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ABSTRACT

Cell lysis is a critical step in genomics for the extraction of cellular components of downstream assays. Electrical lysis (EL) offers key advan-
tages in terms of speed and non-interference. Here, we report a simple, chemical-free, and automated technique based on a microfluidic
device with passivated interdigitated electrodes with DC fields for continuous EL of cancer cells. We show that the critical problems in EL,
bubble formation and electrode erosion that occur at high electric fields, can be circumvented by passivating the electrodes with a thin layer
(~18 um) of polydimethylsiloxane. We present a numerical model for the prediction of the transmembrane potential (TMP) at different
coating thicknesses and voltages to verify the critical TMP criterion for EL. Our simulations showed that the passivation layer results in a
uniform electric field in the electrode region and offers a TMP in the range of 5-7 V at an applied voltage of 800 V, which is well above the
critical TMP (~1 V) required for EL. Experiments revealed that lysis efficiency increases with an increase in the electric field (E) and resi-
dence time (t,): a minimum E ~ 10°> V/m and t,~ 1.0 s are required for efficient lysis. EL of cancer cells is demonstrated and characterized
using immunochemical staining and compared with chemical lysis. The lysis efficiency is found to be ~98% at E=4x 10> V/m and t,
=0.72s. The efficient recovery of genomic DNA via EL is demonstrated using agarose gel electrophoresis, proving the suitability of our
method for integration with downstream on-chip assays.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0026046

I. INTRODUCTION

Understanding the behavior of cells during a disease condition
and the way it processes information and acquires specific charac-
ters among the whole population is one of the critical challenges in
the field of cell biology." Cell heterogeneity is an important clue for
a better understanding of the causes and progression of diseases

environment. The topology and chemistry of the extracellular
membrane act as a barrier that controls the movement of substan-
ces across the cell through selective permeabilization of ions and
organic molecules. Lysing a cell without damaging its genetic com-
ponents is a challenging task, and it can be achieved either by
denaturing or destabilizing the membrane components (via chemi-
cal or thermal means) or by disrupting the bonds between the

such as cancer.” Intracellular components enabling information
about genetic and disease characteristics are the fundamental ele-
ments for medical diagnostics. Cell lysis is a critical step in cell-
based assays, which enables access to the cellular components by
disrupting the integral and complex membranous structure and
facilitates profiling the intracellular components such as DNA,
RNA, and protein. The membrane wound around a cell, composed
of a lipid bilayer with various proteins embedded in it, has a basic
function of separating the interior of the cell from the external

membrane via electrical,"® mechanical,’ and acoustic’ methods.
The additional purification step incorporated in the chemical lysis,
inactivation steps in enzyme assisted lysis, and extra dilutions for
detergent-based lysis limits their utility in the on-chip analysis.”
The lytic reagents, namely, detergents, chaotropic salts, enzymes,
and alkaline may interfere with subsequent molecular assays.'’
Denaturation of proteins and other biological matters is of concern
in the case of the thermal lysis method. Bubbles generated via
acoustic waves were used to rupture lipid membranes by the simple
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oscillation mechanism,'' and high throughput cell lysis was
achieved by actuating sound waves on the cell surface without dam-
aging its genetic components.'” However, the open surface cell
treatment is unsafe and accessible for easy contamination. Electrical
lysis (EL) associated with irreversible electroporation is a promising
technique to prepare samples for genetic analysis due to its purely
physical nature and fast and simple operation.”””'® Chemical-free
cell lysis methods such as induced rapid electric pulses and the
genetic material capture by magnetic beads also gained attention
because of high throughput.'”"*

Electrical lysis (EL) is the process of breaking the cell mem-
brane by exposing it to a high electric field to release the intracellular
components. Compared to conventional methods, the microfluidic
chip-based cellular genetic analysis offers various advantages such as
the low reagent volume, high surface-to-volume ratio, low cost, and
easy handling for cell analysis.'” Though the electrical cell lysis tech-
nique existed for several years, it has generated much interest
recently due to the noteworthy advantages of on-chip EL to recuper-
ate the genetic materials without any damage and contamination.”’
Generating an electric field inside a microchannel is of greater
advantage, which includes low current requirements and effective
utilization of energy.”’ On-chip EL has unique features such as rapid
operation, low power, low cost, controllability, automation, and
on-chip integration for continuous downstream analysis avoiding
contamination and easy implementation. The major requirements
for a device to perform cell lysis effectively include speed (to prevent
further biochemical changes), selectivity (breaking down cell mem-
branes while protecting organelle membranes), and integration with
devices for downstream analysis,”” which can potentially be achieved
by performing continuous electrical lysis in a microfluidic device,
which is the focus of the present work.

