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a b s t r a c t

Electroporation is used for cancer therapy to efficiently destroy cancer tissues by transferring anticancer
drugs into cancer cells or by irreversible tumor ablation without resealing pores. There is growing in-
terest in the electroporation method for the treatment of lung cancer, which has the highest mortality
rate among cancers. Improving the cancer cell selectivity has the potential to expand its use. However,
the factors that influence the cell selectivity of electroporation are debatable. We aimed to identify the
important factors that influence the efficiency of electroporation in lung cells. The electro-
permeabilization of lung cancer cells (H460, A549, and HCC1588) and normal lung cells (MRC5, WI26 and
L132) was evaluated by the transfer of fluorescence dyes. We found that membrane permeabilization
increased as cell size, membrane stiffness, resting transmembrane potential, and lipid cholesterol ratio
increased. Among them, lipid composition was found to be the most relevant factor in the electropo-
ration of lung cells. Our results provide insight into the differences between lung cancer cells and normal
lung cells and provide a basis for enhancing the sensitivity of lung cancers cells to electroporation.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

The electroporation technique utilizes high-magnitude electric
pulses to induce cell membrane permeability [1]. This technique is
used for tumor therapy to efficiently destroy cancer tissues by
transferring anticancer drugs into cancer cells or by irreversible
tumor ablationwithout resealing pores [2]. Electrochemotherapy is
currently used in many cancer centers as a safe and efficient
method, and the use of calcium instead of anticancer drugs is being
investigated in clinical trials to reduce side effects [3]. Irreversible
electroporation has been used in clinical settings since 2008,
especially for the treatment of locally advanced pancreatic cancer,
, kybaik@kw.ac.kr (K.Y. Baik).
and demonstrates suitable safety and palliation [4,5]. For both ap-
proaches, cancer cell selectivity to electric pulses can improve the
safety of electroporation as a therapeutic tool.

There is debate regarding the factors that influence cell selec-
tivity of electroporation. Some studies have indicated that the
viability of cells after electric pulse applications is largely depen-
dent on cell types whereas the electropermeabilization is not [6,7].
However, other reports have suggested that there is selectivity
between cancer and normal cells [8e11]. Pore size and density are
dependent on the applied electric field strength, pulse duration,
and pulse number. Additionally, physical properties of target cells,
such as cell size, mechanical properties, and electrical properties
are important. In the simplest mechanical model that considers the
lipid membrane as a uniform isotropic capacitor, cell size is the
main determinant of the effect of electroporation [11e13]. How-
ever, experimental results have shown that there should be other
factors which are more powerful than cell size [7]. Mechanical
factors, such as membrane stiffness or fluidity, were reported to
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Fig. 1. Schematic diagram of the application of electric pulses to adherent mammalian
cells. Electric pulses with durations of 100 ms at intervals of 100ms were serially
applied 8 times.
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affect the size of pores and the resealing time [14]. Electrical factors,
such as the resting transmembrane potential difference (TMP),
affect the threshold voltage and induce anisotropic electroporation
[15e17]. The cholesterol content could also explain differences in
susceptibility [18,19].

In this study, we investigated the correlation between cellular
physical factors and electroporation efficiency. Briefly, electropo-
ration efficiency was assessed by membrane permeabilization
based on the fluorescence intensity of propidium iodide (PI) in cells,
as determined by flow cytometry. We examined six human lung
cell lines, including three cancer cell lines (H460, A549, and
HCC1588) and three normal cell lines (MRC5, WI26, and L132).
Since lung cancer has the highest mortality rate among cancers
worldwide, it is necessary to develop efficient treatment methods,
and there is growing interest in the electroporation method, which
induces a weak immune response [20]. Cell size, membrane stiff-
ness, resting TMP, and membrane composition of these cells were
analyzed separately. The relationships between these properties
and the efficiency of electroporation were examined, followed by
discussion on the underlying mechanisms.

