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Introduction

Microfluidics is the science and technology of accurate 
manipulation of small amounts of fluids, which is typically 
done in microchannels with dimensions of a few hundred 
micrometers (1). This sub-millimeter scale has two main 
benefits: (I) the flows involved are laminar allowing us 
to take advantage of the fluids deterministic behavior to 
accurately manipulate the fluids and suspended particles; 
and (II) channel features have dimensions of the same 
order as many biological particles (1–100 µm). We refer 
to the manipulation of fluids at this scale as microfluidics, 
and to the devices which employ these tools microfluidic 
devices. Microfluidic devices are typically fabricated by 
microfabrication techniques, and are the combination of 
functional microscale parts for fluid delivery, fluid mixing (2),  

and separation of particles in fluids (3). Furthermore, 
different types of microfluidic systems can be integrated 
to produce highly complex systems with small footprints. 
Thus, microfluidic devices are often called Micro-Total-
Analysis Systems (µTAS) or lab-on-a-chip (LOC) devices. 
Currently, microfluidic devices are utilized in the fields 
of analytical chemistry, molecular & cellular biology, 
microbiology, and pharmaceutical drug screening (4). Across 
these fields, microfluidic devices have been developed 
to complement or even supplant the existing sample 
manipulation processes associated with cell culturing, cell 
separation, and DNA analysis. Utilizing properties unique 
to the microscale, microfluidic systems demonstrate several 
advantages when compared to conventional bulk fluid 
approaches:

(I) Microfluidic systems are capable of working with 
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small volume samples (mL to nL). Consequently, 
the operational cost is reduced by reducing the 
volumes of expensive reagents (4); 

(II) Microfluidic systems have high sensitivity and 
low response times. The relative enhancement 
of surface-to-volume ratio, diffusion rate, and 
heat dissipation rate at the microscale improves 
the detection limits and sensitivity, and reduces 
reaction times (4);

(III) Microfluidic systems enable large-scale parallelization 
for high throughput operation and multiple 
parameter assays. Multiple functional structures 
can be parallelized easily during the fabrication of 
microfluidic devices. For example, by building a 
microplate system array in a microfluidic chip, high 
throughput and high resolution analysis for drug 
screening and antigen detection has been achieved (5);

(IV) Microfluidic systems are suitable for single cell 
analysis. The functional structure and forces unique 
to the microscale enables the precise single cell 
manipulation or separation of rare cells in highly 
heterogeneous mixtures. Cell manipulation based 
on physical trapping, immune capture and optical 
tweezers can be realized in microfluidic systems 
(3,6,7);

(V) Microfluidic systems can achieve automatic sample 
treatment and analysis. Microfluidic systems 
provide excellent methods for automatic reagent 
delivery and condition control (6,8). In addition, 
portable point of care diagnostic equipment can be 
developed based on microfluidic systems for onsite 
rapid sample analysis (9,10).

By relying on these advantages, microfluidic systems 
have been utilized in the field of assisted reproductive 
technologies (ART) to assist with sperm sorting (11), oocyte 
manipulation (12), insemination (13), embryo culturing (14),  
and for assessing sperm and embryo quality (15). 
Microfluidics is expected to help to improve the efficiency 
of sample preparation, enable consistency in cell/embryo 
culturing and operation environments, and reduce human 
error. Though proof-of-concept experiments have been 
performed to demonstrate the capabilities of microfluidic 
systems in many areas of ART, most of the clinical 
applications of microfluidic systems have been in sperm 
purification or sorting. 

Selection of qualitatively and quantitatively sufficient 
sperm is a critical sample preparation process in the 
treatment of male-factor infertility. Microfluidic system 

based sperm sorting processes can improve recovery of 
motile sperm from semen, recovery of sperm from highly 
heterogeneous mixtures, and possibly reduce clinician skill 
requirements for sperm purification process (16-19). In this 
chapter, we will discuss some of the available microfluidic 
systems for processing sperm samples. We will start with 
a discussion on semen analysis systems in which sperm are 
sorted for determination of sperm quantity and/or quality. 
In the second section, emerging sperm quality-based 
microfluidic cell sorting technologies are discussed. Then 
the potential of Raman-microfluidics systems is reviewed for 
non-invasive single sperm sorting. In the end, we highlight 
hurdles to commercialization of microfluidic sperm sorting 
systems and provide suggestions to overcome them.

