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Cell fusion consists of inducing the formation of a hybridoma cell containing the

genetic properties of the progenitor cells. Such an operation is usually performed

chemically or electrically. The latter method, named electrofusion, is considered as

having a strong potential, due to its efficiency and non-toxicity, but deserves

further investigations prior to being applicable for key applications like antibody

production and cancer immunotherapy. Indeed, to envision such applications, a

high amount of hybrid cells is needed. In this context, we present in this paper a

device for massive cell pairing and electrofusion, using a microarray of non-

connected conductive pads. The electrofusion chamber––or channel––exposes cells

to an inhomogeneous electric field, caused by the pads array, enabling the trapping

and pairing of cells with dielectrophoresis (DEP) forces prior to electrofusion.

Compared to a mechanical trapping, such electric trapping is fully reversible (on/

off handling). The DEP force is contactless and thus eases the release of the

produced hybridoma. Moreover, the absence of wire connections on the pads

permits the high density trapping and electrofusion of cells. In this paper, the

electric field mapping, the effect of metallic pads thickness, and the transmembrane

potential of cells are studied based on a numerical model to optimize the device.

Electric calculations and experiments were conducted to evaluate the trapping

force. The structure was finally validated for cell pairing and electrofusion of

arrays of cells. We believe that our approach of fully electric trapping with a

simple structure is a promising method for massive production of electrofused

hybridoma. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4813062]

I. INTRODUCTION

Cell fusion is a method to generate a hybrid cell which combines specific properties of its

progenitor cells. While cell fusion has been developed for antibody production,1 it is now also

investigated for cancer immunotherapy2–5 and reprogramming of somatic cells by transferring

initialization or differentiation factors.6

Different methods inducing the cell fusion are met in the literature, such as the use of

viruses,7 chemical induction of the fusion using polyethylene glycol,8 or physical induction

using electric field pulses (electrofusion). The latter method has the advantage to avoid any

chemical or genetic contaminations and to achieve higher fusion rate efficiency compared to

the chemical method.9 Electrofusion becomes thus widely used.10,11

Electrofusion is based on the reversible electroporation of cell membranes induced by

electric field pulses.12 Indeed, during the resealing of contacting permeabilized cells, the
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cytoplasmic membranes connect and fuse, leading to the formation of a hybridoma including

the cytoplasmic contents of progenitor cells.

The most commonly used system to achieve electrofusion is the electroporation cuvette.

Several types of cuvettes are commercialized as BIO-RAD13 which is composed of two facing

electrodes with 1–4 mm distance, or (Eppendorf14), composed of ellipsoidal 200 lm distant

electrodes. In these cuvettes, a large population of cells (typically more than 106 cells) are sus-

pended between the electrodes and the yield of one-to-one cell fusions is very low. Even

though the rate of formation of large heterocaryon (more than two cells) is consistent (20%

rate),14 the chance to obtain a hybridoma containing the genetic functions of two different pro-

genitor cells remains very low (of the order of 10�4–10�3 (Ref. 15).

The use of miniaturized devices to achieve electroporation and electrofusion is investigated

since 1990s.12,16,17 Such devices permit a better control of the electric field at the scale of the

cell, thanks to the electrode patterning, and the possibility to observe the fusion in real time.

Nevertheless, a severe bottleneck remains for the development of such biodevices for electrofu-

sion applications, which is the yield of fusion. In particular, when the use of electrofusion is

envisioned for immunotherapy, around 2� 106 hybridoma are needed to make one efficient

injection,18 and a treatment is composed of several injections.13

Different strategies for cell trapping and pairing are currently described in the literature

such as the grafting of recognition molecules on cells, the use of fluidic forces or dielectropho-

resis forces. In the former case, chemical interactions of recognition molecules (as Biotin-

Streptavidin19) grafted on each cell is used for their pairing. This method remains efficient even

in the case where cells to be fused present very different sizes and electric properties.

Nevertheless, this chemical pre-treatment modifies the membrane structure of cells, and the

yield of one-to-one pairing remains low due to the random cell contact.

