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Interaction of electric field with biological cells is an important phenomenon for field induced
drug delivery system. We demonstrate a selective and localized single cell nano-electroporation
(LSCNEP) by applying an intense electric field on a submicron region of the single cell
membrane, which can effectively allow high efficient molecular delivery but low cell damage.
The delivery rate is controlled by adjusting transmembrane potential and manipulating
membrane status. Thermal and ionic influences are deteriorated from the cell membrane by
dielectric passivation. Either reversible or irreversible by LSCNEP can fully controlled with
C 2013 AIP Publishing LLC
potential applications in medical diagnostics and biological studies. V
[http://dx.doi.org/10.1063/1.4833535]
Electroporation or electropermeabilization is a technique
where high electric field is applied in between two large electrodes to form permeable transient nanopores on the cell
membrane, which allow foreign species such as DNA, RNA,
oligonucleotides, dyes, protein, and gene to enter from outside to inside of the cell with complete membrane resealing,
which is known as reversible electroporation, or allow intracellular compound from inside to the outside of the cell,
known as irreversible electroporation with complete membrane rupture.1–4 Due to application of high external electric
field, cell membrane increases their conductivity and permittivity, where these values are different from outside to inside
of the cell. This potential difference across the cell membrane is known as transmembrane potential (TMP), which
can be expressed for cell in spherical shape as5
DTMP ¼ 1:5 rcell EcosðhÞ ;

(1)

where E is the external electric field, rcell is the cell radius,
and h is the polar angle with respect to the direction of the
field. The value of the transmembrane potential is approximately 0.2 V–1.0 V mostly from the experiment of bulk and
single cell electroporation.6,7 Once the cell membrane potential achieves this certain threshold value due to external
applied voltage, pores will form on the cellular membrane,
and it can reseal after withdrawing the external field. The
size and density of the pores depend upon external field
strength, pulse duration, and number of pulses. For very high
external voltage, membrane threshold value can easily
exceed this value (0.2 V–1.0 V) resulting in cell lysis or
known as irreversible electroporation. Recently single cell
membrane nano-electroporation in a localized region has
attracted much attention due to high transfection rate and
high cell viability.8–12 However the effect of highly intensive
electric field with the variation of TMP in a local region of
the single cell membrane was not well studied previously.
Higher electric field effects the whole single cell (familiar as
single cell electroporation (SCEP)) to cause cell lysis
easily. In this paper, we demonstrate localized single cell
0003-6951/2013/103(23)/233701/5/$30.00

nano-electroporation (LSCNEP) with nano-electrodes, where
an intense electric field focused in a very local region of single cell membrane can greatly enhance electroporation condition and allow high cell viability. The size of affected
membrane area in the local region of a single cell can be
well controlled by adjusting different external applied voltages. As a result, the destructive and nondestructive localized single cell membrane nano-electroporation can easily be
manipulated with the variation of affected TMP area, where
higher delivery rate is provided due to higher affected membrane area. Beyond certain voltage, cell lysis happens, where
TMP (1 V) exceeds cell membrane threshold values.7 Very
high voltage induces larger affected membrane area with one
to several large pores, resulting in membrane rupture and
finally cell death.
For LSCNEP, the schematic representation of this device is shown in Fig. 1, where electric field is applied intensively at a local region of the single cell membrane. For
simulation of this device, COMSOL Multiphysics (version 3.5,
Sweden) software was used to simulate the electric field and
resistive heat effects on the membrane surface. Fig. 2(a)
shows the electric field distribution with affected cell membrane area, where electric field is limited in between a
500 nm gap and 8 V applied voltage. We assume that human
caucasian gastric adenocarcinoma (AGS) cell membrane has
little bending within 500 nm gap. Fig. 2(b) shows resistive
heat effects on the membrane surface, where we consider