Microfluidics for semen analysis

The analysis of human semen is essential to the diagnosis 
and treatment of male-factor infertility (20-30). Several 
microfluidic devices have shown the ability to analyze the 
key semen analysis parameters such as sperm count, sperm 
motility, and sperm morphology. These technologies have 
proven to be fast, easy to use, and consistently accurate. 
Furthermore, microfluidics has the potential to fill the need 
for fertility diagnostics in point-of-care environments and 
developing countries (31). We review current microfluidic 
applications that show the potential to revolutionize sperm 
analysis in research and clinics alike.

An excellent example is Segerink and coworkers 
(32,33), who developed a microfluidic system that that 
could accurately quantify sperm count using the electrical 
impedance method also known as the Coulter Principle—
an established method for cell counting and size analysis. 
This method correctly classified all semen samples in the 
subfertility zone (<20×106 m/L) and had a strong correlation 
with conventional methods.

Recently, paper-based microfluidics have emerged as 
a simple, low cost, and faster alternative to conventional 
sperm analysis. Similar to pregnancy testing devices, 
they have the potential to enable effective at-home 
semen analysis. A promising example is the paper-based 
microfluidic device developed by Nosrati and coworkers for 
at-home semen testing (34). 

Table 1 summarizes a variety of microfluidic-enabled 
technologies for semen analysis by providing the sorting 
principle, a general device description, and types of 
sperm parameters analyzed. R2 values listed in Table 1 
were calculated by comparing the values calculated by 
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the respective microfluidic system and values obtained via 
conventional methods. Each device had significant accuracy, 
with sperm concentration and motility range capability 
comparable to conventional methods. 

Commercial adoption

Several  commercial  microfluidic systems exist  to 
determine semen quality. SpermCheck is a paper based 
microfluidic device that can identify semen that falls 
below the WHO reference value for low sperm count 
(<20×106 mL−1) (21). SpermCheck has demonstrated 100% 
concurrence in the diagnosis of low quality sperm when 
compared to cell counting chamber methods (39). Another 
product, FertilMARQ provides similar information. 
The commercially available test Fertell can detect semen 
samples with low motility (40). Though these products 
are a step in the right direction, they can only identify a 
single semen parameter and rely on the interpretation of 
the test result by the consumer. Microfluidics can be used 
to develop an automated bench-top diagnostic tool that 
can enable infertility clinicians to quantify multiple semen 
parameters in single sample run (41), as demonstrated by 
the technologies listed in Table 1. Furthermore, microfluidic 
semen analysis systems can help in standardizing semen 
analysis across multiple infertility clinics, and possibly lower 
costs for semen analysis.

Despite the proven potential of microfluidics for semen 
analysis, widespread use is yet to be seen. We believe this is 
partly due to emergent nature of microfluidic technology 
over the last two decades. However, microfluidics 
technology has significantly matured since its inception in 
the 1990s and may now be ready to make its contributions 
in ART, as we discuss in later sections. 

Microfluidics for sperm sorting

Selection of sperm is important because the quality of 
selected sperm influences the success rate of ART (42), rate 
of birth defects (43), and has been linked with potential 
infertility in male offspring (44). Three conventional sperm 
sorting techniques have emerged as dominant in Andrology 
clinics today: density gradient centrifugation, sperm 
washing, and swim-up (SU). There are essentially two 
concerns with conventional sorting methods: (I) they bypass 
the natural barriers that sperm would experience in vivo (45); 
and (II) many studies have related the centrifugation steps 
of the sorting process with sperm DNA damage (46,47) that 
may have long-term effects on embryos’ viability (48). 

