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Calcium electroporation is a novel anti-cancer treatment investigated in clinical trials. We explored
cell sensitivity to calcium electroporation and electroporation with bleomycin, using viability assays
at different time and temperature points, as well as heat calorimetry, lipidomics, and flow cytometry.
Three cell lines: HT29 (colon cancer), MDA-MB231 (breast cancer), and HDF-n (normal fibroblasts)
were investigated for; (a) cell survival dependent on time of addition of drug relative to electroporation
(1.2 kV/cm, 8 pulses, 99 µs, 1 Hz), at different temperatures (37 °C, 27 °C, 17 °C); (b) heat capacity
profiles obtained by differential scanning calorimetry without added calcium; (c) lipid composition by
mass spectrometry; (d) phosphatidylserine in the plasma membrane outer leaflet using flow cytometry.
Temperature as well as time of drug administration affected treatment efficacy in HT29 and HDF-n
cells, but not MDA-MB231 cells. Interestingly the HT29 cell line displayed a higher phase transition
temperature (approximately 20 °C) versus 14 °C (HDF-n) and 15 °C (MDA-MB231). Furthermore the HT29
cell membranes had a higher ratio of ethers to esters, and a higher expression of phosphatidylserine in
the outer leaflet. In conclusion, lipid composition and heat capacity of the membrane might influence
permeabilisation of cells and thereby the effect of calcium electroporation and electrochemotherapy.
Electroporation describes the use of brief electric pulses to transiently permeabilise cell membranes allowing
uptake of otherwise impermeant molecules1. The common feature of electroporation-based therapies is permeabilisation of the cell membrane by application of electrical pulses thereby inducing an electric field that exceed the
transmembrane potential of the plasma membrane.
Electroporation based therapies, utilized as anticancer treatments, include gene therapy2,3, irreversible electroporation4, and electrochemotherapy5,6.
In electrochemotherapy tumor cells are permeabilised by electroporation thereby enhancing their uptake of
chemotherapeutic drugs (primarily bleomycin and cisplatin are used)1. Electrochemotherapy is currently in use
in many cancer centers as a safe and efficient treatment of cutaneous and subcutaneous metastases7–10. The use of
electrochemotherapy for treatment of internal tumors is currently being investigated in clinical trials11–16.
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Calcium electroporation is a novel anti-cancer treatment where supraphysiological doses of calcium are
internalized by electroporation causing cell death17. The usage of calcium instead of chemotherapeutic drugs
presents several advantages: it is non-mutagenic, has a long durability, medical professionals other than oncologists can administer it, and setting aside the cost of electrodes and electroporator it is inexpensive17–20. The low
cost of treatment, provided affordable electrodes and electroporator are available, is specifically advantageous
considering that up to 80% of cancers occur in low-income and middle-income countries21. Preclinical investigations of calcium electroporation suggest that calcium electroporation causes cell death associated with acute
ATP-depletion17,22 and that the treatment can be performed using the same electroporation parameters as applied
in electrochemotherapy23 and other electroporation parameters24. Importantly calcium electroporation, like electrochemotherapy, shows a difference in sensitivity between normal and malignant cells in vitro25–27 and in vivo28,
which might be explained in part by differences in membrane repair capacities29. The first clinical trial on calcium
electroporation was recently published20 with studies on head and neck cancer and keloids now completed.
The time of pore closure after electroporation has been investigated in vitro30–32 and in vivo33 and a window of
uptake both pre- and post-pulse is described for several molecules including CrEDTA34 and bleomycin5 but not
for calcium. Permeability of a membrane describes the membrane’s ability to allow passage of molecules from the
exterior to the interior of the membrane and vice versa. The plasma membrane is a dynamic structure and its permeability is affected by membrane composition, temperature, and the concentrations of among others anesthetics
and calcium35,36. Calcium is known to also affect resealing of a damaged membrane37,38 and to influence the melting transition of cell membranes35. As calcium electroporation may find importance in the clinic, we decided to
investigate optimal temperature and time of administration of calcium in relation to electroporation, comparing
with bleomycin electroporation as control.
We therefore designed a study to investigate (1) the optimal time of calcium addition relative to electroporation in three different cell lines, (2) a possible temperature dependence, and (3) characteristics of these cell lines
using lipid composition analysis by mass spectrometry (lipidomics), differential scanning calorimetry, and flow
cytometric analysis.
As described, we compared calcium electroporation to bleomycin electroporation to investigate possible
differences in the dependency of drug administration before and after electroporation as well as temperature.
Moreover, the combination of calcium and bleomycin was investigated to examine if addition of calcium would
change the effect of bleomycin, as evidenced by alteration of the cytotoxic effect of bleomycin.

Results

Influence of temperature and time of drug administration on calcium electroporation, bleomycin electroporation and calcium-bleomycin electroporation. Each cell line was treated with calcium