FIG. 1. Schematic representation of LSCMEP chip, where an intense electric field affects a small region of the cell membrane to permeate drug from
outside to inside of the cell.
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FIG. 2. COMSOL Multiphysics simulation for LSCMEP process. (a) Electric
field distribution on localized single
cell membrane surface, where field
intense maximum 3  108 V/m at the
edge of the nano-electrodes and the
field was absent at the middle between
two nano-electrodes at 8Vpp voltage.
(b) Resistive heating effect which was
maximum at the edge of the
nano-electrodes, and it cannot reach to
the cell membrane due to 250 nm SiO2
passivation layer. (c) Transmembrane
potential distribution in between two
nano-electrodes (for 2Vpp to 12Vpp).
Higher applied voltage providing
higher transmembrane potential area
(shaded region is considered from
0.653 V because molecular delivery
started from this values) causes higher
affected
membrane
area.
(d)
Fabrication process of LSCMEP chip.
(e) Optical microscope image of patterned ITO lines after wet chemical
etching. (f) SEM image of focused
ion beam (FIB) etched ITO nanoelectrodes. 500 nm gap between two
ITO nano-electrodes.

250 nm SiO2 layer as an electric field passivation layer.
Simulation result shows that heat is generated much more on
the edge of the two nano-electrodes, retaining a 250 nm distance from the cell membrane, which not only avoids direct
heating on the cell membrane surface but also minimizes the
effect to generate hydroxyl and hydrogen ions during
nano-electroporation process.13,14 To calculate TMP, we
consider SiO2 layer as well as extracellular matrix such as
protein layer (10 nm–15 nm) which formed in between chip
surface and cell membrane.10,15,16 As a result, we simulate
TMP with 265 nm layer from the nano-electrode surface.
Fig. 2(c) shows the TMP distribution with affected

membrane area (shaded region) for localized single cell
nano-electroporation in 500 nm gap with 2Vpp–12Vpp external applied voltages. This simulation result shows that the
TMP is higher at the edge of the nano-electrodes and it
reduces continuously in the middle of the nano-electrodes
gap (almost zero). According to experimental results (Figs. 4
and 5, discussed later), molecular delivery with reversible
electroporation started approximately at 4Vpp, and irreversible electroporation (cell lysis) was observed approximately
at 9Vpp applied voltage. At 4Vpp, the TMP value was
0.604 V; as a result, affected membrane area (shaded region)
was calculated with a minimum 0.604 V consideration. For

FIG. 3. Time dependent cell survival
fluoresce image and optical image
(before/after electroporation) of AGS
cell where intensity increases continuously with time (a) 4Vpp, 10 ms (3
pulses), (b) 6Vpp, 10 ms (3 pulses), (c)
8Vpp, 10 ms (3 pulses). Scale bar 5 lm.
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FIG. 4. Correlation between experimental, theoretical diffusion model
and intensity distribution with different
cell positions. (a) Theoretical and experimental correlation of diffusion
model for 4Vpp, 10 ms (3 pulses). (b)
Intensity distribution in a single cell
with different times (intensity captured
from middle of the cell with line profile function using Image pro plus software). At longer times, intensity
curves overlap with each other, which
suggested that intensity saturates at
longer times (4Vpp, 10 ms pulse (three
pulses). (c), (d) Correlation of theoretical and experimental diffusion model
and intensity distribution with different
times for 6Vpp, 10 ms (3 pulses) and
(e), (f) for 8Vpp, 10 ms (3 pulses).

2Vpp applied voltage, there was no such molecular delivery
(for 0.302 V TMP) from our experiment. At 4Vpp (Fig. 2(c),
shaded region), the affected membrane area near in each
nano-electrode edge was (2 lm  125 nm, where 2 lm was
electrode width). As a result, total affected (both nanoelectrode edge) membrane area was [(2 lm  125 nm)
þ (2 lm  125 nm)] within 500 nm gap between two nanoelectrodes. The total affected membrane area was larger
[(2 lm  215 nm) þ (2 lm  215 nm)] in Fig. 2(c)] at 12Vpp
applied voltage compared to lower applied voltage (4Vpp).
The detail of affected membrane area has shown in Table I. In
Figure 2(c), each position of the membrane has different TMP
values resulting in the formation of different density of pores
TABLE I. Parameters for different applied voltages including diffusion
coefficient, deviation factor, time constant, affected membrane area within
500 nm gap [(2 lm þ affected area of one electrode edge) þ (2 lm þ affected
area of another electrode edge)], and transmembrane potential with 265 nm
passivation layer consideration.

