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Electrically-driven handling of gametes and
embryos: taking a step towards the future of ARTs
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Electrical stimulation of gametes and embryos and on-chip manipulation of microdroplets of culture
medium serve as promising tools for assisted reproductive technologies (ARTs). Thus far, dielectrophoresis
(DEP), electrorotation (ER) and electrowetting on dielectric (EWOD) proved compatible with most
laboratory procedures offered by ARTs. Positioning, entrapment and selection of reproductive cells can be
achieved with DEP and ER, while EWOD provides the dynamic microenvironment of a developing embryo
to better mimic the functions of the oviduct. Furthermore, these techniques are applicable for the
assessment of the developmental competence of a mammalian embryo in vitro. Such research paves the
way towards the amelioration and full automation of the assisted reproduction methods. This article aims
to provide a summary on the recent developments regarding electrically stimulated lab-on-chip devices
and their application for the manipulation of gametes and embryos in vitro.
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Introduction

Infertility is a condition which affects couples around the
world regardless of gender, race or nationality."” The
underlying causes of subfertility can be distinguished into
male*” and female®'* factors. Reduced fecundity can
significantly affect our daily life and thus be considered as a
marker of general health. Both infertile men and women are
likely to have comorbidities (such as increased risk of
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different types of cancer and cardiovascular and metabolic
diseases).”®'* Numerous studies have shown that subfertility
causes psychological distress, depression, anxiety and may
lead to the abuse of stimulants among women."* There is no
doubt that both men and women are more susceptible to
develop mental health problems. However, psychological
therapy proved to be an efficient tool to reduce these harmful
effects of infertility on patients.'> Therefore, the reassurance
of comprehensive fertility care is essential. “Assisted
reproductive technologies” (ARTs) stand for a group of
procedures developed to facilitate conception that would
result in the birth of a healthy offspring, which would
otherwise be difficult or impossible to achieve by natural
intercourse. An ART cycle involves hormonal stimulation of
ovaries, egg retrieval, in vitro maturation (IVM), in vitro
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fertilization (IVF) or intracytoplasmic sperm injection (ICSI),
in vitro embryo culture (IVC), embryo transfer (ET) and
eventually cryopreservation of gametes and embryos.
Additionally, ARTs may offer preimplantation genetic
diagnosis (PGD) and preimplantation genetic screening (PGS)
which allow for the assessment of the genetic disease
potential of an early embryo before transfer. For more
detailed definitions of the terms used, we kindly refer the
reader to “The International Glossary on Infertility and
Fertility Care, 2017”."® The development of ARTs has a long
history. Numerous studies contributed to the creation of
current procedures which eventually led to the birth of the
first healthy human child after a successful IVE.'”'® Since
then, multiple efforts have been made to improve the
conditions of in vitro production (IVP) of mammalian
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embryos. Most of them, however, were directed towards the
optimization of the environment surrounding the embryo,
such as the culture medium composition and the conditions
kept inside the incubator.'® Despite the fruitfulness of these
attempts, the developmental rates of IVP embryos are still
suboptimal and species-specific. For instance, in mice*® and
cows,”’ the amount of embryos that reach the blastocyst
stage upon standard IVC, is 80-90% and 20-40%,
respectively. In pig IVP, 80% of oocytes fertilized by a single
sperm can grow into blastocysts, however, the high incidence
of polyspermic fertilization up to 70% significantly lowers the
success rates of swine IVP.*> Until now, no protocol was
proposed for horses due to the lack of success in equine
IVF,>* but equine ICSI is possible.?* Introduction of proteins
present in biofluids collected from the pig reproductive tract
in swine embryo IVC*"*® and extracellular vesicles isolated
from the bovine follicular and oviductal fluids in bovine
IVC*® resulted in a higher percentage of blastocysts***® or
avoidance of genetic aberrations.” Thus, decreased rates of
mammalian IVP can be related to the absence of the
maternal genital tract and its functionality. Moreover,
mammalian embryos communicate with each other and their
surroundings when cultured in groups in vitro.”” These
findings clearly highlight the importance of the early embryo
microenvironment, both in vivo and in vitro.>®*° In vivo, the
mammalian oviductal epithelium consists of two types of
cells, which determine its function. Ciliated cells (together
with the smooth muscles of the uterine tube) are responsible
for the transport of gametes and embryos, while secretory
cells provide them with essential nutrients.** In vitro
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maturation reflects the time when the cumulus oocyte
complex (COC) is released from the ovarian follicle and
picked up by the fimbriae. In vitro fertilization attempts to
reciprocate the situation occurring in the ampullary region of
the oviduct, i.e. the co-incubation of gametes upon which a
single sperm cell fuses with the ovum creating a zygote. In
vitro culture corresponds with the period during which the
embryo develops further while being moved along the
isthmus towards the uterus, where it will eventually implant.
The formulation of an early embryo consists of a cascade of
events steered by the interactions between the gametes, the
embryo and their surroundings.’’ Therefore, the IVM, IVF
and IVC protocols need to satisfy the requirements
supporting the stimulation of gametes and subsequent
cellular divisions and reprogramming of the resulting zygote
until it transforms into a blastocyst and can be transferred
into the womb. A schematic representation of the
mammalian oviduct and its significance in the early
embryonic development in vivo with related in vitro
techniques are shown in Fig. 1.

The success rates of human ARTs are fairly difficult to
analyse due to the amount of contributing variables. IVF is a
costly procedure with the price per cycle varying between
countries.®® The accessibility and utilization of these
procedures are related to cultural aspects, government
regulations, religious beliefs and socioeconomic status.**°
The global live birth rate calculated as the percentage of the
total number of ART cycles using autologous oocytes (fresh
and cryopreserved) based on the data collected in Australia,
New Zealand, Canada, Continental Europe, UK, Japan, Latin

IvVC

cryopreservation ICSI

—_————— ~— -/ i . —

cryopreservation

Ovary Infundibulum Ampulla

Fig. 1

Isthmus Uterus

Importance of the mammalian oviduct and in vitro methods in assisted reproduction: IVM, IVF, ICSI, IVC, and cryopreservation of gametes

and embryos. Sections of the uterine tubes: infundibulum, ampulla and isthmus are shown. Green arrows: 1) cumulus-oocyte-complex (COC) is
picked up by the fimbriae of the infundibulum and 2) transported to the ampulla. Red arrows: 1) spermatozoa is deposited into the uterus during
coitus and (2-4) travels through the lumen of the oviduct to the ampullary region creating a sperm reservoir. There, a single sperm cell fuses with
the COC and fertilization occurs. Black arrows: 1) a resulting zygote is moved towards the uterus undergoing subsequent cellular divisions, 2) from
1-cell to 2-cell, 3) 4-cell to morula, 5) until a blastocyst. Red cells surrounding the blastocoele (blastocyst cavity) represent the trophoblast which
will contribute to the creation of placenta. Clustered pink cells depict the inner cell mass (embryoblast) which will differentiate into the structures
that will further develop into a foetus. Thinning of zona pellucida (protective coat surrounding the oocyte and embryo, here: yellow) during early
embryonic development is shown.
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America and USA between the years 2004 and 2013 adds up to
around 20.5%.%’ A decline in live birth rates (after fresh IVF or
ICSI cycle), however, was later observed and was related to
more pronounced utilization of practices added in recent
years, for example the elective single embryo transfer (eSET),
and progressing industrialization and commoditization of
ARTs.*® The optimization of single embryo culture conditions
in vitro could improve the birth rates after single embryo
transfer (SET) and decrease the number of embryos produced
in vitro. This could result in the reduction of embryo
cryopreservation and thereby increase the utilization by
lowering the cost of one IVF cycle.*

Besides the above-mentioned issues, risks linked to ART
treatments exist.*>*! Threats posed by multiple pregnancies
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to both the developing foetus(es) and the mother are
known*>"* and some malformations have been linked to IVF
treatments.** Furthermore, children born after assisted
reproductive procedures have distinct epigenetic profiles as
compared to children conceived in a natural way.*>*°
Changes in the epigenomes among various mammalian
species are associated with the conditions of IVC.*” Providing
a suitable in vitro microenvironment that would better
recreate the in vivo surroundings of an embryo could possibly
reduce these genetic alterations. Therefore, the necessity to
revise ART protocols that are currently in place in accordance
with the state-of-the-art technologies in human and animal
IVF and IVP is apparent. Preservation of endangered species
by ARTs and research disciplines that are using in vitro