electroporation and bleomycin electroporation. As an effect of calcium on the permeability of the membrane, this
could potentially alter bleomycin toxicity, why the combination of both drugs with electroporation (calcium-bleomycin electroporation) was also investigated (Fig. 1).
Drugs were added at five different time points relative to electroporation, which took place at 37 °C, 27 °C
and 17 °C. Because the cells were only exposed to experimental temperatures for 5 minutes prior to treatment,
the effect of temperature on the lipid metabolism of the cells is disregarded. Calcium was added to a final concentration of 5 mM and bleomycin to a concentration of 10 µM, which are doses used in the literature for in vitro
studies17,23. The treatment effect was assessed by measuring cell viability and a low viability equaled a high treatment effect. Results from four different negative control conditions are shown in Supplementary Fig. S1. Limited
effects were observed after treatment with drug alone or electroporation alone compared with untreated controls
in all cell lines at all tested temperatures. Treatment with calcium alone resulted in 88–119% viability, treatment
with calcium and bleomycin resulted in 86–113% viability, treatment with bleomycin alone resulted in 80–104%
viability, and electroporation alone resulted in 70–88% viability, which correlate with previous studies on these
cell lines39.
The colon cancer cell line (HT29). Figure 1 (top, left graph) shows results from treatment of the HT29 cell line
with calcium electroporation demonstrating that treatment efficacy was influenced by temperature and time of
calcium addition relative to electroporation.
A dependency on time of calcium addition was observed for calcium electroporation at all three temperatures.
When adding calcium 5 minutes before electroporation treatment effect was significantly greater than when adding calcium 30 or 60 seconds after electroporation regardless of treatment temperature being 37 °C (p < 0.05),
27 °C (p < 0.05), or 17 °C (p < 0.0001).
A statistically significant difference in treatment effect between the 3 temperatures was only found at one of
the investigated time points; addition of calcium at 30 seconds after electroporation resulted in treatment effect
that was significantly lower at 17 °C than at 27 °C (p < 0.05). Importantly, there was no difference in treatment
effect between the 3 temperatures, when calcium was added before electroporation (Fig. 1, top, left graph).
The effect of bleomycin electroporation (Fig. 1, top, right graph) was only significantly influenced by time of
drug administration, when bleomycin was added 30 seconds after electroporation instead of 5 minutes before
at 17 °C (p < 0.05). Surprisingly, when adding bleomycin 5 minutes before electroporation, treatment effect was
significantly lower at 37 °C than at both 27 °C and 17 °C (p < 0.005).
Treatment of the HT29 cell line with calcium-bleomycin electroporation (Fig. 1, top, middle graph) generated
results similar to those from treatment with calcium electroporation showing that time of drug administration
and temperature influenced treatment efficacy. Addition of calcium and bleomycin 5 minutes before electroporation resulted in significantly higher treatment effect than addition of calcium and bleomycin at 15, 30, or
60 seconds after electroporation regardless of treatment temperature being 37 °C (p < 0.005), 27 °C (p < 0.05), or
17 °C (p < 0.0001).
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Figure 1. Electroporation treatment of three cell lines. HT29 (human colon cancer; top panel), MDA-MB231
(human breast cancer; middle panel) and HDF-n (human dermal fibroblast; bottom panel) treated with calcium
electroporation (left), calcium-bleomycin electroporation (middle), and bleomycin electroporation (right).
Drug was added at different time points relative to electroporation and experiments were performed at different
temperatures (37 °C, 27 °C, and 17 °C). On the HT29 cell line treatment effect of calcium electroporation or
calcium-bleomycin electroporation was dependent on temperature and time of drug administration whereas
treatment effect of bleomycin electroporation was independent on time of addition but showed dependency
on temperature when bleomycin was added before electroporation. Treatment at 27 °C resulted in highest
treatment effect for this cell line. Treatment of MDA-MB231 showed neither temperature nor time of addition
dependency for any of the treatments investigated. On the HDF-n cell line treatment effect of calcium
electroporation or calcium-bleomycin electroporation was dependent on time of drug administration and
on temperature whereas treatment effect when treating with bleomycin electroporation was independent on
temperature and time of drug administration. Treatment at 37 °C resulted in lowest survival for this cell line.
Results from control samples are shown in Supplementary Fig. S1. Mean + SD, n = 5–8, each performed as
individual experiments. Obvious outliers have been removed from the data set. Statistical comparisons (twoway ANOVA) are described in the results section.
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The breast cancer cell line (MDA-MB231). The treatment effect on the MDA-MB231 cell line was independent
of both temperature and time of drug administration for calcium electroporation, bleomycin electroporation, and
calcium-bleomycin electroporation (Fig. 1, middle panel).
The normal dermal fibroblast cell line (HDF-n). Results from treatment of the HDF-n cell line with calcium
electroporation (Fig. 1, bottom, left graph) showed that treatment effect was dependent on temperature and, at
37 °C also on time of calcium administration. At 37 °C, the treatment effect decreased significantly when calcium
was added 60 seconds after electroporation compared to addition of calcium 5 minutes before electroporation
(p < 0.05). When calcium was added before electroporation (5 minutes before or 1 second before) the treatment
effect was significantly higher at 37 °C than at 17 °C (p < 0.05).
Treatment of the HDF-n cell line with bleomycin electroporation showed no dependency on temperature or
time of drug administration (Fig. 1, bottom, right graph).
When the normal cell line was treated with calcium-bleomycin electroporation (Fig. 1, bottom, middle graph)
a dependency on temperature and, at 37 °C also on time of drug administration was observed similar to those
seen with calcium electroporation. At 37 °C, treatment effect again decreased significantly when calcium and
bleomycin was added 60 seconds after electroporation compared to addition of calcium and bleomycin 5 minutes
before electroporation (p < 0.0001). A significant difference in treatment efficacy between 37 °C and 17 °C, with
37 °C resulting in the highest cell kill, was observed when adding drugs 5 minutes before (p < 0.01), or 15 seconds
after (p < 0.05) electroporation.

