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Abstract

We have fabricated an electric cell fusion chip with an embedded cell delivery function driven
by surface tension and evaluated its performance with several types of plant cells. The chip
consists of a polydimethylsiloxane-based microchannel with a fusion chamber and
gold—titanium (Au-Ti) electrodes. The velocity profiles of the microfluid in the channel and
fusion chamber were calculated to predict cell movement, and the electric field distribution
between the electrodes was also calculated in order to determine the appropriate electrode
shape. The range of the fluid velocity in the fusion chamber is 20-50 um s~! and the
measured speed of the cells is approximately 45 m s~!, which is sufficiently slow for the
motion of the cells in the fusion chamber to be monitored and controlled. We measured the
variation of the pearl chain ratio with frequency for five kinds of plant cells, and determined
that the optimal frequency for pearl chain formation is 1.5 MHz. The electrofusion of cells
was successfully carried out under ac field (amplitude: 0.4-0.5 kV cm™!, frequency:

1.5 MHz) and dc pulse (amplitude: 1.0 kV cm~!, duration: 20 ms) conditions.
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1. Introduction

Cell fusion is an important cellular process that occurs
during the differentiation of muscle and bone cells, during
embryogenesis and during morphogenesis. Therefore, the
fusion under the in vitro environment is important in
understanding cell properties. The electrofusion of cells is an
important achievement of modern biology and biotechnology,
with applications including the engineering of hybridoma
for antibody production, cloning of mammals, determining
the genetic make-up of organisms, and vaccination against
cancer [1-4] and production of new species [5, 6]. Fusion
of plant protoplasts with protoplasts from different species
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can provide an ideal system for genetic modification and
for use in plant breeding. Electrofusion will minimally
yield comparable results to chemical fusions, at least in
systems with robust protoplasts in good chemical fusion
protocols [5], and will do better with fragile protoplasts
[6]. In addition, the most valuable aspects of electrofusion
techniques are the high fusion frequencies attained, often
tenfold higher than analogous chemical systems [7]. The
concept of cell—cell electrofusion was first reported by Senda
et al [8] in 1979, and pioneering research in electrofusion
was carried out by Zimmermann and his co-workers [9, 10],
who demonstrated the electrofusion of plant protoplasts from
Vicia faba mesophyll cells in large numbers in a | mL fusion
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chamber with parallel electrodes. Morikawa et al electrofused
mesophyll protoplasts from N. glauca and N. langsdorffii and
obtained colonies that when cultured grew vigorously for
10 weeks [11]. The electrofusion technique overcomes the
limitations of conventional chemically or virally induced cell
fusion such as cell toxicity, long fusion periods [12] and the
complexity of the fusion process.

However, most conventional electrofusion has been
performed with a large number of cells, because the control
of the fusion process at the level of a few cells is difficult
in systems that are not fabricated with microtechnology.
The need to manipulate a single cell or a few cells has
recently increased, so a few electrofusion chips that use
micro electro mechanical system (MEMS) technology have
been developed [4, 13—16]. Although the concept of MEMS
technology is attractive, practical electrofusion processes are
complicated because they require a fluidic channel with a
high aspect electrode created by metal deposition, patterning
and electroplating, and complicated peripheral devices such
as syringe or peristaltic pumps. In particular, these devices
need high-precision delivery systems that transport the cells
at a speed sufficiently slow for the cells” movements to be
monitored.

In this paper, we report the fabrication of a
polydimethylsiloxane-based electrofusion chip with an
embedded cell-delivery function. Its slow-pumping
mechanism uses a micropump that drives flow in the
microchannel by using only the surface tension of the inlet and
outlet droplets [17, 18]. One feature of our fusion chip is that
its fabrication is very simple and cost effective (the fabrication
time is less than 1 day once the master mold has been prepared).
The embedded delivery system is another important feature
of this chip, which means that complicated peripherals are
not required. The slow delivery of cells usually requires a
precise and expensive pump, and even then dead volume is
a common problem. The embedded surface tension passive
pump addresses these issues. Further, the pressure required
to deliver cell suspension media is small, which means that
the process combining polydimethylsiloxane (PDMS) and the
electrode is very simple. The electric field distribution and
the flow velocity in the fusion chamber were calculated using
3D finite element method (FEM) software and computational
fluid dynamics (CFD) code. The cell delivery and fusion
processes of this chip were tested, and we measured the
variation of pearl chain formation [19, 20] with the frequency
of the ac field to determine the optimal frequency for the
cells of five different plants (Arabidopsis thaliana, Nicotiana
tabacum, Peucedanum japonicum, Glehnia littoralis and
Brassica campestris).

