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Article 
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Abstract: Microfluidic sperm selection systems (MFSS) are increasingly being used and appear to 
be a promising adjunct in assisted reproductive treatment (ART). They are practical, easy to use, 
and often presented as highly effective. In this study, we assessed the effectiveness of Ca0 
microfluidic chip compared to the swim-up (SU) technique with respect to oxygen radicals and 
spermiogram parameters. Sample from each patients was separated by both methods and after that 
sperm was evaluated for sperm concentration, motility, morphology, DNA integrity, acrosomal 
status and mitochondrial membrane potential. Two subpopulations were selected on basic of 
spermiogram evaluation: normozoospermic (n=25) and non-normozoospermic (n=20). During 
analyses when we compare male characteristics between technics of separation, no significant 
differences were observed except for a lower DNA fragmented sperm in the CA0 group compared 
to SU (SU: 9,94 vs. CA0: 4,55, p = 0.016) in the non-normozoospermic cohort but not in 
normozoospermic cohort. The Ca0 method is simple, frequently used in laboratories, and gives 
good results but does not provide much benefit over the swim-up. In patients who do not have a 
normal spermiogram and have other problems (e.g. a higher proportion of sperm with fragmented 
DNA), it may improve the effectiveness of infertility treatment. 
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1. Introduction 

The efficiency of the human reproductive treatment process during the last 10 years has not 
increased dramatically over despite massive advances in methods and the development of a range of 
add-on approaches. The chance of having a healthy baby is only about 5% per retrieved oocyte [1]. It 
seems that one of the reasons for the relatively low efficiency of IVF methods is that we are unable to 
select sperm efficiently enough to use for IVF. During in vivo fertilization, sperm selection is very 
thorough at several levels of the female reproductive system, using natural navigation systems such 
as thermotaxis, chemotaxis, or rheotaxis [2]. Of the total number of sperm, which is often several 
hundred million at the beginning, only a few hundred sperm are in the immediate vicinity of the 
oocyte [3], and only one sperm reaches the cytoplasm of the oocyte. This means that there is usually 
a huge surplus of sperm and there is a lot of rooms for selection. Sperm separation in vivo is, therefore, 
very intense and is a multistep process that starts immediately after ejaculation at the level of cervix 
uteri [4] and continue to the fine selection processes in oviduct [5]. Spermatozoa populations exhibit 
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significant heterogeneity, with only a small subset within the ejaculate retaining the capacity for 
fertilization [6].    

During in vitro selection, we attempted to make the best selection of sperms for fertilization. In 
modern assisted reproduction techniques, there is increasing utilization of in vitro fertilization (IVF) 
employing intracytoplasmic sperm injection (ICSI). With ICSI contrary to the older “classical IVF” 
method, the natural barrier between the oocyte and sperm is no longer maintained, and the selected 
sperm is injected directly into the cytoplasm of the oocyte. However, given how massively the ICSI 
technique is used, the most important factor in separating IVF is the efficiency of ICSI. Poor sperm 
selection before fertilization can have a fatal impact on fertilization success and embryonic 
development [7,8]. Multiple approaches have been proposed for sperm separation under in vitro 
conditions. Usually, there is an abundance of spermatozoa available, allowing for rigorous selection 
of spermatozoa. The most commonly used technique for sperm selection for ICSI is swim-up and 
density gradient (DGC) [7]. This methods isolates motile sperm with a normal morphology [7,9].    
Unfortunately, the current methods for sperm selection are not perfect and are not allowed to make 
an excellent selection for a specific subpopulation that is best for IVF This phenomenon is attributable 
to several factors. Certain methodologies were initially developed for conventional IVF techniques 
and subsequently adapted for ICSI. In some instances, limitations are imposed by the operational 
environment and specimen handling procedures. Frequently, this aspect of IVF is underestimated in 
clinical settings, and due to the efficiency of the process and the ease of specimen handling, the most 
straightforward method is often selected. Although this approach yields satisfactory results, it is often 
used and is predominantly based on the principle of sperm selection according to motility. Selecting 
defective sperm or those with DNA fragmentation can harm fertilization, embryonic genome 
activation, and overall embryo development [10,11]. Traditional separation techniques, such as swim-
up or DGC, are gradually being replaced by new microfluidic sperm sorting (MFSS) systems. These 
systems are relatively simple, do not require centrifugation, are easy to use, and produce good results 
when used for IVF of human oocytes[12–14]. Techniques using MFSS for human embryo separation 
are often considered to have a higher sperm selection efficiency for ART techniques than conventional 
swim-up or DGC methods[12,15,16], this methods may not apply generally to all approaches to the 
treatment of human infertility. When comparing the effectiveness of the MFSS and swim-up methods 
in IUI, even better results have been found for swim-up separation [17].  

