Uludag Universitesi Tip Fakiiltesi Dergisi
Journal of Uludag University Medical Faculty
52, 1897295, 2026

DOI: https://doi.org/10.32708/uutfd.1897295

ORIGINAL RESEARCH

Effects of Cumulus Cell Extracellular Matrix—Assisted
Sperm Preparation Protocols on In Vitro Sperm Quality

Sabina AGHAYEVA', Talha Yasin DURDU', Cihan CAKIR', Kiper ASLAN?,
Isil KASAPOGLU?, Duygu GOK YURTSEVEN'

' Department of Histology and Embryology, Faculty of Medicine, Bursa Uludag University, Bursa, Tiirkiye.

> Department of Obstetrics and Gynecology, Faculty of Medicine, Bursa Uludag University, Bursa, Tiirkiye.

ABSTRACT

This study aimed to determine the effects of adding cumulus cell extracellular matrix (CCECM) to the culture medium used in sperm
preparation techniques for assisted reproductive treatments (ART) on routine sperm parameters, fertilization capacity, and sperm DNA
fragmentation, and to compare sperm separation protocols.

Ejaculate samples from 30 normozoospermic male patients and cumulus—oocyte complexes collected from their spouses were included. Each
semen sample was divided into five equal volumes and allocated to five groups: control, density gradient (DG), density gradient plus
cumulus cell extracellular matrix (DG+K), swim-up (SU), and swim-up plus cumulus cell extracellular matrix (SU+K).

The results showed that sperm concentration was markedly lower in all experimental groups than in the control group, with the decrease
reaching statistical significance, particularly in the swim-up group. Motility was highest in the SU+K group and was also significantly
increased in the DG+K and SU groups. In contrast, the TPMSS value decreased significantly in the SU and SU+K groups. No marked
differences were observed among the groups in terms of morphology. Viability increased notably in the CCECM-supplemented groups, and
this increase remained significant across all experimental groups compared with the control group. ARIC scores, reflecting acrosomal
reaction capacity, were significantly higher in the DG+K and SU+K groups. Moreover, DFI values, indicating DNA damage, were
significantly lower in these two groups, suggesting that CCECM supplementation may help preserve sperm DNA integrity.

Adding CCECM to the culture medium used in sperm washing improved sperm quality and efficiency, particularly with the swim-up
method. We believe this approach may be a feasible option for treating male infertility within assisted reproductive technologies (ART).
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Kumulus Hiicresi Ekstraseliiler Matriksi ile Desteklenen Sperm Hazirlama Protokollerinin in Vitro Sperm Kalitesi
Uzerindeki Etkisi

OZET

Bu galigmada, {iremeye yardimci tedavilerde (UYTE) uygulanan sperm hazirlama tekniklerinde kiiltir medyumuna kumulus hiicresi
ekstraseliiler matriksi (CCECM) eklenmesinin; rutin sperm parametreleri, fertilizasyon kapasitesi ve sperm DNA fragmantasyonu tizerindeki
etkilerini belirlemek ve sperm ayristirma protokollerini karsilagtirmali olarak analiz etmek amaglanmustir.

Calismada, normozoospermik 30 farkli erkek hastadan alinan ejakiilat Ornekleri ile bu hastalarin eslerinden toplanan kumulus-oosit
kompleksleri kullanildi. Her hastadan elde edilen semen 6rnegi bes esit hacme ayrilarak kontrol, dansite gradiyent (DG), dansite gradiyent +
kumulus hiicresi ekstraseliiler matriksi (DG+K), swim-up (SU), swim-up + kumulus hiicresi ekstraseliiler matriksi (SU+K) olmak iizere bes
grup olusturuldu.

Elde edilen sonuglar, tiim deney gruplarinda sperm konsantrasyonunun kontrol grubuna kiyasla belirgin olarak azaldigini; bu azalmanin
ozellikle swim-up uygulanan grupta anlamli diizeye ulastigin1 gosterdi. Motilite oran1 en yiiksek SU+K grubunda saptanirken, DG+K ve SU
gruplarinda da motilitenin anlaml bigimde arttig1 belirlendi. TPMSS degeri ise SU ve SU+K gruplarinda anlaml olarak azaldi. Morfoloji
acisindan gruplar arasinda belirgin bir farklilik izlenmezken, canlilik oraninin CCECM ilavesi yapilan gruplarda kontrol grubuna goére dikkat
cekici sekilde arttigr goriildii. Akrozomal reaksiyon kapasitesini yansitan ARIC skorlar1 DG+K ve SU+K gruplarinda anlamli derecede
yiiksek bulundu. Ayrica, DNA hasarini1 gosteren DFI degerleri bu iki grupta anlamli olarak daha diisiik saptandi ve CCECM katkisinin sperm
DNA biitiinliigiini koruyabilecegi ortaya kondu.

Sperm yikama sirasinda kullanilan kiiltir medyumuna CCECM eklenmesi, 6zellikle swim-up yontemiyle birlikte uygulandiginda sperm
kalitesi ve verimliligini artirdi. Bu yaklasimin, UYTE kapsaminda erkek infertilitesi tedavisinde uygulanabilir bir secenek olabilecegini
diistiniiyoruz.

Anahtar Kelimeler: Kumulus hiicresi ekstraseliiler matriksi. Sperm Kkalitesi. Dansite-gradiyent. Swim-up. DNA fragmantasyonu.
AKkrozom reaksiyonu.
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Infertility is a major reproductive health problem
worldwide, affecting approximately 15% of couples of
reproductive age and male-factor infertility can be
identified in about 50% of infertile couples'. From an
anatomical perspective, male infertility is commonly
categorized as pre-testicular, testicular, and post-
testicular disorders'. According to the World Health
Organization (WHO) laboratory manual (6th edition,
2021), standard evaluation of male fertility primarily
relies on routine semen parameters, including
ejaculate volume and pH, sperm concentration/total
sperm number, total and progressive motility, vitality,
and morphology®. However, routine semen parameters
do not always accurately predict male fertility
potential, as infertility may still be present despite
semen parameters within reference limits?.