2. Materials and methods

2.1. Preparation of the protoplasts

To isolate the protoplasts, we used the modified Sun’s
method [21, 22]. Fully expanded leaves of the samples
(Brassica campestris, Arabidopsis thaliana, Nicotiana
tabacum, Peucedanum japonicum and Glehnia littoralis) were

surface-sterilized with 2% sodium hypochlorite for 10 min
and then washed four times with distilled water. The lower
epidermal layers of the leaves were carefully removed with
sharp-tipped forceps or cut into small pieces. The leaf
pieces were carefully placed onto the surface of an enzyme
solution (2.0% [w/v] cellulase Onozuka R-10, 0.5% [w/V]
macerozyme, 0.1% [w/v] hemicellulase in the Cell and
Protoplast Washing salt solution (CPW) 13 M, pH 5.8) with
the lower surface facing down and incubated at 25 °C for
12 h to release the protoplasts. The digested leaf pieces
were filtered through a steel mesh (40 by 100 in; Sigma, St
Louis, MO, USA), and the enzyme mixture was centrifuged at
600 rpm for 10 min. The upper part of the enzyme mixture
was discarded, and then the protoplasts were resuspended
and washed twice with a washing solution (CPW 13M) by
using centrifugation and resuspension. To extract healthy
protoplasts, the protoplast suspension was floated on a CPW
218 solution (21% [w/v] sucrose in CPW solution, pH 5.8)
and centrifuged at 600 rpm for 15 min. Protoplasts in the upper
layer of the CPW 218 solution were pipetted and washed with a
hypertonic fusion solution (0.5 M mannitol and 1 mM CaCl,),
and the density of the protoplast suspension was adjusted to
1 x 10° mL~",

2.2. Fabrication of the electrofusion system

The electrofusion chip has two components: the microchannel
containing the fusion chamber, the inlet—outlet ports and the
cell delivery channel, and the microelectrodes, which provide
the electrical power for electrofusion. 3D schematic diagrams
of the PDMS-based microfluidic chip and its dimensions are
shown in figures 1(a) and (b) and the photograph of the elec-
trofusion chip with electrodes is shown in figure 1(c). The mi-
crochannels were fabricated with PDMS (Sylgard 184, Dow
Corning, USA) by using a previously reported procedure [23],
and the microelectrodes were created by carrying out e-beam
evaporation of titanium and gold onto the glass slide and chem-
ical patterning [24]. The thickness of the microchannel for the
delivery of the cells and the media is 100 um, and the thick-
ness of the fusion chamber and the inlet-outlet ports is 600 pm.
The processes of fabrication of the microchannels and micro-
electrodes are illustrated in supplementary information S1 and
S2 respectively (available at stacks.iop.org/JMM/19/015004).
We now provide a brief description of the electrode con-
struction process and the integration of the electrode and
the PDMS-based microchannel: (1) the titanium (the seed
layer, thickness: 200 A) and gold (the electrode layer, thick-
ness: 2000 A) layers are deposited onto the glass slide by
using e-beam evaporation. (2) The microelectrode patterns
are created via photoresist masking and chemical etching (Au
etchant: aqua regia (HNO; + 3HCI), Ti etchant: (HF +
2HNO; + 7H;0)). (3) The PDMS microchannel is placed
on the electrode-patterned glass slide and pressed lightly with
a finger. The volume of the fusion chamber is 0.825 mm®.
An openable PDMS cover was placed into the top of the fu-
sion chamber to enable the removal of the fused cells with a
micropipette [25].
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Figure 1. Schematic diagrams of the 3D electrofusion chip: (a) the elements of the electrofusion chip and the assembled electrofusion chip
(dimensions: microchannel (H: 0.2 mm, W: 0.1 mm, L: 17 mm), fusion chamber (H: 0.6 mm, W: 0.6 mm, L: 2 mm), inlet port and outlet
port (H: 0.6 mm, D: 0.7 mm), H: height, W: width, L: length, D: diameter); (b) the region of cell fusion and the electrode. (c¢) A photograph
of the electrofusion chip. Inset photograph of the electrofusion chamber with electrodes.

