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We introduce a localized single-cell membrane nano-electroporation with controllable sequential
molecular delivery by millisecond to nanosecond electrical pulses. An intense electrical field was
generated by a pair of transparent indium tin oxide (ITO)-based nano-electrodes, which was confined to
a narrow region of the single-cell membrane surface near the nano-electrode edges (approximately 2
um x 50 nm area), whereas the remaining area of the membrane was unaffected. Moreover, a 250 nm
SiO, passivation layer on top of the nano-electrode reduced not only the thermal effect on the cell
membrane surface, but it also avoided the generation of ions during the experiment, resulting in the
reduction of cell toxicity and a significant enhancement of cell viability. Our approach precisely delivers
dyes, Quantum Dots (QDs) and plasmids, through a localized region of single Hela cells by considerably
enhanced electrophoresis and diffusion effects with different duration of the pulsing process. The

smaller molecules took less time to deliver into a single cell with a single pulse, whereas larger
Received 9th June 2014 biomolecules took longer i for multiple numbers of long lasting pulses. The system not onl
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generates sequential well-controlled nano-pores allowing for the rapid recovery of cell membranes, but
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1. Introduction

The introduction of foreign biomolecules into targeted living
cells is an important phenomenon for biological and thera-
peutic applications. Many of the transfection techniques have
been developed, including viral vectors,"” chemical methods
(such as basic protein and complexes with lipids, as well as
calcium phosphate®) and physical methods (including particle
bombardment, micro-injection,* jet injection,®> sonoporation,®
lipid-mediated entry into cells” and electroporation).®** Viral
vectors have certain limitations for gene transfer, such as
immune response, toxicity, and high cost.">** However, physical
methods are potentially substitute tools for gene transfer
without these limitations.’* Among all the physical methods,
electroporation techniques have the advantages of easy
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single-cell levels, which can be potentially beneficial for single cell studies and therapeutic applications.

operation, rapidity, greater reproducibility due to the determi-
nation of electrical parameters, avoidance of toxicity and easy
controlling of the size of electropores with reduced leakage of
the cytosolic component.’ However, this process has pH vari-
ation, electrical-field distortion and thermal effect due to large
surface electrodes, exhibiting low cell viability."**®* The molec-
ular transportation inside and outside of the cell during elec-
tropermeabilization is relatively nonspecific and causes the
ionic imbalance, leading to improper cell function and finally
cell death.” With regards to single-cell electroporation (SCE),
because of the application of a high external electrical field, the
conductivity of the cell cytoplasm and extracellular medium can
increase by several orders of magnitude compared to cell
membrane. The intracellular and extracellular conductivities
become different, as a result, the cell membrane can act as a
capacitor, which can store electrical charges onto the
membrane by the function of ion channels and ion pumps.*
This difference is known as transmembrane potential (TMP),
which can be expressed by Schwan's equation as follows:

TMP = ¢; — ¢, = 1.5rE, Cos 6,

where ¢; — ¢. is the potential difference between intracellular
and extracellular membrane, r is the radius of the cell, E, is the
strength of the applied electrical field and ¢ is the angle between
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the direction of electrical field and selected point of the cell
surface.*?

