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Investigation of Low-Voltage Pulse Parameters
on Electroporation and Electrical Lysis Using a
Microfluidic Device With Interdigitated Electrodes

Bashir I. Morshed*, Member, IEEE, Maitham Shams, and Tofy Mussivand

Abstract—Electroporation (EP) of biological cells leads to the
exchange of materials through the permeabilized cell membrane,
while electrical lysis (EL) irreversibly disrupts the cell membrane.
We report a microfluidic device to study these two phenomena
with low-voltage excitation for lab-on-a-chip (LOC) applications.
For systematic study of EP, we have employed a quantification
metric: flow Index (FI) of EP. Simulation and experimental results
with the microfluidic device containing interdigitated, coplanar,
integrated electrodes to electroporate, and rapidly lyse biological
cells are presented. H&E stained human buccal cells were sub-
jected to various pulse magnitudes, pulsewidths, and number of
pulses. Simulations show that an electric field of 25 kV/cm with a
20 V applied potential produced 1.3 °C temperature rise for a 5 s of
excitation. For a 20 V pulse-excitation with pulse-widths between
0.5 to 5 s, EL was observed, whereas for lower excitations, only EP
was observed. FI of EP is found to be a direct function of pulse
magnitudes, pulsewidths, and numbers of pulses. To release DNA
from nucleus, excitation-pulses of 5 s were required. Quantification
of EP would be useful for systematic study of EP toward optimiza-
tion with various excitation pulses, while low-voltage requirement
and high yield of EP and EL are critical to develop LOC for drug
delivery and cell-sample preparation, respectively.

Index Terms—Electric field, electrical lysis (EL), electroporation
(EP), flow index of electroporation, microfluidic device.

1. INTRODUCTION

LASMA membrane of a cell is a 5 to 8 nm thick protein-

lipid bilayer, and forms a physical barrier separating cell
contents from the extracellular environment [1]. Permeabiliza-
tion or breaking down of the plasma membrane is necessary for
many applications based on lab-on-a-chip (LOC) technology.
When a cell is placed inside an electric field, charges accumu-
late along the plasma membrane, inducing a potential across
the membrane [2]. The induced membrane potential causes an
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electrical force on bilayer phospholipids (e.g., 1,2-dimyristoyl-
sn-Glycero-3-phosphorylcholine, DMPC), and exerts a stress
for reorientation due to electric dipole properties [3]. If the ap-
plied electric field is increased such that the induced membrane
potential reaches a critical value of 1 V, these dipoles undergo
conformal changes in membrane structure causing formation of
a large number of hydrophilic pores or channels through the
plasma membrane [4]-[6]. This phenomenon of numerous re-
versible pore formation in the plasma membrane, due to a high
electric field of intensity in several kV/cm and duration of ps-
to-ms, is known as electroporation (EP) [7], [8]. This induces a
temporary loss of semipermeability of plasma membrane, and
can cause in ion leakage, escape of metabolites, selective re-
lease of intracellular molecules, and increased uptake of drugs,
molecular probes, and genetic materials [8]-[15]. Medical ap-
plications include controlled drug delivery, gene transfection,
and vascular therapy [16].

If the electric field is sustained for a critical duration,
cell membrane completely disintegrates, causing cell lysis
[17]-[28], a process of breaking a open cell through rupturing
this cellular plasma membrane by external physical or chemical
stimulus, releasing the contents of the cell including deoxyri-
bonucleic acid (DNA) [29], [30]. Other methods for lysis include
mechanical shear [31], liquid shear [32], gaseous shear [33], os-
motic pressure [34], electroosmotic [35], sonication [36], chem-
ical stimulus [37] using nonionic detergents and lysis agents,
e.g., Chelex, QIAamp [1], [37]-[39], laser [40], [41], and ther-
mal [42], [43] stimulations. Electrical lysis (EL), a rapid mech-
anism, on a microfluidic platform can be used for biodefense
and diagnostic systems [44]. EP and EL of biological cells on
microfluidic chips are of recent interest due to simple, low-cost
device, and fast operation [8], [17].

A major challenge of studying EP and EL is the lack of
any systematic quantitative metric that will allow comparative
study of experiments and improve classification in describing
the severity. EP and EL are known to be dependent on various
parameters including the electrical excitation durations, electric
field magnitudes, number of excitation pulses, frequency, orien-
tations of the electric field, cell size and shape, as well as buffer
osmolarity and conductivity [45]-[49]. The majority of studies
have quantified EP through the percentage of cells undergoing
EP detected by stain uptake [50], and percentage of fluorescent
cells [51], [52]. An indirect approach to quantify severity of
EP is detection of increase in transmembrane conductance that
increases conductance with higher electric field or increasing
number of pulses [46]. Some approaches are critically cell-size
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dependent such as determining the amounts of stains uptake per
cell after a certain number of cell lysis and measurement of
stains with a calibrated microscope [53], and the percentage of
area coverage by stained cells after EP [54]. Other quantification
approaches are critically time dependent such as determining the
delivery rate [55] and transfection rate [56].

The applied potential required for EL of protoplast cells and
other plant cells were demonstrated to be as low as 10 to 30 V
that generated electric field between 1 to 10 kV/cm [19], [57].
Human cells, such as breast cancer cells, require higher potential
and electric field; such as 40 V to generate around 20 kV/cm as
reported by Nashimoto [58]. Release of intracellular molecules
through EL has been reported such as genetic materials and
ribonucleic acid (RNA) [58]. Lu et al. showed human colon
carcinoma can be lysed inside microchannels that released nu-
cleus [22]. Munce et al. demonstrated that EL can extract cell
contents within cytoplasm [59]. Marc et al. demonstrated EL
releases oregon green and fluorescein dye from cells [60]. Rosa
et al. and Park et al. reported release of DNA from borde-
tella pertussis and vaccinia virus, respectively; none of those
has nucleus [61], [62]. Nanosecond pulses have been shown
to affect only intracellular membranes without rupturing cell
membranes [63].

