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Cell fusion technology has been exploited in a wide variety of biomedical

applications, and physical, chemical, and biological approaches can all be used to

fuse two different types of cells; however, no current technique is adept at inducing

both cell pairing and fusion at high efficiencies and yields. Hence, we developed a

new method featuring the use of optically induced dielectrophoresis (ODEP) in

conjunction with an optically induced, locally enhanced electric field for accurate

and automatic cell pairing and fusion on a microfluidic device. After pairing cells via

ODEP, a locally enhanced electric field generated by “virtual electrodes” by

projecting light patterns was enacted to induce a proper transmembrane potential at

the cell contact area such that cell fusion could be triggered by white light exposure.

As a fusion yield of 9.67% was achieved between Pan1 and A549 cells, we believe

that this may be a promising technique for automatically fusing different cell types.

Published by AIP Publishing. https://doi.org/10.1063/1.5028158

NOMENCLATURE

a-Si:H Hydrogenated amorphous silicon

AC Alternating current

ATCC American Type Culture Collection

A549 Adenocarcinomic human alveolar basal epithelial cells

Cmembr Capacitance of the cell membrane

CCD Charge-coupled device

DC Direct current

DEP Dielectrophoresis

DMEM Dulbecco’s modified Eagle’s medium

E Electric field

f Frequency (in Hz)

fCM (x) Clausius-Mossotti factor

FDEP Time-averaged dielectrophoretic force

GFP Green fluorescent protein

HEPES Hydroxyethyl piperazineethanesulfonic acid

ITO Indium tin oxide

ODEP Optically induced dielectrophoresis

OICF Optically induced cell fusion

OILEF Optically induced, locally enhanced electric field

Pan1 Pancreatic cancer cell with endogenously expressed GFP

Note: Preliminary results of the paper have been presented in IEEE NEMS 2017, Los Angeles, USA.
a)Author to whom correspondence should be addressed: gwobin@pme.nthu.edu.tw

1932-1058/2018/12(3)/034108/12/$30.00 Published by AIP Publishing.12, 034108-1

BIOMICROFLUIDICS 12, 034108 (2018)

https://doi.org/10.1063/1.5028158
https://doi.org/10.1063/1.5028158
https://doi.org/10.1063/1.5028158
https://doi.org/10.1063/1.5028158
mailto:gwobin@pme.nthu.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5028158&domain=pdf&date_stamp=2018-05-22


PBS Phosphate buffered saline

PDMS Polydimethylsiloxane

PEG Polyethylene glycol

PI Propidium iodide

rms Root mean square

SSR Solid-state relay

UV Ultraviolet

v Velocity

V Voltage

Vpp Peak-to-peak voltage

Vtrans Transmembrane potential of cell membrane

em Relative permittivity of medium

ep Relative permittivity of particle

g Viscosity of the fluid

r Electric conductivity

x Angular frequency (in radians per second)

I. INTRODUCTION

Cell fusion, whereby different cell types are merged into a hybrid cell, has been exploited

in a wide variety of biomedical applications, including induced stem cells, monoclonal antibody

production, cancer immunotherapy, gene mapping, tissue regeneration, and many others.1–3

There are three major means of achieving cell fusion: physical (typically electroporation),

chemical [via polyethylene glycol (PEG)], and biological (via viruses).4–10 Before fusion, the

target cell types must be paired, and this cell pairing process is not trivial; when using tradi-

tional approaches, cell pairing and contact issues (e.g., random cell pairing) have both limited

the efficiency of cell fusion.8,9 To circumvent some such issues, microfluidic devices have been

designed for cell pairing.11,12 For instance, one published method featured a microdevice that

was shown to trap two different kinds of cells within a fluid stream by using microstructures.11

In this system, thousands of microstructures composed of two micro-cavities were fabricated in

microchannels for cell trapping; this allowed two cells to be paired at a rate of 60%–70%.

Then, PEG treatment or electric pulses were applied to enact cell fusion.

