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Article history: Cell electrofusion in microfluidic devices attracted great attention in recent years due to its widespread
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such as chemical conjugation, electric field induced dielectrophoresis, and microfluidic controlling based
on microstructure, are used to improve the pairing precision of cells, especially heterogeneous cells.
High-strength electric field can produce minipores on cell membrane and induce cell fusion. It can be
generated by a constricting electric field with microstructures or two microelectrodes. In comparison

Ic(?l/lwords: with the traditional electrofusion or other cell-fusion methods, microfluidic cell-electrofusion method
Pairing has many advantages such as precise manipulation, high efficiency in cell pairing and fusion, higher
Electrofusion cell viability, lower sample contamination and smaller Joule heating effect. In this article, the devel-
Electroporation opment of various microfluidic cell-electrofusion methods is reviewed. Some important parameters
Dielectrophoresis affecting the cell electrofusion are discussed in detail. Techniques that can be integrated on microflu-
Microfluidics idic devices for high-efficiency cell electrofusion, such as on-chip cell separation and culture, are also
discussed comprehensively.
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1. Introduction

Recently, nucleus transfer [1], hybridoma [2], production of
cloned offspring [3-6], and the epigenetic reprogramming of
somatic cells [7-10] attract many attentions. Cell fusion is one
of the most important methods that can produce new intercellu-
lar genetic materials, where mediating and culturing methods are
applied to merge two or more cells into a hybrid cell in an asexual
way [11]. The hybrid cell obtains genetic materials from two par-
ent cells. In addition to aforementioned applications, it also can be
used in genetics [12,13], immunology [14-20], developmental biol-
ogy [21], drug/gene delivery [22,23], hybridization/crossbreeding
studies [6,24-28], among others [29,30]. Compared with biological
[31]and chemical fusion methods, in which some hazardous exoge-
nous materials such as inactivated virus [32,33] or polyethylene
glycol (PEG) [34] are introduced, the electrofusion has considerable
advantages, including easy operation, low toxicity and widespread
adaptability. In addition, the efficiency of electrofusion is usually
much higher than the PEG-based approach [26,35-40].

The traditional cell-electrofusion process, which was firstly
developed by Zimmermann [35], can be divided into four consec-
utive steps: (i) cell alignment/pairing by positive dielectrophoresis
(the electric field strength: 100-300 V/cm) or other methods, such
as laser-based single cell manipulation [41-43], (ii) reversible elec-
troporation on cell membrane under high-strength direct current
(DC) pulses (1-10kVcm~1), (iii) membrane reconstruction and
cytoplasm exchange between two cells, and (iv) nucleus fusion
and hybrid cell formation. In the cell electrofusion process, cell
pairing and reversible electroporation play important roles for
the formation of final products. Original cell electrofusion sys-
tem used a fusion chamber with two parallel wire electrodes
of 0.1-0.2 mm spacing as reactors. In addition, helical chamber
and fusion chamber with two wide-distance parallel electrodes
(0.1-20 mm) are also developed for large-scale electrofusion [44].
Therefore, a high-voltage power supply is required to generate
electric field strong enough for reversible electroporation on the
cell membrane. Moreover, it is difficult to avoid the formation of
multi-cell fusion in traditional electrofusion systems because simi-
lar membrane potential at each cell junction point within a long
cell chain results equal probability of reversible electroporation
and fusion [45]. It is also difficult to separate the hybrids from
multi-cell fusion by existing cell separation methods, including
fluorescence activated cell sorter (FACS), magnetic-activated cell
sorting (MACS), and hypoxanthine-aminopterin-thymidine (HAT)
screening. Moreover, large-scale electric field in traditional cell-
electrofusion systems cannot precisely manipulate cells, and so
high-precision cell pairing and high-efficiency cell electrofusion
cannot be achieved.

With the development of microfabrication techniques, differ-
ent types of microelectrodes and microstructures are integrated
on microfluidic chips to solve the aforementioned problems by
shortening the distance between the two microelectrodes or by
constricting the electric field. Most existing studies focus on the two
steps of the cell-electrofusion process, i.e. the cell pairing and cell
electroporation [46,47]. Different methods used to improve these
two processes are schematically shown in Fig. 1. In general, three
methods, namely chemical conjugation, dielectrophoretic force
(field modification/enhancement by microelectrode geometry or
microstructure between electrodes) and field-free microstructures
trapping (such as micro-traps, flow control etc.), have been used
in cell pairing, whereas cell electroporation is induced by con-
trolling the geometry of the microelectrodes or microstructures
within the microfluidic devices. In the chemical conjugation
method of cell pairing, two cells can be chemically conjugated
by lectin or biotin-streptavidin interaction with high through-
put [48,49]. However, this method lacks the ability of pairing

unmodified cells. In addition, the random conjugation may
induce undesired pairing. To overcome these difficulties, dielec-
trophoretic force, generated by optimized microelectrodes, is
applied to enhance the cell-pairing efficiency. However, the dielec-
trophoretic force by itself cannot realize precise pairing of two
heterogeneous cells like A-B type with high efficiency. The combi-
nation of microstructures, like micro-orifice/micro-trap/micropit,
with other controlling methods, such as hydrodynamic pres-
sure/gravity/dielectrophoretic force, is developed for manipulating
the pairing process of heterogeneous cells. Due to the short distance
between the microelectrodes or the electric field constriction, a low
voltage is sufficient to achieve cell electrofusion in microfluidic cell-
electrofusion devices, and thus can reduce the cost of high-voltage
power generators as well as the negative effect of Joule heating
present in traditional cell-electrofusion systems. Besides the cell
pairing and electrofusion, the cell separation and cell culture are
also indispensable manipulations for the cell-fusion research, but
are not considered in most microfluidic electrofusion devices.
Since the cell pairing and cell electroporation methods are con-
sidered to be the two most important steps for electrofusion, a
comprehensive review of the existing processes and current trends
in these fields warrants considerable attention. And therefore, in
this article, we have presented a detailed review of the latest
achievements of the chip-based cell electrofusion as follows:

e Firstly, cell pairing in microfluidic devices is discussed in detail.
Different methods used to obtain high heterogeneous cell pairing
efficiency, such as electric field manipulation, chemical conju-
gation and microstructure trapping, are discussed in terms of
improved cell pairing processes.

e Secondly, reversible electroporation on microfluidic devices is
presented in detail. Various methods used to generate high-
strength localized electric field in terms of optimization of the
geometry of microelectrodes/microstructures via electric field
constriction effect are discussed.

In order to understand the functionality and performance of
these microfluidic devices better, various methods used for cell
pairing and cell electroporation are compared as well. Additionally,
some novel microfluidic cell electrofusion devices using suitable
combination of aforementioned cell pairing and cell reversible elec-
troporation methods are described. In addition, the influences of
some important factors on the overall electrofusion process, such
as the material and shape of the electrodes, cell types, osmolar-
ity of buffer solution etc. are also discussed in detail. Finally, the
shortcomings of the existing microfluidic cell electrofusion are
summarized, and some trends and guidelines are proposed for
future works.

2. Cell pairing

It is well known that stable pairing of cells is the basis for elec-
trofusion. In order to obtain high fusion efficiency, high efficiency
in cell pairing is required. In conventional research, cell fusion is
accomplished in a fusion chamber by high speed centrifugation
[50], chemical induction [51,52] and dielectrophoresis to perform
cell pairing [38,53-56]. However, these methods are in general
based on a random cell contact, and cannot control the number
of cell chains. It results in low pairing efficiency, especially for the
two-cell pairing and the pairing of heterogeneous cells. The paired
cellsinclude the types of AA, BB, and AB, among which only AB is the
desirable type for cell fusion. Some complex detection or separa-
tion techniques, such as FACS, MACS, HAT screening, are developed
for isolating AB cells from the cell suspension. Moreover, high-ratio
alignment/pairing of multiple cells will produce many undesirable
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Fig. 1. Schematic flow-chart representing different cell-pairing and cell-electroporation methods used for cell-electrofusion.

hybrid cells with multi-nucleus due to multi-cell fusion which
include ABB, BBA, or AABB types of hybrid cells, which are diffi-
cult to be selected and separated from AB cell suspension by the
conventional screening methods mentioned above.

Recent microfluidic technology allows fabrication of micro-
structures with a size similar to the characteristic scale of biological
cells, and thus enables researchers to perform electrofusion exper-
iments in micro-scale. The microfluidic technology can provide
more specific manipulation tools as well, such as micro-scale elec-
tric field and microstructure, for cell pairing in high efficiency and
high precision. As mentioned earlier, cell paring is generally per-
formed by three techniques: by using chemical method, by electric
field (DEP), or by trap microstructures. Each of these methods is
discussed in detail below.

2.1. Cell pairing by chemical method

Generally, standard microfluidic-based cell-electrofusion
requires multiple voltage sources consisted with AC and DC gen-
erators, where the AC source (low voltage) provides the cell-pairing
and the DC source (high voltage) realizes the cell-electroporation
[57]. Obviously it creates complex instrumentation, and reduces
cost-effectiveness. To overcome this problem, several groups used
a chemical method for cell pairing, which obviates the use of
dual power supplies, requiring only a common DC source on the
microfluidic platform. This novel chemical pairing method with
high heterogeneous cell pairing efficiency is developed based
on various chemicals like biotin-streptavidin and lectin-couplet,
among others. Wang and Lu [48] have used biotin-streptavidin
chemical linking, which is based on the biomolecular interaction
[58]. By biotinylated linked conjugation reagent, two types of
cells can create the cross-linking. Based on biotin-streptavidin
interaction, one half of the cell sample was labeled/biotinylated

by Sulfo-NHS-LC-biotin, whereas the other half of the cell sample
was treated for streptavidin coating after biotinylation. Under the
conjugation mode of cell-biotin-streptavidin-biotin-cell, about
50-55% cell population was conjugated by this chemically linked
protocol after mixing and incubation. In addition, more than half of
these cell-pairs (about 30% of cell sample) are found to be one-to-
one conjugation. Apart from the simplicity of instrumentation, as
mentioned above, the advantages of this method include no dam-
age of the cell membrane, and high effectiveness of pairing of two
different types of cells (even with significantly different diameters).