Investigations of cell membrane heat capacity and lipid composition. As the cell lines reacted
differently to changes in temperature and time of calcium addition and as we hypothesized this difference to be
caused by differences in cell membrane characteristics, we wanted to further investigate the cell membranes of the
three cell lines. Thus, the following experiments were performed on the plasma membranes of the three cell lines:
a) differential scanning calorimetry (DSC) to investigate the change in heat capacity of the cell membranes in
response to changes in temperature, b) lipidomics performed with mass spectrometry to investigate differences in
the lipid composition of the cell membranes, c) flow cytometry to investigate the exposure of phosphatidylserine
in the outer leaflet of the cell membranes.
Differential scanning calorimetry (DSC). The assumption is that a maximum in the heat capacity of the cell
membrane is correlated with a high lateral compressibility36,40, which may facilitate electropore formation in the
cells. If a pore is created, its environment is compressed and work is performed. In the absence of an electrical
field, the free energy ∆F (work) of pore formation is given by
∆F =

1
1
⋅
∆A2
2 κTAA

where κTA is the area compressibility, A is the area of the membrane, and ∆A is the area of the pore. This implies
that the free energy of the pore is lower when the area compressibility is high and it is easier to create a pore41,42.
A cell membrane can be described as having two temperature dependent phases, (1) a gel-like phase (low permeability) and (2) a fluid phase (permeability higher than in the gel-phase). The two phases are separated by a phase
transition42 in which the plasma membrane reaches its maximum permeability42–44. The transition is an
order-disorder transition within the lipid membranes and not a transition of the cells as a whole40,42.
All three cell lines displayed these phases (Fig. 2), but interestingly the HT29 cell line displayed a higher phase
transition temperature (approximately 20 °C) versus MDA-MB231 (approximately 15 °C) and HDF-n (approximately 14 °C). This means that the phase transition of the colon cancer cell line occurred within the temperature range investigated (17–37 °C) meaning that between the temperatures investigated this cell line underwent
changes in plasma membrane permeability.
The difference between the heat capacity profiles indicated that the three cell lines have cell membranes of
different composition, which would affect the cell membranes’ reactions to changes in temperatures and to electroporation. This may be part of the explanation for the differential effects of calcium electroporation observed
between the three cell lines in electroporation experiments. Though the phase transition temperature of the
HDF-n and MDA-MB231 cell line were similar, only the MDA-MB231 cell line was independent of both temperature and time of drug administration. This indicates that numerous factors influence permeability of cell
membranes and further studies are warranted to elucidate possible explanations.
The effect of calcium electroporation around the transitioning temperature on the colon cancer cell line was
investigated, too. (Further details in Supplementary Data 2 and Supplementary Fig. S2).
Lipidomics: Membrane composition. Mass spectrometry based lipid analysis was performed on preparations of
plasma membranes (Fig. 3). The lipidomics data represented both the inner and outer membrane leaflet, thus we
did not have information of the distribution of the lipids between the two leaflets.
The cellular lipodome of the three cell lines was compared focusing on differences with regards to levels of
phosphatidylserine (PS) and other negatively charged lipids, since calcium can bind to these lipids45,46, but no
differences were found between the three cell lines (Fig. 3, left panel – light and dark blue).
The only remarkable difference between the investigated normal cell line HDF-n and the two investigated
malignant cell lines HT29 and MDA-MB231 were the content of phosphatidylethanolamine (PE) where the normal cell line HDF-n contained more PE than the two malignant cell lines HT29 and MDA-MB231 (Fig. 3, left
panel – brown), however the significance of this is to our knowledge not previously investigated and further
studies are warranted.
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Figure 2. Heat capacity profiles of the three investigated cell lines. Heat capacity profiles of HT29 (colon cancer
cell line; left), MDA-MB231 (breast cancer cell line; middle), and HDF-n (normal dermal fibroblast cell line;
right). Solid lines represent the first scan over the full temperature range (0–90 °C). Dashed lines represent the
second calorimetric scan over the full temperature range. The protein peaks have disappeared (because the
proteins have denaturated in the first scan over the full range of temperatures) while the lipid peaks remain. The
amplitude of the lipid peaks can change between scans due to subtraction of base line but the position of the
peak (temperature) is more constant between scans. The vertical line represents the physiological temperature.
Bottom panel: enlargement of the top panel from 0–40 °C, where approximate transition temperatures are
indicated.
Interestingly, one factor separated the colon cancer cell line from the breast cancer cell line and the normal
cell line. The colon cancer cell line showed much higher levels of the lipids in ether form, e.g. phosphatidylcholine
(PC) and phosphatidylethanolamine (PE) in their ether form (PC O- and PE O-) than the two other cell lines
(Fig. 3, left panel – green). As ethers are synthesized from esters the cell line consequently has lower levels of these
lipids in ester form (Fig. 3, left panel – light grey). PC O- and PE O- are not negatively charged, but their structure
is believed to contribute to more membrane stiffness34 and a higher threshold of electropermeabilization35 than
their counterparts containing ester-links47,48. This may contribute to the dependency of temperature and time of
drug administration observed in treatment of the colon cancer cell line with calcium electroporation.
Flow cytometric analysis of expression of phosphatidylserine in the outer leaflet of the cell membrane. Flow cytometric analysis was performed to investigate if any differences existed between the three cell lines in their exposure
of PS in the outer leaflet of their plasma membranes. For each cell line untreated cells were stained with Annexin
V-FITC and PI. The Annexin V stain is much used to detect apoptosis; however here we investigated untreated
cells, under the assumption that the PS observed in the outer membrane leaflet was not a result of apoptosis but
related to the composition of the cell membrane. Concomitant PI staining was used to indicate cell death.
Figure 4 presents the distribution between Annexin V−/PI− cells, PI+ cells, and Annexin V+/PI− cells in
all three cell lines and representative dot-plots are displayed in Supplementary Fig. S3. PI-positive cells were considered damaged cells with compromised membrane integrity (no statistical significant difference between cell
lines). Subsequently only Annexin V+/PI− cells were considered positive for exposure of PS in the outer leaflet
of their cell membranes. Thus, the number of PS exposing cells may actually be higher than what we report as the
damaged cells that were excluded from the count of PS exposing cells, may have exposed PS in the outer leaflet of
their membrane. Staining of the HT29 cell line resulted in a significantly higher percentage of Annexin V+/PI−
cells compared to MDA-MB231 and HDF-n cells (p < 0.05). Calcium has previously been shown to interact with
PS in a cell membrane46 thereby stabilizing the membrane45. It is therefore interesting that a high amount of HT29
cells expose PS in its outer membrane leaflet and that this cell line was sensitive to changes in time of calcium
addition during the calcium electroporation process. For the HT29 cell line 33.1% of cells were Annexin V+/PI−
showing that one third of the HT29 cells exposed PS in the outer leaflet of their cell membranes. This indicates a
level of heterogeneity in composition of cell membranes in the HT29 cell line.
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Figure 3. Lipidomics. The left panel displays the distribution of lipid classes in the membranes of three cell
lines: HT29 (colon cancer), MDA-MB231 (breast cancer), and HDF-n (normal fibroblast cell line). Amounts
are given in mol%. No difference in the content of negatively charged lipids (dark blue and light blue) was
found between the cell membranes of the three cell lines. Neither did the membranes of the cell lines differ with
regards to their content of phosphatidylserine (PS). HT29 showed much higher levels of the lipids in ether form,
e.g. phosphatidylcholine (PC) and phosphatidylethanolamine (PE) in their ether form (PC O- and PE O-) than
MDA-MB231 and HDF-n. The right panel displays the content of species of PC in the plasma membranes of
the three cell lines in the form of esters (PC; top panel) and in the form of ethers (PC O-; bottom panel). The
experiment was independently repeated, confirming the initial result.