In assisted reproductive technologies (ART), one key
laboratory step is the isolation of functionally
competent spermatozoa capable of fertilizing the
oocyte. Conventional sperm preparation techniques
such as swim-up/down, density-gradient
centrifugation, and glass wool filtration are widely
used in ART Ilaboratories®. Nevertheless, these
approaches may not consistently isolate sperm
populations free of DNA damage, and preparation-
related handling/centrifugation steps may adversely
affect sperm quality in susceptible samples®. In
clinical practice, spermatozoa are frequently selected
for intracytoplasmic sperm injection (ICSI) based on
visually assessed criteria under optical magnification
(primarily motility and morphology); however, this
approach does not directly inform on the genomic
integrity of the selected spermatozoon®*.

The cumulus—oocyte complex (COC) surrounds the
oocyte and consists of cumulus cells embedded within
an extracellular matrix (ECM). The cumulus ECM is
rich in hyaluronan (hyaluronic acid, HA) and plays
essential roles in ovulation and subsequent
fertilization®. Mature human spermatozoa express HA-
binding properties that have been associated with
cellular maturity, viability, and an unreacted
acrosomal status®. In line with these biological
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principles, HA-based selection strategies have been
proposed to favor spermatozoa with better nuclear
quality and reduced DNA fragmentation’.

Several studies support the relevance of the
COC/ECM microenvironment for physiologic sperm
selection. For example, sperm selection using cumulus
oophorus complexes has been compared with
conventional preparation methods, with reports
suggesting differences in sperm quality and DNA
fragmentation outcomes®*. However, the literature
specifically addressing the direct integration of
cumulus cell-derived ECM into routine sperm
preparation media remains limited, and comparative
evidence across commonly used protocols (e.g.,
density-gradient vs. swim-up) is scarce. Therefore, the
present study was designed to investigate whether
supplementing sperm separation media with cumulus
cell extracellular matrix (CCECM) can improve sperm
efficiency and in vitro sperm quality. In this context,
CCECM was incorporated into the media used during
density-gradient and swim-up sperm preparation
procedures, and the effects of CCECM-assisted
protocols on routine semen parameters were evaluated
through comparative analyses.

Sperm DNA fragmentation (SDF) testing provides an
additional parameter for assessing male-factor
infertility. Sperm DNA integrity has been associated
with fertilization, embryogenesis, implantation, and
pregnancy outcomes; consequently, SDF testing has
been described as a valuable tool in selected clinical
scenarios®. Accordingly, we investigated whether
supplementing the preparation media with CCECM
improves in vitro sperm quality across commonly
used protocols (density gradient and swim-up),
assessing routine semen parameters alongside
fertilization capacity, acrosome reaction, and sperm
DNA fragmentation®.

Materials and Methods

Our study was conducted in the In Vitro Fertilization
Center Laboratories and the Histology and
Embryology Laboratories of the Faculty of Medicine
at Bursa Uludag University, with approval from the
Clinical Research Ethics Committee of the Faculty of
Medicine.

Study population and sample collection

This study was conducted using ejaculate samples
obtained from 30 normozoospermic cases. Semen
samples were collected by masturbation after 2-3 days
of sexual abstinence. Only couples in whom oocyte
retrieval was performed on the same day as semen
collection were included. Inclusion criteria for male
participants were normozoospermia, defined as sperm
concentration >16 million/mL and semen volume >3
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mL. Inclusion criteria for female partners were
retrieval of at least 5 oocytes. Exclusion criteria
comprised severe oligospermia (total progressive
motile sperm count, TPMSS <5 million),
azoospermia, prior surgical sperm retrieval procedures
(TESA, TESE, micro-TESE), inability to provide a
semen sample, and refusal to participate.

Group allocation and experimental design

For each participant, the semen sample was divided
into five aliquots and assigned to the following groups
(Figure 1):

e Group 1 (Raw semen control): Semen was
analyzed without any processing.

e Group 2 (DGC—standard medium): Sperm
were prepared using the routine density-
gradient centrifugation (DGC) protocol with a
commercially available MOPS-buffered culture
medium.

e Group 3 (DGC + CCECM): The routine DGC
protocol was performed, except that the culture
medium was supplemented with cumulus cell
extracellular matrix (CCECM).

e Group 4 (Swim-up—standard medium): Sperm
were prepared using the routine swim-up
method with a commercially available MOPS-
buffered culture medium.

e Group 5 (Swim-up + CCECM): The routine
swim-up protocol was performed, except that
the culture medium was supplemented with
CCECM.

Baseline semen assessment and post-preparation
routine semen parameters were evaluated according to
the WHO Laboratory Manual?.
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Figure 1.

Schematic overview of the experimental design
showing the study groups, sperm preparation
protocols applied in each group, and the CCECM
isolation procedure.