Besides using biotin-streptavidin chemical conjugation
method, zona-free cytoplasts were attached by using lectin to
somatic or embryonic donor cells to conduct cell pairing for
nuclear transfer cloning in cell fusion [59,60]. Firstly, these
cells were loaded into a mouth pipette with drops of 20 pg/ml
phytohe-magglutinin (PHA-P) in Hepes-buffered tissue culture
medium 199 (H199) containing 5-10 cytoplasts. After mixing the
cytoplasts and donor cells, incubation of the mixture solution for
a few minutes (~5min) was performed, followed by washing in
H199 +bovine serum albumin (BSA, 3 mg/ml), which resulted in
the formation of the zona-free couplet. As mentioned above, by
using chemical conjugation pairing method, cells with widely var-
ied diameters can be paired. For example, Clow et al. [49] reported
the pairing of cytoplast, having large diameter (~118 pwm), with
fetal fibroblast donor having a relatively small diameter (~13 pwm).
Also this method offers a relatively higher throughput in cell
pairing compared to the electric field/microstructure-induced
cell-pairing processes (described later). This is because these
latter methods have the limitation in the integration of number of
microelectrodes/microstructures within the microfluidic devices
through the conventional lithography-based fabrication methods.
However, this chemical conjugation method of cell pairing suffers
from some disadvantages. For example, since this process requires
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a pre-modification treatment of each cell sample prior to the
cell pairing, this chemical pre-treatment tends to modify the
membrane structure of cell sample, leading to potential damage on
cell viability. Moreover, the cell pairing between one A cell and two
or more B cells (or vice versa) cannot be avoided by this method
due to the random cell contact, especially within a mixture of cells
with significantly different diameters. Therefore, the one-to-one
pairing and the heterogeneous cell pairing efficiency are not very
high.

2.2. Cell pairing by electric field

Cell pairing by electric field is based on electrophoretic manipu-
lation and interaction of polarized cells [61]. Mostly, cell pairing in
microfluidic devices always uses positive dielectrophoretic force
to trap and pair cells. Dielectrophoresis is a particle movement
induced by the polarization effects in non-uniform AC or DC elec-
tric field [62], which was first discovered by Pohl and Crane in
1951 [63]. As the dielectrophoretic force has been used for cap-
turing and pairing cells in cell fusion since 1980, this manipulation
technology has widespread applications [64-66] due to easy oper-
ation, precise controllability of the dielectrophoretic force through
field-parameter adjustments [65], and easy integration with other
manipulation techniques [67]. Also this method eliminates the
complex pre-modification treatments used in chemical conjuga-
tion method mentioned earlier. Moreover, cells in the captured
regions near microelectrodes can be paired with any cells. Thus, this
method can improve the adoption of different cells. Also cells in the
microchannel can move to the high electric field area, and create
cell pairing under positive DEP force induced by the non-uniform
electric field distribution. The high-strength non-uniform field dis-
tribution can be produced by two ways. The first one is by using
specially fabricated microelectrodes where the electrode geome-
try plays an important role to produce non-uniform electric field
distribution in such a way that the field becomes higher near the
microelectrodes with respect to the other positions. On the other
hand, fabrication of microstructures with some dielectric mate-
rial within the microfluidic device can also produce non-uniform
electric field distribution within the micro-channel. With judi-
cious placement of these insulating microstructures between the
microelectrodes, electric field can be enhanced locally on some pre-
selected areas of the micro-channel via electric field constriction
effect. The two methods of generating non-uniform field mentioned
above are described in the following sub-sections. Besides positive
dielectrophoretic force, negative dielectrophoretic field was also
used to manipulate cells, like cell sorting, trapping and collection.
In addition, negative dielectrophoretic force applied in cell trapping
and formation of cell aggregates attracted great attentions [68-70].
Moreover, the low-strength electric field surrounding environment
for cell couplets is helpful for cellular vitality [71,72].

2.2.1. Field modification/enhancement by microelectrode
geometry

Microelectrode-assisted cell pairing is a method that uses spe-
cially designed microelectrodes to produce non-uniform electric
field distribution in microfluidic channel. Generally, the electric
field strength near the microelectrode is much higher. Cells in the
microchannel will move and attach to the microelectrodes, and
realize cell alignment due to the positive dielectrophoresis.

In the last decade, several groups [73-83] designed protrud-
ing microelectrodes for cell pairing and electrofusion. Tresset and
Takeuchi [74] developed a microfluidic device for electrofusion
of biological vesicles, based on a 250 wum thick low-resistance
silicon wafer (resistivity <0.01 2cm) bonded to glass substrate.
Fig. 2a represents the schematic diagram of the microfluidic plat-
form reported by Tresset and Takeuchi [74]. As shown in the

figure, the microelectrode arrays are fabricated to protrude into the
microchannel, and hence played the role of sidewall of the chan-
nel. Therefore, it also improves the integration of microelectrodes
in microfluidic channel. The widths of the microfluidic channel are
varied from 500 to 30 wm. A 300 kHz, 0.1-0.2kV cm~! AC electric
field was used to drive liposomes/cells for cell alignment/pairing
process. Due to the special geometry of the electrode arrays, a
non-uniform electric field is generated within the channel having
higher field gradient near the side-wall surface of the protrud-
ing electrodes. This enhances the probability of the cell alignment
and pairing at the sidewall of protruding electrodes. Using a simi-
lar designing protocol, Yang et al. [76,81] fabricated a microfluidic
chip with thousands of protruding microelectrodes on a SOI wafer
for high throughput electrofusion. This cell-electrofusion chip is
consisted with six microchambers. In order to integrate more
electrodes, each microchamber contains two serpentine-shaped
microchannels. The depth and width of these microchannels are
20 and 80 pm, respectively. The geometric parameters of these
microelectrodes are same in different chambers, while the distance
between two opposite microelectrodes varied from 50 to 100 wm
with anincrement of 10 wm in each chamber. This design allows the
chips to have high adoptability in fusing cells with different diam-
eters. The AC electric field (0.8-1.2kVcm~!, 1 MHz) applied on the
microelectrode array produces a dielectrophoresis force, and drives
cells to pair. In addition, the cell pairing result shows that the length
of the cell alignment chain can be controlled by the AC electric field
strength. Similarly, Qu et al. [83] fabricated 5000 asymmetric pro-
truding microelectrodes on a 1.5 cm x 1.5 cm glass-silicon bonding
wafer. The specific protruding microelectrode configuration cre-
ated an effective region for cell alignment in about 2-4 cellular
size by adjusting the applied voltage and the distance between two
counter protruding microelectrodes. Under the dielectrophoretic
force, a major proportion of the cells (>95%) were attracted toward
the edge of microelectrodes for docking. The optimal region of cell
alignment is wider than the size of two cells and narrower than the
size of three cells. Accordingly, the distance between two counter
protruding microelectrodes should be the size of 4-5 cells suit-
able for two-cell alignment. Experimental results show that about
42-68% cells aligned as cell-cell pairs. And the pairing ratio of het-
erogeneous cells is about 35% as depicted in the microscopic image
(cf. Fig. 2b, red dotted circles), indicating higher efficiency of cell
pairing through this fabrication protocol.

One disadvantage of the protruding microelectrode structure
is that it forms cavity area between two adjacent microelectrodes
(also called “dead area”) and cells are found to be easily trapped
in these areas during loading and cell alignment process, as indi-
cated by white circles in Fig. 2b). As the electric fields in these
areas are lower than other areas, it affects the reversible elec-
troporation, leading to a decrement in the overall electrofusion
efficiency. To overcome this problem, Hu et al. [75] presented a
discrete microelectrodes array structure based on the thin film
microelectrode. This microfluidic chip is fabricated on a quartz
glass substrate, which consists of a serpentine-shaped microfluidic
channel made of insulation material (Durimide 7510), a sandwich
structure consisting of a chiasma-shaped thin film microelectrode
array (from bottom to top), 1015 pairs of discrete thin film micro-
electrodes deposited on each sidewall of the microfluidic channel,
and another chiasma-shaped thin film microelectrode array. On
this microfluidic chip, the electric field distribution is non-uniform
and similar to the protruding microelectrodes mentioned previ-
ously. But the main advantage in this current device is that it also
keeps a smooth microfluidic channel wall because the thickness of
Au thin film is only 0.3 pm. Compared to the protruding microelec-
trode structure described previously, the filling of the “dead areas”
between two adjacent microelectrodes by the dielectric material
(Durimide 7510) in this device nullifies the presence of electric
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Fig. 2. Schematic structure of protruding microelectrodes for cell pairing on microfluidic chip. (a) The fusion protocol starts with highly efficient cell pairing near the
protruding electrodes (1), followed by electroporation (2), and fusion (3) [74]. (b) Cell alignment in a microchannel with protruding microelectrode array (Red dotted circles
show cell-pairing at the edge of the protruding microelectrodes, while white solid circles show that some cells are trapped in the gaps [‘dead areas’] between two adjacent
protruding microelectrodes). (c) Schematic diagram of microfluidic device based on SiO,-Polysilicon-SiO; structure and discrete microelectrodes. (d) The view of the actual
cell electrofusion microfluidic chip (SEM 200x ). (e) Image of the NIH3T3 cell alignment in the microfluidic chip. Adapted with permission from Ref. [82]. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of the article.)

signal in these areas, leading to almost negligible cell trapping
in the ‘dead areas.’ It is observed that more than 99% cells are
successfully trapped at the edges of the discrete microelectrodes,
and about 70% cells are aligned as cell-cell pairs. It shows a great
improvement over the previously described protruding microelec-
trode array (whose efficiency is only about 40%). Besides the thin
film discrete microelectrodes, discrete coplanar vertical sidewall
microelectrodes (cf. Fig. 2c and d) are also developed by Hu et al.
[82] based on a SOI wafer to eliminate the “dead areas.” Adjacent
microelectrodes on each sidewall are separated by coplanar SiO,-
polysilicon-SiO, /silicon and floating silicon structure, which filled
the “dead areas.” A schematic structure of the device is shown
in Fig. 2¢, whereas the actual image of the device is represented
in Fig. 2d. Since the floating silicon without electric signal cannot
induce positive DEP force, cells cannot move and pair on it. About
100% cells are observed to be aligned to the discrete microelec-
trodes. Cell-cell pairing efficiency is also found to be around 70%
(as shown in Fig. 2e). However, some cell chains are found to con-
tain one cell or more than 2 cells and the pairing of two types of
cells as AB is still random.

