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 Various assisted reproductive techniques (ARTs) are now available for infertile couples.  
Obtaining a large amount of highly active sperm is critical for successful ART operations.  Our 
purpose is to use polydimethylsiloxane (PDMS) microfluid biochip to collect highly active 
sperm from semen with the characteristic of laminar flow.  With a fixed diluted semen viscosity 
and a fixed flow rate ratio of buffer and diluted semen, this microfluid biochip can sort diluted 
semen into two groups: sorted and waste.  Results of flow cytometry analysis showed that the 
viability of the sorted group is higher by at least 10% for both normal and oligozoospermia 
samples.  Our biochip, compared with the traditional centrifuge, is a novel tool for preparing 
live sperm for ARTs.

1. Introduction

 The problem of infertility is of increasing concern.  The average fertility rate in Taiwan was 1.12 
in 2016, implying that each couple has on average 1.12 children.  This rate is significantly less 
than the global average of 2.42 and was the third-lowest birth rate in the world.  According to a 
study, about 15% of couples are diagnosed as having fertility disorder, which means that they 
cannot achieve pregnancy normally.  About 40% of these couples with fertility disorder result 
from male problems and 10% arise from both the male and female having problems.  In this 
work, we focused on infertility problems that are mostly related to abnormal morphology, poor 
mobility, or small quantity of sperm.  Our research is thus dedicated to the acquisition of high-
quality sperm for medical applications.
 In the current technology of reproductive medicine, an assisted reproductive technique 
(ART)(1–5) can improve fertility through artificial treatments,(6–8) including in vitro fertilization 
(IVF) and intracytoplasmic sperm injection (ICSI).  The purpose of ART is to fertilize the 
best oocyte with the best sperm;(9) sorting the sperm is thus extremely important.  Traditional 
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sperm sorting methods include the swim-up method, density gradient centrifugation, and 
centrifugation-sperm washing.  However, these methods suffer from disadvantages, such as a 
large centrifugal force and a long process time.  These disadvantages might impair the sperm 
quality or lead to sperm separation, resulting in a failed fertilization.(10,11)

 Among microfluidic systems, the efficiency of sorting live sperm has been enhanced 
with a biomedical microfluidic chip to avoid sperm damage, and only a few samples must be 
analyzed.(12–15)  We applied various sperm samples to a microfluidic chip with a novel sorting 
mechanism in our previous work;(16) this method can achieve the inexpensive and efficient 
separation of sperm cells for use in artificial reproduction.  It was confirmed in previous studies 
that the distribution of laminar flow formed by syringe pumps and a microchannel with three 
inlets and three outlets can isolate about 10000 motile sperm cells and increase their viability.(16–18)  
The aim of this research was to apply the present invention to semen samples of various 
concentrations and viscosities so as to further improve the viability and quality of sperm from 
both normal persons and oligozoospermic patients.

2. Materials and Methods

 We previously proposed a microfluidic chip system based on laminar flow to select live 
sperm,(19,20) which combined a design with three inlets and three outlets(21) and a main diffusion 
channel.(22)  Figure 1 shows the schematic design.  The main separation channel was designed 
to have a diffusor structure from the inlet to the outlet.  According to the flow rate equation Q 
= A × V, where Q is the flow rate; A is the area; and V is the flow velocity, increasing the cross-
sectional area will decrease the flow rate, increasing the likelihood that sperm cells are sorted.  
We used a syringe pump to infuse the semen and the buffer from the inlets and generate two-
phase flow.  The fluids are not mixed together because of the laminar flow, which can separate 
motile sperm from dead sperm on the basis of their own motility.
 A computed-aided simulation software (ANSYS) simulation was used to analyze the 
distribution of semen for our input velocities in the microchannel, enabling us to determine 
the appropriate experimental flow rates to sort semen.  The semen viscosity (μ) was mostly 