Closed
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Fig. 2 (A) Microfluidic chamber for the in vitro maturation of bovine oocytes is shown. Black arrows indicate the “filter-like” capillaries created to
trap the cumulus oocyte complexes (COCs). The device was fabricated with the cyclic olefin copolymer using hot embossing and micromilling
techniques which can be performed in a rapid manner outside of the clean room environment. Reproduced from ref. 72 with permission from
SAGE. (B) Jagged PDMS microstructure for the purpose of stripping of the cumulus cells surrounding the mouse oocyte. Denudation of the ovum
is a step prior to the injection of a sperm cell during ICSI, usually achieved by exposing the COCs to hyaluronidase followed by pipetting, or
vortexing. The microdevice can serve as an alternative to the manual process. Reproduced from ref. 73 with permission from Royal Society of
Chemistry. (C) Microfluidic PDMS channel mounted on top of a surface acoustic wave (SAW) chip for sperm selection. The acoustic field is
generated using interdigital transducers (IDTs) while the semen sample flows through the channel. Both acoustic and drag forces are utilized for
the selection of good quality and highly motile sperm. Reproduced from ref. 74 with permission from Royal Society of Chemistry. (D and E)
FertDish developed for the selection of motile spermatozoa and ICSI in one dish. (E) FertDish process flow: the channels are filled with
polyvinylpyrrolidone media and semen sample. The dish is next covered with oil and placed in the incubator giving time for the motile
spermatozoa to pass through the microchannels towards the centre of the dish. Its architecture allows for the placement of droplets containing
denuded oocytes for rapid single sperm selection and injection. Reproduced from ref. 75 with permission from Royal Society of Chemistry. (F)
Well-of-the-well system (WoW), a microfabricated culture dish in mammalian IVC. It consists of an array of microwells located in the centre, each
to be filled with a single embryo. Such structure allows for the exchange of paracrine and autocrine factors between the embryos and diffusion of
waste products of metabolism in the culture medium. Reprinted from ref. 76 with permission from Elsevier.
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culture at some point, such as aquaculture, parasitology and
microbiology, could benefit greatly from the use of (digital)
microfluidic devices (with faster application and biochip
validation).

Microfluidics

Microfluidics is gaining increasing interest in the field of
mammalian reproduction. It refers to the study of the
behaviour of fluids at a microscale where the predominant
liquid-driving phenomena are related to the pressure
gradients and capillary effects which arise within
microchannel structures as well as the interactions occurring
at the interface between two phases (liquid, solid, gas).
Additionally, the fluids, as well as the particles suspended
within, can be manipulated by the application of external
stimuli in the form of electric and magnetic forces or
acoustic waves.*® Microfluidic chips designed for use in ARTs
are plentiful and have been subjected to a number of reviews
in the past 5 years.*”®' Due to the high compatibility of
sperm for its manipulation within microstructures, a
plethora of such chips solely for the collection, handling and
analysis of semen have been proposed and discussed.’””"
Examples of microfluidic chips developed for the in vitro
processing of oocytes,”>”® sperm cells’*’> and the culture of
embryos”® are presented in Fig. 2. Furthermore, processing
of reactants for cryopreservation”” as well as isolation and
characterization of biomarkers of embryo quality’* can be
achieved using microchannels. Microfluidics was employed
to study the embryo mechanics while hydrogel
microchannels mimicking the stiffness of the oviduct's
epithelium were used to provide a mechanical model for
mouse embryo hatching out of the zona pellucida, which
forms a protective coat surrounding the oocyte and embryo.”®
Based on the mechanical properties of an early human
zygote, a prediction of the oocyte's developmental
competence can be made.”” Confinement of gametes and
embryos within microchannels allows for more focus to be
given to physical and mechanical stimuli in vitro to better
mimic the in vivo situation.”® Culture medium droplets of
reduced sizes yielded better results in blastocyst development
of human embryos.®* Additionally, an IVP embryo is
subjected to stress induced by various assisted reproductive
procedures.®’ It was shown that human and mouse early
embryonic development is adversely affected by the gradients
of metabolism products, such as ammonium, suggesting the
need for its removal from the culture medium.®

The benefits of microfluidics include significant reduction
of reagent consumption, feasibility of usage, possible
integration with other techniques, rapid fluid manipulation,
closer recreation of microphysiological structures and real-
time monitoring of the processes. Although the list of
advantages can be further expanded with the growing
application field, microfluidic technology has its downsides.
These include complex operation and fabrication, the
necessity for standardization of novel protocols, the difficulty
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of translation to mass production and the requirement of
additional equipment, ie. for the fabrication of
microstructures, but also for the operation, e.g. pumps for
the medium supply as well as various microfluidic setup
components such as tubing, connectors and alike. Some of
these drawbacks, however, can be overcome by entering the
field of digital microfluidics (DMF). The principal operation
of DMF microdevices lies in the programmable manipulation
of discrete droplets on an array of insulated electrodes on a
chip.®® The design of the electrodes determines the direction
of droplet motion, creating virtual microfluidic channels
excluding the requirement for external pumps and tubing.
Moreover, the operation is fully programmable enabling
faster translation and automation of standard laboratory
protocols. Inclusion of digital microdevices in the workflows
would not require extensive training of the personnel as most
of the manual operations are replaced by the software,
thereby minimizing the occurrence of human factor
mistakes. This article aims to present the existing solutions
based on the use of electric fields for in vitro cell and
microdroplet processing in ARTs. The benefits and
challenges of their application in assisted reproduction are
debated on in the Discussion section.

Electric fields in ARTs

Microdevices allowing for the handling and analysis of
mammalian gametes and early embryos in vitro by means of
an applied electric field utilize the phenomena of
dielectrophoresis (DEP) and associated electrorotation (ER)
as well as electrowetting on dielectric (EWOD). DEP has been
widely exploited in various bioapplications such as nano- and
microparticles' processing and manipulation of cells,
including cancer and stem cells, viruses, yeast and bacteria,
DNA or other biomarkers.**®® Additionally, DEP proved
useful for the separation of bioparticles from complex
biological samples, including sperm cells in forensic
sciences.’” EWOD microsystems have been applied in liquid
lenses, in display technology, as DNA and (bio)chemical
reactors, in diagnostics, immunoassays and cell culture®® !
and a number of companies offer DMF solution in these
sectors of technology.”> The great advantage is the possibility
towards the fabrication of portable devices which can be
translated into mobile lab-on-a-chip (LoC) and point-of-care
(PoC) microsystems.”>°* Moreover, the possibilities of DMF
applications seem unlimited as these devices are ready-to-
use, both within and beyond the laboratory environment,
and more of these point-of-use tools are continuously being
developed.”” Companies like digi.bio (https://digi.bio) and
sci-bots (https://sci-bots.com) offer technical support in the
translation of chemical and biological protocols onto the
device along with the software and the chips. OpenDrop
(https://gaudi.ch/OpenDrop/) is an open DMF
platform which can be adapted to fit specific research
purposes. Recently, the instrument was transformed to
enable the remote control of microdroplets onto the chip for

source
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glucose detection and protein synthesis.”® Such efforts pave
the way towards the automation of often complex laboratory
workflows which are time-consuming and require a lot of
manual interventions.

Research articles covering microdevices developed for the
in vitro manipulation and assessment of gametes and
embryos with DEP and ER in the last decade (2010-2020) and
with EWOD (2009-2020, including an application for the
in vitro handling of a non-mammalian embryo) were
analysed. In general, DEP and EWOD chips can be
manufactured with the same materials and techniques that
are common for the fabrication of microelectromechanical
systems (MEMS). Printed circuit boards (PCBs) or glass serve
as substrates on top of which metal (for instance gold,
platinum, chromium, and copper) electrodes are deposited or
patterned by means of photolithography followed by wet or
dry etching. Indium tin oxide (ITO) is an alternative
conductive material used in the fabrication of transparent
microchips.”® Vapour or atomic layer deposition techniques
can be used for the application of insulating dielectric
coatings (such as parylenes,’” SiO,, SizN, and metal oxides
including Al,O;, HfO,, and Ta,Os;, among others).”®
Spincoating is used to deposit functional coatings like
polymer dielectrics (e.g. polydimethylsiloxane (PDMS),
poly(methyl methacrylate) (PMMA), SU-8)°%%° as well as
fluoropolymers which serve as hydrophobic layers (Teflon,
Cytop, Fluoropel).'"” Information about the materials used
for the construction of chips considered herein along with
the objectives, methods, main findings and species are listed
in Tables 1-4. The configuration of the chip and the cell type
determine the strength of the applied electric field required
for cell and microdroplet motion.