2. Materials and methods

2.1. Cell culture

Human lung cell lines were purchased from the Korean Cell Line
Bank and maintained in DMEM (LM001-05; Welgene) supple-
mented with 10% FBS (A1500; RDTech) and 1% antibiotics (LS203-
01; Welgene) at 37 �C in a humidified environment with 5% CO2. At
24 h before the experiments, 2� 105 cells were seeded in a Petri
dish (35mm in diameter). MRC5 and WI26 are fibroblast cell lines
and the other four lines are of epithelial origin. H460 and A549 are
carcinoma cells and HCC1588 is a squamous cancer cell line.

2.2. Electroporation procedure

To apply a certain electric field to cells on the dish, we used
specially designed electrodes composed of parallel plates with gaps
of 2.5mm, as shown in Fig. 1. These parallel metal plates were
coated with gold to avoid toxic metal ions from electrochemical
reaction. Electroporation was performed in 1ml of serum-free
DMEM containing 50 mg/ml propidium iodide (PI; P4170, Sigma).
Rectangular direct current pulses of 100 ms were sequentially
applied 8 times at intervals of 100m s with electric field strengths
of 200, 300, 400, 500, 600, and 700 V/cm using a pulse generator
(ECM 830; BTX.). Cells were then incubated for 5min to allow the
transfer of PI into cells through pores made. Then, adherent cells
were washed three times with DPBS (LB001-02, Welgene) to
eliminate extracellular PI. To quantitatively measure the PI fluo-
rescence intensity per a cell, cells were harvested using 0.25%
trypsin and washed three times with DPBS. Then, trypsinized cells
were suspended in DPBS solution and analyzed by flow cytometry
(BD FACSVerse™).

2.3. Flow cytometry

Cells were suspended in DPBS solution and the sheath flow was
controlled to make the number of about 200 cells per second. Cells
were gated by their forward scattering (FSC) and side scattering
(SSC) as shown in Fig. 2(a). Voltage of PMT was controlled to make
the control fluorescent intensity near 103.104 cells in the gate were
analyzed for one measurement, and the mean value was analyzed
by BD FACSUITE Software. Forward scattering values obtained by
flow cytometry were used to calculate cell sizes. The relative fluo-
rescence intensity of each group to control was expressed as a ratio
value. TheMFI (mean fluorescence intensity) of PI was calculated as
follows. Experiments were repeated four times.

Relative PI MFI ¼ ðMFISAMPLE �MFICONTROLÞ=MFICONTROL

Normalized PI MFI ¼ ðMFISAMPLE �MFICONTROLÞ=
�ðMFISATURATED �MFICONTROL Þ

2.4. Measurement of membrane stiffness

Nano-indentation by atomic force microscopy (AFM; MFP-3D;
Asylum Research Inc.) was used to calculate the cell membrane
stiffness. V-shaped silicon nitride cantilevers (PMCL-TR800PB)
were used with a regular four-sided pyramidal tip of open angle
q¼ 35�. The spring constant was measured as k¼ 476.83 fN/nm, by
analyzing the thermal resonant vibration. The deflection versus
distance was calibrated by recording force curves of the cantilever
on the bare cover glass in DPBS. Since cells have non-symmetric
shape, the indentation measurement was applied only on the nu-
cleus region of cells. Choosing this nucleus region has less effect
from surface curvature and the bottom substrate. Cells that were
cultivated on the cover glass (Mariendfeld GmbH & Co.KG in Ger-
many) were placed under the cantilever, and the end of tip of
cantilever was exactly positioned over the cell nucleus region using
micromanipulator. Young's modulus was obtained by least square
analysis with the Poisson ratio of 0.5 by Hertz model.