2.3. Numerical analysis of the flow inside the channel

To locate the cells in suitable positions in the fusion chamber,
an understanding of the flow velocity in the cell delivery
channel and the fusion chamber is important. We calculated
the velocity profile in the electrofusion chip. It is well
known that the following Young—Laplace equation explains
the generation of flow by surface tension [17, 18]:

1 1
APguic = AP, — AP, = 2V (_ - _> (1)

ri )

where P is the pressure, AP is the pressure difference, y is the
surface tension coefficient, r is the radius of a droplet and the
subscripts static, i and o denote the static state, the inlet port
and the outlet port, respectively.

Under the assumption of static inlet and outlet pressure
(the initial pressure), the finite volume method (FVM) was
applied using the commercially available software GAMBIT
1.2 (Fluent, USA) and FLUENT 5.5 (Fluent, USA). A
structured grid system was used for most of the regions
of the chip. The total grid number was approximately
90000. The fluid was assumed to be water (a homogeneous,
incompressible Newtonian fluid with a density of 998.2 kg m—3
and a dynamic viscosity of 0.001 kg m~! s~!) with a laminar
and steady flow, as is reasonable for the low Reynolds
number flows in microfluidic systems. The Navier—Stokes
flow motion equations and the conservation equation were

solved. Pressure boundary conditions were set at the inlet (10,
20, 30, 40 and 50 Pa) and the outlet (0 Pa). Convergence was
regarded as achieved when the residuals of the momentum and
conservation equations reached 107,

2.4. Numerical analysis of the electric field between the
electrodes

The cells in the fusion chamber are relocated between the
electrodes by the application of ac (alternating current) fields,
so the electrophoretic force plays a key role. Thus, an
understanding of the electric field distributions for the relevant
electrodes is important to the prediction of the behavior of the
cells within the electric field. We investigated the electric field
for electrodes with two different thicknesses (thin and thick)
and for two adjacent electrodes with two different pitches (a
narrow gap and a wide gap).

The electric field distribution between the two electrodes
was analyzed with the 3D finite element method (FEM). Since
the electrical conductivity of the medium is sufficiently small
to be neglected, a simple Laplace equation describing the
electrostatic field was used as the governing equation of the
analysis. We used a first-order finite element formulation
and the ICCG matrix solver [26]. The analysis models
were designed and tessellated into tetrahedral elements by
using the freeware TetGen version 1.4.2 (downloadable at
http://tetgen.berlios.de). The electrode pair was analyzed
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Figure 2. Schematic diagrams of the cell delivery and fusion processes: (a) a microchannel filled with a hypertonic fusion solution; (b) the
dropping of a hypertonic fusion solution into the outlet port; (c) the dropping of mixed protoplasts into the inlet port; (d) the application of
an ac field and a dc pulse for the alignment and electrofusion of the protoplasts; (e) hypertonic fusion solution exchange of the culture media
and a fused cell culture; (f) properties of the ac field and the dc pulse for the electrofusion of the protoplasts.

with periodic boundary conditions because of the heavy
computational burden of the 3D analysis. In the analysis
of the electrodes with different thicknesses, 42434 nodes
and 234 558 tetrahedral elements were generated for the thin
electrode (wide gap) and 36 950 nodes and 201 322 elements
were generated for the thick electrode. For the narrow gap,
59922 nodes and 341310 elements were generated. Fixed
boundary conditions were imposed at both electrodes: 1 V at
the upper electrode and —1 V at the lower electrode. Since the
electrical permittivity of the homogeneous medium does not
affect the electric field intensity, the relative permittivity (&)
was assumed to be 1. The simulations were carried out with a
PC (CPU: Pentium 1V 3.4 GHz; Memory: 2 GB).

2.5. Cell delivery and electrofusion experiments

The delivery of cells is achieved in this chip by using
surface tension passive pumping. Figure 2 shows schematic
diagrams of the passive pumping and electrofusion processes,
and the details are as follows. The microchannel is filled
with a hypertonic fusion solution by using a micropipette
(figure 2(a)). The hypertonic fusion solution (about 30 uL)
is dropped into the outlet port as shown in figure 2(b) and
the mixture of protoplasts and hypertonic solution (about
10 uL) is dropped into the inlet port (figure 2(c)); then the
mixed protoplasts slowly flow into the microchannel due to
the difference between the surface tensions of the inlet and
outlet droplets. The flow is very slow in the fusion chamber,
so the operator can monitor the movement of cells with the
microscope. An ac field (amplitude: 0.4-0.5 kV cm™';

frequency: 1.5 MHz) with rectangular waveform is applied
to the microelectrodes, which results in the formation of
pearl chains between the electrodes (figure 2(d)), and a short
and high voltage dc pulse (amplitude: 1.0-1.2 kV cm™;
duration: 20 ms) is applied to produce the fusion of cells
when the cells are in close contact with each other due to
the dielectrophoretic force. Figure 2( f) shows a sequence of
the electric waveform in detail. Finally, the culture medium
(Nitsch medium supplemented with growth regulators [27])
is dropped into the inlet port (figure 2(e)) to replace the
hypertonic fusion solution.