Figure 4. Flow cytometric analysis of phosphatidylserine (PS) exposure. Percentage of PS-exposing cells in
the outer leaflet of the plasma membrane in each cell line. Untreated cells were stained with propidium iodide
(PI) and Annexin V before flow cytometric analysis. The Annexin V stain is much used to detect apoptosis;
however here we investigated untreated cells under the assumption that the PS observed in the outer leaflet was
not a result of apoptosis but related to the composition of the cell membrane. Thus, Annexin V+/PI− show
the percentage of cells exposing PS in the outer membrane. PI+ show the percentage of dead cells. Mean + SD,
n = 3–4, each performed as individual experiments.
Untreated samples of the MDA-MB231 cell line and the HDF-n cell line had a percentage of PS-positive cells
of approximately 3% (MDA-MB231 3.35% and HDF-n 3.07%; no significant difference). Thus, the amount of
MDA-MB231 and HDF-n cells exposing PS in the outer leaflet of the cell membranes was significantly lower than
the HT29 cells (p < 0.05). Only 6–10% of cells were PI positive (dead cells) and no significant difference were
observed between cell lines.
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Discussion

In this study, we have investigated permeabilization efficacy (determined by cell death due to calcium or bleomycin internalization) and dependence on temperature and time of drug administration (pre or post pulse). These
results have been supplemented with data from lipidomics analyses, differential scanning calorimetry, and analysis of the outer membrane leaflet by flow cytometry, and a hitherto unveiled heterogenity between membranes of
cell lines was observed, which might affect the sensitivity to electroporation-based therapies.
The results evidence that temperature has a significant influence on the effect of calcium electroporation and
for the HT29 cell line also on the effect of bleomycin electroporation. The effect of temperature on electropermeabilization has previously been described by Kanduser et al.49 and an increase in temperature has recently been
shown to increase gene expression following gene electrotransfer in addition to permit a decrease in the electrical
field applied in gene electrotransfer in vivo50. The observed differences in effect of electroporation-based treatments might be more pronounced with higher temperature differences between samples. For the HT29 and the
HDF-n cell line treatment effect of calcium-bleomycin electroporation was similar to that of calcium electroporation. This similarity in results between the two treatments could indicate that calcium, when combined with
bleomycin and electroporation, may alter the degree or duration of the permeabilized state, and may in this way
alter intracellular uptake of bleomycin.
The heat capacity profile of the HT29 cell line might contribute to the explanation for the temperature
and time of addition dependent results of calcium electroporation and calcium-bleomycin electroporation.
Permeability of a lipid membrane is highest around the transition phase of that membrane, and the temperature
at which this transition occurs, is influenced by, among others, the concentration of calcium and anesthetics.
Anesthetics lower the transition temperature whereas calcium elevates it35,36,45,51. The effect of calcium on the
heat capacity profile and hence on the permeability of a cell membrane may in part explain why treatment with
calcium electroporation and calcium-bleomycin electroporation was not conclusively optimal at 21 °C; calcium
results in a shift of the heat capacity curve towards higher temperatures meaning that the temperature resulting in
the phase transition of the HT29 cell membrane was elevated and approaching 27 °C and that the permeability of
the cell membrane at 17 °C was lowered. This was corroborated by the data from treatment of the HT29 cell line at
21 °C. This temperature seemed to be optimal for bleomycin electroporation but not for calcium electroporation
and calcium-bleomycin electroporation (Supplementary Data 2, Supplementary Fig. S2).
As for the two other cell lines, the heat capacity profiles did not exhibit transition within the temperature
range investigated. However, the effect of calcium on the heat capacity profiles is not investigated in this study and
further studies to evaluate the effect of calcium on the heat capacity profiles of the cell lines are warranted. In the
presence of calcium, any phase transition will occur at a higher temperature and this may explain why the effect of
calcium electroporation and calcium–bleomycin electroporation on the HDF-n cell line was highest at 37 °C. The
heat capacity of the MDA-MB231 cell line also displayed distinct phases, and the fact that treatment of this cell
line was entirely independent of changes in temperature therefore cannot be explained by its heat capacity profile.
As the composition of a membrane highly determines its permeability, we also investigated the plasma membranes of the three cell lines using lipidomics. A remarkable difference in the content of lipids in ether form was
found between the three cell lines with the HT29 cell line containing a much higher level of the lipids PE and PC