For low-voltage EP and EL, we report a novel microflu-
idic device with integrated coplanar interdigitated electrodes,
along with top cell-loading ports that increases throughput and
reusability. Furthermore, to quantify the severity of EP, we ap-
ply a quantitative image analysis approach along with a quan-
tification metric: flow index (FI) of EP [64]. This enables us to
perform quantitative comparison for systematic analysis. We hy-
pothesize that disintegration of nuclear membrane will require
application of pulses with higher energy. We experimentally
show that EL of human cell can be performed with low voltage
excitation and longer pulse duration. DNA release by rupturing
the nuclear membrane requires pulses with even longer dura-
tions containing higher energy.

II. MATERIALS AND METHODS

A. Microfluidic Device Design, Fabrication, and
Postprocessing

The microfluidic device was designed using MEMSPro ver-
sion 5.1 (SoftMEMS, CA, USA). The device housed a mi-
crofluidic chamber for EP and EL composed of five parallel
microchannels. Each microchannel was 12 mm long, 400 pm
wide, and 40 pm deep. These microchannels merged at both
ends and terminated at two fluidic ports. The device also con-
tained an integrated electrode layer. To generate an electric field
inside the microchannel, this layer was utilized to design in-
terdigitated fingers of 420 pm length and 10 pm width at the
bottom of each microchannel placed perpendicular to the axis
of the microchannel (see Fig. 1). The gaps between fingers were
10 pm. The fingers were alternatively connected to two thick
electrodes of 0.5 mm width on both sides of the microchannel,
thus forming an interdigitated configuration. The thick elec-
trodes connected the fingers with two electrode ports. There
were 31 cell loading ports directly above the microchannels to
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Fig. 1. (a) Layout of the microfluidic device with enlargement of a section
(A) of the microfluidic chamber. (b) Photograph of the prototyped device after
postprocessing, with an inset depicting an optical microscope image of a cell
loading port, a portion of a microfluidic channel and interdigitated electrodes,
while another inset showing the interdigitated electrode design.

quickly load samples. The chip layout contains three mask lay-
ers: electrode mask (labeled green), microchannel mask (labeled
red), and port mask (labeled green) as shown in Fig. 1(a). Note
that the overlap of two different layers depicts as a yellowish
color. The chip boundary is shown with the brown rectangle,
and the adjacent scale is in micron. Three types of ports were
designed for fluidic access (fluidic port, » = 1.5 mm), electrical
access (electrode port, ¢ = 1.2 mm), and sample cell access (cell
loading port, = 1 mm). The cell loading ports were directly
above the five parallel microchannels of the chamber, and were
laterally spaced by 2 mm.

The microfluidic device was fabricated through SensoNit
Fabrication Process (Micronit, Inc., The Netherlands). The chip
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Fig.2.  Schematic diagram of the experimental setup of the microfluidic device
connected to a pulse generator and an oscilloscope through a capacitor (C') and a
diode (D). The fluidic path is indicated in blue, while the optical path is indicated
in yellow.

comprised of two glass slides of 1.1 and 0.7 mm thickness as
substrates. The top slide contained the ports and the bottom
slide contained the microchannel and the integrated electrodes.
The fabrication process involved creation of trenches through
wet chemical etching for microchannels using channel mask,
then the deposition of electrode materials using sputter coating
technique inside 200 nm deep cavities etched at the bottom of
the trenches using electrode mask. The electrodes composed of
180 nm thick platinum (Pt) layer on top of 20 nm thick tan-
talum (Ta), which serves as the adhesion layer between the Pt
and the etched glass surface. Ports were created on the top slide
with powder blasting technique using port mask. The two glass
slides were aligned and thermally fused. The fabricated device
was 3 cm long, 1.5 cm wide, and 1.8 mm thick. A microscopic
image of a microchannel, a cell loading port, and the interdig-
itated integrated electrodes within the microfluidic chamber of
the fabricated device is shown in Fig. 1(b).

Postprocessing involved fixation of fluidic and electrical con-
nectivities. Nanoport assemblies (Upchurch Scientific, WA,
USA) were affixed on top of the fluidic ports for fluidic ac-
cess through capillary tubing connections. External electrodes
were connected to the integrated electrodes through the elec-
trode ports using silver conductive epoxy (Cat. 8331-14G, MG
Chemicals, ON, Canada). A photograph of the postprocessed
device is shown in Fig. 1(b). For initial wetting of the mi-
crochannel surfaces, a 10% detergent solution (Triton X-100,
Thermo Fisher Scientific, MA, USA) was introduced inside the
microchannels and washed thoroughly with ddH»O.

