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1  

Aim and outline 
 

This chapter introduces the aim and motivation of the work presented in this 

thesis. In short, this thesis reports on the implementation of microfluidic 

devices and technology for sperm analysis and separation. The different 

technological approaches offered might be exploited for applications in 

assisted reproduction technologies in the clinic.  
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1.1  Spermatozoa and male infertility 
Spermatozoa have evolved to most efficiently fertilize an oocyte by only 

containing the bare necessities for movement and fertilization. They are 

equipped with a strong tail, and only contain densely packed DNA in their head, 

while losing all organelles except for the mitochondria located in the midpiece, 

which provide the energy conversion for their movement. In the front of the 

head, the acrosome is located, which contains enzymes that help the 

spermatozoon to penetrate the oocyte (see also Figure 1.1). [1] A human 

spermatozoon typically has a total length of 55 µm, while having a head that 

measures 4.5 by 3 µm. [2] 

Spermatozoa have to overcome many barriers to reach the oocyte (Figure 1.1). 

After deposition in the vagina, they will have to cross the uterus, where 

contractions provide flows that prohibit many of the spermatozoa from 

continuing to the oviduct. There are many microgrooves in the walls of the 

female reproductive tract, which help the morphologically normal 

spermatozoa find their way. [3] In the oviduct, the spermatozoa are stored at 

the isthmus for a time, after which they can swim across towards the oocyte 

when fertilization is possible. It has been postulated that rheotaxis and 

thermotaxis in the long range (along the length of the oviduct [4]), and 

chemotaxis in the shorter range (estimated to be in the order of millimeters 

[4]) might be responsible for the final guiding of the spermatozoa to the 

oocyte. In each of these guidance and selection steps, a fraction of the 

spermatozoa will prevail, leading to a natural mechanism for selection of 

morphologically and functionally normal spermatozoa in fertilization. [5]  

Because there are many ways in which the above might not proceed perfectly, 

Assistive Reproductive Technologies (ART) are widely used all over the world 

to help couples with fertility problems conceive. Infertility has shown itself to 

be a growing problem, affecting around 10% of couples of reproductive age 

worldwide. [6] One of the causes for infertility is a low sperm count, which 

approximately 5% of the male population has. If the couple is still not pregnant 

after one year of unprotected intercourse, outside help is often needed in the 

form of a spermatozoon selection and subsequent intrauterine insemination 
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(IUI) or in vitro fertilization (IVF). If the sperm count is very low, 

intracytoplasmic sperm injection (ICSI) might be necessary. In more rare cases 

(approximately 1%), a male has no spermatozoa in his semen at all, making it 

necessary to perform a biopsy for obtaining spermatozoa. [7] Testicular 

biopsies only contain a very small number of spermatozoa, as a sample of the 

complete tissue is taken. The manual selection of these few spermatozoa by 

the use of a microneedle, is currently labor-intensive and is highly dependent 

on the expertise of the clinician performing the procedure. It can take 2 to 3 

hours depending on the cause of infertility. [8] Therefore, a microfluidic tool 

for sperm separation and selection could help reduce the time and work load 

for the clinician and improve ICSI outcome.  

 

Figure 1.1 Schematic of the path of a spermatozoon through the female reproductive tract, 
with an excerpt containing the schematic of a spermatozoon. Not drawn to scale, adjusted 
from the review by Eisenbach et al. [5] 
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1.2 Thesis outline 
The aim of this PhD project was to develop microfluidic chips for the separation 

and analysis of (im)motile spermatozoa. In chapter 2 a review of microfluidic 

chips for spermatozoa applications is presented, in which microfluidic chips for 

the separation and analysis of motile spermatozoa are discussed. In this 

review, chips which describe or make use of the different guidance 

mechanisms of spermatozoa, such as rheo-, thermo- and chemotaxis, are also 

categorized and discussed. 

In chapter 3, a microfluidic chip that uses the boundary following behavior of 

motile spermatozoa to separate them from the immotile ones is presented. 

For the description of the behavior of the spermatozoa, in addition a model is 

proposed. Experiments were performed and their results compared with the 

results of the theoretical model. To investigate another guidance mechanism 

for motile sperm, namely chemotaxis, chapter 4 describes the design and 

testing of a hybrid hydrogel chip to improve the handleability of microfluidic 

devices for the investigation of chemotactic behavior of spermatozoa.  

To improve the handling time and effort of clinicians of testicular sperm 

samples, a microfluidic chip is investigated in chapter 5 for the separation of 

spermatozoa from erythrocytes by use of pinch flow fractionation (PFF). The 

erythrocytes are typically the only cell type left after a filtering step is 

performed after a testicular biopsy, and provide most of the hassle in the 

subsequent manual inspection and selection. To see if the sorting mechanism 

in this microfluidic device could also replace the filtering step, in chapter 6 two 

PFF chips were coupled on the same device in which a preliminary experiment 

with an animal model for the testicular biopsy was processed. To verify 

whether this sorting approach is safe to use and does not inflict cell damage on 

the spermatozoa, chapter 7 reports on the viability of spermatozoa after 

exposure to the shear stress applied by microfluidic chips compared to 

centrifugation. 

Finally, a summary of the presented work is given in chapter 8, after which 

recommendations and future research directions are discussed in the outlook.  
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2  

Microfluidics to study and select motile sperm 
 

Many reviews have been written on the use of microfluidics for general sperm 

research [1-4], on sperm sorting and analysis in microfluidics [2, 3, 5-7] and 

about sperm migration [8], where different microfluidic devices are explored. 

This chapter aims to provide background information about the use of 

microfluidic devices with the focus on motile spermatozoa research, either by 

using the motility as separation method or by assessing the motility of the 

spermatozoa. It categorizes the papers that can be found in this field, by 

summarizing what has been discovered about spermatozoa in the devices used 

and which device designs or experimental methods might be taken advantage 

of studies that still might need to be done.  
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2.1 Motility based microfluidic separation of 

spermatozoa  
The motility of a spermatozoon is seen as one of its most important 

characteristics for its potential usage in assisted reproductive technologies 

(ART). It is the easiest characteristic by which a clinician can assess the viability 

and fertilizing capacity of a spermatozoon. For example, if there is the choice 

between an immotile and a motile sperm for intracytoplasmic sperm injection 

(ICSI), whereby a spermatozoon will be selected and directly injected in the 

oocyte, the motile one will certainly be picked. To make the determination of 

motility more objective, software has been available to characterize the 

motility characteristics of a semen sample. Using this software, the population 

of spermatozoa are categorized by the criteria put forth by the World Health 

Organization [17]. Although motility characteristics are obtained for a single 

spermatozoon, this is not used in combination with the selection for ART. 

Therefore, to improve the process of retrieving motile spermatozoa, 

microfluidic chips have been developed. Many of these are made to be used 

with little additional equipment, and are often usable by a clinician with only a 

micropipette.  

A fairly simple example of the use of microfluidics to isolate motile 

spermatozoa from a semen sample is the device by Chinnasamy et al. [18]. 

Their device is a version of the swim-up method, where they connect a 

microfluidic device to a porous membrane through which the spermatozoa 

could swim up (Figure 2.1a). The spermatozoa that were sampled from the 

other side of the membrane had a higher percentage of both normal 

morphology and motility. Their device showed an increase of a normal 

morphology from 20% to 60%, where a standard swim-up increased to 35% 

only. [18] The motility of the sample increased to approximately 90% from an 

initial motility of approximately 40%, while the conventional swim-up would 

only increase to 50%. Eamer et al. [9] used a microfluidic channel (Figure 2.1b) 

to better assess the influence of the swimming medium on the motility of 

spermatozoa. The channel allows for a controlled environment in which the 

swimming behavior can be more easily characterized. They observed that 
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hyaluronic acid was detrimental to the viability and motility of the 

spermatozoa when compared to methyl cellulose. They therefore advise to use 

methyl cellulose if one wants to increase the viscosity of the swimming media 

for spermatozoa assessment in vitro. 

 

Some researchers want to use the motility of spermatozoa as a sorting 

criterion, thereby guaranteeing for a higher DNA integrity. [10, 16] Zhang et al. 

[10] use the spermatozoa from 40 infertile human subjects and introduce them 

into their microfluidic chip. The geometry of this chip is fairly simple and 

consists of an in- and outlet with a straight channel in between (Figure 2.1c). 

The number of spermatozoa that was categorized as “normal” increased from 

12.3% to 27.1% after using their chip. Nosrati et al. [16] used a similar system, 

but have multiplexed this method by using 500 microchannels in parallel, 

which are connected to an inlet ring and an outlet in the center of the chip 

(Figure 2.1d). The inlet ring has two access ports, which allows for the insertion 

 

Figure 2.1 a: Side view of the transwell-like microfluidic set-up of Chinnasamy et al. [10] b: 
Top view of the microfluidic channel by Eamer et al. [9] to assess the influence of different 
swimming media on spermatozoa. The swimming media are inserted via the side channels. 
c: The most simple microfluidic channel, in which the spermatozoa can swim from one end 
to the other, used by several researchers [10-15]. d: schematic of the multiplexed ring 
including 500 microchannels by Nosrati et al. [16] 
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of spermatozoa with minimal disturbance of the flow. The DNA fragmentation 

index could be lowered by a factor of 5-10 times.  

Some researchers use the motility of spermatozoa to obtain spermatozoa 

samples for forensic purposes [11]. In this case they want to isolate the 

spermatozoa of the offender from cells from the victim, often epithelial cells. 

They insert the sample into a well, which is coupled to a second well for 

retrieval of the spermatozoa. The sample, consisting of epithelial cells and 

spermatozoa is then separated due to the mobility of spermatozoa. A 

downside of this method is that the spermatozoa might be immotile if the 

sample is taken after too long a time since the crime. 

Next to the reduction in the motility over time, the use of motility as a 

separation means is going to exhaust the spermatozoa as well. [19] This means 

that for use in fertilization (IVF) (where the spermatozoa have to fertilize the 

egg on their own in a Petri dish) one has to make sure that the cells can 

immediately reach the egg cell.  

 

Figure 2.2 left: H-filter design for the continuous separation of motile spermatozoa by Schuster 
et al. [20] right: three inlet filter modeled by Hyakutake et al. and used for experiments by 
Huang et al. [21] 

Schuster et al. [20] were the first to use a constant laminar flow to separate 

motile spermatozoa from immotile cells in a simple microfluidic device, where 

the spermatozoa can be separated in a continuous stream instead of batch-

wise. Their chip has the shape of an H-filter, where only the motile 

spermatozoa are able to cross the streamlines in the separation part of the 

microfluidic channel (Figure 2.2 left). With their method, they were able to 

retrieve approximately 40% of the motile spermatozoa. This design has 
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subsequently been adapted by Matsuura et al. [22] and the same authors 

performed simulations that showed that a three inlet chip will lead to 

improved efficiency, compared to a two inlet system. [23] In this simulation, 

they assume that the spermatozoa are randomly moving particles. From the 

simulation the authors conclude that the spermatozoa should be introduced in 

the side channels and be retrieved from the center outlet. In a parabolic flow 

profile that exists in the microfluidic chip, the velocity of the liquid is the 

highest in the center of a channel. This would mean that the cells would be 

swept away faster in the center of the channel, and have a longer residence 

time at the sides of the channel, which allows for more movement away from 

the sides into the center. Other researchers also used this three inlet geometry 

in sorting spermatozoa [21]. However, they did not compare this with the 

simulation results and the previous work [23] and therefore we cannot 

conclude that a larger fraction of spermatozoa crosses over into the center 

channel than for the initial design of Schuster et al. [20].  

Seo et al. [13] used a different method than the H-filter to separate motile 

spermatozoa from a semen sample. They used the tendency of spermatozoa 

to swim against the flow and made use of this in their device to isolate the 

motile ones. Their device operates using the pressure from a height difference 

in the inlets and outlets, with which they adjust the flow velocities in the chip. 

Their device does not need the second inlet to work, as the spermatozoa will 

swim against the flow in the channel without the addition of a second flow, but 

this second inlet allows for a larger flow rate when the channels join. This 

adjustment increases the local pressure in the channel, which allows for a 

larger height difference in the sperm inlet as compared to the outlet. In a 

device with only two inlets, this difference would have to be less than 1 mm, 

while in the three-inlet device, this difference can be much greater. The result 

is an increased handleability of the device for use in a workplace. With this 

device, they reported an average sorting rate of approximately 11 units per 

minute, which we assume to be spermatozoa in this review. However, the 

authors do not report on a recovery rate (number of spermatozoa  collected 

divided by the number of spermatozoa inserted) of their device. [13] 
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2.2 The analysis of (single) spermatozoa  
Next to separation of spermatozoa, one can also focus on the analysis of 

spermatozoa in microfluidic systems. The gold standard for semen analysis is 

manual assessment of the concentration, morphology and motility of 

spermatozoa in a counting chamber. [17] However, this method is prone to 

observational errors and therefore not objective. For this reason the manual 

assessment is often replaced by a computer assisted sperm analysis (CASA) 

system to get more information about different motility parameters of 

spermatozoa, like the curvilinear velocity (VCL) and amplitude of lateral head 

displacement. Elsayed et al. [24] created an open source plug-in for the free 

image processing program Image-J, which makes it possible to do CASA 

without the need for a specific, paid, program. This could increase the available 

amount of quantitative data on patient samples in labs without the funds for 

expensive licenses. Although automated image analysis leads to more 

objective results, quality control is still needed to achieve reliable data. [17] In 

these systems, single cells are reported upon, but one cannot retrieve these 

single cells after measurement. By performing the same analysis in a 

microfluidic system, the measurement can be made more objective and take 

place on a single cell level. 

Kricka et al. were one of the first to use modern microfluidics to assess the 

motility of spermatozoa. They used a simple straight channel as shown in 

Figure 2.1c. They also created a branched structure channel, for evaluation of 

multiple spermicides in parallel. [25, 26]  

Chen et al. created a chip that can be used to assess the spermatozoa sample 

by sedimentation and motile concentration (Figure 2.3). It consists of two 

coupled chambers separated by a phase guide, which only lets the 
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spermatozoa crossover when the centrifugation 

starts. After centrifugation, the chip contains 

immotile and some motile spermatozoa in the left 

chamber and a fraction of the motile spermatozoa in 

the right chamber. The fraction of spermatozoa 

crossing over is dependent on the time needed for 

the centrifugation to spin the cells to the bottom of 

the chip. For this chip, a centrifugation step and a 

subsequent visual inspection is necessary to 

determine the concentration and motile 

concentration of a sample. The researchers did not 

use this chip for the separation of a sperm sample, 

but it could be used for this purpose as well. [27]  

Frimat et al. created a method for the analysis of 

sperm motility on fibronectin spots created using 

microcontact printing. These spots of around 10 μm 

allow the spermatozoa to be trapped by their head, 

while still allowing movement of the tail. The trapping of the head causes the 

spermatozoa to move in circles, which allows for motility analysis by looking at 

the angular velocity of the cell using image processing. Because this is an open 

system, the single spermatozoa can be picked up after analysis by a 

micropipette for further processing. [28] 

De Wagenaar et al. created a chip in which the spermatozoa could be 

hydrodynamically trapped, after which one can investigate their 

viability/acrosome integrity [29] or their motility [30]. The motility could be 

electrically characterized by placing electrodes close to the trap, which can 

remove the need for a microscope. They also investigated the influence of the 

temperature and presence of caffeine on the beat frequency of these cells.  

Nascimento et al. [31] found a way to measure the VCL using an optical tweezer 

(a laser that forces a particle to stay in a certain position), as it corresponded 

to the optical trapping power needed to keep the spermatozoon from 

       

 

Figure 2.3 Chip by Chen 
et al. [27], which uses 
centrifugation to 
capture immotile 
spermatozoa in the left 
chamber, while letting a 
fraction of the motile 
spermatozoa crossover 
into the right chamber. 
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escaping. They observed that dog sperm was faster than human sperm, and 

the results also suggested that it might be more sensitive to the laser power. 

On average, the VCL decreased after trapping; whereby longer trapping 

durations resulted in a stronger decrease, which was also shown in work of 

Tadir et al. in 1989 [32]. Surprisingly, changing the trapping power seemed to 

have had no influence on the spermatozoa [31] and their viability [32]; the 

decrease in VCL might instead be due to exhaustion of the trapped 

spermatozoa. Using this technique, single spermatozoa could be analyzed, and 

different categories of spermatozoa based on their VCL could therefore be 

distinguished.  

Besides using optical forces, also electrical forces can be used to trap 

spermatozoa. Fuhr et al. [33] used the force of an electric field to trap 

spermatozoa in between electrodes. In one of their designs, they could also 

determine the force exerted by the spermatozoa by using interdigitated 

electrodes.  

2.3 Assessing swimming behavior of spermatozoa on-chip 
Microfluidics can also be used to assess the swimming behavior of 

spermatozoa. Different phenomena such as rheotaxis, chemotaxis and 

thermotaxis have been investigated using microfluidic chips. 

2.3.1 Rheotaxis 

Rheo is the Greek word for flow, and taxis the word for arrangement, or order. 

Biologists use the term rheotaxis to describe the ability of an organism to orient 

itself in a current. By convention, positive rheotaxis means swimming against 

the flow (into the current source), and negative rheotaxis with the flow (away 

from the current source).  

Rheotactic behavior is seen in many water creatures and has also been 

observed for spermatozoa. [34] Rheotactic behavior is facilitated by velocity 

gradients that orient the spermatozoa such that there is no force coupling on 

the spermatozoa (in a parabolic flow profile, if the spermatozoa are not 

aligned, the force on one side of the spermatozoa will be larger than on the 
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other side). [14] For spermatozoa, the biological drive for this behavior can be 

found in the mechanisms of the female reproductive tract. The flow in the 

fallopian tubes (driven by mucus production, peristaltic movement and cilia) is 

to move the oocytes away from the ovaries and into the uterus. [35] 

According to Bretherton et al. [14], 19th century biologists had already 

observed rheotaxis in spermatozoa and believed that spermatozoa exhibit 

positive rheotaxis. Bretherton et al. constructed a more reliable experiment to 

confirm this and also observed positive rheotaxis for spermatozoa. Their set-

up had a 6 mm long straight channel with a width of 13 mm and height of 175 

µm, which means that there would be no shear rate in the xy-plane, but only 

in the z-direction. The spermatozoa in their channel were observed to most 

often turn right (7 versus 1) and swim against the flow. They mention that they 

do not understand the “machinery” that viable spermatozoon would possess 

to cause this. A dead spermatozoon would also reorient, but always in the 

direction where there was shear. In contrast, motile spermatozoa turn in the 

xy-plane, which did not have any noticeable shear compared to the z-direction. 

[14] Before Bretherton et al., Yamane et al. [36] had already executed 

experiments in 1931 to determine the velocity of horse spermatozoa and their 

rheotactic behavior as a function of the fluid velocity. From their experiments, 

they mention 20 µm/s as the ideal fluid velocity, of which they made use in 

tubing of 5 mm wide. They also mention that Adolphi et al. [37, 38] had already 

looked extensively at the velocities of spermatozoa in liquid with and without 

flow, who concluded that spermatozoa would swim against the flow direction.  

In the early ages of microfluidics, Roberts et al. [12] used a 200-300 μm wide 

channel to try to investigate “geotaxis” (the orientation of spermatozoa 

influenced by gravity), and noted that in these small channels, the rheotaxis 

that could be observed could not be explained by the positive geotaxis 

(orientation towards the source of the gravitational force) that spermatozoa 

exhibit. Winet et al. [39] looked at the response of spermatozoa to fluid shear 

and gravity. They noticed in their 310x400 μm2 channel that spermatozoa 

resided in the high shear part of their channel, leaving the center (more than 

100 µm from the wall) empty of motile spermatozoa. They tried to investigate 
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if there was any geotactic effect on the spermatozoa, but concluded that the 

rheotactic behavior was not influenced by gravity. [39] This can be explained 

from the size of the channels, as the gravitational influence on such small 

length scales might be of less importance than at larger dimensions, since the 

effect of the shear rate is more dominant at smaller scale. In recent papers, the 

subject of rheotaxis has been revisited, where researchers have tried to 

analyze the mechanism or quantify this rheotactic behavior.  [34, 40-47] In the 

experiments of Lopez-Garcia et al. the researchers notice the spermatozoa 

“taking control of their direction”. [48] They explain this behavior as possibly 

being caused by chemotaxis, but they also observe it in the case of the 

presence of glass beads. [48] They did not consider the occurrence of rheotaxis, 

but the fact that the spermatozoa “took control of their direction” without any 

chemical present leads us to the hypothesis that in their case rheotaxis was 

taking place instead of chemotaxis. In the paper by El-Sherry et al. [44] the 

authors showed that approximately 80% of the bull spermatozoa they 

observed exhibited positive rheotaxis. They created a simple straight channel 

chip, where the flow in the chip was driven by gravity and tried to relate the 

flow velocity against the percentage of spermatozoa that show positive 

rheotaxis and against the swimming velocity (where they added the swimming 

velocity and the flow velocity vectorally). They noticed that wider channels 

have less positive rheotaxis than smaller channels for the same flow velocity. 

