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Abstract We report the design and fabrication of a novel
single cell electroporation biochip featuring high aspect ratio
nickel micro-electrodes with smooth side walls between
which individual cells are attached. The biochip is fabricated
using Proton Beam Writing (PBW), a new direct write litho-
graphic technique capable of fabricating high quality high-
aspect-ratio nano and microstructures. By applying electrical
impulses across the biochip electrodes, SYTOX® Green
nucleic acid stain is incorporated into mouse neuroblastoma
(N2a) cells and observed via green fluorescence when the
stain binds with DNA inside the cell nucleus. Three parame-
ters; electric field strength, pulse duration, and numbers of
pulses have been investigated for the single cell electropora-
tion process. The results indicate high transfection rates as
well as cell viability of 82.1 and 86.7% respectively. This
single cell electroporation system may represent a promising

method for the introduction of a wide variety of fluorophores,
nanoparticles, quantum dots, DNAs and proteins into cells.

Keywords Single cell electroporation . Proton beam
writing . Biochip

1 Introduction

Introduction of biomolecules such as DNA, RNA, proteins,
genes and small molecules into target living cells are im-
portant in many cell biology experiments.(Kim et al. 2008)
For instance, to understand gene function it may be desir-
able to insert a gene into the cell and remove the proteins
resulting from the gene expression from the cell without
harming the cell membrane.(Rubinsky 2004) However, the
molecules face difficulties penetrating the cell because of
barriers caused by the molecular charge, molecular weight,
hydrophilicity, or other physio-chemical properties.(Mir and
Orlowski 1999) Several methods have been developed to
overcome these difficulties, such as using calcium phos-
phate coprecipitation,(Lee and Welsh 1999) liposome fu-
sion, particle bombardment,(Schmid et al. 1997) viral
vectors including retrovirus and adenovirus,(Yin et al.
1998) and electroporation. Among these techniques, electro-
poration, an electromechanical method of introducing polar
molecules into a host cell through the interruption of the cell
membrane by a fast and highly localized electric field pulse,
is considered a gene delivery tool with a high success rate.
(Weaver 2000) Traditionally only the injection methods can
target single cells, whereas electroporation has the advan-
tage of being a non-contact method for transient permeabi-
lization of cells.(Olofsson et al. 2003)

Electroporation has been limited in mammalian cells be-
cause of technical problems. Conventional cuvette-type mul-
tiple cell electroporators have relatively large volumes and
hence requires the use of larger amounts of expensive or rare
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biomolecules.(Guignet andMeyer 2008)Moreover, as a result
of the large spacing between the electrode plates, a high
electric field varying from 1 to 12 kV/cm(Neumann et al.
1982; Jamieson et al. 1989; Marti et al. 2004; Tryfona and
Bustard 2006) is required at the electrodes in order to get
sufficient voltage across each particular cell for molecular
penetration into all cells. This high electric field can cause a
large portion of cells to be damaged or lysed by an overly high
electric field. (Yang et al. 2008) The membrane voltage Vm

induced on a spherical cell of radius a in an applied field E0 in
its steady state is given by

Vm ¼ 1:5aE0 cos θ

Where θ is the angle between the applied electric field E0

and the site on the cell membrane at which the potential is
determined.(Davalos et al. 2000) From the equation, the
voltage across the cell is proportional to the applied electric
field, hence, to achieve the transmembrane potential across
cell membrane (typical cells are around 0.2–1.5 V (Weaver
1993)), an extremely high electric field is required in be-
tween large electrode gap in such conventional electropora-
tion and this cause breakdown of the dielectric layer over the
cell membrane as a result of a non-uniform electric field or
elevated temperatures during the electroporation process.
(Yang et al. 2008)