Recently, several groups developed MEMS-based devices for
single-cell electroporation studies. The miniaturization of the
gap between two electrodes resulted in an intense electric field
at the gap region, which can easily turn the adjacent imper-
meable membrane into a permeable one to transport the
foreign bio-molecules inside the cell with high transfection rate
and high cell viability to reduce electrode surface area, which
lead to faster heat dissipation into the microfabricated chip.***
SCE has been demonstrated by patch clamp,**?* atomic force
microscopy (AFM) techniques® and microfluidic devices.?**
Recently, some techniques demonstrated localized single-cell
electroporation with complex fabrication and higher voltage
requirements.>*”**?** To intensify an electric field in a very
specific region of a single cell, AFM is one of the most promising
techniques. However, AFM technique cannot be easily extended
into in-parallel position. In our earlier work, we have shown
molecular dye delivery with constant pulse duration and various
applied voltages, where to increase voltages, the affected
membrane area also increased and finally lead to cell death.’” In
the present work, we demonstrate the effect of different dura-
tions of pulses with fixed external applied voltage. The different
duration of pulses can form different sizes of nanopores into a
specific membrane area to deliver biomolecules with high cell
viability. We have fabricated a very simple and low-cost micro-
fluidic device for localized single-cell nano-electroporation
(LSCNEP), which is based on multiple numbers of nano-elec-
trode arrays formed by focused ion beam (FIB) technique. The
nano-electrodes were fabricated with a thickness of 90 nm, gap
of 500 nm and depth of 3 um between two ITO nano-strips,
which can intensify an electrical field in-between the nano-
electrode gap. As a result, localized single cell membrane nano-
electroporation can be performed with high transfection rate
and high cell viability. Due to the very small electrode surface
area and small electrode gap, the field distortion and temper-
ature effect should be reduced on the cell membrane, providing
an increase in cell viability. Moreover, in our device, a 250 nm
SiO, layer was deposited on the top of the ITO nano-electrode,
which not only avoids high electrical shock on the cell
membrane surface, but it also reduces thermal effect with the
generation of hydroxyls and hydrogen ions, causing high
toxicity in between the two nano-electrode surfaces. Our system
successfully delivers very fast QDs/plasmids inside the single
cell with higher pulse durations and lower voltage requirement.
This LSCNEP device can easily control sequential molecular
delivery through a specific region of the single cell with
adjustable pulse duration and number of pulses. As a result, it
might control ionic balance between outside and inside of the
cell membrane to avoid improper cell function and cell death
during the electroporation process.**™*