Dielectrophoresis and electrorotation

Dielectrophoresis is an electrokinetic phenomenon first
described by Herbert Pohl in 1951 as the motion of
bioparticles in response to the application of non-uniform
electric fields."®* If we consider a spherical dielectric
particle in an electrolyte solution and apply an electric
field, charges will accumulate at the interface between the
particle and the surrounding electrolyte. In the case of a
non-uniform electric field, the forces exerted on the sides
of a polarizable particle are different thereby creating an
imbalance in charge distribution which leads to the motion
of the particle. It can experience positive DEP (pDEP) when
the dipole's direction is towards the high strength electric
field. In the case of negative DEP (nDEP), the situation is
reversed, so the particle is repelled from the strong electric
field (Fig. 3A). The dipole moment of the particle is a
function of frequency, so the direction of the particle's
passage depends on the frequency of the applied electric
signal as well. Electrorotation of particles can be obtained
in the microchip configuration with quadrupole electrodes.
By the application of signals with different phases to the
electrodes, a rotating electric field is induced (Fig. 3B).'*

This journal is © The Royal Society of Chemistry 2022
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For a spherical particle with radius a suspended in a
medium, the expression describing the time averaged DEP
force acting on that particle is expressed as:

o " Fm }VEZ

F, = gna® Re|—2L
(Fore) = ém Lp + 28m

where ¢, is the medium permittivity, and VE? is the gradient of

the applied electric field.'* The Clausius-Mossotti (CM) factor
which describes the relation between the frequency of the
applied electric field and the particle's polarizability is given by:

2 Ep—tm
Jou = (:op +2§m)

where ,and Zpare the complex permittivities of the particle

and the medium, respectively. The crossover frequency is the
frequency at which the particle changes its response from
positive to negative DEP and inversely from nDEP to pDEP, the
real part of the CM factor is equal to 0. Fig. 3C shows the case
in which living and dead cells can be distinguished by the
application of a signal with frequency near to the crossover
frequency. In this instance living cells will follow the red line
while dead cells the black line undergoing pDEP and weak
nDEP or no DEP, respectively.

DEP has been applied for the manipulation of bioparticles
with size varying between ~1 and ~100 um,'”> however, the
stimulation of smaller as well as bigger entities is possible.
Two types of DEP microdevices can be distinguished:
electrode DEP (eDEP) and insulator-based DEP (iDEP) in
which the electrodes are protected by an insulating layer or a
microstructure. The former allows for the creation of electric
fields of high gradients using low voltages and thus enables
the manipulation of micro scale particles. The latter
generates electric fields of lower magnitude and has become
applicable for the handling of nano scale (such as bacteria,
viruses) and molecular size particles (such as biomolecules
including DNA and proteins).'*

Optoelectronic tweezers

The principle of optoelectronic tweezers (OET) operation is
based on the application of light onto a photosensitive layer
ensuing a dielectrophoretic force in the illuminated area.
Applied light reacts with a coating of hydrogenated
amorphous silicon (a-Si:H) and combined with external bias
creates gradients of the electric field.'%

Electrowetting on dielectric

Electrowetting on dielectric technology was developed in the
1990s,'*® although the phenomenon was already observed
earlier. It originates from electrocapillarity studied and was
described by Gabriel Lippmann around 1873-1875."°""'% The
expression describing EWOD actuation is the Young-
Lippmann equation which demonstrates the relation of
interfacial tensions between the three phases (Fig. 3D) and
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Table 1 Dielectrophoresis in studies on gametes

No Title and year Objective Materials Methods Main results Species  Ref.
1 Enrichment of bovine Development of a ITO electrodes on glass, 60 pL sperm Strongest pDEP Bovine 124

PDMS microchannel,
silicone tubing (loading)

X-sperm using
microfluidic
dielectrophoretic chip: a
proof-of- concept study,
2020

MF-DEP chip for
sperm sorting

suspension DEP
trapping: 4, 6, 8 V at
1-20 MHz

response: X-sperm at 8
Vat 20 MHz, Y-sperm
at4 Vat1l MHz

Quality of sperm
decreased in low
conductivity medium
Double sorting at 4 V at
1 MHz, flow rate 0.1 pl
s~! significantly
increased efficiency
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2 Distinct and DEP chip for sorting  ITO and Cr/Au electrodes AC electric signal at ~ Independent crossover Human 120
independent of rare sperm cells for simultaneous 16-20 V, at various  frequencies of the
dielectrophoretic manipulation of the frequencies sperm head and tail
behaviour of the head sperm head and tail
and tail of sperm and Curved electrodes in the Manipulation of the
its potential for the safe sorting chip sperm using the tail,
sorting and isolation of PDMS microchannel while distancing the
rare spermatozoa, 2019 Sigmacote coating head containing DNA

from high electric field

3 AC-electric-field Parthenogenetic ITO electrodes Time dependence: Parthenogenetic Mouse 136
induced activation of murine 1-10 minutes with activation successful:
parthenogenesis of oocytes pDEPAC 10 Vat1 80% of oocytes at 266,8
mouse oocyte, 2018 MHz kv m™, 50% at 133,4

Electrical field kv m™
intensity: 1 min at
5-40 V,, at 1 MHz

4  Towards microfluidic Development of a Borofloat wafers, Ti/Pt ~ Impedance 16/18 anomalous sperm Boar 122
sperm refinement: label-free, electrodes, PerMX3020  measurements positively identified
impedance-based non-invasive MF chip foil, poly(i-lysine)- detection of
analysis and sorting of  for sperm analysis grafted-poly(ethylene cytoplasmic droplet
sperm cells, 2016 based on impedance  glycol) (PLL-g-PEG, DEP focusing: 3 V, 10 13/18 normal sperm

measurements and SuSoS) coating MHz cells positively
sorting by DEP identified
2 chip designs: DEP sorting: 2V, 15 Sorting of sperm cells
impedance detection (1) MHz and polystyrene beads
and impedance by DEP based on
detection and DEP impedance
sorting (2)

5  Dielectrophoresis of Investigation of Theoretical analysis of ~ Oldroyd-B model Velocities of Human 123
spermatozoa in sperm motility sperm parameters under spermatozoa presented model
viscoelastic medium, parameters for DEP force in a as a function of the
2015 selection in ARTs viscoelastic fluid beating pattern and

DEP force
DEP force on sperm
cells higher by an order
of magnitude in a
viscoelastic medium
6  AC electric field Development of the 4 side micro-milled wall 10 V;,;, and 20 V,, at ~ No effective difference  Bovine 118

induced dipole-based

on-chip 3D cell rotation,

2014

platform for 3D cell
rotation with the use
of AC electric fields

1858 | Lab Chip, 2022, 22,1852-1875

electrodes, 2 ITO bottom

electrodes, mylar

insulator, brass support

for micro-milling, 25 x
25 mm cover slip as
electrical and thermal
barrier

10 kHz- 10 MHz

Yaw rotation: side
wall electrodes with
90° phase shift, equal
amplitudes

Pitch rolling rotation:
2 bottom electrodes
(50° phase shift) and
side wall electrodes
(2 grounded, 2
floating), equal
amplitudes

in the rotation of
ZP-intact and ZP-free
oocytes

Air bubble formation
below 10 kHz

No differences between
clockwise and
anti-clockwise rotation
In-plane rotation:
below 10 V,,, no
rotation

Out-of-plane rotation:
at 10 V and 10 kHz, at
above 15 V increased
rates

This journal is © The Royal Society of Chemistry 2022
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Table 1 (continued)