To obtain more specific manipulation in cell pairing, microflu-
idic control was used to assist dielectrophoretic cell pairing.
A microfluidic chip, consisted with a polydimethylsiloxane

(PDMS)-based microchannel with a fusion chamber and two oppo-
site gold-titanium (Au-Ti) electrodes, was developed by Ju et al.
[80]. This microfluidic device combined the dielectrophoretic force
and hydrodynamic force, and realized high cell pairing efficiency
on plant cells. In this device, samples are continuously fed through
the regions within microelectrodes by a pressure-driven flow with
the imposed differential pressure between the inlet and outlet of
the device (cf. Fig. 3a). An AC electric field is applied between the
opposite microelectrodes, and cells are paired at the microelec-
trodes by the induced positive DEP under appropriate differential
pressure. The optimal AC electric field for pairing (amplitude:
0.4-0.5kVcm~1, frequency: 1.5 MHz) is determined after obtaining
the variation of the pearl chain ratio of five kinds of plant cells. With
alow flow rate (flow speed within the fusion chamber <40 pms—1),
92 4+ 2.3% of the cells are trapped by the electrodes. As the fluid
velocity increases, the number of cells trapped by the microelec-
trodes decreases, as shown in Fig. 3b-d. The cell-cell pairing on
this microfluidic chip is higher than traditional pairing protocol.
In addition, after the capture of the first cell on the microelec-
trodes, second type of cell can be injected into the microfluidic
channel. Under suitable double forces, two types of cells can pair in
one-to-one heterogeneous conjugation method. However, the flow
velocity is hard to control to realize the capturing of just two cells



68 N. Hu et al. / Sensors and Actuators B 178 (2013) 63-85

(lO

'.

¥

A

:

K
Yo
Qe

r-...\
-

AP=30Pa d

\

Fig. 3. Schematic structure of the microfluidic device and cell pairing under different pressure gradient (AP). (a) Schematic diagrams of the 3D electrofusion chip: dimensions
of the microfluidic channel (H: 0.2 mm, W: 0.1 mm, L: 17 mm), fusion chamber (H: 0.6 mm, W: 0.6 mm, L: 2 mm). (b-d). The dependence of the pearl chain formation rate on
the differential pressure: (b) the differential pressure is 50 Pa; (¢) 30 Pa. (d) 10 Pa. Adapted with permission from Ref. [80].

at each microelectrode, especially when the sizes of the cells are
significantly different, as both the dielectrophoretic force and the
hydrodynamic force depend on the size of the cells. It also induces
low heterogeneous cell pairing efficiency.

Besides Positive dielectrophoretic force, negative dielec-
trophoretic (nDEP) force has also been used in cell pairing process
[84,85]. Kirschbaum et al. [71] developed a single-cell level electro-
fusion microfluidic device, which allowed gentle and contact-free
cell manipulation in standard cell culture medium. In this microflu-
idic device, two kinds of cell suspensions, Myeloma cells and B cell
blasts, are introduced into the microfluidic channel by two sepa-
rated inlets. The two cells under consideration, either homologous
or heterologous, are selected by the switch electrodes. Subse-
quently, these two cells are transported to a central processing
area (CPA) by the hydrodynamic flow and the dielectrophoretic
force, induced by deflection electrodes. Considering the geometry
of zigzag electrodes, electrical parameters of surrounding medium
and cells, nDEP force induced by AC signal retains cells against the
flow, and traps them at the zigzag electrode area. In addition, these
two cells are paired by the mutual inactivation between two polar-
ized cells. This method is also used in cell pairing between cells and
beads, and multi-cell pairing applications. It shows specific manip-
ulation in the cell selection and pairing between two types of cells,
and good adaption in rare cell electrofusion.

2.2.2. Field modification/enhancement by microstructure
between electrodes

Besides using microelectrodes of different geometries to induce
positive DEP force for cell pairing, construction of micro-structure
within the microchannel [46,86-89] can also modify the electric
field spatial distribution and produce positive DEP force to attract
and pair cells with high efficiency. Generally, the micro-structures

are fabricated by dielectric material within the microfluidic channel
in such a way that the electric field is concentrated at some specific
areas. Cells in the microfluidic channel is then driven by the induced
positive DEP force, and paired at these positions with higher electric
field.

In 1989, Masuda et al. [86] developed a microfluidic chip for
electrofusion which consists of a fusion chamber and a pair of par-
allel electrodes. The chamber was divided into two microfluidic
channels by an insulated wall that contained a small opening. Due
to this specially designed microstructure, majority of the electric-
field lines were concentrated at the small opening to produce a
strong electric field constriction area between two opposite micro-
electrodes. Cells A and B were loaded into the respective channel.
When these cells were allowed to flow through the fusion chamber,
AC voltage (2 MHz, variable-voltage: 0-30V) was applied on the
electrodes that produced high electric field at the insulator open-
ing. Cells A and B then moved towards the high electric field zone
(the center of small opening), and formed cell pearl-chain A-B at
this point, under the positive dielectrophoretic force, as shown in
Fig. 4.

However, the above-mentioned microfluidic device suffers from
one disadvantage, which is the low throughput of cell pairing
because of the limitation in microelectrodes and small opening.
To overcome this shortcoming, Gel et al. [46] recently fabricated
a microfluidic chip, which was composed of a glass substrate, a
fusion chamber, and two opposite electrodes. The fusion chamber
was divided into two microfluidic channels by the micro-orifice
array partition located in the middle of the fusion chamber. Each
microfluidic channel contained an inlet for cell loading. In cell
pairing process, two suspensions with different cell types were
introduced into each inlet and filled the microfluidic channels.
Firstly, the chip was tilted to create a flow under hydrostatic
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Fig. 4. Schematic of electric field constriction and two type cells pairing on the
micro-opening. Adapted with permission from Ref. [86].

pressure, and carried one type of cells (cell A) toward the micro-
orifice. After that, an AC signal was applied on the two opposite
electrodes to produce a dielectrophoretic force. Since the micro-
orifice concentrated the electric field lines and generated high
electric field zone under positive dielectrophoretic force, cells A
moved to the high electric field zones and were trapped at the
micro-orifice when the chip was tilted the other way. Cells B in
the other side of fusion chamber were also moved to the micro-
orifice under the hydrostatic pressure and the dielectrophoretic
force. Cells A and B made contact through the micro-orifice, and
formed pairs, as shown schematically in Fig. 5a, whereas an SEM
image of the micro-orifice structure is shown in Fig. 5b. This pair-
ing protocol can avoid the mixing of different types of cells by using
the partition structure. And the pairing efficiency can reach almost
95-100%, as shown in the real-time microscopic image in Fig. 5c.
Although the aforementioned device structure showed a
great improvement compared with traditional pairing methods,
the throughput is not very high due to the limitation in the
micro-orifice integration, which is aligned in a linear manner

Inlet 1
a @ Cell Type A !
® Cell Type B i
Electrode
® ® =
Partition .. :
Electrode

Micro orifice

along the channel. This one-dimensional distribution is unsuit-
able for massive parallelism. To avoid this limitation, Kimura
et al. [89] developed a new microfluidic device with micro-orifice
array sheet. The cell pairing protocol is accomplished by the
dielectrophoresis-assisted massively parallel cell pairing based on
micro-orifice induced field constriction. The core of this new device
is a 4mm diameter and 25 wm thickness polyimide chip with
6 x 103 micro-orifices in two-dimensional arrangement (cf. Fig. 6a).
The micro-orifices of 5-8 wm in diameter are arranged in triangu-
lar array with a pitch of 50 wm (cf. Fig. 6b). This polyimide chip,
sandwiched between two indium tin oxide (ITO)-coated glass elec-
trodes, and two PDMS sheet spacers of 200 wm thickness with
a circular opening of 4mm in diameter conform the microflu-
idic device. The cell pairing protocol can be divided into 3 steps
(cf. Fig. 6c-e): firstly, adding cell suspension (low-conductivity
medium: 150 wS/cm) of two types of cells into upper and lower
chambers, respectively. Cells A (green cells, whose cytoplasm are
stained with green fluorescence dye) in the upper chamber (Cham-
ber A) start sedimentation and move to the micro-orifice under
the positive DEP force produced by the applied 1 MHz AC voltage
between the ITO electrodes (cf. Fig. 6¢). Since the high electric field
gradient only exists in the vicinity of the orifice, cells B cannot be
lifted to the micro-orifice sheet from the lower chamber B by the
DEP force. The microdevice needs to be flipped over keeping AC
voltage ‘ON’ to keep cells A attached to the micro-orifice in cham-
ber A by the DEP force (cf. Fig. 6d). By the gravity and the DEP force,
cells B in the other chamber (Chamber B, which is now becomes
upper chamber after flipping) start sedimentation toward the ori-
fice to form cell pairs in the orifice. To avoid the cells B to keep
in touch with the upper electrode, stirring bar is used to scrape
them off. In addition, the stirring is helpful for pearl-chains disrup-
tion and homogeneous distribution of the cells in the orifices (cf.
Fig. 6e). The cell pairing result shows that more than 80% of the ori-
fices with this cell pairing process form AB cell pairs as reported
by Kimura et al. [89]. However, both of these one-dimensional
and two-dimensional arrangements of micro-orifice arrays in the

Fig. 5. Cell pairing process on microfluidic chip with 1D micro-orifice array. (a) Schematic of microfluidic chip and cell pairing process. Adapted with permission from Ref.
[46]. (b) SEM micrograph showing the actual micro-orifice structure. Adapted with permission from Ref. [88]. (¢) Optical microscopic view of cell pairing in the microchannel.

Adapted with permission from Ref. [46].
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Fig. 6. Microfluidic device containing 2D micro-orifice array and resulting cell pairing process. (a) Schematic diagram of the micro-orifice structure and dimensions, (b) SEM
images of a single and an array of micro-orifices. (c-e) Schematic procedure for cell pairing on the 2D orifice array. Adapted with permission from Ref. [89].

microfluidic devices need a complex operation, especially to con-
trol the intensity of the AC field to make sure that cell A can be
trapped at the micro-orifice and avoid the cell damage by excessive
dielectrophoretic force.