Optically induced dielectrophoresis (ODEP) is a promising technique that features the use

of light-induced dielectrophoretic (DEP) forces for manipulating micro-particles and cells

(oftentimes for biomedical applications).12 It requires only milliwatts (mW) of power to manip-

ulate thousands of micro-particles or cells in an area of only a few mm2. ODEP devices are

typically composed of a sandwich structure consisting of two pieces of indium tin oxide (ITO)

glass and a spacer.13 One of the ITO glass slides is coated with hydrogenated amorphous sili-

con (a-Si:H) to serve as a photoconductive layer. The time-averaged DEP force, FDEP, which is

induced by illuminating optical patterns for a particle or cell with a radius (r) when loaded in a

medium with a relative permittivity of em, can be expressed as follows:14

FDEP ¼ 2pr3emRe fCM xð Þ½ ��E2
rms;

where Erms is the root mean square of the alternating-current (AC) electric field and fCM (x) is

the Clausius-Mossotti factor, which is defined by the following equation:14

fCM xð Þ ¼ ep
� � em

�� �
= ep

� þ 2em
�� �
;

where fCM (x) may determine the repelling or attractive force applied on the particles or cells

while taking the electric field gradient into consideration, x is the angular frequency, r is the

conductivity of the medium, and ep is the permittivity of the particle. Note that the repelling or

attractive force could be determined by the electric field gradient and Clausius-Mossotti factor.
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If the force is attractive, the particles or cells could be attracted to the electrodes. Otherwise,

they could be repelled away from the electrodes.

The traditional way of generating DEP forces requires complex micro-fabricated electrodes.

Alternatively, “virtual electrodes” have also been described by projecting light patterns on the

photoconductive layer on the ITO glass.12 Furthermore, such virtual electrodes could also gen-

erate a transmembrane potential from a locally enhanced electric field while projecting light

patterns on cells, as defined by this equation15

Vtrans ¼ 1:5rEcosh;

where Vtrans, r, E, and h are the transmembrane potential, cell radius, magnitude of the applied

electric field, and the angle between the electric field and membrane position, respectively.

Detailed information about transmembrane potential can be found in Fig. S1. It was reported

previously that electrofusion was most successful at a transmembrane potential of 0.5–1 V, at

which point membranes become highly porous/leaky;15,16 this permitted the formation of a

channel for cytoplasm exchange, which is critical for subsequent cell fusion.

Optically induced cell fusion (OICF) with reasonably high efficiency and yield has been

carried out on a microfluidic chip that integrated cell-pairing structures and an OICF module.17

However, it was difficult to retrieve the hybrid cells from the microstructures with this system,

a limitation that has thwarted its widespread adoption. To address this issue, we report herein a

new method capable of pairing cells and fusing them without the need for the cells to be

trapped by microstructures; only light was required to drive cell pairing and fusion. This repre-

sents the first time that cell fusion has been achieved by an optically induced, locally enhanced

field (OILEF) created within a microfluidic platform.

II. MATERIALS AND METHODS

A. Chip operation and design

In the developed system, an ODEP force was induced when a light pattern was illuminated

on a cell at the same time at which an external electric field was applied across two ITO glass

layers [Fig. 1(a)]. Similarly, a transmembrane potential was induced by the locally enhanced

electric field when the cell was illuminated [Fig. 1(b)], and this potential was used to fuse two

cells brought into contact [Fig. 1(c)].

FIG. 1. (a) A schematic illustration of the optically induced dielectrophoresis (ODEP) and optically induced cell fusion

(OICF) system. (b) When an external electric field was applied to a cell (green circle), a transmembrane potential was gen-

erated from the polarizing charges of the inner and outer membranes. (c) The induced transmembrane potential was used to

fuse cells (green and red circles) when they were brought into contact.
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The 65 � 30 � 7 mm3 (length � width � height) ODEP/OICF chip [Fig. 2(a)] was com-

posed of four layers [Fig. 2(b)]. The first polydimethylsiloxane (PDMS) layer contained the liq-

uid channel inlets and outlets. The outlet was larger than the inlet to permit the diffusive flow

of the introduced culture media via hydraulic pressure differences. The second layer was ITO

glass (Ruilong Inc., Taiwan), which acted as the top electrode. The third layer was a thick, neg-

ative photoresist (SU-8, MicroChem Corp., USA) liquid channel, which was patterned with

microstructures. It should be noted that these microstructures, which are described in more

detail below, only served as temporary reservoirs for cells and did not trap them permanently;

this allowed for easier cell retrieval after cell fusion. The final, bottom layer was ITO glass

coated with a-Si:H. This material’s photoconductivity allowed it to function as a virtual elec-

trode upon illumination.