3. Results and discussion

3.1. Fabrication of the fusion chip

The photograph of the fabricated fusion chip is shown in
figure 1(c) and this chip functioned well as we intended.
In our fusion chip, the PDMS channel is adhered on the
electrode-patterned glass slide only by slight pressing with
a finger without the plasma bonding process, which indicates
that a PDMS channel is adhered only by the stickiness of
PDMS. Despite such weak adhesion, the cell suspension
medium driven by an incorporated passive pumping system
passed through the channel without any leakage. Usually, the
complete bonding of an electrode patterned glass and a PDMS
channel requires a complicated and time consuming process.
But, our fusion chip including a passive pump addressed
lots of difficulties in the bonding process. In addition, the
glass slide and the PDMS channel can be separated manually
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once the measurements have been completed, which indicates
that the PDMS channels are disposable, and each electrode-
patterned glass slide is reusable after cleaning with ethyl
alcohol.

3.2. Velocity field in the microchannel and delivery of
cells to the fusion chamber by passive pumping

A CFD-based simulation was carried out to calculate the
velocity profiles in the microchannel and fusion chamber, and
the results are shown in figure 3. The mean velocity in the
microchannel is approximately 40 ;m s~! when the pressure
difference (AP) is 30 Pa, and this flow speed is sufficient to
transport cells to the fusion chamber. (The simulation was
carried out for a height from the bottom of the microchannel
of 50 um, see figure 3(a).) The mean velocities for AP
ranging from 10 to 50 Pa with an interval of 10 Pa were
calculated and are in good agreement with the experimental
mean velocities, as shown in figure 3(e). The experimental
mean velocity was measured by using polystyrene (diameter:
20 pum) beads. The beads were introduced into the channel
and their mean speed of flow was determined from a video
clip. When AP is 30 Pa, the expansion of the cross-sectional
area of the fusion chamber means that the velocity decreases to
20-50 um s~! depending on the distance from the sidewall of
the fusion chamber (figure 3(c)), and similar contour patterns
were observed for AP of 10 and 50 Pa (figures 3(b) and (d)
respectively). There are two advantages to this widely spread
slow flow in the fusion chamber: (1) the cells are uniformly
located in the fusion chamber, and (2) the pearl chains
formed between the electrodes are maintained as the flow
continues.

The behavior of the cells was observed at a pressure
difference of 30 Pa (10 L (inlet) and 30 L (outlet) droplets
were used). The speeds of the cells were found to be similar to
the simulation results. The measured mean cell speed was
approximately 45 pum s~', which is sufficiently slow that
the motion of the cells can be monitored with an optical
microscope. We also found that the pearl chain formation
rate is high when the pressure is in the range 20-30 Pa
(figure 4(b)) but this rate decreases significantly when the
velocity is too high, as shown in figure 4(a) (because the cells
move too rapidly past the electrodes), or too slow, as shown in
figure 4(c) (because the cells tend to aggregate). During the
pumping process, the cells were found to be safely transported,
with no rupture of the cell membranes observed in microscopic
inspections.

(Video clips of Peucedanum japonicum and Glehnia
littoralis cell transportation are included in the supplementary
materials S3 available at stacks.iop.org/TMM/19/015004.)

