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Abstract

Purpose A live motile sperm sorting device (LensHooke® CA0) developed to prevent the deleterious effects of centrifuga-
tion was evaluated comparatively with conventional density-gradient centrifugation (DGC) and microfluidic-based device
(Zymot) in sperm selection.

Methods Semen samples from 239 men were collected. CAQ under different incubation intervals (5, 10, 30, and 60 min)
and temperatures (20, 25, and 37°C) was conducted. The sperm quality in CAO-, DGC-, and Zymot-processed samples was
then comparatively evaluated. Semen parameters included concentration, motility, morphology, motion kinematics, DNA
fragmentation index (DFI), and the rate of acrosome-reacted sperm (AR).

Results Total motility and motile sperm concentration increased in a time- and temperature-dependent manner and the total
motility peaked for 30 min at 37°C. In paired analysis, CAO showed significantly higher total motility (94.0%), progressive
motility (90.8%), rapid progressive motility (83.6%), normal morphology (10.3%), and lower DFI (2.4%) and AR (4.7%) than
the other two methods in normozoospermic samples (all p < 0.05). For non-normozoospermic samples, CAO had significantly
better results than the other two methods (total motility 89.2%, progressive motility 80.4%, rapid progressive motility 74.2%,
normal morphology 8.5%, DFI 4.0%, and AR 4.0%; all p <0.05).

Conclusion CAQ yielded spermatozoa with enhanced sperm fertilization potentials; DFI was minimized in samples processed
by CAO. CAO was effective for both normal and abnormal semen samples due to its consistent selection efficiency.
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Introduction

Worldwide, approximately 190 million individuals in the
reproductive age group are affected by infertility [1-3].
Up to 30% of infertility cases are attributed solely to male
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factor infertility, which contributes to approximately 50% of
infertility in combination with female infertility. The most
prominent abnormalities found in semen are low sperm con-
centration, poor sperm motility, and abnormal sperm mor-
phology [4]. To overcome sperm abnormalities in assisted
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reproductive technology (ART), various in vitro sperm pro-
cessing techniques have been developed to improve the ART
success rate. Swim-up and density-gradient centrifugation
(DGC) are conventional sperm-preparation techniques that
rely on the principle of sedimentation or migration to enable
the separation of spermatozoa. These routine sperm separa-
tions appear effective in terms of the recovery rate, and com-
parably yield sperm with higher motility and better morphol-
ogy [5]. However, DGC-associated centrifugation induces
oxidative stress and the subsequent increase in sperm DNA
fragmentation negatively affect ART outcomes and decrease
the probability of pregnancy [6-8]. On the other hand, while
conventional swim-up relies on sperm motility, the procedure
is time consuming and eventually prolongs the exposure of
motile sperm to seminal plasma. Thus, the swim-up method
is inevitably accompanied by centrifugation and is commonly
used in clinical practice [30, 31]. To overcome the limitations
of centrifugation-based methods, several advanced sperm-
selection methods have been developed to provide a broad
range of possibilities for improving the sperm-fertilizing
potential. Among advanced sperm-selection techniques,
the magnetic-activated cell sorting (MACS) system enables
the selection of non-apoptotic motile spermatozoa based on
the affinity between Annexin-V-conjugated microbeads and
the apoptotic phenotype (externalized phosphatidylserine).
However, MACS users tend to combine this procedure with
DGC to eliminate contamination by leukocytes and immature
germ cells, and this makes the process laborious and time
consuming [9]. Sperm selected via a hyaluronan-binding
assay have shown improved motility, apoptosis, acrosome
integrity, sperm DNA fragmentation, and normal morphol-
ogy; however, the procedure is time consuming and affects
ART efficiency [10, 11]. Motile sperm organelle morphology
examination (MSOME) selects sperm with normal morphol-
ogy by using high-power differential interference contrast
optics; however, the limited correlations of sperm ultramor-
phology with sperm physiological functions and fertilization
potential are indicated [12-14].