This study evaluates the Ca0 microfluidic chip which is biologically inspired by the sperm's 
journey during natural conception. The device incorporates columnar joints that mimic the uterine 
tubule microenvironment and features a built-in microchannel membrane simulating the narrow 
uterotubal junction for final sperm selection. This study aimed to compare the swim-up and MFSS 
methods in terms of sperm selection using unfragmented DNA, mitochondrial respiration, and 
acrosomal status. 

2. Results 

2.1. Patients  

A total of 45 patients from the CERMED center with average age 32.2 years with an average 
ejaculate volume 4.19 were enrolled in this study. The mean of the evaluated parameters is described 
in Table1. 

Table 1. A descriptive evaluation of spermatozoa before separation. 

Parameters Mean ± SD 
Number of patients 

Age  
Volume (ml) 

45 
32.2 ± 7.2 
4.19 ± 1.7 

Concentration (x106 cell/ml) 
Progressive motility (%) 

Total motility (%) 

46.3 ± 35.17 
42.08 ± 13.74 
51.11 ± 13.74 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 December 2024 doi:10.20944/preprints202412.1802.v1

https://doi.org/10.20944/preprints202412.1802.v1


 3 

 

Normal morphology (%) 
High MMP (%) 

DFI (%) 
Intact acrosome (%) 

ROS (µM, H2O2) 

5.13 ± 2.37 
87.56 ± 3.96 
18.33 ± 8.71 
26.8 ± 5.12 

53.32 ± 25.36 
Abbreviations: AR-acrosome reaction, DFI-DNA fragmentation index, MMP-mitochondrial membrane 
potential, ROS-reactive oxygen species. 

2.2. Semen Analyses 

After both separations, there was a significant decrease in sperm concentration, an increase in 
motility, and an increase in the proportion of morphologically normal spermatozoa (Table 2, Figure 
1). 

2.2.1. Sperm Concentration 

Sperm concentration is an important parameter; however, it is not decisive. What is important 
is the efficiency of the separation systems; therefore, at the end of the separation, we achieved 
sufficient sperm for IVF, even in patients who have a low concentration of sperm in the native 
ejaculate. The average sperm concentration of patients before separations was 46.3 mil/ml. After 
separation, the sperm concentration decreased significantly, to 6.3 mil/ml (for the swim-up method) 
and to 8.68 mil/ml (for the Ca0 method) (Table 2, Figure 1). 

2.2.2. Total Amount of Spermatozoa 

The total amount of spermatozoa in the ejaculate and the total amount of spermatozoa obtained 
after separation is a rather important parameter. Total sperm count before separation was 180.59 mil. 
During separation, the sperm count decreased significantly, to values of 4.0 mil/ml (for the swim-up 
method; 1:45) and to 2.9 mil/ml (for the MFSS method; 1:62) (Table 2, Figure 1). However, these values 
are sufficient for a successful IVF course. 

2.2.3. Sperm Motility 

Sperm motility indicates the efficiency of sperm separation and is a useful parameter for 
verifying the efficiency of sperm selection. High motility is evidence that the separation works well, 
and no dead or damaged sperm enter the sample. Sperm motility was quantified as the sum of 
progressive and non-progressive spermatozoa and was expressed as a percentage. Progressive 
motility refers to sperm cells that actively move in either a straight line or a wide circular pattern, 
regardless of their velocity. Nonprogressive motility encompasses all other movement patterns that 
lack forward progression. The total motility significantly increased from 51.11% (before separation) 
to 89.71% after separation using the swim-up method and to 92.84% in the MFSS method. There were 
no statistically significant differences between the separation techniques (Table 2, Figure 1). 

2.2.4. Morphology of Sperm 

Due to the intensive selection during separation the sperm morphology was logically improved. 
At the beginning before separation, the proportion of sperm with normal morphology was 5.13%, 
but after separation it increased statistically significantly to 17.23% (swim-up) and 18.48% (Ca0). 
There were no statistically significant differences in the proportion of sperm with normal 
morphology between separation methods (Table 2, Figure 1). 
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Table 2. Sperm parameters of all patients before and after separation. 