View Article Online

Tutorial review

No Title and year Objective Materials Methods Main results Species  Ref.
7  Sperm cell DEP chip for Microchannels with Application of DC Sperm trapping: 800 V:  Rat 121
manipulation selection of immature arrays of cylindrical potentials between mature cells
employing and mature sperm insulators 200 V and 1500 V for
dielectrophoresis, 2013 cells Borosilicate glass, Cr, 30-60 seconds 1000 V: mature and
photoresist little spermatogenic
1200 V: mature sperms
exhibit stronger nDEP
response, thus
spermatogenic cells are
separated
Assessment of sperm
cell viability under
experimental
conditions
8 Motile and non-motile  OET response of PEG (poly(ethylene OET (40 mW cm™?),  Dead sperm: weak Human 125
sperm diagnostic human spermatozoa  glycol)) coating 30s nDEP or no response
manipulation using for separation of Amorphous silicon Tryptan blue dye Live sperm: pDEP
optoelectronic tweezers, motile and electrode, 10 uM silicon viability reference
2010 non-motile sperm dioxide with melted COMET assay No differences in DNA
cells onto the surface (Trevigen, USA): DNA fragmentation between
PEG-silane (Nektar). ITO fragmentation groups exposed to high
electrode coated with and low dose of energy,
PEG-silane (Nektar) isotonic and pure
semen samples after
OET
Low dose: 10 V,, at ~ Compatibility with
100 kHz, 80 mW unwashed semen
em™2, 20 s, high dose: samples
20 Vpyp, at 100 kHz, 80
mW
Velocity
measurements at 9
Vpp at 100 kHz, 40
mw cm 2
9 A noninvasive, motility =~ OET based Glass with ITO Frequency: 100 kHz  Viable sperm: pDEP Human 126
independent, sperm microfluidic platform electrodes, bottom plate Up to 15 min OET Nonviable sperm: nDEP
sorting method and to distinguish coated with a 1 um film assay or no response
technology to identify between individual of amorphous silicon Tryptan blue dye No visible damage to
and retrieve individual  viable and nonviable viability reference the cells
viable nonmotile sperm nonmotile human
for intracystoplasmic sperm cells for ICSI
sperm injection, 2010
10 A novel micropit device Automation of Coplanar Ti electrodes ~ DEP positioning: 3-6  Fusion rates Bovine 137

integrates automated
cell positioning by
dielectrophoresis and
nuclear transfer by
electrofusion, 2010

This journal is © The Royal Society of Chemistry 2022

somatic cell nuclear
transfer (SCNT)
inside a MF device by
positioning and
electrofusion of cell
couplets

on borosilicate glass,
SU-8 insulator (4 and 22
pm thick) with
micropits (diameters for
4 pm thick: 10, 20, 30,
40 pmy; for 22 um thick:
20, 30, 40, 80 um)

Vims at 1 MHz

Fusion DC pulses: 80
V-120V

comparable with
standard bovine NT:
oocyte—oocyte (69%),
oocyte—follicular cells
(50%),
oocyte—fibroblast (78%)
Cell fusion of all cell
types achieved between
110 and 120V

Cell lysis at voltages
above 8 Vs upon
positioning and at 160
V fusion

Oocyte donor cell
elongation and
micropit structure
imprinting on its
surface at 6 Vi (4 pm
SU-8 with 40 um
micropit)

Lab Chip, 2022, 22,1852-1875 | 1859
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Table 2 Dielectrophoresis in embryo studies

View Article Online

Lab on a Chip

No Title and year

Objective

Materials

1 Using a Investigation of ITO electrodes, PDMS
dielectrophoretic fertilization rates at microchannel
microfluidic biochip  various sperm
enhanced fertilization concentrations
in vitro, 2020

2 Automated embryo Non-invasive PDMS cover,
manipulation and technique for microchip mounted
rotation via robotic manipulation of on a PCB, PVC petri
nDEP-tweezers, 2021 ~ mouse embryos dish on amotorized

stage

3 Dielectrophoretic MF-DEP platform to ITO electrodes, PDMS
microfluidic device for avoid unnecessary microchannel
in vitro fertilization, oocyte damage
2018 during IVF

4  Embryo formation MF-DEP microchip ~ PDMS microchannel,
from low sperm to imitate the Cr and Au electrodes
concentration by mammalian oviduct on a glass substrate
using during fertilization
dielectrophoretic
force, 2015

5 Preimplantation DEP for the ITO glass, a-Si:H

mouse embryo

selection of

photosensitive layer,

selection guided by post-cleavage poly-ethylene glycol
light-induced embryos for the (PEG) coating
dielectrophoresis, purpose of embryo  (antiadhesive)

2010 transfer

Methods Main results Species Ref.
DEP entrapment: 10 Verification of the influence of Mouse 128
Vpp at 1 MHz for 1 HTF, KSOM + AA, DEP buffer
min on fertilization and blastocyst
rates (no differences)
Coculture in MF At total sperm count 3000
channel for 1 h fertilization compatible with
Static droplet standard IVF group (17.2% +/—
culture 7.5% vs. 14.5 £ 7.5%)
Inverted chip placed Effects of the chip height Mouse 129
200 pm above the (100-250 um) and electric field
embryo strength (5-9 V) investigated
DEP signal: 3 V Speed of translation above 5
pum s~': embryo shape
distortion
Frequency range Relation of angular velocity
50-500 kHz and electric field strength (ER)
Stage velocity: 4 um  Crossover frequency (ER): 150
s or less kHz
DEP entrapment: 10 Focus on small sperm: oocyte =~ Mouse 130
Vopat 1 MHz,30s  ratio
Droplets with Fertilization rates: 39.4% at
gametes sorted with 500 and 50.2% at 2000
pneumatic valves
KSOM/HTF culture  Blastocyst rates: 33.3% at 500
and 25.1% at 2000
DEP entrapment: AC Sperm concentration in oocyte Mouse 131
10 V,p, at 1 MHz vicinity increased from 1.5 x
10° sperm per ml (standard) to
~6.0 x 107 per ml with
trapping
Flow rate: 0,1 pl Fertilization rate: 51.58%
min™"
Next, static droplet
culture (until 8 cell
stage)
DEP of Determination of DEP Mouse 127
morphologically response of preimplantation

identical embryos
cultured in M16 and
KSOM+AA media
1-cell mouse embryo
as an insulated core
Blastocyst as an
insulated shell

DEP signal: 20 V,,
at 100 kHz

embryos at subsequent
developmental stages

Comparison of M16 vs. KSOM
+ AA cultured embryos
Contracted and granular
embryos after the OET
exposure cultured until
blastocyst stages

Prolonged exposure to low
conductivity medium: embryo
death and decreased speed of
OET

Suggestion: strongest nDEP of
embryos points to the most
matured ones

Electrodes: ITO (indium tin oxide), amorphous silicon (a-Si), Cr (chromium), brass, Ti (titanium), Pt (platinum). Substrates: borosilicate glass,
borofloat wafers, PCB (Printed Circuit Board). Coatings: photoresist, silicon dioxide, mylar, PerMX3020. Antifouling layers: PEG (polyethylene
glycol), PEG-silane (Nektar), PLL-g-PEG (poly(r-ysine)-grafted-poly(ethylene glycol), SuSoS), Sigmacote (Sigma Aldrich). Walls/dish: PDMS
(polydimethylsiloxane), PVC (polyvinylchloride).

the change in surface energy under the influence of an
electric field. Electrocapillarity refers to the capillary rise of
the liquid under the influence of the electric potential.** In
conventional electrowetting (EW), as voltage is applied, an
electric double layer (EDL) is created between the solid and

1860 | Lab Chip, 2022, 22,1852-1875

the electrolyte. In electrowetting on dielectric, as the name
suggests, a dielectric layer is incorporated between the
electrode and the liquid. In both cases, the interfacial
energy is modulated due to a charge imbalance in the EDL
(EW), or the insulator (EWOD) caused by the external

This journal is © The Royal Society of Chemistry 2022
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Table 3 Electrowetting on dielectric in gametes and embryo manipulation

View Article Online

Tutorial review

No Title and year Objective Materials

Methods Main results Species Ref.

1 Digital microfluidic
dynamic culture of
mammalian embryos on an
electrowetting on dielectric
(EWOD) chip, 2015

Development of a
DMTF chip to mimic
the fallopian tube
and embryo travel
in vivo

Teflon

2 Fertilization of mouse
gametes in vitro using a
digital microfluidic system,
2015

Dynamic
fertilization and
culture of mouse
embryos on a DMF
chip

Execution of the Cr and ITO
process of embryo

vitrification on chip C, Teflon

3 Digital microfluidic
processing of mammalian
embryos for vitrification,
2014

4 Transport of live yeast and
zebrafish embryo on a
droplet (“digital”)
microfluidic platform, 2009

Transport of live
yeast and a
zebrafish embryo
on a DMF transport

top electrode,

electric field. Consequently, the apparent contact angle 6 of
the liquid droplet on a solid surface is altered (Fig. 3E). The
insulating coating plays a significant role in EWOD since
the required voltage to induce surface wetting depends on
its thickness and dielectric properties. Additionally, the
most common practice includes coating of the insulator
with a hydrophobic material (low surface energy) to achieve
the highest possible initial contact angle with the aqueous
conductive droplet.