In the last decade, several medical devices for sperm sepa-
ration have been introduced. For instance, the sperm sorter
Qualis® (Menicon, Kasugai, Japan) based on microfluidic
flow theory enables the selection of spermatozoa with low
DNA fragmentation index (DFI) and higher motility; how-
ever, the device only accommodates 65 pL of a semen sam-
ple, which limits its implementation in ART [15]. The Zech-
selector (AssTIC Medizintechnik GmbH, Leutsch, Austria)
sorts motile spermatozoa via a capillary bridge connected
by two concentric wells and improves sperm motility, DFI,
and normal morphology; however, the device is impaired due
to the improper filling of a U-ring in the center chamber,
which leads to inconsistent selection performance [16, 17].
Miglis® (Menicon Life Science, Japan) comprises four parts
(outer lid, inner lid, spacer, and base) and sorts sperm using
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the migration-sedimentation technology. Miglis® sperm
separation for 1 h improved parameters such as sperm motil-
ity, DNA integrity, and mitochondrial functionality [18].
However, Miglis® is not routinely used in clinics due to the
prolonged processing time. ZyMot® (DxNow, Gaithersburg,
MD) is a sperm separation device which sorts sperm within
a space-constrained microfluidic sorting chip and involves
two manipulation steps: loading semen samples into the inlet
sample chamber, and retrieving processed samples from the
outlet port by using a syringe. While the single-use chip
makes sperm separation more user friendly and potentially
improves sperm characteristics including sperm motility and
DNA integrity [19-21], the isolated sperm fraction carries the
risk of contamination by immotile sperm and/or cell debris
due to the use of the external syringe force. In addition, it is
not cost-effective because this device requires an additional
Petri dish to cover and maintain the humidity. We summa-
rized noninvasive sperm separation devices mentioned above
in Supplementary Table 1. Collectively, there is a need for a
further improved sperm-preparation technique that enables
the isolation of high-quality spermatozoa and at the same
time satisfies the requisite optimal conditions, including
noninvasiveness (centrifugation free), time efficiency, cost-
effectiveness, and ease of operation.

Herein, we developed a noninvasive sperm-separation
technique using the LensHooke® CAO device (CA0) wherein
we incorporate the natural principle of sperm motility and
select self-propelling spermatozoa within a microenviron-
ment that comprises a built-in microporous filter membrane.
Based on the principle of live motile sperm sorting, we
sought to evaluate (1) CAO usability under different incuba-
tion times and at various incubation temperatures and (2) to
comparatively evaluate the post-selection sperm quality of
CAOQ with that of DGC and Zymot.

Methods and materials
Ethics statement

The study was approved by the Institutional Review Board
of Chung Shan Medical University and was registered with
the reference number CS2-22039. All participants were fully
counseled and provided informed written consent prior to
their participation in the study.

Participant enroliment

We recruited male partners of infertile couples who went
through ART treatment at Lee Women’s Hospital (Taichung,
Taiwan) from June to November 2022. The eligibility crite-
ria were age 20 — 65 years and provision of written informed
consent for participation in the study. The exclusion criteria
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included azoospermia and/or retrograde ejaculation and total
volume < 1.5 mL. Semen samples from 120 patients were col-
lected for the first part of this study and were categorized as
NOrmozoospermic or non-normozoospermic semen samples
according to the World Health Organization 5th edition guide-
line (WHO, 2010) lower reference limits, including sperm
concentration < 15 million/mL, or total motility <40%, or nor-
mal morphology rate <4%, or combined [4]. Subsequently,
semen samples from an additional 119 participants were col-
lected and investigated in the second part of the study. Raw
specimens (neat) were allocated in three aliquots for process-
ing by LensHooke CAO, density gradient centrifugation, and
microfluidic-based device. As a total of 2.85 mL was required
for the paired analysis, samples with less than 2.85 mL were
brought up to this volume with mHTF medium to complete
split procedure.

Sperm preparation

The semen samples were collected after an abstinence
period of 2-5 days and deposited into sterile cups by mas-
turbation. Samples liquefied at room temperature within
30 min. After liquefaction, an aliquot of the semen sample
was deposited into a 10-um-deep chamber slide by using
CEROS II (Hamilton-Thorne, Danvers, MA, USA). Sperm
concentration, total motility, progressive motility, rapid pro-
gressive motility (average path velocity, VAP > 25 um/s),
slow progressive motility (VAP: 5 to <25 pum/s), and

various sperm motion kinematics were evaluated accord-
ing to the WHO 5th edition guideline [22]; the remaining
semen sample was subjected to sperm separation. Sperm
motion kinematic parameters, including velocity along the
curvilinear path (VCL; um/s), amplitude of the lateral dis-
placement of the head (ALH; pm), and linearity (LIN; %),
were evaluated to determine whether the selected sperm had
an advanced swimming trajectory.