[44] This can be explained by the fact that a certain shear rate is needed, which 

is higher for the same average flow velocity in a smaller channel. Also, 

reorientation of the spermatozoa after flow reversal was observed in this 

experiment. This behavior has also been investigated by Bukatin et al. [47], 

who noticed that spermatozoa have two different swimming behaviors, that 

dictate which way the cell will turn upon flow reversal. They modeled the 

swimming behavior of the spermatozoa, from which they concluded that the 

turning behavior was not influenced by the rolling of the cell or its beat chirality 

(right or left-handed helical motions). Instead, they concluded that it was the 

midpiece asymmetry which determined the direction in which the 

spermatozoon would turn; a straight midpiece was seen for left-turning 

spermatozoa, a slightly bended midpiece for right-turning [47].  
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Rappa et al. [45] also tried to quantify the rheotactic behavior in their 

microfluidic chip (Figure 2.4, top). Next to a simple channel connected by two 

inlets, they also created a three-inlet chip, in which the collection chamber was 

positioned in between the spermatozoa and the flow inlet. The flow inlet 

would cause the fluid to flow towards the other inlet, creating a flow in which 

the spermatozoa could orient themselves and swim against the flow. In their 

three-inlet chip, they would then be able to extract the rheotactic spermatozoa 

for possible further testing, similarly to one of the device mentioned earlier. 

[13] The use of flow in their chip increased the total recovery rate of 

spermatozoa, as well as the increasing the fraction of progressively motile 

spermatozoa in the population. [45] 

 

Figure 2.4 Top: Schematic side view of the three inlet chip used by Rappa et al. [45] The third 
inlet could provide a higher pressure to provide an easier mode of operation. Bottom: 
Schematic top view of the chip by Chen et al. [46] the fluid is inserted from the bottom channel, 
where it diverges and invites the spermatozoa to swim against the flow. The spermatozoa pass 
the restriction and are swept away. Inserting an electrode in both the bottom and left channel 
allows for counting of the passing spermatozoa. 

Besides investigating the rheotactic behavior of spermatozoa using a 

microfluidic chip, the rheotactic behavior can also be used to assess the semen 

sample. Chen et al. [46] tried to quantify the motility of spermatozoa by using 

their rheotactic behavior using impedance measurements in a microfluidic chip 

(Figure 2.4, bottom). Their chip was operated by hydrostatic pressure, where 

they used reservoirs at different heights to set the flow velocity. They used a 

side inlet, through which the flow diverged into the two directions of a channel. 
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The spermatozoa were inserted on one side and would swim against the flow 

and be swept through a restriction that also served as orifice for the Coulter 

counter. [49] They would then be flown further downstream to the other end 

of the channel. During experiments, they noticed that the spermatozoa would 

swim along the walls, the boundary following behavior also noted in some 

papers cited above. A downside of the used geometry is that after a while, the 

spermatozoa could swim back, passing the restriction again, leading to over-

counting of the cells. This indeed seemed to have been the case, as the 

relationship between the concentration of progressively motile spermatozoa 

in the sample (assessed by optical evaluation) and the number of pulses 

measured was non-linear, but rather quadratic or exponential. [49] Another 

example of using rheotactic behavior for motile spermatozoa separation is 

shown by Zaferani et al. [50] These authors use a microfluidic chip, through 

which they pump a solution with spermatozoa. In this chip small structures 

were situated, which act as spermatozoa traps (called corrals by the authors, 

see Figure 2.5, left). These corrals are circular structures with a small opening, 

on which a small angle corner is positioned. They were able to trap motile 

spermatozoa in these structures, since the spermatozoa showed boundary-

following the walls. 

                  

Figure 2.5 Left: corral structure by Zaferani et al. [50] in which a spermatozoon can be trapped. 
The corners at the end of the circle prevent the spermatozoa from swimming out. Right: 
corrugated cover-slip by Guidobaldi et al. [51] , the sharp inner corners cause the spermatozoa 
to leave the wall and swim back into the center of the chamber. 
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2.3.2 Boundary following behavior 

As already mentioned for a number of papers cited above, the response of a 

spermatozoon to a shear rate can lead to an attraction to boundaries, since 

there the shear rate is highest. Winet et al. [39] noticed that the spermatozoa 

tended to accumulate at the wall of the channel, leaving the center empty of 

motile spermatozoa. However, as will be mentioned below, one does not need 

flow (and thus shear rate) to observe boundary following navigation. 

Nosrati et al. [15] show the predominant presence of spermatozoa in corners. 

This effect was stronger in smaller channels, as the spermatozoa have a higher 

probability that they will encounter a corner. These observations were made 

in channels without fluid flow. In channels with a circular cross section, a flat 

distribution of spermatozoa on the wall was observed, while in square 

channels the spermatozoa predominantly resided at the corners. [15] 

Guidobaldi et al. [52] also noticed the wall accumulation of spermatozoa, and 

to reduce this effect in counting chambers, they developed an adjusted 

coverslip with a different wall shape (Figure 2.4, right). The walls of their 

chamber are corrugated, which repels the spermatozoa [52], since the wall 

following behavior is dependent on a finite angle (the mechanism also used by 

Zaferani et al. [50]). Using these corrugated walls, Guidobaldi et al. managed 

to obtain an equal spermatozoa density in the entire area of the counting 

chamber. In a circular non-corrugated chamber with the same dimensions, the 

cell density at the wall increases over time to become approximately 2-3 times 

the density in the center of the chamber. For a normal counting chamber the 

same behavior can be observed, and spermatozoa will accumulate in the 

corners of counting chamber. One can adjust for this, but the necessity for a 

good protocol is of importance here since the concentration of spermatozoa 

changes over time. In a counting chamber with larger dimensions it is of less 

importance, but there one needs to takes care that there is no flow due to 

pipetting or evaporation. The improved counting chamber that Guidobaldi et 

al. created, was based on their earlier paper [53], where they determined the 

angles needed to trap and repel spermatozoa, and using the appropriate 
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angles to create a channel in which spermatozoa could only swim in one 

direction.  

Chinnasamy et al. [54] used the boundary following behavior to increase the 

persistence length (the length which a spermatozoa will swim before turning 

in another direction) of spermatozoa swimming in their device consisting of a 

periodic array. This allowed them to increase the separation distance between 

progressive (with an average distance traveled >0) and non-progressive motile 

spermatozoa. The fraction of spermatozoa with a normal morphology 

increased from approximately 15 to 45%, performing better than the swim-up 

technique and a standard microfluidic channel (~25% and 35% respectively). 

2.3.3 Surface topography 

A further difficulty of the analysis of spermatozoa movement is that most 

spermatozoa are imaged on a flat surface, so that their 2D movement is 

assessed. It is debatable if the 3D movement is always important, but the 

physiological journey that a spermatozoon must make to reach the oocyte is 

certainly 3D. All mentioned microfluidic chips so far work with flat surfaces, 

while the cervix and follicular tubes have many microstructures. Tung et al. [41] 

have therefore tried to emulate this structure in microfluidic devices with a 

straight channel containing microgrooves of 10-20 µm. It was found that the 

spermatozoa swam in the direction of the grooves if there was no flow, as 

opposed to a random direction on a flat surface. Furthermore, if flow was 

applied, less spermatozoa were swept away by the flow when they were 

situated in microgrooves than on a flat surface for the same flow rates. [41, 43] 

The latter might also be explained by the lower flow rate in these grooves 

provided by the resistance of this extra surface area and not solely by wall 

following behavior. 

2.3.4 Chemotaxis 

Boundaries, grooves and shear rate affect the swimming behavior of 

spermatozoa. Besides this, chemical gradients can also influence the swimming 

behavior. Chemotaxis is the ability of an organism to orient itself according to 

a chemical gradient. Similarly to rheotaxis, positive chemotaxis is defined as 
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the propensity to swim up a chemical gradient (towards the source of this 

gradient). A positive chemotactic agent is defined as a chemoattractant, while 

a negative chemotactic agent is repellent. It has been postulated that 

chemotaxis is the guidance mechanism for spermatozoa to reach the oocyte in 

the final part of their journey, when boundary following mechanisms and rheo- 

and thermotaxis do no longer play any role. [55]  

Some standard, pre-microfluidic techniques to characterize chemotaxis of 

mammalian cells make use of devices such as the Boyden chamber, a transwell-

like structure, where the cells migrate through a membrane. [56] This is a 

short-range system that only looks at the gradient across the membrane. The 

Zigmond chamber is another standard chamber where somatic cells can grow 

and migrate on a coverslip glass through a bridge between two connected 

reservoirs. [57] The Dunn chamber is an adapted version of the Zigmond 

chamber, [58] which has a reservoir containing a chemotactic agent which is 

sandwiched between two buffer containing reservoirs, allowing for a higher 

throughput. All these three chambers only observe a single direction 

movement of cells in the direction towards the potential chemoattractant. This 

means that one cannot distinguish between an attraction or an increase in 

motility, which is a downside of these systems, especially when one assesses 

motile cells like spermatozoa. 

 

Figure 2.6 The typical chambers used for chemotactic assessment of cells. Left: the Boyden 
chamber[56], top right: the Zigmond chamber[57] and bottom right: the Dunn chamber[58] 
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The short distances and laminar flow of microfluidic devices makes them good 

candidates to form a controlled gradient via diffusion. This controlled gradient 

then allows for better understanding of the mechanism of chemotaxis. [59-65].  

The two classes of microfluidic devices that have been constructed to 
investigate the chemotactic behavior of spermatozoa are devices that (1) 
create a gradient by flow, and (2) devices that create a gradient in the absence 
of flow. The former devices allow for a stable gradient to be created over time, 
while the latter are easier to handle, as they can be operated without pumps.  
 
As most microfluidic devices are made from polydimethylsiloxane (PDMS), 
many chemotaxis devices are created out of this material as well. In some 
cases, the microfluidic chip is only a different geometry for the experiment to 
take place in, as compared to the typical well plates and transwell structures, 
without any application of flow or use of the laminar regime. Ko et al. [65] used 
a chip which contained eight channels that were connected to a single inlet and 
were positioned radially from each other. Using such a design, multiplexing is 
possible and they performed this by dropping a small volume (2 μL) of 
acetylcholine (their chemoattractant of choice) in the inlet. They observed that 
high concentrations of acetylcholine would not attract the spermatozoa, while 
lower concentrations would show a chemotactic response. The addition of 
fluid however has as disadvantage, that it changes the fluid level in the inlet in 
which it is injected or dropped, thereby possibly creating flow, which was not 
considered by the authors beyond the fact that they “carefully” dropped the 
chemotactic solution into the inlet.  

 

Figure 2.7 left: Chip by Xie et al. [64], a flow-free system in which cumulus cells were placed 
for the formation of a gradient. right: Chip by Koyama et al., where the gradient was created 
with a constant flow provided by syringe pumps. [59] 
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Another example of a microfluidic device for chemotaxis experiments is the 
one made by Xie et al. [64]. They created a Y-channel that connected three 
wells, where cumulus cells were placed in one of the wells, which formed a 
chemoattractant gradient through the microchannels from the cumulus 
containing well outwards (see Figure 2.7, left). They noted that this channel 
needed to be less than 7 mm long to prevent exhaustion of the spermatozoa. 
[64] They observed chemotactic behavior in 10% of the population, leading to 
a chemotactic index (amount of cells traveling toward divided by the amount 
of cells traveling away from the chemotactic gradient) of 1.25 (which 
corresponds to ~55%/45%). They mentioned that their microfluidic chip is 
based on the geometry of the female reproductive tract (a uterus with two 
fallopian tubes as side channels), but one has to take into account that the 
range for chemotaxis is shorter than across the uterus and that the chip indeed 
has much smaller dimensions. The chip might have been inspired but does not 
resemble the uterus in the mechanisms that play a role. The use of cumulus 
cells, which were cultured in the channel, avoided experimental variation from 
addition of solutions. However, the fact that cumulus cells were used increased 
the possibility for biological variance, since its secretion is not constant and 
fully predictable, for this experiment, one pool of cumulus cells was used, but 
across samples this might cause variation, as also noted by Koyama et al. [59].  
 
Koyama et al. [59] used laminar flow in a microfluidic chip to generate a 
gradient in such way that this gradient will not be influenced by the addition of 
solutions (Figure 2.7, right). The three-inlet chip used the two outer inlet 
channels to generate a chemical gradient, while inserting the spermatozoa in 
the middle inlet. The three channels then meet and allow for the spermatozoa 
to sense the gradient. The constant flow created a stable gradient that reduced 
experimental variance, but the extracts of ovarian tissue that they added as 
chemoattractant showed a large biological variation as they indeed noted 
themselves. The reaction of the spermatozoa to the different extracts varied 
largely, and the average chemotactic ratio varied from no response to a 
chemotactic ratio of 3. [59] The downside of their device is the influence of the 
flow on the behavior of the spermatozoa, which might obscure their reaction 
to the chemical gradient, as well as the need for a pumping system to operate 
the device.  
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Zhang et al. [62] used a hexagonal pool of 4 mm diameter with six adjacent 
channels with a width and height of 700 µm by 50 µm, connected by 
microchannels of 5 µm by 2 µm to the main pool. The microchannels allowed 
for diffusion of the chemoattractant (progesterone at 100 pM and 1 mM), 
while reducing the flow. Through the side channels either a buffer solution or 
a progesterone solution flow was created using hydrostatic pressure. Their 
geometry was aimed to increase the measurement throughput by allowing 
three simultaneous experiments. They showed that the percentage of human 
spermatozoa that swam towards the gradient was larger for experiments with 
a progesterone gradient than for the control (~65% vs 49%). [62] However, one 
has to be very careful with such a geometry as they used. The six channels are 
all coupled to the same pool of spermatozoa which might influence the results, 
due to interference of the three chemoattractant channels as compared to 
three separate pools. Also, while the microchannels connecting the larger side 
channels to the main pool reduce the fluid coupling and prevent substantial 
convection, there is still some convection across these channels. Furthermore, 
these microchannels, due to requiring a multiple step lithography with 
separate masks, are more difficult to fabricate and lead to a higher device cost.  

As can be seen by the previous examples of chemotaxis chips, the addition of 
chemoattractant might influence the results due to flow instabilities. A simple 
solution to decrease this effect is to use a hydrogel instead of PDMS to create 
the microfluidic chip. By using a hydrogel, one can prevent the distortion of the 
gradient by providing a porous wall that allows for diffusion and reduces the 
convection of liquids. One example of such a hydrogel chip to study the 
chemotaxis of spermatozoa is reported by Chang et al. [61] The microfluidic 
device contained three channels separated by agarose (a hydrogel made from 
red seaweed). The center channel is the sample channel, in which spermatozoa 
can be loaded. The side channels provide the sink and source of the 
chemoattractant (progesterone). The agarose chip was clamped down to seal 
the channels. The sink and source channels are both operated under 
continuous flow. The agarose only allows diffusion of the chemoattractant, and 
the sink and source channels were kept at a constant concentration of 
progesterone. This results in a linear gradient over the sample channel. Such a 
device was used to study chemotaxis of sea urchin and mouse sperm [61] and 
yielded successful results in the study of the chemotactic response of sea 
urchin sperm. However, the mouse sperm did not show any chemotactic 
response to the progesterone gradient presented (2.5 to 250 µM). This might 
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indicate that mouse spermatozoa react to a different concentration gradient 
and might have been saturated at the used gradients. 

Thus for ease of use and experimental consistency, it might be beneficial to use 
a hydrogel chip for chemotactic experiments, which is also very popular in the 
study of bacterial chemotaxis [66-68]. Furthermore, depending on the duration 
of the experiment, a continuous flow in the source and sink channels may not 
be necessary. The change in slope of a chemical gradient slows down as time 
advances, and might be negligible in the time that the experiment is 
performed. For a continuous experiment however, the flow-based systems 
would be preferred, since in those the chemical gradient does not change over 
time. This experiment can be done completely continuously if one operates the 
spermatozoa loading channel under flow, or batch-wise if one wants to keep 
the environment of the spermatozoa free of flow. The batch-wise system 
would need a reset time of the gradient however, which depends on the chip 
geometry. To prevent the necessity of pumps, one could use hydrostatic 
pressure as mentioned by Zhang et al. [62], which in a hydrogel device can be 
refreshed via pipetting, as the hydrogel will prevent convection of the liquids. 
Also, it is generally accepted that only capacitated (also called hyperactivated) 
spermatozoa are capable of responding to a chemotactic gradient. These cells 
have undergone the biochemical and physiological changes necessary to 
fertilize an oocyte. [69] For further research, it might be interesting to induce 
capacitation and look at the differences in chemotactic behavior of induced 
and normal sperm populations. 

2.3.5 Thermotaxis 
Thermotaxis has been (together with chemotaxis) postulated to contribute to 

guidance of spermatozoa in the fallopian tube towards the oocyte. [55] 
Thermotaxis was not generally observed in spermatozoon motility studies, as 
gradients of temperature are not widely used and typically a single 
temperature, without any gradient is used to increase or decrease motility. 
[70] One group of researchers mainly has been publishing results on this 
mechanism.  
 
Bahat et al. [71] used a set-up similar to a Boyden chamber, were they created 
a shallow temperature gradient across a tube, in which a stainless steel porous 
membrane separates two compartments. The spermatozoa were inserted in 
one chamber, and the accumulation of spermatozoa across the membrane in 
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the other chamber was measured. They varied the temperature difference 
across the chambers and concluded that spermatozoa showed a reaction even 
at their lowest technically feasible temperature gradient of 0.014°C/mm, with 
a net crossover of 1% for non-capacitated spermatozoa and 2% for a 
capacitated population. For a larger temperature gradient (3°C) at different 
temperatures they obtained larger accumulations, with values of up to 6%. A 
descending temperature gradient also showed a negative net accumulation. 
[71] Li et al. [72] created a microfluidic chip which was able to create a less 
steep gradient. Their chip contained two collection chambers, where the 
thermotactic behavior of the spermatozoa could be easily assessed by counting 
the two populations. The device could be closed off by an interfacial valve, 
trapping the spermatozoa in their respective chambers. The spermatozoa 
showed a thermotactic reaction in 10% of the populations. Perez-Cerezalez et 
al. [73] showed that selection via thermotaxis gave a population of 
spermatozoa with less DNA damage both in mice and humans as compared to 
the initial population and selection via swim-up. They also tested the influence 
on the ICSI outcome in mice, which showed a better in vitro development of 
the mouse embryos. [73] 

Ko et al. [74] combined their chemotaxis chip with an on-chip heater, to 
combine these two mechanisms. The results of their study did not indicate a 
difference in chemotactic or thermotactic results, as both mechanisms led to 
approximately the same number of spermatozoa ending up at the upstream 
gradient. The combination of the mechanisms also did not lead to a statistically 
significant result. The results were however significantly different from the 
control, which was kept at room temperature (26°C). The operation of the 
control at room temperature was problematic, as for a fair comparison, one 
would have to use a temperature of approximately 37°C. 

2.4 General conclusion 
In general, microfluidic devices can be of help in investigating or selecting 

spermatozoa based on their motility or directed behaviors. The selection taking 

place has the added benefit that the percentage of normal morphology, 

viability and DNA integrity in the population improve. The small dimensions 

and easy control of the fluid in microfluidic chips can be of help in investigating 

single spermatozoa characteristics. These allow for recognition/specification of 

different behavior types in groups and can help in the selection of these 
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specific cells. Towards this aim, it is important that steps are taken to reduce 

the complexity of the systems, while keeping their control. 
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3  

Modeling and exploiting the boundary following 

behavior of spermatozoa for more efficient motility-

based separation. 
 

Motility is an important criterion for the selection of spermatozoa. Beyond the 

typical preparation techniques, microfluidics can be used to obtain the motile 

spermatozoa from a sample. In this paper, we improve the collection efficiency 

of spermatozoa in a microfluidic chip As compared to previous work, from 

~40% to ~70% at 20s residence time by introducing two sided diffusion and 

making use of the wall following behavior of spermatozoa. We also introduce 

a simple, fast and easy to adjust model to describe the spermatozoa behavior 

in such a system.  