A microfluidic electroporation device with a superior geo-
metric design was developed that selectively lysed the cell plasma
membrane and left the organelle membrane undamaged,
although the lysis efficiency was found to be low due to incom-
plete cell lysis.”’ Electrical cell lysis following cell trapping inside
an array of microwells was found to be efficient, although the loss
of cells during trapping before lysis remained an issue.”* A micro-
chamber comprising an array of nano-spikes, which required a
complex fabrication procedure, was used for low-voltage AC
lysis.”> Carbon electrode pillars were employed in a microchannel
device for the efficient lysis of yeast cells in osmotically balanced
solutions;*® however, device fabrication was very challenging.
Furthermore, bubbles were observed at higher voltages, and the
lysis efficiency was found to be small. An electrochemical techni-
que involving the alkaline solution was also demonstrated for cell
lysis,”” but it involved the use of chemicals that may not be com-
patible with downstream analysis. An array of carbon nanotubes
(CNTs) was utilized in a microfluidic device for the lysis of E.
coli, although it involved a complicated fabrication technique and
device architecture.”® Recently, a simple and promising device
design for the lysis of human blood cells offering excellent lysis
efficiency was reported.”” However, the literature indicates that
human blood cells are relatively easier to lyse compared to circu-
lating tumor cells (CTCs) due to the complexity of the cell mem-
brane in cancer cells.””’’ We see that there is a need to develop
an efficient CTC lysis method that is simple in terms of
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fabrication and handling and can facilitate continuous lysis of
CTCs and is proven to be compatible with downstream analysis.
In the present work, we report a simple and easy-to-fabricate
microfluidic device, demonstrate continuous lysis of different
types of CTCs, and show the potential application of the lysis
technique for downstream analysis.

The fundamental requirement for achieving cell lysis through
electrical discharge is the transmembrane potential (TMP)—a dif-
ference in the electric potential between the interior and the exte-
rior of a cell membrane.”’ Conversely, experimental studies
demonstrated that merely exceeding the threshold potential could
lead to reversible electroporation and advocate higher voltages as
prerequisites for effective disruption of the cell membrane.'” Both
direct current (DC) and alternating current (AC) sources can be
used for electrical cell lysis. An AC field can minimize water elec-
trolysis and Joule heating problems but generates a discontinuous
electric field and thereby may lead to reversible electroporation
and inappropriate lysis resulting in poor lysis efficiency, and it
may not be applicable to a wide range of cell types.”® If the elec-
tric field pulse width is shorter than a critical time (relaxation
time), which may again depend on the cell type, the pores will be
unstable and disappear as in the case of electroporation.’”
Typically, a high DC field is an ideal choice for cell lysis through
electroporation as it makes the cell membrane experience a higher
TMP continuously and leads to irreversible electroporation
without affecting the subcellular organelles.”"”” In the case of a
DC field, with a persistent electric field, the pores are stable and
undergo molecular rearrangement resulting in efficient cell lysis.’
Furthermore, the application of continuous DC voltage greatly
simplified the instrumentation compared to the setup required for
electrical pulses/AC voltages.”’ However, a high DC field offering
efficient cell lysis may eventually exceed the water electrolysis
threshold and would inevitably lead to the formation of bubbles
and erosion of electrodes even in microscale devices.”*”""*

Here, we demonstrate continuous electrical lysis of cancer cell
lines in a microfluidic device integrated with passivated interdigi-
tated electrodes. We employ a higher DC field (~100-800V) to
achieve excellent lysis efficiency while addressing electrolysis and
Joule heating problems by coating the electrodes with a thin layer
of poly dimethyl siloxane (PDMS) as the dielectric material. We
performed numerical simulations to determine the TMP at differ-
ent coating thicknesses and applied voltages and experiments to
study the effect of applied voltage and residence time (flow rate) on
the lysis efficiency. Cell lysis of four different cancer cell lines, cer-
vical cancer cell line (HeLa), prostate cancer cell line (DU 145),
and breast cancer cell lines (MDA MB 231, and MCF 7), is demon-
strated. To prove the suitability of the technique for downstream
analysis, the cellular DNA concentration is analyzed using agarose
gel electrophoresis.

Il. EXPERIMENTAL
A. Device description and electrical lysis mechanism

The device [Fig. 1(a)] comprises a straight microchannel of
width W = 60 um, depth h = 50,um, and an array of interdigitated
electrodes patterned on the bottom surface of the channel. The
spacing between adjacent electrodes is s = 40 um and the electrode
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FIG. 1. (a) Schematic of the on-chip continuous EL device: the top view shows the microchannel and interdigitated electrodes and the cross-sectional view shows PDMS
coating on electrodes. (b) Schematic of (i) cell structure, (ii) EL process: EL of the cell wall, nuclear membrane, release of nucleic acid, and (jii) modification of the mem-

brane bilayer during EL.

thickness is w = 60 um; there are N = 12 pairs of electrodes and
the overall length of the electrode region is L= 1.2mm.
Consequently, the residence time of the cells flowing in the channel
at a velocity U (or a flow rate Q) will be t, = (L/U) = (WhL/Q).
The electrodes are coated with a thin layer of PDMS of thickness
8, which isolates the electrodes from the sample flowing in the
channel and thus prevents the formation of bubbles and erosion
of electrodes. The bubbles may form at the electrodes due to
ionic nature (high electrical conductivity) of the sample,”"*>*°
that may alter the cell pH, causing damage to the cell DNA.”
Furthermore, the exposure of electrodes to ionic liquid under a
high electric field may trigger chemical reactions at the electrode
leading to joule heating and erosion of electrodes. We circum-
vented the above issues by passivating the electrodes with a layer
of PDMS, as discussed later.