B. Experimental Setup

The schematic diagram of the experimental setup is shown
in Fig. 2. As the source of electrical excitation, a pulse gen-
erator (HP33120A, Hewlett-Packard Company, CA, USA) was
used. An oscilloscope (TDS-3012, Tektronix, Inc., OR, USA)
was used to monitor and record the pulse waveform. A capac-
itor, C', of 1 uF (SNO10OMOSOST, Cornell Dubilier, SC, USA)
was included in series of the pulse generator to block any dc
offset voltage while passing the pulse excitation; hence reduc-
ing power loss, electrode degradation, and increasing fault tol-
erance of the experimental setup. A reverse-biased diode, D,
(IN4007, Texas Instruments, TX, USA) was connected across

the electrode ports to limit the residual voltage developed across
the fingers inside the microchannels. Two syringe pumps (Cat.
780100C, Cole-Parmer, IL, USA) were used to introduce (or
to remove) buffer fluids inside the microchannels through the
fluidic ports. The test-fixture included a clean glass slide of di-
mension 75 mm x 25 mm (Cat. 12-550-15, Fisher Scientific,
PA, USA) on which the fabricated and postprocessed device was
secured using silicone to enable proper positioning on the mi-
croscope stage. As the fluidic ports provided open fluidic paths
for buffer, fluid loading (and removal) was performed through
both syringe pumps in the same operating mode (i.e., loading
mode or removal mode). Experiments were performed on the
stage of an optical microscope (CKX41, Olympus Corp., IL,
USA) with an integrated charge-coupled device (CCD) camera
to capture the sequence of images at every 0.5 s interval start-
ing from the pulse excitation. The CCD camera was connected
to a workstation with ImagePro Express software (Media Cy-
bernetics, Inc., MD, USA) that acquired and saved the image
sequences.

C. Cell Sample Preparation

Sample cells were collected noninvasively using buccal swabs
from volunteers and stained using both Haematoxylin (Cat.
3530-16, Ricca Chemical, TX, USA) and Eosin Y (Cat. SE22-
500D, Fisher Chemical, PA, USA) stains (known as H&E stain-
ing). The average diameter of the sample cells were 40 pm
and approximate concentration of a thousand cell/mL. Haema-
toxylin stain colors basophilic structures (such as chromosomes)
with blue-purple hue. Eosin Y stain colors eosinophilic struc-
tures (like cytoplasm) in bright pink or magenta. A centrifuge-
based method for freely flowing cell staining was developed,
where the protocol replaces the conventional washing step with
several “centrifuge-and-discard supernatant” steps. Briefly, the
procedure involved washing sample cells to centrifuge tubes
with 2 mL of deionized Hy O. Then, 10 pL of Haematoxylin and
20 pL of Eosin Y stain were added successively after centrifu-
gation at 2000 r/min for 5 min then discarding the supernatant
for three times. Stained sample cells were stored in a dark shelf
and used within several days. The concentrations of the cells
in samples were very low (~100 cells per mL). After staining
process, there was no noticeable degradation of stains even after
1 week [64].

D. Experimentation Procedure

Prior to an experiment, the device was washed thoroughly
with flowing ddHsO and then dried with blowing hot air. The
device was then secured on the stage of a microscope. Fluidic
ports were connected to the syringe pumps through the capillary
tubes and the external electrodes were connected to the pulse
generator as shown in Fig. 2. The pumps were engaged to inject
10 pL of buffer fluids inside the microchannels at the rate of
50 pL/min. When the microfluidic chamber was filled with the
introduced buffer fluid, the pumps were disengaged. After the
buffer fluid flow was stopped, a 5 pL of the stained cell-sample
solution was introduced in the microfluidic chamber through
the cell loading ports by using a micropipette. Then, the cells
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Fig. 3. 3-D model of the microfluidic device containing microchannel of the

microfluidic chamber, integrated electrodes, and loading ports used for electric
field and thermal simulations. The inset shows the interdigitated fingers at the
bottom of a microchannel.

were allowed 30 s to settle at the bottom of the microchannel.
The focal plane of the microscope was fine-tuned such that
some of the stained cells inside the chamber can be clearly
observed through the CCD camera. The pulse excitation and
the image capture sequence were initiated at the same instance.
For EP experiments, excitation pulse magnitudes ranged from
2.5 to 20 V, resulting in estimated electric fields between 2.5 to
20 kV/cm. The pulse-width range was between 1 us to 5 s, and
the number of pulses was between 1 to 100. The rising edge of
the initial pulse triggered the oscilloscope to capture the pulse
waveform. The image capturing system saved the sequence of
images in the hard disk of the workstation. For EL experiments,
single pulses of long durations were investigated. The fluid after
the pulse treatment was collected using a micropipette through
the cell loading ports and observed under a 100x magnification
oil-immersion optical microscope.

III. RESULTS: SIMULATION
A. Model of the Microfluidic Device

Analysis of the developed electric fields and temperature rise
inside the microchannels within the microfluidic chamber of the
device was performed with finite element method (FEM) using
Comsol Multiphysics software (Comsol, Inc., Burlington, MA,
USA). The model of the essential components of the microde-
vice was generated using the 3-D Modeler (see Fig. 3). The
material parameters were from Comsol Multiphysics Material
Database available with the software. The model was meshed
with a maximum growth rate of 1.3 resulting in 2258 159 tetra-
hedron elements with 385 863 mesh points and 3045 076 degrees
of freedom.

B. Electric Field Simulations

Electric field simulations were performed using conductive
dc media physics. The positive and negative electrodes were
excited by applying potentials of 20 and 0 V, respectively.
The boundary conditions for all external surfaces were set to
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Glass tredp Glass
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Fig. 4. FEM simulation of electric field of the model along xz-plane with a
section enlarged to show distribution of electric fields.

electrical insulation, and all internal boundaries were electrical
continuity. Isotropic conductivity was selected for all materi-
als. Simulations were performed iteratively until the relative
error converged below 0.1, while the absolute error tolerance
was 0.01. A representative result is shown in Fig. 4 depicting
the distribution of electric fields for excitation potential of 20 V.
The peak electric fields inside the microfluidic chamber reached
up to 25 kV/cm. The electric field near the electrodes at the bot-
tom of the microchannel were higher. This is advantageous as
cell samples were allowed to settle near the bottom of the mi-
crochannel after loading inside of the microfluidic chamber, due
to the average density of cell (~1.5 gm/cm?) to be higher then
the density of the medium (~1 gm/cm?®). Portions of the cells
away from the electrodes by 10 um or more along z-axis might
not experience the critical electric field for poration.