 

 

  

In preparation as: J.T.W. Berendsen, L.I. Segerink. Modelling and exploiting 

the boundary following behavior of spermatozoa for more efficient motility-

based separation.  
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3.1 Introduction 
The selection of healthy spermatozoa is a crucial step in assisted reproduction 

technologies and is generally done by selecting for motility. There are three 

sperm preparation techniques that are commonly used for this: (1) simple 

washing, (2) the swim up method and (3) density gradient centrifugation [1]. 

Depending on the characteristics of the available sample, the preparation 

technique can be chosen. The simple washing procedure contains several 

washing and centrifugation steps and is most applicable for samples with a 

good quality in general [1]. In the swim up method [2], motile spermatozoa 

swim to a different medium, but the yield is lower compared with the washing 

procedure [1]. In the easier to standardize density gradient centrifugation [3], 

the different density of healthy spermatozoa compared to damaged 

spermatozoa or debris can be used to separate them. The separation will be 

further improved in this technique since the motile spermatozoa can swim 

through the different density layers ending up at a specific location [1]. All the 

mentioned sperm preparation techniques lead to a lower amount of apoptotic 

spermatozoa in the sample [4], but on the downside also many motile 

spermatozoa are not recovered (for density gradient centrifugation the 

recovery id 40.8±2.8% and in the swim up method 13.6±1.3%[4]) and the 

methods often involve centrifugation steps, which can impair spermatozoa 

function.  

New approaches to sperm selection using microfluidic devices might overcome 

these drawbacks. Often these devices use the swimming behavior of 

spermatozoa to get them separated from the original sample. For example, 

Kricka et al. developed a microfluidic chip that was able to separate motile 

spermatozoa by providing a channel for the spermatozoa to traverse[5]. Other 

approaches used microchambers with side wells to retrieve the motile sperm 

[6] or the ability of motile spermatozoa to swim against the flow [7]. For an 

extensive overview, please check the review of Nosrati et al. [8].  
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Another example of an approach to separate good quality spermatozoa from 

the sample is the so-called H-filter, in which a spermatozoa-containing fluid 

stream is brought next to a buffer containing stream, into which only motile 

spermatozoa will migrate [9, 10] (Figure 3.1, a). Schuster et al. were the first to 

report the use of laminar flow to separate motile spermatozoa from immotile 

cells using an H-filter in a simple microfluidic device. [9, 10] This uses the fact 

that the microfluidic chip has laminar flow, where streamlines do not cross. 

This means that dead and immotile spermatozoa cannot end up in the 

streamlines leading to the collection outlets, since diffusion is very slow for 

cells of this size, while the motile spermatozoa can cross the streamlines and 

end up in the buffer containing stream. With this technique 40% of all motile 

spermatozoa were retrieved from the original sample [9]. However, the 

boundary-following behavior of motile spermatozoa causes them to 

accumulate in the corners of the channels. Due to this phenomenon, 

   

Figure 3.1: a): H-filter design as generally reported in the literature [9, 10] to separate motile 
spermatozoa from a semen sample. b): Our improved geometry, where the accumulation 
of spermatozoa at the walls in the sample stream is reduced. Our improved design only 
contains walls at the channels that end in the collection outlet. Green arrows indicate the 
sample containing streams, black arrows the buffer streams.  
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spermatozoa that follow the wall can end up in the wrong outlet, reducing the 

collection efficiency [11-14]. A device geometry identical to the Schuster device 

was also used by several other researchers for the screening of sperm velocity 

or separation of spermatozoa [15-17]. Hyakutake et al. furthermore simulated 

the residence time of spermatozoa in a channel. They observed that for 

randomly moving particles, the efficiency of separation would improve with a 

3-channel design, where the spermatozoa would be introduced from the side 

channels [18]. This theoretical paper was followed by an experimental paper 

[15], which used the H-filter geometry instead of the 3-channel geometry they 

had modeled. Apart from this, Huang et al. [19] did experiments with a 3-

channel geometry where they inserted the spermatozoa from the side 

channels, which therefore needs to work against the boundary following 

navigation. However, the (adapted) H-filter like design for motile spermatozoa 

sorting takes not into account that spermatozoa move preferentially to 

boundaries. [11, 20-22] The boundary-following behavior causes a problem in 

these microfluidic chips, since the spermatozoa on average are closer to the 

wall in the entrance channel, which makes them more likely to encounter this 

wall and then follow it into the connected outlet. Therefore, motile 

spermatozoa are lost into the waste channel and the collection efficiency is not 

optimal. In the simulations performed by these authors [18, 19], the model did 

not include this wall following behavior, leading to deviant results for the 

simulated experiments. [18, 23] The authors performing these simulations 

chose not to use this geometry for their practical experiments. Instead the H-

filter geometry was tested by them, with as possible causes either 

experimental problems with multiple outlets, or the fact that the spermatozoa 

did not move into the middle channel as expected.  

The simulations performed so far on the behavior of spermatozoa in the H-

filter devices [9,10] are not considering typical behavior of spermatozoa and 

therefore are less useful. If one wants to model the boundary following 

behavior of spermatozoa, one can choose to approximate it with a diffusion 

model [24], a random walk model [25] (which is a diffusion model on the single 

particle scale) or, even more explicitly, one can model the entire shape of the 

spermatozoa and their movement mechanism. [20, 21, 26] The model type 
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that is needed depends on the complexity that is necessary to obtain a good 

approximation of the behavior and the environment the cells are placed in.  

In a diffusion model, one looks at the bulk behavior of the cells. One can add 

extra features to the diffusive behavior, for example to match boundary 

following behavior by adding a sink to the diffusion model and a directionality 

by adding convection. However, this diffusion model only works with averages 

and does not allow for partial sticking or a partial directionality (one can only 

apply averages, even though a small fraction of the population can exhibit 

different behavior). One can compare this approach with the use of bulk 

methods in cell analysis in microfluidics, much different from single cell 

analysis.  

For a large area, with fairly simple geometry, it is possible to mimic the 

behavior of the spermatozoa by using a simple random walk model and add 

the known characteristics of behavior of spermatozoa to the model (i.e. 

swimming against a flow, swimming in an area with shear, swimming along 

walls, swimming towards a gradient). Here, we made such a model to obtain 

the movement pattern of spermatozoa in a simple microfluidic device, which 

takes into account the wall following behavior and subsequently compare the 

outcome to our experimental data. In our device and simulations, we use the 

3-channel geometry and introduce the spermatozoa from the middle channel 

(Figure 3.1(b)), making the boundary following behavior work to our 

advantage. In our system, the sample containing stream is sandwiched 

between two buffer streams in a channel of which all corners terminate in 

collection outlets, thereby increasing the collection efficiency. 

3.2 Materials and methods 

3.2.1 Sample preparation 

Fresh boar semen was obtained from a local artificial insemination center (“KI 

Twenthe”, Fleringen, the Netherlands) at a concentration of 20 × 106 cells/mL. 

The sample was then diluted 20 times for handling with Beltsville Thawing 

Solution (BTS, Solusem, Aim Worldwide, Vught, the Netherlands). Before the 

experiments, the spermatozoa were placed in an incubator at 37°C for 20 

minutes to activate. 
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The motility of the spermatozoa was quantified by a computer assisted sperm 

analysis (CASA) system (SCA, Barcelona, Spain). For this, the cells were imaged, 

after which the CASA system determined the percentage of motile cells and 

their motility characteristics. The viability of the spermatozoa was assessed 

with a SYBR 14/Propidium Iodide (PI) live/dead staining. The spermatozoa 

were incubated in a 1000x dilution of SYBR 14 dye (stock 1 mM, ex/em 488/518 

nm, Life Technologies, Eugene, OR, USA) for 20 minutes and a 100x dilution of 

PI dye (stock 2.4 mM, ex/em 535/617 nm, Life Technologies, Eugene, OR, USA) 

for 5 minutes at room temperature. The percentage of live cells was 

determined by dividing the number of live cells by the total amount of cells.  

3.2.2 Microfluidic chip  

We separated boar spermatozoa using a 50 µm high PDMS chip with three inlet 

channels of each 100 µm that merge into a 300 µm wide main channel and split 

into three outlets (Figure 3.2). The chip has two inlets and two outlets. One of 

the inlets splits into two channels, which combine with the channel from the 

second inlet. This leads to a sandwich structure, where the inner channel is 

used to introduce the spermatozoa and the two outer channels have an equal 

flow rate and contain the buffer. The flow ratios in and out are equal, with the 

result that all immotile spermatozoa flow into the waste channel.  

The chip was designed using CleWin software (version 5.0.12.0). Master molds 

for PDMS fabrication were produced by standard photolithography. Chips 

were fabricated using PDMS (Sylgard 184, Dow Corning, Midland, MI, USA) in 

a 10:1 w/w ratio of base versus curing agent. PDMS and glass are used as they 

are nontoxic to the spermatozoa. The PDMS was poured onto a silicon wafer, 

degassed and cured at 60 °C overnight. After curing, microfluidic inlets and 

outlets were punched using Harris UniCore punchers (tip ID 1.0 mm, Ted Pella 

Inc., Redding, CA, USA). The chips were bonded to glass microscope slides after 

activation by oxygen plasma using a plasma cleaner (model CUTE, Femto 

Science, Hwaseong-Si, South Korea).  

3.2.3 Experimental set-up 

We make use of pressure driven flow and short tubing from the vials to the 

chip to prevent any influence on spermatozoa. For this, the chip was connected 
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to a Fluigent pump (Fluigent, Paris, France) using four channels and four equal 

length in- and outlet tubing (Tygon Saint-Gobain Performance Plastics, Akron, 

OH, USA (inner diameter 250 μm, outer diameter 760 μm). The fluidic 

resistances of the channels in the chip were calculated and determined with a 

food dye solution. The in- and outlet pressures (P1-4) were then adjusted to 

obtain a flow rate ratio of 1:2 (sample flow/side flow) for the inlets and outlets. 

The flow rates varied between 0.3 and 0.03 µl/min to obtain different 

residence times. 

Prior to each experiment, the chip was activated with oxygen plasma to 

prevent bubble formation during filling. The buffer solution was also degassed 

by heating to prevent bubble formation during the experiment. The PDMS and 

glass surfaces of the chip were coated with poly(L-lysine)-grafted-

poly(ethylene glycol) (PLL-g-PEG, SuSoS, Dübendorf, Switzerland) to prevent 

cell adhesion during the separation experiments. PLL-g-PEG was rinsed through 

the PDMS micro channels at a concentration of 100 μg/mL in de-ionized (DI) 

water for at least 15 min with a velocity of 10 μL/min. In all experiments the 

chip was heated on a hotplate (Tokai Hit, model MATS-U505R30) to 37°C to 

approach physiological temperatures for activating boar sperm motility. The 

behavior of the spermatozoa in the chips was optically assessed by placing the 

chip on a microscope (Nikon TE2000U). Motile spermatozoa passing through 

the center and collection outlets were counted and normalized to the motile 

fraction in the samples to obtain the percentage of motile spermatozoa 

migrating into the collection outlet, which we determined as the collection 

efficiency. For the determination of the collection efficiency, at least 100 

motile spermatozoa were obtained.  
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3.3 Model of spermatozoa movement in a fluidic device 
We performed simulation experiments on the movement of spermatozoa in 

our device for which purpose a 3d model was written in Matlab (version 

R2015B, the Mathworks). The simplest way of modelling spermatozoa is to 

approximate them as randomly moving particles with a persistent random walk 

in which we then include the boundary following behavior. This modelling is 

allowed for spermatozoa that are located in features that are larger than the 

spermatozoon itself, as is in our case (boar spermatozoa are approximately 45 

µm long and have a head of 7 by 4 µm [27]). To integrate the fluid flows in the 

model, a laminar flow profile flow was added.  

We start by imposing a laminar flow of 03 µl/min onto the channel. We obtain 

the three-dimensional flow profile for our channel with a width of 300 µm and 

a height of 50 µm. We then select the velocity profile at 5 µm distance away 

from the surface as the position of the spermatozoa in the channel. On top of 

  

Figure 3.2: Schematic of the microfluidic chip. Width of the main channel is 300 µm. All in 
and outlet channels are 100 µm. The length of the main channel is 3 mm or 15 mm (for 
longer residence times) and the height of the device is 50 µm. 
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this velocity profile, we need to add the movement of the spermatozoa 

themselves to obtain their distribution. The depth of 5 um is chosen, as the 

spermatozoa have a higher density than the solution, which results in the 

spermatozoa being situated at the bottom of the channel.  

The World Health Organization (WHO) has defined several parameters which 

describe the characteristics of spermatozoon motility [1]. In our model, two of 

these parameters are of importance. The first parameter is the curvilinear 

velocity (VCL in m/s). This is the time-averaged velocity of a sperm head on its 

curvilinear path (the actual path of the spermatozoon head). The second 

parameter is the beat-cross frequency (BCF in Hz). This is the average rate at 

which the curvilinear path crosses the average path of the spermatozoon. In 

our model, we therefore use the VCL for the velocity of the spermatozoa and 

the BCF for the frequency of changes in the path of our spermatozoa. We 

therefore set the velocity of our particles to be between 0 and 175 µm/s and 

let each step of the random walk of the particle be determined with a 

frequency of 40 Hz. These BCF and VCL had been determined with a CASA 

system from the sample of the local AI center. 

In a completely random walk, the chance of moving in the same direction (a) 

is equal to the chance of moving in the other direction (b=1-a). In a persistent 

random walk, these chances are not equal, and the value of a is larger than b. 

Yang et al. [28] modelled the sperm as particles that moved completely in one 

direction (with an a of 1). For our simulation we assume that the spermatozoa 

follow a persistent random walk with an a defined as follows. We use a random 

distribution centered around the initial angle of the particle and with 3 sigma 

defined as the initial angle ±180°. This means that the chance of having a 

similar angle to the former distance, is greater than the chance of an angle far 

away. We use a random velocity of the spermatozoa, between 0 and the 

maximum velocity, we then define an angle, and take the sine and cosine to 

determine the new coordinates.  
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Two different wall conditions were used in the model, one in which 

spermatozoa do not leave the corners after reaching them (wall adhesion), and 

another in which spermatozoa show no preference for corners (diffusive wall 

reflection). The model allows for adjustments in the probability for leaving the 

boundaries to mimic spermatozoa behavior. To obtain reliable predictions for 

the separations, 10 simulation experiments of each 10.000 spermatozoa were 

compared and averaged. In Figure 3.3 an example of a simulation of 

spermatozoa movement in the 3-channel geometry is shown. 

 

  

 
Figure 3.3: 2D projection of a simulation experiment of spermatozoa movement in a 
microfluidic channel. At t=0, 100 spermatozoa are released in the midsection of the 
channel. The cells are carried along the flow, while moving randomly at a maximum 
velocity of 175 µm/s and changing direction with a frequency of 40 Hz. The position of the 
spermatozoa is visualized at t=0+, 15 and 40 seconds (top to bottom).  
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3.4 Results and discussion 
The polydimethyl siloxane (PDMS) chip with 3-channel structure shown in 

Figure 3.2 was manufactured to test our hypothesis that the collection 

efficiency of motile spermatozoa can be improved by making use of the 

boundary-following behavior of spermatozoa. The experimental data obtained 

with boar spermatozoa were then compared to the simulation results.  

Our experimental results agree with the boundary-following model, which 

predicts a higher percentage of collected spermatozoa than the diffusive wall 

reflection model (Figure 3.4), with the collection efficiency approaching 100% 

for long residence times. Our chips uniquely take advantage of the tendency of 

spermatozoa to follow boundaries by having all corners of the main channel 

terminate in collection outlets (Figure 3.1). Our chip design also allows for 

more spermatozoa to enter the buffer containing streams than previous 

devices due to diffusion occurring on both sides of the inlet stream. The 

  
Figure 3.4: Simulated and experimental data for spermatozoa movement in a microchannel. 
Red is the simulation with a boundary adhesion condition, green is the model with diffusive 
reflection at the wall. For each simulation result, 10 experiments with 10.000 particles were 
averaged. The experimental data were taken at 10, 15, 30, 40 and 90s residence time in the 
channel. On average, 150 cells were counted per data point, with n=3 experiments 
performed. Our modelling and experimental data show that the travel time of spermatozoa 
through the system must be long enough to fully take advantage of the wall adhesion as 
the two models match for low (< 20 seconds) residence times. 
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spermatozoa samples that are taken from the collection outlets show a 100% 

viability and motility, with the initial sample having a viability of 82% and a 

motility of 73%. The boundary-following behavior of the spermatozoa will 

cause them to be located close to the wall and flushed out slower than the 

spermatozoa in the middle of the channel. In our experimental data, we indeed 

can see that the spermatozoa prefer to be close to the wall but are situated far 

enough that they get flushed out into the outlets. 

In our model, the spermatozoa are allowed to move randomly until they arrive 

at the wall. When they arrive, they remain there, which leads to an 

accumulation of spermatozoa at the walls. This leads to an uneven distribution, 

with a larger fraction of spermatozoa at the side streams. In the standard 

model without wall adhesion, spermatozoa on the other hand end up evenly 

distributed over the channel width. Our model thus is very simple but can 

describe the behavior of spermatozoa by adding the characteristic of wall 

adhesion. Our model is useable in environments that are larger than the length 

scale of a spermatozoon, consistent with the fact that in our case the width of 

the spermatozoa is >50 times smaller than the width of the channel. It is not 

an explanatory, but rather a descriptive model, but takes much less 

computation time than the complicated models that model the movement 

behavior and also show a good agreement with the behavior of the sperm cells 

in a simple geometry. Therefore, it is a very useful tool to model spermatozoa 

swimming behavior in microfluidic systems.  

From the experiments it can be noticed that the percentage of collected 

spermatozoa increases when the residence time increases, which is in 

correspondence with our hypothesis that the collection efficiency can be 

improved by making use of the boundary following navigation of spermatozoa 

(Figure 3.4, black dots). As compared to previous work, the collection efficiency 

is improved from ~40% [1] to ~70% at 20s residence time, by combining the 

two-sided diffusion and boundary following behavior. For a residence time of 

90 seconds, more than 90% of the motile spermatozoa can be collected with 

our design.  



 
 

  
Modeling and exploiting the boundary following behavior of spermatozoa for 

more efficient motility-based separation. 

 
 

45 
 

3.5 Conclusion  
We created a simple model to predict the movement of spermatozoa in a 

microfluidic chip, which takes into account the boundary following behavior of 

the cells. The model agrees well with the experimental results. The 3-channel 

design allows us to improve the literature reported collection efficiency of 

motile spermatozoa, by introducing a two-sided diffusion scheme, and using 

the normally detrimental boundary following behavior to our advantage.  

Next steps to improve the collection efficiency of good quality spermatozoa is 

to select the cells also on their chemotactic or rheotactic behavior. This 

behavior of spermatozoa can also be added to the model.  
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4  

Flow-free microfluidic device for quantifying chemotaxis in 

spermatozoa 
 

Current male fertility diagnosis tests focus on assessing the quality of semen 

samples by studying the concentration, the total volume, and the motility of 

spermatozoa. However, other characteristics such as the chemotactic ability of 

a spermatozoon might influence the chance of fertilization. Here we describe 

a simple, easy to fabricate and handle, flow-free microfluidic chip to test the 

chemotactic response of spermatozoa made out of a hybrid hydrogel (8% 

gelatin/1% agarose).  A chemotaxis experiment with 1 µM progesterone was 

performed which significantly demonstrated that boar spermatozoa are 

attracted by a progesterone gradient.  
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4.1 Introduction 
Current male fertility diagnosis tests focus on assessing the quality of semen 

samples by studying the concentration of spermatozoa, the total volume of 

semen, and the motility of the spermatozoa [1]. These parameters directly 

influence the fertility of the man. However, they give a restricted analysis of 

spermatozoa function in vivo.  

The fertilization process of the oocytes in vivo is governed by a set of guidance 

mechanisms that spermatozoa respond to. Thermotaxis and chemotaxis are 

postulated to contribute to directing spermatozoa in the fallopian tube 

towards the oocyte [2]. The spermatozoa are initially stored in the isthmic 

sperm reservoir, where they become capacitated and therefore able to fertilize 

the oocyte. It is hypothesized that movement from the isthmic reservoir is 

facilitated by thermotaxis, a process by which a temperature gradient guides 

the spermatozoa towards the oocyte at the end of the oviduct [2]. This first 

attraction process is long range, meaning that it is maintained and exists over 

a relatively long distance along the oviduct from the isthmus reservoir to the 

oocyte. Chemotaxis is the next guidance process, which results in the attraction 

of sperm upwards a concentration gradient of a particular substance towards 

the oocyte. This attraction is short range, because peristaltic movements of the 

oviduct restrict the formation of a long-range concentration gradient. 