The structure of a cell and electrical lysis (EL) mechanism is
shown in Fig. 1(b). The cell wall comprises a sheet of phospho-
lipid molecules having polar phosphate head (hydrophilic) and
non-polar lipid tails (hydrophobic) arranged in a bilayer forma-
tion [Fig. 1(b-i)]. When a cell is exposed to an external electric
potential greater than the transmembrane potential (TMP), the
bilayer gets ruptured and subsequently, the nuclear membrane
opens up releasing the nucleic acid [Fig. 1(b-ii)]. Although the
exact dynamics involved in a rupture of the membrane is still
debated, the current understanding points toward the formation
of pores attributed to the reorientation of the phospholipid mole-
cules.”® Exposure of a cell suspended in an ionic fluid to a high
electric field leads to an accumulation of charges on both sides of
a cell membrane, resulting in an induced transmembrane

potential across the cell membrane [Fig. 1(b-iii)]. If the electric
field is high enough such that the transmembrane potential
exceeds a critical value (~1.0V), the phospholipid molecules
undergo conformal changes causing a large number of hydro-
philic pores through the cell membrane. If the electric field is
taken off before a critical time (relaxation time), the pores are
unstable and disappear as in the case of electroporation but with a
persistent electric field (~10° V/m), the pores are stable and
undergo molecular rearrangement to form nanometer-sized pores
(~40 nm), a phenomenon is known as electrical lysis.”

B. Materials and methods

Human cancer cell lines: HeLa, DU 145, MDA MB 231, and
MCF 7 cells were cultured. The cells were serially passaged as
monolayer cultures in the DMEM medium (Himedia, Mumbai,
India) supplemented with 10% fetal bovine serum (FBS, Himedia)
and 1% antimycotic antibiotic solution (Himedia). The cell culture
dish was incubated in a humidified atmosphere containing 5%
carbon dioxide at 37°C. Cells grown to sub-confluence were
washed with phosphate-buffered saline (PBS, Himedia, pH 7.4)
and harvested by a 5 min treatment with 0.25% Trypsin EDTA
(ethylenediamine tetraacetic acid). The cell pellet was collected by
centrifugation at 1500 rpm for 6 min. Finally, the cells were sus-
pended in a working solution of the cell medium before the experi-
ments. To match the density of cells and to avoid settlement of
cells at the device inlet, 18% of optiprep (Sigma Aldrich, India) was
added to the working solution. For chemical lysis, cells were sus-
pended in a lysis buffer (100mM Tris pH 8.0, 2% Tween-20,
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proteinase K 1.5 ug/ul; Sigma Aldrich, Germany) followed by incu-
bation in a water bath at 55°C for 15 min. The lysis mixture was
then heated at 90 °C for 2 min for enzyme inactivation. Cell pellets
were collected by centrifugation and then microscopic imaging was
carried out. Both in electrical and chemical lysis, cell lysis efficiency
was calculated by image analysis using trypan blue (Himedia,
Mumbai, India) assay, where the outlet cell solution is loaded with
1:1 of trypan blue dye to check the dead/lysed cells. To demonstrate
the downstream utility of the proposed electrical lysis method,
DNA purification and gel electrophoresis were performed. Crude
cell lysate from the device outlet was collected and diluted with 1x
Tris EDTA buffer (Sigma Aldrich, Mumbai, India) and centrifuged
at 1500 rpm for 7 min. The cell pellet was purified using an QIA
quick DNA Purification kit (QIAGEN, Germany). The purified
DNA sample is loaded in 1% agarose gel, and the sample concen-
tration was compared by running 1kb gene ruler DNA ladder
(Thermo Scientific, India).

C. Device fabrication and experimental setup

The device was fabricated by first preparing the patterned
electrode layer and coating the electrodes with PDMS, and then
bonding with a PDMS microchannel layer. The patterned elec-
trode layer (chromium and gold films, Cr/Au: 30 nm/100 nm) was
fabricated by using electron-beam evaporation and photolithogra-
phy followed by etching. A detailed fabrication procedure is out-
lined in Sec. S1 of the supplementary material. Subsequently, a
thin layer of PDMS mixed with n-hexane’” was coated on the pat-
terned electrode layer and cured. The %n-hexane, coating speed,
and time duration used for coating the PDMS layer are discussed
in Sec. IV A. The microchannel was fabricated in a poly dimethyl
siloxane (PDMS) material by first preparing a silicon-SU8 master
using photolithography and then using soft lithography."’ The
microchannel and PDMS-coated patterned electrode layers were
exposed to oxygen plasma (PDC-002, Harrick Plasma, USA) at
30 W power for 2 min and bonded together to obtain the micro-
fluidic device. A schematic and a photograph of the experimental