Sperm separation
CAO0 assembly and sperm-separation procedure

The LensHooke® CAO sperm-separation device (Bonray-
bio, Taichung, Taiwan) was assembled from three compo-
nents: lower chamber, upper chamber, and cover. The upper
chamber has a built-in polycarbonate membrane filter and is
compartmentalized into a retrieval port for sperm recovery
(Fig. 1a). The separation procedure was as follows: 1.0 mL
of neat semen sample was filled into the lower chamber and
placed on a work bench and then attached to the upper cham-
ber. The upper chamber was then filled with 0.9 mL modified
human tubal fluid (mHTF) medium [23] supplemented with
1% BSA,; the cover was placed over the two-chamber device
and the assembly was incubated at 37°C. After incubation,
0.5 mL sperm suspension was aspirated from the retrieval
port of the upper chamber for further analysis (Fig. 1b).
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Fig.1 CAO sorts neat semen sample based on sperm motility. a The
LensHooke® CAO sperm-separation device consists of three com-
ponents: lower chamber (gray), upper chamber (dark gray) with
a built-in membrane filter and fabricated retrieval port, and a cover
(light gray). b The separation steps are as follows: (1) place the lower
chamber on a flat surface, (2) add 1 mL neat semen sample (shown
in gray) until the lower chamber is filled, (3) place the upper cham-
ber on top of the lower chamber, (4) add 0.9 mL sperm wash media
(shown in pink) into the upper chamber, (5) close the CAQ device

with the cover and incubate the assembly at 37°C, and (6) aspirate
0.5 mL sperm suspension from the retrieval port of the upper cham-
ber. ¢ Motile sperm (sperm head shown in yellow) vertically swim
along the wall of the collection area within the lower chamber. Self-
propelling sperm pass through a built-in microporous membrane fil-
ter in the upper chamber, whereas immotile sperm (head in gray) and
debris (grayish round structures) sediment go to the bottom of the
lower chamber
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Evaluation of CAO feasibility

Fifty-nine neat semen samples were separated using CAQ at
different incubation times of 5, 10, 30, and 60 min, respec-
tively, and each condition was performed at 37°C. Simi-
larly, 61 neat semen samples were separated following CAQ
under different incubation temperatures of 20, 25, and 37°C,
respectively, and each condition was performed for 30 min.
After conditional CAO separation, the concentration (mil-
lion/mL), total motility (%), and motile sperm concentration
(MSC, million/mL) of the recovery sperm suspension were
measured.

Density gradient centrifugation

The density gradient medium was prepared by layering 1 mL
40% (v/v) PureSperm (Nidacon, Gothenburg, Sweden) over
1 mL 80% (v/v) density-gradient medium in a 15-mL coni-
cal tube. One milliliter neat semen sample was layered over
the density gradient medium and centrifuged at 300 X g for
20 min at room temperature. After centrifugation, the sperm
pellet was washed and gently resuspended in 5 mL mHTF
medium and subsequently centrifuged at 200 X g for 10 min.
The washing procedure was repeated for a total of two times.
The final pellet was suspended in 1 mL mHTF medium by
gentle mixing and used for further analysis.

Microfluidic-based selection

Microfluidic sperm sorting was performed using a commer-
cial FERTILE (Zymot) device (DxNow Inc., Gaithersburg,
MD, USA) according to the manufacturer’s instruction.
Briefly, 850 pL of neat semen sample was loaded into the
inlet of the device by using a syringe, and 750 pL. of mHTF
medium was added on top of the microporous membrane.
The device was placed in a humidified incubator at 37°C for
30 min. Following incubation, 500 pL of spermatozoa was
recovered from the outlet with a syringe for further analysis.

Semen analyses
Sperm morphological evaluation

The sperm smears were performed using 10 pLL sperm sus-
pension dragged with a coverslip. The air-dried slide was
stained using Diff-Quik (Sperm Morphology Quick-Staining
Solution, Ref. BA4157B, Baso, People’s Republic of China).
Briefly, air-dried sperm smears were immersed in Diff-Quik
Fix for 50 s, and thereafter, sequentially immersed in Diff-
Quik I and Diff Quik II for 20 s each. The stained smears
were washed by fresh water and air dried. Sperm morphol-
ogy is determined using brightfield illumination at X 1000
magnification based on the WHO 5th edition guideline [22].
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All slides were read blind by an experienced technician who
produced consistent and reliable results. At least 100 sper-
matozoa were evaluated in each test.

Sperm DNA fragmentation

Sperm DNA fragmentation was evaluated using a recently
developed sperm chromatin dispersion LensHooke R10
assay (Bonraybio, Taichung, Taiwan) according to the
manufacturer’s instructions [24, 25]. To prepare the samples
for analysis, an agarose gel-containing tube was heated to
100°C for 5 min and subsequently stabilized at 37°C. Next,
25 pL of liquefied semen sample (10X 10%mL) and 25 pL
acidic denaturant were added to the tube. A 25-pL portion
of the resulting mixture was then placed on a pretreated
microscope slide and covered with a 22X 22 mm cover-
slip before undergoing a lysis reaction at room temperature
for 10 min. Finally, the features of the compacted nuclei
and the dispersed DNA loops (halo) were evaluated after
Wright-Giemsa staining. The percentage of sperm with halo
was recorded as the DNA fragmentation index (DFI). At
least 500 sperm cells per test were examined.