2.5. Patch clamp method

Patch clamp method was used to directly measure the resting
trans-membrane potential difference. Cells were precipitated and
bathed in a sag recording chamber (0.7ml) with oxygenated
extracellular recording solution containing (in mM): 126 NaCl, 26
NaHCO3, 5 KCl, 1.2 NaH2PO4, 2.4 CaCl2,1.2MgCl2, and 10 glucose at a
rate of 3e5ml/min. The recording pipettes (PG52151-4; World
Precision Instruments) were pulled by a two-step heat puller (PC-



Fig. 2. Electropermeabilization of three human lung cancer cell lines (H460, A549, and HCC1588) and three human lung normal cell lines (L132, WI26, and MRC5). (a) Cells were
gated by their FSC and SSC values. (b) Distributions of PI-MFI after the application of electric pulses of different voltages. (c) PI MFI relative to each control. (d) Normalized PI MFI
relative to each cell. (e) Average normalized PI MFI of three normal and three cancer cells at 300 V/cm (*: P < 0.05).
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10; Narishige) and filled with K-gluconate-rich solution composed
of the following (in mM): 135 K-gluconate, 5 KCl, 20 HEPES, 0.5
CaCl2, 5 EGTA, and 5 ATP-Mg. Its pH was adjusted with KOH to
7.2e7.3 (liquid junction potential, �14.4mV). The cells were
selected and the resting membrane potential was recorded in the
whole-cell current-clamp configuration through an Axopatch 200B
(Axon Instruments, Foster City, CA). All signals were filtered at
1 kHz and digitized at 20 kHz (Digidata 1200B, pClamp 8 software;
Axon Instruments) [21].
2.6. 1H NMR spectroscopy

The lipid composition was measured by 1H NMR analysis. The
total lipids were extracted by the chloroformemethanol method
[22] and the samples were dissolved in CDCl3 solvent. 1H NMR
spectra were recorded on a Bruker AVANCE 600MHz spectrometer.
Chemical shifts are reported in ppm from tetramethylsilane, with
the solvent resonance as internal standard (CDCl3: d 7.27 ppm). The
NMR spectra are assigned with reference to the NMR lipid database
[23].
2.7. Statistical analysis

Means and standard deviations were calculated. All of the ex-
periments were repeated more than three times, and the standard
deviations were plotted in the graph. An unpaired two-sided Stu-
dent's t-test was performed by Excel, and it was considered sta-
tistically significant when P < 0.05 (*). The correlation coefficients
were calculated as follows (HCC1588 cells were excluded, since the
PI MFI value was too low compared to those for the other cell
types):

rX;Y ¼ CovðX;YÞ
sXsY

3. Result and discussion

Fig. 2(b) shows the distribution of cell counts for each condition.
The peaks shifted to a higher PI MFI as the applied electric field
increased. Fig. 2(c) shows that the relative PI MFI increased
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according to the applied electric field strength for all cell lines. To
normalize the results, the baseline MFI at 0 V/cm was set to 0 and
the highest MFI at 700 or 800 V/cmwas set to 1. Fig. 2(d) shows the
normalized MFI values for the six cell lines. Fig. 2(c) and (d) show
that the threshold voltages for membrane permeabilization by
electric pulses did not differ substantially among the cells. Most
cells showed an increase in MFI near 200 V/cm. However, cancer
cell lines (shown as white dots in Fig. 2) had slightly weaker MFIs
than normal cell lines (black filled dots) at a low electric field.
Fig. 2(e) shows that the MFI at 300 V/cmwas significantly different
between cancer and normal cells. Unfortunately, the PI MFI was
lower in cancer cells than in normal cells, indicating that the
electroporation efficiency is lower in lung cancer cells.