Syringe pump Microscope and camera

Reservoir

scitation.org/journal/bmf

setup are shown in Figs. 2(a) and 2(b), respectively. The cell
sample was infused into the device using a high-performance
syringe pump (Cetoni, Germany) from a 1.0 ml glass syringe. The
sample flow rate was varied in the range of 0.3-1ul/min. The
electrodes were energized with a DC high voltage power supply
(SRS Sandford research systems). The DC voltage was varied in
the range of 100-800 V. The lysed sample from the outlet was col-
lected in 1x TE buffer in an Eppendorf tube for further analysis.
The fluidic connection between the syringe pump and the device
inlet and between the device outlet and the Eppendorf tube was
established using PE tubing (Instech Laboratories, USA).

Ill. NUMERICAL MODEL

Numerical simulations are carried out using COMSOL
Multiphysics 5.4 to simulate the potential and electric field in the
electrode region and find the TMP across a cell as it crosses the
electrode region. The governing equations used for solving the
potential and electric field are given as follows:,"'

V-]=0, 1)
J=0cE+]., 2)
E= —-VV, (3)

where E represents the electric field due to applied voltage V, o is
the electrical conductivity, J is the current density, and J, is the
external current density. A schematic of the simulation domain is
shown in Fig. 3. Electric potential and ground boundary conditions
are used on the electrodes, and electric insulation boundary condi-
tion is used on the channel walls and PDMS coating. Since the
mammalian cell membrane is very thin (typically ~nm), it is
extremely challenging to directly model such a thin membrane
structure around a cell. Herein, the membrane is explicitly modeled
by enforcing a boundary condition that satisfies the continuity of

(b)

Microfluidic device
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L4 0]
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FIG. 2. (a) Schematic and (b) photograph of the experimental setup used for the continuous cell lysis experiments.
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FIG. 3. Schematic of the simulation domain, with a 25 um spherical cell placed
inside the fluid domain, located at the center of an adjacent pair of electrodes
and middle of the channel depth.

. . . 42,43
the electric current density across the membrane is asfollows:***

J = own(Vy — Vi)/d, (4)

where o, is the electrical conductivity of the membrane, d is the
membrane thickness, and V; and V; are the electric potentials at the
outer and inner sides of the membrane, respectively. The simulation
parameters such as the different material properties (permittivity and
conductivity) of the cell cytoplasm and the ratio of membrane con-
ductivity to thickness are listed in Table I. Typically, the simulation
domain is divided into five different regions, viz., ground, electrical
potential, PDMS layer, cell, and fluid region. Physics controlled extra-
fine meshing is carried out in all the regions to accurately evaluate
the TMP values from the simulations. The mesh generated for the
3D steady-state simulation consists of 84484 elements with average
element quality of 0.66. There were 6580, 456, and 26 numbers of tri-
angular, edge, and vertex elements, respectively. Equations (1)-(4)
were solved to obtain the transmembrane potential and electric field
distribution across the cell wall, as described in Sec. IV.

IV. RESULTS AND DISCUSSIONS
A. Electrode passivation and transmembrane potential

Electrodes were passivated with a layer of PDMS to prevent
electrode erosion and bubble formation. With 10% n-hexane and
4000 rpm for 60s, the thickness of the PDMS layer measured

scitation.org/journal/bmf

using scanning electron microscopy (SEM) was found to be 18 um
[Fig. 4(a)]. The variation of the PDMS coating thickness with %
of n-hexane and the spin coating speed is shown in Fig. 4(b).
With smaller %n-hexane, the PDMS coating was thicker (>18 um)
and non-uniform even at higher speeds [Fig. 4(c)]. A thicker
PDMS layer prevents cell lysis even at higher voltages [Fig. 4(d)].
For a higher %n-hexane, the thickness of the PDMS layer was
found to be smaller (<18 um) and, therefore, erosion of electrodes
was observed even with a voltage as low as 10 V. Therefore, we
proceed with a passivation layer thickness of 18 um.