in the form of ethers than the other two cell lines. The structure of ethers favors more dense packing than that of
esters and studies on vesicles have shown that the threshold for electropermeabilization increases when the ratio
of ethers to esters increases47,48. Under conditions used in the clinic, i.e. adding calcium prior to electroporation,
the toxicity of calcium electroporation and calcium-bleomycin electroporation was similar for all three cell lines.
However, when changing the temperature or adding calcium after electroporation the viability of the HT29 cell
line was particularly affected. The sensitivity of this cell line to a degradation of treatment conditions may be due
to an underlying lower membrane permeability of this cell line, and further studies may elucidate other influencing elements.
No difference in the total content of PS was found between the three cell lines in lipidomics, which however
only provided information on the total distribution of lipids in the plasma membrane and did not distinguish
between the inner and outer membrane leaflet.
One factor that is known to generally differ between normal and malignant cells is the fraction and localization of the negatively charged phospholipid PS52. Plasma membrane asymmetry is an important feature of normal
cells, in which PS is almost exclusively localized in the inner leaflet of the cell membrane, unless the cells are
undergoing apoptosis, where PS is relocated to the outer leaflet53. In many malignant cells this plasma membrane
asymmetry is lost resulting in the localization of PS in the outer membrane leaflet, also when the cells are not
undergoing apoptosis54–57. Calcium is known to interact with PS thereby stabilizing the cell membrane45,46 and
exposure of PS in the outer cell membrane leaflet may therefore influence the effect of calcium electroporation.
A very small amount of the normal dermal fibroblasts was found to expose PS in its outer cell membrane leaflet.
This was also the case for the breast cancer cells, however 33.1% of the colon cancer cells exposed PS in the outer
leaflet of their cell membranes. Thus, on the cell line with the highest amount of cells exposing PS in the outer
leaflet, there was a difference in treatment effect of calcium electroporation and calcium-bleomycin electroporation between administration of calcium pre- or post-pulses regardless of temperature. A similar time of addition
dependency was not observed on the other two cell lines or on the HT29 cell line with bleomycin electroporation. It could be speculated 1) that calcium when added before electroporation alters the degree or duration of
the permabilized state on the HT29 cell line and 2) that the electrical pulses ameliorate this proposed stabilizing
effect of calcium on the HT29 cell membrane, due to the higher PS-exposure, but further studies are warranted.
In the investigated normal cell line only a few cells were positive for PS-exposure; however treatment of this
normal cell line with calcium electroporation and calcium-bleomycin electroporation at 37 °C resulted in dependence of time of drug addition. As this particular normal cell line is known to have a high membrane repair

Scientific Reports |

(2019) 9:4758 | https://doi.org/10.1038/s41598-019-41188-z

7

www.nature.com/scientificreports/

www.nature.com/scientificreports

capacity29, the dependence on time of calcium addition in calcium electroporation and calcium-bleomycin electroporation at 37 °C may be related to efficient membrane repair in this cell line.
The influence of temperature and time of calcium administration on the effect of calcium electroporation has
not previously been investigated and its determination is important in the clinic as it might lead to optimization
of the treatment. Though an exact temperature control is difficult to obtain in the clinic, the cooling effect of cold
anesthetics and cold calcium can be circumvented by letting the drugs normalize to room temperature prior to
injection. Calcium and anesthesia have contrasting effects on the melting transition of cell membranes and the
combined effects of these drugs on the permeability of cell membranes would be very interesting to investigate.
In conclusion, we have shown that temperature and time of calcium administration influence the effect of
calcium electroporation; and importantly that this effect is cell line dependent. We found marked differences in
the composition of membranes in these cell lines using lipidomics analyses, in particular a high concentration
of ether lipids in the cell line showing the most dynamic response with regards to temperature dependency.
Furthermore, difference in lipids in the outer leaflet of the cell membrane may influence the level of permeabilization. As calcium is a cation that may interact with lipids in the outer membrane leaflet, the influence of outer
leaflet lipid composition on the level of permeabilization may in particular pertain to calcium electroporation.
This study indicates that membrane composition might influence the effect of electroporation based therapies.
Other factors of cell membrane composition than those investigated in this study may also affect sensitivity of
treatment and further studies are warranted.