2. Experimental section
2.1 Design and simulation

As shown in Fig. 1 and Fig. S1, (ESI} material, only the red part
is highlighted for simulation results), the schematic
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representation of the localize single-cell nano-electroporation
(LSCNEP) overlap with electrical field simulation results, in
which two nano-electrodes are set 500 nm apart, and a single
HeLa cell is seeded as semi-hemisphere (see Fig. 1) on the top of
the nano-electrode. As anticipated by simulation results (Com-
sol Multiphysics 3.5 version, Sweden), the electrical field is
more intensively generated on the localized membrane region
of the single cell. Fig. 1(a) shows the electrical field distribution
on the localized HeLa cell membrane surfaces. Fig. 1(b) shows a
resistive heat effect on the cell membrane, where the maximum
heat generation is formed on the edge of the ITO nano-elec-
trodes, which cannot affect the cell membrane due to 250 nm
SiO, passivation layer on the top of the nano-electrode. Fig. 1(c)
shows the electrical field distribution on SiO, and cell
membrane interface. Due to the SiO, layer, the electrical field
effect is avoided on the cell membrane surface area (those areas
are attached with the electrode surface, but not in the gap
region), except for the nano-electrode gap region. The electrical
field intensity was considerably higher on the edge of the two
nano-electrodes surface (1.8 x 10° V. m™'), and it continuously
reduces towards the center of the gap (at x = 0). Fig. 1(d) shows
the effect of the resistive heat (3.1 x 10" W m™*) on the cell
membrane, where heating affected only the edge of two nano-
electrodes. If we consider our LSCNEP chip without SiO, layer,
then electric field (6 x 10° V m ™, see ESI material Fig. S21) and
resistive heat (0.35 x 10'> W m™>, see ESI material Fig. S3(a)})
not only affect the nano-electrode gap region, but it also affects
the larger area of cell membrane surface (those membrane area
is attach with electrode surface area). This similar phenomena
was experimentally observed, where external voltage was
applied (4 Vpp, 5 ms pulse) in specific two electrodes with HeLa
cells (see ESI Fig. S4(a)t) and immediately LSCNEP chip was
incubated for an hour. Subsequently, PI (propidium iodide) dye
was delivered into the chip, and it stained the nucleus of dead
cells, resulting in red fluorescence imaging (see ESI Fig. S4(b)7).
This dead-cell imaging appears only from two electrode surface
where we had applied voltages. None of the other electrode
surface was affected (we did not apply the voltage to the other
electrodes, see ESI Fig. S4(b)t). From simulation results without
a Si0, layer, the electrical field and resistive heat is much higher
(for 6 Vpp) when compared to that with SiO, layer (see Fig. 1 and
ESI S2 and S37). As a result from our experiment without the
SiO, layer, we sometimes observe bubble generation at lower
voltages (3-5 Vpp) and single cell bursts at higher voltages (over
5 Vpp) with very low cell viability (<30%) (see ESI Fig. S5%).
Therefore, we employ SiO, layer passivation to prevent bubbles,
as well as hydrogen and hydroxyl ion generation at higher
voltages (6 Vpp). Fig. 1(e) shows trans-membrane potential
(TMP) values for an externally applied voltage (6 Vpp) with the
consideration of SiO, layer. The TMP value approaches the
maximum (0.8 V) at the edge of the nano-electrode (50 nm
approximately) and continuously reduces towards the middle of
the nano-electrode gap. However, without the consideration of
SiO, layer, the TMP value is approximately 3 V (ESI material
Fig. S3(b)t), which spreads all over the cell membrane surface
attached with the nano-electrode surface area, and the value
sharply decreases (almost zero) at the center of the nano-
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Fig. 1 Electrical field and resistive heat simulation results on Hela cell for localized single-cell membrane nano-electroporation: (a) electrical
field distribution on the Hela cell membrane; (b) resistive heat distribution; (c) electric field distribution between the SiO, layer and cell
membrane interface; (d) resistive heat effect at the SiO, and cell membrane interface; (e) transmembrane potential distribution (TMP) on the cell
membrane surface; and (f) resistive heat difference between SiO,-membrane and membrane cytoplasm interface.

electrode gap. This TMP value significantly exceeded compared
to the cell membrane threshold values (0.2-1 V) easily resulting
in cell death. Fig. 1(f) shows the resistive heat difference
between SiO,-membrane and membrane cytoplasm interface

This journal is © The Royal Society of Chemistry 2014

(the heat difference is 1.8 x 10" W m™* at the edge of two nano-
electrodes). The maximum electrical field and resistive heat act
together to affect only the small areas of the cell membrane
(approximately 2 pm x 50 nm area for 0.6-0.8 V TMP values) on
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the edges of each nano-electrode. It is suggested that the
maximum amount of membrane nano-pores with larger sizes
are formed on the edge of the two nano-electrodes, and the sizes
are continuously reduced toward the center (x = 0), where the
strength of electrical field, heat generation and TMP values are
almost zero.