Standard semen analysis

In all groups, standard semen analysis was performed
according to the WHO 2021 criteria®. Patients
provided a second ejaculate sample 2 h after the first
collection, following written informed consent.
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Samples were collected in sterile plastic containers
and incubated at 37°C for 15-30 min to liquefy. After
liquefaction, semen was transferred to a conical tube
and volume was recorded; macroscopic appearance
(color/viscosity) and liquefaction time were noted.
Following gentle mixing, 10 pL of semen was loaded
into a Makler counting chamber, and sperm
concentration and motility were assessed under a
phase-contrast microscope. Sperm vitality was
evaluated using Eosin-Y staining. Smears were
prepared for morphology and sperm DNA
fragmentation analyses, air-dried, and stored until
processing. After baseline assessment, the remaining
ejaculate was divided into five equal aliquots for the
washing protocols. Group 1 was analyzed without
processing, whereas Groups 2—5 were analyzed after
the respective sperm preparation procedures. Residual
samples were used for acrosome reaction assessment
by fluorescent Pisum sativum agglutinin (PSA)
staining®,'°.

Eosin Y test (sperm vitality)

Sperm vitality was assessed using the Eosin Y staining
method according to the WHO 2021 criteria®. After
homogenization, 10 pL of each ejaculate sample was
mixed on a microscope slide with an equal volume of
0.5% Eosin Y solution, covered with a 22x22 mm
coverslip, and incubated for 30 s. Evaluation was
performed under a phase-contrast microscope at x100
magnification using immersion oil. For each
preparation, 200 spermatozoa were randomly selected
and scored. Spermatozoa with an unstained head were
considered viable, whereas those showing pink/red
staining were considered non-viable. Cells showing
staining limited to the neck region were also classified
as viable, given preserved plasma membrane integrity.
The percentage of viable spermatozoa was calculated
and recorded after rounding to the nearest whole
number?.

Morphological analysis

Thin smear slides were prepared from ejaculate
samples obtained from all groups before and after
washing and air-dried at room temperature. The dried
smears were stained using the three-step Diff-Quik
protocol. Briefly, slides were dipped 10 times in the
fixative solution, then 8 times in the Xanthene
solution, and 8 times in the Thiazine solution. After
staining, slides were rinsed with sterile distilled water
for 1 min to remove excess stain and then dried at
room temperature. For each smear, 200 spermatozoa
were randomly selected and evaluated. Morphological
assessment was performed according to Kruger's strict
criteria'’, considering abnormalities of the sperm
head, midpiece, and tail. The percentage of
morphologically normal spermatozoa was calculated,
and morphology outcomes were analyzed separately
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for each group to determine the distribution of
morphological features.

Cumulus cell extracellular matrix (CCECM) isolation

Cumulus granulosa cells are important components of
the oocyte microenvironment and have been
investigated in previous isolation studies'>. CCECM
was obtained from cumulus cells collected during
mechanical/enzymatic oocyte denudation
approximately 2 h after OPU in women from whom
five oocytes were retrieved. Cumulus material (1.5
mL) was transferred to a conical tube, mixed with an
equal volume of MOPS-buffered culture medium (G-
MOPS, Vitrolife), and centrifuged at 600xg for 10
min. The supernatant was discarded, and the
remaining 0.5 mL pellet was retained. A 2.5 mL
portion of the collected supernatant was then mixed
1:1 with sperm buffer, divided into two aliquots
(DG+K: 3.0 mL; SU+K: 1.2 mL), and incubated until
sperm washing (Figure 1).

Density-gradient centrifugation (DGC) sperm
preparation

After liquefaction, semen was divided into five equal
aliquots. Group 2 was processed by density-gradient
centrifugation according to the WHO 2021 criteria®. A
two-layer gradient (1 mL 95% over 1 mL 45%) was
prepared in a 14-mL conical tube, and 0.5 mL
liquefied semen was layered on top and centrifuged at
500 xg for 15 min. The supernatant was discarded; the
pellet was washed with 3 mL sperm buffer,
centrifuged at 300 x g for 10 min, and resuspended to
a final volume of 0.6 mL. Post-wash concentration
and motility were assessed using a Makler chamber.
10-uL. smears were prepared for morphology and
sperm DNA fragmentation analyses, and the
remaining pellet was used for acrosome reaction
assessment.

Density-gradient centrifugation with CCECM (DGC
+ CCECM) sperm preparation

After liquefaction, semen was divided into five equal
aliquots. For Group 3 (DGC + CCECM), a two-layer
gradient (1 mL 95% over 1 mL 45%) was prepared in
a 14-mL conical tube, overlaid with 0.5 mL
homogenized semen, and centrifuged at 500 xg for 15
min. After removing the supernatant, the pellet was
washed with 3 mL of medium containing 1.5 mL
sperm buffer mixed 1:1 with 1.5 mL of previously
isolated CCECM, centrifuged at 300 x g for 10 min,
and resuspended to a final volume of 0.6 mL. Sperm
concentration and motility were assessed using a
Makler chamber; 10-pL smears were prepared for
morphology and sperm DNA fragmentation analyses,
and the remaining pellet was used for acrosome
reaction assessment.
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Swim-up sperm preparation

After liquefaction, semen samples were divided into
five equal aliquots. Group 4 was processed using the
swim-up method according to the WHO 2021 criteria®.
Briefly, 0.5-0.6 mL of homogenized semen was
placed beneath 1.2 mL sperm buffer in a tube and
incubated at 37°C for 1 h at a 45° angle. Following
incubation, the tube was returned to the upright
position, and the upper 1 mL fraction was carefully
aspirated. The recovered fraction was resuspended in
1.5 mL sperm buffer and centrifuged at 300-500 xg
for 5 min; the supernatant was discarded, and the
pellet was resuspended in 0.5 mL medium for
subsequent analyses. Makler chamber analysis (10
pL) was used to assess post-wash sperm concentration
and motility; 10-uL smears were air-dried for
morphology and SDF, and the remaining pellet was
reserved for acrosome reaction analysis.