Microfluidics provides the opportunity to sort sperm 
cells in a faster, gentler way that more closely mimics the 
natural selection processes and avoids some of the most 
detrimental elements of current sperm sorting techniques. 
Microfluidic sperm sorting approaches can generally be 

Table 1 Review of microfluidic technologies for semen analysis

Principle Description Analysis performed Parameters

Electrical 
impedance

Glass microchip with 
microchannel with electrode gate 
and inlet, outlet reservoir (32)

Sperm concentration, 
differentiation between type of 
semen cell

0.97 R2 value for sperm concentration; range 
for concentration: 2×106–60×106 mL–1 

Oriented sperm 
swimming

Glass microchip with induced 
fluid flow and electrode gate (35)

Sperm concentration, motile 
sperm concentration

Range for sperm concentration: 0–76×106 mL–1;  
range for sperm motility: 0–19×106 mL–1

Random swimming 
orientation, 
sedimentation

Two containers separated by a 
sperm buffer (36)

Sperm concentration, motile 
sperm concentration

0.97 R2 value for sperm concentration; 
0.84 R2 value for sperm motility; range for 
concentration: 0–252×106 mL–1

Resistive pulse 
technique

Glass microchip with an induced 
electrical current and fluid flow 
through an electrode gate (37)

Sperm volume, sperm velocity, 
tail beat frequency, sperm head 
orientation and shape

0.94 R2 value to for sperm velocity; 0.70 R2 
value to for beat frequency

Electrical 
impedance

Glass microchip with two sets of 
electrode gates and induced fluid 
flow (38)

Presence of a defect, sperm 
direction, sperm orientation

89% accuracy in sperm abnormality detection 

Colorimetric signal Paper-based microchip that used 
a chemical based color scale (34)

Sperm concentration, motile 
sperm concentration

Range for concentration: 8.56×106–381× 
106 mL–1; range for motility: 8.56×106–381× 
106 mL–1; time to run analysis: 10 min
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sorted into three categories: (type 1) microfluidic devices 
that isolate only motile sperm; (type 2) microfluidic devices 
that isolate sperm cells without relying on sperm motility; 
(type 3) microfluidic devices for the observation and 
selection of individual sperm. 

Type 1 is the largest group of microfluidic devices and 
include technologies that improve the swim up method 
by translating the process of motility screening to a 
microfluidic system. While some of these systems are able 
to select enough sperm cells for intrauterine insemination 
(IUI) (>10 M sperm), the vast majority select a much 
smaller, and purer, subpopulation fit for in vitro fertilization 
(IVF) (~100,000 cells). Generally, the subpopulation that 
these systems select is nearly 100% motile and is of higher 
quality in terms of morphology and DNA integrity than the 
unprocessed semen sample. Type 2 microfluidics devices 
do not utilize sperm motility as a selection factor, but 
instead use sperm shape, size, or other physical biomarkers 
as the trapping/selection mechanism. These systems are 
not necessarily focused on capturing an improved sperm 
subpopulation, rather these systems have the potential 
to retain the full fertilization capability of a subfertile 
semen sample by indiscriminately capturing sperm cells. 
Type 3 microfluidic devices take advantage of the ability 
of microfluidics to capture and non-invasively investigate 
the characteristics of a single sperm cell while maintaining 
sperm viability. We review and discuss each of these 
microfluidic systems separately in the following sections.

Type 1: improved selection of high quality sperm 
subpopulations by targeting highly motile sperm

Sorting sperm cells based on their motility is beneficial 
for three main reasons: (I) it is a natural way to separate 
them from somatic cells and debris in semen; (II) dead and 
damaged sperm cells are also selected against; (III) high 
motility is required for successful fertilization in IUI or 
IVF. Sperm separation based on motility is the operating 
principle behind the SU method which was first explained 
by Mahadevan and Baker (49) in 1984, and has become the 
most commonly used sperm separation procedure and the 
standard technique for patients with normozoospermia and 
female subfertility (50). The expected advantage of moving 
the motility selection from wells to a microfluidic chip 
include the increased surface across which sperm can swim, 
the ability to fine tune the motility cutoff of the device, and 
the potential to incorporate sample preparation directly.