Experiments were performed with devices with and without
the PDMS coating on the electrodes. In both cases, the micro-
channel was filled with PBS buffer used for suspending cells.
Without a PDMS coating, when the electrodes were energized
even with a voltage as low as 10 V, we observed bubble formation
(electrolysis) and electrode erosion within 5 min of the start of
operation [Fig. 5(a)]. However, in the device with a PDMS coating
(18 um), even with a voltage as high as 800V, the formation of
bubbles or erosion of electrodes was not observed even after
several hours (>2h) [Fig. 5(b)]. At 10V, the electric field is ~10°
V/m, and without the PDMS coating, such electric fields can
cause electrolysis in an ionic sample leading to gas bubble forma-
tion.””® Besides, the Joule heating effect at the electrodes also
contributes to the bubble formation.”’ The size of the bubbles
formed was found to be proportional to the voltage applied
[Fig. 5(c)]. The bubbles thus formed will interfere not only with
the cell lysis process but also with the intracellular elements such
as the extracted nucleic acids for downstream analysis and mea-
surements. The handling of bubbles and their removal is a critical
challenge in microfluidics*® and thus need to be avoided.
Furthermore, electrochemical reactions at the electrodes resulting
in the formation of ions of PBS lead to the erosion of electrodes
forming metal hydroxides.”” Besides electrochemical reactions,
the generation of tinier of bubbles at the electrodes could lead to
pitting by cavitation and erosion of electrodes. Without passiv-
ation, at a DC voltage of 10V, the electrodes were degraded
within 2-3 min of operation. By passivating the electrode layer
with PDMS coating (18 um thick), first of all, the ionic sample
buffer is isolated from the electrode, thereby preventing electro-
chemical reaction and Joule heating and, therefore, bubble forma-
tion. Furthermore, in the absence of electrochemical reactions, the
electrode erosion problem is also inhibited. However, PDMS
being a dielectric material (of dielectric constant ~2.3-2.8),"* the
effective electric field in the ionic buffer is significantly reduced,
requiring a higher voltage to achieve the required TMP, as dis-
cussed later. At a DC voltage of 800V, the electrodes coated with
PDMS could be safely operated up to several hours of operation
without any sign of degradation.

TABLE I. The values of material properties of different type of cells considered for simulations.

Cell The electrical conductivity of The relative permittivity of The ratio of membrane conductivity to

type cytoplasm, 6. (Sm™") cytoplasm, & thickness, 6,,/d(Sm™2) Reference

MCF 7 0.23 78.69 243 44

HeLa 0.15-0.4 45 244 45
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FIG. 4. (a) Scanning electron microscope (SEM) image of the passivation layer with 10% n-hexane and 4000 rpm. (b) Variation of PDMS coating (passivation layer) thick-
ness with %n-hexane and coating speed. (c) A non-uniform coating of PDMS (in the same glass slide) at a lower percentage of n-hexane (5% n-hexane) at 4000rpm. (d)
The absence of cell lysis (DU 145 cells) even after applying 800 V due to thicker PDMS coating (30 m).

Numerical simulations were performed using the model
described earlier and using the domain shown in Fig. 3. The
potential was varied in the range 100-800 V, with the electrical
conductivity of the buffer to be 1.6 S/m. The width of the channel
is 60 um, and the thickness of the PDMS coating is varied in the
range 0—18 um. The height of the channel was 50 um and 68 um,
respectively, with or without the PDMS coating. In devices with
and without a PDMS layer, at a voltage of 100V, the electric
potential and electric field contours across an x-y plane passing
through the center of the channel are presented in Fig. 6. The
maximum potential is smaller with a 18 um thick PDMS layer

(51 V) as compared to that without the PDMS layer (80 V). The
maximum electric field with the PDMS layer (~10* V/m) is found
to be one order of magnitude smaller compared to the case
without the layer (~10° V/m) due to the dielectric nature of the
PDMS coating.

Typically, the electric field is highly non-uniform above the
electrode arrays with sharp spikes near the edges of the electrodes,
as reported in the literature.””"” We have plotted the variation of
the electric potential and the electric field between the electrodes at
three different z-positions, z=0, 10, and 30 um for both with and
without considering the PDMS (passivation) layer of thickness
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FIG. 5. Experimental images showing (a) bubble formation and electrode erosion of electrodes without PDMS coating, voltage 10V, within 5 min. (b) Bubble formation
and electrode erosion inhibited with PDMS coating of thickness 18 zm, 800V, even after 2 h. (c) The size of bubbles increases (approximately four times) with an increase

in voltage, 100V and 800V, at 10 min.

18 um, as shown in Fig. 7. The adjacent edges of the pair of elec-
trodes are at the locations x=50um and x =90 um, and the gap
between the electrode is 40 um, which is the same as that used in
the experiments. In the present case, with a PDMS layer of 18 um
thickness, our simulations show the sharp peaks near the electrode
edges, at z =0, which is the bottom of the PDMS layer (or the top
of the electrodes) [see Fig. 7(b)]. However, we find that the sharp
peaks disappear and the non-uniformity in the electric field
diminishes as we gradually move away from the electrodes in the
z-direction (depth-wise). As observed in Fig. 7(b), the sharp peaks
disappear even at z= 10 um (which is inside the PDMS layer) and
at z=30um (in the channel region), the electric field (~10° V/m)
is more uniform compared to the case without a PDMS passiv-
ation layer [Fig. 7(c)]. Our simulation results also show a nearly
constant value of electric potential ~390V in the channel (at
z=30um). So, we find that the passivation layer gives rise to a
more uniform electric potential and electric field in the entire
channel region over the electrodes compared to the bare electrode
case (without the passivation layer).