The use of fluidic forces9 is very efficient for high density cell trapping and pairing.

However, this strategy requires further improvements for the trapping of cells having different

sizes.

An alternative method for cell trapping and pairing is the use of dielectrophoretic forces cre-

ated by insulators inducing electrical field concentration.16,20–24 The last two methods are very ef-

ficient for cell pairing and electrofusion but are both coupled with mechanical handling (fluidic

and mechanic in the case of Ref. 9, electric and mechanic in the case of Refs. 16 and 22).

Indeed, cells are trapped, paired, and fused in fluidic traps for the former, while they are fused

through a small orifice in an insulating wall for the latter. However, this mechanical contact with

obstacles, useful for maintaining the cells during the fusion, is not convenient for the release and

collection of the fusants because the hybridoma might stay blocked in these physical traps.

On the other hand, in the absence of such physical traps, the dielectrophoretic forces might

provide a fully reversible way to handle, array, or trap cells on a device,25–28 which might be

convenient in our case to release and collect hybridoma. Indeed, dielectrophoresis is very popu-

lar for cell manipulation.29 Since 2000, many microfluidic devices were developed using dielec-

trophoresis for the concentration and lysis of cells,30 capture, separation, and study of the elec-

tric properties of different cell types,28,31–34 circulating tumor cells capture,35 separation of live

and dead yeast cells,36 and other applications. These devices are generally based on parallel,36

interdigitated,25–27 or arrayed electrodes.28 Nevertheless, in the case of electrofusion, none of

these structures cope with the problem of polynuclear fusions. Moreover, the density of electri-

cal traps is limited by the electric wiring and the complexity of microfabrication (addition of

multiplexing functions for example).

In this work, we present a new microfluidic biodevice dedicated to electrofusion, which

overcomes this limitation. The structure involves an array of non-connected micro-sized electro-

plated gold pads, positioned between two electrodes, which induce a specific electric field to-

pology. This electric field inhomogeneity gives rise to a dielectrophoretic force (DEP) used for

cell trapping and pairing. The absence of wiring and connections, as gold structures are not

powered, allows envisioning the high density arraying which will be necessary when the high

throughput is targeted for the electrofusion. Successful pairing and fusion of cells in the micro-

array is demonstrated.
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In Sec. III A the design of the device is presented, relying on finite element numerical anal-

ysis of the forces produced by the electric field and the fluidics. The effect of the thickness of

the metallic pads is investigated to optimize the device, in particular the transmembrane poten-

tial of paired cells prior to electrofusion. Experiments demonstrating the capabilities of the de-

vice in terms of cell trapping, pairing, and electrofusion are described in Secs. III C–III E.

Parallelized electrofusion of paired cells with a yield up to 75% is achieved, as will be shown

in the paper. Advantages of the design are (i) non mechanical handling (on/off), (ii) easy

release of the hybridoma, (iii) no wiring of the pads, which allows a highly parallelized electro-

fusion, and (iv) a simple structure with an easy fabrication process, only requiring two standard

photolithography steps.

II. MATERIALS AND METHODS

Cell electrofusion on a chip is sequenced as follows: (i) the trapping and pairing of cells,

(ii) the application of the electrical pulses that lead to electroporation followed by electrofusion

of the membranes, and (iii) the maintaining of the contact between paired cells during the hy-

bridoma formation.

On our device the trapping and pairing of cells is achieved, thanks to dielectrophoresis

forces, while the electrofusion phenomena occurs when the transmembrane potential is high

enough to induce the membrane electroporation at the contact point of paired cells.

In order to evaluate the effect of the presence of a non-connected conductive pads array on

the electric field topology and the consecutive DEP force that appears, as well as the transmem-

brane voltage induced by the applied electric field pulses that induce the electrofusion, a 3 dimen-

sional finite element analysis was carried out (AC/DC module of COMSOL Multiphysics #).