Swim-up with CCECM (Swim-up + CCECM) sperm
preparation

After liquefaction, semen samples were divided into
five equal aliquots. Group 5 was processed using the
swim-up method with cumulus cell extracellular
matrix (CCECM). Briefly, 0.5-0.6 mL of
homogenized semen was placed beneath 1.2 mL of
medium containing 0.6 mL sperm buffer mixed 1:1
with 0.6 mL previously isolated CCECM. The tube
was incubated at 37°C for 1 h at a 45° angle, then
returned to the upright position, and the upper 1 mL
fraction was carefully aspirated. The recovered
fraction was resuspended in 1.5 mL sperm buffer and
centrifuged at 300-500 xg for 5 min; the supernatant
was discarded, and the pellet was resuspended in 0.5
mL medium for subsequent analyses.

Acrosome reaction assessment (FITC-PSA)

After sperm washing, 500 uL aliquots were prepared
for control and ionophore-stimulated conditions.
Pellets were resuspended in 500 pL. G-MOPS
containing 3% albumin and capacitated at 37°C for 3
h; the stimulated group received 10 pL of the calcium
ionophore (HY-136460) and was incubated for 30
min. Samples were centrifuged (1600 rpm, 7 min),
and pellets were incubated with 100 pL PBS + 100 pL
Hoechst 33342 (CAS: 23491-52-3) for 10 min in the
dark, washed, and resuspended in PBS. Smears (10
pL) were prepared on cold slides, fixed in 95%
ethanol (30 min), air-dried, stained with 10 pL FITC-
PSA (15 min, dark), and washed 10-15 times with
PBS. Fluorescence microscopy was used for
evaluation®,1°.”’. Among viable sperm, an equatorial
FITC-PSA band indicated acrosome reaction (+),
whereas diffuse head staining indicated acrosome-
intact (—); 200 viable spermatozoa were scored per
slide from two fields.
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TUNEL assay (sperm DNA fragmentation)

After standard semen analysis and sperm washing, all
samples were smeared onto slides, air-dried at room
temperature, and stored at —20 °C until staining.
Sperm DNA fragmentation was assessed using the
TUNEL In Situ (HRP-DAB) Cell Apoptosis Detection
Kit (Cat. No: abx092376) according to the
manufacturer's instructions. Slides were examined
using a Zeiss LSM 900 Airyscan2 confocal
microscope with a x63 oil-immersion objective.
Spermatozoa showing brown nuclear staining were
classified as TUNEL-positive, whereas those without
nuclear staining were classified as TUNEL-negative.
For the TUNEL analysis, 200 spermatozoa were
evaluated per sample. All evaluations and counts were
performed by the same investigator in duplicate. DNA
fragmentation was expressed as a percentage,
calculated as the number of TUNEL-positive
spermatozoa divided by the total number of
spermatozoa evaluated.

Statistical analysis

At the end of the study, sperm concentration, motility,
vitality, normal morphology, acrosome reaction, and
sperm DNA fragmentation were compared across the
five groups based on the media used during sperm
preparation. The Shapiro-Wilk test was used to assess
the normality of the variables. All comparisons were
performed using non-parametric methods. The
Friedman test was used for dependent samples

Table 1. Descriptive statistics of variables by group.

comparisons to determine overall differences among
samples. For variables showing a significant Friedman
test result, pairwise comparisons were performed
using the Bonferroni correction. A two-sided p<0.05
was considered statistically significant. Statistical
analyses were conducted using IBM SPSS Statistics
(v29.0).

Results

In this study, ejaculate samples obtained after 2-3
days of sexual abstinence were analyzed from 30
normozoospermic men with normal semen parameters
whose partners underwent oocyte retrieval on the
same day. Each sample was divided into five aliquots
to compare sperm washing protocols: Group 1,
unprocessed semen; Group 2, density-gradient
centrifugation (DGC) with a commercial MOPS-
buffered medium; Group 3, DGC with MOPS medium
supplemented with CCECM; Group 4, swim-up with a
commercial MOPS-buffered medium; and Group 5,
swim-up with MOPS medium supplemented with
CCECM. After processing, routine semen parameters,
morphology, vitality, sperm DNA fragmentation, and
acrosome reaction were evaluated across groups, and
outcomes were statistically compared (Table I).

Control DGC DGC + CCECM SuU SU+ CCECM p
Sperm concentration (x10¢/mL) <0.001
Median (min-max) 29(10-45)= 15(5-39) 13(6-40) 8(0.5-20) 8(0.4-20)
Meanx SD 29%9.9 17£9.8 16£9.5 8+4.8 953
Motility (%) <0.001
Median (min-max) 60(30-77) 72(40-95) 84(59-100) 85(60-100)¢ 100(89-100)c
Meanx SD 58%13.3 73%£13.7 82111 84%8.0 98%3.5
TPMSS (total progressive motile sperm count) <0.001
Median (min-max) 9(1.5-17) 6(0.8-17) 6(1.6-17) 4(0.16-8.5) 4(0.16-10)¢
Meant SD 9+3.9 6+3.8 6+3.5 421 4+2.4
Normal morphology (%) <0.001
Median (min-max) 3(1-6)2 3(1-7)p 3(1-7p 4(0-8)c 3(1-7)c
Meant SD 29+14 3.0%1.5 3.3%1.7 3.4%1.8 3.4%1.6
Vitality (%) <0.001
Median (min-max) 57(30-75) 75(60-90) 85(70-95) 80(60-95) 87(70-96)
Meant SD 5610 7418 8318 8018 8716
ARIC score (%) <0.001
Median (min-max) 2.5(1.6-4.7p 2.8(1.7-6.9) 5.7(2.7-14) 3.7(2.5-6.9) 5,7(3.2-18)¢
Meant SD 2.5%0.8 3.5%1.8 6.8+3.4 41%13 6.7%4.3
DFI (%) (DNA fragmentation index) <0.001
Median (min-max) 35(18-43) 17(12-32) 9(3-15) 16(9-20)c 2(1-4)
Meant SD 3217.6 19£6.1 8+3.3 15%4.2 2+0.9