The SU-8 layer comprised two parallel liquid channels and microstructure arrays [Figs. 2(c)

and 2(d)]. The dimensions of the SU-8 liquid channel were 27 mm� 2 mm� 30 lm (length

�width� height). This design allowed for the loading of two different kinds of cells (one to the

upper channel and one type to the lower) without inadvertently mixing them prior to fusion. The

SU-8 microstructures were chevron-shaped, with notches in the middle (acting as cell reservoirs)

to prevent cells from entering the reservoirs randomly. With this design, cells could be sorted

into reservoirs by light-driven ODEP forces [Fig. 2(d)]. Afterwards, paired cells within the cell

reservoirs could be optically fused by inducing a transmembrane potential on them.

B. Microfabrication

To create the microfluidic device for ODEP and OICF, a-Si:H was first deposited on an

ITO substrate with a plasma-enhanced chemical vapor deposition process; this composite unit

FIG. 2. (a) A photograph and (b) an exposed view of the optically induced dielectrophoresis and cell fusion (ODEP/OICF) chip,

which was composed of (1) a PDMS inlet and outlet layer, (2) an upper, ITO glass layer, (3) an SU-8 microstructure layer, and

(4) a lower, a-Si:H-coated ITO glass layer. (c) A top view of the SU-8 microstructures. There were two parallel liquid channels

(upper and lower) divided by a microstructure array. (d) The SU-8 microstructure array was designed to allow cells to flow from

each inlet to the cell reservoirs (“notches” in the middle of the structures) such that cells could be paired by using ODEP force

and optically fused in the OICF module. The green and red cells correspond to Pan1 and A549 cells, respectively.
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served as the photoconductive layer. Then, the SU-8 microstructures, which served as the liquid

channel for cell inlets/outlets and reservoirs for the cell pairs, were fabricated on the ITO glass

coated with an a-Si:H film through a standard photolithography process. Briefly, the ITO glass

was first cleaned with deionized (DI) water and sonicated in acetone for 5 min. Then, it was

washed again with DI water, dried, and then placed on a hot plate (HP-40D, Shin Kwang Inc.,

Taiwan) at 95 �C for 5 min. After cleaning, the ITO glass was cooled to room temperature and

spin-coated with a 30–lm thick SU-8 layer using a YI-12 spin-coater (ELS System Technology

Co., Ltd, Taiwan). Then, it was softbaked at 95 �C for 12 min. The lithography process was per-

formed under an ultraviolet (UV) exposure of 183.3 mJ/cm2. Then, the SU-8 was treated by a

two-step post-exposure-bake process, including 65 �C for 1 min followed by 95 �C for 4 min.

After SU-8 development, the chip was rinsed with acetone, isopropyl alcohol, and DI water

sequentially. Finally, the SU-8 was hardbaked at 130 �C for 1 h. The distance between any two

of the resulting microstructures was 20 lm (Fig. 3), a sufficient gap for allowing the entry of

two cells.

The ITO glass with the SU-8 microstructures was then bonded with the upper ITO glass

layer by “Slink 80113” UV glue (Dongguan KaPont Chemical Industrial Corp., China). The

detailed assembly process is shown in supplementary material Fig. S2. First, the PDMS layer

and the upper ITO glass layer were mechanically drilled to create inlet and outlet holes. Then,

the top ITO glass and bottom ITO glass layers were aligned and bonded with UV glue. Finally,

the PDMS and upper ITO glass layer were bonded via oxygen plasma treatment.15

C. Preparation of cells

Pancreatic cancer cells expressing the green fluorescent protein (GFP; Pan1)18 and adeno-

carcinomic human alveolar basal epithelial cells (A549; American Type Culture Collection,

ATCC CCL185TM, USA) were cultured as recommended by the manufacturers. After cells

were trypsinized and washed twice with phosphate-buffered saline (PBS), cells were washed

twice with 0.2 M sucrose (Sigma-Aldrich, USA) and re-suspended in 0.2 M sucrose at a final

concentration of 104 cells/ml.19 In order to visualize the experimental process, A549 cells were

stained with Cell MaskTM Deep Red plasma membrane stain (Life Technologies, USA) as rec-

ommended by the manufacturer. Pan1 cells were instead observed by tracking their GFP

fluorescence.