A. Numerical computation of the dielectrophoresis force within the device

When a polarisable object, like a biological cell, is immersed in a non-uniform electric

field, DEP force appears due to the interaction between the external field and the induced

dipole.37,38 In the case of stationary electric field, the DEP force for a spherical object is

~FDEP ¼ 2pR3
Cellem<e½KCM� ~rjE2j; (1)

where KCM is the Clausius-Mossotti (CM) factor, <e[KCM] its real part, Rcell the object (cell) ra-

dius, and em the medium (extracellular medium) permittivity. The KCM factor can be expressed

as follows:

KCM ¼
½e�c � e�m�
½e�c þ 2e�m�

; (2)

where e�x is the complex permittivity (e�x ¼ ex � iðrx=xÞ with ex and rx being, respectively, the

permittivity and the conductivity of the medium (m) or the cells (c)) and x is the electric field

pulsation. The sign of KCM determines the direction of the force: if KCM is positive, the force

is directed towards high electric field regions (positive DEP). The sign of KCM depends on the

electric characteristics of the medium and the cells but also on the applied frequency; for a

given cell and medium, one or two crossover frequencies can be defined.39 Generally, live cells

exhibit negative DEP at low frequency (f< 100 kHz) and positive DEP between the two cross-

over frequencies.

To generate DEP forces, the electric field inhomogeneity can be induced by the shape and

position of the electrodes, thanks to a variation of conductivity40 such as the introduction of insu-

lators (conductivity robstacle� 10�7 S/m) in a low conductive medium (rmedium� 10�3–10�2 S/m

for frequencies in the range of 0–10 MHz).16 In our approach, the electric field inhomogeneity is

obtained by the introduction of conductive pads (r� 10þ7 S/m).

In this paper we study the effect of conductive pads and show that their replication in well

dimensioned arrays produces high density electrostatic pairing and electrofusion traps.
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In our conditions, the effect of the so called Induced Charge Electro-Osmosis (ICEO)41–44

is negligible compared to the DEP force. Indeed, the ICEO force, due to the charges induced at

the interface electrode/electrolyte, is predominant at low frequencies and dramatically decreases

above 1.5 kHz,44 while we use frequencies above 400 kHz in our study.

The electric potential was calculated using the AC/DC Module of COMSOL Multiphysics#,

with the conditions showed in Figure 1(a).

Following our finite element analysis, the dielectrophoresis force was post-calculated in

any domain of the meshed structure, from the solution V of the potential responding to D
V¼ 0. The Claussius Mossoti factor KCM was approximated to 0.4 and the cell diameter to

20 lm. In each element of the meshed domain we calculated the gradient rE2, and the DEP

force from its expression (Eq. (1)).

B. Modelling and design of the biodevice

The pairing and fusion structure consists of an array of non-connected gold pads

(20� 50 lm, gap¼ 45 lm) placed between two connected electrodes with a distance of

410–460 lm (Figure 1). The chamber is delimited by an insulating photoresist constituting the

microchannel.

In order to evaluate the effect of the metallic pads thickness on the amplitude of DEP force

and electric field, numerical calculations were made using finite element method (FEM) with

COMSOL Multiphysics#.

The gold was chosen as a material for the pads because of its biocompatibility and high

conductivity. The dimensions that are to be optimized (see Sec. III B (results)) are shown in

Figure 1(a).

C. Fabrication of the biodevice

All the materials constituting the device are biocompatible. We followed the process

described hereafter (and shown in Figure 2) for the microfabrication:

(a) The chip was fabricated on a quartz wafer pre-coated with a thin layer of Cr (15 nm chro-

mium to insure adhesion of gold) and 150 nm Au as a primer for electroplating (deposited

by sputtering). Gold layer thickness is increased up in an electrolytic bath based on potas-

sium Aurocyanure KAu[CN]2.45 The applied current density is 0.75 mA/cm2.

(b) A photolithography step (using S1805 photoresist, MicroChem) defined the mask for the

electrodes etching.