SD: standard deviation, Min: minimum, Max: maximum.
abe

with different letters differ significantly (p<0.05).
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Semen parameter

Sperm concentration, motility, and TPMSS were
compared across the five groups using the Friedman
test, followed by Bonferroni-corrected pairwise
comparisons. Descriptive  statistics for sperm
concentration are presented in Table I. The median
sperm concentration in the control group was 29 (10—
45), compared with 15 (5-39) in DGC, 13 (6-40) in
DGC+CCECM, 8 (0.5-20) in SU, and 8 (0.4-20) in
SU+CCECM (Table I). Relative to the control group,
all processed groups showed significantly lower
concentrations. CCECM supplementation did not
affect concentration within either technique. In
contrast, concentration differed between DGC- and
SU-based methods.

Motility differed across groups. The median motility
in the control group was 60 (30-77), compared with
72 (40-95) in DGC, 84 (59-100) in DGC+CCECM,
85 (60-100) in SU, and 100 (89-100) in SU+CCECM
(Table I). Compared with the control group, motility
was significantly higher in DGC+CCECM, SU, and
SU+CCECM, whereas the increase in DGC did not
reach statistical significance. CCECM
supplementation was not associated with a significant
change in motility within the density-gradient
protocol; however, motility was higher in
SU+CCECM than in SU. No significant difference

was observed between DGC and SU, while
DGC+CCECM and SU+CCECM differed
significantly.

For TPMSS, the median value in the control group
was 8.7 (1.5-17), compared with 5.5 (0.8-17) in
DGC, 5.5 (1.6-17) in DGC+CCECM, 3.5 (0.16-8.5)
in SU, and 4.0 (0.16-10) in SU+CCECM (Table I).
Compared with the control group, TPMSS was
significantly lower in SU and SU+CCECM and
decreased in DGC, whereas no difference was
observed between the control group and
DGC+CCECM. CCECM supplementation did not
affect TPMSS within either preparation technique. In
contrast, TPMSS differed between DGC- and SU-
based methods.

Morphological analysis

For morphological assessment, Diff-Quik—stained
sperm smears were evaluated by examining the head,
neck/midpiece, cytoplasmic droplet, detached head,
and tail regions for morphological abnormalities
(Figure 2). Based on these findings, the percentage of
morphologically normal spermatozoa was calculated
for each sample, and differences between groups were
subsequently  analyzed. @ For normal  sperm
morphology, the median value in the control group
was 3 (1-6), compared with 3 (1-7) in DGC, 3 (1-7)
in DGC+CCECM, 4 (0-8) in SU, and 3 (1-7) in
SU+CCECM (Table I). Bonferroni-corrected pairwise
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comparisons showed no significant differences
between the control group and any processed group.
Likewise, no differences were observed between
processed groups (DGC vs DGC+CCECM; DGC vs
SU; SU vs SU+CCECM; DGC+CCECM vs
SU+CCECM). Overall, these findings indicate that the
applied sperm preparation protocols did not have a
statistically significant effect on normal morphology.
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Figure 2.

Sperm morphology assessment on Diff-Quik—stained
smears at x100 magnification. (a) Representative
field containing multiple spermatozoa; (b) normal
morphology, (c) globozoospermia (round-headed

sperm),; (d) microcephaly (small head), (e)
macrocephaly (large head), (f) pin-head (tapered
head), (g) neck/midpiece abnormality, (h) cytoplasmic
droplet; and (i) tail abnormality.

Vitality

Sperm vitality assessed by the Eosin Y test differed
across groups (Figure 3). The median vitality in the
control group was 57 (30-75), compared with 75 (60—
90) in DGC, 85 (70-95) in DGC+CCECM, 80 (60—
95) in SU, and 87 (70-96) in SU+CCECM (Table I).
Compared with the control group, vitality was
significantly higher in all processed groups. In
addition, CCECM supplementation was associated
with higher vitality within both techniques (DGC vs
DGC+CCECM; SU vs SU+CCECM). No significant
differences were observed between DGC and SU or
between DGC+CCECM and SU+CCECM.

a b : c

Figure 3.

Sperm vitality assessment using Eosin Y staining at
x 100 magnification. (a) Representative field
containing multiple spermatozoa; (b) non-viable
(dead) spermatozoa, and (c) viable (live)
spermatozoa.
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Acrosome reaction

In this study, the acrosome reaction—inducing capacity
(ARIC) was calculated to quantify the extent of
acrosome responsiveness in viable sperm, as identified
by Hoechst staining. Specifically, ARIC was defined
as the ionophore-induced acrosome reaction rate
minus the spontaneous acrosome reaction rate within
the same group. Acrosome status was assessed using a
lectin-based acrosomal marker, FITC-conjugated
Pisum sativum agglutinin (FITC-PSA), according to
established protocols'”'*. The analysis was performed
in the unprocessed control group and in the post-wash
groups (DGC, DGC+CCECM, SU, and
SU+CCECM). Spontaneous and calcium ionophore—
induced acrosome reaction rates were determined
among viable spermatozoa, and ARIC scores were
subsequently calculated for each group (Figure 4).
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Figure 4.