The variation of TMP across a cell of 25 um diameter located
at the center of the channel and the electrodes with applied
voltage for different PDMS coating thickness is presented in
Fig. 7(d). The TMP in the case of the PDMS-coated electrodes is
found to be two orders of magnitude lower compared to the
uncoated electrode case. The TMP at 100 V and thickness 18 um is
found to be ~0.7V, which may lead to reversible electropora-
tion.'**” Furthermore, with the PDMS-coated electrodes, at 100V,
the electric field at the location of the cell is ~10* V/m, whereas
the electric field used in the conventional EL is ~10° V/m. So, to
compensate for the loss of the electric field due to electrode passiv-
ation, a higher voltage needs to be applied. At a voltage of 800V,
the TMP is found to be ~5V, which is well above the threshold

TMP, ensuring complete disintegration of membrane offering effi-
cient cell lysis as discussed later. As compared to a coating thick-
ness of 18 um, for a smaller thickness (10 um), even though the
TMP is higher, the problems of bubble formation and electrode
erosion were observed. PDMS is a porous material (pore size
~1um),” the ionic buffer may permeate through the thin layer
and interface with the electrode causing the above problem. On
the other hand, for a thicker layer of PDMS (30 um), the electric
field effect is suppressed and the field in the ionic fluid region is
smaller and cell lysis is affected. So, we proceed with a PDMS layer
thickness of 18 um for the subsequent studies.

Furthermore, we have predicted the TMP values from the sim-
ulations for two different types of cells (HeLa and MCF7) with
their centers placed at different positions away from the electrodes
along the z-direction (and located at the mid-plane between the
electrodes, i.e., x=70um) and at different positions between the
electrodes along the x-direction (at the middle of the channel along
the x-direction, i.e., z=43 um), as presented in Figs. 8(a) and 8(b),
respectively, which shows less than 5% variation of TMP between
the different types of cells. With the passivation layer, and the
resulting approximately constant (uniform) electric field in the
channel region, we also find that the variation of the TMP of a
given cell, depending on its position in the x- and z- directions,
varies between ~5 and 7V, which is much higher than the refer-
ence critical TMP.

B. Electrical cell lysis in a static condition

We performed EL experiments by dispensing cell sample drop-
lets of volume 104l on the PDMS-passivated electrodes (thickness
18 um) and exposing the cells to electric fields. Cell concentration
was measured using a Neubauer cell counter,”’ and the cell
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wise) for a DC voltage of 100V, (a) without a PDMS layer and (b) with a 18 um thick PDMS layer.

concentrations were kept fixed as follows: 3 x 10* cells/ul for HeLa
cells, 7 x 10° cells/ul for DU 145 cells, 5.3 x 10° cells/ul for MDA
MB 231 cells, and 1 x 10*cells/ul for MCF 7. The bright-field
microscopic images of the cells after exposing them to 100V for 0-
1 s are presented in Figs. 9(a) and SI in the supplementary material.
As observed, upon the exposure of the cells to the electric field,
membrane extrusion and cell enlargement occur [Fig. 9(a-ii)],
leading to cell lysis, as per the mechanism illustrated in Sec. IT A.
The oppositely charged head/tail of phospholipid molecules strongly
attract each other resulting in the reorientation of the phospholipid
molecules, appearing macroscopically as membrane extrusion and
cell enlargement, and give rise to irreversible pore formation thus the
membrane becomes permeable to a liquid medium such as trypan
blue dye. Furthermore, if the cell continues to get exposed to the
high field, the cell membrane disintegrates completely [Fig. 9(a-iii)],
releasing the intracellular content. Lysis efficiency was enumerated

via trypan blue assay after collecting the lysed sample and the lysis
efficiency for all four cell lines was found to be ~90%. To further
confirm the cell lysis, in addition to trypan blue assay, which is a
dead cell dye, the intensity of the tagged cells with a live cell dye (1x
Calcein AM) before and after cell lysis was compared. The confocal
microscope image of the DU 145 cells tagged with 1x Calcein AM
before [Fig. 9(b-1)] and after [Fig. 9(b-ii)] the electrical lysis shows
that the intensity of the cells significantly reduces confirming cell
disintegration and lysis.”*

The EL performance was compared with the conventional
chemical lysis method (as control). For chemical lysis, a mixture
of proteinase K enzyme, 2% tween 20, and Triton x 100 was
used. Upon exposure of the intact cells [Fig. 9(c-i)] to the lysis
mixture, a complete disintegration/rupturing of cells was
observed [Fig. 9(c-ii)], identical to the final stage of the EL. We
demonstrate that our EL method is a suitable alternative to the

Biomicrofluidics 14, 064101 (2020); doi: 10.1063/5.0026046
Published under license by AIP Publishing.