Compared with cells that are placed on each side of the micro-
orifice construction, Clow et al. [73] developed a microfluidic device
that was integrated with micropit structure for cell pairing by
dielectrophoretic force. A schematic cross-sectional view of the
micropit structure is shown in Fig. 7a. The design aimed to improve
the cell pairing between the donor cells and the cytoplasts and
automate the nuclear transfer procedure. This group used differ-
ent micropit dimensions (larger, smaller or comparable to cell size,
shown in Fig. 7b) to observe cell-pairing efficiency between cells
having comparable or widely varied dimensions. In addition, this
method eliminates the problem of cell settling or moving away
from below the insulating film. On this microfluidic device, dielec-
trophoretic force was used to attract cells toward the micropit and
automatically form couplets on the same side of the insulating film.
For cell-pairing between two widely varied cells (such as oocyte and
somatic cells), firstly, 1 MHz, 3 Vs AC voltage was applied, which
produced a dielectrophoretic force to attract somatic donor cells
within ~50 wm of a micropit edge and become trapped. Numeri-
cal simulation shows that the DEP force is approximately zero as
the field is essentially uniform in this region over 250 pm. It means
that cells in this area cannot be driven by the DEP force. In addi-
tion, higher voltage (above 8 Vns) is forbidden to avoid consistent
cell lysis. After the first donor cell positioned itself centrally within
a pit, the oocyte (having much larger diameter than donor cells)
was dispensed and migrated to the pit. The final location of the
oocyte was vertically above the donor cell. A couplet was formed
between the first donor cell and the oocyte (cf. Fig. 7c). For cell
pairing between two cells having comparable dimension (such as
oocyte—oocyte pairing, shown in Fig. 7d), the first oocyte particle
was also attracted, and located over the pit by the DEP force. Since
the diameter of the oocyte is bigger than the size of the micropit,
it was positioned directly over the pit. Then the second oocyte was
released near the edge of the titanium film electrode, and allowed
to drift until it made contact and formed the couplet with the first
oocyte. The limitation of this microfluidic device is the adoption of
wide variations in the cell and the micropit size. For larger micropit,
there is a probability of two or more donor cells to be trapped in
the same micropit, and then these donor cells can contact and fuse

with the subsequently loaded oocyte to form one-oocyte-multi-
donor-cells. In order to overcome this problem a separation method
based on cell size has been adopted by various groups [90-92]
with micropit-based microfluidic devices. Based on pit diameter,
size pre-selection of somatic donor cells resulted in an average cell
diameter around 20 pwm in the fusion buffer. However, this method
can be elaborate and costly.

2.3. Cell pairing by microstructure

Cell pairing just by microfluidic control also attracts high atten-
tion in recent years. This method always integrates micro-trap
structure on microfluidic chip. Cell pairing then is accomplished
by flow control and cell trapping in the micro-trap structure.

Recently, Skelley et al. [93] developed 2-cell capture and pair-
ing method on a microfluidic chip, which showed great potential
in high-throughput and high-efficiency cell fusion of two types of
cells. This capture protocol is based on trap structure with larger
front-side and smaller backside capture cups. The details of the
trap structure, including the larger front-side and smaller back-
side capture cups (14 pm tall, 18 pm wide x 25-40 pm deep and
10 pwm wide x 5 mm deep, respectively), along with support pillars
(7.5 pm wide x 35-50 pm long x 6—8 m tall) are shown in Fig. 8a.
The chip is integrated with 6000 traps on 8 mm x 4 mm array. The
loading protocol can be divided into three steps: firstly, one type of
cell (green cell) was loaded into the microfluidic chip. These cells
were isolated in the smaller backside capture cups with the hydro-
dynamic pressure until the array was saturated. Since the size of
the backside capture cup is very small, just one green cell can be
captured there. Secondly, the green cells on the smaller cups were
transferred directly ‘down’ into the larger capture cups, placed just
opposite toit, under an inverted laminar flow. And this laminar flow
within the device can ensure the transfer process to be fast, mas-
sively parallel and highly efficient. Finally, another type of cell (red
cell) was loaded into microfluidic device. Under the hydrodynamic
pressure, these cells would be trapped in front of the previously
trapped cells within the larger capture cups. Since the larger cups
were designed to capture only 2 cells, additional cells cannot enter
the cup, and traveled through the array to another cup until the
array is saturated (cf. Fig. 8b-d). On this microfluidic device, 2-
cell capture and pairing efficiencies are up to ~80% and 70%,
respectively. This method can control thousands of cell pairing
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Fig. 7. Cell pairing on the microfluidic chip with micropit. (a) A schematic cross-sectional view of the micropit structure, showing Titanium micro-electrodes (black),
borosilicate glass substrate (grey) and, SUS8 (light grey, not to the scale). (b) Image of the actual microfluidic chip containing an array of 22 wm deep pits (pyrex substrate/grey,
and titanium film electrodes/light grey). (c) Donor-oocytes cell pairing. (d) Pairing of Oocytes located on a 40 wm pit (titanium electrodes/black). Scale bars of b, c and d are

250, 100, 30 wm, respectively. Adapted with permission from Ref. [73].

in a short time. In addition, the throughput of this device can be
increased by increasing the size of the substrate and by integrat-
ing more capture microstructures on this microfluidic chip. Also
the cell pairing efficiency is found to be higher than the existing
microfluidic devices. In this cell pairing protocol, the most impor-
tant factor is that the backside traps just accommodate one A cell
due toits small size. It ensures that in the next front side capture via
‘transfer down’ process, just one A cell can be trapped. However, the
pairing of two B cells as well as multi-cell pairing cannot be avoided
in this method as depicted by the white circle in the microscopic
image of Fig. 8d. Moreover, this method also needs modification for
the adoption of cell-pairing between two types of cell with signifi-
cantly different in diameter, such as oocyte and somatic cells. The
size of the front capture microstructure should be adopted accord-
ing to the size of cells to make sure that the cell can be trapped into
it. Finally, significant attention to be paid to minimize the frictional
force on cell membrane and its potential damage on cells during
the cell pairing process.

As with the micro-capture structure, another microfluidic chip
with trap array was developed by Kemna et al. [94], for hybridomas
generation between human peripheral blood B-cells and mouse
myeloma (NS-1) cells by electrofusion. 11 rows of 87 traps were
integrated on the microfluidic chip for high throughput electro-
fusion (cf. Fig. 9a). The space between two rows was 50 pum, and
the distance between the traps was varied. Each trap structure
was composed of a V-shaped trap (width: 25-29 um; length:
20-21 pm) with a small trap (depth: 3 or 6 pm) placed at the cen-
ter of the large trap (Fig. 9b). Firstly, the isolated B cells (having
smaller diameter) were loaded into the device by using a syringe

pump. After B cells trapped on the smaller traps, the cell suspen-
sion with NS-1 cells (having larger diameter) was loaded into the
device. Under the pressure-driven flow, NS-1 cells were trapped in
the large trap structures and form B cell/NS-1cell pairs (cf. Fig. 9c).
The cell pairing result shows that the small trap with 6 wum depth
has better performance in trapping B cells (trapping efficiency is
77 +£2.3%), compared with small trap with 3 wm depth (trapping
efficiency is 42 4+20%), as the 3 wm trap is too small to trap B
cells. The distance between two adjacent traps (dt) on the same
row also has significant influence on the capture of NS-1 cells. The
highest trapping efficiency (83 +3.5%) occurred at d; =25 pm. In
contrast, the trapping efficiencies for d; =20 or 30 wm are 56 + 6.5%
and 71 £ 2.5%, respectively. And excessively narrow gaps between
two traps (d;=20 wm) resulted in clogging of the device. In addi-
tion, the width of small trap is another important factor affecting
the cell pairing efficiency. The pairing efficiency (the percentage of
traps occupied by exactly one B-cell and one NS-1 cell) is 33 4+ 6.4%,
31+£9.3%, and 19+4.9%, respectively, as the widths of the small
traps varied as 4, 5, 6 wm, respectively. This study reveals that this
microstructure has great potential application in high efficiency
heterogeneous cell pairing. Some novel designing modification of
this device can pair two types of cells with different diameters.
It has been observed that the ratio between cell diameter and
separation between traps affects the trapping efficiency and pair-
ing efficiency significantly. Therefore the sizes of the cells as well
as the trap structure should be chosen carefully in this type of
microfluidic device for efficient cell electrofusion. In addition, the
variation in the cell diameter may add complexity into the device
operation. Some microstructures with more adaptability are
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Fig. 8. Images of an array of micro trap structures and cell pairing processes on the microfluidic device. (a) picture of the actual trap structure, including the larger front-side
and smaller back-side capture cups. (b-d). Three-step cell-loading protocol. (b) Cells are first loaded ‘up’ toward the smaller back-side capture cup. (c) The direction of the
flow is reversed, and the cells are transferred ‘down’ into the larger front-side capture cup two rows below. (d) The second cell type is loaded from the top, and cells are

captured in front of the first cell type. Adapted with permission from Ref. [93].

desirable to obtain high efficiency for heterogeneous cell pairing
between two types of cells with different diameters.

To summarize, it has been clearly depicted that the cell pairing
efficiency, especially heterogeneous cell pairing, is one of the most
important parameters for evaluating the performance of cell elec-
trofusion process. In the aforementioned microfluidic devices, the
cell pairing is carried out by chemical, electric field, or field-free
microstructure-assisted microfluidic trapping. Dielectrophoretic
force, hydromantic force, gravity force and chemical conjugation
are used in these processes, and show great potential to improve the
cell pairing efficiency. The advantage of electric field-assisted cell

pairing is that it is easy to operate and has widespread applications.
Electric field induced by microelectrodes can realize cell pairing
without size limitation. Optimized microelectrode structure, like
discrete microelectrodes and thin-film electrodes can improve the
one-to-one cell pairing efficiency. However, this method cannot
ensure heterogeneous cell pairing due to the random cell contact.
On the other hand, electric field induced by constriction is better to
conduct high efficiency of heterogeneous cell pairing. But it needs
to resolve some issues, such as nucleus fusion and size-adoption.
The chemical method shows good adoption of different types of
cells due to pre-modification of each type of cell before cell pairing.
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Fig. 9. Microfluidic device for cell capture by micro trap structure. (a) SEM image of the trap array, d; represents the distance between the traps. (b) Detailed zoom of one
trap structure, highlighting the large and small traps; ws and ds represent the width and depth of the small trap. (c) Cell pairing result between a CFDA stained B-cell and an
unstained NS-1 cell. Adapted with permission from Ref. [94].

Table 1

Comparison between various cell pairing methods used in microfluidic devices.