Several research groups have introduced microelectrome-
chanical systems (MEMS) fabrication techniques to minia-
turize the electroporation system hence reducing the spacing
distance between the electrodes. At these small dimensions,
relatively low potential differences are sufficient to give
high electric field strengths in the regions between the
electrodes, making it possible, for example, to introduce
foreign molecules into cells with voltage as low as 10 V.
Another advantage of the miniaturization is that a relatively
large area-to-volume ratio in microdevices results in faster
heat dissipation per unit surface area. This makes it possible
to distinguish between heat and electric field effects.(Huang
and Rubinsky 1999; Huang and Rubinsky 2001; Lin and
Huang 2001; Lin et al. 2001; Huang and Rubinsky 2003) To
achieve efficient electroporation, certain parameters must be
optimized. These parameters depend mainly on the pulse of
given external fields, such as field strength, pulse duration,
and the number of pulses.(Ohshima and Sato 2004) When
cells are electroporated, the electric field strength delivered
must reach a value that lies within the transmembrane po-
tential range. However, the electric field strength should
remain below values which may lead to permanent irrevers-
ible damage to cell membrane structure. The field strength
range between these two limits is often very narrow.(Try-
fona and Bustard 2006) Prolonged shocks or longer pulse
durations can also be given to enhance the transport of
molecules through the existing pores.(Bilska et al. 2000)
Since pulse duration does not appear to increase the cell

surface pore density, the field strength appears to be a more
significant contributor to electroporation. The number of
pulses also plays an important role in electroporation effi-
ciency. The greater number of pulses, the higher the trans-
formation levels, since more pores will be created in the cell
membrane. However, multiple pulses can increase the death
rate as overstimulation can lead to apoptosis.

For successful single-cell electroporation, either cells must
be isolated from each other, or the electric field focused to
target a particular cell.(Nolkrantz et al. 2002) One of the first
single-cell electroporation devices was made by Lundqvist
(Lundqvist et al. 1998) who studied the electroporation of
individual cells using two carbon fiber microelectrodes. These
microelectrodes, which had diameters of 5 μm, were moved
to within 2–5 μm of the cellular membrane with a microma-
nipulator. Single cells were selected from a solution and
successfully electroporated using 1 volt-millisecond square
wave pulses. Although this design demonstrated the possibil-
ities of single-cell electroporation, it is a labor-intensive tech-
nique, comparable to existing patch clamp techniques.

Microfluidic electroporation devices.(Lee and Tai 1999;
Lin et al. 2001; Suehiro et al. 2003; Gao et al. 2004) are
flow-type microchips which can continuously deliver genes,
DNAs, or fluorescent stain into cells, and since the flow
mechanism eliminates any increase in temperature caused
when using a commercial sterile plastic cuvette, then this
can improve the survival rate of the electroporated cells.

Other single cell electroporation techniques include:
electrolyte-filled capillaries (Nolkrantz et al. 2001), micro-
pipettes (Haas et al. 2001), and atomic force microscopy
(AFM) (Nawarathna et al. 2008) based electroporation devi-
ces. For electroporation with capillaries and micropipettes
(Haas et al. 2001; Nolkrantz et al. 2001), micromanipulators
make it possible to obtain high positional probe accuracy.
However, since the cells have to be indented thereby creat-
ing tension in the membrane, then this method bears a close
resemblance to the electroinjection technique. For the AFM
method, the AFM tip is moved to make contact with the cell
surface before electric pulses are given. This method is
capable of performing highly localized electroporation on
a single cell surface. However, the tip may disturb and injure
cells, and the pulses released from the tip may not be
uniform across the cell.

More recently, electroporation has been carried out using
microfabricated chips.(Huang and Rubinsky 2001; Khine et al.
2007). Here we present a novel single-cell electroporation
biochip which is based on an array of specially designed fixed
electrode pairs fabricated using the proton beamwriting (PBW)
technique. It has been previously shown that on two parallel
electrodes the transfection efficiency of the adherent cells (CV-
1) was higher than that of the same cells in suspension.(Zheng
and Chang 1991) Our design enhances the transfection effi-
ciency of electroporation of fluorescent particles into adherent
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cells. The micro-electrode geometry plays an important role in
the electroporation process because any non-uniformity of the
electric pulses can affect the electroporation efficiency. The
PBW technique is employed here to fabricate precise and
smooth-sidewalled vertical electrodes, important for creating
uniform electric pulses. PBWis a novel direct writing technique
utilizing a highly focused beam of fast protons and has been
used to pattern precise high aspect ratio structures in suitable
materials such as Si, PMMA, SU-8 andHSQ etc.(van Kan et al.
2001) PBW has also been demonstrated as a successful one-
step process for direct writing high aspect ratio structures with
smooth vertical walls in a relative thick PMMA and SU-8 resist
at sub-100 nm resolutions (van Kan et al. 2003). Chiam et al.
(Chiam et al. 2007) have studied side wall roughness in struc-
tures fabricated in bulk PMMA using proton beam writing.
Their results showed thatRrms of less than 7 nm can be achieved
using the proton beam writing facility at the Centre for Ion
Beam Applications (CIBA), Dept of Physics, National Univer-
sity of Singapore. High aspect ratio electrodes with low rough-
ness side walls, a gap of 50 μm and a height of 7 μm provide
the uniform electric pulses for performing high efficiency
electroporation.