C. Thermal Simulations

Application of electrical current through the buffer fluid
causes generation of heat (primarily Joule heating). The up-
per bound of such heat can be obtained by assuming that all
power consumed in the microfluidic device has been dissipated
as heat resulting in a heat generation (QQ =V x I), where V'
is the applied potential and I is the current flow. The general
heat transfer physics was applied to simulate conductive and
convective heat transfer of the materials, and heat radiation is
ignored for a conservative estimate.

The device delivering 20 V resulted 1 V drop across a 50
) internal resistance of the power supply (based on empirical
data). The calculated internal resistance of the buffer fluid is 1
k2, the average current flow is 20 mA, and power dissipation
is 0.4 W inside the five microchannel paths. Hence, the aver-
age power dissipation in each microchannel is 0.08 W. With a
25% upper bound tolerance, a power dissipation of 0.1 W for
each microchannel path was simulated. The heat generation per
unit volume was calculated by dividing the power dissipation
in the volume of that microchannel, and used as the volumetric
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heat source. Transient analysis was performed using general-
ized minimal residual solver. The relative error tolerance for
convergence was 0.01, while the absolute tolerance was 0.001.
With these criteria, the obtained simulation results served as a
conservative estimate of the temperature rise for electric current.
The initial temperatures of all subdomains were set to 300°K
(for room temperature of 26.8 °C). The temperature at infinite
was set to 298°K. All internal boundaries were set to thermal
conductivity while all external boundaries were set to convec-
tive heat flux dissipation with the heat transfer coefficient h of
5, 10, and 20 W/m?K, as the range of h is typically between
4.4 to 32.2 W/m?K corresponding to stationary air to forced
air cooling, respectively. Theoretical calculation with an airflow
rate of 1 m/s provides a heat transfer coefficient of 22.4 W/m?K.
The approach provides an estimate with reduced computational
complexity [22], [65]-[67].

The transient thermal simulation for 5 s pulsewidth resulted
a maximum temperature rise of 1.3°K of the fluid inside the
microchannels of the chamber and the temperature increased to
2.2°K after 10 s of continuous excitation as shown in Fig. 5(a).
The maximum temperate was observed at the middle of the
microchannel under the loading ports, resulting from convection
flow of water with higher temperature toward the opening of
the loading port. Transient simulations over 10 s period for h
values of 5, 10, and 20 W/m2K are plotted in Fig. 5(b). The
temperature rises were below 2.9°K for all cases for up to 10 s
of excitation. For instance, with an excitation of 5 s duration,
the rises of temperature were 1.7, 1.45, and 1.3 °C for h of
5, 10, and 20 W/m?K, respectively. These thermal simulations
indicate that the upper bound of temperature rise due to the
electrical excitation was insignificant to cause damage of cells.
These results are also in agreement with literatures that indicate
atypical temperature rise due to Joule heating in buffer fluids are
within several degrees [15], [22]. As biological cells can sustain
a larger range of temperature variation in nature (typically up
to 10 °C), this temperature rise due to the excitation is not
expected to cause any significant change of cells. For thermal
lysis, the required temperature is 70 to 80 °C [42], well beyond
the temperature rise from these electric pulse stimulations.

IV. RESULTS: EXPERIMENTAL
A. Excitation Parameters

Experiments were conducted over a range of applied pulse
parameters, such as magnitudes (from 2.5 to 20 V), pulsewidths
(from 1 ps to 5 s), and numbers of pulses (from 1 to 100 pulse)
to determine the effect of pulse parameters on EP and EL. Initial
results have been reported elsewhere [64].

B. Image Processing for Quantification of EP

The image sequences captured from the experiments show
stain reduction inside the sample cells after the application for
various electrical excitations. The amounts of stain reduction
were dependent on the applied pulse parameters. A representa-
tive example is shown in Fig. 6, where the set of images was
captured at 0 and 145 s after a single pulse excitation of 1 ms

(a) Loading

port \ I

Temperature at mid-point of the lysis chamber {K)

Maximum pulse width (s)

Fig.5. (a) Temperature inside the microchannel visualized along xz-plane after
electrical excitation of 20 V for 10 s. A section of the channel is enlarged to
depict the corresponding temperature distribution. (b) Plot of transient increase
of temperature for the heat transfer coefficient (h) of 5, 10, and 20 W/m?K, for
an electric excitation of 20 V for 10 s. The initial temperature of all subdomains
were at the room temperature of 300°K.

duration and 5 V magnitude. The estimated maximum electric
field was 5 kV/cm. The observation of reduction of Eosin Y
stain suggests occurrence of EP, as stain of cytoplasm (Eosin Y)
is diluted through the pores formed during EP (either by fluids
exiting the cell and reducing stains within cells, or surround-
ing fluid entering the cell and reducing stain concentration in
cells) [50], [53], [54]. Haematoxylin stain, on the other hand, has
not reduced, suggesting that the chromosomes have not exited
from the cell. It is evident that performing this type of qualitative
analysis is challenging for comparison with other experimental
cases. To allow quantitative analysis, the following approach
was followed.
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Fig. 6. (a-b) A set of images from EP experiments, followed by plots of
extracted pixel data, for both the y-axis (plot below) and the x-axis (inset), from
the pair of images captured at (a) 0 s, and (b) 145 s after the applicationof a5V,
1 ms pulse. Pixel data for Eosin Y from (a) are plotted with blue, while data from
(b) are plotted with red. Decreased number of pixel data in red demonstrates a
dilution of Eosin Y stained pixels due to EP. A temporal NSP plot would show
a gradual decrease of NSP as provided in [64], [68].