D. Preparation of the ODEP/OICF chip

The liquid channels of the ODEP/OICF chip were washed by loading 200 ll of 2.5% (wt)

polyethylene glycol-block-poly (propylene glycol)-block-poly (ethylene glycol; P123, Sigma-

Aldrich) to prevent bubble formation. After rinsing with 50 ll of 0.2 M sucrose, the liquid

channel was injected with 200 ll of 0.1 M bovine serum albumin (BSA, Sigma-Aldrich) to pre-

vent cell adhesion. Finally, 50 ll of 0.2 M sucrose solution was injected into the liquid channel

FIG. 3. (a) Microscopic image of the SU-8 microstructures, which were constructed on an a-Si:H layer. (b) Scanning elec-

tron micrograph of the SU-8 microstructures. The distance between two microstructures was 20 lm (designed to accommo-

date two cells), and the notches in the center were used as cell reservoirs for the cell pairing and cell fusion processes.
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to serve as the media for experiments with live cells for the subsequent ODEP/OICF operation.

It is noted that 0.2 M sucrose solution is suitable for generation of ODEP force and OICF while

maintaining reasonable cell viability.13

E. Cell manipulation by ODEP

Cells were manipulated with virtual electrodes generated by illuminated light patterns.13 The

concentration and the volume of two cells were 104 cells/ml and 1 ml, respectively. The operating

voltage for inducing cell movement (for the purpose of cell pairing) was 10 Vpp (peak-to-peak

voltage) at 100 kHz. Briefly, this value was chosen because the experimental cells experienced

attractive ODEP forces (about 40 pN for Pan1 and 49 pN for A549; discussed in detail later).

The white light (1.86 W/cm2) used to generate the ODEP force was provided by a digital projec-

tor (PLC-XU106, SANYO, Taiwan). Note that moving light patterns (with a diameter of 30 lm)

were used to move cells one by one into the aforementioned cell reservoirs, at which they were

optically fused. Operating conditions required for cell pairing are listed in Table I.

F. Cell fusion by OICF

After cells were brought into contact by ODEP, they were optically fused by the optically

induced electroporation generated by the OICF module.16 The operating conditions for cell

fusion are listed in Table I. In order to verify the efficacy of optically induced electroporation,

a cell electroporation test was performed by using the cell-impermeable nucleic acid stain pro-

pidium iodide (PI; 1 mg/ml solution in water, Invitrogen). First, 1 ll of 0.15 mM PI was added

to 1 ml of a A549 cell suspension (104 cells/ml) in sucrose buffer (0.2 M) and loaded into the

ODEP/OICF chip. After operating the device under the cell pairing mode (Table I), the cell

fusion mode (Table I) was enacted to permeabilize them and permit PI entry. The PI electropo-

rated into cells was monitored under a fluorescence charge-coupled device (CCD) camera

(DP73, Olympus, Japan). Please note that the DC pulses for cell fusion and electroporation

were generated with an AFG-2125 function generator (Good Will Instrument Co., Ltd.,

Taiwan) connected to (1) an Arduino panel (UNO R3, Arduino, Italy) and (2) solid-state relays

(SSR; G3MB-202P 1565E, OMRON, Taiwan).

G. Experimental procedures

The entire experimental procedure is schematically illustrated in Fig. 4. First, A549 and

Pan1 cells were loaded into the respective inlets and pulled through the upper and lower

micorchannels via the difference in the hydraulic pressure between the inlet and outlet [Fig.

4(a)]; this also prevents cell diffusion into the SU-8 chevron-shaped microstructures before the

cell pairing. Then, the cells were moved to the cell reservoirs between microstructures by

ODEP force as described above and in Table I. After cell pairing, DC pulses were used to fuse

cells as in Table I. Then, 200 ll of Dulbecco’s modified Eagle’s medium (DMEM, Sigma-

Aldrich) with 20 mM hydroxyethyl piperazineethanesulfonic acid (HEPES, Sigma-Aldrich)

were added to each outlet chamber and then sealed with clean coverslip glass for subsequent

cell culture. Note that a thermoelectric cooler (TEC1–241.10, Tande, Taiwan) powered by a

DC power supply (DP-30032, HILA, Taiwan) was placed underneath the microfluidic chip to

TABLE I. Operating parameters of the optically induced dielectrophoresis and optically induced cell fusion (ODEP/OICF)

system. Cells were manipulated under either the cell pairing (AC voltage) or the cell fusion (DC voltage) mode.