2.2 Fabrication

Fig. 2(a) shows the fabrication process step of the nano-elec-
troporation chip. Initially, a cover glass slide (24 mm x 30 mm,
Deckglaser, Germany) was cleaned by piranha solution with
7 :1 ratio of sulphuric acid (H,SO,) and hydrogen peroxide
(H,0,) at 80 °C for 10 min. 90 nm of ITO film was then
deposited by RF sputtering on the top of the cover glass slide
and the film was immediately annealed at 330 °C for 3 h to
increase the film uniformity and conductivity. The resistivity of
deposited ITO film was 5.4 x 10 ohm cm™"', which was
measured by the four point probe method (Napson Corpora-
tion, Japan). The light transparency of the deposited ITO film
was 85-98% with a visible-light range from 450 nm to 800 nm,
which was measured by UV-VIS (Jasco, V-670 spectrometer, USA)
spectroscopy (see Fig. S6(a), ESIT material). The X-ray diffraction
(XRD) results show that the films have proper orientation®® (see
Fig. S6(b), ESIT material). After ITO deposition, the film was
patterned by wet chemical etching with 1 : 3 ratios of hydro-
chloric acid (HCI) and water (H,O) solution at 40-50 °C for 34
min. Fig. 2(b) shows the scanning electron microscopy (SEM)
image of the ITO lines. The patterned ITO lines were etched by
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Fig. 2 Fabrication process of a nano-electrode-based transparent
chip: (a) fabrication process step; (b) SEM image after wet chemical
etch of ITO lines; (c) FIB etched ITO nano-electrode (electrode width
=2 um, electrode gap = 500 nm and electrode thickness = 90 nm, the
depth of the gap from electrode surface = 3 um to make as micro-
fluidic channel); (d) final packaging of fabricated ITO nano-electrode-
based transparent chip.
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focused ion beam (FIB) technique with a 500 nm gap and 3 pm
depth to form a ITO nano-electrode with a microfluidic channel
(see Fig. S7, ESIt material). Fig. 2(c) shows the ITO nano-elec-
trodes with a 500 nm gap between two nano-electrodes. After
the formation of the nano-electrodes, 250 nm SiO, layer was
deposited on the top of the nano-electrodes surface by plasma
enhanced chemical vapor deposition (PECVD) technique. The
final device was packaged with printed circuit board (PCB),
which is shown in Fig. 2(d).

2.3 Cell preparation

For the LSCNEP experiment, we used HeLa (human cervical
cancer) cells, which is an immortal cell line for scientific
research. To culture HeLa cell lines, old medium was initially
removed from the cell culture dish and 10 ml of phosphate
buffer saline (PBS) was added to properly clean the cell surface.
The cleaning process was performed two to three times.
Subsequently, 1 ml trypsin (0.05% trypsin-EDTA, GIBCO) was
added into the cell culture dish and incubated for 5-7 min to
detach the cells from the dish surface. 9 ml DMEM (Dulbecco's
modified Eagle's Medium containing 1% sodium pyruvate, 1%
non-essential amino acids and 1% penicillin streptomycin)
medium was then added and properly mixed with the cells. The
cells were suspended with DMEM medium, and they were ready
to be transferred into the LSCNEP chip container.

2.4 Chip surface modification for the enhancement of the
cell adhesion

To improve cell adhesion on the chip surface, collagen (Sigma,
St Louis, MO, USA) was added into the chip container with a
concentration of 10 ul ml™*. UV light illumination was then
introduced for 2 h for sterilization. Finally, the chip was cleaned
with ddH,O to release all unbound collagen residue from the
chip surface. After washing, DMEM medium with the cells was
added into the chip container at a concentration of 2.2 x 10°
cells per ml and the cell with chip was incubated (5% CO,, 37
°C) for 16-20 h to adhere cells into the chip surface. When the
cells were strongly attached on the surface of the nano-elec-
trodes, the chip was ready for experimentation.

2.5 Fluorescence microscopy

For the LSCNEP process, inverted fluorescence microscopy
(Olympus IX71, Melville, NY) was used with 20x objective lens
(numerical aperture (NA) = 0.40). The fluorescence excitation
was provided using a 100 W mercury lamp with a bright field
configuration. The excitation and emission of the PI dye and QD
(deep-red COOH group) were Ex.510-550BP/570DM/Em.590LP
and Ex.545-580BP/600DM/Em.610LP. However, for plasmids
(pMax E,F,), the excitation and emission were 475-495 nm and
520-560 nm, respectively. To visualize the cell-surface layers, Z
scan was performed with confocal microscopy after QD was
delivered into the HeLa cells. The step size was 1 um. The
exposure time and gain was fixed at 5000 ms and 20 dB. The QD
scanning image was observed by a 532 nm argon laser source.