Parameters Ejaculate Separation methods mean ± SD 

Concentration (x106 sperm/ml) 46.37 ± 35.17 
Swim-up 6.3 ± 5.9a 

MFSS 8.6 ± 8.9a 

Total amount of sperm (x106) 180.59 ± 146.94 
Swim-up 4.02 ± 4.17a 

MFSS 2.9 ± 2.8a 

Total motility (%) 51.11 ± 13.74 
Swim-up 89.71 ± 10.18a 

MFSS 92.84 ± 4.82a 

Normal morphology (%) 5.13 ± 2.37 
Swim-up 17.23 ± 6.07a 

MFSS 18.15 ± 5.26a 

DNA fragmentation (%) 18.33 ± 8.71 
Swim-up 9.85 ± 7.95a 

MFSS 5.99 ± 6.34b 

High mitochondrial potential (%) 87.56 ± 3.96 
Swim-up 93.43 ± 2.32a 

MFSS 93.37 ± 2.75a 

Intact acrosome (%) 26.8 ± 8.11 
Swim-up 79.09 ± 14.21a 

MFSS 79.72 ± 10.45a 
* Values with different superscripts (A, B) were significantly different (p ˂ 0.05). 

 
Figure 1. Graphical comparison of swim-up and Ca0 separation technics in compare to neat ejaculate. 
Box plot illustrate the date distribution (ns – non significant, *p < 0.05). 

2.2.5. DNA Integrity 

The integrity of DNA, which is not typically assessed in a spermiogram, is crucial mainly for 
oocyte fertilization and subsequent embryonic development. Currently, DNA integrity disorders are 
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considered to be one of the most prevalent causes of idiopathic infertility. After separation using the 
swim-up method, this parameter was significantly reduced by DFI 38 on average (to a DFI value of 
11.43). After processing using the MFSS, the DFI value was 6.69.  

Thus, there was a statistically significant reduction in the DFI value not only compared to the 
unprocessed ejaculate, but also compared to the swim-up method. There was statistically significant 
decreasing of DFI value after MFFS separation contrary to swim-up separation. 

2.2.6. Acrosomal Status 

The effect of sperm selection on the acrosomal status were shown in Table 2. The percentage of 
sperm with intact acrosome was low before separation at 26.8% and significantly increased after 
separation at 79.07% (swim-up) and 79.72% (MFSS). However, there was no statistically significant 
difference in the percentage of  sperm with intact acrosome between separation methods. 

2.2.7. Mitochondrial Activity 

The mitochondrial membrane potential (MMP) status after sperm selection were shown in Table 
2. The percentage of MMP in spermatozoa before separation was 87,56% and significantly increased 
after sperm selection in swim-up (93.43%) and MFSS device (93.37 ± 1.81) compared to the 
nonselected group (p:0.02 and p:0.02 respectively). There were no significant differences in terms of 
MMP in spermatozoa selected by swim-up and MFSS device (Table 2). 

2.3. Detection of ROS/RNS in Seminal Plasma 

It was previously described that H2O2 (one of the most important member of ROS family) 
decreases sperm viability, sperm kinetics, ability to penetrate cervical mucus, membrane integrity, 
and capacitation, but this negative effect was observed only at concentrations above 200 µM. 
Concentrations of H2O2 below 200 µM H2O2 do not have a significant negative effect on sperm [18]. 
In our cohort, we detected total reactive oxygen/nitrogen species ROS/RNS H2O2 levels (including 
H2O2 as the main component of ROS) and found that these levels averaged at 53.32 µM (equivalent 
of H2O2, which served as a standard for total ROS/RNS determination) with a maximum value of 
133.3 µM (eq. of H2O2) (Figure 2). These values are well below the reported level of 200 µM of H2O2. 
It is true that the samples were collected and frozen after 60 min of ejaculation and that during 
liquefaction the H2O2 ROS/RNS concentration in the sample decreases (Table S2). This value 
decreased to 73.5% of the original value 60 min after ejaculation (Table S2). Thus, even taking this 
into account, the predicted ROS/RNS value for the patient with the highest value (133.3 µM of H2O2 

eq.) would be probably around 181.3 µM after ejaculation which is still below the 200 µM threshold. 
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Figure 2. ROS/RNS values in seminal plasma. A - graphical presentation of ROS/RNS values in 
normozoospermic and non-normozoospermic patients. The 25th and 75th percentiles are represented 
by boxes, with the median value, while the 10th and 90th percentiles are represented by whiskers, B 
– value of ROS/RNS; C – correlation between ROS/RNS H2O2 concentration andsperm pa-rameters. 