Voltage
(V)
2
4
6
8
9
12

D (m2/s)

A

s (sec)

1.7  1013 1.28 14.4 6 3.2
6.5  1013 1.38 3.9 6 0.3
7.0  1013 2.28 3.6 6 0.2

Membrane affected
area with in 500 nm
in each edge of Transmembrane
nano-electrode
potential (V)

125 nm
175 nm
193 nm
200 nm
215 nm

0.302
0.604
0.907
1.209
1.360
1.814

in each area of the membrane.12 Also, the density of pores
should be larger on the edge of the nano-electrodes because of
high TMP values.
The fabrication process detail has been described in Ref.
17. Fig. 2(d) shows the fabrication process step of the
LSCNEP chip while the patterned Indium Tin Oxide (ITO)
lines are shown in Fig. 2(e). Fig. 2(f) shows 500 nm gap
between two nano-electrodes. (2 lm width and 90 nm thickness as consider as nano-electrode, because one dimension is
less than 100 nm).
To demonstrate LSCNEP process, we have used AGS
cancer cell line. A detail of cell culture has been provided in
Ref. 17. Initially, cells were randomly attached onto the chip
surface, but those cells sitting in between top of the two
nano-electrodes (see Fig. 1) were selected for the LSCNEP
experiment.17 Since the gap between two nano-electrodes
was 500 nm, resulting in an intensive electric field effect,
only a small fraction of the three dimensional volume of the
single cell membrane induces permeable membrane nanopores whereas the other area of the cell membrane was
remaining unaffected. For our experiment, we have used
function generator to apply 1Vpp–12Vpp single positive
square wave with 10 ms pulse (3 pulses together) in each
case. However we cannot found any molecular delivery
below 4Vpp, 10 ms pulse. At lower voltage, TMP (at 2Vpp,
TMP was 0.302 V, see Table I) cannot reach cell membrane
threshold to promote long-lived pores. However, short-lived
pores can be generated, but it cannot transport molecules.18
Moreover, lower voltage affects less membrane area with
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lower energy which might be unable to create permeable
nanopores. In our experiment, we used molecular dye as propidium iodide (PI), which cannot enter continuously into live
cell without membrane rupture, and this dye was introduced
into the electroporation chamber, just prior to electrical pulse
application. Fig. 3 shows cell survival fluorescence image of
AGS cell with different time durations. We have applied
4Vpp [Fig. 3(a)), 6Vpp (Fig. 3(b)), and 8Vpp (Fig. 3(c)] with
10 ms pulse (three pulses together), where intensity increases
continuously with increase of time. However, for higher
voltage (8 V), intensity was much higher and saturation took
shorter time compared with lower voltage (4 V). In Figs.
3(a)–3(c) we have plotted normalized intensity with different
time durations and have correlated this experimental data
with theoretical diffusion model to evaluate diffusion coefficient, deviation factor, and time constant (Table I, Ref. 17).
Figs. 4(a) and 4(b) show normalized intensity distribution
with different times and corresponding intensity profile with
cell positions (intensity is higher at middle of the cell and captured it with line profile function by Image pro plus software)
for 4Vpp with 10 ms pulse, whereas Figs. 4(c) and 4(d) and
Figs. 4(e) and 4(f) show the normalized intensity and intensity
profile for 6Vpp and 8Vpp with 10 ms pulse application. In
Figs. 4(a), 4(c), and 4(e), we correlate experimental data with
theoretical model. After application of pulses (4Vpp, 10 ms in
Fig. 4(a)), intensity increases slowly with different times from
0 to 40 s, indicating that PI dye diffuses slowly into the cell or
dye has tendency to enter inside cell, but due to insufficient
nanopores area, dye cannot enter freely inside the cell. Also,
for lower voltage, the density of pores with affected membrane area (2 lm  125 nm in front of in each electrode) was
smaller. It might happen that the maximum pores with lager
size only open at the edge of the nano-electrodes (because
TMP values were higher at the edge of the nano-electrodes
and reduce continuously in the middle of the two nanoelectrodes, see Fig. 2(c)), and in the remaining area, the pores
were not open at this voltage. Thus intensity saturation took
longer time. After 40 s, the intensity was almost saturated,
indicating that the concentration gradient across the cell membrane becomes zero. There is also another possibility that
nanopores reseal after this time and dye cannot enter inside
the single cell. According to theoretical calculation, the diffusion coefficient and deviation factor were approximately
1.7  1013 m2/s and 1.28, which were lower when compared
to the higher voltages [see Table I], suggesting slower PI dye
delivery inside single cell. The time constant for 4Vpp applied
voltage was 14.4 6 3.2, indicating slower dye delivery inside
single cell. In Fig. 4(b), intensity increases as time increases
and was saturated at longer time (nearly 40 s, intensity profiles
overlap with each other, suggesting intensity saturation), followed by diffusion mechanism.
In Fig. 4(c), the intensity profile is due to application of
6Vpp 10 ms pulse, where intensity saturates with less time
compared to 4Vpp, 10 ms pulse. For higher applied voltage,
energy is increased to form more density of pores with larger
affected membrane area (2 lm  175 nm, in front of each
nano-electrode (see Fig. 2(c) and Table I)).19–21 However,
pore openings areas were the same as 4Vpp because of same
duration of pulses.12,19 Because of increase of affected membrane area with higher density of pores, PI dye diffuses very