Sperm viability (Hoechst) and acrosome reaction
(FITC-PSA) analysis across study groups. (a—e) In
Hoechst-stained micrographs, the red arrows indicate
dead spermatozoa (intense blue staining), and the
orange arrows indicate viable spermatozoa (pale blue
staining). (a—e) In FITC-PSA—stained micrographs,
purple arrows indicate viable acrosome-intact
spermatozoa (acrosomal cap with intense staining),
whereas blue arrows indicate viable acrosome-
reacted spermatozoa (equatorial band-like staining).
(a—e) In merged images, brown arrows indicate viable
spermatozoa that have undergone the acrosome
reaction, and white arrows indicate non-viable
spermatozoa without acrosome reaction. Panels
represent (a) Control, (b) DGC, (c) DGC+CCECM,
(d) SU, and (e) SU+CCECM groups.
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ARIC scores differed across groups. The median
ARIC score in the control group was 2.5 (1.6-4.7),
compared with 2.8 (1.7-6.9) in DGC, 5.7 (2.7-14.0)
in DGC+CCECM, 3.7 (2.5-6.9) in SU, and 5.7 (3.2—
18.0) in SU+CCECM (Table I). In Bonferroni-
corrected  pairwise comparisons, ARIC  was
significantly =~ higher in DGC+CCECM and
SU+CCECM than in the control group, whereas no
differences were observed between the control group
and DGC or SU. ARIC also differed between DGC
and DGC+CCECM, while no significant differences
were found between SU and SU+CCECM, DGC and
SU, or DGC+CCECM and SU+CCECM. Overall,
these results suggest that CCECM supplementation,
particularly within the density-gradient protocol, may
be associated with higher acrosome reaction—inducing
capacity.

TUNEL assay

Sperm DNA damage was evaluated on smears
prepared before and after sperm processing using the
TUNEL (terminal deoxynucleotidyl transferase dUTP
nick-end labeling) method. Following HRP-DAB
visualization, spermatozoa showing dark brown
nuclear staining were classified as TUNEL-positive
(T*), indicating DNA fragmentation. In contrast, those
with light brown/absent nuclear staining were
classified as TUNEL-negative (T7), indicating
preserved DNA integrity (Figure 5).

Dansite Gradiyent (DG) Swim up SU)

Kontrol Dansite Gradiyent (DG) + Kumulus ‘Swim up (5U) + Kumulus

Figure 5.

Representative TUNEL staining results across sperm
preparation protocols. Micrographs show TUNEL
staining in the Control, DGC, DGC+CCECM, SU,

and SU+CCECM groups. Black arrows indicate

TUNEL-positive (T") spermatozoa with DNA damage,
whereas red arrows indicate TUNEL-negative (T")

spermatozoa with preserved DNA integrity.

DFI (%) differed across groups. The median DFI in
the control group was 35 (18-43), compared with 17
(12-32) in DGC, 9 (3-15) in DGC+CCECM, 16 (9-
20) in SU, and 2 (1-4) in SU+CCECM (Table I). In
Bonferroni-corrected pairwise comparisons, DFI was
significantly lower in DGC+CCECM  and
SU+CCECM than in the control group. In contrast, no
significant differences were observed between the
control group and DGC or SU. Within-protocol
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comparisons showed a borderline difference between
DGC and DGC+CCECM, while SU+CCECM had
lower DFI than SU. No differences were observed
between DGC and SU or between DGC+CCECM and
SU+CCECM. Overall, these findings suggest that
CCECM supplementation may be associated with
lower DFI, particularly within the swim-up protocol.

Discussion and Conclusion

This study evaluated whether supplementing routine
sperm preparation media with cumulus cell
extracellular matrix (CCECM) could improve
conventional semen parameters and functional and
genomic sperm quality in an ART-relevant setting.
Using a within-sample design, each normozoospermic
ejaculate was split into five aliquots (control, DGC,
DGC+CCECM, swim-up, swim-up+CCECM),
thereby minimizing inter-individual variability and
enabling direct protocol-to-protocol comparisons.

Semen parameter changes after processing

As expected, sperm processing reduced sperm
concentration compared with raw semen, reflecting
the removal of debris, immotile sperm, and other non-
target cells during selection'. Consistent with this,
concentration was significantly lower than control in
all processed groups. Importantly, CCECM
supplementation did not change concentration in
either technique (DGC vs DGC+CCECM; swim-up vs
swim-up+CCECM), indicating that the observed
concentration loss is primarily attributable to the
method's selection principle rather than CCECM
addition.

In contrast, sperm processing enriched for higher-
quality fractions with improved motility and viability.
Swim-up—based selection typically yields a highly
motile upper-layer fraction, whereas density-gradient
centrifugation (DGC) provides broader recovery while
effectively removing debris'®'’. In our dataset,
motility increased significantly compared with control
in DGC+CCECM, swim-up, and swim-up+CCECM,
whereas DGC alone showed a non-significant trend.
Notably, CCECM supplementation significantly
increased motility within swim-up (swim-up vs swim-
up+CCECM), supporting a protocol-dependent benefit
of CCECM on sperm movement.

Morphology did not differ significantly across groups,
suggesting that—within normozoospermic samples—
neither the preparation method nor CCECM addition
produced a detectable shift in strict morphology
distributions, which is consistent with the limited
sensitivity of morphology for capturing functional
competence in otherwise normal ejaculates™'".
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Functional competence: acrosome reaction capacity
(ARIC)

Because fertilization requires timely capacitation and
acrosome reaction, we assessed induced acrosome
responsiveness using the ARIC score (ionophore-
induced AR minus spontanecous AR). The acrosome
reaction is a key functional endpoint and has been
linked to fertilization outcomes™'’. In our study,
ARIC was significantly higher in the CCECM-
supplemented groups compared with control (control
vs DGC+CCECM; control vs swim-up+CCECM),
whereas control did not differ from DGC or swim-up
without CCECM. These findings suggest that
CCECM may enhance acrosome responsiveness
beyond that achieved with standard selection alone,
potentially by providing a more physiologic
microenvironment that resembles cumulus-associated
cues involved in sperm activation during
fertilization'*'®"°.