Fig. 1. (Color online) Schematic of the microchannel (widths of inlets, 100 μm; widths of outlets, 200 μm). The 
width of the main diffusion channel was increased from 383 to 766 μm, and the height is 100 μm. The semen is 
infused from the side inlet and the buffer is injected into the central inlet. The outlet in the middle is the sorting 
outlet with waste outlets on the sides.
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in the range of 1–6 mPa·s, and the ratio of the infused flow rate between the two inlets should 
be adjusted according to the variable viscosity.  As shown in Fig. 2, when μ was 2 mPa·s and 
the ratio of buffer and semen flow rates was 2:1 or 4:1, the semen (red part) entered the central 
sorting outlet, which decreased the sorting efficiency.  Furthermore, when we used a flow rate 
ratio of 8:1 with the semen viscosity of 2 mPa·s, the sperm flowed into the waste outlet.  Flow 
rate ratios of 11:1–20:1 produced similar results for semen viscosities of 3–6 mPa·s.
 After sorting, flow cytometry with SyBr14 and PI fluorescence was used to analyze the 
quantity and viability of the sperm, and we investigated the efficiency of sorting on the basis 
of the obtained data.  The fabrication of the chip involved a thick film of SU8, a negative 
photoresist,(23) and polydimethylsiloxane (PDMS) soft lithography, combined with glass to form 
the microchannel.  Figure 3 shows the fabrication and actual picture of the biochip.
 Photolithography with the SU8-3050 negative photoresist was used to fabricate the mother 
mold of the microchannel structure.  UV exposure effectively transferred the pattern to the 
mother mold to produce a microscale structure.  The photoresist was spin-coated at 500 rpm 
for 10 s and 1300 rpm for 30 s to attain a height of 100 μm.  During the UV exposure, the gap 

Fig. 2. (Color online) Distribution of semen in the microchannel according to an ANSYS simulation. At flow rate 
ratios of 2:1 and 4:1 (buffer: semen), the semen (red part, 75–100 %) enters the sorting outlet. The optimal flow rate 
ratio for sorting is 8:1–20:1 depending on the viscosity of the semen.
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between the silicon wafer and the mask was minimized to avoid UV light diffraction and the 
generation of a standing wave, which might damage the structural integrity of the horizontal 
and vertical flatness of the film.
 After the fabrication of the mother mold, the pattern was transferred to PDMS by soft 
lithography.(24)  In this process, a plastic tube (inner diameter, 3 mm; height, 1 mm) was placed 
on each inlet, which served to connect the chip and the syringe.  We then poked holes into the 
outlets to form sorting and waste reservoirs after curing the PDMS (A:B = 20 g:2 g).
 The patterned PDMS was finally bonded to a glass slide.  An electrostatic generator 
generated an O2 plasma to oxidize the surface of the PDMS, turning the hydrophobic 
–O–Si(CH3)2– bond into a hydrophilic –OnSi(OH)4−n– bond.(25)  After the surface modification, 
we attached the oxidized PDMS to the glass slide to complete the fabrication of the 
microchannel.

3. Experimental Process

3.1 Stock sample sorting

 Viscosity plays an important role in the sorting process: using an inappropriate flow rate 
leads to failure of the experiment.  We first tried to perform simulations using ANSYS.  The 
results shown in Fig. 2 were obtained by using the following parameters: μ = 1–2 mPa·s for 
a flow rate ratio of 0.4:0.05 μl/min (buffer:semen), μ = 2–3 mPa·s for a flow rate ratio of 
0.55:0.05 μl/min, μ = 3–4 mPa·s for a flow rate ratio of 0.7:0.05 μl/min, μ = 4–5 mPa·s for a flow 
rate ratio of  0.85:0.05 μl/min, and μ = 5–6 mPa·s for a flow rate ratio of 1:0.05 μl/min .
 To obtain the viscosity in the experiments, we measured the semen viscosity (Sekonic 
Viscomate, VM-10A-L) before sorting and infused bovine serum albumin (BSA, 1%) solution 
into the microchannel to provide a hydrophilic coating at the same time.  The first step in the 
sorting process was to push the syringes and ensure, by microscopic observation, that the 

 Fig. 3. (Color online) Fabrication of the sperm-sorting chip. The pattern of the microchannel is formed on a Si 
wafer with a SU8-3050 negative photoresist and printed on a PDMS substrate. The PDMS substrate and glass slide 
are bonded together with O2 plasma to complete the process.
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semen and buffer had already reached the microchannel.  Second, the semen flow rate was set 
to 0.05 μl/min; the flow rate of the buffer used to clean the microchannel was set to 50 μl/min.  
Third, the buffer flow rate was set to 0.4–1 μl/min with sorting for 1 h.  The sample was finally 
dyed with SyBr14 (0.5 μl/ml) and PI (5 μl/ml),(26) and analyzed with a flow cytometer.