Chemotaxis is therefore the final mechanism that spermatozoa need to 

actively follow to reach the fertilization site [2, 3].  

 
It has been discovered that human follicular fluid contains several substances 

that may cause sperm chemotaxis. The substances that can be found in the 

follicular fluid include progesterone, atrial natriuretic peptide (ANP), heparin 

and synthetic N-formylated peptides [4]. Progesterone is one of the main 

ingredients of follicular fluid [4] and is present at micromolar concentrations in 

the vicinity of an oocyte. Given its physiological relevance, progesterone has 

been suggested as a chemoattractant of spermatozoa. Different concentration 

ranges of the hormone have been suggested to have different effects on 

spermatozoa. Picomolar [3] and nanomolar concentrations [5] were shown to 

have an attractive effect in chemotaxis. Results show that the concentration 

causing a reaction is dependent on the species, and that progesterone may not 
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be a universal chemo-attractant in mammalian species [3, 6]. Progesterone 

was also suggested as an agent inducing hyperactivation at concentrations in 

the micromolar range [5]. The highest progesterone concentration is found 

around the cumulus matrix of the oocyte, which is in the same micromolar 

concentration range that has been reported to cause hyperactivation of 

spermatozoa [5].  

 
Standard techniques used in the lab for the study of cell chemotaxis do not 

consider random movement of cells. Devices such as reported by Boyden [7] 

(a transwell-like structure, where the cells migrate through a membrane), 

Zigmond [8] (where cells grow and migrate on a coverslip glass through a 

bridge between two connected reservoirs) and Dunn [9] (similar of structure 

to the Zigmond chamber, but with the chemotactic agent containing reservoir 

sandwiched between two buffer containing reservoirs) only allow for 

unidirectional movement of the cells, namely towards the potential 

chemoattractant. This means that for these devices, one cannot say with 

certainty that the observed event is chemotactic behavior instead of an 

increase of the random motility of the cell. 

Microfluidic devices can handle very small sample volumes and are capable of 

mixing and dispensing fluids and combining reactions and separations. This 

makes microfluidic devices good platforms for performing various chemical, 

biochemical and biological processes. [10] Since the flow in a microfluidic 

device is typically laminar, using microfluidics allows for the formation of a 

controlled gradient by means of diffusion. This regulation of gradients gives a 

controlled environment for the assessment of the chemotactic response of 

bacteria [11-14], somatic cells [15-19] and spermatozoa [6, 10, 20-24]. 

Microfluidic devices to study chemotaxis can be categorized into flow-based or 

flow-free devices. As the name suggests, flow-based devices use the laminar 

flow in a microfluidic device to create a concentration gradient via diffusion 

between streams, while flow-free devices work in the absence of flow. Flow 

based systems provide a large amount of control and stability, which allows 

after set-up, to run continuous experiments. The advantage of the flow-free 

systems is however that they can be operated without using pumps [25]. The 
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microfluidic chips that are used are mostly made from polydimethylsiloxane 

(PDMS; an optically clear silicone rubber) or agarose (an optically clear 

hydrogel). 

 
PDMS is a biocompatible material that is commonly used in the fabrication of 

microchips because it has several advantages. PDMS is impermeable to water 

in liquid form, non-toxic to cells, and permeable to gases. Furthermore, PDMS 

can be easily fabricated and bound to other surfaces [26]. Microfluidic chips 

made from PDMS are used to study the motility and chemotaxis of 

spermatozoa. For example, Koyama et al. [10]  used a three-inlet chip to 

generate a chemical gradient via the two outer channels, while inserting the 

spermatozoa in the middle channel. In their microfluidic device, they combined 

the ability to generate and control a chemical gradient with transportation of 

the spermatozoa, to evaluate chemotaxis of mouse sperm cells toward 

aqueous extracts from the ovarian tissue. They operated the device under 

constant flow, to obtain a stable gradient and prevent, as they mentioned, 

trapping events from occurring. The downside of this device is the influence of 

the flow on the behavior of the spermatozoa and the need for a pumping 

system. 

An example of a flow-free device from PDMS is the one by Xie et al. [23]. They 

created a Y-channel to connect three wells together, where cumulus cells were 

placed in either pool A or B, forming a chemoattractant gradient towards the 

diffusion chamber, where chemotaxis was recorded. They also noted that a 

channel of 7 mm would be too long for sperm cells to reach without becoming 

exhausted [23]. In this case, cumulus cells were used to create the gradient, 

which could be placed inside the chip and did not need an addition of fluid to 

generate a gradient. If one does not want to employ cells placed in the chip to 

generate the gradient, but add a solution instead, such chips will be difficult to 

operate without disturbing the gradient or the position of the sample due to 

direct hydrodynamic coupling of the different wells [24] or the need of a set of 

pumps for their usage [6, 10]. Additionally small behavior differences might not 

be visible in these chips with all spermatozoa present in the diffusion area 

without clear boundaries [10]. The flow-free device can be improved by using 

a hydrogel instead of PDMS. By using hydrogel, such as the commonly used 
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agarose, one can prevent the hydrodynamic distortion of gradients by 

providing a wall that allows for diffusion and that strongly reduces convection.  

 
Agarose is a polysaccharide derived from red seaweed [27]. It is a 

biocompatible material that has been successfully used in fabrication of 

microfluidic chips for the study of chemotaxis of several species. [6] The chip 

used by these authors consists of a sample channel sandwiched in between a 

sink and a source channel, where the agarose material of the chip separates 

the channels and only allows diffusion of the chemoattractant. One then 

obtains a linear gradient over the sample channel. This chip was operated 

under continuous flow in the source and sink channels and no flow in the 

sample channel. The movement patterns of the spermatozoa were recorded 

to determine the average direction. It was used to study chemotaxis of sea 

urchin and mouse sperm [6] and showed a chemotaxic response of sea urchin 

sperm. However, mouse sperm did not show any chemotactic response to the 

progesterone gradient presented, also giving interesting insights in the range 

of chemotaxis due to progesterone. The concentrations of progesterone used 

in this work were 2.5 to 250 µM [6], which are above the concentrations of 

progesterone in the cumulus matrix [5]. In our work reported here we 

improved the device by operating the entire chip in flow-free conditions, 

removing the need of a set of pumps for their usage. The chip is made out of a 

hybrid gelatin/agarose hydrogel, improving the viability of the spermatozoa as 

compared to agarose. Furthermore, by adding side chambers to the sample 

channel and counting the sperm cells in these, small behavior differences can 

become easily quantifiable in these chips. By these modifications, the 

microfluidic chip is as easy to handle as the commercially available chambers 

for chemotaxis assays, while allowing for a fast identification of small but 

reproducible differences in the chemotactic behavior of spermatozoa.  

 

4.2 Materials and methods 

4.2.1 Spermatozoa sample 

Fresh boar semen was obtained from a local artificial insemination center 

(Varkens KI Twenthe, Fleringen, the Netherlands) at a concentration of 20·106 
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cells/mL. Before their use in experiments, the spermatozoa are placed in a 37°C 

water bath to preheat and become activated. 

4.2.2 Viability testing of different hydrogels 

Three different hydrogel solutions were prepared for viability testing: 

1. Agarose (Agarose for routine use, A9539, Sigma Aldrich) was dissolved 

in phosphate buffered saline (PBS) at 85 °C under stirring conditions to 

prepare a 1% (w/v) solution.   

2. Gelatin solution (8% w/v) (Gelatin from porcine skin, G1890, Sigma 

Aldrich) was prepared in the same manner as the agarose mixture.   

3. A gelatin/agarose mixture (8:1 (w:w)). To prepare this mixture, gelatin 

(16% w/v) and agarose (2% w/v) were dissolved in PBS separately and 

mixed with 1:1 (v:v) ratio under stirring and heating (at 85 °C) for 

approximately 20 minutes, until the mixture was clear. 

The influence of hydrogel materials on the viability of the spermatozoa was 
assessed with a SYBR 14/Propidium Iodide (PI) live/dead staining. The 
spermatozoa were incubated in a 1000x dilution of SYBR 14 (stock 1 mM, 
ex/em 488/518 nm, Life Technologies, Eugene, OR, USA) for 20 minutes and a 
100x dilution of PI (stock 2.4 mM, ex/em 535/617 nm, Life Technologies, 
Eugene, OR, USA) for 5 minutes at room temperature. The cells were then 
pipetted onto the hydrogel solution. The ratio of live/dead spermatozoa at the 
different time points was divided by the ratio of live/dead spermatozoa of the 
initial time point. The data of three experiments was plotted and a linear trend 
line was drawn (intercept at 0, 1) to obtain the number of cells that would lose 
their viability per minute.  

4.2.3 Chip fabrication 

A positive mold for the chip was designed in SolidWorks (schematic of the 

design can be found in Figure 4.1) and printed on a Formlabs Form 2 3D printer 

(Figure 4.2, left). The 3D printed mold was UV treated for 45 seconds (Newport 

solar simulator, 500 Watt) and baked for 120 min at 60 °C. The design contains 

a 2 cm by 3 cm chip, which has channels with features in the order of 

millimeters. The height of the channels is 350 µm. A schematic of the design 

with the details of the channel measurements can be seen in Figure 4.1. PDMS 

(10:1 w/w, Sylgard 184, Dow Corning, Midland, MI, USA) was poured onto the 
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3D printed mold, degassed and cured at 60°C overnight (Figure 4.2, middle), 

creating a negative mold. 

 

To make the chips, prepared hydrogel solution was poured onto the PDMS 

mold and left to cure until solid (Figure 4.2, right). Afterwards, in- and outlets 

were punched from the hydrogel with a 3 mm punch (Harris Uni-Core) to 

access the channels with a micropipette for filling with buffer and 

progesterone solutions and introducing the spermatozoa.  

  

Figure 4.1: Schematic of the chip design. Left and right channels are the sink and source 
respectively. The middle channel is pre-filled with buffer and loaded with spermatozoa. 
Side chambers are used as boundaries for the visualization of spermatozoa.  The 
dimensions are given in mm.  
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The hydrogel chips were then bonded to the glass slides to prevent leakage. 

For the bonding process glass slides were first cleaned with a plasma cleaner. 

For better adhesion between the glass and hydrogel, the surface of the glass slides 

was silanized with (3-aminopropyl)triethoxysilane (APTES) and treated with 

glutaraldehyde. The chips were first submerged in 10% w/v APTES (Sigma Aldrich) 

in DI water for 30 minutes. The glass slides were then rinsed with DI water before 

being submerged in 10% w/v glutaraldehyde (Sigma-Aldrich) in phosphate-

buffered saline (PBS, Sigma Aldrich) for another 30 minutes and again rinsed with 

DI water and blow dried. The hydrogel chips were then bonded to the glass 

slides. This was only performed for the gelatin and mixed-gel chips, as the 

agarose had been ruled out in the viability studies. 

50 μl of 100 μg/mL solution poly(L-lysine)-grafted-poly(ethylene glycol) (PLL-g-

PEG, SuSoS, Dübendorf, Switzerland) was pipetted into the chamber and left 

to incubate for 20 minutes to reduce adhesion of the spermatozoa on the glass 

slide. Afterwards, sperm diluent (Beltsville Thawing Solution (BTS), Solusem, 

Aim Worldwide, Vught, the Netherlands) was added into the center channel. 

Subsequently 1 μM progesterone (Sigma Aldrich) in 1xPBS was added in one 

well at one side of the diffusion chamber, while the other well contains only 

1xPBS. Finally, 0.5 μL of sperm solution (20x106 spermatozoa/mL) was pipetted 

into the sperm inlet. To prevent evaporation, the chip was covered with a glass 

slide and put on a hotplate at 37°C.  

  

Figure 4.2: left: 3D printed mold, middle: PDMS mold, right: hydrogel chip. Scale bar is 2 cm. 
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4.2.4 Gradient formation 

In order to optimize the time needed to form a gradient, experiments were 

performed with fluorescein sodium salt solution ((Sigma Aldrich) diluted to 

0.005%, diffusion coefficient 4.25 × 10−6 cm2 s−1[28]). The fluorescein solution 

was added to one of the side-channels and the fluorescein distribution was 

observed with fluorescence microscopy 4x objective for 140 minutes with 5-

minute intervals. 

4.2.5 Progesterone Experiments 

Progesterone experiments were performed with 1 µM progesterone solution 

which was prepared from a stock solution (8 µg/mL). A progesterone solution 

was injected into one of the side-channels and the gradient was settled in 

approximately 120 minutes. For the controls, both side channels were filled 

with a buffer without progesterone. Afterwards, the chips were put onto the 

hotplate (37 0C). 0.5 µL spermatozoa solution (2x106 cell/mL) was then injected 

into the middle channel and the side chambers were observed with light 

microscopy (Nikon Eclipse TE2000-U).  

Our chip contains several side chambers (Figure 4.1) into which the 

spermatozoa can swim. Only the spermatozoa in the side chambers are 

counted as being attracted. We define the chemotactic ratio as the number of 

cells directed to the chemoattractant divided by the number of cells that have 

swum in the opposite direction. A value of >1 is seen as chemoattractive, while 

a value <1 is chemorepulsive. A value of 1 is no reaction.  

4.3 Results and discussion 

4.3.1 Hydrogel Chip Fabrication via double casting 

The microfluidic chip is made from a hydrogel via a double casting method. A 

positive mold of the chip is 3D printed, resulting in a negative PDMS mold of 

the chip. PDMS is known for its biocompatibility and contains no compounds 

that can leach into the gel as compared to the 3D printed material. More 

importantly, the use of PDMS makes the mold flexible, which allows the chip 

to be easily removed from the mold, since the hydrogel chips are easy to break. 

The molds contain simple semi-3D structures that are large enough to be 3D 

printed, and could be micro-milled as well, making fabrication of new designs 
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fast and easy. The double casting method also means that many molds can be 

created from a single master mold, making the process even cheaper and 

massively parallelizable if needed. 

4.3.2 Optimization of chip composition 

Three different gel compositions were tested for spermatozoa viability. These 

three gels were chosen for their mechanical properties, optical transparency 

and for their allowing diffusion of chemicals. Gels with higher concentrations 

are structurally stable, but are less optically transparent. Lower concentration 

gels are too fragile to handle and will rupture even with careful handling.  

Agarose chips are generally used for diffusion studies in microfluidic chips, but 

it had been observed in preliminary experiments that it causes early exhaustion 

or death of the spermatozoa. Therefore, we performed a viability assay on the 

three different gels (1% agarose, 8% gelatin and a hybrid 1% agarose/8% 

gelatin) for the spermatozoa with a duration of about 20 minutes. From these 

experiments we found that the spermatozoa that were located on the agarose 

showed a larger decline in viability (2.4% per minute) as compared to the 

spermatozoa on the pure gelatin (0.5% per minute) and the mixture of 

agarose/gelatin (0.7% per minute). The spermatozoa on the control slide 

showed a decline in viability of 0.1% per minute. The pure gelatin would be 

preferred as a material, since the influence on the viability was the least when 

compared to the control. However, the gelatin structures melt at 37 °C, which 

is the optimal temperature to mimic physiological conditions. Therefore, the 

mixture of agarose and gelatin is chosen, since this hybrid form can ensure the 

structural integrity of the chips, while cell death is suppressed as compared to 

the agarose chips. 

4.3.3 Time-window for diffusion gradient 

The formation of the chemical gradient in our chips was investigated. For this, 

a solution of fluorescein sodium salt (MW 330.3) was used as a model for the 

progesterone (MW 314.5) due to its similarity in molecular weight and hence 

diffusivity. We found that the gradient takes two hours to develop (Figure 4.3) 

after which a stable gradient is present during our experiments. After two 
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hours, one can see the linear slope of the gradient which lies in the sperm 

channel, which stays within 2.5% of its initial slope for at least 20 minutes. 

 

Figure 4.3: Left: gradient of the Fluorescein over the chip. P = progesterone loading channel, 
SC = side chamber, C is main channel. Right: Gradients in the chip at t=5, 20 and 135 minutes 
in a.u. Due to imperfect illumination of the chip, the left edge is less illuminated, which causes 
the maximum to lie outside of the source channel. 

To ascertain whether the spermatozoa would be able to be directly inserted 

while keeping the gradient undisturbed, we tested the interruption of the 

formed gradient after adding 0.5 µL of sperm solution to the center channel. 

This has been validated by fluorescence images during addition of 0.5 µl of DI 

water after the gradient formation by fluorescein sodium salt, where no 

difference of the gradient could be observed (data not shown). this fits the 

calculations, as the height of the channel is 0.35 mm, while the width is 1.5 to 

3 mm. The displacement of the liquid in the channel by the addition of 0.5 µL 

would be less than 1 mm (0.95 mm), which is less than the entrance length of 

the channel, causing no disruption in the gradient in the channel further 

onwards.  

4.3.4 Chemotaxis tests 

After establishing the chemical gradient in the hydrogel chips, where the 

gradient in the main channel is linear, several experiment on the chemotaxis 

of spermatozoa were performed with a progesterone solution of 1 µM (the 

concentration found around cumulus cells). For the control, we used 6 chips, 
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and for the chemotaxis conditions (alternating left and right to prevent 

influence from any chirality of the spermatozoa) 21 chips were used. The 

average amount of cells observed was 249 per condition (minimum 78). 

Afterwards, the means of the two conditions (progesterone or no 

progesterone) were compared using a two tailed T-test with independent 

variances and showed a significant difference (p<0.01, Figure 4.4). The 

chemotactic ratio that was found was 1.41 for the cells that had been exposed 

to a gradient of progesterone versus 1.09 for the control. The average for left 

and right cells were 1.39 and 1.40 respectively; a two tailed T-test showed that 

the values for left oriented chemotaxis was not significantly different from 

right oriented chemotaxis (p= 0.71). Compared to other studies, our 

chemotactic ratio seems to be a bit higher (1.4 versus 1.2 [23] and various 

ratios from different ovary extracts from 1 to 3 with an average of 1.2 [10]), 

but this might be caused by the different species used,  the difference in the 

chemoattractant, the geometry or the presence of flow, where [23] has a 

longer Y-shaped channel and used cumulus cells instead of a progesterone 

solution and [10] has ovary extracts at different concentrations in the presence 

of flow. 

 

Figure 4.4: chemotactic ratio of the spermatozoa. N=6 for the control, N=21 for Progesterone 
(P). Error bars are one standard deviation. 
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4.4 Conclusion 
Here we showed the development of a flow-free microfluidic chip to test the 

chemotactic response of spermatozoa. Compared to other designs, our chip is 

easy to handle, while allowing for a fast identification of small but reproducible 

differences in the chemotactic behavior of spermatozoa. For our design, a 

hybrid hydrogel (8% gelatin/1%agarose) showed to be optimal, due to its 

biocompatibility and availability to work at biologically relevant temperatures. 

Additionally, the 3D printed design allows for a fast production of the hydrogel 

chips without cleanroom fabrication. Multiple PDMS molds can be made from 

one 3D printed mold for easy upscaling. Another advantage is that the PDMS 

molds are flexible and allow for easy removal of low w/v hydrogel chips 

without damaging them.  

With our flow-free device, we showed that the spermatozoa are attracted by 

a progesterone gradient in the physiological range. Therefore, our device is 

capable of investigating the chemotactic behavior of spermatozoa, paving the 

road to investigate this effect for other chemicals to get a better fundamental 

understanding of the guiding mechanism.  
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5  

Separation of spermatozoa from erythrocytes using 

their tumbling mechanism in a pinch flow fractionation 

device. 
 

Men suffering from azoospermia can father a child, by extracting spermatozoa 

from a testicular biopsy sample. The main complication in this procedure is the 

presence of an abundance of erythrocytes. Currently the isolation of the few 

spermatozoa from the sample is manually performed due to ineffectiveness of 

filtering methods, making it time consuming and labor intensive. The 

spermatozoa are smaller in both width and height than any other cell type 

found in the sample, with a very small difference compared to the erythrocyte 

for the smallest, making this not the feature to base the extraction on. 

However, the length of the spermatozoon is 5x larger than the diameter of an 

erythrocyte and can be utilized. Here we propose a microfluidic chip, in which 

the tumbling behavior of spermatozoa in pinched flow fractionation is utilized 

to separate them from the erythrocytes. We show that we can extract 95% of 

the spermatozoa from a sample containing 2.5% spermatozoa, while removing 

around 90% of the erythrocytes. By adjusting the flow rates, we are able to 

increase the collection efficiency while slightly sacrificing the purity, tuning the 

solution for the available sample in the clinic. 

