selection method to increase the number
of euploid embryos and improve clinical pregnancy rates in couples who experienced
previous ICSI failure due to high embryo aneuploidy rates. These findings emphasize the
importance of careful patient selection before applying MSS in ART procedures. Beyond
couples with prior adverse outcomes, our study suggests that MSS may be beneficial for
cases of asthenozoospermia, oligozoospermia, teratozoospermia, and semen hyperviscos-
ity. Additionally, as previously mentioned, MSS selection could also be advantageous in
first-line ART techniques.

5. Conclusions

Our study demonstrated that the microfluidic sorting is an effective method for
selecting the optimal sperm fraction, not only in normozoospermic samples but also in
semen samples exhibiting defects, such as hyperviscosity, a low concentration, reduced
motility, abnormal morphology, and high sDF levels. Moreover, this selection procedure
is significantly faster than traditional methods, preparing spermatozoa for use in half the
time. Additionally, the potential for operator-induced variability is greatly reduced, as the
sample undergoes much less manipulation. However, the technology is currently quite
expensive, making it more suitable for samples where traditional techniques fail to yield
satisfactory results. Overall, the application of microfluidics could improve chances of
successful fertilization and lead to better reproductive outcomes, especially for individuals
with compromised semen quality. Future research should focus on prospective clinical
trials aimed at evaluating the impact of MSS on ART outcomes. Additionally, larger studies
involving patients with different types of semen abnormalities will be essential to better
define the specific patient populations that could benefit most from MSS. These studies
will contribute to a more comprehensive understanding of the clinical value of MSS and its
potential role in improving ART success rates.
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