This journal is © The Royal Society of Chemistry 2014
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2.6 Image analysis

Images were initially recorded (for PI dye and Quantum Dot
tracking) by a fluorescence microscope with different time
scales. Image-Pro Plus software (Media Cybernetics, USA) was
used to analyse the intensity using line profile function to draw
the line from the centre of the cell. Finally, this line profile data
were fitted by ORIGIN software (Massachusetts, USA) to calcu-
late intensity variation (arbitrary unit) with time.

2.7 Localized electroporation procedure

After 16-20 h incubation of HeLa cell onto the LSCNEP chip,
concentration 2.2 x 10> cells per ml, the cells were strongly
attached and randomly distributed throughout the chip
surface. External voltages were applied only to those single
cells attached on the top of the nano-electrodes surface. Before
voltage and pulse applications, the cell surfaces were washed
with PBS. 200 pl PBS was then introduced with a sufficient
amount of dye/QDs/plasmid, and immediately the required
pulses and voltages were applied. Various voltages (1-8 Vpp)
and single square wave positive pulses (15 ms, 500 ps, 50-200
ns) were applied into the LSCNEP chip by a function generator
(WW5061, Tabor Electronics, Israel). However, to study the
effect of pulse duration for nano-electroporation, a voltage of 6
Vpp was applied in each case for better delivery rates with
higher cell viability. Due to sufficient voltage and pulse
application, cell membranes deformed and created transiently
permeable nano-pores to allow dyes/biomolecules from the
outside to the inside of the single cell. The most possible
diffusion occurred at the nano-pore region, which was
distributed along the two nano-electrodes gap connected with
microfluidic channel (see Fig. 2(c) and S7 in ESI} material).
Fig. S8 (see ESIt material for example) shows randomly
distributed HeLa cells throughout the chip surface, and we
selected to apply voltage on three single cells located in
between the two nano-electrodes. External voltage can be
applied either separately into individual cells or simulta-
neously into all cells for effective comparison. In the current
experiment, voltage and pulse were applied separately into
each single HeLa cell.

2.8 Delivery rate and viability test

To calculate the delivery rate and cell viability for different pulse
durations, each experiment was performed more than 10 times
and the data was averaged to obtain the final values. The
delivery rate was calculated by each single-cell response with
molecular dye after an external applied voltage on the cell. The
cell viability was tested using cell-permeable calcein AM (for live
cells) solution and cell-permeable propidium iodide (PI) (for
dead cells) dye. The permeable calcein AM can perform hydro-
lysis inside the live cell and produce green colour cytoplasm for
viable cells, while colour will be absent for dead cells. The PI dye
can interact with the nucleus of the dead cell to produce a red
fluorescence image, while for live cells, the colour will be absent
due to the lack of interaction inside the cell.

This journal is © The Royal Society of Chemistry 2014
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3. Results and discussion
3.1 Nano-electrode design for LSCNEP process

To achieve an excellent electroporation, voltage, pulse duration
and the number of pulses need to be properly controlled, which
depends on the following requirements: first, the threshold
membrane potential must be achieved to create membrane
nanopores. Second, stable nano-pores must be formed;
membrane nano-pores should be converted from hydrophobic
to hydrophilic, which depends on pulse duration and the
number of pulses. Finally, the cell membrane should be
resealed without any mechanical rupture or any type of injury
on the cell membrane, which depends on the externally applied
voltage and heat generated during the electroporation
process.’””*° Biomolecules can be transported only at the last
two stages, where the membrane opening to resealing is in a
complete phase. In our design, we reduce the electrode gap size
down to 500 nm, and the resulting electrical field was signifi-
cantly concentrated at the edge of the gap region, leading to a
reduction in the applied voltages for overcoming the cell
membrane threshold voltages.