The captured images were analyzed using software codes
written in Visual Basic and MATLAB for quantitative analysis.
The procedure is described elsewhere [68], and are mentioned
briefly here. First, the frames were extracted in bitmap (BMP)
format from the captured image sequence. Each pixel repre-
sented by a set of (R,G,B) values within a “color cube,” where
the stain color range of Eosin Y is approximated as the region of
interest (ROI) [68]. The Visual Basic code determined the num-
ber of pixels within the ROI in each BMP file. The MATLAB
script plotted these pixel data for each row or column in an
image, or the total number of pixel data for a sequence of im-
ages against elapsed time. The images from a representative
experiment are shown in Fig. 6 as an illustration.

The temporal plot of the total number of stained pixels pro-
vides quantitative measure of stain reduction due to EP. To be
able to compare results from various experiments with different
excitation parameters, all stained pixel data need to be normal-
ized with respect to the number of stained pixels in the firstimage
of the sequence. This will eliminate the bias on the initial state
(e.g., number, size) of stained cells within the image sequence.
The normalized value of the total stained pixels of each image
is calculated by dividing the total number of stained pixels of an
image by the total number of stained pixels of the first image of
that sequence. This parameter is denoted by normalized stained

@os5s
| |Post-excitation

Fig. 7. Cell structures were broken and cytoplasm released to buffer medium
as a pulse of 20 V magnitude and 500 ms duration was applied. The release of
cytoplasm concluded from the diffused Eosin Y stains observed in (b).

pixel (NSP) [64]. Mathematically,

Number of stained pixels in an image
_ of the sequence
~ Number of stained pixels in the first image -
of the sequence

NSP

ey

For EP, the gradual decrease of NSP of exponential patterns
was observed [64], [68].

C. Observations

If the change of NSP reduction at the end of observation
(145 s) was less than 5%, then the excitation was considered
to cause no effect. If the reduction of stain was higher, but cell
membrane was not disintegrated (visually), then the excitation
was considered to cause EP. Finally, if the cell membranes were
broken or cell structures disintegrated, the excitation was consid-
ered to cause EL. A summary of all experimental observations
is tabulated in Table I.

The experimental results demonstrated that a single pulse
caused higher impact on the cell membrane compared to a pulse
train delivering the same total amount of energy. Hence, for EL
experiments, only single pulses were considered. As EL requires
high energy pulses with the electric field above the critical level
and pulsewidth larger than the critical time duration, all EL
events were observed on the upper right hand corner of the
energy-space plot (discussed later in Section V). Such pulses
cause substantial electrolysis (Redox reaction) resulting in a
significant bubble formation.

For a single pulse and 20 V magnitude, pulse width of 100 ms
caused severe damage to cell membrane with a large irreversible
visible pore, whereas smaller pulsewidths only caused EP or
no effect was observed. With larger pulsewidths (500 ms or
more) with the same applied potential, cellular structures were
observed to be disintegrated or completely destroyed. For in-
stance, Fig. 7(a) shows many visible stained cell structures prior
to pulse application (0 s), and Fig. 7(b) shows few cell structures
immediately after the pulse application (0.5 s). The dissipation
of pink stain in the buffer medium is suggestive of the Eosin
Y stained cytoplasm being dispersed in the buffer fluid. With
increased pulsewidth of 1 s, cell structures were observed to
be completely disintegrated (see Fig. 8). The probability of the
cells being completely hidden under bubbles is low, as depicted
in Fig. 8(c), which is a superimpose of Fig. 8(a) on the inversion
of Fig. 8(b).
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TABLE I
SUMMARY OF OBSERVATIONS WITH VARIOUS ELECTRICAL EXCITATION
PARAMETERS

Applied Pulse Number Total time Observation

potential width (s) of of excitation (FI of EP)
V) pulses (s)
2.5 1x10-6 10 10 x 107  No EP or EL
25 1x 1073 10 10 x 10~3  No EP or EL
5 1x10-6 1 1x10-6 No EP or EL
5 1x 106 10 10 x 1076  No EP or EL
5 100 x 10~ 1 100 x 10~%  No EP or EL
5 10 x 10~ 100 1x 1073 No EP or EL
5 1x10-3 1 1x 1073 EP (0.0661)
5 1x 1073 10 10 x 10~ 3 EP (0.1306)
5 1x1073 25 25 x 10~3 EP (0.1904)
5 10 x 10~3 1 10 x 10~3 EP (0.1497)
10 10 x 10~6 1 10 x 107  No EP or EL
10 100 x 10=6 1 100 x 1076 No EP or EL
10 1x1073 10 10 x 10~3 EP (0.1851)
10 10 x 10—3 1 10 x 10~3 EP (0.2225)
10 100 x 103 1 100 x 10=3  EP (0.3596)
15 1x 1073 10 10 x 1073 EP (0.2472)
15 10 x 10—3 1 10 x 10—3 EP (0.3251)
15 100 x 10—3 1 100 x 10=3  EP (0.4805)
20 1x 106 1x10-6 No EP or EL
20 1x 106 2 2x10°6 No EP or EL
20 1x 1076 10 10 x 107  No EP or EL
20 10 x 10~6 1 10 x 10~6 EP (0.0516)
20 10 x 10—6 10 100 x 10=%  EP (0.1180)
20 10 x 10~6 100 1x10°3 EP (0.1821)
20 1x1073 1 1x1073 EP (0.2660)
20 1x10°3 10 10 x 1073 EP (0.3295)
20 10 x 1073 1 10 x 1073 EP (0.4220)
20 10 x 10~3 10 100 x 1073 EP (0.6095)
20 20 x 103 1 20 x 1073 EP (0.4932)
20 100 x 10—3 1 100 x 1073 EP (0.7298)
20 500 x 10~3 1 500 x 10~3 EL
20 1 1 1 EL
20 5 1 5 EL