The first group to move the motility selection onto a 

microfluidic chip was Cho and coworkers who used a device 
that consisted of a single channel with two outlets and 
two inlets as shown in Figure 1A (51). A sperm sample was 
introduced to the top inlet, and while immotile sperm and 
debris maintained their original streamline to exit through 
the top outlet, motile sperm were able to swim across 
streamlines to exit through the lower outlet. Their results 
showed that they could select a subpopulation of sperm that 
was nearly 100% motile and had a normal morphology of 
22.4%±3.3% (compared to 9.5%±1.1% before sorting) and 
contained approximately 40% of total motile sperm (TMS) 
from the original sample (51). Their work showed the 
promise of microfluidic systems to replace traditional clinical 
procedures as the selected subpopulation was more motile, 
and contained similar morphological characteristics to the 
subpopulation selected by traditional clinical procedures. 
Using a similar device, Shirota and coworkers were able to 
show that this type of microfluidic separation can select a 
subpopulation of sperm with very low DNA damage (54). 
They reported the selection of a subpopulation of sperm 
cells which was 95% motile, and had a DNA fragmentation 
index (DFI) that was reduced to 1%.

The most direct selection of fast swimming sperm 
was made by Wu and coworkers utilizing a microfluidic  
system (52). In this system, Wu and coworkers created a 
triangular flow zone in which the microchannel’s geometry 
(Figure 1B) essentially created a gradient of mainstream 
flow speed along the geometry’s length. Due to the velocity 
distribution, only the fastest swimming sperm were present 
in the forward part of the device. Using this system, they 
were able to effectively enrich the percentage of viable sperm 
to 80% and very effectively select against dead sperm while 
processing batches of ~200,000 sperm in 5–15 minutes. 

It has also been proposed that other biomimicry could be 
employed to select an even further improved subpopulation 
of sperm cells (55). For example, microfluidic devices 
have been made to screen sperm based on their ability to 
swim up a chemical gradient (chemotaxis) (56) or thermal 
gradient (thermotaxis) (57). However, these instruments 
have been used mainly for research purposes, as reviewed 
extensively by Nosrati and coworkers (11). A microfluidic 
system capable of mimicking the entire natural selection 
process of the vaginal canal is currently challenging, but is 
theoretically possible due to extensive research on organ-
on-a-chip (58). 

Theoretical ly,  the qual ity of  selected sperm is 
inversely related to the quantity of selected sperm. 
Hence, by imposing stricter selection criteria on sperm 
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cells, microfluidic devices are able to select sperm cells 
with increased fertilization capability. One impressive 
demonstration of this phenomenon was made by Nosrati 
and coworkers (53), who used 500 relatively long parallel 
microchannels to select ~100,000 sperm from 1 mL of raw 
semen (Figure 1C). The selected sperm cells were shown to 
have >80% improvement in DNA integrity relative to the 
heterogeneous population present in the raw semen, and 
the selection was performed in <20 minutes.

In a more recent device by Asghar and coworkers 
these small channels were replaced with a membrane with 
small pores (59). The resulting chip is small, easy to use, 
and compatible with macroscopic manipulation systems 
(pipetting). In the optimal configuration, including an 8-µm 
pore size filter, the device is able to capture a subpopulation 
of sperm which has ~100% motility, and 60% normal 
morphology. Chinnasamy et al. tested a similar device, 
confirming the superiority of the 8 µm pores over larger 
alternatives (60). 

The data generated in the studies mentioned above 
supports the theory that a subpopulation of sperm that 
are more motile will be more fit for fertilization based on 
DNA damage, and the capabilities of microfluidic devices 
make them optimal for selecting sperm in this way. There is 
good evidence to suggest that a microfluidic platform could 
supplant traditional methods as the preferred technology. 
However, to date, there has been difficulty with moving 
these devices into the clinic for many reasons. From our 
perspective, the inertia inherent to the medical field can 
only be overcome when microfluidic technologies evolve 
to process raw semen samples, process clinically relevant 

volumes, and generate clinically relevant data, which 
ultimately includes pregnancy outcomes. 