3.2 Role of SiO, passivation layer

A 250 nm SiO, layer was deposited for the passivation of the
electrical field. The width of each nano-electrode was 2 um with
a thickness of 90 nm. As a result, each nano-electrode area was
small, and it can generally provide higher electrical resistance,
which causes a low current.”® This low current induced a lesser
chemical reaction in between two nano-electrode gap. Due to
the application of a very strong external electrical field, the
formation of bubbles and turbulent flow should be considered,
in addition to the Joule heating limitation. Fig. S5 (ESIT mate-
rial) shows bubble generation during the electroporation
experiment (3-6 V was applied) without SiO, layer on the chip.
As a result, cell viability was very low (<30%). To avoid these
effects, the electrical field was passivated by the SiO, layer,
which can effectively reduce the gas evolution and Joule heating
effect on the cell membrane surface while still allowing suffi-
cient electrical fields for nano-pores generation.

3.3 Electric pulse effect

3.3.1 Millisecond, microsecond and nanosecond pulse
effects. The sequential LSCNEP processes were successfully
observed with different voltages and different pulse dura-
tions. Among different applied voltages, 6 Vpp (peak to peak)
single square wave positive pulse was optimized to provide a
better delivery rate with high cell viability. The sequential
transfection is important due to the requirement of knock-
down pre-expressed signals or periodic transfection.’>****
However, it is difficult to achieve high efficiency by this
transfection.”® When the single cell was positioned
(randomly) in between the top of the two nano-electrodes,
voltages and pulses were sequentially applied to the selective
electrode pair in the presence of PI dye surrounding the cell.
Due to the application of sufficient voltage (6 Vpp, 15 ms
pulse), the transmembrane potential exceeds the cell
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membrane threshold values, and it creates transiently
permeable nano-pores on the cell membrane. Immediately,
the PI dye entered into the single cell (through microfluidic
channels connected to a nano-electrode gap) by diffusion due
to a high-concentration gradient surrounding the membrane
nano-pores, resulting in a red fluorescent image. Fig. 3(a)—(c)
shows the fluorescent images of HeLa cells that survived for 6
Vpp 15 ms, 500 us and 100 ns pulses, where the continuously
intensity increases with increase in time, and after a certain
time, intensity was saturated. Fig. 4(a) shows intensity
distribution profiles for 15 ms pulse with a cell membrane
self-recovery process. The pulses were applied at each 100 s
duration. The results show that after the application of the
first pulse, intensity sharply increases and then saturates,
which indicates long-lived nano-pores were initially opened
up on the cell membrane, and after sometime the membrane
tries to reseal the nano-pores again (approximately 40-50 s,
and then turns into saturation mode). After the applications