Genomic quality: sperm DNA fragmentation (DFI)

Sperm DNA integrity is increasingly recognized as a
clinically relevant dimension of male fertility and
ART outcomes®. Sperm preparation can reduce DNA-
damaged sperm by selecting more competent
subpopulations; however, centrifugation-associated
oxidative stress and iatrogenic handling may also
influence DNA integrity”**'.

In our results, DFI decreased markedly in the
CCECM-supplemented groups (control Vs
DGC+CCECM and control vs swim-up+CCECM). By
contrast, control did not differ from DGC and showed
only a borderline difference versus swim-up. This
pattern indicates that CCECM addition, rather than
processing alone, was the main driver of the observed
improvement in DFI in this cohort. The significant
reduction in DFI within swim-up when CCECM was
added (swim-up vs swim-up+CCECM) supports a
genuine adjunct effect. Similar to prior split-sample
studies, swim-up and/or DGC can reduce DNA-
damaged sperm, but the magnitude and direction may
vary by patient population, endpoints, and laboratory
conditions™ %,

Mechanistically, cumulus-associated extracellular
matrix is rich in hyaluronan and related components
that interact with mature sperm and may preferentially
support functionally competent, genomically intact
subpopulations®”.  In  ART,  hyaluronan-based
approaches have been associated with selecting
spermatozoa with lower DNA damage and improved
nuclear quality’**’. Our findings extend this concept
by suggesting that incorporating CCECM into routine
media may confer additional protection/selection
advantages, particularly in swim-up.
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Strengths and limitations

A key strength is the within-ejaculate, five-arm
design, which reduces confounding from inter-
individual semen variability. In addition, we assessed
conventional parameters together with functional
(ARIC) and genomic (TUNEL-based DFI) outcomes,
enabling a more comprehensive evaluation. This study
has several limitations, including the modest sample
size (n=30), the inclusion of only normozoospermic
cases, and the use of a single assay (TUNEL) to assess
DNA fragmentation without parallel validation by
other methods, such as SCD or Comet. In addition, the
labor-intensive nature of CCECM isolation may limit
its immediate clinical applicability unless simplified
and standardized protocols are established.

In normozoospermic ejaculates processed for ART,
adding cumulus cell extracellular matrix to standard
sperm preparation media did not alter the expected
reduction in sperm concentration after processing.
Still, it was associated with higher motility and
viability (protocol-dependent) and, significantly, with
improved  functional and genomic  quality.
Specifically, CCECM supplementation increased
ARIC scores compared with raw semen and produced
substantial reductions in DFI, with the most
significant benefit observed with the swim-up
protocol. These findings support CCECM as a
promising, more physiologic additive to routine sperm
preparation; however, validation in larger cohorts—
including oligo/teratozoospermic populations—and
with additional DNA integrity assays and clinical
endpoints  (fertilization, embryo development,
pregnancy outcomes) is warranted.

Researcher Contribution Statement:

Idea and design: D.G.Y., C.C.; Data collection and processing: S.A.,
T.Y.D., KA., LLK.; Analysis and interpretation of data: D.G.Y.,
S.A., C.C.; Writing of significant parts of the article: D.G.Y., S.A.
Support and Acknowledgement Statement:

This study was conducted within the framework of the Bursa
Uludag University Scientific Research Projects Coordination Unit
(BAP) project TYL-2025-2129.

Conflict of Interest Statement:

The authors of the article have no conflict of interest declarations.
Ethics Committee Approval Information:

Approving Committee: The clinical research ethics committee of
Bursa Uludag University Faculty of Medicine

Approval Date: 08.11.2023

Decision No: 2023-21/32

References

1. European Association of Urology. Male infertility. In: EAU
Guidelines on Sexual and Reproductive Health. Arnhem (The
Netherlands): EAU Guidelines Office; 2022. Accessed 2026
Feb 22.

2. World Health Organization. WHO laboratory manual for the
examination and processing of human semen. 6th ed. Geneva:
World Health Organization; 2021.

Journal of Uludag University Medical Faculty 52, 1897295, 2026

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Henkel RR, Schill WB. Sperm preparation for ART. Reprod
Biol Endocrinol. 2003;1:108.

Naknam W, Salang L, Sothornwit J, Amnatbuddee S, Seejorn
K, Pongsritasana T, Sukkasame S. Effect of sperm selection
method by cumulus oophorus complexes and conventional
sperm preparation method on sperm quality and DNA
fragmentation for assisted reproduction technology. Eur J
Obstet Gynecol Reprod Biol. 2019;243:46-50.

Zhuo L, Kimata K. Cumulus oophorus extracellular matrix: its
construction and regulation. Cell Struct Funct. 2001;26(4):189-
196.

Huszar G, Ozenci CC, Cayli S, Zavaczki Z, Hansch E, Vigue L.
Hyaluronic acid binding by human sperm indicates cellular
maturity, viability, and unreacted acrosomal status. Fertil Steril.
2003;79(Suppl 3):1616-1624.

Parmegiani L, Cognigni GE, Bernardi S, Troilo E, Ciampaglia
W, Filicori M. "Physiologic ICSI": hyaluronic acid (HA) favors
selection of spermatozoa without DNA fragmentation and with
normal nucleus, resulting in improvement of embryo quality.
Fertil Steril. 2010;93(2):598-604.