 

Published as: J.T.W. Berendsen, J.C.T. Eijkel, A.M. Wetzels, L.I. Segerink. 

Separation of spermatozoa from erythrocytes using their tumbling mechanism 
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5.1 Introduction 
Assistive Reproductive Technology (ART) is used all over the world to help 

couples with fertility problems conceive. It is estimated that 1 in 20 males has 

a low sperm count,[1] which causes fertility problems and often necessitates 

outside help in the form of a spermatozoa selection and subsequent 

intrauterine insemination (IUI) or in vitro fertilization (IVF). If the sperm count 

is very low, intracytoplasmic sperm injection (ICSI) might be necessary. In more 

rare cases (approximately 1 in 100 males), there are no spermatozoa in the 

ejaculate (azoospermia), making it necessary to perform a biopsy for obtaining 

spermatozoa. [2] This method is called testicular sperm extraction (TESE), after 

which the spermatozoa are extracted from the biopsy sample and used in ICSI. 

[2] Azoospermia can be split into two classes: obstructive and non-obstructive. 

In the first class, the cause for the lack of spermatozoa in the ejaculate is due 

to an obstruction in the reproductive tubing that prevents the spermatozoa 

from ending up in the ejaculate. In the second class, there is no obstruction, 

but there is a problem with the production of spermatozoa. This means that 

even in a biopsy sample, the sperm count is very low.  

During a TESE, samples that are obtained from a patient with non-obstructive 

azoospermia contain only a very small number of spermatozoa, submerged in 

a mixture full of other tissue cells, other compounds and a large amount of 

blood cells that are introduced due to blood vessel damage. The largest tissue 

cells and leukocytes are currently filtered out, e.g. by density gradient 

centrifugation, after which the remaining sample, containing mainly 

erythrocytes and spermatozoa, is imaged under a microscope. The sample, 

typically containing very few spermatozoa (< 1%), is then searched for 

spermatozoa, which is a time consuming manual process and can take many 

hours depending on the available numbers of suitable spermatozoa and 

oocytes. [2] Moreover, the selected spermatozoa can differ in quality, thereby 

reducing fertilization and pregnancy rates. Some techniques have been 

introduced to better select spermatozoa for ICSI, like the hyaluronic acid 

binding assay [3] and Intracytoplasmic Morphologically Selected sperm 

Injection (IMSI). [4] Both techniques are not fully validated and therefore their 
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value for improving the outcome of ICSI is doubtful. The development of a 

technique that reduces TESE sperm processing-time in combination with 

sperm quality selection is our ultimate goal, which will lead to a next step in 

more efficient and effective fertility care.  

Until now, our focus was on individual trapping of sperm for analysis using chip 

technology (Frimat et al [5]; de Wagenaar et al [6, 7]) for a better quality selection 

in single sperm for ICSI. Although this research is still running, we started the second 

part: more efficiency in TESE work-up. In first instance, we are focusing on the 

separation of spermatozoa from erythrocytes. Finally, we will bring these two parts 

(the faster TESE work-up and the single sperm selection) together in developing a 

microfluidic chip that automatically selects the highest quality spermatozoa for ICSI. 

The large amount of cells in the sample generated by the TESE procedure, 

requires a microfluidic separation method that can tolerate a large sample 

throughput (billions of cells of very different sizes from ~2 μm to ~40 μm) 

without clogging. The standard filter types either show a lot of clogging (dead 

end filters)[8] or result in the loss of a significant percentage of the initial 

sample or low purity (cross flow filters)[9]. Because the spermatozoa in a 

testicular biopsy might be not developed enough to showcase swimming, we 

cannot rely on this phenomenon for separation, requiring an approach that 

uses an imposed flow. Son et al. reported being able to separate of 

spermatozoa from erythrocytes in their work [10], where they used a spiral 

channel to separate spermatozoa. In their reported results, one can see that 

the spermatozoa are broadly distributed in the channel. Their method could 

not get high purity of the spermatozoa due to this effect without using multiple 

steps and sacrificing retention. Liu et al. [11] used a pinch flow device to 

separate epithelial cells from spermatozoa for forensic purposes. They noticed 

poor focusing of the spermatozoa in the channel, but due to the large 

difference in size between epithelial cells (50 µm diameter) and spermatozoa 

(50 µm in length, but less than 6µm in width), the results were good enough 

for this application. Their sample contained 30% spermatozoa, and their final 

purity was 94.0 ± 4.7%, with a retention rate of 41.1 ± 2.9%. The poor focusing 

of spermatozoa in the pinch flow device is a problem for the separation of 

particles that are slightly bigger than spermatozoa, but we think this 
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phenomenon can be utilized for the separation spermatozoa from of smaller 

particles. Therefore we propose to use pinch flow fractionation (PFF) for the 

separation of spermatozoa from erythrocytes.  

The dimension of erythrocytes are typically 7.5 to 8.7 μm and 1.7 to 2.2 μm in 

diameter and height respectively. [12] In this work boar spermatozoa are used 

as a model for human spermatozoa, and these are 45 μm long, 4 μm wide at 

the head and have a height of 1 μm [13]. In comparison human spermatozoa 

are 55 μm long, 3 μm wide at the head and have a height of 1 μm. [14] This 

means that the cell sizes in a testicular biopsy, especially that of erythrocytes, 

are comparable with that of a spermatozoon, and therefore the long shape of 

the spermatozoon needs to be utilized. It is mentioned by Samuel et al.in their 

review on the possible usage of microfluidics for TESE’s that PFF is not ideal for 

the separation of particles of multiple sizes when compared to other 

techniques, [15] although the non-focusing of the spermatozoa, caused by 

their shape, can offer us an advantage when using PFF. In our application, a 

PFF device allows for the retention of most particles, while preventing clogging, 

since it uses hydrodynamic methods to sort the particles instead of steric 

hindrance.  

In this chapter we show that PFF can used to retrieve the few present 

spermatozoa from a testicular sample, by making use of the typical shape of 

spermatozoa.  

5.2 Materials and Methods  

5.2.1 Chip design 

The microfluidic chip consists of a PFF design, containing two inlets (width: 50 

µm) one for the sample and one for the buffer joining into a single channel (the 

pinched section) that is 50 µm wide and 125 µm long (see Figure 5.1). The 

channel then broadens abruptly to 2500 µm and splits into two outlets. The 

chip has a channel depth of 50 µm and was designed using CleWin software 

(version 5.0.12.0). Master molds for polydimethylsiloxane (PDMS) fabrication 

were produced by standard photolithography. Chips were fabricated using 

PDMS (Sylgard 184, Dow Corning, Midland, MI, USA) in a 10:1 w/w ratio of base 
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versus curing agent. PDMS and glass are used as they are nontoxic to the 

spermatozoa. The PDMS was poured onto a silicon wafer, degassed and cured 

at 60 °C overnight. After curing, microfluidic inlets and outlets were punched 

using Harris UniCore punchers (tip ID 1.0 mm, Ted Pella Inc., Redding, CA, USA). 

The chips were bonded to glass microscope slides after activation by oxygen 

plasma using a plasma cleaner (model CUTE, Femto Science, Hwaseong-Si, 

South Korea).  

 

 

 

Figure 5.1: Left: Outline of the set-up, features are not true to size. P1 is the sample pressure, 
P2 is the buffer pressure, P3 is the waste outlet pressure and P4 is the product outlet pressure. 
The chip contains a pinched section and a broadened section. The cells get pushed towards 
the wall in the pinched section and appear at a distance from the top wall in the broadened 
section according to their apparent hydrodynamic radius. This distance determines the outlet 
that the cells will go through. Right: Top: PFF chip. Scale bar is 2.5 mm. Bottom: Visualization 
of the flow in the chip using red dye. Scale bar is 50µm. 

5.2.2 Sample preparation 

The sample consists of whole blood, spiked with boar spermatozoa. Fresh boar 

semen was obtained from a local artificial insemination centre (“KI Twenthe”, 

Fleringen, the Netherlands) at a concentration of 20 × 106 cells ml−1 . The whole 

blood sample was obtained with informed consent from the donors from the 

Experimental Center for Technical Medicine (ECTM, TechMed Centre, 

University of Twente, Enschede, the Netherlands). The erythrocytes were 

counted in the blood samples (~5 × 109 cells ml−1) and the sample was mixed 

with spermatozoa containing solution to end up with 2.5% of spermatozoa in 
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the sample. The sample was then diluted five times for handling with Beltsville 

Thawing Solution (BTS, Solusem, Aim Worldwide, Vught, the Netherlands). 

Final concentartions of erythrocytes and spermatozoa were ~140× 106 cells 

ml−1 and ~3.5× 106 cells ml−1. 

5.2.3  

5.2.4 Experimental setup 

Two sets of experiments are carried out. The first set is to characterize the 

behavior of spermatozoa and erythrocytes after PFF. The second set is to show 

the efficiency of spermatozoa isolation from a sample containing erythrocytes. 

For all these experiments, the same chip geometry is used, while changing the 

outflow ratios. The chip was connected to a Fluigent pump (Fluigent, Paris, 

France) using four channels and four equal length in- and outlet tubing. The 

fluidic resistances of the channels in the chip were calculated and measured 

with stagnation pressures. The in- and outlet pressures (P1-4) were then 

adjusted for a flow rate ratio of 1:20 (sample flow/total flow) for the inlets and 

3/3.5/4/4.5/5:100 (waste/total) for the outlets (example pressures: 215-415- 

200-0 for P1-P4 respectively). For this we used a Matlab script (Matlab 2015b, 

Mathworks, Natick, MA) that translated the wanted flow percentages to input 

pressures for the pressure pump. The total flow rate is  16 µl/s (0.8 for the 

sample flow) and the total separation time is approximately 15-20 minutes for 

a sample of 200 µl. Experiments were done with 6 and 15 µm beads (Polybead® 

microspheres, Polysciences, Warrington, PA, USA), erythrocytes and boar 

spermatozoa. The erythrocytes and spermatozoa were imaged and counted for 

the fraction totals on a Nikon TE2000-U microscope (Nikon, Tokyo, Japan) 

equipped with a 10× phase contrast objective. A high-speed camera (Photron 

SA-3, West Wycombe, United Kingdom) was mounted onto the microscope for 

image recording with the Photron software (Photron Fastcam Viewer). This 

high-speed camera imaged the cells passing through the transition from 

pinched to broadened section. Prior to each experiment, the chip was 

activated with oxygen plasma to prevent bubble formation during filling. The 

PDMS and glass surfaces of the chip were coated with poly(L-lysine)-grafted-

poly(ethylene glycol) (PLL-g-PEG, SuSoS, Dübendorf, Switzerland) to prevent 
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bead and cell adhesion during the separation experiments. PLL-g-PEG was 

rinsed through the PDMS micro channels at a concentration of 100 μg/ml in DI 

water for at least 15 min. All experiments were carried out at room 

temperature to prevent swimming of the boar spermatozoa.  

 

5.2.5 Viability assay 

The influence of the chip on the viability of the spermatozoa was assessed with 

a SYBR 14/Propidium Iodide (PI) live/dead staining. The spermatozoa were 

incubated in a 1000x dilution of SYBR 14 (stock 1mM, ex/em 488/518 nm, Life 

Technologies, Eugene, OR, USA) for 20 minutes and a 100x dilution of PI (stock 

2.4 mM, ex/em 535/617 nm, Life Technologies, Eugene, OR, USA) for 5 minutes 

at room temperature. To obtain the influence of the chip on the viability of the 

cells, the ratio of live/dead spermatozoa in the treated sample was divided by 

the ration of live/dead spermatozoa of the control sample.   

5.2.6 Particle distribution in the separation channel 

A first set of experiments was done with 6 and 15 µm beads and boar 

spermatozoa, to characterize the particle distribution in the separation 

channel. A mixture of microspheres and spermatozoa was prepared and flown 

through the device to characterize the particle distribution in the channel. 

From this distribution, the preferred outlet flow rates were estimated and used 

in the erythrocytes/spermatozoa experiments. The particle distribution of 

erythrocytes was also characterized. This was done with a Matlab script, which 

counted and circled the beads/erythrocytes, after which the spermatozoa (and 

any beads/erythrocytes that were missed) were counted by hand. The 

positions relative to the channel wall were saved and plotted in a histogram. 

5.2.7 Separation of spermatozoa from erythrocytes 

After determining the preferred flow rates for the spermatozoa and 

erythrocytes experiments, the separation of spermatozoa from the sample was 

characterized. For this, we defined three parameters.  
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(1) Extraction Purity (EP): the proportion of spermatozoa in the collection 

outlet, relative to the total number of cells extracted in this outlet. 

Therefore, EP reports the composition of the extracted sample.  

(2) Collection Efficiency (CE):  the proportion of spermatozoa or 

erythrocytes in the collection outlet, relative to the total number of 

that cell type in the sample. This gives an indication of the retention of 

the spermatozoa, and the percentage of erythrocytes that cannot be 

separated in that same experiment.  

(3) Enrichment Ratio (ER): the proportion of spermatozoa in the extraction 

outlet compared to the proportion at the inlet.  

The flow ratio of buffer to sample in the inlet was 95:5 for each experiment, 

while the ratio of waste flow/total flow in the outlet was varied between 3 and 

5%. To obtain the EP and CE, the spermatozoa and erythrocytes were counted 

in the inlet and each outlet with the same script as mentioned above, 

supplemented by manual counting. The ER was then calculated from the 

sample composition before and after separation. 

 

5.2.8 Simulations 

Simulations have been performed with Comsol 5.1 (Comsol AB, Burlington, 

MA) to obtain simulation data for the position of 6 and 15 µm beads. The model 

uses fluid structure interaction in the pinched section, where the size of the 

bead (6 or 15 µm) is significant compared to the channel dimension (50 µm) to 

consider the effect that the particle has on the flow profile. Due to the large 

computation time of this method, the particle position after passing the 

pinched section was taken and further modelled with particle tracing to obtain 

the position over time in the broadened section. Particle tracing models the 

particle as just one point in the channel, with no major effects on the flow 

profile, which is now allowed due to the small size of the particle relative to 

the channel.  
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5.3 Results and discussion 

5.3.1 Particle distribution in the separation channel 

The observed behavior of the beads in the microfluidic chip showed good 

agreement with our model in Comsol of beads traveling through an identical 

geometry. The observed behavior of spermatozoa however deviates from that 

of spherical beads in three noteworthy ways. First, the spermatozoa appeared 

in a broadened section with on average a larger distance from the wall than 

expected from their width (1-3 µm). Second, the distribution of the 

spermatozoa in the broadened section is also considerable wider than that of 

round particles. (Figure 5.2) Finally, spermatozoa that are parallel to the flow 

lines seem to end up closer to the wall than spermatozoa that are oriented 

perpendicular (Figure 5.S1). 

 

 

 

 

Figure 5.2: Example of a separation in a single chip with positions in the channel for 
different particle types: Theoretical values for 6 and 15 µm beads have been obtained 
via Comsol simulations. Experimental values for 6 and 15 µm beads, as well as 
spermatozoa and erythrocytes are included. Distance from the top wall (the sample 
side of the device) as measured at the center of the particle (head for spermatozoa) 
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5.3.2 Tumbling behavior of spermatozoa in PFF 

The reason for the broad distribution of spermatozoa is the tumbling behavior 

that spermatozoa exhibit. Tumbling has previously been observed for many 

non-spherical particles[16, 17], including E. coli[18] and erythrocytes[19]. The 

rotation of non-spherical particles has also been used to aid in the 

hydrodynamic filtration of yeast cells[20]. Erythrocytes are also mentioned as 

not only exhibiting this type of motion, but also a multitude of other motions 

due to their flexibility. [19] Spermatozoa are not axisymmetric (width vs length, 

and head vs tail), and therefore also showcase tumbling behavior in a shear 

flow. Due to the large aspect ratio, the spermatozoa will mostly be oriented in 

their equilibrium orientation, which is aligned with the flow, either backwards 

or forwards depending on the vertical position in the channel [21, 22]. 

However, in the PFF device, they are forced out of their equilibrium orientation 

due to the compressing and widening of the streamlines, inducing a tumble in 

the transition from the pinched section to the broadened section (Figure 5.3).  



 
  
 

Separation of spermatozoa from erythrocytes using their tumbling 
mechanism in a pinch flow fractionation device. 

 
 

75 
 

Two forms of tumbling have been 

seen in the PFF device. The first 

form occurs in the x-z plane on 

the device, when the 

spermatozoa are forced to the 

wall of the pinched section (since 

they are “pinched” in the y 

direction). The high shear then 

causes them to tumble. [21] The 

second form of tumbling is mostly 

in the x-y plane of the device 

when the streamlines broaden 

after the pinch. The latter has an 

influence on the final separation 

process in the chip. This rotation 

of the spermatozoa happens at a 

critical time point in the device, 

when the streamlines are 

diverging and carrying particles of 

different sizes along their respective streamlines. PFF fractionation works with 

the principle that particles are forced into a specific streamline at the pinched 

section based on their size and will follow this line when the streamlines 

diverge, separating particles of different sizes. However, since the tail of a 

spermatozoon is deformable, but not so flexible that it can completely follow 

the streamline the head is occupying, the effective diameter of the 

spermatozoa will be larger. For the spermatozoon visible in Figure 5.2, we see 

that the rotation causes the tail to be in a faster streamline (the lines in the 

Figure give points of equal velocity, with the lines closer to the wall being 

slower than the lines in the center of the channel), which enhances the rotation 

even further. In the broadened section, the shear is much reduced due to the 

suddenly large width compared to the height of the channel. This slows down 

the tumbling and causes the spermatozoa to end up at a semi-random angle to 

the flow lines. The spermatozoa still feel some shear and will continue to rotate 

slowly as the spermatozoon is carried along the different streamlines until it 

 

Figure 5.3: Equivelocity lines and a 
spermatozoon passing through the pinched 
section. The tail occupies a part of the fluid 
that has a higher velocity than the part in 
which the head resides. The tail then gets 
pushed faster around the corner, causing a 
rotation in the x-y plane. Scale bar is 50 µm. 
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aligns itself with the flow. This effect takes place on a much longer time scale 

than the separation that takes place due to the position of the particles in a 

certain streamline. The effect on the separation is negligible, since the 

flowlines in the broadened channel are parallel, and not diverging anymore, 

leading to no further change in the position relative to the channel wall. The 

apparent hydrodynamic radius of a spermatozoon can therefore lie anywhere 

between 1 µm and 50 µm (a video of several spermatozoa rotating can be 

found in the SI). In our experiments, we observed that these extreme values 

do not appear, since the tail is not infinitely flexible, and the spermatozoon 

rotates in the transition of pinched to broadened section, and therefore does 

not appear already perpendicular to the flowrate when the flowlines start to 

diverge.   

This larger effective diameter due to rotation makes the separation of the 

spermatozoa from larger cells more difficult. However it is an advantage for 

the separation from cells that have equal smallest dimensions, but do not have 

such a large aspect ratio. Normally a filter cannot be used for these 

separations, since a filter is based on the smallest dimension of a particle. 

Although erythrocytes also show tumbling behavior, the dispersion of these 

cells is less, since the larger axis of an erythrocyte is approximately one fifth of 

that of a spermatozoon, and therefore they will appear closer to the wall of the 

device. This tumbling phenomenon in the PFF device can therefore be used to 

separate spermatozoa from the abundant erythrocytes that reside in a typical 

biopsy sample.  
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5.3.3 Separation of spermatozoa from erythrocytes 

 

Figure 5.5: Extraction purity of the samples. Sample compositions before and after 
separation for different fluid removal ratios. (S=Sample, P=Product after 
separation). Error bars= 1 SD, N=3 

 

 

Figure 5.4: Collection efficiency of spermatozoa (blue) and erythrocytes (red) for different 
fluid removal ratios. With higher percentage of flow to outlet 3, fewer of both cell types are 
collected in outlet 4. However by increasing the flow to outlet 3 with respect to outlet 4, the 
erythrocytes are more strongly excluded than spermatozoa. Error bars= 1 SD, N=3. 
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We have shown that due to the tumbling behavior of spermatozoa, these cells 

end up at a different position in the broadened channel than erythrocytes. The 

next step is to show that we are also able to isolate the spermatozoa from the 

sample.  