The prototype biochip was tested by performing electro-
poration experiments on neuroblastoma N2a cells using
SYTOX® Green nucleic acid stain. Borate Saline Solution
(BSS) (pH 7.4 adjusted with HEPES) was used as the electro-
poration buffer, because it is suitable for mammalian cell types.
SYTOX® Green is an excellent green fluorescent nuclear and
chromosome counterstain that labels cell with compromised
membranes and yields >500-fold fluorescence intensity en-
hancement upon nucleic acid binding.(Wang and Lu 2006)
DEAD Red (ethidium homidimer-2) nucleic acid stain was
used to test the viability of cells after electroporation. The

electroporation parameters studied in this work include the
amplitude of voltage stimulation, pulse duration and number
of pulses applied. We used square wave pulses for all the
experiments because they provide in vitro experimental con-
ditions resulting in levels of cell survival that cannot be reached
using exponentially decaying pulses.(Takahashi et al. 1991)

2 Materials and methods

2.1 Design, fabrication and experimental set up

Figure 1 is a schematic diagram showing the biochip design.
The electrode assembly consists of eight conducting 1800-
μm-diameter circular pads, used for external contact with
electric probes, connected to the electrodes via 50 μm wide
conducting lines. The nickel electrodes, the gaps between
which are 50 μm, are fabricated using PBW and subsequent
electroplating in order to achieve high aspect ratio and
straight-side wall structures. The fabrication process is
shown in Fig. 2. A glass cover slip is pre-cleaned with
Acetone, Ethanol, and DI water for 10 min successively.
Cr is sputtered on the glass slip followed by Au for approx-
imately 10 and 30 nm respectively to form a conductive
layer. 7μm thick Polymethyl methacrylate (495 PMMA
A11) is then spin coated on the substrate. The circular
contact pads and the conducting lines, for which the geo-
metrical precision is not crucial to the biochip operation, are
patterned in the resist layer by standard UV lithography. The
electrodes, where higher precision is more critical, are then
patterned on the same resist layer by PBW. The sample is
then developing in an IPA:DI water (7:3) solution to form
the patterns created by both the UV exposure and PBW
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Fig. 1 Schematic diagram of the prototype chip. The electrode assembly consists of 8 conducting circular shape pads linked to 4 nickel electrode pairs
in the centre of the chip. The electroporation experiments are conducted on adherent cells in the electrode gaps



simultaneously, followed by an Ni electroplating step. Fi-
nally, the remaining resists are removed using Toluene re-
vealing the patterned Nickel biochip.

The electric field pulses are generated by a pulse gener-
ator (AV-1010-B, Avtech Electrosystems Ltd.) which is
controlled by a computer program, and the chip viewed
using an inverted microscope (Eclipse TE2000-U, Nikon).
The pulses are delivered to the electrodes using two small
sharp-tip probes placing in contact with the conducting
circular shapes using 3D manipulators.

2.2 Experimental procedure

Mouse neuroblastoma N2a cells (ATCC CCL 131,
American Type Culture Collection) were grown in Dul-
becco’s Modified Eagle’s medium (DMEM) supple-
mented with 25 mM HEPES, 10% fetal bovine serum.
All cells were propagated in a humidified incubator at
37°C with 5% CO2. The cells were then transferred to
the chip surface and grown with 2 mL DMEM for 72 h,
after which time the chip was 70–80% covered with
cells. The DMEM medium was then removed from the
chip surface and the chip rinsed with 1 mL BSS.
Subsequently, 1 mL of BSS and 50 μL of 500 nM
SYTOX® Green were then added to the chip.