Methods

Mechanism

Advantages

Disadvantages

References

Electric field-assisted

Field-free
Microstructure-assisted

Chemically conjugated

Field modification/
enhancement by
microelectrode
geometry

Field modification/
enhancement by
microstructure
between electrodes

Non-uniform
electric field
produced by
microelectrodes
Electric
constriction by the
micro-orifice/
micro-holes

Cell trapping due
to the
flow/Microfluidic
control

Bio-chemical
junction

Easy to fabricate,
Better adoptability
of cell types

Improve the
heterogeneous cell
pairing efficiency

Improve the
heterogeneous cell
pairing efficiency,
High specific cell
pairing control

High through-put
cell pairing method

Low-heterogeneous cell pairing efficiency due
to the random cell-cell contact

Cell size adoption is not good Nucleus fusion
limitation

Complex microfluidic controlling system, and
cell size adoption is not good due to the
limitation of microstructures

Low heterogeneous cell pairing efficiency due
to random contact in cell pairing process
Pre-chemical-treatment induces potential
damage of cell membrane

Cell sample without pre-modify can’t be paired

[74-77,79-83]

[46,73,87-89]

[93,94]

[48,49]
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It allows two types of cells with significantly different diameters
to be paired by chemical conjunction. But considerable attention
needs to be paid to prevent the potential damage of the cells in
pre-modification treatment, and the one cell A pairs with two or
more cell B in random pair process. Moreover, the pre-modification
treatment is also a complex procedure. Microstructure-assisted
conjugation can realize high heterogeneous cell pairing. But there
are still some issues related to the size adoption between cell sam-
ple and microstructure, which needs to be resolved. Combination of
obstacle/micro-capture structure and the multi-controlling ability,
such as dielectrophoresis and hydromantic pressure is considered
to solve this problem and create a high efficiency, widely adoptable
heterogeneous cell pairing method. Table 1 compares the vari-
ous means for cell pairing used in microfluidic cell electrofusion
devices.

3. Cell reversible electroporation

Cell reversible electroporation is one of the most interesting
influences of electric field on cell [95]. Generally, after cell pairing
process, high-strength DC electric pulses are applied via opposing
electrodes (within the microfluidic platform), which are amplified
at the cell membrane owing to the low conductance of the mem-
brane. This leads to molecular rearrangement of the phospholipids
[96], resulting in the formation of nanopores (and hence called
‘electroporation’). And the nanopores of two cells in contact will
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induce membrane connection, cytoplasm exchange, and eventu-
ally whole cell electrofusion process between the two paired cells.
Obviously, application of excessive electric field will induce cell
rupture, which needs to be avoided in cell electrofusion. Generation
of highly concentrated electric field, strong enough for reversible
electroporation (but not enough for cell rupture), can be achieved
either by reducing the distance between the two electrodes or by
constructing some microstructures, such as micro-orifice or micro-
traps, that concentrate the electric field into a small region to
provide the required electric field for cell reversible electropora-
tion.

3.1. Cell reversible electroporation induced by microelectrodes

In the first approach, the electrodes are placed 20-100 pm
apart, and cells were loaded in the microfluidic channel between
two opposite microelectrodes. The electrofusion voltage is always
under 50V. In the research of Masuda et al. [86], the electropo-
ration was accomplished by using 0-30V, 20-100 s single-shot
pulse source by shortening the distance between the two electrodes
and constricting the electric field. It eliminates the requirement of
costly power source, and expands the application of cell electrofu-
sion technology.

Later, various groups also developed different microfluidic
devices integrated with the protruding microelectrode structure to
induce low-voltage electroporation (<50V) [48,74-76,78-83,97],

Fig. 10. Cell fusion between protruding microelectrode. (a) Electric field distribution in microfluidic chip based on glass-silicon bonding wafer. Adapted with permission
from Ref. [83]. (b) The progression of cell fusion after the alignment of HEK293 cells is shown in a series of micrographs (b;-bs). (c) The predicted y-component electric
field at the first (dash-dotted line) and second (solid line) cell junctions as a function of the cell- diameter. (d) Experimental observations of K562 cell fusion process and
the elimination of multi-cell fusion, the purple circles are cell electrofusion between cell pairs, while the red circle shows the electrofusion occurring only at the first cell

junction. Adapted with permission from Ref. [75].
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as shown in Fig. 10a and b. These protruding microelectrodes can
generate spatially non-uniform electric field distribution in the
microfluidic channel. In the numerical simulation of Cao and co-
authors [98], it has been reported that the electric fields in the zone
near the microelectrode of symmetrical and asymmetrical protrud-
ing microelectrode arrays and the protruding/plate microelectrode
structure are, respectively, 2.4, 2.0, 3.0 times of that in the parallel
plate microelectrode structure. In addition, these microfluidic chips
with protruding microelectrode structure always use the induced
non-uniform electric field to produce DEP force and attract cells
to pair on the microelectrodes. The cell junction position is still
located at the high electric field zone. The reversible electropora-
tion can be achieved under lower voltage compared to the parallel
microelectrode structure. However, in the protruding microelec-
trode structure, the fusion within the cavity area (‘dead area’) [75]
between two adjacent microelectrodes is inefficient due to the low
electric field distribution compared with that near the protrud-
ing portions of the microelectrode. Therefore, the cells trapped in
these areas by the DEP force or hydrodynamic force cannot be fused
because of the low field distribution in these areas. As mentioned
in the previous sections, Hu et al. [75,82] solved this problem by
filling the cavity area with insulating material or floating silicon,
which avoids cell trapping in the cavity. Moreover, the discrete
microelectrode also concentrates the electric field and reduces the
fusion voltage. In that case, under a lower voltage (<10V) K562
and NIH3T3 cells are fused into hybrid cells with a higher effi-
ciency (~40% of total cells loaded into the device) than previously
reported with protruding microelectrode-based cell electrofusion
chips. In addition, the electric field distribution shows that the elec-
tric field decreases as the distance from the edge of microelectrode
increases. It means that the electric field in the first junction in a
cell chain is higher than that at the second junction (cf. Fig. 10c and
d), which reduces multi-cell electrofusion since the electric field at
the second junction is not enough to fuse the second and third cells
at the second junction.

Recently Wang and Lu [48] developed a continuous flow cell
electrofusion protocol in a microfluidic chip. The cell couplets,
after chemical conjugation based on biotin-streptavidin interac-
tion, continuously flowed through the microfluidic channel with
5 converging-diverging sections (shown in Fig. 11a). DC electric
pulses are imposed between the opposing electrodes, and elec-
troporation of these couplets occurs when they flow through the
throats of the converging-diverging sections, where the electric
field is highest as shown in Fig. 11b. The parameters of the DC
pulses, including pulse voltage, duration, and number, depend on
the dimensions and number of the converging-diverging sections
and the continuous flow velocity. Under a series of DC pulses (the
field intensity is about 1200 V/cm) in the throat, the couplets were
reversibly electroporated and fused in a short time, as shown in
Fig. 11c, with the highest efficiency of 44%. The throughput of this
device is considerably high due to the use of continuous flow. The
limitation of this microfluidic chip is that the fusion voltage is a little
higher than that in the previous microfluidic chips. In addition, the
flow velocity needs to be specifically controlled so that the couplets
slowly translocate through the throats of the converging-diverging
sections, where fusion occurs. Finally, cell pairing and fusion could
notachieve in the same device, and cells must be paired by chemical
method prior to being pumped into the device.

3.2. Cell reversible electroporation induced by electric field
constriction

In the other approach of cell electroporation, the required elec-
tric field, necessary for electroporation, can be produced on the
microfluidic chip with optimized microstructures under a low
voltage, even if the distance between two opposite electrodes is

25 pm

Fig. 11. Continuous electrofusion on microfluidic chip. (a) The schematic diagram of
microfluidic chip with 5 narrow gaps for continuous microfluidic. (b) Electric field
intensity simulation of micro-fluidic structure with alternating wide and narrow
sections. (c) Image of the continuous electrofusion on microfluidic chip. Adapted
with permission from Ref. [48].

relatively longer. These methods include either the development
of micro-orifice structure or micro-traps to concentrate the electric
field within a small region for efficient electroporation.

The Washizu group [46,86-89,99-101] developed a micro-
orifice structure to concentrate the electric field distribution and
reduce the fusion voltage. The device structure has already been
described in previous sections related to the improved cell-pairing
processes. The same construction shows the improved electropo-
ration between cell pairs as well, indicating the importance and
novelty of the micro-orifice structures. As reported by Shirakashi
et al. [99], the membrane potential distribution simulated in the
GUV-Jurkat cell contact point is higher than the top and end of
the cell pair. However, there is similar membrane potential dis-
tribution at each cell-cell contact point within a long cell chain
[102]. It is likely to produce undesirable multi-cell electrofusion.
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Before

Fig. 12. Cell electrofusion process on microfluidic device with micro-orifice. (

a) Fluorescent image of cells before fusion pulse and after fusion pulse, respectively. Adapted

with permission from Ref. [46]. (b) Hybrid cell expressing green and red ﬂumescence after cell electrofusion (scale bar=10 wm). Adapted with permission from Ref. [89].

The new microfluidic device, developed by the Washizu group,
tries to address this issue by constructing an insulating wall with
micro-orifices, whose size is comparable to cell size, along with
two opposite electrodes on each side. When the electric signal was
applied on the electrodes, the field lines were converged into the
micro-orifices, yielding the highest electric field at the center of
each micro-orifice. After two cells, paired at the micro-orifice due
to DEP, the applied DC pulses induce the largest membrane voltage
at the contact point for electroporation. The electrofusion sequence
in this study composes of application of an AC field (10 V;,_p, 1 MHz)
and then superposing a DC pulse (4V, 300 s) to the AC field and
finally, application of AC field only for another 10s. A neck between
two cells is created and fluorescent dye was transferred from one
cell to another (cf. Fig. 12). The fusion efficiency is found to be more
than 95%, which is much higher than other microfluidic devices.
In addition, this electric field distribution eliminates the multi-
cell electrofusion and cell rupture, as the membrane voltages in
other positions (such as the other cell contact points and both ends
of cell chain), is lower than that at the contact point through the
micro-orifice. However, since the size of the micro-orifice will affect
the electrofusion performance, micro-orifice should be designed
and fabricated according to the size of the cell sample. The size of
the micro-orifice will influence the nucleus and the cytoplasmic
contents’ exchange. Under the pressure difference, which can be

induced by the flow control, the cytoplasmic contents of the cells
will begin to move from one cell to another. In contrast, the nucleus
cannot pass through the micro-orifice when its size is too small
(~3 wm). In that scenario, two parent cells will create two daugh-
ter cells without nucleus fusion (shown in Fig. 13). When the size
of micro-orifice is larger than 5 pm, the nucleus could pass through
the orifice and form a hybrid cell with two nucleuses [88].