(c) A wet etching process (with KI/I2 for gold followed by Cr etchant MicroChemicals for chro-

mium) defined the electrodes (electric field generation) and the non-connected gold struc-

tures (cell positioning). The photoresist was then removed successively by acetone, ethanol,

and water baths. The gold thickness was checked using profilometer measurements

(DekTak).

(d) Microfluidic channels were made of thick SU8-2025. That epoxy photoresist was spin-

coated (500 rpm/100 rpm s�1/5 s then 3000 rpm/500 rpm s�1/30 s), soft baked (3 min at

FIG. 1. Simulation conditions: (a) cut view, (b) top view.
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65 �C, 15 min at 95 �C, and 3 min at 65 �C), insulated (160 mJ), post exposure baked (same 3

steps than the soft bake) and developed to form 25 lm high channels. To get a good adhesion

of the photoresist, the device was hard baked during 2 h at 175 �C.

(e) Finally, the device was packaged.

Two different methods for the biochip packaging were used: (i) for the electrofusion tests

(presented in Sec. III D), a glass slide was used to cover the chip during the experiment; this re-

versible packaging was convenient for the cleaning of the biochip. (ii) For the fluidic tests (pre-

sented in Sec. III C) an irreversible packaging of a polydimethyl siloxane (PDMS) cover was

performed after silanization with (3-aminopropyl)trimethoxysilane (APTMS, Aldrich) of the

SU8 and oxygen plasma activation of the PDMS cover.

D. Cell preparation

For biological experiments, mouse melanoma cells B16F10 and human T lymphocyte cells

Jurkat had been used. Cells were grown in complete medium defined as minimum essential me-

dium (Invitrogen, Cergy-Pontoise, France) for B16F10 and RPMI (Roswell Park Memorial

Institute medium) for Jurkat, supplemented with 10% fetal bovine serum (Invitrogen) and 1%

penicillin-streptomycin (Invitrogen). Cultures were maintained in a 5% CO2 incubator at 37 �C
and passed every 2–3 days. Before the experiment, cells were rinsed with PBS (phosphate buf-

fered saline) and detached with Trypsin (Invitrogen) before centrifugation. The cell pellet was

then suspended in the hypotonic fusion buffer (0.1 M sorbitol, 0.7 mM MgCl2, 0.1 mM calcium

acetate, and 1 mg/ml BSA (Bovine Serum Albumin)). The measured conductivity of the me-

dium without cells is 272 lS/m. Low conductivity ensures stronger pDEP and reduces Joule

heating. A preparation of 1� 106 cells/ml was used for the experiments. In the fusion medium,

the volume of B16F10 cells is multiplied by 2.4 (new diameter¼ 20 lm). The same volume

change was observed by Sukhorukov2 in comparable osmolarity conditions.

E. Experimental setup

When performing fluidic experiments, the flow of cells in the channel was controlled using

a microfluidic flow control system (MFCS-4C, FluigentTM).

Two different electric signals were superposed:

(1) A sinusoidal voltage to generate the DEP force (provided by an AC generator Tektronix AFG

3102),

(2) Pulses for the electrofusion (provided by Agilent/HP33250A, used in manual burst).

FIG. 2. Microfabrication process.
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The two electric signals were then added and amplified by a high speed bipolar amplifier

(HAS 4101, NF Electronics).

The experimental imaging platform consisted of a reflection microscope (Axio Scope.A1,

Carl Zeiss S.A.S) equipped with a high speed camera (Phantom V9.1, Vision Research,

AMTEK). The configuration for the video sequence acquisition was 10 pictures/s, 2–40 ms ex-

position time, and an internal trigger (continuous acquisition).

III. RESULTS AND DISCUSSION

A. Numerical calculation

1. Cell capture

The conducting pad distorts the field topology in which it is immersed (these distortions

are shown in Figure 3(a), dark field lines). These inhomogeneities induce a field gradient which

leads dipoles––like cells––to experience DEP force. In this section, we study the impact of the

thickness of conducting pads on the amplitude of this force.

Figure 3 shows the evolution of DEP forces with the distance from the pad, depending on

its thickness.