Since SYTOX® Green nucleic acid stain (S7020,
5 mM solution in DMSO, Invitrogen) is a nucleic acid

stain which fluoresces upon binding to DNA but is
impermeable to live cells under normal conditions, only
those cells which have been successfully electroporated
(or alternatively have been killed in the process) will be
stained. The electroporation experiments were performed
under different electric field parameters, after which the
cells were incubated for 30 min to allow for any elec-
troporated SYTOX green stain to bind with the DNA.
The stained cells were imaged using the inverted micro-
scope. In order to differentiate between those cells
which have been successfully electroporated and those
that have died during the process, a second incubation
was carried out this time with a cell stain called DEAD
Red (ethidium homidimer-2) nucleic acid stain (L7013
component B, 50 μL solution in DMSO, Invitrogen). 50
nM of the DEAD red stain in 1 mL BSS buffer was
added to the chip for 30 min. Cells which were suc-
cessfully electroporated and remained viable exhibited
green fluorescence, whilst cells that died during the
electroporation subsequently fluoresced red after the ad-
dition of the DEAD red stain.

The biochips can be reused for up to 24 times with proper
cleaning. First, the chips are trypsinized for 10 min to get rid
of all the cells on the surface. The chips are then rinsed with
Ethanol, and finally DI water for at least 15 s. Before they
are used again for cell culture, the chips have to be exposed
with UV light for at least 20 min for sterilisation.

Fig. 2 Process flow of the biochips fabrication. (a) Cr is sputtered on a
glass cover slip followed by Au sputtering for approximately 30 and
10 nm respectively. 7μm thick PMMA (495 PMMA A11 resist; solids:
11% in Anisole) is then spin coated on the substrate (b) The circular
shapes and the conducting lines are patterned by UV lithography. (c)

The electrodes, which require a higher geometric precision, are
patterned by PBW to achieve straight side walls and a high aspect ratio.
(d) The exposed resist is developed. (e) Nickel is electroplated to form
the required metallic electrode assembly. (f) The remaining resist and
conductive layer are removed
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3 Results and discussion

3.1 Single-cell electroporation biochip

Figure 3 shows various parts of the electrode assembly:
Fig. 3(a) shows a SEM micrograph of one of the electrode
pairs, which are 7 μm high with a gap of 50 μm, and 3b
indicates the smoothness of the electrode wall edges. Meas-
urements of the sidewall roughness has been previously
reported using the process to be 7 nm. (Chiam et al. 2007)
Fig. 3(c) and (d) are optical images at different magnifica-
tions of the final Nickel electrode assembly.

3.2 Electroporation, and optimal parameters

Two sets of experiments were performed to optimize the
percentage of electropermeabilized cells. In the first

experiment, 20 μL of 500 nM SYTOX® Green stain was
added to the cells attached between the electrodes, before
electroporation. These cells were then subjected to varying
electrical parameters (pulse amplitude and number of
pulses) and the fluorescent and non-fluorescent cells were
counted and their positions recorded. In the second experi-
ment, 20 μL of 50 nM DEAD Red™ was added 30 min
after electroporation was performed to stain the dead cells.
Green florescence hence serves as an indication that the
cells have been successfully electroporated while subse-
quent red fluorescence indicates that the cells died during
the electroporation process. Figure 4 shows the cells (indi-
cated with yellow arrows) that were successfully electro-
porated, and the cells (indicated with red arrows) that died.

The transfection rate and the viability are given by:

Transfection rate ð%Þ ¼ Total number of electroporated cells

Total number of live cells ðbefore electroporationÞ � 100

Viability rate ð%Þ ¼ Total number of live cells ðafter electroporationÞ � Total number of dead cells

Total number of live cells ðafter electroporationÞ � 100

Figure 4 shows examples of successfully transfected
cells. Figure 4(a) shows images of cells growing between
the electrodes before electroporation was performed. Both

Fig. 4(b) and (c) were taken from the same electrode pair,
with different filters (different excitation wavelengths),
while Fig. 4(b) was taken 30 min after the electroporation,

Fig. 3 (a) SEM image of an
electrode pair, (b) SEM image
of the electrode edge, (c)
Optical image of the electrode
assembly and (d) Optical image
of the completed biochips. The
Nickel electrodes are 7 μm high
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and Fig. 4(c) was taken 30 min later after the buffer with
SYTOX® Green was removed, and the chips incubated with
DEAD RedTM.