To enhance the throughput of this microfluidic device, two-
dimensional micro-orifice array, based on polyimide film, is
developed by Kimura et al. [89]. This is because of the fact that the
one-dimensional distribution cannot integrate many micro-orifice
structures. Based on the good cell pairing performance (one-to-
one cell-pairs are formed in about 90% of the orifices), various sizes
and types of cells (Jurkat, L929, K562/HL60) are fused with 78-90%
fusion yield on this microfluidic device (cf. Fig. 12b). Moreover,
this microfluidic device shows great potential for high-yield fusion
of ~4 x 10* cells on a centimeter-sized chip. And it can be devel-
oped as a powerful tool for creating genetic hybrids and epigenetic
studies for regenerative medicine.

Another microfluidic chip, with microstructures containing a
large trap in one side and a small trap at the other side is
developed to efficiently fuse two types of cells with different
sizes, for example, human CD19" B cells (isoosmolar buffer con-
dition: 7.5 £ 1.2 wm) with mouse myeloma cells (isoosmolar buffer
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(a) orifice ¢: ~3um

separation

(b) orifice ¢: ~7um

remove

Fig. 13. Manipulation of the fusant with microfluidics. (a) Orifice size: 3 wm. (b) Orifice size 7 wm. Adapted with permission from Ref. [88].

condition: 15+ 1.8 wm), to generate hybridomas. These hybrido-
mas are able to produce human antibodies, which can be used
for therapeutic applications. The cross-sectional view between
the large and small traps, shows very high electric field con-
striction (as shown in Fig. 14a [94]), which manifest the efficient

Electric field (V¥/m)
Time {min)
o

30

Selection medium

Isoosmolar electrofusion buffer

electroporation between two types of cells. After pairing of the B
cell and NS-1 cell, two distinct membranes were visible and the
fluorescent dye CFDA was still localized in the B-cell (cf. Fig. 14b,
t=0min). By applying six DC pulses (10V, 100 s pulse duration)
with AC signal (2V, 2MHz and 30s), the green NS-1 cells were

Fig. 14. Cell electrofusion process of B-cell and NS-1 cell. (a) The electric field distribution of single micro-trap. (b) Temporal sequence of electrofusion between a CFDA stained
B-cell and an unstained NS-1 cell on microfluidic chip with micro-trap (contains small trap and large trap). Bright field (left) and fluorescent (right) images at (t=0min),
t=15min and t=30min after applying 3 DC pulses of 50 ws with AC. Adapted with permission from Ref. [94].
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observed, indicating that the cytosols of the two cells had connected
and fusion was initiated (cf. Fig. 14b, t=15 min). After 30 min, two
cells form a hybridoma cell (cf. Fig. 14b, t=30min). The electrofu-
sion efficiency of pronase-treated NS-1 cells and B cellsis 51+ 11%,
which is comparable or even higher than previously reported fusion
yields of other cell types in microfluidic chips. Viable hybrido-
mas were observed after 14 days of culture in hybridoma-specific
medium, which is only suitable for hybridomas to survive. Viable
hybridomas yield is 0.33% (six DC pulses of 50 s with AC field {2V,
2MHz and 30s} and no pronase treatment) or 1.2% (six DC pulses
of 100 s with AC field {2V, 2MHz and 30s} and without pronase
treatment), which is higher than the yields reported in the liter-
ature (for example, viable hybridomas yield of conventional bulk
electrofusion is in the range of 0.001% [103,104]).

Besides DC pulses signal, DEP field induced by m-shifted radio-
frequency (600kHz, 1.9Vpp) in an eight-electrodes-cage is also
used in cell electroporation. At the beginning of electroporation,
cell-pair between a Myeloma cell and a B cell blast is trapped in
the central area of the DEP field cage. After applying PORE/FUSE
signal (12 kHz, 8 Vpp), the highest membrane potential is created at
the contact area of two cells. This electric field distribution avoids
the cell rupture at the top or bottom areas on the cell pair. On this
microfluidic device, cell electrofusion efficiency of two homologous
B or myeloma cell pairs is 100% and 52%, respectively. In contrast,
the heterologous cell fusion efficiency is just about 37%. This lower
fusion yield is probably due to the inconsistent composition of
membrane [71].

In summary, electric field induced by microelectrodes and
microstructure can reduce the operating voltage for reversible
electroporation. It is helpful to create a low-cost electrofusion
method. Moreover, the microelectrodes or the microstructures
for electric field constriction provide optimized electric field dis-
tribution, which improves the electrofusion efficiency. Especially
the electric field constriction produces highly localized strong
electric field at the contact point between two desirable cells,
and thus, it eliminates the multi-cell fusion and membrane rup-
ture at both ends of cell chains. Finally, the throughput of these
microfluidic devices can be increased by integration of a great
number of microelectrodes or microstructures. Table 2 com-
pares various methods used for cell reversible electroporation in
microfluidics.

4. Other important factors affecting the performance of
cell electrofusion

4.1. Geometry and material of microelectrodes

In a conventional electrofusion system, the cell electrofusion is
performed between two parallel-plate electrodes. The electric field
is therefore uniform in the fusion chamber, which creates several
disadvantages, including multi-cell fusion, high joule heating, and
low controllability. To overcome these problems, protruding micro-
electrode [74,76,79-81,83] was integrated within the microfluidic
chips, as mentioned earlier. This microelectrode can concentrate
the electric field in the region near the edge of the protruding
portion of the microelectrode and produce a non-uniform elec-
tric field distribution. The advantage of this distribution is that the
reversible electroporation can be induced by a lower voltage com-
pared to the voltage produced in the parallel electrode system with
similar electrode-gap. It means that one can control the electric
field intensity only in the region near the edges of the protruding
portions of the microelectrode above the reversible electroporation
threshold, while the electric fields in most of the other places are
kept at a lower intensity, which actually reduces the Joule heat-
ing to a considerable extent. Furthermore, the rapid decay of the

electric field, away from the edges of the protruding electrodes,
ensures that the electric field strength at far side of the cell chain is
not sufficient enough for multi-cell electrofusion.

In the protruding microelectrode system, the electric field
lines (generated between two opposite sidewalls of two adjacent
microelectrodes, which is basically the fusion region) are, on an
average, parallel to the substrate, except the fringing fields near
the electrode edges where some non-uniformity is created due
to the electrode geometry, which enhances the cell-pairing, as
discussed in the previous sections. Recently, application of electric
field gradient along the vertical direction (i.e. perpendicular to the
substrate) has also attracted much attention, as it affects consid-
erably the electrofusion performance. In this regard, coplanar thin
film electrodes, patterned on the substrate by gold or similar noble
metals, are widely used in microfluidic devices [105,106]. Because
of the significantly smaller thickness (~100 nm) of the electrodes,
the electric field lines are concentrated more at the edges of the
thin film electrodes (due to very high surface charge density at
the edges), and drop significantly away from the edges. Therefore,
close to the electrodes the equipotential surfaces bend asymptot-
ically towards the substrates creating a vertical component of the
applied electric field [48]. This enhances the cell pairing near the
edges of the thin film electrodes. Away from the edges, the electric
field strength drops very quickly and only at the halfway between
two adjacent thin-film electrodes (which is the fusion region),
the electric field becomes relatively uniform (i.e. the equipotential
surfaces become nearly vertical to the substrate). Due to this rapid
decay of the field strength away from the edges of the thin film
electrodes, the electric field may not be enough for membrane
disruption to occur at the contact point of the paired cells in the
fusion region. This issue can be resolved or minimized by keeping
the distance between the two co-planer electrodes at a much
larger value than the cell size. In that scenario, the non-uniformity
of the electric field within the fusion region becomes lesser and
the application of a suitable voltage between the coplanar thin
film electrodes manifests the cell-electrofusion. However, a larger
distance between the co-planner thin film electrodes generally
leads to the application of higher voltage, which is energetically
not favored for this type of microfluidic applications. On the
contrary, for protruding microelectrode system, which is having
much higher thickness (or height, which is comparable to the cell
size ~30-40 pwm), the electric field within the fusion region (i.e.
the intermediate region between the two parallel side-walls of
the electrodes) is found to be considerably uniform compared to
the coplanar thin film electrode system (having identical potential
difference). Indeed, a recent study by Clow et al. [49] showed that
the applied voltage on thin film electrodes is 7/2 times higher than
that between two thicker electrodes to achieve equivalent field
strength when the couplets are placed in the fusion region. There-
fore, thicker electrode system attracts more attentions because of
the fact that it reduces the working voltage and nullifies consider-
ably the drawbacks in traditional electrofusion system, like Joule
heating, bubble generation, extreme pH condition, and swelling of
the cells. But the advantages of thin film electrode are that this kind
of electrode can easily be fabricated by various thin film deposition
techniques, such as evaporation, sputtering, electroplating, electro-
less deposition, mechanical lamination, conductive painting, or by
using metallic adhesive tapes. Another very important advantage
of the thin-film electrode is that it can be easily integrated with
other photolithographic based devices. This capability allows the
microfluidic electrofusion device to obtain the ‘biochip’ ability, like
cell loading, cell separation, cell culture etc., by integrating various
micro-components like electro-hydrodynamic pumps, cell sorters,
and microfluidic culture, among others. This type of integration
can increase the throughput, reliability, and automation of the cell
electrofusion process on the microfluidic device.
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Comparison of various methods for cell reversible electroporation in microfluidic devices.