14, 064101-8


https://www.scitation.org/doi/suppl/10.1063/5.0026046
https://aip.scitation.org/journal/bmf

Biomicrofluidics ARTICLE

800
Without PDMS layer
700
—=—z=10 pm
600

—4&—z=30 um

500

400

300

With PDMS
layer ~ 18 um

200

Electrical Potential (V)

——2z=10 pm

100
—¥—2z=30 um

EI'I‘T‘IS (V/m)

scitation.org/journal/bmf

| —=—z=0pm

1.0x10%

— 4.2x10°,
£
£
——2=30pm

40 80 120
x (pm)

8.0x107

6.0x107
4.0x107
2.0x10’

0.0

-2.0x10’ 1 L L L
0

%0 20 40 60 8 100 120 40 (b 20 40 60 80 120 140
) X (um) i) X (pm)
H 1000
8x10’ —A— Oum -9~ 10 um
7x10’ -®- 18um - 30 um
— 6x10 100 -
£ 5 _
> 5x10 s
"o 4x10’ o 10 -
£ =
wr 3x107 =
2x10’
X 3 .
1x10’
0
0 20 40 60 8 100 120 140 0.1 T T r '
(c) x (um) (d) o 200 400 600 800 1000

Voltage (V)
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with applied voltage, for different values of PDMS coating thickness.

standard chemical-based cell lysis procedures. The gel electropho-
resis (GE) results of cellular DNA extracted using EL and the
chemical lysis methods are compared [Fig. 9(d)]. In both cases,
the extracted cellular content was not treated/purified and was
used after a delay of 20 min (handling time). We see that the gel
electrophoresis of cellular DNA extracted using chemical lysis is
smeared. The smeared image is attributed to the degradation of
the DNA sample in the absence of treatment due to the interfer-
ence of the chemicals (lysis mixture) during the time interval
between lysis and GE. On the other hand, we observed a narrow
band in the case of electrical lysis due to the absence and interfer-
ence of any chemical, indicating effective extraction of intracellular

molecules from mammalian cells, comparable to the chemical lysis
method. Furthermore, the electrical lysis technique performed here
is faster (within 1.0s) than conventional chemical lysis, which
takes 20 min of incubation time and does not require the addition
of any reagent that could interfere with downstream analysis.

C. Continuous flow electrical lysis using the
microfluidic device

The above study showed that at a minimum voltage of 100V,
the cells need to be exposed to an electric field for a duration of
~1.0's to achieve >90% lysis efficiency, which we implemented in
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FIG. 9. The bright-field microscopic images of (a) DU 145 cells after exposing to 100V, with the electrodes coated with PDMS of 18 um thickness during the 1's period
(a-i) normal DU 145 cells, (a-ii) t=0.5's, (a-iii) t=1.0's, (b) comparison of a confocal microscope image of the DU 145 cells tagged with 1x Calcein AM before (b-i) and
after (b-ii) electrical lysis, showing intensity degradation after cell lysis. (c) Normal DU 145 cells (i) and chemical lysis of DU 145 cells (i), and (d) comparison of gel electro-
phoresis of DNA extracted using chemical and electrical lysis methods.
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FIG. 10. (a) The bright-field microscopic images of electrical lysis of DU 145 cells at 100V and 800 V and flow rates 0.3 and 1.0 ul/min (see video in the supplementary
material). (b) The variation of lysis efficiency of DU 145 cells with voltage, 100V and 800V, at different flow rates; the inset shows the variation of the lysis efficiency at

various applied voltage at a fixed flow rate of 0.3 ul/min.

the continuous flow microfluidic device. The effect of applied
voltage and flow rate on the cell lysis efficiency was studied by
varying the voltage in the range 100-800 V and the flow rate in the
range 0.3 to 1.0ul/min. At a flow rate of 0.3, 0.5, 0.7, and 1.0 ul/
min, considering the channel cross section 60 x 50um and elec-
trode region of width 1.2 mm, the residence times of the cells in
the electrode region are 0.72's, 0.43 s, 0.30 s, and 0.21 s, respectively.
Continuous lysis of the four different cell lines (HeLa, DU 145,
MDA MB 231, and MCF 7) was demonstrated and the cell lysis
efficiency was obtained from the Trypan blue assay-based image
analysis. The cell count in the sample at the device inlet and the
number of viable vs lysed cells in the sample collected from the
device outlet were obtained using a Neubauer cytometer. The
microscopic images of EL of the different cells at the applied poten-
tial of 100 V and 800V at flow rates 0.3 and 1.0 4l/min are pre-
sented in Fig. 10(a) (see video in supplementary material) and
Fig. S2 in the supplementary material.

The variation of lysis efficiency of the different cells at dif-
ferent flow rates (0.3-1.0 ul/min) at two different voltages (100 V
and 800 V) is presented in Fig. 10(b). The results show that at a
fixed voltage, the lysis efficiency decreases with an increase in
the flow rate, which can be due to a decrease in the residence
time of cells in the high electric field region. At a higher flow
rate, the cells moving faster at the center of the channel may not
stay long enough in the high electric field region for the

formation of irreversible pores and therefore the lysis efficiency
decreases with an increase in the flow rate. The variation of lysis
efficiency with the applied voltage at a fixed flow rate of 0.3 ul/
min is presented in the inset of Fig. 10(b). The results show that
the lysis efficiency increases with an increase in the applied
voltage. Since there is a small spatial variation of the electric
field and TMP in the z-direction [Fig. 8(a)], at a smaller voltage,
the cells flowing far away from the channel wall have a smaller
TMP and, therefore, do not get lysed resulting in a lower lysis
efficiency. At higher voltages, throughout the channel cross
section, the cells have higher TMP and are efficiently lysed
giving a higher lysis efficiency. Furthermore, at 100V, we
observe a significant drop in the lysis efficiency when the flow
rate is increased from 0.7 to 1.0 #l/min, which can be attributed
to the coupled effect of a lower TMP and shorter residence time.
Our results show that an applied voltage of 800 V and a flow rate
of 0.3 yl/min, i.e., an electric field of 4 x 10° V/m, and residence
time of 1.0's, provide excellent lysis efficiency (~98%). Table II
summarizes the lysis efficiency of the different cell lines at the
maximum and minimum flow rates (0.3 4l /min and 1.0 ul /min)
and voltages (100 V and 800 V) used.