Cell pairing mode Cell fusion mode

Voltage (Vpp) 10 15

Frequency (kHz) 100 NA

Duration (ls) NA 100 (�5 times )

Electric field strength (kV/cm) 3.3 5.0
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keep the temperature at 37 �C (supplementary material Fig. S3), and cells were cultured for

1.5 h. This cell culture step reduced the likelihood of disrupting cell pairs during fusion and

hence increased the yield.

H. Experimental setup

1. ODEP/OICF system

The experimental setup for the ODEP/OICF system was schematically shown in Fig. 5.

The ODEP/OICF chip was placed on a stage under an optical microscope (Fig. 5), and a digital

FIG. 4. Schematic illustration of the optically induced dielectrophoresis and optically induced cell fusion (ODEP/OICF)

process. (a) Cells in 0.2 M sucrose were gently loaded into the inlets and gradually pulled into the upper and lower SU-

8 microchannels by hydraulic pressure differences. (b) Cells were manipulated and paired with white light in the cell reser-

voirs. (c) Electric pulses were then applied to trigger cell fusion. (d) After fusion, 200 ll of culture media were added to

each outlet chamber for on-chip cell culture.

FIG. 5. Experimental setup of the optically induced dielectrophoresis and optically induced cell fusion (ODEP/OICF) sys-

tem. A power amplifier and a function generator were used to generate the required electrical signals for ODEP and OICF,

and an oscilloscope was used for monitoring the electrical output. An Arduino panel connected with solid-state relays was

used to control DC signals and produce the electrofusion pulses that triggered cell fusion. A digital projector was used to

project the white light onto the ODEP/OICF chip through a mirror. The cell manipulation and fusion processes were

recorded with a fluorescent CCD camera.
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CCD camera was used to acquire real-time fluorescence images. The aforementioned digital

projector was connected to a computer and used to illuminate the white light onto the a-Si:H

layer such that the virtual electrodes were created. Simultaneously, electric signals were pro-

vided to the bottom and top ITO glass substrates. The aforementioned function generator con-

nected to an Arduino panel and a SSR was used to supply the required AC and DC signals for

ODEP and OICF, respectively, in conjunction with a power amplifier (HA-405, PINTEK,

Taiwan). Moreover, an oscilloscope (GDS-1102-U, Good Will Instrument Co., Ltd.) was used

to monitor the input electric signals.

III. RESULTS AND DISCUSSION

A. Characterization of ODEP force

We first investigated the relationship between the ODEP force and the driving frequency

(f), which ranged from 10 Hz to 100 kHz at 10 Vpp, (Fig. 6). Stokes’ law was used to calculate

the ODEP force in 0.2 M sucrose assuming that the balance between the hydrodynamic drag

force on a spherical cell while achieving a terminal velocity and the ODEP force was

achieved14

FODEP ¼ 6prgv;

where r, g, and v are the radius of the cell, the viscosity of the fluid, and the terminal velocity

of the cell, respectively. The ODEP module could generate a positive (attractive) force towards

A549 and Pan1 cells at driving frequencies ranging from 10 kHz to 100 kHz. The ODEP forces

for A549 and Pan1 cells reached 56 and 46 pN, respectively, at a driving frequency of 10 kHz,

and the corresponding forces at 100 kHz were 49 pN for A549 and 40 pN for Pan1, respec-

tively. The resultant ODEP force could be used to move cells in a buffer with a terminal veloc-

ity of over 150 lm/s at a driving voltage of only 10 Vpp. This was a sufficient velocity to move

cells throughout the device.