Type 2: isolation of sperm cells without relying on motility

While motility-based selection methods have many benefits, 
microfluidic techniques that do not require sperm motility 
have also been explored. These techniques rely on a sperm 
cell’s size, shape, or charge for sperm sorting and have 
been associated with many benefits including speed, high 
recovery, and a selection of high quality sperm. 

One area where microfluidic devices have particularly 
excelled is the separation of sperm cells from samples with a 
low concentration of sperm cells relative to other material, 
including the separation of sperm from epithelial cells for 
forensic analysis, from white blood cells in contaminated 
semen, and from testicular cells after a testicular biopsy. Liu 
and coworkers developed a microfluidic system (Figure 2) for 
the separation of sperm and epithelial cells for rapid forensic 
analysis (61). By designing a microchannel with functional 
structures, the hydrodynamic interaction between fluid flow 
and cells led to the separation of different sized cells. The 
design of the microfluidic device is depicted in Figure 2A,B,C.  
The separation device is composed of two parts: part I is 
composed of a pinched segment and an expanded segment; 
part II is composed of a set of capillary tubes. With a sample 
flow rate of 2 µL/min, sperm recovery of 41.1% has been 
demonstrated with this microfluidic chip.

To date, the highest recovery of sperm cells that we are 
aware of was obtained using a system which was designed 
for processing pyospermic samples where there is a high 

Figure 1 Microfluidic systems designed for separation of sperm based on sperm motility. (A) Motile sperm can be selected from immotile 
sperm due to their ability to swim across channel width (51); (B) motile sperm are selected and sorted by swimming speed using the imposed 
velocity gradient (52); (C) a series of parallel, long narrow channels are used to select motile, viable sperm (53).

Media

Motile 
sperm

Straight 
flow zone

Nonmotile 
sperm

Flowing upstream sperm sorting (FUSS)

Flow speed (μm/sec)

Sorting zone (diffuser-type 
sperm sorter)

Separation 
zone 
(dumbbell 
structure 
separator)

G3 (180–) μm/sec
G2 (120–180) μm/sec
G1 (0–120) μm/sec
G0 (0) μm/sec
Debris

Sperm 
sample

y

x
z

3 mm

2 mm

1 mL of raw 
semen

~100,000 sperm with 
high DNA integrity

Viable sperm
Abnormal sperm
Debris

A B C



S341Translational Andrology and Urology, Vol 7, Suppl 3 July 2018

  Transl Androl Urol 2018;7(Suppl 3):S336-S347tau.amegroups.com© Translational Andrology and Urology. All rights reserved.

concentration of white blood cells present in the semen. By 
processing the sample through a spiral channel (as shown 
conceptually in Figure 3), Son and coworkers were able to 
show that they could remove white blood cells (WBCs) from 
the sample while still retaining 82% of sperm (18). The 
mechanism that they use captures such a high percentage of 
sperm cells that they argue that it could be used to capture 
extremely rare sperm from microTESE samples (16), which 
they have demonstrated with a small number of clinical 
samples (19). In a less extreme implementation, this type of 
sperm sorting device may be an important tool in retaining 
all of the sperm present in a subfertile semen sample before 
IUI. As an example, consider a semen sample which only 
contains 12 million motile sperm initially. By conventional 
methods, recovery of about 40% TMS is typical, which 
would result in the recovery of less than 5 million sperm. 
Utilizing the microfluidic sperm sorting method developed 
by Son and coworkers, a clinic would recover almost 9 
million (80% TMS), ensuring that the patient’s sample 
essentially retained the maximum fertilization capability of 
the original semen (18).

Using density and surface properties instead of size, 
Horsman et al. was also able to separate sperm cells from 
epithelial cells based on the physical settling and adherence 

properties of epithelial cells in a glass microfluidic  
chamber (62). Approximately 25% of the sperm cells were 
recovered from the original sample after 70 minutes of 
treatment. 

Other microfluidic technologies are also capable 
of separating or capturing sperm cells based on their 
charge/size ratio by employing electrophoresis (63) or 
dielectrophoresis (64). Among these, electrophoresis has 
been demonstrated with whole semen samples and shown 
the ability to select a sperm subpopulation similar to 
those acquired by traditional clinical methods in less time  
(5–20 minutes) (63). The presented device was able to 
process sample in one 400 µL chamber, although it could be 
scaled or parallelized. 