Appl. Phys. Lett. 103, 233701 (2013)

fast inside the single cell, and it saturates after 15 s–20 s.
Saturation indicated that concentration gradient was similar
between inside or outside of the cell. The pores were longlived, and they can open for seconds to minutes and then
reseal.12,18 However, resealing time of the pores strongly
depends upon temperature and adenosine triphosphate (ATP)
dependent biological process.18 In our device SiO2 passivation
layer was deposited on the top of the nano-electrodes, which
can effectively avoid the temperature influence onto the cell
membrane directly. As a result, membrane might be resealed
within several seconds for our experiment. In Fig. 4(d), intensity increases as time increased, and it was saturated at 20 s,
where intensity profiles overlap with each other, indicating
that holes are resealed at higher times or concentration gradient becomes zero across the cell membrane.
Fig. 4(e) shows the intensity profile for 8Vpp, 10 ms
pulse, where intensity saturates at very less time, and Fig. 4(f)
shows intensity distribution with different times. To apply
very high voltage, higher energy was available to form the
long-lived pores, and the stability of these pores was higher
due to much more free energy from large conductive pores.22
As a result, affected membrane area (2 lm  193 nm, in each
nano-electrode edge) was increased with much larger density
of pores in comparison with lower voltages (see Table I),
resulting in very fast molecular delivery into the cell.9,12 Thus
saturation took very short time (15 s). From Table I, the TMP
at this voltage was 1.209 V which almost exceeds membrane
threshold values.6,7 Thus at (8Vpp), very high density of pores
are suggested to connect with each other to form several larger
pores at the edge of each nano-electrode, resulting in very fast
molecular delivery. The diffusion coefficient and deviation
factor were 7.0  1013 m2/s and 2.28, suggesting that the
affected membrane area for diffusion increases with increase
of applied voltage (see Table I). The time constant for 8Vpp
voltage was 3.6 6 0.2, which was lower when compared to
4Vpp and 6Vpp voltage, suggesting very fast molecular delivery into the cell. Beyond 8Vpp pulses, we found irreversible
electroporation mechanism.
For 9Vpp, 10 ms pulse (3 pulses), irreversible electroporation was observed. At this higher voltage, cell membrane
affected area was much larger (2 lm  200 nm, in front of
each nano-electrode) due to very high energy, resulting in
larger density of pores formation, and each pore might be
connected together to form only one pore or several larger
area of pores which unable to reseal again after withdrawing
the pulse. As a result, membrane deforms permanently. For
very high energy, large deformation of the cell membrane
leads to the high stability of pores opening. Thus irreversible
electroporation occurred beyond 8Vpp voltage. The TMP
values was much higher (1.36 V) which exceeds much more
in comparison with cell membrane threshold values
(0.2 V–1.0 V), and beyond these values, irreversible electroporation occurred due to membrane rupture.7 At 12Vpp, the
affected membrane area was (2 lm  215 nm) very high with
high TMP (1.814 V), resulting in complete membrane rapture in between 500 nm gap, and finally cell death. From
Table I, it is clear that higher voltage provides very high
affected membrane area, high transmembrane potential, high
diffusion coefficient, and high deviation factor compared to
lower voltage which results in fast molecular delivery with