A whole blood sample, spiked with 2.5% spermatozoa, is made to mimic the 

composition of a testicular biopsy after gradient filtration. The 2.5% in the 

sample has been chosen to have enough spermatozoa to be able do statistics 

on the results. This sample is running through the system, while the percentage 

of flow to the waste outlet (P3) is varied between 3 and 5 %. If 3% of the total 

liquid is removed from the sample after the expansion, most spermatozoa are 

retained, but also a considerable percentage of the erythrocytes is kept in the 

collected sample. When larger percentages are removed, the amount of 

erythrocytes that are not separated out goes down dramatically. However, this 

also causes a larger percentage of spermatozoa to be removed from the 

sample (Figure 5.4). The reason for this can also be observed in the position 

plot (Figure 3), where the bands of the spermatozoa and erythrocytes overlap 

slightly. Figure 5.5 shows the sample composition for three different 

experiments. On the left, we see the composition for the initial sample, on the 

right, the composition of the obtained sample from the device is visible. It can 

be seen that even though at 3% fluid withdrawal, where the largest amount of 

spermatozoa are kept, the amount of erythrocytes in the obtained sample still 

is much larger than the amount of spermatozoa. The enrichment ratio (ER) of 

this experiment is ~10, yet the fraction of erythrocytes is still ~70%. In the 

experiments with 4 and 5% fluid withdrawal the amount of erythrocytes in the 

final sample is much reduced and the ER is ~26. Due to the overlapping bands 

however, 100% extraction purity (EP) cannot be combined with 100% 

collection efficiency (CE), making it necessary to decide on the relative 

importance of the two parameters. 88% (± 6%, n=3) of the spermatozoa are 

viable after our separation and we can improve this, by shorting the tubing 

since this causes most of the damage to the cells. In our experiments, we have 

also discounted the presence of leukocytes. These make up a small percentage 

of the sample (<0.2%), and might have been in our product outlet, which would 

reduce the purity ratio. For simplicity in our experiments, we have not classed 
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these as a separate species from erythrocytes. For comparison with the results 

from Liu et al. [11], who has a CE of 41.1 ± 2.9% and an EP of 97.0 ± 2.3% for 

separation of spermatozoa from epithelial cells of 50 µm, we have obtained 

higher CEs, but lower EPs, with a CE higher than 52 ± 0.3% for a EP of 81 ± 8%, 

and up to over 94 ± 8% for a EP of 31 ±9 %. This is due to the different 

application, as we are not looking for identification of a subject, but for the 

harvesting of spermatozoa for fertilization. Next to this, Liu et al. separated 

spermatozoa from epithelial cells that were 50 µm in diameter, while we 

separate spermatozoa from erythrocytes, which have a very similar smallest 

dimension. 

 

Different sample types require different output specifications. Samples with a 

larger amount of spermatozoa can be set to remove more of the erythrocytes, 

in the process losing some of the spermatozoa as well. For samples with a 

lower sperm count, one can settle for a lower removal rate, but to keep a larger 

fraction of the spermatozoa. For the final application a careful consideration is 

needed to find a balance between the extraction purity and the enrichment 

ratio. The system can be tuned to obtain a sample with more spermatozoa (but 

less pure) or less spermatozoa in a purer sample. This is dependent on the 

wishes of the clinician, who decides on an estimate of the amount of 

spermatozoa that are available in the total sample. This estimate is made 

during diagnosis of the severity of the condition and is known before the biopsy 

sample is processed. With this estimate, it is possible to choose the percentage 

of liquid to be directed towards the waste outlet (adjusting the pressure setting 

of the pump according to our script), with more liquid to be removed if one 

wants a purer sample, and less removal of liquid if one wishes for a large 

amount of the spermatozoa to be retained.  

 

5.4 Conclusion  
Due to the tumbling behavior of spermatozoa in a pinched flow, we are able to 

retrieve the spermatozoa from the erythrocytes in a mock sample of a 
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testicular biopsy. By adjusting the flow rates, a high collection efficiency can be 

achieved for samples with very few spermatozoa (<20). We are able to obtain 

95% of the spermatozoa, while removing ~90% of the erythrocytes. In samples 

with more spermatozoa, a high collection efficiency can also be sacrificed for a 

higher purity. They can choose to collect 85% of the spermatozoa, while 

removing 99% of the red blood cells to make the final selection of spermatozoa 

easier for the final application.  
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6  

Application of a double pinch flow fractionation device 

for the separation of somatic cells from spermatozoa in 

a testicular biopsy 
 

A two-stage pinch flow fractionation device was fabricated in a post card size 

prototype set-up for separation of unfiltered biopsy samples. In this chip, two 

PFF separation steps were placed in series to first remove a large fraction of 

the larger cells/debris, after which a second step is used to remove most of the 

erythrocytes. A preliminary experiment was performed, where the prototype 

chip set-up was fabricated that shows promise for the separation of 

spermatozoa from both cell types. The first separation can remove around 65% 

of the larger cell types/debris, while keeping approximately 89% of the 

spermatozoa. The second separation shows separation of erythrocytes, but 

also results in the loss of a large fraction of the spermatozoa and therefore 

needs to be optimized. 
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6.1 Introduction 
Nowadays assisted reproduction technologies (ART) are commonly used to 

achieve pregnancy for couples facing problems with getting pregnant. 

Examples of ART procedures are intrauterine insemination (IUI), in vitro 

fertilization (IVF) and intracytoplasmic sperm injection (ICSI). [1] For all these 

treatments, spermatozoa need to be present in the ejaculate. However, in rare 

cases men have non-obstructive azoospermia, meaning that there are no 

spermatozoa in the semen. For them, the use of a testicular sperm extraction 

(TESE) combined with ICSI [2] provides an opportunity to father a child. 

Unfortunately, in several men no spermatozoa can be found after a TESE, 

making multiple extractions necessary, or the treatment will be arrested. [2-4]  

After the TESE is performed, the technician will isolate spermatozoa from the 

testicular biopsy containing non-germ cells and many erythrocytes, which is a 

time consuming and labor-intensive process. For this isolation, one can use an 

enzymatic or mechanical method. [5] For the mechanical method, the 

testicular biopsy is firstly macerated with glass coverslips, resulting in a 

dissociated tissue. Subsequently it is followed by a filtering step to remove the 

large debris. After this procedure, a manual inspection of the filtrate is 

performed to isolate the spermatozoa for ICSI treatment. While the 

mechanical method is most often used because of its shorter waiting steps (15-

30 minutes vs. >4 hours[6]), the manual inspection can still take multiple hours 

in samples with low sperm concentrations. In one of our papers [7], we showed 

that pinch flow fractionation (PFF) can be used to remove most of the 

erythrocytes from a mixture consisting of erythrocytes and spermatozoa, 

thereby making the manual retrieval of spermatozoa from the testicular biopsy 

easier and faster. However, a lot of spermatozoa will be not retrieved during 

the first step of the current procedure. It is estimated by clinicians that 90% of 

the available spermatozoa in a sample are lost during a gradient density 

filtration due to clogging of the filter. [8] To ensure that a man with 

azoospermia has the largest chance to become the genetic father of a child, we 

need to attempt to increase the amount of spermatozoa retained, while 

removing a large fraction of the larger cells in a biopsy.  
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PFF allows us to sort particles without any risk of clogging. They are sorted by 

their hydrodynamic radius, where the length and width of the particles 

determine their apparent size. The particles are pushed towards the wall of a 

pinched section in the microfluidic chip, where they each occupy a streamline 

that corresponds to their smallest axis. After this pinched section, an abrupt 

expansion follows, where the particles continue along their streamline and as 

a consequence are sorted based on their size. [9] In previous work, we showed 

that the length of the spermatozoa causes them to rotate at the abrupt 

expansion, such that the streamline they occupy changes. [7] This causes the 

spermatozoa to appear in a wide range of positions in the broadened section, 

making it possible to isolate them from erythrocytes. In this article we 

improved the design, by also integrating the removal of larger cells from the 

testicular biopsy. We developed a prototype system with a double PFF chip 

that is able to further improve the retrieval of spermatozoa from a testicular 

biopsy. 

6.2 Materials and methods 

6.2.1. Chip fabrication 

In Figure 6.1 our double PFF chip is schematically shown. The chip is made from 

polydimethyl siloxane (PDMS) using soft lithography. For this, PDMS (Sylgard 

184, Dow Corning, Midland, MI, USA) was mixed in a 10:1 ratio with curing 

agent, poured over the mold and cured in an oven at 60 degrees for three 

hours. The chips were then diced, the in- and outlets were punched with a 

biopsy puncher (syringe needle gauge 20, inner diameter 0,6 mm, outer 

diameter 0,91 mm) and the chip was plasma bonded to a glass slide. Due to 

the adhesive nature of the tissue cells of the biopsy, the cells need to be 

prevented from adhering to the chip. To this end, the glass slide was first spin 

coated with a PDMS layer and cured before bonding. 
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Figure 6.1: Schematic of the microfluidic chip. Left, the microfluidic chip placed in the chip 
holder with the six different containers surrounding it. PS is the pressure on the container with 
spermatozoa, PB1 and PB2 the pressures on two containers with buffer, PO1, PO2  and PO3 the 
pressures on the three outlet containers. Drawing is not to scale. Top right: schematic of the 
coupled PFF chip. The sample is introduced below and first the larger particles are extracted 
from the sample (first PFF), followed by the isolation of spermatozoa from the erythrocytes at 
the second PFF. Bottom right: Picture of the microfluidic chip set-up. Chip holder is 13 by 8 cm 
and can hold up to 10 Eppendorf tubes. Scale bar is 3 cm. 

6.2.2 Experimental set-up 

Experiments were visualized with a Nikon TE2000-U microscope (Nikon, Tokyo, 

Japan) equipped with a 10 phase contrast objective. A high-speed camera 

(Photron SA-3, West Wycombe, United Kingdom) was used for imaging the 

cells in the chip. The samples were pumped through the chip by pressure 

pumping (Fluigent, Paris, France).  

The tubing and chips were first coated with poly(L-lysine)-grafted 

poly(ethylene glycol) (PLL-g-PEG, SuSoS, Dübendorf, Switzerland) before 

starting the experiments to prevent particles and cells from sticking to the 

tubing and PDMS, the device was flushed with the buffer solution before the 

start of the experiment. A chip holder was fabricated from Teflon, to reduce 

the length of the tubing when the containers can be placed near the chip. The 
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pressure and liquid tubing were glued to the cap of an Eppendorf tube to 

provide an airtight seal to the in- and outlet containers enabling controlling the 

pressure in each in- and outlet. 

6.2.3. Materials 

Fresh boar semen was obtained from a local artificial insemination center (“KI 
Twenthe”, Fleringen, the Netherlands) at a concentration of 20 × 106 cells/mL. 
The sample was then diluted 5 times for handling with Beltsville Thawing 
Solution (BTS, Solusem, Aim Worldwide, Vught, the Netherlands). 

The animal testicular biopsies were retrieved from a bull testicle, which was 
provided by the local slaughterhouse (”Vleesvee Integratie Twente”, 
Oldenzaal, the Netherlands). The drops of biopsy are obtained by tearing the 
biopsy apart with 2 microscope slides, the liquid extracted from the tissue is 
then used in the sample. The biopsies were 5x diluted in PBS (Sigma Aldrich) 
for the experiments. 

6.2.4 Experiments 

In a first experiment the influence of the location of the pinched section in the 
microfluidic chip with respect to the broadening channel on the separation 
performance was tested. For this purpose, the position of the spermatozoa in 
the broadened section was analyzed for microfluidic chips with different 
locations of the pinched section. During these experiments, the flow rates and 
ratios were kept constant at a total flow rate of ~10 µl/s  and a flow rate ratio 
of 0.05 to 0.95 for the sample and buffer flow respectively. 

Subsequently, the viability of the spermatozoa in a coupled PFF chip (Figure 
6.1) was assessed with a SYBR 14/Propidium Iodide (PI) live/dead staining. The 
spermatozoa were incubated in a 1000x dilution of SYBR 14 (stock 1mM, ex/em 
488/518 nm, Life Technologies, Eugene, OR, USA) for 20 minutes and a 100x 
dilution of PI (stock 2.4 mM, ex/em 535/617 nm, Life Technologies, Eugene, 
OR, USA) for 5 minutes at room temperature. The cells were flushed through 
the chip at a total flow rate of 13.5 µl/s. with both separation stages adding 5% 
of sample flow rate compared to 95% buffer flow rate. To quantify the 
influence of the procedure on the viability of the cells, the ratio of live/dead 
spermatozoa in the treated sample was divided by the ratio of live/dead 
spermatozoa of the control sample.   
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Lastly, the efficiency of removing larger cells and erythrocytes from the 
testicular biopsy samples was tested. For this purpose, the coupled PFF chips 
were used (Figure 6.1) in which the two separation rounds were assessed. 
Sample as well as buffer solutions were placed in the containers and different 
pressures were applied to determine the proper conditions for optimal 
separation efficiency. The samples were assessed by counting them with a 
Bürker-Turk cell counter.  

 

6.3 Results and discussion 
To test the robustness of the separation method, and to increase flexibility, the 

influence of the position of the pinched section with respect to the walls of the 

(as indicated by x in Figure 6.2) on the position of the spermatozoa was tested 

in a single PFF chip. Microfluidic chips with the pinched section situated at x = 

0 to 2500 µm were tested with intervals of 250 μm. We found that the position 

of the pinched section has no influence, as can be seen in Figure 6.2, showing 

that both the average position and the spread in the positions does not seem 

to be influenced by the position of the pinched section. This indicates that only 

the streamlines in the chip have an influence on the final position of the 

spermatozoa in the broadened section, which leads to more freedom in the 

creation of a final design. 
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Figure 6.2: Position of the spermatozoa relative to the bottom wall as function of the position 
of the pinched section (x) relative to the bottom wall. There appears to be no change in 
position of the spermatozoa when the pinched section is located at different distances from 
the wall. Number of counted cells in each case is between 76-280 with an average of 160. Error 
bars represent 1 SD. 

After these experiments, the influence of the coupled PFF chip on the viability 

of the spermatozoa was investigated by flushing a boar semen solution 

through the chip at a flow rate of 10µl/s . In chapter 2, we showed that the 

viability was ~88% at a flow rate of 16 µl/s, but after reducing the lengths of 

tubing in this set-up for better handleability, another advantage was the 

increase in the viability . Here we found a 98% viability relative to the control, 

where spermatozoa were kept in an Eppendorf tube for the same time 

(counted spermatozoa: N=1208 for the control, N=366 for the chip). In Chapter 

7, we show that the flow rate in our devices has no influence on the viability, 

also indicating that it might be the length of tubing which determines the 

influence on the viability.   
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Figure 6.3:  Separation of larger particles from spermatozoa, erythrocytes and debris in the 
first stage (compare Figure 6.1). Spermatozoa are circled blue. The scale bar is 200 μm. 

Since we found that the microfluidic chip is not harmful for the spermatozoa in 

the viability experiments, the efficiency of the separation was determined. 

Divided over three experiments. 288 spermatozoa (at least 70), 1652 

erythrocytes (at least 322) and 1056 larger particles (at least 213) were 

counted per experiment. In the first separation stage, the larger cells were 

removed from the spermatozoa and erythrocytes (see Figure 6.3). On average 

89±6% of the spermatozoa were retained, while 65±7% of the large particles 

were removed (Figure 6.4). The second separation stage shows a removal rate 

of 86±9% of the erythrocytes out of the sample, but another 45±3% of the 

spermatozoa is lost. This indicated that the pinching in the second separation 

stage was not sufficient when compared to the earlier results. [7] This second 

separation stage still needs to be optimized to the same level as in the previous 

paper [7], as in the current settings we indeed could ascertain via video that 

the ratio between the buffer and sample solution is not large enough to obtain 

the minimum width of flow for the separation of the particles. This could be 

solved by increasing the buffer flow in the second separation, or by making the 

pinched section in the second separation less wide, as the larger particles will 

already have been removed, which means that there will be less chance of 

clogging than in the first separation. This has the added effect of decreasing 

the dilution of the sample. Currently, the set-up is still operated by four 

pressure pump units. To reduce this, one can use the final optimized settings 

to insert fixed pressure regulators, which keep the pressure at a constant value. 
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This would reduce the difficulty of operation and reduce the cost of this 

prototype. The flow rate of the sample solution in the device was 0.675 µl/s, 

which leads to a total processing time of the microfluidic device of 5 minutes 

for 200 μl of sample. 

 

 

Figure 6.4: Distribution of the different particle types over the different outlets. PO1 is the 
outlet obtained after the first separation, which can be categorized as waste outlet. Outlet 
PO3 is a similar waste outlet. Outlet PO2 would be the collection outlet for spermatozoa. N=3, 
error bars are 1 SD. 

 

6.4 Conclusion 
A prototype in a postcard size chip set-up was fabricated that shows promise 

for the separation of spermatozoa from unfiltered testicular biopsies. The first 

separation can remove ~65% of the larger cell types/debris, while keeping 

~89% of the spermatozoa. The second separation is able to remove 86% of the 

erythrocytes, but also removes 45% of the spermatozoa and therefore still 

needs to be optimized in a new design.  
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7  

Effect of microfluidic processing on the viability of boar 

and bull spermatozoa   
 

The manipulation/assessment of spermatozoa by microfluidics is unique in the 

sense that it is not an endpoint measurement and the sample should 

afterwards preferably be useable. To investigate whether the viability of 

spermatozoa is influenced by the microfluidic shear stress that is typically 

applied, the sperm viability was investigated after exposing the cells to shear 

stresses in chips. The shear stress during general microfluidic processing steps 

was calculated and compared to estimated shear stresses during ejaculation. 

The viability of spermatozoa after microfluidic processing was then studied and 

together with the typical handling method (centrifugation) compared to a 

control (the sample in a tube at the same temperature). The boar spermatozoa 

showed a small but significant decrease in viability of 6% after microfluidic 

handling. Bull spermatozoa proved to be less susceptible to shear stress and 

statistical analysis led to the conclusion that it is not significantly affected by 

microfluidic processing. These data indicate that microfluidic processing has 

less influence on the viability of boar and bull spermatozoa than the literature 

values reported for flow cytometry and in this respect is comparable to 

centrifugation. 

Submitted as: T. Hamacher*,  J.T.W. Berendsen*, S.A. Kruit*, L.I. Segerink. 

Effect of microfluidic processing on the viability of boar and bull spermatozoa.  

*These authors contributed equally to the work 
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7.1 Introduction 
Artificial reproductive technologies (ART), such as artificial insemination (AI), 

are commonly used to support the mechanism of spermatozoa and oocyte 

meeting and fusion, both for couples with fertility problems and in veterinary 

industry [1]. Approximately 9% of all couples in developed countries have 

infertility problems, of which 56% are looking for medical care [2]. In the 

veterinary industry in the Europe Union and North America, approximately 

90% of pigs and 80% of dairy cattle are bred using AI [1]. Part of the success of 

ART is determined by the semen quality. Poor quality spermatozoa, such as 

morphologically abnormal or immotile spermatozoa, and the presence of 

external substances, for example other cells, debris and micro-organisms, 

reduce the success rate of ART [3].  

To improve the success rate of ART, semen quality control is performed by 

determining semen characteristics such as sperm count, morphology and 

motility, and improving the quality of the sample by selecting only the ‘good’ 

spermatozoa. Established techniques in clinics and veterinary industry include 

among others computer-assisted sperm analysis (CASA) [4, 5], flow cytometry 

[6, 7], density-gradient centrifugation [8, 9] and swim-up [9, 10]. However, 

these techniques are time-consuming, expensive and require trained 

personnel.  

Microfluidics is a fast-emerging field dealing with the flow of liquids inside 

micrometer-sized channels, which match the size range of cells. Microfluidics 

can provide a lot of advantages compared to conventional semen processing 

techniques such as standardization, low costs and ease of visualization. In the 

field of AI, microfluidic devices have been applied to study, analyze, select and 

sort spermatozoa [11-13]. A drawback of microfluidics is the presence of shear 

stress which is known to have a negative impact on mammalian cell viability 

and affects cell physical and biological properties [14-17]. Shear stress is 

defined as the force exerted per unit area by the flowing fluid in a non-uniform 

velocity field. 

In many biomedical applications of microfluidics, such as in blood diagnostics, 

end-point measurements are used. After microfluidic processing, the sample is 
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no longer useful and is therefore discarded [18, 19]. Hence, the negative effects 

of microfluidic processes on the cells used for these measurements is not of 

importance. However, in the context of ART, it is a necessity to use viable 

spermatozoa for successful fertilization. It is of particular importance that the 

effect on semen quality is as low as possible while processing, since it is no end-

point measurement. When the semen viability and motility after microfluidic 

processing can be preserved, the success rate of ART is retained. Until now, 

many microfluidic chips have been proposed to improve semen quality [11, 13, 

20], but no systematic study on the viability of spermatozoa after microfluidic 

processing has been performed.  