3.2	 Sorting	at	fixed	viscosity	

 Motile sperm cells in a stock sample were separated at various flow rates, but large velocity 
ratios (11:1–20:1) prevented the motile sperm cells from swimming through the boundaries of 
the fluids, which decreased the sorting efficiency.  Hence, we diluted the semen to obtain a 
fixed viscosity of μ = 2 mPa·s and carried out sorting at a fixed flow rate ratio of 8:1.  With the 
fixed viscosity of 2 mPa·s, more live sperm cells were obtained at the low flow ratio than at the 
high flow ratio.

3.3 Sorting concentration of oligozoospermia 

 The goals of this research were to help infertile patients who acquire live sperm and to 
implement ARTs.  One type of male infertility is oligozoospermia, which corresponds to a 
sperm concentration of 10 × 106–15 × 106 sperm/ml.  Moderate oligozoospermia corresponds to 
a sperm concentration of 5.0 × 106–10 × 106 sperm/ml, and severe oligozoospermia corresponds 
to a sperm concentration of less than 5.0 × 106 sperm/ml.  
 Because of the rarity of the sperm in oligozoospermia samples, we imitated the sorting 
of semen in a sample with a low sperm concentration through dilution.  The concentrations 
of sperm before and after dilution were determined with a counting chamber (Makler).  The 
diluted oligozoospermia sample was sorted at a flow rate ratio of 8:1 for 1 h and analyzed with a 
flow cytometer.

3.4	 Detection	of	integrity	of	cell	membrane

 Because the PI dye cannot permeate a cell membrane, it can only dye dead cells with broken 
cell membranes.  We applied this phenomenon to determine whether a cell membrane was 
intact or not and compared the result of a microfluidic group with that of a centrifugal group.  
The samples used in the centrifugal process were prepared by adding 30 μl of stock semen 
to 1970 μl of buffer, then centrifugation was carried out at 1800 rpm for 15 min, 1000 rpm 
for 10 min, and 1000 rpm for 10 min.  The control, microfluidic, and centrifugal groups were 
then dyed with SyBr14 and PI, and analyzed with a flow cytometer.

4. Results

 A flow cytometer can identify the type and strength of fluorescence, and categorize the 
cells,(27) as shown in Fig. 4.  This property is helpful for analyzing the sorting results, such as 
for the two parameters defined below.  
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 In reference to the four-quadrant diagram in Fig. 4, the semen viability is defined as 
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 Dying sperm cells emit both green and red fluorescence, which means that the cell 
membranes are broken and cannot be used in ARTs.  The F3 region has neither green nor red 
fluorescence detected.  This region corresponds to debris and can be neglected.
 The sorting efficiency is defined as 
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 A higher sorting efficiency indicates more live sperm cells were sorted from infused live 
sperm cells.

Fig. 4. (Color online) Flow cytometry result. (a) The machine detects the cell size (y-axis) and granularity (x-axis) 
using forward- and side-scattered laser light. (b) Detection of PI, excited fluorescence strength. (c) Detection of 
SyBr14, excited fluorescence strength. (d) Dot map obtained from fluorescence signals.

(a) (b)

(c) (d)
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4.1 Stock sample sorting

 From the results of the ANSY simulation, we knew that a f low rate ratio of 8:1 is 
inapplicable to semen of high viscosity (greater than 2 mPa·s) because semen enters the sorting 
outlet.  However, the flow rate ratios can be adjusted for highly viscous semen, and this method 
is effective.  The difference in flow field with flow rate ratios of 8:1 and 17:1 is shown in Fig. 5; 
less than 25% of the semen (blue part) flowed into the sorting outlet with the flow rate ratio of 
17:1.
 After many experiments with different flow rates, we observed by microscopy that most 
sperm cells enter the waste outlet, which is expected to improve the separation.  According to 
Table 1, the viability was significantly improved with the fixed flow rate ratio of 8:1 in the four 

Fig. 5. (Color online) Highly viscous semen sorted at flow rate ratios of 8:1 and 17:1. The viscosity of 4.2 mPa s 
and the flow rate ratio of 8:1 result in 50–75% (yellow part) of the semen entering the sorting outlet, but less 
than 25% of the semen enter the sorting outlet when the ratio is increased to 17:1. This adjustment improves the 
separation of a stock sample in the biochip.