200s

300s

S500s

Spum

Fig. 3 Fluorescent microscopic images of Hela cells in various time
scales with different pulse durations (including saturation mode at
higher times): (a) fluorescent images for 6 Vpp 15 ms pulse at different
time durations; (b) images for 6 Vpp 500 ps pulses at different time
durations; (c) images for 6 Vpp 100 ns pulse at different time durations.
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of second (at 100 s) and third pulses (at 200 s), the nano-pores
were re-opened again and the dye could enter inside the cell.
As a result, the intensity sequentially increased during each
pulse and then accordingly saturated. After the application of
fourth pulse (at 300 s), the intensity was almost constant
without further increment, indicating that the concentration
of PI dye inside and outside the cell became similar, or the
concentration gradient across the nano-pores became zero. As
a result, PI dye stopped to enter inside the cell whether the
nano-pores opened or not. Fig. 4(c), shows the fluorescence
intensity distribution of single cell stimulated by 6 Vpp 500 ps
pulses. In this condition, intensity saturation took a longer
time (800 s), which indicated that under either a microsecond
or millisecond pulse, the density of the generated nano-pores
were the same because of the same applied voltage (6 Vpp) on
the same area of the membrane, but the average opening area
of the nano-pores were smaller for microsecond pulse dura-
tion. It has been reported that affected membrane area can
depend on the applied voltage and amplitude of the pulse.’**¢
However, the affected nano-pores area can depend on pulse
duration and number of pulses.*”** For nanosecond pulse, the
applied voltage was 6 Vpp with 100 ns. From Fig. 4(e), the
fluorescence intensity initially increased very slowly (pulse
applied at 0 s). It might be that a single ultra-short pulse
cannot open the sufficient number of nano-pores (i.e. hydro-
philic pores) with larger sizes in the first electric pulse. When
the second pulses were applied, the intensity very sharply
increased from 100 s to 300 s. It might be due to the sponta-
neous conversion of initially formatted hydrophobic nano-
pores into long-lived hydrophilic nano-pores. After 300 s, the
intensity increased in each pulse application and saturated
again, implying the reduction of concentration gradient of PI
dye across the nano-pores. After 1200 s, the intensity became
almost constant due to no PI dye uptake inside the single cell.
However, there were no such results for 50 ns and 80 ns
pulses, suggesting that these pulses were unable to create
stable hydrophilic nano-pores from hydrophobic nano-pores
on the cell membrane. Finally, in this LSCNEP design, 100 ns
pulse was supposed to create the minimum number of
membrane opening nano-pores for PI dye uptake. As a result
for 100 ns pulses, the delivery efficiency was low (60%),
although the cell viability was very high (94%). For ns pulse
duration, the viability increased possibly because of very fast
membrane resealing due to lower opening nano-pore and
smaller affected membrane areas. Fig. 4(b), (d) and (f) shows
the intensity distribution at different durations for 15 ms, 500
us and 100 ns pulses. From this intensity profile, it was also
clear that the intensities increased with the increasing time.

3.3.2 Quantum dots (QDs) and plasmid delivery. To
analyze quantum dots and plasmid delivery, HeLa cells were
initially incubated into the chip for 2 h before the experi-
ment. When the cells were attached into the chip surface,
CdSxSe; _,/ZnS core nanocrystals coated with COOH, (Crys-
talplex, Pittsburgh, Pa., USA) functional ligands were intro-
duced into the electroporation chamber and immediately 6
Vpp and 40 ms positive pulse (three pulses together) were
applied for QD tracking into the single cell. Fig. 5(a)

This journal is © The Royal Society of Chemistry 2014
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demonstrates QD tracking inside the cell at different time
scales. After 40 min, the intensity was almost constant, which
indicated that QDs successfully entered inside the single cell.
However, to introduce QDs into the cell, it took considerably
longer time, compared to PI dye delivery because of a larger
molecular weight, resulting in a lower diffusion rate of QDs.
The size of each quantum dot was 5.5-6.5 nm, whereas the
size of each PI dye was 0.69 nm in diameter and 1.55 nm in
length (cylindrical approximation). Fig. 5(b) shows the
vertical scanning of HeLa cells by confocal microscopy after
the delivery of QDs. The step size of each scan was 1 um. This
scanning image was taken after 2 h of electroporation
experiment. The scanning image shows that the HeLa cell
appears to be semi-hemispherical with a diameter of

This journal is © The Royal Society of Chemistry 2014

approximately 12 um to 15 pm. The delivery efficiency and
cell viability of HeLa cell after QDs tracking were 75% and
80%, respectively.

For the plasmid experiment, we employed a 6 Vpp and 40 ms
square wave positive pulse (three pulses together) on the cell to
deliver pMax-E2F1 (Addgene, Cambridge, MA, USA) gene and
visualized the protein expression inside the single cell. After
pulse application and plasmid introduction, Hoechst 33342
(Invitrogen) and deep-red (C10046, Invitrogen) plasma
membrane dye was employed for the nucleus and membrane
staining of single cell.