The results for optimal electroporation conditions are
shown in Fig. 5. Each data point is the average of 5 experi-
ments, and the error bar is the corresponding standard

Fig. 4 Test result from one electroporation experiment. Optical images
have been taken using an inverted microscope with 20X magnification.
(a) Cells are successfully grown in the gap between a pair of
electrodes. (b) Fluorescent image of cells shows green-fluorescent
SYTOX® Green stained cells and (c) fluorescent image of cells shows
red-fluorescent DEAD Red™ stained cells. (b) and (c) were taken after
cells were electroporated with 10 4.25-Volt electric pulses

Fig. 5 Pulse parameter optimization. (a) Pulse amplitude optimization
(3.75, 4.00, 4.25, 4.50, 4.75 and 5.00 V/50 μm with 4 millisecond x 10
pulses). The optimized pulse amplitude is at 4.25 V/50 μm, which gives
the highest cell viability with good transfection rate. (b) number of pulses
optimization (1, 2, 4, 6, 8 and 10 pulses with 4millisecond- 4.25V/50μm
pulse). 4 pulses appears optimal for both transfection and viability rates.
(c) Pulse duration optimization (0.5, 1.0, 2.0, 3.0, 4.0, 5.0 and 6.0
milliseconds with 4 of 4.25 V/50 μm pulses). A 2 millisecond pulse
implies highest transfection rate (82.1%), and viability rate (86.7%),
although these data show a wide variability

b
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deviation. The experiment was performed only when the
number of cells between each electrode gap is 5 or more.
For pulse amplitude optimization, the experiments were
performed with various pulse amplitude (3.74, 4.00, 4.25,
4.50, 4.75 and 5.00 V across 50-micron gap) while number
of pulses and pulse duration were fixed at 10 pulses, and 4
millisecond, respectively. The results showed that the high-
est percentage of cell viability was obtained at 4.25 V, at
which a high electroporation rate was also achieved. It was
found from previous work that the typical transmembrane
potential is in the range of 0.2–1 V mainly depending on
size of the cells(Chen et al. 2006). Since N2A cells are about
10 μm, and the optimum pulse amplitude is 4.25 V in
50 μm, the potential across N2A cells is ~0.85 V which is
in agreement with the theory.

Figure 5(b) shows an optimization of number of pulses
when the pulse amplitude and pulse duration were fixed at
4.25 V and 4 milliseconds respectively. The results showed
that 4 pulses gave the highest percentage of transfection and
cell viability at 78.2 and 78.3% respectively. Figure 5(c)
shows an optimization of pulse duration when the pulse
amplitude and pulse duration were fixed at 4.25 V and 4
pulses respectively. The results showed that 2-millisecond
pulse gave the highest percentage of transfection rate at
82.1%. This rate is high compared to the conventional
electroporation techniques which have a transfection rate
of 20–50%.

4 Conclusions

A novel electroporation micro-biochip has been successful-
ly fabricated. Each pair of electrodes is spaced 50 μm apart,
smaller than in conventional electroporators. The electrode
gaps give larger and more uniform electric field distribu-
tions, which benefits control of the electroporation process.
The use of the PBW technique in the fabrication processes
in order to achieve electrodes with high aspect-ratio and
straight side walls was also demonstrated. In addition, tests
have shown that these biochips can be reused up to 24 times.
Studies on neuroblastoma cells on the effects of the pulse
amplitudes and the number of pulses were carried out and
optimized. Transfection rates of 82.1% and high survival
rates of 86.7% were achieved, higher than in most conven-
tional electroporators. The transfection rate and viability for
neuroblastoma cells as a function of pulse duration show a
large variability in results, indicating that this may be an
area where more detailed investigations are necessary. These
results demonstrate the feasibility of a fabricating a proton
beam written biochip, and indicate that this type of chip may
be a promising and efficient tool for introducing impermeant
materials, such as drugs, DNA and protein, into individual
cells. Since neuroblastoma cells are used as a model system

to study neuronal differentiation (Garcia-Perez et al. 1999),
our work could pave the way for the studies of regulation of
neural cell development.
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