Recently, high-throughput microfluidic processing of spermatozoa has gained 

increasing interest. An example is the separation of spermatozoa from 

erythrocytes using a spiral channel by Son et al. [21]. In the spiral channel (150 

µm channel width and 50 µm channel height), the motile sperm cells were 

forced to the outer channel wall with a flow rate ranging from 0.1-0.52 ml/min, 

where they were exposed to shear stress. The separated spermatozoa were 

however not tested for viability or motility. Wu et al. separated spermatozoa 

of different motilities based on the cell’s swimming abilities in a retarding flow 

field [22]. A flow field (0.3x10-3 ml/min) was needed to carry the spermatozoa 

to the separation zone. Also here it is not known whether the spermatozoa 

processing had a negative impact on sperm viability and motility. De Wagenaar 

et al. have developed a chip, which focuses sperm cells using dielectrophoresis 

(DEP) and sorts morphological abnormal spermatozoa from normal ones based 

on a difference in the cells impedance curve [23]. The preliminary data suggests 

minimal effect of DEP on the integrity of the plasma membrane at frequencies 

above 10 MHz at 3 or 6 V potential. Pinch flow fractionation (PFF) for the 

separation of spermatozoa from epithelial cells and erythrocytes has been 

presented by Liu et al. and Berendsen et al. respectively [24, 25]. The 

separation mechanism in PFF is based on the sudden broadening of the 

channel after the pinched segment [26]. To achieve separation, it is necessary 

to align the cells to sidewall of the pinched segment. Due to the shape, 

alignment and flow in the pinched segment, the cells encounter a relatively 

high shear stress compared to other areas of the chip.  
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In this study, we answer the question if the viability of spermatozoa is 

significantly affected by microfluidic processing. Various parts of a microfluidic 

set-up can impose shear stress on spermatozoa. The sample is introduced in 

the microfluidic chip and collected after microfluidic processing with 

connection tubing. Commonly, the tubing is longer compared to the length of 

the microfluidic chip and therefore the cells are for a longer time exposed to 

shear stress in the tubing, even though the shear stress in the tubing is 

commonly lower than in the microfluidic chip due to the larger diameter. The 

channel width and height as well as the flow rate in the chip determine the 

shear stress, which the spermatozoa are exposed to. Therefore, we have 

systematically studied the viability of boar and bull spermatozoa after being 

handled with microfluidic chips and connection tubing. For general purposes, 

a microfluidic chip with a straight channel was used and as a special case a chip 

with PFF. Furthermore, in our investigation the shear stresses in the tubing and 

chips used were calculated and compared to the shear stress during 

ejaculation.  

7.2 Materials and methods 

7.2.1 Chip design and fabrication 

Two microfluidic chips were used for the experiments. One ship had a straight 

channel with 300 µm width and 50 µm height (length 2 cm), and one was a 50 

µm high PFF chip, with 100 µm wide inlets, 50 µm wide pinched section and 

2500 µm wide broadened section (total length of 8 mm). The chips were 

designed using CleWin software (version 5.0.12.0). Master molds for 

polydimethylsiloxane (PDMS) fabrication were produced by standard 

photolithography. A 50 µm layer of SU-8 (Microchem, Berlin, Germany) was 

spun and developed on a 4” silicon wafer.  

Chips were fabricated using PDMS (Sylgard 184, Dow Corning, Midland, MI, 

USA) in a 1:10 w/w ratio of base versus curing agent. PDMS was poured onto a 

silicon wafer, degassed and cured at 60 °C overnight. After curing, microfluidic 

inlets and outlets were punched using a Harris Uni-Core puncher (tip inner 

diameter (ID) 1.0 mm, Ted Pella Inc., Redding, CA, USA). The chips were bonded 

to glass microscope slides after activation by oxygen plasma using a plasma 

cleaner (model CUTE, Femto Science, Hwaseong-Si, South Korea).  
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7.2.2 Sample preparation 

Fresh boar semen (KI Twente, Fleringen, the Netherlands) and fresh bull semen 

(CRV, Arnhem, the Netherlands) were obtained at a concentration of 20x106 

cells/ml and 89x106 cells/ml. Before the semen was processed, boar semen 

was diluted with Solusem extender (AIM Worldwide, Vught, the Netherlands) 

to concentrations of 10x106 cells/ml and 4x106 cells/ml. The bull semen was 

diluted with Optixcell® extender (IMV technologies, L’Aigle, France) to 

concentrations of 44x106 cells/ml and 18x106 cells/ml. 

7.2.3 Microfluidic/Chip processing 

The in- and outlets of the chip are connected to containers using fused silica 

capillaries (Polymicro Technologies, ID 100 µm, outer diameter (OD) 360 µm, 

length (L) 10 cm, Molex, Surrey, UK) and Tygon tubing (ND 100-80, ID 250 µm, 

OD 760 µm, L 20 cm, Saint-Gobain Performance Plastics, Akron, OH, USA). A 

pressure pump (MZ flows, Fluigent, Le Kremlin-Bicêtre, France) was connected 

to the sample and buffer containers. The pressure pump was used to apply the 

flow through the chip.        

Shortly before use, the chips were oxygen plasma treated using a plasma 

cleaner (model CUTE, Femto Science, Hwaseong-Si, South Korea) and became 

hydrophilic. The chips were rinsed and incubated with poly(L-lysine)-grafted-

poly(ethylene glycol) (PLL-g-PEG, SuSoS, Dübendorf, Switzerland) at a 

concentration of 100 µg/ml in deioinized (DI) water for at least 15 minutes. 

Subsequently, the sample and the buffer solution were introduced. Flow was 

induced by applying the desired pressures to the sample and buffer solution. 

At the outlet the processed sample was collected.   
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Figure 7.1: Schematic of the three different tested conditions for microfluidic processing of 1) 
tubing, 2) straight channel, 3) pinched channel (PFF device), and 4) centrifuge for a) bull 
spermatozoa and b) boar spermatozoa. Pin (or P1 (sample) and P2 (buffer)) were varied, while 
Pout was kept at atmospheric pressure. Each sample group was compared with to the control 
with ANOVA to determine the significance of the change in viability. Features are not to scale. 

Four experimental conditions were tested: a) a set with only the tubing 

connected, b) a straight microfluidic channel with in- and outlet tubing, c) a 

pinch flow channel with in- and outlet tubing, and d) centrifugal forces at 

different speeds (see Figure 7.1). Each experimental condition was tested three 

times. The effect of the connection tubing on spermatozoa was tested by 

applying different pressures (200, 400, 600, 800 and 1000 mbar) to run the 

sample through the tubing. For the effect of the chip with a straight channel, 

the same pressures as for the tubing were used to run the sample through the 

chip. The samples were boar semen with a concentration of 4x106 cells/ml and 

bull semen with a concentration of 18x106 cells/ml. The effect of the chip with 

PFF on spermatozoa was tested by applying flow with the following 

sample/sheath pressures in mbar: 200/200, 200/300, 400/400, 400/600, 

600/600, 600/800. The sample consisted of boar semen with a concentration 

of 10x106 cells/ml and bull semen with a concentration of 44x106 cells/ml. 

Lastly, the effect of centrifugal forces was tested for relative centrifugal forces 

(RCF) 700, 1500 and 3000 x g (3230, 4729 and 6688 rounds per minute (rpm), 

respectively) using the Minispin Plus (Eppendorf, Hamburg, Germany).  
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7.2.4 Viability staining 

The influence of shear stress from the tubing and the chips on the viability of 

the spermatozoa was assessed with a SYBR 14/Propidium Iodide (PI) live/dead 

staining. The spermatozoa were incubated in a 1000x dilution of SYBR 14 (stock 

1 mM, ex/em 488/518 nm, Life Technologies, Eugene, OR, USA) for 20 minutes 

and a 100x dilution of PI (stock 2.4 mM, ex/em 535/617 nm, Life Technologies, 

Eugene, OR, USA) for 5 minutes at room temperature. Images were taken with 

the EVOS M5000 (ThermoFisher Scientific, Waltham, MA, USA). The number of 

live and dead cells was manually counted and the percentage of live cells was 

determined by dividing the number of live cells by the total number of cells. 

Per sample at least 200 spermatozoa were counted to have statistically 

relevant data [20]. To obtain the influence of the chip on the viability of the 

cells, the percentage of viable spermatozoa in the processed samples was 

normalized by dividing it by the percentage of viable spermatozoa of the 

control sample (the diluted spermatozoa sample which was kept in the 

container and not processed).    

7.2.5 (Statistical) Analysis 

A one-way between-groups analysis of variance (ANOVA) with planned 

comparisons was conducted to explore the impact of microfluidic processing 

on the viability of spermatozoa. An ANOVA analysis compares the variances 

between the different groups. A between-groups ANOVA is applied when 

different participants are present. In this study, the “participants” are the 

individual experimental conditions (n=2-6). The effects of various microfluidic 

processing procedures are compared to the control group. Therefore, planned 

comparison was used to overcome ‘power’ issues [27]. A positive one-tail test 

is more powerful in this context, as it is impossible to achieve higher viability 

after microfluidic processing. 

The samples were divided into 5 groups according to the experiment (Group 1: 

control; Group 2: tubing; Group 3: chip with straight channel; Group 4: PFF 

chip; Group 5: centrifugal forces). The groups obtained after microfluidic 

processing (Groups 2-4) and after exposure to centrifugal forces (group 5) were 

compared with the control group. The significance level was chosen to be 0.05. 

Figure 7.1 illustrates the conducted statistical analyses.    
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7.3 Results and Discussion 

7.3.1 Flow and shear stress calculations 

The wall shear stresses during ejaculation and the microfluidic processing as 

performed in our study were calculated. Detailed information about the 

calculations can be found in the Supplementary Information. Table 7. 1 shows 

the calculated wall shear stresses during ejaculation, flow cytometry and 

microfluidic processing. The peak shear stress represents the highest occurring 

shear stress of each experiment. The duration is the time the cells are exposed 

to this specific shear stress.  

During ejaculations the Reynolds numbers do not exceed 2000, so the flow is 

laminar. The spermatozoa are exposed to a wall shear stress of 3.37 N/m2 and 

0.65 N/m2 during boar and bull ejaculation, respectively. The highest shear 

stress in the tubing experiments (up to 23.8 N/m2) is induced by the capillary 

and its small surface area. The shear stress induced by the Tygon tubing is small 

(up to 1.5 N/m2) compared to the highest shear stress, but the spermatozoa 

are longer exposed to this shear stress.  Depending on the applied pressure 

and the resulting flow rate, the wall shear stress during microfluidic processing 

with a straight channel deviates between 0.043 and 3.35 N/m2 These shear 

stresses occur in the connection tubing rather than in the chip itself. The shear 

stress in the chip varies between 1.72 and 8.6 N/m2, which is lower than the 

shear stress in the capillary. Both, wall shear stresses during ejaculation and 

microfluidic processing, are in the same order of magnitude. The wall shear 

stress in the pinched section of the PFF device (14.52-43.56 N/m2) is a 

magnitude higher than the wall shear stress of the tubing and straight channel. 

This results from the smaller channel width of the pinched section compared 

to the tubing diameter and width of the straight channel. Although the wall 

shear stress in the PFF device is high, the duration time of this wall shear stress 

is not even a millisecond compared to other duration times of a few seconds.      

In another comparison, we have looked at the shear stress during flow 

cytometry and microfluidic processing.  Similarly to microfluidic processing, 

flow cytometry is used to sort viable cells for further use, such as culture or 

proliferation. Therefore, it is important that the cells are viable after being 

sorted by flow cytometry. The shear stress in flow cytometers is estimated to 
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be between 2.20-78.99 N/m2 (see SI for estimations on processing velocities 

and dimensions) and is well within the same range of the shear stress of 

microfluidic processing. Therefore, we hypothesize that microfluidic 

processing has no significant effect on the viability of spermatozoa. 
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Table 7.1: Calculated shear stress and its duration during boar and bull ejaculation as well as 
during microfluidic processing with tubing and a chip with straight channel. For both, 
ejaculation and microfluidic processing, the shear stresses are in the same order of magnitude. 
The highest shear stress occurs in the capillary part of the tubing or in the pinched segment of 
the PFF chip. The longest duration is in the Tygon tubing, where the shear stress is low. 

Animal species Ejaculation  
Shear stress (N/m2) 

Ejaculation 
Duration time (s) 

Boar 3.37 3.6 

Bull 0.65 9.8 

Flow cytometer 2.20-78.99 ≈ few sec 

Microfluidics Pressure (mbar) Peak shear stress 
(N/m2) (duration 
time (s)) 

Longest exposure 
shear stress (N/m2) 
(duration time (s)) 

Tubing 200  4.76 (1.68) 0.30 (21.0) 

400 9.51 (0.84) 0.61 (10.5) 

600 14.3 (0.56) 0.91 (7.0) 

800 19.0 (0.42) 1.22 (5.3) 

1000 23.8 (0.34) 1.52 (4.2) 

Chip with 
straight 
channel 

200  0.67 (23.9) 0.043 (298) 

400 1.34 (11.9) 0.086 (149) 

600 2.01 (8.0) 0.13 (99.4) 

800 2.68 (6.0) 0.17 (74.5) 

1000 3.35 (4.8) 0.22 (60.0) 

PFF chip  200/200 14.52 (8.3x10-4) 0.19 (32.5) 

200/300 18.15 (6.6x10-4) 0.25 (26.0) 

400/400 29.04 (4.1x10-4) 0.39 (16.2) 

400/600 36.30 (3.3x10-4) 0.49 (13.0) 

600/600 43.56 (2.8x10-4) 0.59 (10.8) 

600/800 50.82 (2.4x10-4) 0.69 (9.3) 

 

7.3.2 Viability of spermatozoa after microfluidic processing 

The effect of microfluidic processing on the viability of spermatozoa is studied 

by processing spermatozoa with various parts of a microfluidic set-up, namely 

the connection tubing, a microfluidic chip with a straight channel and a 

microfluidic chip with PFF. Various pressures were applied while running the 

spermatozoa through the systems. Figure 7.2 shows the normalized viability of 

bull and boar spermatozoa after microfluidic processing with various applied 
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pressures and centrifugation with various centrifugal forces. It was 

investigated if an increase in applied pressure or centrifugal force decreases 

the viability. This possible trend is not observed. Under all four experimental 

conditions the viabilities are similar to the other test conditions. For that 

reason, the normalized average viabilities for each experimental condition 

were determined (Table 7. 2 or Figure 7.3).       

The normalized averaged viabilities of the boar and bull spermatozoa are 

between 88-98% and 97-103%, respectively, and are very similar to the control 

group (100%). This holds also for PFF, where the spermatozoa are exposed to 

the highest shear stress, as has been in shown in section 3.1. The lowest 

viability of 88% viability in boar semen is still high. When taking the standard 

deviation into account, at first sight it appeared that the effect of the 

microfluidic chips is negligible. Especially the bull semen seems not to be 

affected by the microfluidics processing. The results however suggest that boar 

semen is more susceptible to processing than bull semen.  

To find additional evidence to the visual observations, statistical analysis was 

performed. A one-way between-groups analysis of variances with planned 

comparison was applied to test whether there is an impact on viability after 

microfluidic processing compared to the control group. For boar spermatozoa, 

a statistically significant difference at a one-tail test with p<0.05 level between 

the control group and the groups with microfluidic processing was obtained: 

F1,47=5.12, p=0.014. The average decrease in viability of 6% seems therefore to 

be significant. Only the difference for the control with group 5 (centrifugal 

forces) is not statistically significant (F1,13=1.13, p=0.15). By inspecting the 

average viability results in Table 7. 2, it can be noticed that the difference in 

viability between processing with tubing, a straight channel or PFF is very small. 

Comparing these three groups with the one-tail test with p<0.05  level, it 

appears that the difference is not significant (F1,42=0.06, p=0.41). In each of 

these sets of experiments, the semen was flushed through the tubing to reach 

the chip. These results could therefore indicate that the spermatozoa are 

damaged in the tubing before reaching the chip. The average decrease in 

viability to 94±7% is lower than the decrease in viability when using a flow 

cytometer as reported in the literature, where the relative viability after 
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sorting cytometer as reported in the literature, where the relative viability 

after sorting was 89±3% [28].  

For bull spermatozoa, a statistically insignificant difference at a one-tail test 

with p<0.05 level between the control group and the groups with microfluidic 

processing was obtained: F1,67=0.09, p=0.38. This indicates that the viability of 

the bull spermatozoa is not affected by microfluidic processing. When 

comparing to the literature value found for processing with flow cytometry, we 

obtain a better value. The value for the relative viability (calculated from the 

absolute viability reported for “bulk sorting,” where all spermatozoa were 

counted) is 80±3% [29].  
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Figure 7.2: The percentage of normalized viability after microfluidic processing of boar (left) 
and bull (right) spermatozoa with connection to tubing (a&e), microfluidic chip with a straight 
channel (b&f), a PFF chip (c&g) and centrifugation (d&h). Error bars=1 SD, N=2 or 3. In all 
experimental conditions no trend in viability decrease with increasing applied 
pressure/centrifugal force was observed.  
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Figure 7.3:  Average relative viability (± 1 SD) of the boar and bull spermatozoa after 
(microfluidic) processing. The viability of spermatozoa after microfluidic processing is almost 
100% when taking the standard deviation into account. Therefore, the effect of microfluidic 
processing on the viability of spermatozoa is negligible. * indicates p<0.05. 

7.4 Conclusion 
Over the years, microfluidic analysis and processing of spermatozoa has gained 

more interest. For the intended applications, it is important that the 

spermatozoa are not damaged by the processing and remain viable for 

insemination. We estimated the shear stress on bull and boar spermatozoa 

during ejaculation and compared it to the calculated shear stress during 

general microfluidic processing steps. Especially for low pressure processing, 

the shear stress is comparable to the natural shear stress during ejaculation. 

We then studied the viability of spermatozoa after microfluidic processing. The 

boar spermatozoa showed a small but significant decrease in viability of 6%. 

Bull spermatozoa revealed to be less susceptible and after statistical analysis it 

was concluded that it is not affected by microfluidic processing. This data 

indicates that microfluidic processing has less influence on the viability of boar 

and bull spermatozoa than the literature values reported for flow cytometry. 
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8  

Summary and outlook 
 

In this chapter, a summary of the main results and conclusions is presented. 

Subsequently, recommendations and potential further research directions are 

discussed in the outlook.  
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8.1 Summary 
Microfluidic technology has been used for analysis and separation of 

spermatozoa and has potential for spermatozoa selection for assisted 

reproductive technologies (ART) procedures. Currently in the clinical 

laboratories, the spermatozoa assessment and selection are performed 

manually using a microscope, in a time‐consuming and expensive process. To 

overcome these disadvantages, microfluidic technologies have been used to 

make a start towards the development of microfluidic chips for the separation 

and selection of spermatozoa in work that is described in this thesis. 

Chapter 2 reviews many of the approaches that microfluidics has taken to 

separate or diagnose motile spermatozoa. The devices are categorized 

according to the mechanism they report on, which include general motility, 

rheotaxis, boundary following behavior, chemotaxis and thermotaxis.  

In Chapter 3 a simple model for the movement of spermatozoa is introduced, 

where one can consider the aforementioned boundary following behavior of 

the cells. The results of this model agree with the experimental results in a 

microfluidic chip that was fabricated and tested. The 3-channel design 

presented allowed us to improve the literature reported collection efficiency 

of motile spermatozoa (from 40% to 70%), by introducing a two-sided diffusion 

scheme, and using the normally detrimental boundary following behavior to 

our advantage.  

Chapter 4 presents the development of a simple, easy to fabricate and handle, 

flow-free microfluidic chip to test the chemotactic response of spermatozoa. 

For our design, a hybrid hydrogel (8% gelatin/1% agarose) proved to be 

optimal, due to its biocompatibility and availability to work at biologically 

relevant temperatures. A three-dimensional printed master mold was 

fabricated with which polydimethyl siloxane (PDMS) molds were made that in 

turn were used as molds for the hydrogel chips. To prevent leakage, the chips 

were bonded to the glass slides via a surface treatment of (3-

Aminopropyl)triethoxysilane (APTES) and glutaraldehyde. The inside of the 

channel was afterwards covered in poly(L-lysine)-grafted poly(ethylene glycol) 

(PLL-PEG) to prevent adhesion of spermatozoa. A chemotaxis experiment with 
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1 µM progesterone was performed which significantly demonstrated that boar 

spermatozoa are attracted by a progesterone gradient. This indicates that the 

device can investigate the chemotactic behavior of spermatozoa, paving the 

road to investigate this effect for other chemicals to get a better fundamental 

understanding of the guiding mechanism of spermatozoa.  

