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Infertility is a state of the male or female reproductive system that is defined as the failure to achieve pregnancy

even after 12 or more months of regular unprotected sexual intercourse. Assisted reproductive technology (ART)

plays a crucial role in addressing infertility. Various ART are now available for infertile couples. Fertilization in vitro

(IVF), intracytoplasmic sperm injection (ICSI) and intrauterine insemination (IUI) are the most common techniques

in this regard. Various microfluidic technologies can incorporate various ART procedures such as embryo and

gamete (sperm and oocyte) analysis, sorting, manipulation, culture and monitoring.

droplet microfluidics  assisted reproductive technology  fertilization in vitro  sperm and oocyte

embryo culture

1. Introduction

About 7% of couples worldwide suffer from infertility conditions . Assisted reproductive technology (ART) includes

all treatments and medical procedures that include the handling of eggs and embryos to address infertility. Through

ART, part of infertility in women can be resolved by manual processing. In recent reproductive medicine

technology, various methods are available for infertile couples. ART can increase the genetic quality of livestock,

produce transgenic animals, assisting in cloning and artificial insemination, reduce disease transmission, preserve

endangered germplasm, produce chimeric animals for disease research and treat infertility. It can improve fertility

through artificial treatments, including fertilization in vitro (IVF) , gamete intra-fallopian transfer (GIFT),

pronuclear-stage tubal transfer (PROST), tubal embryo transfer (TET), zygote intra-fallopian transfer (ZIFT),

intrauterine insemination (IUI) and intracytoplasmic sperm injection (ICSI) . ART makes a continuing endeavor to

improve outcomes and to optimize efficiency. The most typical ART methods are fertilization in vitro (IVF) and

intracytoplasmic injection of sperm (ICSI) .

In the case of the male reproductive system, infertility is most commonly caused by problems of semen ejection,

absence or low levels of sperm, or abnormal morphology or motility of sperm. In the female reproductive system,

infertility might be caused by abnormalities of the ovaries, uterus, fallopian tubes and endocrine system. ICSI is a

technique in which a single sperm is injected directly into an oocyte for fertilization, which might cause unexpected

damage due to manipulation of the sperm and oocytes .
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Fertilization in vitro (IVF) became an exciting scientific achievement of the twentieth century that made a significant

impact on human lives . IVF involves procedures, in a complicated series, that are used to treat infertility and

genetic problems that assist in childbirth. It is an effective form of ART. The rates of success of fertilization in vitro

and embryo transfer in humans have risen dramatically, since Louise Brown was born in 1978, through

improvements in ovulation induction medications and regimens and progress in culture technology, including

culture media . In the face of widening ART applications, there are still compelling issues associated with it, such

as small rates of implantation and large rates of multiple pregnancy .

IVF treatment is an emotional and physical burden for women and their partners. Research results show that

couples that set foot in an IVF-treatment program are, in general, psychologically well-adjusted . Chiware et al.

 investigated the current availability of IVF in low- or middle-income countries (LMIC).

2. Conventional IVF & ICSI

During IVF, mature oocytes are retrieved from a patient’s ovaries and fertilized with a sperm in the laboratory. The

fertilized oocyte is subsequently implanted into the patient’s uterus. Current IVF procedures include selecting

motile sperm, retrieval and processing of oocytes, insemination, embryo culture in vitro and cryopreservation. Two

main approaches of insemination in a laboratory are conventional IVF and intracytoplasmic sperm injection (ICSI).

During conventional IVF, every oocyte is placed in an oil-covered micro drop in a culture dish with an optimal

concentration of sperm, and fertilization occurs when one sperm penetrates the oocyte in a natural way. In

contrast, in ICSI, a single sperm is injected directly into the oocyte’s cytoplasm through a thin needle. ICSI is the

presiding treatment for almost all forms of male infertility . There is no need to undertake ICSI in most cases

unless there is a male factor or history of previous failure in fertilization, but the truth is that many groups use ICSI

in women who have poor prognosis, women who are undergoing PGS, or for fertilization of vitrified oocytes. The

results show that ICSI is used regularly in a laboratory for >70% of cases. Two essential steps in the early stages

of IVF could be standardized using robotics: removing cumulus cells surrounding the oocyte at retrieval and sperm

injection into the cytoplasm .