To determine the factors that contribute to the differences in
efficiency, we analyzed various physicochemical properties,
including the cell size, membrane stiffness, resting TMP, and lipid
membrane composition. All values were normalized to the average
value for normal cells. Fig. 3(a) shows an optical image of each cell
during cantilever-based AFM nano-indentation. There was varia-
tion in cell shapes and sizes. Since it was difficult to precisely
measure cell sizes by microscopy, flow cytometry was used to
examine cells that detached from the surface. Though cell shape on
the flat surface was much different each other, we postulated that
the height and length of cells could be determined by their innate
volume. Fig. 3(b) shows that cancer cells were slightly smaller than
normal cells in the forward scattering analysis based on the shadow
area when cells flew through a laser spot. Fig. 3(c) summarizes
membrane stiffness for normal and cancer cells. Membrane stiff-
ness was significantly weaker for cancer cells than for normal cells.
Fig. 3. Physical parameters for six lung cell lines and differences between normal and ca
approach. (b) 1H NMR spectroscopy of lipids extracted fromwhole cells. (c) Average size of n
(e) Average trans-membrane potential of normal and cancer cell lines. (f) Average ratio of
1.0 ppm were calculated (*: P < 0.05).
The adhesion property of cells may affect these measurements. As
summarized in Fig. 3(d), the resting TMP was slightly lower in
cancer cells than in normal cells, but there were large differences
among cells. Fig. 3(e) shows that the lipid compositions of cells
were nearly identical. However, when each peak area was
normalized to the total peak area, we found that the ratio of
cholesterol at d¼ 0.7 ppmwas lower in cancer cells than in normal
cells (Fig. 3(f)) [24].

Interestingly, all measured factors had a tendency similar to that
of the normalized PI MFI shown in Fig. 2(e). Lung cancer cells had a
slightly smaller size, significantly lower membrane stiffness,
slightly lower resting TMP, and significantly lower cholesterol ratio.
H460 and A549 are non-small-cell lung carcinoma cells, which are
known to have small nuclei [25]. This may explain the slightly
smaller cell size. A lower membrane stiffness and lower resting
TMP are general cancer phenotypes [26,27]. A low cholesterol ratio
is a unique property of lung cancer cells, distinct from other cancer
types [28,29]. Since the trends of all the parameters were similar to
that of the normalized PI MFI, it is difficult to identify the major
determinants of the efficiency of electroporation. To identify sig-
nificant determinants of the efficiency of electroporation, we
plotted values for (1) cell size, (2) membrane stiffness, (3) resting
TMP, and (4) cholesterol ratio, against the normalized PI MFI for
each cell, as shown in Fig. 4. The correlation coefficients were
calculated and inserted in the graphs. As expected, all four factors
were positively correlated with normalized PI-MFI (Fig. 4(aed)).

We selected an NMR peak value at 5.2 ppm, which represented
double bonds in the fatty acid chain. The normalized peak area to
the total area did not differ between cancer and normal cell lines.
ncer lung cell lines. (a) Optical microscopy of each cell line using an AFM cantilever
ormal and cancer cell lines. (d) Average cellular stiffness of normal and cancer cell lines.
cholesterol to whole lipids of normal and cancer cell lines. The peak areas at 0.7 and



Fig. 4. Correlation coefficients for the relationships between normalized PI MFI and
physical factors. The means and standard deviation were used; (a) cell size, (b)
membrane stiffness, (c) trans-membrane potential, (d) cholesterol ratio, (e) ratio of
double bonds in fatty acid chain. (f) The correlation coefficients were plotted according
to applied electric field (*: P < 0.05).

H.B. Kim et al. / Biochemical and Biophysical Research Communications 517 (2019) 703e708 707
However, there was a negative relationship with normalized PI-MFI
(Fig. 4(e)). Membrane stiffness had the lowest and relative
cholesterol had the highest correlation coefficient. Since correlation
coefficients of less than þ0.8 or greater than �0.8 are not consid-
ered significant, only lipid composition had a significant relation-
ship with electroporation efficiency. To confirm these relationships
at other applied electric fields, we repeated the analyses at 300,
400, and 500 V/cm, where PI MFI values were under saturation.
Fig. 4(f) shows the correlation coefficients according to field
strength. Relative cholesterol values exhibited the highest corre-
lations in all cases, and the coefficients for membrane stiffness and
cell size did not change according to the applied electric field.
Interestingly, the coefficients for resting TMP and double bond ratio
decreased as the applied electric field increased.