Near the electrode, the DEP force is almost equivalent for all pads thicknesses. In accord-

ance with the theory, the DEP force is rapidly decreasing with the distance from the pads (1/d3

decreasing law for parallel plate electrodes). However this decrease is even more pronounced

for thin electrodes (as shown in Figure 3). As a consequence, the capture zone for the DEP

force is larger when thick electrodes are employed. This is a major advantage for the use of

thick electrodeposited electrodes.

a. Pairing pattern. Taking advantage of the field concentration effect of one gold pad, we

can create a pairing pattern using two pads with a distance equivalent to the size of two cells.

Indeed, as shown in Figure 4(a), the pairing zone (between the pads) represents a high electric

field area that might capture cells, thanks to positive DEP forces (represented with arrows). If

the proper conditions are chosen (appropriate frequency), cells will pair between the pads.

Figure 4(b) shows the evolution of the electric field at 10 lm height for different gold

thicknesses. We notice that the E field amplitude is higher for thicker electrodes. Indeed, there

is an increase of 16% for e¼ 15 lm compared to e¼ 150 nm. Furthermore, the pairing zone

with thicker electrodes constitutes a physical well for trapped cells.

As summarized in Table I, thick gold pads are advantageous to capture cells from a larger

distance and pair them between the pads (the capture zone is larger) and produces a larger elec-

tric field between the pads. On the other hand, thick pads require a longer fabrication process

(longer electrodeposition and longer chemical etching). The shape factor of the pads has also to

FIG. 3. DEP force versus gold thickness and distance from the electrode: cell’s diameter¼ 20 lm and CM factor¼ 0.4 (fre-

quencies between 400 kHz and 1 MHz). (a) Colors represent log(FDEP); (b) evolution of max DEP force at different distan-

ces from the pad.
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be considered when fabricating small surface gold pads. Indeed, the under-etching (due to the

isotropic profile obtained with KI/I2 gold etchant) and the differences in the etching velocities

of the electroplated gold and the sputtered primer layer have to be considered. A comparison of

the advantages and disadvantages of both thin and thick electrodes is summarized in Table I.

Finally a compromise was chosen with 5 lm thickness gold pads.

b. Arraying. By reproducing the pairing pattern, a microarray structure for the cell pairing

and parallelized fusion can be achieved (Figure 5(a)).

Using the 3D AC/DC module of COMSOL Multiphysics, we simulated a structure composed

of an array of 6�4 non-connected metallic pads (10 lm� 40 lm size separated by 50 lm dis-

tance) between two electrodes (410 lm distance). The metal is 5 lm thick gold, and we

applied 50 V on the connected electrodes. The simulation conditions are the same used in

Secs. II B–III A.

As shown in Figure 5(a), the gap between pads (parallel to E) constitutes the pairing zone

while we apply a sine wave of the adequate frequency to produce positive DEP. Indeed, as

shown by the arrows in Figure 5(a), if cells are in low E field areas, they will be brought to the

fusion zone (high electric field regions). The gap is dimensioned to the size of two cells in

order to avoid multicellular (more than two cells) electrofusions.

In addition, the presence of the non connected gold pads increases the electric field in the

pairing and fusion zone (Figure 5(b), with and without pads), which is obvious when we consider

that the circulation of the electric field is null within the metallic pads (Einterpad¼V/(d� n*l),

where Einterpad is the field amplitude between the pads, d the distance between the connected elec-

trodes, n the number of pads met by the field line, and l the width of each pad). This homogene-

ous increase allows reducing the applied voltage during the pairing and fusion steps, which are

quite advantageous when one wants to avoid any multiple cells fusion outside of the traps.

c. Electrofusion: Transmembrane potential. Cells being paired and trapped by DEP forces in

the microarray, the electric field pulses are then applied in order to induce their electrofusion.

These pulses induce a transmembrane potential VTMP, superposed to the natural transmembrane

potential (Nernst equation). Once VTMP reaches a critical value, it induces the apparition of

TABLE I. Summary of the effect of gold pad thickness.