2.4. Normozoospermic and Non-Normozoospermic Patients 

Based on our previous experiences and recent articles [19], we compare the effectiveness of 
separation approaches in normozoospermic patients (n=25) and all others who do not reach the 
normal values (n=20). This group includes 6 asthenozoospermic, 4 oligoasthenoteratozoospermic, 3 
teratozoospermic, 2 oligoteratozoospermic, 2 oligoasthenozoospermic, 2 oligozoospermic and 1 
asthenoteratozoospermic patient. In normozoospermic patients we found no statistically significant 
differences between separation technics in analysed parameters (Table 3). 

Table 3. Evaluated parameters in normozoospermic patients after separation. 

Parameters Swim-up MFSS p-value 
Concentration (x106 sperm/ml) 5.58 ± 5.73 12.03 ± 9.31 0.11 
Total amount of sperm (x106) 3.92 ± 2.67 5.56 ± 4.34 0.1 

Total motility (%) 91.34 ± 5.95 92.76 ± 5.28 0.36 
Normal morphology (%) 18.65 ± 6.02 19.44 ± 5.08 0.54 
DNA fragmentation (%) 9.78 ± 7.85 7.03 ± 7.43 0.2 

High mitochondrial potential (%) 93.18 ± 2.14 93.88 ± 1.74 0.2 
Intact acrosom (%) 81.2 ± 13.52 82.47 ± 10.84 0.7 

In the non-normozoospermic group it was similar, but we found statistically significant 
differences in the proportion of spermatozoa with fragmented DNA between separations. After 
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MFSS separation the proportion of sperm with fragmented DNA was significantly lower than after 
the swim-up method (Table 4). 

Table 4. Evaluated parameters in non-normozoospermic patients after separation. 

Parameters Swim-up MFSS p-value 
Concentration (x106 sperm/ml) 3.2 ± 4.9 4.1 ± 6.1 0.6 
Total amount of sperm (x106) 1.5 ± 2.39 1,9 ± 2.88 0.63 

Total motility (%) 87.47 ± 13.97 92,94 ± 4.24 0.11 
Normal morphology (%) 15.28 ± 5.75 16,36 ± 5.09 0.54 
DNA fragmentation (%) 9.94 ± 8.3 4,56 ± 4.23 0.016 

High mitochondrial potential (%) 93.78 ± 2.31 92.68 ± 3.56 0.29 
Intact acrosom (%) 76.15 ± 14.96 75.95 ± 8.83 0.96 

3. Discussion 

In this study, we compared the effectiveness of the swim-up and Ca0 separation in 
normozoospermic and non-normozoospermic patients. In all patients, we monitored the oxygen 
radical concentration before their inclusion in the study, in order to exclude a negative effect of ROS 
on the observed ejaculate parameters. It is known that high concentrations of ROS in seminal plasma 
can damage sperm, increasing the proportion of sperm with fragmented DNA [20,21]. However, we 
detected only low levels of ROS, which should not have a significant impact on sperm.  

We found that the sperm concentration decreased significantly after separation but without 
differences between MFSS and swim-up. In total amount of spermatozoa we did not find differences 
between methods. As expected, we also found a significantly higher proportion of motile sperm after 
MFSS compared to raw ejaculate, but not significant in comparing MFSS to the swim-up method in 
total motility. Differences in motility after separation are strongly dependent on the way the swim-
up method is performed, where the difference in motility between swim-up and MFSS can be 
significant [22] or minimal [12] as in our study. Both methods showed improved proportion of sperm 
with normal morphology compared to raw semen, but was not detect significant difference between 
MFSS and swim-up, this results are consistent with previous study [12]. Contrary to the study [16], 
where was compared density gradient and MFSS system and was found significantly higher 
proportion of normal spermatozoa in MFSS group.  

We detected significantly better DNA fragmentation after separation using MFSS. Separation by 
MFSS is very strict, there is probably an inverse relationship between DFI and motility. Separation of 
spermatozoa by MFSS enhanced the production of spermatozoa without DNA fragmentation, finally 
resulting in the production of healthier embryos [23]. It was reported that MFSS strongly reduces the 
proportion of spermatozoa with fragmented DNA contrary to density gradient [13,24] or swim-up 
[25].    