The change of the contact angle as a function of the
applied voltage (Young-Lippmann equation) is given by:

This journal is © The Royal Society of Chemistry 2022

ITO electrodes,
silicon nitride and
spun on glass,

ITO electrodes,
silicon nitride and
spun on glass,
Teflon, PDMS to
create the oil bath

electrodes, parylene

Au electrodes, ITO

parylene C or silicon
dioxide, Teflon

Single embryo in 1 pl Mouse 139

droplet

Comparable blastocyst
rates of dynamic EWOD
and static culture (88.9
+4.2% vs. 92.1 + 10.8%)
Higher rates of hatching
blastocyst on EWOD
chip than in static
culture (50 + 9.8% vs.
21.2 + 5.5%)

EWOD manipulation: 10/19 viable pups after
60-68.5 Vyms at 500 embryo transfer into 3
Hz recipients

5 pl droplets Biocompatibility tested
containing sperm with static culture of
cells (various 2-cell embryos
concentrations) and
cohorts of oocytes
(10)

EWOD manipulation:
60 Vims at 500 Hz

4 pl oil overlay

Mouse 138

Fertilization rate
correlated with the
amount of sperm cells
in the sperm droplet
The developmental
rates conversely
correlated with the
sperm concentration on
the DMF chip
Minimized timing and

200 nl droplet Mouse 142

containing embryo washing steps embryos
mixed with
cryoprotectant
droplets
EWOD manipulation: Exclusion of manual
55-75 Vims at 15 kHz  pipetting
Comparable survival
rates DMF vs. manual
(77% vs. 73%)
Comparable
developmental rates
DMF vs. manual (90%
vs. 91%)
5 pm live yeast in On chip manipulation  Live 140
500 nl droplets of viable yeast yeast,

Dechorionation of a 500 zebrafish
um zebrafish embryo embryo
Culture of an embryo

which experienced

electrolysis during on

chip operation

EWOD manipulation:
80 Vyms at 7 kHz

500 pm zebrafish
embryo in 20 pl
droplets

EWOD manipulation:
95-105 Vyps at 8 kHz

1cv?
cos' = cos O +———

2 Vv

where 0" and 6 are the potentiated and initial contact angles

of a liquid droplet on a solid surface, respectively, V is the
applied voltage, y, is the interfacial tension between the
liquid and vapour and c is the capacitance of the insulator.
Digital microfluidics allows for rapid transport, merging
and splitting of pico- to microdroplets (107*2-107® 1).**07'*3
Droplet motion is achieved on an array of electrodes. Two

Lab Chip, 2022, 22,1852-1875 | 1861
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Table 4 Electrowetting on dielectric in embryo assessment

No Title and year Objective Materials Methods Main results Species  Ref.

1  Simultaneous detection of = Detection of IL-13  ITO electrodes, Fluorescence Concentration of IL-1f in Culture 146
two growth factors from and TNF-a from SU-8/AL,03, Cytop, detection of blastocyst medium (BM) media
human single embryo spent culture media magnetic beads both factors higher than in cleavage from
culture medium by bead after single human conjugated with from 32.5 nl, medium (CM), no change in human
based digital microfluidic embryo culture antibodies specific for 325 nl and 520 the concentration of TNF-a  embryo
chip, 2020 the biomarkers of nl droplets between CM and BM culture

interest Culture media collected
without interfering the
in vitro embryo culture
Expression of biomarkers
varied between embryos
from the same patient

2 A medical innovation: a new Application of ITO electrodes, silicon 100 nl droplets ~ Cf-DNA extraction protocol Culture 145
and improved method of EWOD chip for dioxide or SU-8, Cytop, adapted) followed by qPCR  media
DNA extraction with extraction of cell magnetic beads analysis from
electrowetting-on-dielectric ~ free DNA from EWOD Not all operations achieved mouse
of genetic testing in- vitro mouse embryo manipulation:  on the chip (buffer embryo
fertilization (IVF), 2020 culture medium 50-70 Vims at 2 incompatibility) culture

kHz Chip cleaning procedure
proposed
On-chip ¢f.-DNA extraction
higher than the standard
procedure (18% vs. 7%)

3 Extraction of cell free DNA  Application of DropBot model 1-1.8 ul Entire extraction performed Culture 144
from an embryo culture EWOD chip for the DB3-120 from Sci-bots  droplets on chip followed by qgPCR ~ media
medium using micro scale  extraction of cell with magnetic beads analysis from
bioreagents on EWOD, 2020 free DNA from EWOD On-chip ¢f.-DNA extraction  mouse

mouse embryo manipulation:  higher than the standard embryo
culture medium 80-100 Vpp, procedure (23% vs. 14.8%)  culture
(depending on  Chip cleaning procedure
the buffer), 2 proposed
kHz

Electrodes: ITO (indium tin oxide), Cr (chromium), Au (gold). Insulating layers: SU-8/Al,03, silicon dioxide, SU-8, silicon nitride and spun on

glass (SOG), parylene C. Hydrophobic coatings: Cytop,

Teflon.

Substrates: glass, PCB (printed circuit board). Walls: PDMS

(polydimethylsiloxane). Additional: magnetic beads, magnetic beads conjugated with antibodies.

chip configurations exist: the droplet is either sandwiched
between or placed on top of the electrode pairs. By sequential
charging and discharging of the electrode pairs, the droplet
movement is induced and as a result, the liquid is attracted
towards the actuated electrode (Fig. 3F and G).

DEP and ER in ARTs

Gamete and embryo handling: positioning, selection, sorting

The size and shape of gametes and early embryos make
them perfect candidates for on-chip manipulation by
means of dielectrophoresis and electrorotation. Based on
the study performed on 103 samples collected from men
undergoing semen analysis for the assessment of fertility,
the mean total sperm length was 48 pm, of which 4.31
um, 2.04 pum and 43.76 um were the head, the midpiece
and the sperm tail, respectively."'* Although human
blastocysts may be too big for DEP stimulation (~194 pm
on day 5),'"® mature oocytes (110-120 pum)'*® and
immature oocytes (100-110 pm), which can be collected
and successfully matured in in vitro setting,"'*'" are
applicable for on chip handling by DEP force. Moreover,
bovine oocytes (~120 um), which more closely resemble

1862 | Lab Chip, 2022, 22,1852-1875

the human egg in size,” were rotated using electric
fields."'® Murine oocytes (80 um)®*' as well as blastocysts
(100-110 um)'*® can serve as promising tools for the
investigation of the effects of the application of electric
potential on the in vitro development of human embryos.
Note that the above-mentioned size of oocytes and
embryos provided in brackets is the diameter. The DEP
force exerted on mammalian gametes and embryos can be
calculated using models of a homogenous or single-
shelled sphere, or an ellipsoid. Below, a summary of the
work on DEP microelectromechanical systems published in
the last decade divided by the cells handled including
sperm, oocytes and embryos is provided. Additionally,
significant information about the chips and protocol
development is collected in chronological order in
Tables 1 and 2.

Sperm

Shuchat et al fabricated a microsystem to sort and
investigate the properties of human spermatozoa.'** The
study revealed that both the head and the tail have intrinsic
dielectric features and thus were modelled separately, as a

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Electric fields in lab-on-a-chip microfabrication: dielectrophoresis, electrorotation and electrowetting on dielectric. (A) Dielectric spherical
particle responses to the non-uniform electric field: positive and negative DEP. Adapted from ref. 103 with permission from Springer. (B)
Quadrupole electrodes with signals with 90° phase shift to induce electrorotation. Adapted from ref. 103 with permission from Springer. (C) DEP
response of polarizable particles (¢, > ¢m) to the applied electric field. Crossover frequency: relation of Re[CM] with the frequency of the applied
signal. Reproduced from ref. 86 with permission from MDPI (CC BY 4.0). (D) Droplet equilibrium. (E) EWOD representation in a sessile droplet
experiment. (F) Closed and (G) open configuration of EWOD. Figures D-G were adapted from ref. 83 with permission from Springer.

sphere and an ellipsoid, respectively (Fig. 4A-E). Their
crossover frequencies were evaluated experimentally. It was
found that at low frequencies, both the head and tail
exhibited nDEP while at high frequencies, a positive DEP
response is achieved. In the middle range, however, the tail
underwent pDEP while the head was exposed to nDEP. The
proposed sorting microdevice utilized the pDEP of the tail,
while distancing the head, which contains the genetic
material, away from the high electric fields.