Majzoub A, Agarwal A, Cho CL, Esteves SC. Sperm DNA
fragmentation testing: a cross-sectional survey on current
practices of fertility specialists. Transl Androl Urol.
2017;6(Suppl 4):S710-S719.

Ozaki T, Takahashi K, Kanasaki H, Miyazaki K. Evaluation of
acrosome reaction and viability of human sperm with two
fluorescent dyes. Arch Gynecol Obstet. 2002;266(2):114-117.

Aizpurua J, Medrano L, Enciso M, Sarasa J, Romero A,
Fernandez MA, Gomez-Torres MJ. New permeable
cryoprotectant-free vitrification method for native human
sperm. Hum Reprod. 2017;32(10):2007-2015.

Kruger TF, Acosta AA, Simmons KF, Swanson RJ, Matta JF,
Ochninger S. Predictive value of abnormal sperm morphology
in in vitro fertilization. Fertil Steril. 1988;49(1):112-117.

Unal MS, Kabukgu C. Isolation of human cumulus granulosa
cells. Van Tip Dergisi. 2022;29(1):84-89.

Agarwal A, Gupta S, Sharma R. Acrosome Reaction
Measurement. In: Agarwal A, Gupta S, Sharma R, editors.
Andrological Evaluation of Male Infertility. Cham: Springer;
2016. p. 143-146.

Abou-Haila A, Tulsiani DR. Mammalian sperm acrosome:
Formation, contents, and function. Arch Biochem Biophys.
2000;379(2):173-182.

Soto-Heras S, Sakkas D, Miller DJ. Sperm selection by the
oviduct: Perspectives for male fertility and assisted
reproductive technologies. Biol Reprod. 2023;108(3):538-552.

Talevi R, Gualtieri R. Biologia e Tecnologie della
Riproduzione Umana. Vol 1. Padova: Piccin; ISBN 978-88-
299-2965-8, 2019.

Eberhardt M, Prochowska S, Duszewska AM, Van Soom A,
Olech W, Nizanski W. The influence of Percoll® density
gradient centrifugation before cryopreservation on the quality
of frozen wisent (Bison bonasus) epididymal spermatozoa.
BMC Vet Res. 2022;18:305.

Tanghe S, Van Soom A, Nauwynck H, Coryn M, de Kruif A.
Minireview: Functions of the cumulus oophorus during oocyte
maturation, ovulation, and fertilization. Mol Reprod Dev.
2002;61(3):414-424.

Turathum B, Gao EM, Chian RC. The function of cumulus
cells in oocyte growth and maturation and in subsequent
ovulation and fertilization. Cells. 2021;10(9):2292.

Jayaraman V, Upadhya D, Narayan PK, Adiga SK. Sperm
processing by swim-up and density gradient is effective in
elimination of sperm with DNA damage. J Assist Reprod
Genet. 2012;29(6):557-563.

Raad G, Serhal R, Prost E, et al. Differential impact of four
sperm preparation techniques on sperm motility, morphology,

9



22.

23.

24.

DNA fragmentation, acrosome status, oxidative stress and
mitochondrial activity. Andrology. 2021.

Volpes A, Sammartano F, Rizzari S, Gullo S, Marino A,
Allegra A. The pellet swim-up is the best technique for sperm
preparation during in vitro fertilization procedures. J Assist
Reprod Genet. 2016;33(6):765-770.

Menkveld R, Swanson RJ, Kotze TJ, Kruger TF. Comparison
of a discontinuous Percoll gradient method versus a swim-up
method: Effects on sperm morphology and other semen
parameters. Andrologia. 1990;22(2):152-158.

Bibi R, Jahan S, Afsar T, et al. Analyzing the differential
impact of semen preparation methods on the outcomes of

Journal of Uludag University Medical Faculty 52, 1897295, 2026

25.

26.

217.

S. Aghayeva et al.
assisted reproductive Biomedicines.
2023;11(2):467.

Lishko PV, Botchkina IL, Kirichok Y. Progesterone activates
the principal Ca’+ channel of human sperm. Nature.
2011;471:387-391.

Henkel R, Miiller C, Miska W, Gips H, Schill WB.
Determination of the acrosome reaction in human spermatozoa
is predictive of fertilization in vitro. Hum Reprod.
1993;8(12):2128-2132.

Cummins JM, Pember SM, Jequier AM, Yovich JL, Hartmann
PE. A test of the human sperm acrosome reaction following

ionophore challenge: Relationship to fertility and other seminal
parameters. J Androl. 1991;12(2):98-103.

techniques.

10



	Materials and Methods
	Study population and sample collection
	Group allocation and experimental design
	Standard semen analysis
	Eosin Y test (sperm vitality)
	Morphological analysis
	Cumulus cell extracellular matrix (CCECM) isolation
	Density-gradient centrifugation (DGC) sperm preparation
	Density-gradient centrifugation with CCECM (DGC + CCECM) sperm preparation
	Swim-up sperm preparation
	Swim-up with CCECM (Swim-up + CCECM) sperm preparation
	Acrosome reaction assessment (FITC-PSA)
	TUNEL assay (sperm DNA fragmentation)
	Statistical analysis

	Results
	Semen parameter
	Morphological analysis
	Vitality
	Acrosome reaction
	TUNEL assay

	Discussion and Conclusion
	Semen parameter changes after processing
	Functional competence: acrosome reaction capacity (ARIC)
	Genomic quality: sperm DNA fragmentation (DFI)
	Strengths and limitations

	References