Spontaneous acrosome reaction assessment

Semen samples were diluted with 0.9% NaCl solution and
centrifuged three times at 800 X g for 10 min each. After
centrifugation, the sperm pellets were resuspended in 40 pL.
of 0.9% NaCl and then 5 pL of the sperm suspension was
spread on a 1-cm slide. The slide was allowed to partially
air dry for 30 min before being fixed with 95% ethanol for
additional 30 min. Finally, the slide was air dried for another
30 min. The fixed sperm smear was stained with 25 ug/mL
Pisum sativum agglutinin labeled with fluorescein isothiocy-
anate (PSA-FITC; Sigma Aldrich, St Louis, MO, USA) and
incubated overnight at 4°C. Labeled specimens were washed
with DPBS three times and then mounted with a drop of
glycerol (Sigma Aldrich). To determine acrosome integrity,
the number of sperm in each of the following categories
were quantified: acrosome intact and acrosome reacted.
At least 200 spermatozoa in each replicate were measured
under an excitation laser at 488 nm using an epifluorescence
microscope (Olympus BX53). The acrosome-reacted sperm
rate (AR) was defined as the percentage of spontaneous
acrosome-reacted sperm per test.

Statistical analysis

Summary descriptive statistics were calculated with
median values and interquartile ranges (IQR) for variables,
and the Wilcoxon signed-rank test was conducted to test
whether the median values obtained via CAOQ separation
were equal to the median values of the neat sample and/or
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other methods. A two-tailed probability test with p <0.05
was considered statistically significant by using MedCalc
Statistical Software version 20.113 (MedCalc Software,
Ostend, Belgium).

Results

Evaluation of CAO feasibility under different
conditions

Incubation time

Of the 59 neat semen samples, 19 were categorized as
normozoospermic and 40 as non-normozoospermic. In
both semen categories, the percentage of total motility
significantly increased following CAO sperm separation,
as compared to the neat semen samples. More specifically,
the plateaued and maximized total motility observed for
30 min showed a median of 95.7% for normozoospermic
samples and 94.3% for non-normozoospermic samples
(Fig. 2a, Supplementary Table 1). The MSC increased
over time, reaching 0.6 M/mL after 5 min, then 0.7 M/mL
after 10 min, 2.4 M/mL after 30 min, and 3.5 M/mL after
60 min for normozoospermic samples; for non-normozo-
ospermic samples, the MSC observed were 0.3, 0.4, 0.8,
and 0.8 M/mL, after 5, 10, 30, and 60 min (Fig. 2b, Sup-
plementary Table 2). Taken together, we have determined
that an incubation time of 30 min is optimal for selecting
good quality spermatozoa, and this cutoff was used for
further investigations.

Incubation temperature

Of the 61 neat semen samples, 23 were categorized as nor-
mozoospermic and 38 as non-normozoospermic. When
comparing total motility of normozoospermic samples under
different incubation temperatures, the values obtained were
83.8% at 20°C, 90.6% at 25°C, and 91.9% at 37°C. For select-
ing non-normozoospermic specimens, the total motility was
55.9% at 20°C, 79.3% at 25°C, and 80.1% at 37°C (Fig. 2c,
Supplementary Table 3). The MSC 0.7 M/mL and 1.5 M/
mL at the incubation temperatures of 25°C and 37°C, respec-
tively, were significantly higher than the 0.6 M/mL obtained
after 20°C incubation in normozoospermic samples. Further-
more, the maximum MSC of 1.1 M/mL was detected at 37°C
for non-normozoospermic samples in comparison with that
of 0.3 M/mL at 20°C and 0.4 M/mL at 25°C (Fig. 2d, Sup-
plementary Table 4). Accordingly, 37°C was determined as
the optimal incubation temperature in terms of recovering
total motility and MSC in both types of sample.

Comparison of semen quality following DGC, Zymot,
and CA0 and the selection efficiency

For selecting normozoospermic semen sample

Of the 119 semen samples, 34 were categorized as normo-
zoospermic samples. Table 1 shows a summary of the results
for 11 semen parameters including sperm concentration, total
motility, progressive motility, rapid progressive motility, slow
progressive motility, normal morphology, DFI, VCL, ALH,
LIN, and AR in neat semen samples and those derived from
DGC, Zymot, and CAO, respectively; a summarized index:
motile sperm count was indicated as well. The motile sperm
count decreased after sperm separation: 5.4 M for DGC,
2.2 M for Zymot, and 2.8 M for CA0 as compared to the neat
semen sample (24.2 M). Furthermore, other semen parameters
significantly improved in Zymot and CAQ, whereas percent
AR did not improve in DGC. The comparison of sperm selec-
tion methods showed that CAQ process presented a significant
highest number of spermatozoa with total motility (94.0%),
progressive motility (90.8%), rapid progressive motility
(83.6%), and normal morphology (10.3%); in addition, DFI
(2.4%) and AR (4.7%) were lowest in CAO group as compared
to DGC and Zymot (all p <0.05).