Materials and Methods

Cell culture. Two human cancer cell lines and a normal human cell line were used: HT29 (ATCC #HTB-38),
a human colorectal adenocarcinoma, MDA-MB231 (ATCC #HTB-26), a human breast adenocarcinoma, and
HDF-n, a normal neonatal primary dermal fibroblast (kindly provided by Dr. Marie-Pierre Rols, Institute of
Pharmacology and Structural Biology, IPBS, Toulouse, France) for which passages were limited to 10. HT29 was
grown in RPMI-1640 culture medium (Gibco, Invitrogen) and MDA-MB231 and HDF-n were grown in DMEM
culture medium (Gibco, Invitrogen). The culture medium for all cell lines was added 10% fetal calf serum (Gibco,
Invitrogen), penicillin (100 U/ml) and streptomycin (100 µg/ml). The cells were grown in an incubator at 37 °C
with 5% CO2. All cell lines tested negative for mycoplasma.
Authentication: The cancer cell lines were authenticated by short tandem repeat profiling (LGC Standards)
which showed perfect match for the HT29 cell line and a match in 7 out of 9 profile loci (loci D7 and VWA had
lost a peak) for the MDA-MB231 cell line and these two profile changes have been assessed not to influence the
results of these experiments.
Electroporation experiments. After trypsination and wash, cells were suspended in HEPES buffer
(10 mM HEPES (Lonza), 250 mM sucrose, and 1 mM MgCl2 in sterile water).
A volume of 270 µl of cell suspension (6.1 × 106 cells/ml) was added to a cuvette containing either 30 µl of
HEPES or 30 µl of drug dissolved in HEPES (final concentration of cells 5.5 × 106 cells/ml) and incubated for
5 min in a heating block (Grant, QBD2) at either 17 °C, 21 °C, 27 °C, or 37 °C before electroporation. Temperature
of the samples was measured and was within +/−5 °C of the temperature of the heating block with 17 °C and
37 °C having the largest variations. Electroporation took place in 4 mm cuvettes with aluminium electrodes
(Molecular BioProducts, Inc.), and pulses were delivered by a square wave electroporator (BTX T820) with the
following electroporation parameters: 8 pulses of 99 µs, 1 Hz, and 1.2 kV/cm (applied voltage to electrode distance
ratio). Drugs were dissolved in HEPES buffer and added to a final concentration of: CaCl2 5 mM, and bleomycin (Bleomycin Baxter) 10 µM, before or after electroporation. Both doses were chosen as it was found in initial
studies17,23,26 that they result in more than 80% cell kill when combined with electroporation. For samples where
drug was added after electroporation, cells were electroporated with HEPES buffer followed by addition of 50 µl
drug dissolved in HEPES buffer at the designated time. No mixing of drug and sample was done before or after
electroporation, and drugs were added by placing the pipette at the bottom of the cuvette. The added volume
before electroporation constituted 10% of the total volume of the sample. Thus, 30 µl drug or HEPES buffer and
270 µl cells were added to the cuvette followed by electroporation. If drug was added after electroporation this was
done in a volume of 50 µl at the designated time. In samples where drug was added before electroporation, 50 µl
HEPES buffer was added before transferring to medium to secure the same cell concentration in all samples. All
samples were incubated at the designated temperature for 5 min before electroporation, independent on time of
drug addition. Prior to addition to cell suspension drugs were kept at room temperature.
Samples were divided into 5 groups according to the time point at which drug was added relative to electroporation: 5 min before electroporation, 1 s before electroporation, 15 s after electroporation, 30 s after electroporation, or 60 s after electroporation. Each group contained 3 samples: one treated with calcium electroporation,
one treated with bleomycin electroporation, and one treated with calcium and bleomycin combined with electroporation (calcium-bleomycin electroporation). An additional group consisted of 5 control samples: calcium,
bleomycin, calcium and bleomycin (all three without electroporation), electroporation without drug, and an
untreated control.
After electroporation or no electroporation, samples were incubated for 15 min at 37 °C and 5% CO2 in the
cuvettes before transfer to 5 ml culture medium. Then, 100 µl were seeded in a 96 well plate (3.1 × 104 cells per
100 µl). MTS assay was performed 21–25 hours after treatment using a microplate reader (Synergy HT, BioTek)
and Gen5 microplate reader software (BioTek).
Heat capacity of cell membranes. Differential scanning calorimetry (DSC) was performed from membrane preparations of the three cell lines. Cells were continually harvested and frozen at −80 °C until a sufficient
amount for DSC was obtained.
Scientific Reports |

(2019) 9:4758 | https://doi.org/10.1038/s41598-019-41188-z

8

www.nature.com/scientificreports/

www.nature.com/scientificreports

Membranes were prepared from thawed samples. Lysis buffer (Natriumchlorid 137 mM, Tris 20 mM, Nonidet
P40 1%, Glycerol 10%, PMSF Sigma P7626 1 mM, AProtinin Sigma A6103 10 µg/ml, Natrium metavanadat Sigma
59008 0.5 mM, Leupeptin Sigma L2882 1 µg/ml) was added to each cell pellet. Cells were transferred to 2 ml
Eppendorf tubes containing a steel ball and mechanically homogenized for 2 min at 20 Hz using a Tissue Lyser
(QIAGEN). Cells were then centrifuged (VWR Microstar 17R) at 300 g for 10 min causing precipitation of the
nuclei. The supernatant was then centrifuged (VWR Microstar 17R) at 3000 g for 10 min causing precipitation of
mitochondria. The supernatant was lastly centrifuged (Sigma 3K20) at 40,000 g for 1.5 hours causing formation
of plasma membrane pellets. All centrifugations took place at 4 °C. Membrane pellets were resuspended in PBS
(0.7 ml). Membrane preparations were kept at 4 °C for 1–3 days until analysis by heat calorimetry.
Differential scanning calorimetry: Samples were degassed under high vacuum. Calorimetric scans were performed on a Malvern MicroCal VP-DSC (Northampton, MA) differential scanning calorimeter. Heating rates
were kept at 20 °C/hour, filtering period was 5 seconds and feedback was set to none. PBS buffer was used as a
reference. Each scan was run on 0.5152 ml of sample (which is the size of the calorimeter cell) containing between
12 and 32 mg of dry matter. The weight of substance was measured by drying the sample under air stream and
high vacuum. First, samples were equilibrated in one or two scans from 0–38 °C, to avoid any differences due to
the time samples were kept at 4 °C. These scans were discarded. Then, the full range scans were performed. No signal averaging or other forms of data smoothing were applied to the thermograms. The data was processed using
IgorPro. Between scans of different samples, calorimetric cells were thoroughly cleaned with 37% HCl.