Methods Mechanism Advantages Disadvantages Cell types Fusion electrical Fusion References
parameters efficiency
Microelectrode-assisted Using microelectrode to low working voltage; Dead area in continuous CHO-K1 600-1000V/cm 28-42% [48]
cell reversible produce sufficient electric optimized non-uniform protruding AESF-1(s), AESF-1, 110-160V 50-78% [49,73]
electroporation field under low power electric field can reduce the microelectrodes reduces EFC(s), Oocyte,
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Arabidopsis thaliana,
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pigeon blood cells, 3-7kVem!, 42 4+ 2% of paired [81]
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mesophyll protoplasts pulses
HEK293, NIH3T3, mESC 46-60% of paired [83]
cells
HEK293, tobacco 10-20V, 50 ps, 3-5 ~40% [79]
cytoplast DC pulses
K562 9V, 50 s, 3-5 DC 43.1% [75,82]
pulses
Electric field By concentrating the Reduce working voltage by Cell size adoption due to Jurkat, L929, K562, DC pulse (10V, 50 ms) 78-90% [89]
constriction-assisted cell electric field in local electric field size limitation of HL60
reversible electroporation microstructure. constriction; Reduce the microstructure for electric L929 4V, 300 s +10 Vi, >95% [46,88]
multi-cell electrofusion field concentration 1MHz 10s
due to the high electric NS-1, B-cell 6 DC pulses (100 s, 51+11% of [94]
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The materials of the electrodes also play an important role in
cell electrofusion studies. The material of electrodes with good
electrical and chemical stability can avoid producing some contam-
inations that may be harmful for the cell viability. This is because
the electrodes are always kept directly in contact with the buffer
solution. Therefore, the most important parameters to evaluate
the material for the electrode are conductivity, fabrication feasibil-
ity, biocompatibility, and corrosion resistivity. Silicon is a common
material for the fabrication of microchip. The advantage of silicon
is that it is highly suitable for MEMS-based micro-fabrication tech-
niques. Especially, silicon based microfluidic chip can be fabricated
with high aspect sidewall microelectrode [79,82,107]. Moreover,
the biocompatibility of silicon ensures that there is no toxicity
to cell sample during the electrofusion procedure. However, one
important disadvantage of Si is that its conductivity is not very good
with respect to various other materials, especially for metallic elec-
trodes. Therefore, for electrode arrays with very narrow width, the
overall resistance of Si electrodes becomes poorer, which leads to
inefficient performance of the electrofusion device. To overcome
this problem, various groups attempted to use doped silicon to
improve the conductivity. But still the improvement is not fully sat-
isfactory, as Hu et al. [79] reported in the numerical model, which
revealed that the peak electric field decreased by 9.5% along the
microelectrode array made up of highly doped silicon. This indi-
cates that the resistance of the doped silicon is still considerably
higher and hence, creates a large potential drop across the electrode
array. This variation in the electric field strength across the pro-
truding microelectrode array actually translates into the variability
of cell alignment and electrofusion, and could lower the overall
cell electrofusion efficiency. To solve this problem, aluminum con-
ductive films were added on the microfluidic chip to improve the
electric field distribution around the protruding microelectrodes
[79]. Also a very thin SiO; layer is deposited on the Al surface, as the
biocompatibility of Alis not very good. Other metals with good con-
ductivity have been tried as well by various groups. For example, Hu
et al. [77] used copper as the electrode material for their protrud-
ing microelectrode system. However, the toxicity of released Cu2*
is deterrent for cell viability and therefore, this group modified the
electrode structure by covering the copper electrode surface with
Au film to prevent the reaction between the copper electrode and
buffer solution. This Au film improves the biocompatibility and the
corrosion resistivity of the microfluidic device because of the fact
that Au is a very good biocompatible material, and therefore, con-
siderably helpful to the survival rate of the hybrid cells. Besides the
application in packaged copper electrodes, the Au material has also
been used as thin-film discrete sidewall microelectrode [80] in the
form of Ti/Au composite film for controlling the cell pairing and
electrofusion.

4.2. Electronics signal

The performance of microfluidic chip also depends on the fusion
signal. The fusion signal can be divided into 3 parts: AC signal for cell
pairing, DC pulses for reversible electroporation, and post-fusion
AC signal to keep close contact of cell pairs.

The main function of AC signal is to induce dielectrophoretic
force and polarization of cells. Under the mutual attraction of polar-
ized cells, cell pairing is realized. Recently Hu et al. [79] imposed
an AC signal across the protruding microelectrodes used by Tresset
and Takeuchi [74] to induce positive DEP force for cell pairing. In
their report Hu and co-authors [79] performed the cell pairing of
mesophyll protoplasts under variable AC voltages on a SOI-based
microfluidic chip with protruding microelectrode array. The experi-
ments revealed that the mesophyll protoplasts were aligned as cell
pairs without cell deformation at V_p=4V. When V,,_ =6V, the
membrane of the mesophyll protoplasts appeared to be deformed.

Fig.15. Alignment of tobacco mesophyll protoplasts at V,_, =4V (a),6V (b),and 8V
(c). (a) Cells c1 and c2 form a pearl chain. (b) Cells c1 and ¢2 form a pearl chain and
cell c3 starts to deform. (c) Cells c1, c2, and c3 form a pearl chain, then break and
release their cytoplasms. Adapted with permission from Ref. [79].

With further increase in the voltage (V- > 8 V), the mesophyll pro-
toplasts were found to collapse completely, as shown in Fig. 15.
After the rupture, the cytoplasm was released and affected the ion
concentration of the buffer solution and hence, reduced the effi-
ciency of cell pairing [79]. Thus, the use of DEP force for cell pairing
may also ruin the cell structure when the applied electric field is
very high. The experimental result shows that Viys=3-4V is safe
for most cells. And excessive cell deformation during electrofusion
is not desirable as it may damage the cell membrane structure, and
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hence can become harmful for cell viability. In addition, plant pro-
toplasts are easier to be broken than animal cells due to their lower
deformability. Besides cell pairing, electrodeformation also affects
the cell membrane electrical breakdown. Electric stress and elon-
gation forces in electrodeformation, which are evolved from the
transient polarization of the cytosol, are predominantly responsi-
ble for the enhanced electropermeabilization of the membranes
in low-conductivity media and also helpful to cell electrofusion. It
enlarges the breakdown area on the membrane and improves the
electrofusion performance [108-110].

Since cell electrofusion depends on the reversible electropora-
tion, the parameters of the imposed DC pulses, including intensity,
duration, and pulse number, generally affect the electrofusion effi-
ciency and viability of formed hybrid cells [40,111,112]. Reversible
electroporation occurs when the electric field reaches the thresh-
old value for breakdown of the membrane. Electroporation can
be easily accomplished under higher electric field, but in that
scenario, the cell viability will be decreased because of the man-
ifestation of irreversible electroporation at very strong field. It has
been observed that when the applied field is increased from 600
to 1200 V/cm, although the electrofusion efficiency increases from
~20%to ~40%, the percentage of viable cells decreases from ~90% to
~10% [48]. Similarly, Clow et al. [73] reported that the fusion of cell
couplets generally occurs at voltages around 110-120V, whereas
the cell lysis occurs at 160V. Thus, adoption of suitable electric
field intensity is important for high efficient electrofusion while
the formed hybrid cells have high viable rate. The duration of pulses
also has important influence to the cell fusion efficiency. Wang and
Lu [48] reported that the pulse width (also the time of cell couplets
flowing through the narrow section of the microfluidic channel)
affects both the fusion efficiency and viable rate of the fused hybrid
cells when the field intensity varies between 600 and 1000V/cm
[48]. As expected, longer duration pulse resulted in higher fusion
efficiency [113], whereas the viable rate decreases with an increase
in the pulse duration. Typically, multiple pulses resulted in higher
fusion efficiency than single pulse. However, the fusion efficiencies
under three DC pulses of 50 s and six DC pulses of 100 s are found
to be 24 +11% and 22 + 13%, respectively [94], and the fusion effi-
ciencies have no significant difference under the two conditions.
On the other hand, the mechanism of cell fusion using AC signal
is complicated. Some researchers indicated that AC field can prone
the plasma membrane for electrofusion by generating protein free
areas in the cell membrane. But observations of Sowers [114] con-
tradict this notion, indicating that the effect of AC signal on the cell
fusion is still not clear. But in the study by Kemna et al. [94], signif-
icant increase in fusion efficiency was observed when an AC field
is applied before and after the DC pulses. This shows that the AC
signal does have some unknown effect on the cell fusion process.
We speculate that, most probably the AC signal induces the positive
DEP force to ensure that the two cells are always in close contact
to get stable environment for cytoplasm exchange and membrane
reconstruction for efficient electrofusion [47].

4.3. Cell types

In recent studies, different kinds of cells are used in experi-
ments, such as mammalian cells, microorganism cells, and the plant
cytoplasts. In plant cytoplast studies, researchers found that plant
cytoplasts are easily fused due to the large diameter and the low
deformability of the cell membrane. As mentioned earlier, experi-
mental results show that an excessive AC field in cell pairing process
can induce breakout of the plant cytoplast. Human cells, such as
HEK293 cells, K562 cells, and Jurkat cells, attracted more atten-
tion due to the widespread applications and great potential on the
treatments of human diseases. Especially, the electrofusion stud-
ies on somatic cells and stem cells show great potential in the

epigenetic reprogramming of somatic cells. The NIH3T3 cells and
the mESC cells [83,93], the oocyte and somatic donor cells [49,73]
are also used to form hybrid cells on microfluidic chips. In these
studies, more attention is needed for the electrofusion of two
different kinds of cells, with significantly different diameters, as
membrane voltage depends linearly on the cell diameter. Since the
reversible electroporation occurs at a membrane voltage around 1V
[87,115], cells with smaller diameter are reversibly electroporated
while the larger cell could have been broken in that situation. For
example, with the pulse duration of 100-300 ms, irreversible elec-
troporation occurred at 300-400, 400-500, and 1100-1200V/cm
for M109 tumor cells, white blood cells, and red blood cells, respec-
tively [116].

Pre-treatement of cells is another important factor for efficient
cell-electrofusion. For example, the study on electrofusion between
B cells and NS-1 cells shows that the electrofusion efficiency for
un-treated and treated NS-1 cells with pronase are, respectively,
224+13%, and 51 &+ 11% [94]. The result of electrofusion between B
cells and un-treated NS-1 cells shows that most cell-pairs only have
dye transfer without clear membrane reorganization. On the other
hand, NS-1 cells treated with pronase are more stable under higher
field strengths and longer exposure times, yielding a higher sur-
vival rate after applying DC pulses for fusion, and most cell-pairs
have membrane reorganization. With all the above discussion, it
becomes clear that the types of the cells used for fusion signif-
icantly affect the overall electrofusion performance, because the
dielectrophoretic force and membrane voltage depend on the cell
diameter, which further depend on the cell type. As mentioned ear-
lier, for the same external electric field, bigger cells have higher
membrane voltage, thus are easier to be electroporated at lower
electrical field [116]. Therefore, it is necessary to design and fab-
ricate more novel microstructures, like micro-pit, micro-trap and
micro-orifice to modify the electric field distribution for similar
trans-membrane potential formation at the contact point between
two cells with significantly different diameters.