An insulator DEP (iDEP) based microdevice was fabricated
by Rosales-Cruzaley et al. for the separation of mature and
immature sperm.'*' Differences in morphologies among
spermatogenic (immature) and mature sperm give rise to
various DEP responses when subjected to an electric field.
Successful trapping and sorting at 1200 V was based on the
distinguishably stronger nDEP of mature sperm cells.
Additionally, the cell viability was evaluated and found to
decrease upon increasing the exposure time and the
magnitude of the electric field. Nevertheless, 75% of cells
remained viable upon treatment for 60 s at 800 V.

An impedance based sperm analysis microsystem was
developed for the detection of a cytoplasmic droplet on the
flagellum of the sperm, an anomaly arising during
spermatogenesis.'”> De Wagenaar et al utilized different
impedometric characteristics of morphologically distinct
normal and anomalous spermatozoa which passed through

This journal is © The Royal Society of Chemistry 2022

the microchannel. Next, in a proof-of-concept experiment,
sperm cells and polystyrene beads were sorted by DEP based
on impedance measurements (Fig. 4F and G).

J. Koh and Marcos performed a theoretical analysis of a
sperm cell in a viscoelastic medium subjected to DEP force to
predict the sorting efficiency in an in vivo-like
microenvironment.’*®  Motility =~ parameters such as
morphology, dimensions, velocity and the frequency of the
flagellum beating were analysed using an Oldroyd-B model. A
relation between the spermatozoa velocities and the beating
pattern of the flagellum and DEP was revealed. Interestingly,
the DEP force exerted on the sperm was found to be higher
by an order of magnitude under the proposed conditions
which can be useful in the development of a novel, more
biomimetic (D)MF device. Employing DEP as a technique for
gender sperm sorting was suggested which was later executed
experimentally."**

T. Wongtawan et al. developed a microchip for
categorization of X- and Y-sperm. It was suggested that the
differences in the composition of cell membrane proteins
and electrokinetic potential resulted in the different DEP
response.’” The study showed that Y-sperm was more
sensitive to frequency changes, while X-sperm to changes in
voltage. However, different bull donors, buffers, electric
signals and fluid flow rates affected the grouping process.
Adaptation of the chip for double sorting at 4 V at 1 MHz,

Lab Chip, 2022, 22,1852-1875 | 1863
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Fig. 4 Examples of DEP microdevices for sperm processing. (A) Human spermatozoon with separately modelled spherical head and ellipsoidal tail.
(B and C) Distinct responses of the tail and the head under the influence of the applied electric field (medium conductivity 110 mS m™): (B) pDEP
of the tail and strong nDEP of the head at 300 kHz, (C) pDEP of the tail and weak nDEP of the head at 1500 kHz. (D and E) Example of the DEP
chip for sperm sorting and focusing. (E) Live sperm cells (1 & 2) trapped by DEP of the tail while debris (3) flows with the fluid. Figures A-E were
republished with permission of John Wiley & Sons Inc from ref. 120; permission conveyed through Copyright Clearance Center, Inc. (F) Detection
of the cytoplasmic droplet on the sperm tail based on impedance measurements. (G) Proof of concept experiment: DEP sorting of polystyrene
beads and spermatozoa based on the different impedometric characteristics. Figures F and G were reproduced from ref. 122 with permission from

the Royal Society of Chemistry.

flow rate 0.1 ul s, resulted in significant reduction of the
Y-sperm in the sorted sperm, thereby enhancing the chip
efficiency.

Optoelectronic tweezers proved useful for spermatozoa
sorting and two examples of such applications exist. Ohta
et al. developed OET for the manipulation of motile and non-
motile human spermatozoa.'*® Dead sperm cells could be
distinguished by the lack of or a very weak nDEP response,
while living sperms underwent pDEP. Additionally, the
assessment of DNA damage among sperms exposed to the

1864 | Lab Chip, 2022, 22,1852-1875

independent components of the OET platform was performed
(low-conductivity medium, passage of cells through the
microfluidic chip, dose of OET) and no differences between
the groups were found. Moreover, the device proved
compatible with the unwashed semen samples.

An OET assay for sorting of viable non-motile vs. non-
viable non-motile human spermatozoa was proposed by
Garcia et al.'*® Non-motile viable sperm cells were attracted
to the induced electric field, whereas non-viable ones were
repelled from it or exhibited no response. The results

This journal is © The Royal Society of Chemistry 2022
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indicated that the motility independent assay is comparable
with the standard Trypan Blue staining reference. This
microsystem was proposed as a tool for sperm selection for
ICSI when motility is not present or hardly detectable.

Oocyte and embryo

J. K. valley et al. proposed optoelectronic tweezers for the
selection of preimplantation mouse embryos.'>” The DEP
response of 1-cell, 2-cell, 4- to 16-cell until morula, early
blastocysts and late  blastocysts was  evaluated.
Morphologically identical embryos cultured in M16 or KSOM
+ AA were used in the study as the former suboptimally
sustains murine early embryo development in vitro. It was
found that both M16 and KSOM + AA, early embryos until
the morula stage underwent pDEP at 20 Vp,, at 100 kHz, while
early blastocysts were repulsed from the light pattern
exhibiting nDEP response (Fig. 5A-C). Some embryos
appeared contracted and granular after OET treatment.
However, despite visible changes in their structure, they were
successfully cultured until blastocysts and thus altered
morphology was linked to the low conductivity DEP medium.
Based on the results, it was suggested that among
morphologically undistinguishable mouse embryos, the one
exhibiting the strongest nDEP response is the most matured.
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K. Huang et al. proposed a nDEP microdevice with a
proportional integral derivative (PID) controller for precise
manipulation of mouse embryos."*® The inverted
microsystem consisting of quadrupole electrodes mounted
on a motorized platform was utilized to transport, position
and rotate murine embryos. Effects of chip height and input
voltages were investigated and a set of parameters for safe
handling was established. Additionally, it was found that the
increasing speed of translation, which was achieved by the
actuation of two pairs of oppositely situated electrodes with
signals of the same amplitude with a 90° phase shift, would
result in the distorted shape of manipulated cells.
Electrorotation was obtained by potential application to four
electrodes with equal amplitude and 90° phase shift, upon
which a relation between the strength of the applied electric
field and the angular velocity was established.

Benhal et al. fabricated a microdevice for the 3D rotation
of zona pellucida-intact (ZP-intact) and zona pellucida-free
(zP-free) bovine oocytes."'® The chip consisting of four side
walls and two bottom electrodes was designed to enable the
two-axial rotation of mammalian eggs (Fig. 5D-H). Vertical
electrodes were used for the yaw rotation whereas bottom
electrodes in combination with side wall electrodes allowed
for the pitch rolling rotation. The influence of the frequency,
amplitude and medium conductivity on the motion of bovine
ova was evaluated and compelling observations were made.
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Fig. 5 Examples of DEP microdevices for oocyte and embryo processing. (A) Light-induced DEP of a developing mouse embryo. (B) Manipulation
of 1-cell embryo with pDEP (attraction towards the light pattern). (C) Embryo at the blastocyst stage undergoing nDEP (repulsion from the light
pattern). Scale bars represent 100 microns. Figures A-C were reproduced from ref. 127 with permission from PLOS ONE. (D) Configuration of the
chip for 3D rotation of bovine oocytes. Schematic representation of (E) in-plane and (F) out-of-plane rotation of a spherical particle subjected to
the electric field. (G) Clockwise in-plane rotation of a ZP-free oocyte. (H) Clockwise rolling rotation of a lysed oocyte. Figures D-H were
reproduced from ref. 118 with permission from the Royal Society of Chemistry.
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Firstly, the oocytes followed the Gaussian distribution
characteristic in the range of applied frequencies, i.e. at low
or high frequencies they did not undergo electrorotation, but
in the middle range a peak frequency was distinguished at
which they rotated in the fastest manner. Next, the increase
in the amplitude of the applied potential resulted in the
faster rotation and a relation between the frequency and
amplitude of the applied signal was found. At the frequency
of 1 MHz bovine ova reached the peak rotation at 20 V, while
at 2 MHz the peak was found at 10 V. Lastly, no differences
in the rotation rates were observed between the media used
which differed in conductivity.