The residual plasmids and staining solution were then
washed out (after 10 min incubation) from the electro-
poration chamber, and the cell medium was added. The
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LSCNEP chip was then incubated for 24 h for protein
expression (we captured images at different intervals within
24 h). Fig. 5(C) shows the protein expression inside single
HeLa cell with different time durations. In our experiment,
after 15-22 h, protein were successfully expressed inside the
single cell (see GFP column with 17 h and 22 h), and it took
longer time because of a higher molecular weight (4.7 x 103
Da) when compared to PI dye (700 Da). After plasmid delivery,
the transfection efficiency and cell viability were 70% and
85%. As per our knowledge, most of the literature either
selected very high voltages (several volts to 1 kV) or longer
time (one day to three days) to express QDs/plasmid delivery
inside single cells.>***>*° However, in our LSCNEP system, it
took less time (nearly 60 min for QDs and 15-22 h for
plasmid) with a very low voltage (6 Vpp) requirement to
deliver QDs/plasmid into single cell, suggesting a consider-
ably effective method for generating long-lived hydrophilic
pores by using the nano-electroporation method.

3.4 Delivery rate and cell viability

The delivery rate was calculated with PI dye delivery inside a
single HeLa cell with different applied voltages (4 Vpp-7 Vpp)
and different pulse durations (15 ms, 500 us and 100 ns).
However, to achieve efficient delivery rates with higher cell
viability, we considered that 6 Vpp voltage was ideal for the
nano-electroporation experiment. The viability was tested by
using calcein AM and PI dye.

3.4.1 Millisecond, microsecond and nanosecond pulse
effect. Fig. 6 shows the delivery rates and cell viability for 15 ms,
500 ps and 100 ns pulse, respectively, with different applied
voltages. As observed in Fig. 6(a), the delivery rates for 15 ms
pulses were as high as 90% for 6 Vpp applied voltage (black
line). A high delivery rate was achieved due to higher voltage
with higher TMP to easily reach cell membrane threshold
values. For microsecond pulses, the molecular delivery rate was
80% for 6 Vpp applied voltage (red line). However, for a 100 ns
pulse (green line), the delivery rate was very low, 60% for 6 Vpp
applied voltage. The lower voltages (4 Vpp and 5 Vpp with 100
ns) were not enough to overcome the membrane threshold
values.

The cell viability was tested using cell permeable calcein
AM and cell impermeable PI dye. After electroporation exper-
iment, PBS was washed away and DMEM medium was
immediately introduced into the chamber, and it was then
incubated. After 1 h, the medium was washed away and dyes
were introduced (calcein AM and PI dye) with PBS for cell
imaging. For 15 ms pulse, the cell viability was 80% for 6 Vpp
applied voltage; however, for 500 us pulse, 90% viability was
achieved for 6 Vpp external voltages. For nanosecond pulses,
the viability of the HeLa cell was as high as 94%, which may be
due to a very small affected membrane area and a less toxic
effect during the electroporation process. Fig 6(b)-(d) shows
the cell viability using calcein AM and PI dye for 15 ms, 500 us
and 100 ns pulse, where the maximum cells are viable after the
electroporation experiment (green colour).

This journal is © The Royal Society of Chemistry 2014
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4. Conclusions

We have demonstrated a well-controlled, sequential, local-
ized single cell nano-electroporation with membrane
reversibility using an intense electrical field with different
pulse durations. The SiO, layer not only performed key roles
in reducing harmful reactions between the two nano-elec-
trodes, but it also reduced the resistive heating effect on the
membrane surface resulting in the reduction of cell toxicity.
Lower voltage with a single square wave positive pulse can
easily deliver molecules inside the single cell, whereas a
higher number and duration of pulses can deliver ODs/
plasmids inside the cytosol with higher transfection effi-
ciency and cell viability. For ultra-short nanosecond pulses,
the maximum cell viability was observed due to less affected
membrane area; however, the minimum molecular delivery
rate was observed when compared to millisecond and
microsecond pulses. In the context of other studies, our
experiment delivered QDs/plasmid faster with lower applied
voltage into a single cell using the LSCNEP technique.
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