For selecting non-normozoospermic semen sample

Of the 119 semen samples, 85 were categorized as non-nor-
mozoospermic samples. First, when comparing the results
obtained from sperm selections to neat semen samples, sig-
nificant improvements in ten semen parameters (sperm con-
centration and motile sperm count were excluded) were identi-
fied following Zymot and CAO, whereas in samples processed
by DGC, the percent AR was similar to that of neat samples;
moreover, the median of DFI significantly increased with DGC
as compared to neat samples (18.2% vs. 13.9%, p <0.05), sug-
gesting that DGC should be avoided when processing non-
normozoospermic specimens. Comparison of the three sperm
separation methods showed that CAQ produced the highest lev-
els of total motility (89.2%), progressive motility (80.4%), rapid
progressive motility (74.2%), and normal morphology (8.5%)
and the lowest DFI (4.0%) and AR (4.0%), compared to DGC
and Zymot (all p<0.05); these findings were consistent in the
group of normozoospermic samples (Table 2).

Change to neat (%) is obtained and defined as the ratio of
the difference between post-selection value and the initial neat
value. When comparing the efficiency in improving semen
parameters (% change to neat) in the group of normozoo-
spermic sample (Table 1) and non-normozoospermic sample
(Table 2), it is worth noting that non-centrifugation sperm
selection methods in this study (Zymot and CA0) tended to
be more effective (% change to neat) in improving most of
the semen parameters in non-normozoospermic specimens
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Fig.2 CAO performance in total motility and motile sperm concen-
tration with different incubation times and incubation temperatures.
Nineteen normozoospermic samples with normal sperm parameters
and 40 non-normozoospermic samples with abnormal sperm concen-
tration, total motility, normal morphology, or combined, based on the
WHO 5th lower reference limit, were processed. Each semen sample
was split into five aliquots. One aliquot was allocated as the control
without sperm separation (Neat), and other four aliquots were placed
into the CAQ device and incubated for 5, 10, 30, and 60 min, respec-
tively. Values of (a) total motility (%) and (b) motile sperm concen-
tration (M/mL) were measured. Next, 23 normozoospermic samples

as compared to normozoospermic specimens. In contrast, the
efficiency in eliminating sperm DNA appeared to reduce in the
selection of non-normozoospermic samples; despite this, CAQ
demonstrated a better efficiency in DFI reduction as compared
to Zymot (73.0% for CAO vs. 52.9% for Zymot). Thus, CAO
provides a reliable option for sperm preparation and can mini-
mize the variability arising from sample variations.
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and 38 non-normozoospermic samples were prepared. A liquefied
semen aliquot was placed in the collection tube as the control (Neat);
three liquefied semen aliquots were placed into the CAO device and
incubated at 20, 25, and 37°C for 30 min respectively. Values of (c)
total motility (%) and (d) motile sperm concentration (M/mL) were
measured. Box plots illustrate the data distribution, with five horizon-
tal lines representing the 10th, 25th, 50th, 75th, and 90th percentiles
of a variable. The values outside the 10th and 90th percentile are
plotted as individual diamonds (*p <0.05, **p<0.01, ***p <0.001,
%D <0.0001)

Discussion

Herein, we assessed the effectiveness of a novel centrifuga-
tion-free CAO sperm separation device. This device utilizes
live motile sperm sorting and enables the selection of sper-
matozoa with improved fertilization potential while mini-
mizing sperm DNA fragmentation.
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Table 1 Assessment of semen quality after DGC, Zymot, and CAO for processing of normozoospermic specimens

Normozoospermic (n=34)

Parameters

Concentration

Total motility

Motile sperm count

Progressive motility

Rapid progressive
motility

Slow progressive
motility

Normal
morphology rate

DFI

AR

VCL

ALH

LIN

Median (IQR) (M/mL)
Change to neat (%)
Median (IQR) (%)
Change to neat (%)
Median (IQR) (M)
Change to neat (%)
Median (IQR) (%)
Change to neat (%)
Median (IQR) (%)
Change to neat (%)
Median (IQR) (%)
Change to neat (%)
Median (IQR) (%)
Change to neat (%)
Median (IQR) (%)
Change to neat (%)
Median (IQR) (%)
Change to neat (%)
Median (IQR) (um/s)
Change to neat (%)
Median (IQR) (um)
Change to neat (%)
Median (IQR) (%)

Change to neat (%)