In our results separation by MFSS (Ca0) significantly improved the proportion of spermatozoa 
with nonfragmented DNA but this trend was detected only in non-normozoospermic patients. In 
normozoospermic patients we found no significant differences between MFSS and swim-up method. 
In accordance with our results it was presented that Ca0 separation contrary to the swim-up method 
significantly reduce the embryo aneuploidy not in normozoospermic but only in non-
normozoospermic patients [2]. In a study focused on MFSS and swim-up separation it was detected 
very similar results in fertilizing potential and also DNA fragmentation between normozoospermic 
and non-normozoospermic patients [14]. While gentle centrifugation has little effect on normal sperm 
samples, semen specimens with abnormalities seem to be more susceptible to mechanical stress and 
DNA damage [26,27]. This observation may account for our finding that the centrifugation-free Ca0 
technique reduces fragmentation rates, especially when processing semen samples that deviate from 
normal parameters. 

Successful fertilisation of the egg requires motile sperm with intact acrosomes that are able to 
undergo an acrosomal reaction before entering the egg [28]. In this study, the percentage of sperm 
with intact acrosome was the similar for both methods of separation. However, there was 
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significantly higher proportion of intact sperm after both separations compared to the pre-separation 
condition. The values presented are high compared to older studies [29].      

In this study, we assessed MMPs using the fluorescent marker JC-1.Mitochondria function as 
sources of ATP in the midpiece of the sperm flagellum, producing and transporting energy for sperm 
motility. In the present study, the percentage of spermatozoa selected by the MFSS method was the 
same as in the separated swim-up group. The MMP was lower in the native ejaculate than in the 
separated groups. Sperm mitochondrial activity correlates well with sperm motility, and our findings 
are also consistent with reports on the positive correlation between progressive motility and sperm 
MMP [30].  

In all patients, we detected the levels of oxygen radicals in seminal plasma before separation. 
The reason was to exclude oxidative stress, which can significantly affect the condition of 
spermatozoa. High levels of ROS can damage sperm membranes, impair sperm motility [31] and are 
also thought to be one of the causes of high sperm DNA fragmentation [20,21]. We detected values 
in the range of 8-133 µM, all of which are below the 200 uM ROS threshold [18]. Moreover, when we 
performed a correlation analysis, there was no direct correlation between the observed parameters 
and the detected ROS values due to low ROS concentrations (Figure 2C). From these results, we 
concluded that the observed spermiogram parameters in this study were not affected by the 
concentration of ROS in seminal plasma. 

In analyses of comparison standard sperm selection method and MFSS separation was found 
very good results [13,22,24], but also only marginal positive results without significant differences 
which was presented in recent meta analyses [32]. In our study we found positive effect on DNA 
fragmentation after using of MFSS system, but only in non-normozoospermic patients. The limitation 
for Ca0 is also the overall lower amount of sperm obtained after separation, which is due to the limit 
for the maximum amount of ejaculate separated (0.9 ml). In normozoospermic patients this is not a 
problem but in patients with low volume and low concentration it can be a problem and therefore it 
is necessary to proceed individually when choosing the method and keep this fact in mind when 
deciding which separation system to use. Although microfluidic separations are considered the 
future of sperm selection in assisted reproduction, their development has been stagnant for two 
decades [33]. However, in recent years, the MFSS and similar lab-on-chip systems has begun to be 
increasingly promoted in clinical embryology and these systems are the future in the field of sperm 
separation. 

4. Materials and Methods  

4.1. Patients  

The study was approved by the ethics committee of University Hospital Brno. All the patients 
enrolled in this study consented to participate and signed an informed consent form. A total of 45 
patients from the CERMED center aged 21-47 years with an ejaculate volume greater than 1.6 ml were 
enrolled in the study. The semen specimens were obtained following an abstinence period of 2–5 
days and collected in sterile containers via masturbation. Liquefaction of the samples occurred at 
room temperature within 30 minutes. There were 25 normozoospermic patients and 20 non-
normozoospermic patients based on primary semen analysis. Patients were classified as having 
normal or abnormal sperm parameters according to World Health Organization manual [34].    For 
each patient, the ejaculate was separated into three parts after liquefaction (60 min after ejaculation): 
the 1st part of the ejaculate (0.2 ml) was not separated and only analysed, the 2nd part (900 µL of 
ejaculate) was separated using a Ca0 microfluidic chip (LensHOOKE Bonraybio, Taichung, Taiwan), 
and the 3rd part (the rest of the ejaculate; ≥500 µL) was processed using the swim-up method (Figure 
3). 
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Figure 3. Flow chart of analyses. 