B. Cell pairing in SU-8 microstructures

In order to increase the efficiency of cell pairing, both types of cells were injected

slowly into their respective inlets to prevent cells from entering the chevron-shaped SU-

8 microstructures by hydraulic pressure towards the outlets (Fig. 7). Pan1 [Fig. 7(b)] and

A549 cells [Fig. 7(c)] were distributed evenly throughout the channels. After cell loading,

FIG. 6. Optically induced dielectrophoresis (ODEP) force (attractive) measurements of A549 and Pan1 cells at different

driving frequencies (all at 10 Vpp). Error bars represent standard deviation (n¼ 3).
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both types of cells were moved into the chevron-shaped SU-8 microstructures by ODEP

forces. It should be noted that 100 kHz was chosen to avoid cell lysis at low frequencies.13,16

Cells from the upper and lower liquid channels were transported gradually into the cell con-

tainers prior to cell fusion (as shown in supplementary material Fig. S4). Multiple cell pairs

were successfully moved to the cell reservoirs (Fig. 8), and 9 s were typically required for

each cell pairing.

FIG. 7. Cell distribution upon loading into the SU-8 microstructures. (a) Bright-field view. Fluorescent images of (b) Pan1

(green) and (c) A549 (red) cells. (d) Merged fluorescent image.

FIG. 8. A CCD image revealing cell pairing on our optically induced dielectrophoresis and optically induced cell fusion

(ODEP/OICF) chip after exposure to white moving light patterns.
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C. Electroporation

To ensure that DC pulses could induce electroporation for electrofusion, a single A549 cell

was first moved to the cell reservoir by ODEP force and applied with DC pulses in the PI-

containing 0.2 M sucrose buffer, and PI was observed to stain cytoplasmic RNA (Fig. 9).

Experimental results showed that successful electroporation could be optically induced by the

developed OICF module.

D. Cell fusion in the ODEP/OICF chip

After cell pairing, the operating conditions were switched to the OICF mode to initiate cell

fusion in the cell reservoir [Fig. 10(a)]. After the application of DC pulses, cells were observed

over a 1.5-h period [Fig. 10(b)]. Cells began to fuse after 30 min, and, by 1.5-h, hybrid cells

were evident [Fig. 10(f)]. Bright field microscopy yielded similar results (supplementary mate-

rial Fig. S5). A fusion percentage of 9.67 6 4.50% (n¼ 3) was obtained across 106 cell pairs.

This value is lower than that obtained when using structure-assisted OICF (50%),17 PEG-based

benchtop methods,21 and electrofusion.20 This may be due to the fact that the structure-assisted

OICF achieved cell fusion through cell-trapping microstructures and a specific virtual electrode

design. A previous work revealed that these microstructures play a vital role in cell fusion

because that keep cells within close proximity of each other.11 Moreover, the switching

between AC and DC signals herein might have reduced cell pair contact, thereby decreasing

the likelihood of fusion. In addition, the nature of the electricity source, AC or DC, was shown

to affect cell fusion in our preliminary experiments. Future works should attempt to optimize

the system developed herein such that higher cell fusion efficiencies may be obtained.

Nevertheless, the developed method reported here allows one to retrieve fused cells easily after

the cell fusion process when compared with previous works.17

IV. CONCLUSIONS

A microfluidic device that performed optically induced cell pairing and optically induced

cell fusion was demonstrated herein. This chip also featured a cell culture module such that cell

FIG. 9. A series of CCD images depicting effective cellular uptake of propidium iodide (PI) via electroporation in the opti-

cally induced dielectrophoresis and optically induced cell fusion (ODEP/OICF) chip under the OCIF operating mode. For

the representative cell shown (bracketed in white in certain panels), 19 s of electroporation were required to visualize cyto-

plasmic RNA staining by PI.
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fusion could be continuously monitored. Two different cell types could be transported into a

cell reservoir, and a proper transmembrane potential could be generated such that cell fusion

would occur. Approximately 10% of the Pan1 and A549 cells fused within 2 h using light only;

unlike in our prior work,17 cells could be retrieved easily. We therefore believe that this chip-

based device has great potential for biomedical applications, such as the production of a spe-

cific monoclonal antibody from two cell types.

SUPPLEMENTARY MATERIAL

See supplementary material for the schematic illustration of transmembrane potential

induced by a local electric field, ODEP/OICF chip assembly process, on-chip cell culture mod-

ule, cell manipulation, and cell fusion process by using light patterns.
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