For release of DNA from inside of cells, nuclear membrane
must also be ruptured in addition to plasma membrane. Nuclear
membrane is a double bilayer lipid membrane. Experimental
data suggest that a single pulse of 20 V amplitude for 5 s duration
showed exposed DNA. Based on the internal resistance of the
power supply and the voltage drop across it, the dissipated power
for this condition has been calculated to be 0.440.1 W and the
energy spent to be 2+0.5 J.

Analysis of exposed DNA is presented in Figs. 9 and 10. Fig. 9
provides two images of the same position inside the microfluidic
chamber, but at two different vertical heights. The focal plane of
Fig. 9(a) was at the bottom surface of the channel, whereas the
focal plane of Fig. 9(b) was 10 pm vertically above. These im-
ages show the released DNA (identified with blue Haematoxylin
stain) indicating that DNA was spatially distributed along the
height. DNA, in the formation of chromatins, histones, and other
proteins, becomes spatially distributed when nucleus membrane

&

\
Visibie area
;

100 um

Superimposed images:
subtraction of (b) from (a)

Fig. 8. Observations under a microscope after applying a single pulse of 20 V
magnitude for 1 s duration. (a) Image prior to excitation (at 0 s). (b) Image
immediately after excitation (at 1 s). Bubbles due to excitation limited visible
area. (c) Superimposed images obtained by subtracting image (b) from image
(a) and enlarged to show the loading port.

is broken as DNA is tightly packed in a spring-like coil forma-
tion inside the nucleus with a packing ratio of 10 000 to 1 [69].

Using ImageJ (National Institutes of Health, USA) image
processing tool, the background color from Fig. 9(b) is reduced
as shown in Fig. 9(e) that clearly showed the exposed DNA.
This figure shows the distinctly distinguishable blue color of
the Haematoxylin stains of DNA as well as the denucleated
cell membranes to the right. The span of area occupied by the
DNA was measured to be 45 pum, five to ten times larger than
nucleus, suggesting that the DNA was uncoiled after release
through EL. Observing the lysate under an optical microscope
with a high magnification of 100X (oil-immersion) with optical
microscope provided clear views of released DNA identified
by the blue stain and the telltale sign of the extremely coiled
structure of DNA (see Fig. 10).

D. Quantification Metrics

To quantify the severity of EP, a quantification metric “Flow
Index of Electroporation” (FI of EP) has been defined as the
amount of NSP reduction over a certain amount of time [64].
This metric can be calculated by subtracting the final value of
the NSP from 1. Mathematically,

FI of EP = 1 — Final value of the NSP. 2)

FI of EP is a numeric indicator of the severity of EP and
relates to the amounts of fluidic exchange between an electro-
porated cell and its environment. A higher value of FI of EP
represents higher amounts of fluidic exchange. The minimum
value of FI of EP can be O that represents an absolute absence of
EP. The maximum value of FI of EP can be 1 that might occur
in the case of cell lysis. Thus, the metric provides a quantitative
approach for comparison of experimental results for improved
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Fo__c_!_Jsgg_-"ll’J um above (a

(e)

Fig. 9. (a)-(b) Two images taken from the same position, but focused at two
different heights (10 ;sm apart), which show the released DNA through electrical
lysis with an excitation of 20 V for 5 s. (c—d) Enlarged image set from the same
area as in (a) and (b), respectively. The red arrows (darker and longer) indicate
the spots where the contrast in the image (a) is higher than that of the image (b),
whereas the green arrows (lighter and shorter) indicates vice versa. The image
set demonstrates that DNA, with higher contrast in image (b), was distributed
vertically inside the microchannel, whereas the electrodes with higher contrast
in image (a), were located at the bottom surface of the microchannel. (¢) Image
of exposed DNA was filtered to reduce background using ImageJ that clearly
shows stained DNA released after EL.

classification, systematic study, quantitative analysis, and opti-
mization of EP.

The last column values (within parenthesis) of Table I pro-
vides the list of FI of EP for various electrical pulse excitation
conditions from the experiments at 145 s after the excitation. FI
of EP for various excitation pulse magnitudes and total excita-
tion time are plotted in Fig. 11. It is important to note from this
figure that higher FI of EP occurs for lesser number of pulses
for the same energy delivery. Thus, applying a single pulse can
be considered as the ceiling of achievable FI of EP for a given
energy and experimental setup. The findings elucidate to the
following two exception cases of overlapping observations (see
Fig. 11).