Recently, de Wagenaar and coworkers developed a 
microfluidic device to detect and sort morphologically 
normal cells (38). A common sperm defect is the presence 
of a cytoplasmic droplet attached to the sperm flagellum. 
Using electrical impedance measurements, droplet 
presence was detected and the defective sperm cells were 
flagged. This work is a good example of the concept 
that microfluidic devices can be used to detect and sort 
sperm cells with abnormal morphology with considerable 
precision.

Figure 2 This figure depicts a microfluidic system designed for rapid separation of sperm from epithelial cells with application in forensics 
related to sexual assaults. (A) A picture of the actual device; (B) the cell mixture is aligned against the top wall in the pinched segment, and 
then the position difference of different sized cells is amplified in the expansion region; (C) sperm recovery rate is improved in the parallel 
capillary tubes (61).
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Beyond the current practices for rare sperm cell isolation, 
many existing microfluidic separation approaches have 
the potential to be used in the future for sperm isolation. 
Various tests have been performed for the isolation of rare 
cells using microfluidics technology (65), though they have 
not yet been applied to sperm. A comprehensive summary 
of available rare sperm isolation approaches can be found in 
tables published by Chen et al. (65) and Samuel et al. (16). 
In summary, while motility-based selection can lead to the 
selection of a high quality subpopulation, techniques that do 
not rely on sperm motility may also play an important role 
in the clinic.

Type 3: single cell observation and selection

An emerging area of research for single sperm selection 
involves utilization of Raman spectroscopy in combination 
with microf luidic  sperm sort ing systems.  Raman 
spectroscopy is a type of vibrational spectroscopy that 
relies on inelastic scattering of monochromatic light by 
the molecular structure of a system to determine the 

constituents of the system. Raman spectroscopy has 
been popularly used in material science and analytical 
chemistry for non-destructive identification of elements 
and compounds. However, due to significant improvements 
in optics, semiconductor technologies, and data analysis 
and processing capabilities in the last 20 years, Raman 
spectroscopy has a new area of application: single cell 
analysis. 

Unlike a majority of other single cell analysis techniques 
Raman spectroscopy on a single cell can be non-destructive 
and is label-free. A Raman spectra of single cell can provide 
an extensive amount of information on the molecular 
structure of the cell. This makes Raman spectroscopy very 
attractive for reproductive medicine where one viable cell 
(sperm or oocyte) can make a significant difference in the 
development of a healthy embryo (66). It is likely that viable 
sperm have Raman spectras with common traits, leading 
to the realization of biomarkers. With the motivation of 
identifying such biomarkers, there have been foundational 
efforts reported in the last 5 years involving Raman 
spectroscopy of sperm, recently reported by Mallidis and 
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Figure 3 The figure depicts the function of spiral microchannels to isolate sperm from pyospermic semen samples. The sample in injected 
at the inlet (part a), and based on the size-based lateral migration (part b and part c), sperm and white blood cells are collected in different 
outlets (part d). Size-based lateral migration of different cells is depicted in part (c) where two different forces (lift force “FL”, dean drag “FD”) 
distinctly position different-shaped cells along cross section of the channel (18).
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coworkers (66). Many of these works have been focused on 
measurement of sperm nuclear DNA damage. However, in 
most of these published works, dead sperm were smeared 
or fixated on slides. This undermines the non-invasive 
analytical capability of Raman spectroscopy. The following 
highlights the contributions from each publication:

(I) Huser et al. performed preliminary work to 
quantify the efficiency of DNA packaging within 
sperm with normal and abnormal head shape. 
Based on this work, Huser & coworkers conclude 
that there is evidence of significant inefficient 
DNA packaging within sperm with normal head 
shapes (67). Furthermore, this level of inefficient 
DNA packaging can be similar in both sperm with 
normal/abnormal head shapes;

(II) Meister et al. and Mallidis et al. performed studies 
and were able to distinguish Raman spectral 
peaks from individual sperm before and after UV 
exposure, thus quantifying DNA and organelle 
damage (68,69);