4.2. Sperm Selection 

4.2.1. Microfluidic Sperm Selection 

Microfluidic sperm sorting was conducted utilizing a commercial Ca0 device (LensHOOKE., 
Bonraybio, Taichung, Taiwan) in accordance with the manufacturer's instructions. In brief, 1000 µL 
of neat semen was filled into the lower chamber. 900 µL of Sperm Preparation Medium (Origio, 
Denmark) was added into the upper chamber and covered by cover piece. The device was then placed 
in a humidified incubator at 37℃ for a duration of 30 minutes. Following the incubation period, 500 
µL of sperm suspension was extracted from the upper chamber for subsequent analysis (Figure 4). 

 
Figure 4. Sperm separation using a Ca0 chip. A-lower chamber, B-transport of neat ejaculate to lower 
chamber, C-laying the upper chamber with membrane, D-covering by washing medium, E-placing 
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the lid on chip, F-incubation in termobox, G-opening after 30 minutes, H-collection of 0,5 ml medium 
with separated sperm. 

4.2.2. Swim-Up Method 

Semen samples were pipetted into 15 ml conical centrifuge tubes and washed twice in 2 ml 
Sperm Preparation Medium (Origio, Denmark) in accordance with the manufacturer's instructions. 
Following the second wash, 1000 µL Universal IVF medium (Origio, Denmark) was gently overlaid 
onto the spermatozoa. The tube was then inclined at an angle of approximately 45° to increase the 
surface area of the semen-culture medium interface and subsequently incubated for 60 min at 37 °C. 
Following this incubation period, only 400 µL from the surface were collected for analysis. 

4.3. Semen Analyses 

Each patient underwent spermiogram analysis in accordance with the World Health 
Organization laboratory manual. The volume was determined using gravimetric measurements. 
Following the liquefaction of the ejaculate, a comprehensive spermiogram analysis was conducted 
for each sample. In this study, we focused on five semen quality parameters: ejaculate volume, sperm 
concentration, progressive motility, the percentage of sperm with normal morphology, and total 
sperm count (volume × sperm concentration). Subsequently, after separation, basic spermiogram 
parameters (concentration, motility, and morphology) and sperm DNA integrity, acrosomal status 
and mitochondrial membrane potential were evaluated for all three samples.  

To evaluate the effect of sperm selection on morphology, Diff-Quik (MICROPTIC SL Co., Spain) 
staining was employed [35]. The procedures followed WHO guidelines. A thin, uniform layer of 
approximately 10 µL of spermatozoa was spread on a clean glass slide and allowed to air-dry at room 
temperature for a minimum of 30 min. The slides were stained according to the manual's 
recommended procedure and examined under a bright-field microscope. For each sample, 200 
spermatozoa were categorized based on morphology, including normal and abnormal heads, middle 
pieces and tails. The proportion of normal spermatozoa was calculated and expressed as a 
percentage.  

4.4. DNA Integrity Assessment 

Sperm DNA fragmentation was assessed using the sperm chromatin dispersion test (Halosperm 
G2 kit, Halotech, Spain), in accordance with the manufacturer's instructions. Intense staining was 
used to visualize the periphery of the dispersed DNA-loop halos. Spermatozoa exhibiting large and 
medium halos were classified as non-fragmented, whereas those displaying small halos, no halos, or 
degeneration were categorized as fragmented. The proportion of spermatozoa with fragmented DNA 
(expressed as the DNA fragmentation index) was evaluated. The DNA fragmentation index (DFI) 
was calculated using the following formula: DFI (%) = (fragmented spermatozoa + degenerated 
spermatozoa / total spermatozoa counted) × 100. For this study, a minimum of 600 spermatozoa per 
sample were evaluated under the 100× objective of the microscope. To mitigate potential bias, at least 
300 spermatozoa were analyzed by two independent technicians. The DFI value of the unprocessed 
samples was used as the starting point for calculating the relative separation efficiency. 