3.3. Analysis of the electric field between the two electrodes

In a homogeneous medium, the determination of electrode
dimensions, interval and shape is important to improve
the pearl chain formation and fusion performance. We
investigated the effects of varying the electrode thickness
(rectangular electrodes, one thin (0.2 pum) and one thick
(100 pm)) on the electric field distribution and of varying

the interval between the electrodes by using a 3D FEM
model. First, the electric field distributions around the thin
and thick electrodes were calculated for four cross-sectional
planes (heights: 0.2 um, 20 um, 50 wm and 100 wm from the
electrodes). The results are shown in figure 5. The electric
field distribution of the thin electrode is shown in figure 5(a)
and that of the thick electrode in figure 5(b). The alignment
of the cells is crucial to the efficiency of cell fusion, and a
uniformly distributed electrical field between the electrodes is
an important factor for better alignment [28—31]. The electric
field of the thin electrode was found to decrease rapidly as the
height of the channel increases, whereas the electric field of
the thick electrode is uniform. Therefore, the dielectrophoretic
force (Fpgp = K - VE?) between the upper and lower electrodes
will decrease as the height of the channel increases in the case
of the thin electrode, which indicates that the dragging force
aligning the cells will decrease.

The simulation results suggest that the thicker electrode
should provide better conditions for cell alignment and fusion.
However, our experimental results show that the thin electrode
provides an electric field that induces the cells to form pearl
chains and undergo electric fusion. The reason for this is that
most of the cells move on the surface of electrode patterned
glass due to the gravitation under such a slow flow condition
(see the supplementary materials, figure S4 and S4-1, available
at stacks.iop.org/IMM/19/015004). The thin electrode has
many advantages for the easy fabrication of chips, especially
when combining a PDMS channel with electrode-patterned
glass. We also investigated the effect of varying the pitch
between the adjacent electrodes on the electric field. The
FEM simulations were carried out by varying the pitch (75
and 100 pum) and the results are shown in figure 6. As the
pitch becomes narrower, the influence of the adjacent electrode
increases and the electric fields between the upper and lower
electrodes (see the dotted area in figure 5) become almost
uniform. However, as the pitch becomes wider, the influence
of the adjacent electrodes decreases and the electric fields
between confronting upper and lower electrodes are higher
than that of the adjacent electrode, so we expect that pearl chain
formation will be better for wider pitches. These results show
that the determination of the appropriate pitch is important in
the design of cell fusion systems.

3.4. Determination of the optimal ac frequency

Pearl chain formation enhances electrofusion performance.
We define the pearl chain ratio as the number of pearl
chained electrodes/total number of electrodes and measure
the variation of the pearl chain ratio with the ac frequency. For
the efficient measurement of the pearl chain ratio, an electrode
array (25 ea) was fabricated for the mass electrofusion of
protoplasts. We measured the pearl chain ratio for various
frequencies (0.5, 1, 2, 3, 5 and 10 MHz; amplitude: 0.4—
0.5kV em™!), and this experiment was carried out for five cell
types: Arabidopsis thaliana, Nicotiana tabacum, Peucedanum
Jjaponicum, Glehnia littoralis and Brassica campestris, in
order to determine a broadly applicable frequency range.
Figure 7 shows the variation of the pearl chain ratio with
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Figure 3. The numerical analysis of the mean velocity field inside the fusion chamber. The simulations were carried out for a surface

50 pm above the bottom of the microchannel. (a) Cross-sectional view of the electrofusion chip and the observation surface. (b) The mean
velocity field for AP = 10 Pa. (¢) The mean velocity field for AP = 30 Pa. (d) The mean velocity field for AP = 50 Pa. (e) The variation of
the mean velocity with the differential pressure. The circles are calculated data and the squares are experimental data.

the frequency for each cell type. The pearl chain ratios of cell trapping rate as the number of trapped cells/total number
all the cells are better in the range 1-2 MHz than in other of cells. The cell trapping rate was estimated by carrying
frequency ranges. This optimal frequency range is similar out cell counting and measurements of the trapping rate, and
to that found by other groups [28-30]. We also define the we found that approx. 92.2 £ 2.3% of the cells near the
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Figure 4. The dependence of the pearl chain formation rate on the differential pressure: (a) the differential pressure is 50 Pa (inlet droplet
volume 5 uL, outlet droplet volume 30 wL); (b) the differential pressure is 30 Pa (inlet droplet volume 10 L, outlet droplet volume 30 uL);
(c) the differential pressure is 10 Pa (inlet droplet volume 20 uL, outlet droplet volume 60 pL).
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Figure 5. Schematic diagrams of the electric field distributions for electrodes with two different thicknesses: (@) a thin electrode with a
thickness of 0.2 um; (b) a thick electrode with a thickness of 100 um. (c¢) Schematic diagrams of the cross-sectional views of the thin and
thick electrodes, and the observation surface.
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surface of the channel are trapped by the electrode when the gravitation, so most of cells are trapped when the electric field
flow speed is less than 40 um s~!. At low flow rates, the is applied (see the supplementary materials figure S4 and S4-
cells sink and move on the surface of the electrode due to 1 available at stacks.iop.org/JMM/19/015004); this is another
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Figure 7. Variations of the pearl chain ratios with the ac frequency
of five different plant cells. The five plants are Arabidopsis thaliana,
Nicotiana tabacum, Peucedanum japonicum, Glehnia littoralis and
Brassica campestris.

advantage of the integrated surface tension pump. A video clip
of cell trapping is available in the supplementary materials S3
available at stacks.iop.org/JMM/19/015004.