Thin gold pads Thick gold pads

• þEasy microfabrication process • þElectric field in the trap is increased

• �Electric field in the trap is not optimum • þLarger capture area for the DEP force

• �DEP force capture area is reduced • þPhysical trap for paired cells (well)

• �Shape factor of the pad is hard to control

FIG. 4. Simulation of a pairing and fusion structure (two pads) for different gold thicknesses. (a) The electric field and the

DEP force (arrows), (b) comparison of the electric field in the pairing zone at 10 lm height.
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electropores. However, in the case where VTMP is too high, the membrane electroporation

becomes irreversible causing cell death.46 Therefore the prediction of the transmembrane poten-

tial is crucial to determine the appropriate electric field strength needed for a successful electro-

poration prior to electrofusion.

Generally, the electric field is adjusted using the analytical Schwan’s law. Thus, consider-

ing stationary conditions and a spherical shape for the cell47,48

VTMP ¼
3

2
ERCellcos h; (3)

with E the amplitude of the applied electric field pulses and h the angle between ~E and the cal-

culation point on the membrane. Nevertheless, Eq. (3) is only valid in the case of a spherical

cell, isolated within a uniform external electric field. As the presence of the other cell changes

the shape and the intensity of the electric field, Schwan’s law is not applicable in the case of

paired cells prior to electrofusion. Thus we used the numerical model described in a previous

work24 and compared the transmembrane potential of two contacting cells, with or without the

presence of the metallic pads array. This method takes into account the non-homogeneity of the

electric field due to the structure and the presence of the other cell. The comparison of the nor-

malized transmembrane potential (VTMP/Vmax where Vmax¼ 1.5 E RCell) for an isolated cell

(Schwan law), paired cells outside the trap and paired cells in the fusion trap is represented in

Figure 6, versus the angular coordinate h.

As shown in Figure 6, for a given applied external field, VTMP is higher if the cells are

positioned within the electrical trap, between the conductive pads. Consequently the electrofu-

sion events will mainly occur for the cells that are trapped, other cells being less excited by the

external field (comparison between circle-tagged and triangle-tagged curves). In addition, this

polar representation of the transmembrane voltage highlights the fact that the paired cells will

be first permeabilized at the opposite poles (higher transmembrane voltage at the opposite pole

than at the contacting poles). Consequently by the ionic conduction at the opposite pole mem-

brane, the voltage potential propagates to the contacting pole, leading to an increase in VTMP

and membrane permeabilization at the contact of cells to be fused.

B. Fabrication

The device microfabricated following the protocol described in Sec. II C is shown in

Figure 7, placed on the PCB (Printed Circuit Board) dedicated to electric and fluidic connec-

tions. A SEM (Secondary Electron Microscopy) view of the structured microarray of conduct-

ing pads is shown in Figure 7(b).

As discussed previously, the thick conducting pads are advantageous for cell trapping and

fusion efficiencies. Nevertheless, we have to take into consideration the technical limitations

linked to the fabrication process. Indeed, the chemical etching with KI/I2 of gold pads is

FIG. 5. Pairing and fusion microarray. (a) 3D simulated structure showing electric field topology and DEP direction (arrow,

case positive), (b) electric field distribution along a raw of pads (continuous curve) and without pads (discontinuous curve).
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isotropic, which leads to an under-etching of the pad in the horizontal direction (this phenom-

ena can be seen in the SEM view in Figure 7(b)). On the other hand, the etching velocity is

higher for the primer gold layer (deposited by sputtering) compared to the electroplated layer.

Therefore, when the etching ions reach the primer layer, there is a quick under-etching. For a

high aspect ratio, an important under-etching causes the removal of the pads. 5 lm thick elec-

trodes were thus chosen as a compromise, as, at this thickness, the under-etching phenomenon

is acceptable, while the performances of the device remain interesting (according to numerical

simulations in Figure 4).

C. Cell alignment and pairing experiments

For cell alignment, we apply a sinusoidal signal (U¼ 20 Vpp, f¼ 500 kHz for positive DEP).