An early insightful opinion on miniaturization and mini-machines for biological applications was presented by

Professor Richard P. Feynman (Nobel Laureate in Physics, 1965) .

3. Droplet Microfluidics

Droplet-based microfluidics manipulates and controls individual sections of fluid, rather than the bulk fluid flow. In

continuous microfluidic flow, the fluid mixing is dominated by molecular diffusion, and hence cross contamination

may occur. The main attractions of droplet based microfluidics include a reduction in sample/reagents, faster

reaction times, and increased control over dispersion, mixing, and separation .

Droplet-based microfluidic systems are compatible with many chemical and biological reagents and are capable of

performing a variety of digital fluidic techniques as programmable and reconfigurable operations. This technology
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has the potential to provide novel solutions to today’s biomedical engineering challenges for advanced diagnostics.

Droplet-based microfluidic systems are sometimes referred to as digital microfluidics. This term aims to emphasize

the utilization of discrete and distinct volumes of fluids and to contrast these with the continuous nature of other

systems. Digital or droplet-based microfluidics involves the generation and manipulation of discrete droplets inside

micro devices. This method produces highly monodisperse droplets in the nanometer to micrometer diameter

range, at rates of up to twenty thousand per second, used as micro reactors in the nano-liter to femto-liter range

. Based on the fabrication and handling technique, the field itself can be further divided into two groups: (i)

emulsion- based droplet microfluidics and (ii) digital microfluidics.

3.1. Emulsion-Based Droplet Microfluidics

In emulsion-based droplet microfluidics, micro droplets are formed from the interaction of two immiscible fluids

(such as oil and water-in continuous and dispersed phases, respectively). For ART application, this branch of

microfluidics is very similar to what embryologists perform in clinical IVF, i.e., encapsulating the gamete in

microdroplets covered with an oil overlay. Moreover, the technology can overcome many handling difficulties

involving microdroplets in such clinical settings .

3.2. Digital Microfluidics

Digital microfluidics (DMF) is a popular technique for diverse applications. Digital microfluidics is an emerging and

very promising field in droplet-based microfluidics. Here, individual droplets (either in open or confined channels)

can be precisely manipulated by non-contact forces such as electrical, magnetic or thermal ones. The non-contact

forces are of great benefit, especially for ART and IVF applications. DMF has a range of discrete fluidic operations

for the manipulation of nano-litre to microliter droplets containing samples and reagents. Here, electric potential

has been applied in series to array of patterned electrodes which are coated with a hydrophobic insulator. DMF can

address each reagent individually with no need for complicated networks of tubing or micro-valves; it has the ability

to control liquids relative to solids with no risk of clogging, and it is compatible with a large range of volumes,

making it useful for preparative-scale sample handling . The DMF device has been widely applied for biomedical

applications. The advantages of DMF include minimized consumption of reagents, rapid reactions and modest cost

(e.g., DNA-based applications, protein-based applications, cell-based applications and clinical applications 

). A review of analogue and digital microfluidics is shown in Figure 1 . Electro-wetting-on-

dielectric (EWOD) is an example of a DMF platform.
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Figure 1. A road to analogue microfluidics to digital microfluidics. Image is adapted from ref.  with permission

from the Royal Society of Chemistry.

Electro-Wetting-On-Dielectric

EWOD is a method to manipulate discrete droplets on a solid (usually hydrophobic) surface, in a programmable

manner, using electrodes made of a conductor such as indium tin oxide (ITO). At least one of the surfaces that is in

contact with the liquid is insulated with a layer of dielectric, e.g., Parylene or SU8, and a layer of a hydrophobic

material, e.g., Teflon or Cytop. The electrode pattern defines the desired droplet path. Therefore, by arranging the

electrodes in the desired way, a variety of parallel or sequential analyses can be accomplished .