3.5. Electrofusion of protoplasts

The cell fusion mechanism is well known. A little pore is
generated on the membrane of protoplasts that are in contact,
and the two cells fuse resulting in a single cell as a result
of surface tension [31]. Figure 8 shows micrographs of
the protoplast (Peucedanum japonicum and Glehnia littoralis)
fusion process in the fusion chamber with electrodes separated
by a 200 um gap. Figure 8(a) shows pearl chain formation

\ -
iy

1

Figure 8. Experimental observations of a protoplast (Peucedanum
Jjaponicum and Glehnia littoralis) fusion system. (a) Pearl chain
formation under the ac field (amplitude: 0.4-0.5 kV cm™!;
frequency: 1.5 MHz). (b) The fusion is in progress and the contact
zone between the protoplasts, which is in the vicinity of the
microelectrodes, is no longer distinct. Due to electroporation in the
hypertonic fusion solution, the protoplasts are somewhat tumid.

(c¢) and (d) The fusion is nearly complete. The grayish line that
appears to divide the fused cell into two halves is the waist of the
dumbbell shape of the fused cell. Because the cytoskeletons are
intact inside the protoplasts, complete rounding of the fused cell has
not yet been achieved. (e) A gentle pulling force was applied
through the microelectrodes to show that the cells are fused. Scale
bar is 100 um. (f) Schematic diagrams of fusion sequence of two
cells.

under an ac field (amplitude: 0.4-0.5 kV cm™!; frequency:
1.5 MHz); the chain between the two electrodes is stable.
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Figure 8(b) shows the initiation of the fusing process that
arises on membrane breakdown after the application of a dc
pulse (amplitude: 1.0 kV cm™!; duration: 20 ms). Cell fusion
then proceeds slowly over 5 min, as shown in figures 8(c) and
(d), and the membranes of the two cells become combined.
The fused cell is dumbbell shaped at this stage, because the
cytoskeletons are still intact inside the protoplasts. After 10
min, the fused cell spontaneously becomes round (figure 8(¢e)),
and the cell culture medium is supplied to the fusion chamber
with the surface tension pumping system to provide nutrient
to the fused cells. Figure 8( f) shows fusion sequence of two
cells. This delivery of the culture medium through passive
pumping does not affect the fused cells, which demonstrates
the excellent cell and media transport capabilities of the
chip. Our microchip-based electrofusion process has several
advantages. For example, cells can be kept in a physiological
buffer until fusion, and all fusion processes can be carried
out under the control of an operator beneath an inverted
microscope (Leitz DM-IL, Germany). Thus a fresh post-fusion
medium (the culture medium) such as the Nitsch medium for
cell recovery [22] can be delivered to the fused cells without
resulting in any damage to the fused cells. The possibility of
infection is reduced because all the processes are carried out
inside the chip.

After the cells have fused, their collection is very
important. We created small windows in the chip to retrieve
the fused cells using a micropipette under the stereoscope.
It is also possible to culture the fused cells inside the fusion
chamber just by replacing the medium and then monitoring
them. By using the passive pumping system, fresh media can
easily be introduced. In this work, we measured the fusion rate
under an optimized condition with various plant cell types; the
maximum fusion rate was 3—-5%.

4. Conclusions

In this study, an electrofusion device with cell and nutrient
delivery functions was successfully designed and fabricated,
and its performance was evaluated with protoplasts from
various species. The cells were transported safely into the
fusion chamber and electrofusion was successfully carried out
with an ac field and dc pulses. To the best of our knowledge,
this electrofusion chip with its passive delivery function is the
first of its kind; this chip provides simple and cost-effective
cell and nutrient delivery. This electrofusion chip should
have many applications in the electrofusion and culture of
mammalian, fungal, and plant cells. It should also be useful
in applications related to gene transfection.
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