1) There are six sets of EP observations where the excita-
tion condition (voltage and total excitation time) overlaps. We

Nucleus

Fig. 10. (a)—(b) Two samples of the released DNA collected from the device
after excitation of 20 V for 5 s, and observed under 100x objective lens with
oil immersion technique in lysates collected from the device. The DNA strands
are identified by the blue stain of Haematoxylin and the coiled structure that
is unique to chromatins composed of DNA, histones, and other proteins. (c)
Sample cell prior to lysis inside the microfluidic chamber with H&E staining
is shown for a size comparison. (d) Rearranged cell membrane structures after
pulse treatment with an excitation of 20 V for 5 s.
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Fig. 11.  Graphical representation of FI of EP versus the pulse magnitude and
the total excitation time. FI of EP for no EP or EL observed, and lysis observed
are denoted as 0 and 1, respectively. Note that a single pulse can be considered
as the ceiling of achievable FI of EP for the energy stimulation in a given
experimental condition. There are potentially three distinct regions on a total
excitation time versus applied voltage surface (energy-space plot) as indicated.

note that in each set, FI of EP is higher for lesser number of
pulses, i.e., a single pulse produced higher FI of EP compared
to multiple pulses delivering the same amount of energy. The
differences are more prominent with higher energy pulses. As in
all of the overlapping observations at the same excitation point,
the single pulse case has produced the maximum FI of EP, so
FI of EP due to a single pulse can be treated as the ceiling of
achievable FI of EP for that amount of energy.

2) There are two sets of observations where EP observed over-
lap with no effect observed. The values of FI of EP for these
excitation points are 0.0661 (5 V, 1 pulse of 1 ms duration)
and 0.0516 (20 V, 1 pulse of 10 us duration). Corresponding



MORSHED et al.: INVESTIGATION OF LOW-VOLTAGE PULSE PARAMETERS ON ELECTROPORATION AND ELECTRICAL LYSIS 879

TABLE II
SUMMARY OF EXPERIMENTAL OBSERVATIONS FOR VARIOUS APPLIED
EXCITATION PARAMETERS

Applied potential  Pulse width (s) Observation

Less than 5 V Any No EP or EL observed
5Vtwo20V 10 ps to 100 ms EP (various degrees)
20V 05sto2s EL
20V 5 s or more EL (DNA released)

excitations for “no effect observed” have multiple pulses de-
livering the same amount of energy (5 V, 100 pulses of 10 us
duration and 20 V, 10 pulses of 1 us duration, respectively).
In accordance to the previous scenario, a single pulse inflicted
higher impact on the cell membrane resulting EP compared to
“no EP or EL observed” with multiple pulses delivering the
same total amount of energy.

“Degree of electroporation” term was denoted previously to
refer to severity or extent of EP [70], [71]. Here, we define the
degree of EP as the ratio of the total pore area that is formed
during EP to the surface area of the cell. Using this definition,
it clearly represents the extent of pore formation during the
EP process and becomes an important criterion to distinguish
among various cases of EP. This definition can be represented
mathematically as follows:

. Total pore area
Degree of electroporation =

Cell surface area’ )

Degree of EP represents a metric for denoting severity of
EP. The significance of degree of EP is that higher degree of
EP will allow higher amount of fluidic exchange through the
cell membrane within a given duration in a certain buffer fluid.
FI of EP has a positive correlation with degree of EP and the
time duration of EP. Hence, the product of degree of EP with
the corresponding EP duration can be a direct indication of
the total fluidic exchange among various excitation conditions
represented by FI of EP. These metrics, FI of EP, and degree
of EP, allow quantitative analysis to compare EP to optimize
fluidic exchange (e.g., for drug delivery).

V. DISCUSSIONS
A. Pulse Parameter Requirement for EP, EL, and DNA Release

The summary of experimental observation of EP, EL, and
DNA release are given in Table II. In Fig. 11, the excitation
conditions are plotted on an Euclidian surface with x-axis as
the applied potential and y-axis as the total time of excitation
(= pulsewidth x number of pulses). The zy-plane of this graph
provides information on the energy delivered during the excita-
tion as the bottom left corner represents the least energy delivery
and the top right corner represents the highest energy delivery.
This plot can be distinctly separated into three regions: 1) EL
lysis region at the top right-hand corner, 2) EP region in the mid-
dle, and 3) the region where no observable effect at the bottom
left-hand corner. Such observations are consistent with similar
reports [16].

Chromosomes
(DNA)

Ea Applied electric field

Ec Critical electric field

ta Applied pulse width

te Critical duration for lysis

t, Critical duration for
nuclear membrane lysis

Double bilayer
nuclear membrane

Bilayer
cell membrane

Electrical lysis
(nuclear membrane
broken)

Electrical lysis
(nuclear membrane
intact)

Electroporation
of cell membrane

Fig. 12.  Artistic sketch showing the effects of applying electric fields above
the critical level with different pulsewidths on the sample cell with nucleus
causing electroporation, electrical lysis, and nucleus membrane disintegration
that released DNA.

Both the magnitude and the duration of the applied electric
field are important criteria that determine the effect to be expe-
rienced by the cells. For micron width pulses, no visible effect
of cell membrane was observed with electric field strength up
to 20 kV/cm. For pulsewidths between 1 to 500 ms, EP phe-
nomenon were detected, where narrower pulses did not cause
any morphological changes in cell shape, size or orientation
compared to relatively wider pulses causing significant cell
membrane deformation. In all cases, for the same amount of
energy delivery, single pulse caused the most significant defor-
mation of the cell membrane. As pulses of duration over 500 ms
with magnitude of 20 V were applied, cell membrane struc-
tures were destroyed causing EL. Released DNA were detected
with 20 V applied potential and pulsewidths beyond 5 s. These
findings are depicted with an artistic sketch in Fig. 12. From
experimental data, the critical electric field E, is 2 MV/m and
the critical time for lysis ¢, is 0.5 s (N = 3). The large duration
of pulse (¢, =~ 5 s) required to release DNA by breaking the
nuclear membrane might be due to smaller size of nucleus com-
pared to the cell or the double bilayer lipid membrane enclosure
of nucleus compared to single bilayer lipid membrane of the
cell or a combination of both.