Table 1
Results of stock sample sorting before and after adjustment of the flow rate. Before: all viability enhancements were 
less than 10% (gray columns). After: the viability enhancements were greatly improved, but the sorting efficiencies 
were very low (white columns).

Sample Flow rate ratio
buffer:semen

Viscosity
(mPa·s)

Control 
viability (%)

Sorting 
viability (%)

Viability 
enhancement (%)

Sorting 
efficiency (%)

A

8:1

 2.1  37.1  44.8  20.8  37.9
B  2.95  55  52.8  −4.0  25.9
C  4.2  61.5  62  0.8  5.3
D  5.1  58.5  65.8  12.5  3
A 11:1  2.1  30.6  61.6  101.3  8.9
B 14:1  2.95  55  61.8  12.4  2.2
C 17:1  4.2  61.5  86.2  40.2  0.5
D 20:1  5.1  58.5  78  33.3  0.2
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groups of experiments.  This result confirms that our biochip can sort live sperm from a stock 
sample with an appropriate flow rate, but increasing the flow rate of the buffer prevented many 
live sperm cells from swimming through the interface of the fluids and flowing into the waste 
tank.  As a result, even at a large initial concentration, the sorting efficiency was only 0.2% and 
not enough live sperm cells were collected.  

4.2	 Fixed-viscosity	sorting

 To solve the problem of sorting the stock sample, we diluted the semen to obtain a viscosity 
of μ = 2 mPa·s and carried out many experiments.  We took the averages of the results and 
compared them with the result of stock sample sorting.  According to Table 2, the average 
concentration of the stock samples was 34 × 106 /ml and that of the diluted samples was 
19.1 × 106 /ml.  The average motility (a + b) of the stock samples was 49.7% and that of the 
diluted samples was 44.3%, which does not show a large difference.  The mobility of sperm is 
classified as follows:
a: rapid forward movement, no tail movement visible,
b: wiggling left and right, tail movement visible,
c: wiggling in a fixed place,
d: no movement.
 The viabilities were 53.1 and 57.2% before sorting, 73.1 and 74.6% after sorting, and the 
increases were 20 and 17.4%.  These results show that the viability enhancements of the stock 
sample with a high ratio and the diluted sample with a ratio of 8:1 are similar; both can increase 
the number of live sperm cells by about 20%, but there is a major difference between these two 
methods in terms of sorting efficiency.  Although the sperm concentration of the stock sample 
is large, only 2% of the live sperm (about 2098 live sperm on average) were separated because 
of the high flow rate.  In contrast, although the samples diluted to a viscosity of 2 mPa·s had a 
low sperm concentration, approximately 10% of live sperm were sorted (about 7819 live sperm 
on average).  These results indicate that, under similar viability enhancements, sorting a diluted 
sample with a flow rate ratio of 8:1 facilitates the filtering out the live sperm, making it a 
superior sorting method.

Table 2
Comparison between stock sample sorting and fixed-viscosity sorting. The viability and viability enhancement are 
similar, but the sorting efficiency and the number of acquired live sperm cells after sorting a diluted sample were 
much greater for the fixed-viscosity sorting.

Stock sample with 
high flow rate ratio (N = 5)

2 mPa·s diluted sample with 
8:1 flow rate ratio (N = 16)

Concentration (ml) 34 × 106 19.1 × 106 (diluted)
Motility a + b (%) 49.7 44.3
Control viability (%) 53.1 57.2
Sorting viability (%) 73.1 74.6
Viability enhancement (%) 20 17.4
Sorting efficiency (%) 2 9.5
Sorting live sperms 2098 7819
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4.3	 Sorting	results	by	different	concentration	of	oligozoospermia	patients

 As defined by WHO in 2010,(28) there are three levels of oligozoospermia according to 
the sperm concentration.  The samples compared with different levels of oligozoospermia 
were obtained by dilution, and the sorting results of diluted samples with different levels of 
oligozoospermia are shown in Fig. 6.
 First, we diluted semen to a mild oligozoospermia concentration, carried out many 
experiments, and compared the average viability enhancements.  As shown in the left of Fig. 6, 
the average proportions of live sperm in the mild oligozoospermia sample were about 69.8 and 
84.4% before and after sorting, respectively, with an average enhancement of 21% and a sorting 
efficiency of 14.7%.
 Second, as shown at the center of Fig. 6, the viability of the moderately diluted 
oligozoospermia samples was increased from 68.5 to 81.5% after sorting, with an average 
enhancement of 19.0% and a sorting efficiency of 13.8%.
 Third, as shown in the right of Fig. 6, the viability of the severely diluted oligozoospermia 
samples was increased from 67.6 to 86.4% after sorting, with an average enhancement of 27.9% 
and a sorting efficiency of 13.7%.
 These results indicate that, at each level of oligozoospermia, the viabilities and sorting 
efficiencies were similar.  A comparison of the results with those for the sorting of normal 
semen shows that the sorting performance for an oligozoospermia sample is comparable to that 
for a normal sample, which means that the biochip is applicable to all semen concentrations.