4.4. Osmolarity of buffer solution

The characteristics of buffer solution, especially osmolarity, also
showed significantinfluence on the efficiency of electrofusion. Gen-
erally, cell diameter varies with the osmolarity, and therefore, the
corresponding operating voltage for electroporation also varies
with the osmolarity, leading to a variation in the electrofusion effi-
ciency. For example, in the fusion of donor cells and oocyte, somatic
cell’s size increases about 20% in hypoosmolar buffer medium [73].
The required voltages for electroporation of HEK293 cells in the
hypotonic buffer (0.2 mol/L mannitol), isotonic buffer (0.3 mol/L
mannitol), and the hypertonic buffer (0.4mol/L mannitol) are,
respectively, 12-13V, 14-16V, and 20V, and their corresponding
electrofusion efficiencies are, 33%, 55% and 28%, respectively [79].
The ‘break ratio’ (defined as the ratio of the number of broken cells
to the total number of cells during the entire fusion process), in the
above-mentioned three conditions are found to be around 15%, 8%,
and 6%, respectively. These results show that cells generally swell
in buffer with low osmolarity, therefore a lower voltage is required
for electroporation in buffer with lower osmolarity. Although cell
size increase in hypotonic media reduces the electroporation volt-
age, excessively low osmolarity may also induce cell rupture and
damage of hybrid cells. However, Usaj et al. [117] shows that higher
fusion yields in hypotonic media is not caused by hypotonic treat-
ment affection on the cell electroporation. This prediction is based
on the fact that the cell permeabilization is on the same degree for
a given ITV (Induced Transmembrane Voltage) both in isotonic and
hypotonic environments. In addition, this research suggests that
better electrofusion performance is indeed induced by the beni-
ficial hypotonic affection on membrane-membrane interactions,
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like improved physical cell contacts or enhanced fusogenic state of
the cell membrane in hypotonic surrounding media [117].

Various groups used sucrose, sorbitol, and mannitol to adjust
the osmolarity since these materials do not affect the ionic con-
centration of the buffer solution during the cell pairing and (or)
electrofusion processes [79]. However, the sugar composition of
the hypotonic pulse media (trehalose, sorbitol or inositol) signifi-
cantly affects the cell electrofusion [118]. The sugar composition
of hypotonic pulse media changes the cellular volume before
electroporation. For example, the disaccharide trehalose generally
allowed regulatory volume decrease (RVD). In contrast, inhibited
RVD or eveninduced secondary swellings are always induced by the
monomeric sugar alcohols like sorbitol and inositol. Selectivity of
volume-sensitive channels (VSC) in the different types of cell mem-
branes can induce completely dissimilar volume responses. Con-
sidering the relativity between cellular volume and electrofusion,
2min pretreatment in hypotonic surrounding media can mostly
produce highest fusion efficiency. However, excessively long hypo-
tonic treatment (10-20 min) may reduce viability of hybrid cell. The
viability reduction is properly caused by the reduction of cell size
upon RVD induced by the trehalose, or the excessive loss of cytosolic
electrolytes through VSC due to inositol/sorbitol [118].

5. Future trends

Traditional electrofusion systems and most microfluidic elec-
trofusion devices do not consider separation of hybrid cells from
the mixture with un-fused cells after the cell fusion process. Only
microfluidic devices with the micro-orifice structures can realize
the cell separation function to some extent by eliminating the
cell pairing between the same types of cells since the insulat-
ing wall with micro-orifices can prevent cell exchange between
two channels. The electric field constriction ensures that the elec-
troporation occurs only at the contact point between two paired
cells. However, extraction of the formed hybrid cells at the small
micro-orifices is not convenient, and squeezing the hybrid cells
through the micro-orifices can potentially damage the hybrid cells.
Also the cytoplast exchange and nucleus fusion are affected by
the size of the micro-orifice. Therefore, the issue related to the
separation of hybrid cells from the mixture is still not resolved
properly and considerable attention is needed in this direction.
In the existing fusion studies, separation is accomplished by the
chemical or biological techniques, such as FACS [119-121], MACS
[122-125], and HAT screening [126]. The FACS can rapidly sepa-
rate cells in a buffer solution by detecting the size and the color
of cell fluorescence. The advantage of this method is high through-
put, which reaches almost 300,000 cells per minute, and there is no
damage in the separation process. The HAT screening needs pre-
modification of the cells for electrofusion. And the mixture of the
hybrid cells and un-fused cells after electrofusion process needs
to be cultured in the selective medium [94]. The MACS is another
separation method, which allows cell to be separated by the anti-
bodies against a particular surface antigen. In this case, the cells
are pre-modified with magnetic nanoparticles coated with anti-
bodies. During fusion process, three types of cells are generated:
(i) hybrid cells fused with two different types of cells, (ii) un-fused
cells and (iii) hybrid cells fused by two same types of cells. Each of
these cells generally expresses different types of antigens because
of their pre-treatments with antibody-coated magnetic nanoparti-
cles. Therefore, with proper detection method, the desired hybrid
cells fused with two different types of cells are separated from the
mixture.

Recently, many new on-chip cell sorting or separation tech-
niques have been developed. Compared with the conventional
sorting technology, a chip-based cell sorter has several advantages,

such as low cost, small sample volume, high speed analysis,
and good portability [127]. On chip cell sorting or separation
can be realized by the same FACS, MACS and electrokinetics-
based cell sorting techniques discussed earlier. Recently, a micro
fluorescence-activated cell sorter (microFACS) with integrated
piezoelectric actuator and optofluidic waveguide on a chip is
developed for high sensitivity, high throughput cell separation
[128-130]. Under a high flow rate (~10cmy/s), the sorting process
automatically runs in high throughput by using the field pro-
grammable gate array (FPGA) and real time control loop system.
Also the sensitivity of the system is enhanced by using a Teflon
AF coated liquid core waveguide (LCW) structure, and the sensitiv-
ity is found to be much higher than the conventional FACS system
[130]. The preliminary results show that the sorting efficiency is
about 70% with no false sorting [128], and the throughput of this
low power (<1 mW) microFACS is ~1500 cells per second [129].
Therefore, the integration of this microFACS component into the
electrofusion microfluidic platform will improve the automation
of cell fusion and separation.

In addition to cell separation, a complete cell electrofusion
process with chip-based hybrid cell culture function is also very
important for automatic operation and anti-pollution of the cell
electrofusion process. With the development of the on-chip cell
culture technology, the microfluidic chip can create a controllable
microenvironment for cell culture by integrating micro-pump,
self-contained flow loops, and microvalves, and various other
microstructures/micro-components. It will be helpful to improve
the cell viability. However, only a few reports considered cell cul-
ture within the cell electrofusion microfluidic device. For example,
Skelley et al. [93] developed a microfluidic device, within which
cells are cultured for 3 days. Apparently, the culture result shows
that this microfluidic device has good cell culture ability. There-
fore this report shows great potential in cell-pairing, -fusion and
-culture on the same microfluidic platform. Similarly, micro-orifice
based microfluidic device also shows the capability of on-chip cul-
turing ability of hybrid cells. For example, hybrid cells, formed at the
micro-orifices, show cell division on the PDMS chip after loading
the cell growth medium [46,88]. When the micro-orifice is big-
ger, the fusants escaping from the orifice are divided into two or
three daughter cells in 48 h, and the daughter cells can further be
divided into either three or two in 72 h. When the micro-orifice is
too small, the fusants cannot escape from the orifice until mitotic
cell division phase occurs. In this case, the fusant is divided into 4
daughter cells. The experiments show that this microfluidic chip
has the on chip culture ability to some extent, but the exchange
between two parent cells of the fusant is not complete, which
may affect the performance of the daughter cells. For a complete
realization of all the cell culture processes (such as cell seeding,
growth, detachment, and re-seeding on fresh surface), within a
single microfluidic platform, the application of digital microflu-
idics (DMF) can be very useful [131]. Therefore, the integration
of cell electrofusion and cell culture in one microfluidic platform
is highly desirable for diverse device application. On the flow-
through microfluidic system developed by Kirschbaum et al. [71],
a complete cell electrofusion procedure including cell character-
ization, identification, selection, pairing, electroporation, fusion,
further cultivation and analysis has been realized by optical control.
The integration of single-cell electrofusion function allows one to
produce fusants, conduct systematic study on correlation between
experimental conditions and the resulting fusion efficiency, cell
viability, cell proliferation, and cell differentiation. In accordance
with this trend, the future cell electrofusion system should have all
the following functions in one system: cell pairing, reversible cell
electroporation, nucleus fusion, hybrid cell separation and culture.
With these capabilities, the cell viability, automation, reliability and
stain-resistant ability can be improved enormously.
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6. Conclusions

Many microfluidic devices aimed at the cell electrofusion pro-
cess, especially at the cell pairing and cell fusion, have been
developed in recent years. In this article, the latest microflu-
idic cell electrofusion devices were reviewed. Compared with
conventional cell pairing methods, some novel manipulation tech-
niques were applied on the microfluidic device, such as chemical
conjugation, electric field, and microfluidic controlling based on
microstructures. These new methods can control cells paired as
one-to-one, especially one-to-one heterogeneous cell pairs in high
efficiency. It eliminates the undesired multi-cell fusion or homolo-
gous cell fusion. In addition, research on cell electrofusion focused
on electric field distribution optimization for better electrofusion
efficiency. High strength electric field induced by high aspect-ratio
microelectrodes or electric field constriction based on micro-
structures shows great potential in high-yield electrofusion. The
local electric field constriction also reduces the Joule heating effect
and improves the cell viability. Although most microfluidic devices
just considered the cell pairing and electrofusion, the integration of
microfluidic cell separation and cell culture processes with the cell
electrofusion process is recommended in the future. A fully auto-
mated lab-on-a-chip cell-electrofusion device with the functions
of cell pairing, electrofusion, hybrid cell separation and culture is
expected to improve the cell viability, reliability and stain-resistant
ability.
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