The low correlation between cell size and PI MFI implies that the
simple lipid vesicle model of a cell is not sufficient. Inconsistent
results regarding the role of cell size in electroporation have been
reported. As predicted by a simple mechanical model, a study has
shown that cell size is a determinant of the electroporation effi-
ciency for three-dimensional hydrogel cell culture [11]. However,
another report has shown that cell size has no relationship with the
electroporation of trypsinized cells [7]. Our experiments were
executed in two-dimensional adhesion states, so the effect of size
can be different. Additionally, our experimental analysis is expected
to have large errors because cell size measurements were not ob-
tained when cells were attached to the substrate. The effects of size
or morphology should be investigated further in a tissue model to
make it close to the actual medical situation.

The resting TMP had a slightly higher correlation with MFI, but
the correlation was not significant. Previous experimental studies
have shown that there is no relationship between resting TMP and
fluorescent molecule transfer through the membrane [30]. How-
ever, the change in the correlation according to the external applied
electric field confirms that the resting TMP affected the threshold
voltage. As the induced TMP caused by externally applied electric
pulses is superimposed on the resting TMP of the cell, the side of
the cell facing the anode is hyperpolarized, while the side facing the
cathode is depolarized [31]. This implies that the resting TMP can
affect the threshold voltage that triggers electroporation, especially
when the induced TMP is close to the threshold voltage [32].

The least correlated factor, membrane stiffness measured by
AFM, generally reflects the stiffness of actin filaments under the
membrane. Previous studies have reported that actin fibers are
disrupted and reorganized by electric pulses and that apoptosis and
necrosis in response to electric pulses decrease when actin is dis-
rupted [33,34]. Some studies have indicated that cytoskeletons play
a role in electroporation by expediting pore resealing [35,36].
However, the effect of actins on electropermeabilization itself was
not strongly highlighted, whichmight have little relationship as our
data show.

Other factors, including the cholesterol ratio and double bond
ratio in fatty acids, are related to membrane fluidity, a mechanical
property of a cell membrane. A high cholesterol ratio makes the
membrane stiffer, and a high double bond ratio in fatty acids makes
the membrane more fluidic [37]. There are conflicting findings
regarding the effect of membrane fluidity on electroporation. On
the one hand, the exposure of cells to low temperature or to
chemicals inducing disorder increased the voltage required for
successful electroporation [18,38,39]. On the other hand, cells with
less fluid membranes were permeabilized at lower voltages than
those of cells with more fluid membranes [14]. Our experimental
results suggest that less fluid membranes (high cholesterol and low
double bond contents) are more easily electropermeabilized. This
result is not consistent with those of a previous study in which a
chemical was used to remove cholesterol [18]. It could be lung
tissue-specific, since cholesterol has a special role as a surfactant in
the lung [40]. The electric field dependency of the double bond
ratio implies that cholesterol and double bond ratios are involved
via different mechanisms. Compared with changes in the overall
lipid composition, the membrane domain structure is likely more
responsible for the observed differences in electroporation
behavior [41].

In summary, we identified determinants of the efficiency of
electroporation in lung cells by analyzing the correlations between
physicochemical properties of cells and electropermeabilization of
a fluorescent dye. We found that the electroporation efficiency
increased as cell size, membrane stiffness, resting TMP, and
cholesterol level increased. Actually, the effect of each factor could
not be analyzed by a simple comparison, because electro-
permeabilization was not determined by one factor as our analysis
showed. The combination analysis of factors or the experimental
regulation of factors should be necessary for more clear under-
standing of the effect of each factor. Although our analysis does not
cover such tries, we can figure out the relative influence of each
factor on electroporation in lung cells. Our findings suggest that the
modulation of these factors is expected to enhance the efficiency or
selectivity of electroporation in lung cancer cells that are less
sensitive to applied electric pulses on its own.
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