Figure 8 shows the typical result of cell alignment and pairing between the gold pads. In the case

of low cell concentration, cell pairs are formed in the fusion zone (Figure 8(a)). Therefore, even

FIG. 7. Microfabrication results: (a) global view of the fabricated chip electrically and fluidically connected on its PCB

holder, (b) SEM views and dimensions of the pairing and fusion structure.

FIG. 6. Normalized transmembrane potential of paired cells inside and outside the trap compared to Schwan law.
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when the concentration of cells is higher, if the trap contains more than 2 cells, they will also

assemble as additional pairs disposed between the pads (Figure 8(b)). This property is important

for cell electrofusion, as it avoids multicellular hybridomas (more than two cells).

To evaluate the effective DEP force applied on the cell, we use the packaged version of

the biochip. Cells are injected in the channel using the MCFS-4C (Fluigent) to control the pres-

sure at the input and the output and thus control the cell velocity. The DEP force is applied

simultaneously. Cells are ejected from the pads when the fluidic force prevails. Thus, at the

evaluated equilibrium, DEP force equals the fluidic force Fc

Fc ¼ c� vc; (4)

where c¼ 6pgRcell is the friction factor of the cell with the radius Rcell in the medium of vis-

cosity g (10�3 Pa s). From the experimental determination, DEP force for is about 10 pN (equiv-

alent to a velocity of 50 lm/s for Rcell¼ 10 lm) while the DEP force calculated by FEM analy-

sis at the center of the trapping zone is 14.5 pN (equivalent to 77 lm/s, for KCM¼ 0.4 and

U¼ 20 Vpp). We can see that the FEM and experimental results are of the same order of mag-

nitude. Cell trapping and pairing between the pads was successful (as seen in Figure 8).

D. Electrofusion experiments

After the cell pairing was successfully achieved, a train of 10 square pulses (1.3–1.4 kV/

cm, 100 ls duration) was applied to induce electrofusion. When we apply 50 V pulses on the

connected electrodes, we estimate VTMP at the fusion pole to 1.24 V for paired cells inside the

trap and 1 V outside the trap. Fusion thus only occurs within the trap.

Figure 9 shows the dynamics of cell electrofusion in the trapping zone. We could observe

that with two (Figure 9(a)) or more (5 cells in Figure 9(b)) trapped cells, only binuclear fusions

occur. The design (space between pads or the fusion zone) was calculated to maximize

FIG. 8. Trapping and pairing structure, before and after the application of DEP force. (a), (b) Medium density of cells, (c),

(d) higher density of cells; even with a high cell density, the cells stay in pairs; scale bars 20 lm (enhanced online). [URL:

http://dx.doi.org/10.1063/1.4813062.1]
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binuclear fusions. Moreover, cells align in the electric field direction. On the other hand, the

transmembrane potential is higher at the contact point (h¼ 0�) than in the perpendicular direc-

tion (h¼ 90�, where cells touch unfused cells). As a consequence, only paired cells in the direc-

tion of the electric field and in the trap can fuse.

Indeed, we observed that 97% of the fused cells were binuclear (based on 91 fusion

events).

The experiment was repeated more than 20 independent times and up to 75% of paired

B16F10 cells in the 6� 4 matrix of pads were successfully fused. All fusions were binuclear

and hybridomas could be ejected from the trap by turning off the DEP force. Furthermore, cells

of very different sizes could also fuse (Figure 9(c)). A repeated application of a few pulses

increased fusion yield in some cases. This can be due to the thrill caused by the first pulses

rearranging the cell pair and improving the contact. Average electrofusion speed was 9.23 s

(Based on 83 fusion events, 85.54% of fusions occurred within less than 12 s). Jurkat cells

showed the same electrofusion dynamics than B16F10 cells.

Once the cell electrofusion successfully occurred leading to hybridoma, we stopped AC

electrical field in order to permit hybridoma collection (Figure 10) for further characterization.