4.4	 Detection	of	integrity	of	cell	membrane

 The average results of several experiments in Fig. 7 show that the percentage of sperm 
cells with an intact membrane from the waste outlet was similar to that of the control group 

Fig. 6. (Color online) Results of sorting diluted oligozoospermia samples. The viability enhancements and 
sorting efficiencies of these samples with three levels of oligozoospermia are similar, which means that the biochip 
is applicable to all semen concentrations.
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because the semen separated out only some of the live sperm cells into the sorting outlet.  In 
the centrifugation group, all sperm cells were collected and precipitated; thus, the proportion 
of sperm cells with an intact membrane was also similar to that of the control group, but the 
proportion of sperm cells with an intact membrane in the sorting outlet was about 10–20 % 
greater than those for the other groups because of the removal of dead sperm cells during the 
sorting, confirming that the sperm integrity after sorting was superior.
 We divided the experimental results into two parts according to the sperm concentration: 
normal sample (more than 15 × 106 /ml) and oligozoospermia (15 × 106 /ml or less).  The results 
of the control group, the waste outlet, and the centrifuge group were similar, whereas the sorting 
outlet had 74.2 and 55.3% intact sperm cells for the normal and oligozoospermia samples, 
respectively.  Moreover, the results of the oligozoospermia sample before and after sorting 
were inferior to those of the normal sample; we infer that patients with oligozoospermia have a 
greater probability of suffering asthenospermia and decreased viability.

5. Conclusions

 In this study, a syringe pump with a low flow rate was used in combination with microfluidic 
chips.  Laminar flow was generated on a microscale and applied to sperm samples with various 
concentrations and motilities.  This method can replace traditional screening methods and 
manual selection, and also avoid possible harm to sperm during centrifugation.  
 The biochip used in stock sample sorting can still give excellent screening results.  
Although the viscosities of the stock semen were mostly high, these high viscosities altered 
the distribution of the flow field in the microchannel.  Dead sperm cells could not be removed 
effectively, affecting the viability of the sorting outlet.  After the appropriate adjustment of the 
flow rate ratio (11:1–20:1), the viability was greatly improved, even when the viscosity was less 
than 2 mPa·s or greater than 5 mPa·s.  Although the quantity of sorted live sperm cells and the 
sorting efficiency were low, it proved that both diluted and stock samples can be used with this 
chip.  
 To improve the efficiency of sorting a stock sample and to facilitate operation by users, 
the samples were diluted to obtain a fixed viscosity of 2 mPa·s.  Then, all the samples were 

(a) (b)

 Fig. 7. (Color online) Results of detection of cell membrane integrity. In the two types of samples, the integrity 
of the sorted group is 10–20% greater than those of the other groups, showing that the fraction of intact sperm cells 
is improved after sorting in the biochip.
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uniformly sorted with a flow rate ratio of 8:1 (buffer:semen).  According to the experimental 
results, although the average viability of the oligozoospermia samples was low, the viabilities 
of both normal and oligozoospermia samples were increased by more than 10% with a sorting 
efficiency of about 10%.  Provided that the sperm motility was sufficient, all samples were 
successfully screened in this chip.
 The experiment on sorting diluted oligozoospermia samples showed that the average 
viability was increased by at least 10% after the screening by the chip, regardless of the sample 
concentration.  The proportion of live sperm cells screened out (sorting efficiency) was more 
than 10%, confirming that the chip enhanced the sperm viability and had the ability to collect 
live sperm cells at all concentrations.
 The experiment on the integrity of the cell membrane showed that the damage rates of sperm 
cells screened with the microchannel decreased by to 10–20 %, which means that live sperm 
cells were screened with little damage.
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