The next chapter reports on the hydrodynamic separation of immotile 

spermatozoa from a filtered testicular biopsy analog (chapter 5). The 

difference in length of spermatozoa and erythrocytes was used to separate 

them via a pinch flow fractionation (PFF) chip. The tumbling behavior of 

spermatozoa in PFF was utilized to separate them from the erythrocytes. It was 

possible to extract 95% of the spermatozoa from a sample containing 2.5% 

spermatozoa, while removing approximately 90% of the erythrocytes. By 

adjusting the flow rates, it proved also possible to increase the collection 

efficiency while slightly sacrificing the purity, which allows the device to be 

tuned to the available sample in the clinic.  

The PFF separation method used in chapter 5, was turned into a two-stage 

separation process for use on unfiltered biopsy samples in chapter 6. In this 

chip, two PFF separation steps were placed in series to first remove a large 

fraction of the larger cells/debris, after which a second step will be used to 

remove most of the erythrocytes. In the chapter, a preliminary experiment is 

performed, where the prototype chip set-up was fabricated that shows 

promise for the separation of spermatozoa from both cell types. The first 

separation can remove around 65% of the larger cell types/debris, while 

keeping approximately 89% of the spermatozoa. The second separation still 

needs to be optimized in another set of experiments with a new design. 

The manipulation/assessment of spermatozoa by microfluidics is unique in the 

sense that it is not an endpoint measurement and the sample should 

afterwards preferably be useable. To investigate whether the viability of 

spermatozoa is influenced by the microfluidic shear stress that is typically 

applied for the sorting experiments described in chapter 5 and 6, the sperm 

viability was investigated after exposing the cells to shear stresses in chips 

(chapter 7). The shear stress during general microfluidic processing steps was 

calculated and compared to estimated shear stresses during ejaculation. The 



 
 Summary and outlook  

 
 

114 

viability of spermatozoa after microfluidic processing was then studied and 

together with the typical handling method (centrifugation) compared to a 

control (the sample in a tube at the same temperature). The boar spermatozoa 

showed a small but significant decrease in viability of 6% after microfluidic 

handling. Bull spermatozoa proved to be less susceptible to shear stress and 

statistical analysis led to the conclusion that it is not significantly affected by 

microfluidic processing. These data indicate that microfluidic processing has 

less influence on the viability of boar and bull spermatozoa than the literature 

values reported for flow cytometry and in this respect is comparable to 

centrifugation. 

8.2 Outlook  
This thesis reports on several ways in which spermatozoa can be assessed and 

separated for applications in a clinical setting, however, most of the systems 

presented are not yet suitable for use without equipment that is typically not 

available in the clinic. 

In this thesis it was shown that boar spermatozoa could be separated from 

erythrocytes on a microfluidic chip [1], but before it can be used in the clinic, 

the chip needs to be validated with testicular biopsy samples of azoospermic 

men with both obstructive and non-obstructive azoospermia. Before this 

validation can be done, a portable system needs to be developed. Currently, 

the experimental set-up is large due the addition of a large pressure controller 

and a microscope, and is not suited for measurements at other locations than 

a laboratory equipped with a pressure system. Furthermore, with the current 

set-up the person handling the set-up still needs to be trained in microfluidic 

processing. This problem can be solved by fabricating the new set-up in such a 

way that the chip and tubing are standardized, with the chip for example being 

made out of polystyrene. This will take away the need for a variable pressure 

controller, which can then be replaced by a set pressure valve for standard 

separation settings. This system could then be operated on a can with 

pressurized air or any air pressure system a clinic might have.  

To make possible the procedure just described, further experiments will need 

to be done to optimize the pressure settings for the two separations on chip, 
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to find the correct setting for this system. Part of the chip can be redesigned, 

where the second pinched section in our PFF system can be made smaller, as 

the first separation will have removed the larger particles, lowering the risk of 

clogging in the second section. Furthermore, the channels on the chip can be 

adjusted in dimensions such that the need for pressure control in all outlets 

can be removed, and only the three inlets need pressure control. 

While the motility chip will need a similar improvement, the setting for this 

chip is easier to figure out. Further experiments could still be done however, 

such as the possible introduction of grooves on the surface to more easily guide 

the spermatozoa to the outer walls [2]. The influence of the flow velocity on 

the ease of removal of the spermatozoa was also considered in the thesis. To 

this aim the channel was lengthened to provide longer residence times, which 

might not be necessary anymore if the microgrooves prove useful for the 

separation. The theoretical model could also be improved by investigating the 

parameters already used and adjusting these if necessary, after further 

experiments. The model could also be used to incorporate chemotaxis if one 

would use this on the chemotaxis chip. 

In the chemotaxis chip one can in future also investigate the influence of other 

compounds on the behavior of the spermatozoa [3-7]. One could for example 

choose to capacitate the spermatozoa with caffeine and observe whether 

there is occurrence of chemotaxis. [8] 

For all devices mentioned in this thesis, human trials will be necessary to 

ascertain whether the processing of the spermatozoa in the chip does not 

affect the change of pregnancy or the live birth rate. The device would need to 

obtain CE, or similar, certification and be validated across different clinics. 

Furthermore, it is important to characterize what (hopefully positive) influence 

the chips have on the selection of spermatozoa for healthy offspring. This 

device might improve the typical selection methods of spermatozoa in the 

clinic, which might free up extra time in the clinic to help more patients, or 

might mean that less expertise is needed. One has to take care that a reduction 

in necessary expertise might lead to a complacency in the method, and should 
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remain careful and precise in the handling of material that directly influences 

a future life.   
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Appendix S1 

 

Figure S1.1: Angle of the spermatozoa with respect to the wall as a function 

of their distance. A correlation can be seen. A larger angle seems to result on 

average in a larger distance from the wall in the broadened channel 

 

Video S1.1: Several spermatozoa passing through the 

transition from the pinched section to the broadened 

section. The shear in the fluid causes them to rotate. 

Video was taken at 10.000 fps and played back 345 

times slower. 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41378-019-

0068-z/MediaObjects/41378_2019_68_MOESM1_ESM.mp4 

 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41378-019-0068-z/MediaObjects/41378_2019_68_MOESM1_ESM.mp4
https://static-content.springer.com/esm/art%3A10.1038%2Fs41378-019-0068-z/MediaObjects/41378_2019_68_MOESM1_ESM.mp4
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Video S1.2: Many erythrocytes and a spermatozoon 

pass through the transition from the pinched section 

to the broadened section. The spermatozoon is 

indicated with an arrow and passes at a larger 

distance from the side wall than the erythrocytes. 

Video was taken at 1.000 fps and played back 67 

times slower. 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41378-019-

0068-z/MediaObjects/41378_2019_68_MOESM2_ESM.mp4 

Video S1.3: Several spermatozoa and erythrocytes in 

the broadened section. The spermatozoa have a 

larger distance from the side wall, although the 

positions of the two types of cells overlap slightly. 

Video was taken at 1.000 fps and played back 34.5 

times slower. 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41378-019-

0068-z/MediaObjects/41378_2019_68_MOESM3_ESM.mp4 

https://static-content.springer.com/esm/art%3A10.1038%2Fs41378-019-0068-z/MediaObjects/41378_2019_68_MOESM2_ESM.mp4
https://static-content.springer.com/esm/art%3A10.1038%2Fs41378-019-0068-z/MediaObjects/41378_2019_68_MOESM2_ESM.mp4
https://static-content.springer.com/esm/art%3A10.1038%2Fs41378-019-0068-z/MediaObjects/41378_2019_68_MOESM3_ESM.mp4
https://static-content.springer.com/esm/art%3A10.1038%2Fs41378-019-0068-z/MediaObjects/41378_2019_68_MOESM3_ESM.mp4
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Figure S1.2: Stills from Video S3 (timestamp in upper right corner). The 

spermatozoa are indicated with a circle. 
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Appendix S2 

Flow and shear stress calculations 

The flow rate during ejaculation was calculated using 𝑄 =
𝑉

𝑡
 (1), where Q is the 

flow rate (m3/s), 𝑉 the volume (m3) and t the ejaculation time (s). The average 

flow velocity 𝑣 (m/s) is calculated by 𝑣 =
𝑄

𝜋𝑎2  (2) with the flow rate 𝑄 (m3/s) 

and the area of the vas deferens, which is assumed to be a tube with radius 𝑎 

(m). To assess laminar flow conditions, the Reynolds number 𝑅𝑒 was calculated 

using the equation 𝑅𝑒 =
𝜌𝑣𝑎

𝜂
 (3), where 𝜌 is the density of semen (kg/m3), 𝑣 is 

the average flow velocity (m/s), 𝑎 is the radius of the vas deferens (m) and 𝜂 is 

the semen viscosity (Pa s). During ejaculation the flow is laminar, if Reynolds 

number does not exceed 2000. The assumptions used to calculate the flow 

rate, average flow velocity, Reynolds number and shear stress during boar and 

bull ejaculation are shown in Table S2.2. In a microfluidic chip, the parabolic 

flow profile induces the highest shear stress τ (N/m2) at the channel walls and 

depends on the fluid viscosity  (Pa s), channel dimensions (height h (m) and 

width w (m)  /radius a (m)) and average fluid velocity v (m/s): 

 𝜏 =
6𝜂𝑣

ℎ
 (4) (for a rectangular channel, where h<w<<L) and 𝜏 =

4𝜂𝑣

𝑎
 (5) (for a 

cylinder-like channel) [30, 31]. 

Table S2.1: Assumptions used for shear stress calculation during ejaculation 

Animal 
species 

Semen 
viscosity 
(Pa s) 

vas 
deferens 
radius 
(mm) 

Semen 
density 
(kg/m3) 

Semen 
volume 
(ml) 

Ejaculation 
time (s) 

Boar 0.004 [32] 1.0 [33] 1000 [34] 250 [35, 
36] 

378 [35] 

Bull 0.004 [32] 2.5 [37]  1000 [34] 10 [36, 
38] 

51 

 

                                                           
1 Source: Personal communication with dr. M. Broekhuijse, CRV. 
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The average flow velocity 𝑣 (m/s) during microfluidic processing was 

determined by 𝑣 =
Δ𝑃

𝐴𝑅ℎ
(6), where Δ𝑃 is the applied pressure difference (Pa), 𝐴 

is the area (m2) and 𝑅ℎ is the hydraulic resistance (Pa s/m3). For a circular cross-

section the hydraulic resistance was determined using 𝑅ℎ =
8𝜂𝐿

𝜋𝑎4 (7) with 𝜂 the 

viscosity (Pa s) (treated as water at room temperature, because of dilution), 𝐿 

the tube length (m) and 𝑎 the tube radius (m). For a rectangular cross-section 

the hydraulic resistance was calculated with 𝑅ℎ =
12𝜂𝐿

ℎ3𝑤(1−0.63(
ℎ

𝑤
)
 (8) with ℎ the 

height (m) and 𝑤 the width (m). The hydraulic resistance of various microfluidic 

devices in series are computed the sum of the individual hydraulic resistances. 

Equations 1 and 2 were used to calculate the shear stress in a microfluidic chip 

with a straight channel and the tubing, respectively [31]. 

The previously mentioned formulas were used to calculate the flow rate, 

average flow velocity, Reynolds number and shear stress during ejaculation 

(Table S2.3). The Reynolds number does not exceed 2000, so the flow is 

laminar. The spermatozoa are exposed to a shear stress of 3.37 and 0.65 N/m2 

during boar and bull ejaculation, respectively. Similarly, the average flow 

velocity and shear stress during microfluidic processing with connection 

tubing, a chip with a straight channel and a PFF chip were calculated (Table 

S2.4 and S2.5). Shear stress during microfluidic processing is in the same order 

of magnitude compared to ejaculation. Due to the smaller cross-section of 

microfluidic devices, the average flow velocity is higher for microfluidic 

processing compared to ejaculation.  

Table S2.2: Calculated flow rate, average flow velocity, Reynolds number and shear stress 
during boar and bull ejaculation.  

 Flow rate 
Q (ml/s) 

Average flow 
velocity v (m/s) 

Reynolds 
number Re 

Shear stress 
τ (N/m2) 

Boar 
ejaculation 

0.66 0.21 105 3.37 

Bull 
ejaculation 

2.00 0.10 127 0.65 
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The shear stress of flow cytometry was calculated based on the specifications 

of the Novocyte Benchtop (ACEA Biosciences. Inc., San Diego, CA, USA) [39]. 

Assuming a sample flow of 5-120 µl/min, a sheath flow of 6.5 ml/min, and flow 

cell dimensions of 290 µm wide and 170 µm height, the shear stress is 

approximated to be between 2.20-78.99 N/m2. 
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Table S2.3: The average flow velocity and shear stress were calculated for microfluidic 
connection tubing and microfluidic chips with a straight channel and PFF. With increasing 
pressure, the average flow velocity and the shear stress increases.  

Experiment Applied 
pressure 
(mbar) 

200 400 600 800 1000 

Tubing Average 
flow 
velocity 
(mm/s) 9.51 19.03 28.54 38.05 47.56 

Peak 
shear 
stress 
(N/m2) 

4.76 9.51 14.3 19.0 23.8 

Chip with 
straight 
channel 

Average 
flow 
velocity 
(mm/s) 14.4 28.7 43.1 57.5 71.8 

Peak 
shear 
stress 
(N/m2) 

2.19 4.39 6.58 8.78 
 
 

10.8 

Chip with 
PFF 

Applied 
pressure 
(mbar) 

200: 
200 

200: 
300 

400: 
400 

400: 
600 

600: 
600 

600: 
800 

 Average 
flow 
velocity 
(mm/s) 121.0 151.3 242.0 302.5 363.0 423.5 

 Peak 
shear 
stress 
(N/m2) 14.52 18.15 29.04 36.30 43.56 50.82 

 

 

  



 
Samenvatting 

 
 

128 

Samenvatting 
Microfluïdische technologieen worden toegepast in de analyse en scheiding 

van spermatozoa en heeft potentie voor het gebruik in spermatozoa-selectie 

voor procedures in medisch geassisteerde voortplantingstechnieken. 

Momenteel worden in de klinische laboratoria de spermatozoa-beoordeling en 

-selectie handmatig uitgevoerd met behulp van een microscoop, wat een 

tijdrovend en duur proces is. Om deze problemen te verhelpen, zijn 

microfluïdische technologieën gebruikt om een begin te maken met de 

ontwikkeling van microfluïdische chips voor de scheiding en selectie van 

spermatozoa in werk dat in dit proefschrift wordt beschreven. 

Hoofdstuk 2 beschrijft verschillende microfluidische benaderingen die gebruikt 

worden om motiele spermatozoa te scheiden of te karakteriseren. De 

verschillende technieken zijn gecategoriseerd volgens het mechanisme 

waarover ze rapporteren, zoals algemene beweeglijkheid, de neiging om 

grensvlakken te volgen (“grensvolggedrag”), rheotaxis, chemotaxis, en 

thermotaxis.  

In hoofdstuk 3 wordt een eenvoudig model geïntroduceerd die de beweging 

van spermatozoa beschrijft, waarbij rekening kan worden gehouden met het 

bovengenoemde “grensvolggedrag” van de cellen. De resultaten van dit model 

komen overeen met de experimentele resultaten in een door ons vervaardigde 

en geteste microfluïdische chip. Het ontwerp met drie kanalen stelde ons in 

staat om de in de literatuur gerapporteerde verzamelingsefficiëntie van 

beweeglijke spermatozoa (van 40% tot 70%) te verbeteren, door een 

tweezijdig diffusieschema in te voeren en het normaal schadelijke 

“grensvolggedrag” in ons voordeel te gebruiken. 

Hoofdstuk 4 beschrijft de ontwikkeling van een eenvoudige, gemakkelijk te 

fabriceren en te verwerken, flow-free microfluïdische chip om de 

chemotactische respons van spermatozoa te testen. Voor ons ontwerp bleek 

een hybride hydrogel (8% gelatine/1% agarose) optimaal te zijn vanwege de 

biocompatibiliteit en de mogelijkheid om te werken bij biologisch relevante 
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temperaturen. Een basismal werd gefabriceerd door middel van 3d printen, 

waarmee polydimethylsiloxaan (PDMS) mallen werden gemaakt. Deze mallen 

werden op hun beurt gebruikt als mal voor de hydrogel chips. Om lekkage te 

voorkomen, werden de chips aan de objectiefglazen gebonden door middel 

van een oppervlaktebehandeling van (3-Aminopropyl) triethoxysilaan (APTES) 

en glutaraldehyde. De binnenkant van het kanaal werd daarna bedekt met poly 

(L-lysine) grafted poly (ethyleenglycol) (PLL-PEG) om hechting van 

spermatozoa te voorkomen. Een chemotaxis-experiment met 1 µM 

progesteron werd uitgevoerd dat significant aantoonde dat beren 

spermatozoa worden aangetrokken door een progesteron gradiënt. Dit geeft 

aan dat het apparaat het chemotactische gedrag van spermatozoa kan 

onderzoeken en de weg vrijmaakt om dit effect voor andere chemicaliën te 

onderzoeken om een beter fundamenteel inzicht te krijgen in 

geleidingsmechanismen van spermatozoa. 

Het volgende hoofdstuk rapporteert over de hydrodynamische scheiding van 

immotiele spermatozoa van een gefilterd testiculaire bioptanaloog (hoofdstuk 

5). Het verschil in lengte van spermatozoa en rode bloedcellen werd gebruikt 

om ze te scheiden via een pinch flow fractionation (PFF) -chip. Het 

tuimelgedrag van spermatozoa in PFF werd gebruikt om ze te scheiden van de 

rode bloedcellen. Het was mogelijk om 95% van de spermatozoa te extraheren 

uit een monster dat 2,5% spermatozoa bevatte, terwijl ongeveer 90% van de 

rode bloedcellen werd verwijderd. Door de stroomsnelheden aan te passen, is 

het mogelijk de hoeveelheid gescheiden spermatozoa te verhogen door meer 

rode bloedcellen toe te laten, waardoor het systeem kan worden afgestemd 

op het beschikbare monster in de kliniek. 

De in hoofdstuk 5 gebruikte PFF-scheidingsmethode werd in hoofdstuk 6 

omgezet in een scheidingsproces met twee stadia voor niet-gefilterde 

biopsiemonsters. In deze chip werden twee PFF-scheidingsstappen in serie 

geplaatst om eerst een grote fractie van de grotere cellen en debris te 

verwijderen, waarna een tweede stap wordt gebruikt om de meeste rode 

bloedcellen te verwijderen. In het hoofdstuk wordt een voorlopig experiment 

beschreven, waarbij een prototype-chip werd gemaakt die veelbelovend is 

voor de scheiding van spermatozoa van beide celtypen. De eerste scheiding 
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kan ongeveer 65% van de grotere celtypen verwijderen, terwijl ongeveer 89% 

van de spermatozoa behouden blijft. De tweede scheiding moet nog worden 

geoptimaliseerd in een andere reeks experimenten met een nieuw ontwerp. 

De manipulatie en karakterisatie van spermatozoa door microfluidica is uniek 

in de zin dat het geen eindpuntmeting is en dat het monster achteraf bij 

voorkeur bruikbaar moet zijn. Om te onderzoeken of de levensvatbaarheid van 

spermatozoa wordt beïnvloed door de microfluïdische schuifspanning die 

typisch wordt behaalt voor de sorteerexperimenten beschreven in hoofdstuk 

5 en 6, werd de levensvatbaarheid van het sperma onderzocht na het 

blootstellen van de cellen aan schuifspanningen in chips (hoofdstuk 7). De 

schuifspanning tijdens typische microfluïdische verwerkingsstappen werd 

berekend en vergeleken met geschatte schuifspanning tijdens ejaculatie. De 

levensvatbaarheid van spermatozoa na microfluïdische verwerking werd 

vervolgens bestudeerd en samen met de algemeen gebruikte 

behandelingsmethode (centrifugatie) vergeleken met een controle (het 

monster in een reageerbuis bij dezelfde temperatuur). De beerspermatozoa 

vertoonden een kleine maar significante afname van de levensvatbaarheid van 

6% na microfluïdische behandeling. Stierspermatozoa bleken minder gevoelig 

voor schuifspanning en werden niet significant wordt beïnvloed door 

microfluïdische verwerking. Deze gegevens geven aan dat microfluïdische 

verwerking minder invloed heeft op de levensvatbaarheid van zwerm- en stier-

spermatozoa dan de literatuurwaarden die zijn gerapporteerd voor 

flowcytometrie en is in dit opzicht vergelijkbaar met centrifugatie. 
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