Neat
38.5(27.0-56.7)

56.2 (51.6-68.7)

24.2 (14.6-34.8)

47.4 (39.5-55.9)

35.7 (25.8-46.7)

10.9 (8.7-13.8)

5.5 (4.5-8.0)

18.5 (10.5-22.8)

13.2(9.3-17.9)

55.3 (42.6-58.5)

4.5(3.8-5.0)

42.8 (41.1-47.3)

DGC Zymot CAO
6.5(3.1-14.1) ™ 4.8(2.4-85)™ 5.7(2.5-8.3)™
-85.0° -89.2° -87.6°
85.8(78.7-91.2) ™ 90.7 (76.9-95.5)™ 94.0(91.3-95.9)"
+40.0 ° +46.4° +57.6 ¢
5.4 (2.4-13.3)™ 2.2(0.9-36)™ 2.8(1.2-3.9)™®
-79.9° 92.8° -90.2"°
80.6 (69.2-86.4)™ 85.6 (73.9-92.7)™ 90.8 (86.7-93.9)"
+50.5° +64.8° +85.3 ¢
75.8 (65.8-82.3)" 77.7 (64.5-85.1)" 83.6(77.9-87.5)™
+87.6° +97.7° +125.3°
4.4(3.1-5.4)" 7.1(4.1-8.9)™ 7.1(4.89.7)™
-64.4° -49.9° -38.4°
8.1(5.6-10.9)" 8.1(7.0-12.0)™ 10.3 (7.6-14.5)"
+225° +47.7° +57.7°¢
11.8(6.9-19.8)™ 3.7(2.3-6.1)™ 2.4(1.6-3.4)°
-22.0° -76.1° -86.2°¢
13.4(8.0-18.4)° 6.5 (4.0-9.0)™ 4.7(2.5-6.8)"
-7.0° 516" 62.0°¢
94.3(79.1-108.0)™ 86.3 (80.0-92.2)™ 80.2 (75.3-98.5)™
+78.1° +59.6° +67.9°
6.2(5.1-7.1)™ 6.2 (5.5-6.6)" 5.5(5.1-6.9)
+41.2° +40.7 ° +37.6°
35.5(30.4-41.2)" 34.5(31.5-37.9)" 32.5(29.3-38.7)"
23.2° -226° -26.5°

Asterisk indicates significant difference between neat and sperm selection methods (p <0.05). Different alphabets indicate a significant differ-

ence between two methods (p <0.05)

IQR interquartile range, DFI DNA fragmentation index, AR acrosome-reacted sperm rate, VCL velocity along the curvilinear path, ALH ampli-

tude of the lateral displacement of the head, LIN linearity

The design of the CAOQ is bioinspired by two migra-
tory abilities of motile sperm. We fabricated a total of 12
columnar joints at the lower chamber to promote sperm
transition along solid boundaries that mimic obstacle-rid-
den paths of in vivo environment [26, 27] (Fig. 1a). Then,
we applied passive-driven force theory in that the polycar-
bonate porous membrane in the two-chamber CAO device
separates and passively selects sperm from other cellular
and/or non-cellular components (Fig. 1¢). With the no-
flow selection microenvironment, only highly motile sper-
matozoa were able to overcome the microchannel geom-
etry; in contrast, immobile objects remained within and/
or precipitated in the lower chamber.

An ideal sperm-sorting device should be easy to operate
and effective in selecting fertilizing-competent sperm for
ART treatment procedures. Given the feasibility of CAO,
we inferred an optimal incubation time of 30 min based
on the plateau phase in total motility (Fig. 2a). Neverthe-
less, we found that even a short incubation time of 5 min

can yield a high-quality total motility in normozoosper-
mic samples (89.2%) and non-normozoospermic samples
(86.1%); both values are on the 97.5th percentile of the
distribution for total motility (>81%) and are associated
with a higher likelihood of pregnancy success, as indicated
by the WHO 5th edition guideline [22]. Furthermore, the
MSC was 0.6 and 0.3 M/mL in recovered sperm suspen-
sions from normozoospermic and non-normozoospermic
samples, respectively. As many of the non-normozoospermic
patients would consider ICSI treatment, which requires the
relatively fewer spermatozoa than other insemination pro-
cedures, the criterion can be satisfied by applying CAO for
5 min to achieve an adequate amount of high-quality motile
sperm. For use in IUT and IVF, we recommend the standard
30-min incubation. Alternatively, by performing repeated
CAO separation using the same device, a sufficient number
of post-process sperm can be easily obtained. With regard
to the effect of incubation temperature on sperm-separation
efficiency, a previous research showed that incubation at
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Table 2 Assessment of semen quality following DGC, Zymot, and CAO for processing of non-normozoospermic specimens