DEP in other studies: IVF, cloning

IVF. H.-Y. Huang et al. proposed three microchips utilizing
positive dielectrophoresis for the fertilization of murine
oocytes in vitro."***! In all studies, an AC signal of 10 V,,, at
1 MHz was used for the entrapment and co-incubation of
gametes. Various microchannel configurations were created
to mimic the conditions in the fallopian tubes at the time of
fertilization in vivo and to avoid the unnecessary handling of
gametes as is the case for traditional IVF. In all cases, the
pDEP trapping of gametes resulted in higher fertilization
rates at low sperm-oocyte ratios and increased sperm cell
concentration in the vicinity of the murine ovum. The
calculated transmembrane potential in ref. 129 for the oocyte
and sperm under pDEP trapping conditions was 8.47 mV and
8.95 mV, respectively (electroporation of the cell membrane
occurs at 100 mV and higher). Thus, the DEP manipulation
was considered safe for the cells. This technique was
proposed as a non-invasive alternative for ICSI, especially for
patients with oligoospermia, which yet allows for natural
fertilization to occur in vitro.

Cloning. Parthenogenesis is a form of
reproduction in which the oocyte is activated in the absence
of a sperm,'® an important aspect in cloning studies. In
mammals, it can be induced by exposure to chemical
substances which can affect the intracellular calcium
oscillation pattern, such as ethanol, strontium chloride and
others.”®™* 1t has been shown recently that
parthenogenesis can be affected by numerous aspects in
mouse oocytes."*® H.-Y. Huang et al developed a DEP
microchip for parthenogenetic activation of mouse eggs.'*®
The rates of activation were independent of the time of DEP
exposure varying between 1 and 10 minutes at 10 V and 1
MHz. However, a dependence on the strength of the applied
electric field was found. 50% and 80% of oocytes were
successfully activated by the application of high intensity
electric fields of 133.4 kv m™" and 266.8 kV m™", respectively.
More than 80% of ova remained viable for both electric field
strengths.

Electrofusion is a technology that involves the production
of a cell with new genetic material and has been applied in
cloning, regenerative medicine, plant hybridization and
somatic cell nuclear transfer (SCNT). Clow et al. developed a

asexual
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DEP microdevice with micropit structures of various
diameters for the positioning and electrofusion of bovine cell
couplets.”® By the application of AC signals for cell
positioning and DC fusion pulses, cells were immobilized at
the desired spot(s) on the insulating film and allowed for
successful nuclear transfer (NT). Bovine oocyte-oocyte (69%),
oocyte—follicular cell (50%) and oocyte-fibroblast (78%)
couplets were fused at rates proportional to the standard
bovine cell NT. Cell lysis occurred at voltages exceeding 8
Vims upon cell positioning and at higher rates at 160 V DC
pulse.

EWOD in ARTs

Although electrowetting on dielectric technology has already
entered the field of on-chip manipulation of reproductive
cells, it is more extensively utilized as a chemical reactor for
(bio)fluid processing. This technology proved suitable for
the manipulation of culture medium microdroplets with
gametes and embryos during the dynamic automated
culture. Furthermore, EWOD can be used for the processing
of spent embryo culture medium, an important step in the
assessment of the embryo developmental competence based
on the analysis of its secretome. Information about the
chips and protocol development for the in vitro
manipulation of gametes and embryos as well as analysis of
the culture medium are collected in chronological order in
Tables 3 and 4.

On chip handling of gametes and embryos: IVF, IVC,
vitrification

H.-Y. Huang et al. fabricated an open EWOD chip for the
fertilization of mouse oocytes by merging 5 ul droplets
containing sperm cells (at various concentrations) and ten
ova followed by dynamic culture."*® Droplets were translated
and merged with 60 Vs at 500 Hz. The results showed that
the fertilization rates correlated with the amount of sperm
cells in the sperm droplet, i.e. the higher the concentration
of sperm, the higher the percentage of fertilized oocytes. The
developmental rates, however, were found to conversely
correlate with the sperm concentration, suggesting that the
excess of sperm cells remaining in the culture medium
droplet affects the early embryo development. In the open
device configuration, splitting of the droplet is so far
impossible to achieve. Thus, the inhibited embryo
development was associated with medium instability (such as
imbalance in ion concentration, pH) caused by the presence
of the spermatozoa.

The same group proposed a similar EWOD platform for
the dynamic culture of mouse embryos."” Single 2-cell
mouse embryos were dynamically cultured in 1 pl droplets of
culture medium covered by 4 pl of oil on the chip with
coplanar electrodes and in a closed configuration
(Fig. 6A and B). Droplet motion was achieved by the
application of 60-68.5 V,,s at 500 Hz. Generally, the
blastocyst rates of the dynamically actuated embryos were

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 EWOD microsystems for processing and assessment of embryos. (A) EWOD chip for the dynamic culture of mammalian embryos. 1)
Contact pad, 2) microfluidic channel (electrodes), 3) spacer (260 um). Scale bar 6 mm. (B) Mouse embryo at subsequent developmental stages
cultured on the digital microfluidic chip. Figures A and B were reproduced from ref. 139 with permission from PLOS ONE. (C) Standard and on-
chip protocol for vitrification of mouse embryos. ES-equilibrium solution, VS- vitrification solution. 1) Cryoprotectant stage, 2) extraction stage, 3)
freezing stage. (D) On-chip mixing of droplets of culture medium (CM) containing a mouse embryo with droplets of vitrification solution (VS).
Figures C and D were reproduced from ref. 142 with permission from PLOS ONE. (E) Pattern of the electrodes for simultaneous on-chip detection
of IL-18 and TNF-a. (F) Schematic representation of simultaneous detection of two single-embryo growth factors (SEGF) from culture medium.

Figures E and F were reprinted from ref. 146 with permission from Elsevier.

comparable with the ones cultured statically. The dynamic
group, however, showed a significant increase in the
percentage of hatching blastocysts. Additionally, embryos
cultured on the chip (19) were transferred to three recipient
mice and resulted in the births of viable pups (10/19) among
all three of them.

Son et al. developed an EWOD chip for the automated
handling of live yeast and zebrafish embryos, which, to the
best of our knowledge, was the first attempt of embryo
manipulation by EWOD."° 5 um yeast cells were suspended
in 0.5 pl droplets and successfully transported with 80 V;, at
7 kHz with no viable yeast left on the chip after motion. A
500 um diameter zebrafish embryo was handled in a 20 pl
droplet with voltages ranging from 95 Vins to 105 Vipys.
Additionally, embryo dechorionation was achieved by mixing
the droplets containing the embryo and the digestive agent.
The process of chorion removal, an envelope surrounding the
embryo, is common in ecotoxicological testing for better
visualization, exposure to chemicals and cell handling
(microinjection, transfection).’*! On-chip dechorionation was

This journal is © The Royal Society of Chemistry 2022

proposed as an alternative to the standard, manual
procedure. Interestingly, one of the zebrafish embryos was
exposed to electrolysis after which it was removed from the
platform and cultured in a fresh water tank. Despite the
occurrence of electrolysis, the embryo successfully developed
further.

Pyne et al. developed an EWOD chip for the processing of
mammalian embryos for vitrification, an “ice-free” rapid
cryopreservation technique in which cells are mixed with
cryoprotectants.’*®> This method avoids the formation of
intracellular ice upon rapid freezing. This preferred approach
in gamete and embryo cryopreservation became dominant
over the fresh donor embryo transfer in recent years.'** In
the study, the adapted human and mouse embryo
vitrification protocols were translated for the on-chip
manipulation of a single murine embryo (Fig. 6C and D).
Droplets containing the embryo and cryoprotective reagents
were mixed, split and transported with 55-75 Vi, at 15 kHz.
Survival and developmental rates were assessed by
morphological grading before and after freezing as well as
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after thawing and culture of 8-cell stage embryos for 24 h.
Serum-free culture medium was used to avoid chip surface
contamination. The results of the on-chip vitrification were
comparable with the standard, manual protocols.

Embryo assessment

A promising field of application of digital microfluidics is the
isolation of developmentally significant biomarkers from
spent cell culture medium. EWOD chips are under evaluation
as instruments in various “omics”, fields of study such as
genomics, proteomics, transcriptomics, cellomics and
metabolomics,”” the main purpose being the characterization
of molecules that are involved in various cellular processes to
better understand their function.