The four different types of cells, HeLa, MDA MB 231, MCF 7,
and DU 145 were lysed in the microfluidic device, the DNAs from
the crude cell lysate were purified with Qiagen filters (Qiagen,
Germany) and further analyzed and quantified using the agarose
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TABLE Il. Summary of the lysis efficiency and throughput of the different cell lines at maximum and minimum flow rates (0.3 ul/min and 1.0 ul/min) and voltages (100 V and

800 V) used in the experiments.

HelLa DU 145
Lysis efficiency (%) Lysis efficiency (%)
Voltage 0.3 ul/min 1.0 ul/min DNA concentration (ng/ul) 0.3 ul/min 1.0 ul/min DNA concentration (ng/ul)
100V 83 50 41 84 56 143
800V 98 80 98 80
MDA MB 231 MCE 7
Lysis efficiency (%) Lysis efficiency (%)
Voltage 0.3 ul/min 1.0 #l/min DNA concentration (ng/ul) 0.3 ul/min 1.0 #l/min DNA concentration (ng/ul)
100V 80 55 133 87 60 141
800V 98 85 98 89
(a) Hela (b) MDA MB 231 (c) MCF 7 (d)DU 145
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FIG. 11. Gel electrophoresis (GE) images of DNA extracted from (a) HelLa, (b) MDA MB 231, (c) MCF 7, and (d) DU 145 cells after electrical cell lysis using the microflui-
dic device at an applied potential of 800 V and flow rates 0.3 ul/min, for each type of cells; comparison with cell lysis using the chemical lysis method is also presented.
The above images in (a)—(d) were obtained using four separate GE experiments.
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gel electrophoresis (GE) method (Fig. 11). The GE images of the
DNAs obtained from EL are compared with the GE image obtained
from the conventional enzymatic chemical lysis (control) and the
standard ladder (1Kb Gene ruler Ladder). The concentrations of the
extracted DNAs were determined by comparing with the standard
graphs using Image] software and the final concentrations were
measured approximately as 41 ng/ul for HeLa, 133 ng/ul for MDA
MB 231, 141 ng/ul for MCF 7, and 143 ng/ul for DU 145 cells. The
DNA concentrations obtained from the GE method for the different
cell lines are presented in Table II.

V. CONCLUSIONS

Herein, we reported continuous electrical lysis (EL) of four dif-
ferent cancer cell lines in a microfluidic device integrated with an
array of passivated interdigitated electrodes. By passivating the elec-
trodes with a thin layer (~18 um) of PDMS, we were able to avoid
two important problems that occur during EL: bubble formation
(electrolysis) and electrode erosion. We carried out numerical simu-
lations to predict the transmembrane potential (TMP) and ensure
that TMP is above the critical value (~1.0 V) required for efficient
EL. Our simulation results predicted that the PDMS passivation
layer gives rise to a uniform electric field in the electrode region and
provides a TMP in the range of 5-7V at an applied voltage of
800V, which is well above the critical TMP (~1 V) required for EL.
The effect of the flow rate and voltage on the cell lysis efficiency was
studied, which showed that the cell lysis efficiency decreases with an
increase in the flow rate and decrease in the voltage, which was
explained in terms of the residence time and depth-wise variation of
TMP, respectively. The EL was verified using microscope imaging of
cells that showed membrane protrusion and cell enlargement, live
and dead cell assays, and confocal imaging. Comparison of gel elec-
trophoresis results of DNA extracted using electrical and chemical
cell lysis (CL) showed clear advantages of electrical lysis in terms of
speed (~seconds in EL vs >20 min for CL) and stability of the
extracted DNA due to the absence of lysis chemicals that may
adversely affect downstream analysis. Using the device for continu-
ous EL of cells at 800 V (electric field 4 x 10° V/m) and a flow rate
of 0.3 ul/min (residence time of ~1.0's), the lysis efficiency is found
to be 98%. The extracted DNAs were analyzed using agarose gel
electrophoresis that showed efficient recovery of genomic DNA,
indicating the suitability of the EL method for downstream analysis.
The EL method proposed here has great potential in the develop-
ment of on-chip for ultrasensitive genetic analysis.

SUPPLEMENTARY MATERIAL

See the supplementary material for device fabrication and
bright-field microscopic images of EL of different cells, and a video
of the on-chip cell lysis.
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