(III)Liu et al. performed a study in which sperm were 
sorted in to groups: sperm that bound to human 
zona pellucida, and those sperm that did not 
bound. After sorting, Raman spectroscopy was 
performed on both groups of sperm. Liu & 
coworkers analyzed the resulting spectras and were 
able to distinguish between the two groups based 
on peaks and regions in the spectras. Since sperm 
bound to zona pellucida are likely to have normal 
morphology and chromatin DNA, the results of 
this study suggests that Raman spectroscopy can be 
used to identify viable sperm (70).

The collection of Raman spectras from live motile cells 
requires immobilization of the cells. Edengeiser et al. (71) 
reported a study in which live sperm were immobilized 
on CaF2 slides using a special wet chemistry protocol. 
After sperm were immobilized each sperm was analyzed 
by Raman spectroscopy in an automated fashion. The 
authors report Raman data acquisition at the speed of  
1 sperm/minute. This work is significant, since it reports 
for the first time Raman spectroscopy of live sperm in 
near-physiological conditions. The authors suggest that 
the recovery of sperm after the spectroscopy procedure 
could be possible by either lowering the pH (within 
physiological ranges) and/or by exposing the CaF2 substrate 
with a solution of α-D-mannosyl. In our opinion it is 
likely that this could lead to sperm loss. Furthermore, it 
would be important to sort sperm based on their individual 

spectras, which seems unfeasible based on the mobilization 
protocol suggested by the authors. However, a microfluidic 
system could enable researchers to immobilize single 
sperm, collect Raman spectra, and finally sort the sperm 
to a well, based on its spectra. Such microfluidic systems 
have already been adopted for other cell types for Raman 
spectroscopy in a medium throughput fashion (72-75). 
But, from the perspective of clinical andrology, medium or 
high throughput Raman microspectroscopy may not be a 
requirement in determination of most viable sperm from 
a patient’s sample since a small number [10–50] of viable 
sperm should be enough to perform intracytoplasmic sperm 
injection (ICSI). 

As possible complements to Raman spectroscopy 
approaches, other microfluidic-based systems have been 
developed to trap single or a small number of sperm from 
semen or samples containing washed sperm in media. Ohta 
and coworkers have demonstrated that optoelectronic 
tweezers (OET) can be used to distinguish between live and 
dead sperm in fresh semen (76). OET generate electric field 
gradients on specially designed substrates. Live and dead 
sperm experience different levels of forces from these electric 
fields, which enables non-invasive selection of live sperm 
(motile and immotile). Additionally, Ohta and coworkers 
demonstrated that sperm sorted by OET maintain sperm 
viability and no DNA damage is induced by OET.

Conclusions and commercialization of 
microfluidic sperm sorting systems

Based on the technologies reviewed in this work, it can 
be concluded that there are many relevant applications of 
microfluidics to ART and male infertility, but the potential 
of microfluidics has still not been fully realized for human 
sperm manipulation, since commercialization has not been 
consistently achieved. Microfluidic systems related to sperm 
analysis have matured faster and reached commercialization 
earlier than microfluidic sperm manipulation systems. 

The demonstrated results of microfluidic sperm sorting 
systems are encouraging and based on records available 
at “clinicaltrials.gov”, clinical studies on some of these 
systems are being carried out in USA. Review of these 
records show that these sperm sorting systems can be 
categorized under systems that allow selection of high 
quality sperm subpopulations by targeting highly motile 
sperm (discussed in section “Type 1: improved selection 
of high quality sperm subpopulations by targeting highly 
motile sperm”). Hence, it is likely that clinical studies on 
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other microfluidic systems for sperm purification would 
emerge in the near future.

The slower progress of development of microfluidic 
sperm sorting systems is likely due to the more recent 
development of these technologies and the more complex 
nature of the designs, as well as other factors.