Two procedures of cell-free DNA (¢f-DNA) extraction with
DMF from spent mouse embryo culture medium were
proposed recently. Alias et al. used the commercially available
platform DropBot (model DB120 from Sci-bots, https://shop.
sci-bots.com/product/dropbot-db3-120-kit/) with magnetic
beads for the isolation of ¢f-DNA from culture medium
collected at days 2.5 (4-cell stage) and 3.5 of culture (8-cell
until morula stages). Depending on the buffer used in the
protocol, the applied signals varied between 80 V,, and 100
Vpp at 2 kHz for the transport of 1-1.8 pl droplets. A higher
percentage of c¢f-DNA was extracted from the EWOD chip as
compared with the conventional method (23% vs. 14.8%,
respectively)."** Another example is the EWOD chip with
magnetic beads developed by Chiang et al'*® The DNA
extraction protocol was previously adapted to the
requirements of the microdevice. The performance of the
microsystem was evaluated using two different dielectric
layers, which was shown to affect the performance. The
operating voltages ranged from 50 Vs to 70 V., at 2 kHz
for 100 nl droplets. The on-chip ¢f.-DNA isolation resulted in
higher percentages as compared to the standard protocol
(18% vs. 7%). However, not all of the extraction operations
were achievable on the chip due to the incompatibility of
some reagents with the proposed EWOD platform. In both
cases, a cleaning procedure was proposed allowing for chip
reusability.

Lee et al fabricated a bead-based microchip for the
simultaneous isolation of interleukin f (IL-1f) and tumour
necrosis factor o (TNF-0.)."*® IL-1f is a cytokine secreted by
growing mammalian embryos in vitro at later developmental
stages (8-cell to blastocyst) and a correlation between its
concentrations and the implantation rates was found.'*’
Thus, it could be considered a potential biomarker for
embryo implantation. TNF-o was found to be involved in
maintaining the balance between the embryotoxic and
embryotrophic cytokines during early embryo development,
and additionally affects the hormonal balance during
gestation as well as influences the reproductive function in
males.’*® Both molecules were fluorescently detected with
the use of magnetic beads conjugated with a specific
antibody for each cytokine. 32.5, 325 and 520 nl droplets of
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spent human embryo culture medium and reagents were
manipulated on the chip (Fig. 6E and F). Culture media from
day 3 and days 5-6, cleavage medium (CM) and blastocyst
medium (BM), respectively, were collected with no
interference with the IVC protocol. It was shown that
concentrations of IL-1f differed between the cleavage and
blastocyst media while no changes in the levels of TNF-a
were found. Interestingly, significant differences between the
concentrations of growth factors can be found between the
embryos collected from the same patient which calls for
further validation of this technique exploiting an increased
number of test samples. The extraction of these as well as
other biomarkers could potentially serve as a non-invasive
tool for the assessment of early embryonic development as
well as facilitate the prediction of the implantation
competence.

Discussion: benefits and challenges
Benefits of the application of electric fields in ARTs

The continuously growing field of application of DEP and
EWOD biochips covers at present multiple operations which
supersede or at least optimize the current techniques used in
assisted reproduction. Direct manipulation of gametes and
embryos ranges from positioning and entrapment, detection
of anomalies, separation of living and dead, mature and
immature, viable motile and viable non-motile sperm cells
through the 3D rotation of oocytes, electrically induced
parthenogenesis and electrofusion towards the selection of
embryos at various developmental stages. Morphological
grading of embryonic development in vitro could be
supported by more advanced technologies for the in vitro
assessment and selection of gametes and embryos for IVF.
Moreover, IVF and IVC were successfully achieved on DEP
and EWOD chips. Indirect application of EWOD microdevices
for the isolation of cell-free DNA and other potentially
valuable biomarkers of early embryonic development, and
implantation from a single mammalian embryo during
culture already outperforms the existing procedures.
Importantly, it allows for the analysis on a single embryo
level, thus far unachievable due to the constraints of
standard approaches such as the requirement for large
sample volumes (520 nl sample on EWOD platform vs.
minimum 50 pl required for enzyme-linked immunosorbent
assay, ELISA).'*® Until now, DEP and EWOD proved to be
promising tools towards the improvement of IVF laboratory
procedures. The advantages of microdevices utilizing DEP
and EWOD in reproductive studies are listed in Table 5.

Challenges for biochips for ARTs utilizing electric fields

Although automated miniaturized chips for the in vitro
manipulation of cells and fluids possess numerous
advantages, several challenges need to be overcome. When
designing a microdevice utilizing electric fields for a
biological application, one needs to take into consideration
both the constraints stemming from the microfabrication

This journal is © The Royal Society of Chemistry 2022
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Method

Beneficial effects

Dielectrophoresis: handling of gametes and embryos (positioning, manipulation,

selection)

Electrowetting on dielectric: on-chip translation of nano- to microdroplets of culture
medium (and/or reagents) with or without embryos/ gametes suspended within

processes and the requirements for the cell or medium of
interest. Common issues associated with DEP devices are
Joule heating, bubble formation, disrupted insulation and
undesired reactions on the electrodes which may have a
detrimental effect on the operation of the microchip.
Furthermore, for successful DEP operation, a medium of low
conductivity is required which adversely affects the viability
of cells.®® The known challenges related to the EWOD
technology are the contact angle saturation and
hysteresis."**"*® Apart from these, the most common failure
of the device is linked to electrolysis which can be observed
as bubble formation within the chip. Low voltage EWOD is
desirable, however, thinner insulators tend to break down
upon applying an electric field. Another challenge in the
construction of (D)MF chips handling biological samples are
the changes of the surface properties due to the adsorption
of molecules present in the culture medium.'>"'** This
problem can be overcome with the use of surfactants.>*™>*
However, these can be toxic to the different cell types or
incompatible with the chip design. Evaporation of liquids
which causes changes in the medium osmolarity is a separate
issue which can negatively influence the in vitro development
of mammalian embryos.”*® Additionally, differences in the
early embryonic development among mammalian species
exist,"” so it seems reasonable to acknowledge other species
as valuable models to decipher the paths involved in
reproduction of mammals. Due to the ethical reasons
concomitant with the culture of human embryos and stem
cells, a regulation regarding the time of keeping these cells
alive in in vitro culture was introduced. The so-called 14-day
rule, only recently revised,'® constituted for a substantial
restriction on the studies regarding the processes involved in
the conception, embryo implantation and gestation. Due to
the novelty of the proposed techniques in in vitro
manipulation of gametes and embryos, a lack of

This journal is © The Royal Society of Chemistry 2022

No formation of reactive oxygen species
(centrifugation and washing of sperm)

Non-invasive alternative to invasive gamete handling
(pipetting, ICSI)

No use of chemical agents upon parthenogenetic
activation

Alternative tool for morphological grading
Non-invasive concentration of gametes: possible IVF
for oligoospermic patients

Significantly smaller samples volume: more
biomimetic, dynamic culture

Reduction of reagents and processing time

Viable mouse pups born after on-chip manipulation:
full IVF cycle completed

Exclusion of manual operations such as pipetting
Efficient ¢f.-DNA extraction

Chip reusability after cleaning/recoating

Analysis of the secretome of a single embryo with no
interference during IVC protocol

Possible non-invasive alternative to PGS and PGD

standardization of protocols exists. The better the tools and
more detailed the analysis of the cellular properties, the
newer and more applicable models can be developed (as for
example in'*°). More studies are necessary for the evaluation
of the properties of these cells to draw a set of reference
parameters for their in vitro handling. Such development is
crucial for ARTs where the dominant method of the embryo
and gamete assessment is based on the morphological
grading. Lastly, the introduction of a novel apparatus
exploiting phenomena such as DEP and EWOD requires
training of personnel and a revision or adaptation of the
existing protocols.

Concluding remarks and future
perspectives

Electrically stimulated microchips can be applied in assisted
reproductive technologies to better mimic the in vivo
surroundings of gametes and embryos as well as to
understand the complexity of the processes involved in the
early embryonic development, implantation and pregnancy.
DEP can potentially be used for positioning, selection and
guidance of gametes, microchannels of specific geometry for
their confinement, EWOD for dynamic culture, medium
refreshment and embryo assessment, while other embedded
sensors could serve as tools for real-time evaluation of the
embryo microenvironment in vitro. Developments in the
synthesis of materials to better mimic the in vivo cellular
microenvironment, such as hydrogels, and their on-chip
incorporation are expected due to the high demand and
suitability upon creating complex organ-on-chips. Taking into
consideration the above-mentioned aspects along with the
rapid expansion of (digital) microfluidics and its application
in assisted reproductive technologies, a prototype of the full
IVF-on-chip can be expected in the near future.
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