Parameters

Concentration

Total motility

Motile sperm count

Progressive motility

Rapid progressive
motility

Slow progressive
motility

Normal
morphology rate

DFI

AR

VCL

ALH

LIN

Median (IQR) (M/mL)

Change to neat (%)
Median (IQR) (%)
Change to neat (%)
Median (IQR) (M)
Change to neat (%)
Median (IQR) (%)
Change to neat (%)
Median (IQR) (%)
Change to neat (%)
Median (IQR) (%)
Change to neat (%)
Median (IQR) (%)
Change to neat (%)
Median (IQR) (%)
Change to neat (%)
Median (IQR) (%)
Change to neat (%)
Median (IQR) (um/s)
Change to neat (%)
Median (IQR) (um)
Change to neat (%)
Median (IQR) (%)

Change to neat (%)

Non-normozoospermic (n=85)

Neat
15.5 (10.2-30.3)

40.0 (32.3-52.6)

6.2 (3-12.7)

33.1(23.8-43.4)

22.8(13.8-33.0)

9.2 (6.1-11.1)

3.0 (2.0-4.5)

13.9(9.4-21.2)

9.5 (6.5-14.5)

45.5 (38.7-56.0)

3.9(3.2-4.7)

42.2 (39.2-46.8)

DGC Zymot CAO
2.5(1.4-6.6)" 1.7 (1.0-3.6)" 1.3(0.7-3.0)"
-79.3° -88.5° -92.0°¢
66.8 (38.7-79.7) 78.8 (67.8-89.1)™ 89.2 (80.9-93.8)"
+47.5° +88.8° +115.8°¢
1.29(0.57-3.91)™ 0.61(0.34-1.44)™ 0.57(0.28-1.38)
-70.7° -88.0"° -89.9¢
55.3(28.4-71.7) 70.3 (54.1-84.2)™ 80.4 (70.6-87.1)"
+455 2 +99.2° +131.0°¢
50.3 (25.6-66.2)" 62.9 (48.8-78.7)" 74.2 (63.8-82.0)™
+84.2° +157.9° +205.1°¢
2.3(0-5.3)™ 4.1(0-9)™ 4.6(0-9.8)"
-79.5° -55.7" 439°¢
5.1(3.0-7.0) 6.3 (4.0-8.5)™ 8.5 (6.0-10.8)"
+45.9° +75° +111.7°¢
18.2 (9.5-35.9)™ 6.2 (3.0-13.5)™ 4.0(2.0-7.4)
+223° -52.9° -73.0°¢

8.5(5.5-17.5)® 5(3.0-8.5)" 4(2.5-6.0)
5.4° 50° -60°¢
77.9 (66.4-93.4)" 75.9 (64.9-90.2)" 76.8 (66.0-88.6)"
+63.3° +66.7° +64.4°
5.2(4.4-5.9)™ 5.4 (4.6-6.6)™ 53(4.7-6.3)™
+340° +45.7° +38.7°
35.3(31.4-40.6)" 35.6 (32.4-39.9)"™ 33.7(29.1-38.2)™
-16.3° -16.4° 226"

Asterisk indicates significant difference between neat and sperm selection methods (p <0.05). Different alphabets indicate a significant differ-

ence between two methods (p <0.05)

IQR interquartile range, DFI DNA fragmentation index, AR acrosome-reacted sperm rate, VCL velocity along the curvilinear path, ALH ampli-

tude of the lateral displacement of the head, LIN linearity

20°C significantly compromises sperm motion kinematics
and blocks the development of hyperactivation as compared
to 37°C incubation [28]. The thermal effect reflects the rela-
tively low degree of improved total motility when sperm
separation was performed at 20°C, particularly limited to
55.9% (50th percentile of the distribution for total motil-
ity per WHO 5th edition) when processing non-normozoo-
spermic specimens (Fig. 2c). Therefore, although the WHO
laboratory manual suggests that semen handling could be
performed at ambient temperatures between 20 and 37°C
[22], we recommend a higher handling temperature in such
range toward 37°C for sperm separation, to prevent a det-
rimental thermal effect particularly for centrifugation-free
sperm-separation process.