FACS. Expression of phosphatidylserine (PS) in the outer leaflet of the cell membrane was investigated by flow

cytometry using Mebcyto Apoptosis kit (MBL, #4700).
Untreated cells in HEPEs buffer (500,000 cells in 90 μl) were centrifuged at 1000 rpm for 3 min, the supernatant was removed and cells were resuspended in 85 µl binding buffer (part of the kit).
Annexin V-FITC (10 µl) and propidium iodide (PI, 5 µl, 100 µg/ml) were added and samples were incubated
in the dark at room temperature for minimum 15 min. Then, 400 µl binding buffer was added to all samples
and transferred to FACS tube before flow cytometric analysis at room temperature using FACS Calibur (Becton
Dickinson) counting 10,000 events for each sample.
Unstained, only Annexin V stained and only PI stained samples of all three cell lines were used to adjust the
settings of the instrument for each cell line. Each sample was run in duplicates or triplicates and the assay was performed three-four times for each cell line, thus n = 3–4. For the data analyses, the gating was set so all events were
selected except the debris. The events were divided in 4 quadrants with respectively PI-positive vs PI-negative
and Annexin V-positive vs Annexin V-negative based on the control samples (unstained, only Annexin V stained
and only PI stained). The percentages of gated events were used for the statistical analyses and graphs. PI staining
indicate cell death. Representative dot-plots are displayed in Supplementary Fig. S3.

Lipidomics. Lipidomics was performed on membrane preparations. Cell cultures were harvested after growth

at 37 °C. Membranes were prepared as described in the above section of heat calorimetric experiments to collect
plasma membranes. After preparation, the membrane pellets were frozen in liquid nitrogen and stored at −80 °C.

Two-step Lipid Extraction. 75ul of cell membrane lysates were subjected to lipid extraction by a modified
two-step Bligh and Dyer protocol executed on ice58,59. Briefly, the sample aliquots were spiked with 10 µl internal lipid standard mix containing 30 pmol CE 15:0-D7, 20 pmol Cer 18:1;2/12:0;0, 200 pmol Chol-D4, 10 pmol
DAG 12:0/12:0, 20 pmol diHexCer 18:1;2/12:0;0, 25 pmol HexCer 18:1;2/12:0;0, 25 pmol LPA 17:0, 20 pmol LPC
10:0, 25 pmol LPE 13:0, 15 pmol LPG 17:1, 20 pmol LPI 13:0, 20 pmol LPS 17:1, 25 pmol PA 12:0/12:0, 20 pmol
PC-OO 18:1/18:1, 25 pmol PE 12:0/12:0, 15 pmol PG 12:0/12:0, 15 pmol PI 8:0/8:0, 20 pmol PS 12:0/12:0, 20
pmol SHexCer 18:1;2/12:0;0, 20 pmol SM 18:1;2/12:0;0, 10 pmol TAG 17:0/17:0/17:0, and 20 pmol triHexCer
18:1;2/17:0;0. Samples were extracted with 1000 µl chloroform/methanol (10:1, v/v) and mixed at 2000 rpm for
15 min at 4 °C. The samples were centrifuged for 2 min at 2000 g to facilitate phase separation. The lower organic
phase 10:1 was subsequently transferred to a new tube for 30 min vacuum evaporated. The remaining aqueous
upper phase were reextracted with 1000 µl chloroform/methanol (2:1, v/v) and mixed at 2000 rpm for 15 min at
4 °C. The lower organic phase 2:1 was transferred to the evaporated 10:1 extract tube and vacuum evaporated for
60 min. The combined lipid extracts were dissolved in 100 µl chloroform/methanol (1:2, V/V).
Mass Spectrometry. Lipid extracts were subjected to mass spectrometric analysis using a Q Exactive mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a TriVersa NanoMate (Advion Biosciences,
Ithaca, NY, USA). 10 µl aliquots of lipid extracts were loaded in 96-well plates, mixed with 12.9 µl of 13.3 mM in
2-propanol for positive or 10 µl of 0.2% methyl amine chloroform/methanol (1:5, V/V) for negative ion mode
analysis, respectively. Samples were infused using a back pressure of 1.25 psi and ionization voltage of 0.95 kV for
positive mode. For negative mode samples were infused using a back pressure of 0.7 psi and ionization voltage of
−1.06 kV. The acquisition cycle consisted of FT MS and FT MS/MS scans in positive and negative ion mode.
FT MS spectra in positive mode were acquired in low m/z range of 400 to 730 and high m/z range of 575
to 1201 at the mass resolution of Rm/z 200 = 140,000; automated gain control (AGC) value of 1 × 106; three
micro-scans; maximum injection time of 150 ms.
FT MS spectra in negative mode were acquired in low m/z range of 400 to 675 and high m/z range of 500
to 1202 at the mass resolution of Rm/z 200 = 140,000; automated gain control (AGC) value of 1 × 106; three
micro-scans; maximum injection time of 150 ms.
Sequential FT MS/MS data were acquired using automated gain control (AGC) value of 1 × 105; maximum
injection time of 150 ms, one microscan, and Rm/z 200 = 35,000.
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FT MS/MS analysis performed in 1.0008 u steps across the m/z range 400.3–1000.8 using a quadrupole ion
isolation width of 1.2 u and stepped nCE at 18, 28 and 38% for negative mode and for positive mode it was 15, 20
and 25%.
FT MS – selective ion monitoring (SIM) spectra in positive mode were acquired in m/z range of 396 to 416
at the mass resolution of Rm/z 200 = 140,000; automated gain control (AGC) value of 1 × 106; maximum injection
time of 500 ms.
FT MS/MS – targeted parallel reaction monitoring (tPRM) spectra in positive ion mode were acquired for 2
scans, m/z 404.3887 and 408.4138, at the mass resolution of Rm/z 200 = 35,000; automated gain control (AGC) value
of 1 × 105; maximum injection time of 500 ms, using a quadrupole ion isolation width of 1.2 u and stepped nCE
at 13, 18 and 23%.
Annotation of Lipid Species. The annotation of lipid species was as previously described59–61. The glycerophospholipid and glycerolipid species annotated according to their sum composition: <lipid class> <total number of
C in fatty acid moieties>:<total number of double bonds in fatty acid moieties> (e.g., PC 34:1). The sphingolipid
species annotated according to their sum composition: <lipid class> <total number of C in the long-chain base
and fatty acid moiety>:<total number of double bonds in the long-chain base and fatty acid moiety>;<total
number of OH groups in the long-chain base and fatty acid moiety> (e.g., SM 34:1;2)58,59.
Data Processing, Lipid Identification and quantification. Lipid species detected by high resolution FT MS and FT
MS/MS analysis were identified using LipidXplorer62,63, and quantified using Excel based calculation. In short,
lipid species detected by FT MS and annotated by sum composition were quantified by normalizing their intensity to the intensity of an internal lipid standard of identical lipid class and multiplying with the spike amount of
the internal lipid standard59,64,65.