4.5. Evaluation of Acrosomal Status 

Lectin peanut agglutinine labeled fluorescein isothiocyanate (FITC-PNA) was used to assess the 
acrosomal condition of sperm cells. Droplets of sperm samples (5 µl) were air-dried on slides. The 
slides were then fixed in ice-cold ethanol, dried, and coated with FITC-PSA (Sigma Adrich, Germany) 
before being kept in the dark for 30 min. Samples were mounted under Vectashield medium with 
DAPI (Vector Laboratories, USA). After thorough washing in PBS (Sigma Aldrich, Germany), the 
coverslips were applied. A fluorescence microscope (Nikon ECLIPSE Ts2, Nikon, Japan) was used to 
examine the fluorescence patterns of 200 sperm cells from random areas at x1000 magnification. 
Acrosomal status was categorized using three distinct lectin staining patterns: 1) complete acrosome 
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staining, indicating an intact acrosome; 2) partial acrosome staining, signifying sperm with disturbed 
acrosome; and 3) no staining of the entire sperm head, indicating a sperm with detached acrosome 
(Figure 5). The percentage of various lectin reaction patterns among the total counted sperm cells was 
recorded [36].  

 
Figure 5. Evaluation of acrosomal status. Spermatozoa acrosome labeled by FITC-PNA: A - intact 
acrosome, B – equatorial region labelling, C - non detected acrosome; green - acrosome, blue - DNA. 
The scale bar represents 5µm. D – Box plot illustrate the date distribution (ns – non significant, 
*p < 0.05). 

4.6. Mitochondrial Evaluation 

The assessment of mitochondrial membrane potential (MMP) was conducted using JC-1, a 
lipophilic cationic dye [37]. Following the manufacturer's guidelines (cat #10009172; Cayman 
Chemical Company, Ann Arbor, MC, USA), a JC-1-staining working solution was prepared by 
diluting the stock solution 1:10 (v/v) in the culture medium. For each evaluation, 1 µL of JC-1 working 
solution was combined with 9 µl of sperm suspension and incubated for 30 min in a humidified 
environment (37°C, 5% CO2) away from light. Mitochondrial activity was observed using a 
fluorescence microscope at 1000 × magnification under a coverslip with immersion oil (Nikon 
ECLIPSE Ts20, Japan), according to the manufacturer's protocol. The MMP status was determined by 
examining the fluorescence pattern of 200 spermatozoa in randomly chosen areas on each slide. 
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Spermatozoa with a high MMP (active mitochondria) exhibit orange-red fluorescence [38]. The 
results are expressed as the percentage of cells displaying a high MMP. 

4.7. ROS/RNS Assessment 

The concentration of reactive oxygen/nitrogen species (ROS/RNS; including hydrogen peroxide 
as one of the primary reactive oxygen species present in semen) in semen sam-ples was quantified 
using a commercially available assay kit. The total quantity of ROS/RNS was determined using the 
OxiSelect™ In Vitro ROS/RNS Assay Kit (Cell Bi-olabs, San Diego, CA, USA), in accordance with the 
manufacturer's protocol. The fluorescence signal was measured using a Fluostar Omega Microplate 
Reader (BMG Labtech, Ortenberg, Germany) at an excitation wavelength of 485/20 nm and an 
emission wave-length of 528/20 nm. The level of ROS/RNS in the ejaculate gradually decreases, which 
was verified in a separate experiment (Figure S1). For this reason, immediately after liquefaction the 
samples must be frozen in liquid nitrogen at -196°C. When ejaculate is stored at -20 °C, a rapid 
decrease in ROS/RNS levels occurs after storage (Table S2). 

4.8. Statistical Evaluation 

Statistical analyses were conducted using STATISTICA CZ software, version 10 (StatSoft, Inc., 
Prague, Czech Republic). Data are presented as mean ± standard deviation. Comparisons of numeric 
variables between groups were performed utilizing one-way analysis of variance. Differences were 
considered statistically significant at P< 0.05.  

5. Conclusions 

The tested Ca0 method is practical, easy to manipulate and reliable. Its use is advantageous in 
many ways for the laboratory and the patient. However, when individual sperm parameters are 
carefully compared, except in non-normozoospermic patients, it does not provide much benefit over 
the swim-up method. In the case of patients who do not have a normal spermiogram and have other 
problems (such as a higher proportion of sperm with fragmented DNA), this method has merit and 
can significantly improve the efficiency of infertility treatment.  

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Table S1: Stability of ROS values during storage; Table S2: Comparison of the 
stability of ROS in ejaculate before the sperm separation. 
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