B. Comparison With Other Studies

Table III compares the features of the device in this paper
with other similar devices reported in the literature. This paper
is the first to use coplanar interdigitated electrode configuration
for EL, which provides area coverage of up to 50%, higher than
any other configurations and requires a low excitation potential.
Furthermore, the position of the electrodes at the bottom of the
microchannels compared to that in the sidewalls of microchan-
nels enables the accommodation of larger (or smaller) cells with
respect to the electrode spacing.

The cell samples used in this paper are human buccal cells,
which are relatively large compared to virus or bacteria cells.
This paper also uses a single pulse for cell lysis compared to
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TABLE III
COMPARISON OF THE MICROFLUIDIC DEVICE OF THIS PAPER WITH THE LITERATURE
Feature Lee [19] Lu [22] Lu [25] Park [62] Rosa [61] This work
Electrode configu-  Triangular Saw-tooth Cylindrical Pointed Cylindrical Interdigitated
ration
Minimum S pm 30 pum 20 pm 100 nm to 1.5 15 gym 10 pm
electrode gap pm
Width of 14 pm 90 pm 50 pm Unknown 50 pum 10 pm
electrodes
Position of elec-  Sidewall Sidewall Vertically in mid-  Unknown Sidewall Bottom
trodes dle
Cell samples Protoplasts, E.  Human colon  Leukocytes Vaccinia virus B. pertussis bac-  Human buccal cells
coli carcinoma teria
Applied potential 5t020 V, pulsed 85V 10kHzAC 10 V pulsed 20 V 10 kHz AC 300 V, pulsed 20 V, pulsed
Duration of exci- 100 usto 1 ms,5  Continuous 100 ps, 4 Hz, Unknown 9 or 324 pulses Single pulse >0.5 s for ly-
tation pulses continuous sis, >5 s for DNA release

Fig. 13.  Two types of defects observed in the integrated electrodes (fingers)
inside the cell microfluidic chamber of the device after repeated electrical lysis
experimentation: (a) Crack and (b) Lift off.

multiple pulses in other works, as our other study with EP has
determined that a single pulse causes more severe damage to cell
membrane compared to multiple pulses with the same energy
content [64], [68]. Other techniques including electrochemical
cell lysis using interdigitated integrated electrodes have been
reported with lower magnitude of applied potential (e.g., 5 V)
and longer time duration (e.g., 5 min) [72], in comparison to
the results from our work using EL without any chemical lysis
agent.

C. Reusability and Degradation

After prolonged excitation or repeated experiments, the elec-
trodes degraded and defects were noted. Two types of defects
were observed in the fingers of the interdigitated integrated elec-
trodes (see Fig. 13).

1) Crack: Development of thin cracks disconnected a portion
of the finger from the excitation source.

2) Lift-off: Portions of electrodes were completely lifted off,
moved elsewhere in the channel disconnecting portions of fin-
gers, and sometimes short-circuited adjacent fingers.

As the electrodes connected to anode side were only degraded,
the electrochemical reaction might be the possible cause of such
defects. If heat was the cause of such defects, both electrodes
would be equally affected. Analyzing electrochemical reactions
that would occur at the anode and the cathode of the interdigi-
tated electrodes, the Tantalum (Ta) adhesion layer of the Anode
terminal would turn to Tantalum Oxide (TayO5), which does
not possess the adhesion properties and would dissolve causing

Platinum (Pt) layer of the finger to break and to develop the
above-mentioned defects.

Electrolysis of water:

Cathode: 2H,0 +2e~ — Hy +20H ~

Anode: 40H™ — Oy +2H50 + 4e™

Dissolving of Tantalum:

Anode: Ta +100H™ — Tay,O5 +5H,0.

D. Potential for On-Chip Integration

For LOC integration, the microfluidic chamber needs to be
incorporated with other on-chip biochemical processing tech-
niques. Various drugs can be loaded into the cell through on-
chip EP. On-chip EL for DNA analysis is quite demanding,
where DNA purification can be done with microbeads, and
on-chip polymerize chain reaction amplification can use mi-
croreactors [73], [74] or continuous flow microchannel [75].
For sequencing of DNA on-chip, capillary electrophoresis [76],
DNA microarray [77] or other solid state DNA sequencing [78]
techniques can be implemented in the downstream.

VI. CONCLUSION

The developed microfluidic device has been successfully used
to demonstrate EP for a range of excitation conditions with var-
ious applied voltages, pulsewidths, and number of pulses, and
EL for high energy pulses, as well as DNA release with a low
operating voltage of 20 V. Electric field simulations showed that
electric field strength of over 20 kV/cm is developed with the
application of 20 V. Thermal simulations showed that the upper
bound of temperature rise of the microchannel was 1.3 °C, at
20V excitation for 5 s, which would not influence any significant
change of cell morphology. Quantitative image analysis and the
quantification metric, FI of EP, allowed quantitative comparison
and analysis of various excitation conditions. Higher energy de-
livered by higher applied voltages, longer pulse durations, and
increased numbers of pulses resulted in higher FI of EP, and
is consistent with other studies [46]. For the same total energy
delivery, a single pulse produced higher FI of EP compared to
multiple pulses. EL was observed for pulses over 0.5 s with
20 V applied potential. For release of DNA, an excitation pulse
of 20 V and 5 s or longer durations were required. The method
allowed quantitative analysis of EP for various electrical excita-
tions, and thus would enable improved classification, systematic
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study, quantitative analysis, and optimization of EP. On-chip EL
and DNA release integrated with other microfluidic processing
steps would allow development of a complete genetic analysis
solution through LOC technology.
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