E. Viability and culture tests

Generally, the cell viability is controlled using cell markers, like trypan blue. Nevertheless,

this kind of test is not reliable for real time viability evaluation in the case of electroporated

cells because the marker massively enters into the permeabilized cell even if it is viable. Thus,

we evaluated in a different way the effect of the pulses on the cell viability:

FIG. 9. Dynamics of cell fusion in one pairing structure induced by electric pulses, (a) one pair, (b) two simultaneous

fusions on the same pad, no multicellular product, (c) parallel fusions (indicated by white arrows), and a zoom on the fusion

of two different cell sizes. Scale bar 20 lm (enhanced online). [URL: http://dx.doi.org/10.1063/1.4813062.2] [URL: http://

dx.doi.org/10.1063/1.4813062.3]
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(1) We checked visually if the aspect of the pulsed membrane changed. If a difference was

noticed, this cell was considered non-viable. If the electric field was too low, no cell fusion

was observed. As reported in the literature,19 cell viability decreases with the electric field am-

plitude increase, while the electrofusion yield increases. Thus, we gradually increased the

electric field amplitude to determine the range were pairs fuse without causing cell lysis.

Using this method, we fixed an electric field of 1.1 to 1.25 kV/cm in the trap for the fusion

experiments. In that range, we counted 3% dead hybridoma (on 91 fusion events) and 8%

lysed cells (on 1043 trapped cells).

(2) We also checked the viability of produced hybridoma by their culture. After the fusion pro-

cess, hybridomas were collected and cultured in the complete medium described in Sec. II D.

The results are shown in Figure 11. After 3 h, cells adhered confirming their viability. Fused

cells showed 2 distinct nucleuses or a bigger one which is probably the result of fused nucle-

uses. After 24 h, the hybridomas were bigger either with a bigger nucleus (proliferating but

not dividing) or polynucleated indicating that the nucleuses divided.

(3) To confirm hybridoma cell activity, a tetrazolium dye (MTT) was added to the proliferating

cells 24 h after the electrofusion process. This dye reduces to purple formazan in the living

cells. Formazan crystals formed in the fused cells (Figure 11) confirming their metabolic

activity.

FIG. 11. Culture tests of the fused hybridoma (B16F10) 3 h and 24 h after electrofusion and MTT test on fused and adhered

cells. Magnification 40.

FIG. 10. Capture and fusion of a pair of cells then the release of the formed hybridoma (enhanced online). [URL: http://

dx.doi.org/10.1063/1.4813062.4]
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IV. CONCLUSIONS

In this study, we described a novel microfluidic device based on the arraying of non-

connected electroplated gold pads between two powered electrodes, for high density cell pairing

and fusion, and an easy release of the produced hybridomas.

This device has been studied with numerical simulations and was optimised taking into

account micro-technological constraints for the thick electrodes fabrication. We showed that the

non-connected conductive pads structure generates a field inhomogeneity which initiates the

cell pairing by positive dielectrophoresis and their electrofusion, leading to binuclear hybridoma

production.

The functionality of the device was validated with two different cell lines. Arraying of cell

pairs, followed by successful parallelized electrofusions were observed, while the produced hy-

bridomas were easily released from the reversible electric traps for further culture and charac-

terization. We also demonstrated that the produced hybridomas contain only two nucleuses

even in the case of high cell density. Repeated experiments had been achieved to study the effi-

ciency of the microfluidic device. Fast dynamics for the electrofusion process were observed

with our conditions, probably due to maintaining the dielectrophoretic force during the applica-

tion of the fusion electric pulses.

While the tests were carried out with homologous pairs, the presented method remains fully

applicable to heterologous cell pairs. Nevertheless, electric properties vary considerably from

cell lines to others. The appropriate electric conditions (for positive DEP trapping of both cells

and their electrofusion) have to be determined for each type pair.

We believe that the use of microarrays of non-connected conductive pads is a promising

technique for high density cell electrofusion on chip, not only for binuclear hybridoma produc-

tion, but also for the study of the electrofusion process in a parallel way.
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