Microfluidics, like any emerging technology, had a period 
of initial hype from 1990–2009 (77). During this period, the 
excitement of a new technology, like microfluidics, led to 
some ineffective problem-solution fits. However, in the past 
decade after significant research development, microfluidic 
systems are firmly demonstrating their unique scientific 
niche for medical applications (4). But commercialization 
of microfluidic systems still has significant hurdles that are 
potentially being addressed by the microfluidics research 
community. 

One possible l imitation is  that currently,  most 
innovative microfluidic systems are being fabricated in 
polydimethylsiloxane (PDMS). PDMS, though ideal for 
cost-effective rapid prototyping (ranging from $10 to $500, 
depending on complexity of the design), has significant cost 
challenges when it comes to mass production. Hence, it 
is important that as microfluidic engineers design systems 
in PDMS, they plan for translating the design to other 
materials ideal for mass production, e.g., thermoplastics. 
This design philosophy is beginning to take root based 
on the increase in number of publications demonstrating 
thermoplastic-based microfluidic systems (78). Furthermore, 
rapid prototyping of microfluidic systems by 3D printing 
technology is being increasingly adopted by drivers of 
microfluidics innovation that are based in academia (79). 
Most 3D printers use a variety of low priced thermoplastics 
or other polymers for printing. Interestingly, a considerable 
number of these polymers are biocompatible, and in a few 
cases approved by US Federal Drug Administration (FDA) 
for medical applications. Hence, 3D printing technology 
is likely going to facilitate faster commercialization of 
microfluidic systems, especially since many applications of 
microfluidics in medicine are limited in numbers and not 
always amenable to typical mass production techniques. 
Utilizing thermoplastics for production of microfluidic 
chips ensures that costs to produce a disposable microfluidic 
chip remain below $10 for commercialization feasibility. 

In the specific case of microfluidic sperm sorting systems, 
it is important that such systems can handle volumes 
that are clinically relevant and that are relatively large 
for microfluidics (1–10 mL). However, such systems are 
challenging to develop without undermining the unique 

advantages for processing fluids at the microscale. More 
recently, microfluidic systems that process large volumes 
quickly (e.g., inertial microfluidic systems) have been shown 
that can overcome such technical hurdles (80,81).

In order to facilitate adoption of microfluidic systems 
in clinical environments, user friendly, simple and robust 
designs with minimum moving parts need to be pursued. 
Such designs are in development and will allow a faster 
path to commercialization; this review of microfluidic-
based sperm analysis systems presents many systems with 
these traits. As an example, microfluidic systems containing 
embedded microvalves were considerably popular  
10 years ago (82), but due to issues with robustness and 
manufacturability of these microvalves, they are hardly 
prevalent in current microfluidic systems (4).

Lastly, it is important that miniaturization of a clinical 
sample treatment to a microfluidic system should have 
significant advantages when compared to conventional 
treatments. These advantages are likely to only be found 
through interdisciplinary research efforts that include experts 
in both microfluidics and medicine; as such synergistic teams 
can help discover the right microfluidic tools for solution 
of an appropriate clinical problem. The last decade has 
witnessed a growing number of these highly interdisciplinary 
teams (engineers, medical doctors, biologists, chemists, 
physiologists, etc.), leading to successful applications 
of microfluidic systems in the realm of life sciences. 
Similar collaborations are needed for the development of 
microfluidics-based sperm sorting systems or microfluidic-
based assisted reproductive technologies (µ-ART). 

Commercialization of emerging technologies in medicine 
is best pursued along with publication of peer-reviewed data 
regarding the effectiveness and use of the technology by end-
users. This process, from the conception of the technology to 
publication of end-user data in any field of medicine, can be 
considerably arduous. Hence, partnerships between infertility 
clinics based in universities and startup companies are ideal 
for the development of µ-ART. These partnerships are 
mutually beneficial for universities (that are research driven 
and need to produce scholastic publications), and startups 
that need to develop a product or intellectual property. 
These partnerships are highly encouraged by startup-
focused investors due to the close initial contact between the 
development team and the customer, and thus have a higher 
likelihood of commercial success. When significant numbers 
of teams of this sort are operating, we anticipate a rapid 
improvement in the capabilities of ART facilities enabled by 
microfluidic technologies.
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