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(PI dye bind with nucleus of dead cell23). The cell viability
rate was almost 80% after one day at 8 V external applied
voltage. However viability was increases up to 95%, when
the external voltage was 4Vpp.
In summary, we present localized single cell nanoelectroporation with reversible as well as irreversible electroporation mechanism with different TMP values. Lower TMP
values (0.2 V TMP þ 0.404 V ¼ 0.606 V) provide less
affected membrane area with lower density of pores on the
cell membrane, resulting in slow delivery of molecules into
the single cell. However, extremely high electric field promotes very high affected membrane area with larger density
of pores, resulting irreversible electroporation [over TMP
(1 V) þ 0.209 V ¼ 1.209 V]. This device can perform reversible and irreversible electroporation with controllable
affected membrane area by adjusting external applied voltages, which is potentially beneficial for biological cell studies and therapeutic applications.
The authors greatly appreciate the financial support
from National Science Council (NSC) of Taiwan ROC
through Biomedical Engineering Program (NSC-101-2221E-007-032-MY3) and National Nanotechnology and
Nanoscience Program (NSC-101-2120-M-007-001).
FIG. 5. Reversible and irreversible electroporation with different applied
voltages. Reversible electroporation started from 4Vpp to 8Vpp, and irreversible electroporation was observed from 9Vpp to 12Vpp external applied
voltages. Scale bar 5 lm.
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less time constant. Thus to control external applied voltage,
it is possible to optimize affected membrane area, resulting
in reversible and irreversible electroporation. In our study,
under TMP [0.2 V TMP þ 0.102 V ¼ 0.302 V] for 2Vpp not
provided any molecular delivery due to lower affected membrane area (no shadow region in Fig. 2(c)), but TMP (0.2 V
TMP þ 0.404 V ¼ 0.604 V) for 4Vpp provided initial molecular delivery within 2 lm  125 nm affected membrane area
in front of each nano-electrode. On the contrary, over TMP
(1 V TMP þ 0.209 V ¼ 1.209 V) for 8Vpp promote very fast
molecular delivery with 2 lm  193 nm membrane area in
each nano-electrode edge. Exceedingly, very high over TMP
(1 V TMP þ 0.360 V ¼ 1.360 V) for 9Vpp provided larger
affected membrane area [2 lm  215 nm, at one edge of the
nano-electrodes, see Fig. 2(c)], resulting in complete cell
lysis (irreversible electroporation).
Fig. 5 shows the cell viability and cell shape, before and
after electroporation experiment. To test the cell viability after electroporation as well as electroporation induced cell
death or apoptosis, we have used cell permeable calcein for
live cell and PI dye for dead cell, stained simultaneously.
After electroporation without any dye introduction into the
chip, we incubated cells on this electroporated chip for
30–40 min in an incubator. Then we introduced calcein AM
into the chip and waited for few minutes. If the cell provided
green fluorescence, image indicated as cell is live. However,
to test whether the cell is dead or not, after viability test by
calcein, we introduced PI dye into the same chip again. If it
provides red fluorescence image, it is the indication that the
cell is dead. As in Fig. 5, the cells are viable for 4 V, 6 V,
7 V, and 8 V (calcein hydrolysis inside the live cell) whereas
cells are dead for 9 V, 10 V, 11 V, and 12 V applied voltage
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