4. Microfluidics towards ART

Microfluidic techniques have become a powerful tool that can closely recreate the physiological conditions of organ

systems in vivo . Microfluidics can be considered as both a science and a technology. Scientifically, it is the

study of fluid behavior at a sub-microliter level and the investigation of its application to the fields of cell biology,

chemistry, genetics, molecular biology and medicine . Technologically, it relates to applications within analytics

and diagnostics, cell biology and single-cell genomics . Microfluidics broadly represents a multi- and trans-

disciplinary field of study comprising engineering, physics, chemistry, biology and biotechnology. Systems with

small fluid volumes used to multiplex, to automate, to integrate and to facilitate cell manipulation and high-

throughput analysis or screening can be designed for practical applications . There are at least two microfluidics

—of mechanical and biochemical characteristics—that can influence mammalian gamete and preimplantation

embryo biology. Microfluidic mechanical and biochemical characteristics might have practical and technical

applications towards ART . Microfluidic devices for biological assays perform analysis with efficient throughput;

their advantages include the use of samples or reagents in small amounts and the analysis of single cells .
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Fluids at the microscale are likely to suffer from forces that are typically insignificant at scales present in our

everyday lives. Fluid at the scale of our typical environment is turbulent (undergoing irregular fluctuations), which

leads to a particle within a stream of fluid moving in an unpredictable pattern. Turbulent flow depends on specific

fluid characteristics (viscosity, density and velocity) and the geometry of the channel, leading to the calculation of a

value known as Reynold’s number. As the scale of the channel reaches micro-meter levels, the Reynold’s number

decreases. A decrease in Reynold’s number below a threshold value brings the fluid flow in a laminar fashion so

that the flow within a channel becomes streamlined and predictable . Some of the advantages of utilizing a

microfluidics platform include scalability, increased automation, and reduced turnaround times for male infertility

diagnosis and treatment .

Basic Functions of a Microfluidic Bio Chip

The fabrication process of a PDMS-based microfluidic device is explained in . Microfluidic systems serve to

handle gametes, mature oocytes, culture embryos, and to perform other basic procedures in a microenvironment

that closely imitates conditions in vivo . To perform the above stages, a microfluidic biomedical chip must

integrate four essential functions—generation of a droplet of an emulsion, sorting, expansion and restoration. A

microfluidic biomedical chip, with a PDMS substrate that has all these essential functions, employed in a mouse

embryo system to assess reproductive medicine, is explained in . Here, a droplet carries an embryo, proceeds

towards an enlargement area, and another droplet without an embryo is abandoned and directed towards the

waste area outlet using a manual sorting method.

A PDMS flow-focusing microfluidic device which was used to generate microliter medium-in-oil droplets is

explained in . The device contains two inlets for the continuous injection of oil and medium with oocytes. The

volume of micro-droplets was controlled by adjusting the flow rates of both oil and medium inlets. A single mouse

oocyte was encapsulated in each dispersed micro-droplet for further in vitro fertilization (IVF) research.

5. Microfluidic IVF

The current research to regulate various stages of assisted reproductive programs with microfluidic techniques,

with their benefits and shortcomings, is explained in . IVF is a technique in which sperm and oocytes are

conventionally inseminated and cultured in specialized laboratory conditions. In a traditional IVF operation,

unnecessary damage to oocytes occurs on account of the di-electrophoretic force manipulation of the sperm and

oocytes . Microfluidic chips might have multiple layers of varied materials for a specific purpose , i.e., an

elastomer bound to glass for a product with increased rigidity. Polydimethylsiloxane (PDMS) is a popular elastomer

material of one kind for the fabrication of microfluidic chips. As PDMS is cheap and possesses gas permeability

and biocompatibility, most microfluidic devices related to biological research are made of PDMS . Some studies,

concerned with microfluidic application in the IVF field, were performed to evaluate the real biocompatibility of the

materials required to build a device ; these initial studies were performed using mouse embryos  and

pig oocytes . The results showed that many materials such as silicon nitrate, silicon oxide, borosilicate glass,
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chromium, gold, titanium and polydimethylsiloxane (PDMS) have no negative impact on embryo development 

.
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