Among the various sperm-separation techniques used
in clinics, conventional swim-up seems to have consistent
results for decreasing sperm DNA fragmentation [29].
However, given that the procedure is time consuming, a
modified swim-up process involving initial centrifugation

@ Springer

is commonly practiced in many clinics [30, 31]. In our
preliminary assessment (unpublished internal data), the
modified swim-up provides no significant improvement
in post-selection semen quality parameters than DGC
techniques. Hence, our focus of this study was on the
comparative selection performance of CAO, DGC, and
Zymot. The paired analysis between CAOQ and other two
methods may be biased due to difference in initial vol-
ume of neat semen sample and final volume of sperm
suspension. Herein, we attempted to make a fair com-
parison following the original protocol recommended by
manufacturers for Zymot, and applying the same initial
volume for DGC as CAQ. Besides comparing basic semen
parameters, we ascertained sperm hyperactivation by the
sperm motion kinematic index (increased VCL, increased
ALH, and decreased LIN) and acrosome integrity by PSA
staining. Sperm recovered from all three separation meth-
ods tended to have a hyperactivation movement pattern,
however, not enough to be recognized as hyperactivation
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due to the short period of handling less than the 3-24 h
to acquire capacitation. Thus, we indicated that these
three sperm-separation methods were effective in select-
ing spermatozoa with capacitation potential and their
effectiveness was comparable among each other. On the
other hand, decreased AR were found in the Zymot and
CAO groups, but not in DGC. The phenomenon echoes a
previous finding that spermatozoa under DGC are more
capacitated and respond more to acrosome reaction than
with other methods [32]. Although the effect in DGC
can be acceptable for ICSI due to the instant process-
ing [33], the higher probability of premature acrosome
reaction is unsuitable for IUI and IVF wherein sperm
rely on zona pellucida—induced acrosome reaction [34].
Therefore, centrifugation-free sperm separation devices
are more suitable for IUI and IVF, especially the CAO
method which ensures the lowest level of AR.

Regarding the improvement in eliminating spermatozoa
with DNA damage, DGC generated inconsistent outcomes
showing a decline of DFI (—22.0%) when processing nor-
mozoospermic samples and an uptrend of DFI (+22.3%)
when separating non-normozoospermic samples. The dis-
crepancy indicated that healthy spermatozoa may be able
to tolerate centrifugation stress to some extent, but poor-
quality spermatozoa may not. Unlike DGC, both Zymot
and CAO had consistent efficiency in eliminating DNA-
damaged spermatozoa; moreover, better DFI elimination
efficiency was determined in the group of CAQ than Zymot,
regardless of sample conditions (normozoospermic:
CA0—86.2% vs. Zymot — 76.1%; non-normozoospermic:
CAO0—73.0% vs. Zymot —52.9%).

The limitations of our current study include single-
center trial, a relatively small sample size, and the lack of
correlation between minimized sperm DNA fragmentation
and clinical ART outcomes. To address these limitations,
arandomized controlled trial to further evaluate CAO ben-
efits in various ART applications is needed.

In conclusion, the CAQ separation device provides practi-
cal advantages of a centrifugation-free process and ease of
operability, as well as a customizable incubation time for dif-
ferent ART treatment applications. Most importantly, CAO
achieves maximal improvement in various indices of sperm
quality and ensures minimum sperm DNA fragmentation.
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Total motility (%)

Normozoospermic Non-normozoospermic
Incubation time 0 min 5 min 10 min 30 min 60 min  Incubation time 0 min 5 min 10 min 30 min 60 min
Median 55.5 89.2 90.6 95.7 95.1 Median 34.8 86.1 90.9 94.3 91.7
IQR 46.7-59.6 81.8-91.3 86.2-94.6 91.5-96.8 91.7-96.5 IQR 28.4-45 74.3-90.6 80.8-949 86.9-96 85.6-95.4

10-90% 44.1-70.3 61.3-94.4 83.5-95.4 85.5-98.4 89.8-97.2 10-90% 20.9-51.3 61.2-95.5 61.3-97.9 82.1-98.2 81-97.4



Normozoospermic Non-normozoospermic
Incubation time 0 min 5 min 10 min 30 min 60 min Incubation time 0 min 5 min 10 min 30 min 60 min
Median - 0.6 0.7 2.4 35 Median - 0.3 0.4 0.8 0.8
IQR - 0.4-1.4 0.6-2.3 1.1-5 1.6-6.3 IQR - 0.2-0.6 0.2-1 0.4-1.8 0.4-2.1

10-90% = 0.3-1.8 0.4-3.8 0.6-7.3  0.6-10.2 10-90% = 0.1-11 0.1-1.8 0.2-2.6 0.2-3.7



Total motility (%)

Normozoospermic Non-normozoospermic
Incubation temp. (°C)  Neat 20 25 37 Incubation temp. (°C) Neat 20 25 37
Median 52.0 83.8 90.6 91.9 Median 31.2 55.9 79.3 80.1
IQR 46-55.6 70.7-90.7 81.4-93 85.4-94.3 IQR 23.2-36 43.3-66.9 63.5-87.1 61.8-91.6

10-90% 46-72.4  51-92.8  78-93.9 81.3-96.9 10-90% 22.2-38 36.5-70.6 38.1-93  50.4-94
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