Statistics. In electroporation experiments, differences in viability between the investigated temperatures and
time points for drug administration were assessed by two-way analysis of variance (ANOVA) using SPSS (version 19). The assumption of normally distributed data were tested using a combination of P-P plots, kurtosis and
skewness, K-S test, and S-W test. In the event of a violation of this assumption, data were log transformed. For
the assumption of homogeneity of variance, Levene’s test was used. In the event this assumption was violated, an
adjustment was made using Welch’s F method. Post hoc analyses were conducted using a Bonferroni correction
for multiple comparisons when assumptions for parametric testing were met. Games-Howell was used for post
hoc analyses, where homogeneity of variance was violated. Differences in Annexin V and PI levels were assessed
by one-way ANOVA using SAS (version 9.4). The assumption of normally distributed data were tested using P-P
plots and for the assumption of homogeneity of variance, Levene’s test was used. No violation of the assumptions were seen. The alpha criteria for significance were set at 0.05 for all tests. Results are displayed in graphs as
mean + 1 SD.

Data Availability

All data are available via contact to corresponding author.

References

1. Gehl, J. Electroporation: theory and methods, perspectives for drug delivery, gene therapy and research. Acta Physiol Scand 177,
437–447, https://doi.org/10.1046/j.1365-201X.2003.01093.x (2003).
2. Daud, A. I. et al. Phase I trial of interleukin-12 plasmid electroporation in patients with metastatic melanoma. J Clin Oncol 26,
5896–5903, https://doi.org/10.1200/JCO.2007.15.6794 (2008).
3. Spanggaard, I. et al. Gene electrotransfer of plasmid antiangiogenic metargidin peptide (AMEP) in disseminated melanoma: safety
and efficacy results of a phase I first-in-man study. Hum Gene Ther Clin Dev 24, 99–107, https://doi.org/10.1089/humc.2012.240
(2013).
4. Miklavcic, D. & Davalos, R. V. Electrochemotherapy (ECT) and irreversible electroporation (IRE) -advanced techniques for treating
deep-seated tumors based on electroporation. Biomed Eng Online 14(Suppl 3), I1, https://doi.org/10.1186/1475-925X-14-S3-I1
(2015).
5. Belehradek, M. et al. Electrochemotherapy, a new antitumor treatment. First clinical phase I-II trial. Cancer 72, 3694–3700 (1993).
6. Gothelf, A., Mir, L. M. & Gehl, J. Electrochemotherapy: results of cancer treatment using enhanced delivery of bleomycin by
electroporation. Cancer Treat Rev 29, 371–387 (2003).
7. Excellence, N. I. F. H. A. C. Electrochemotherapy for metastases in the skin from tumours of non-skin origin and melanoma (2013).
8. Campana, L. G. et al. Bleomycin-based electrochemotherapy: clinical outcome from a single institution’s experience with 52 patients.
Ann Surg Oncol 16, 191–199, https://doi.org/10.1245/s10434-008-0204-8 (2009).
9. Marty, M. et al. Electrochemotherapy–An easy, highly effective and safe treatment of cutaneous and subcutaneous metastases:
Results of ESOPE (European Standard Operating Procedures of Electrochemotherapy) study. European Journal of Cancer
Supplements 4, 3–13 (2006).
10. Matthiessen, L. W. et al. Management of cutaneous metastases using electrochemotherapy. Acta Oncol 50, 621–629, https://doi.org/
10.3109/0284186X.2011.573626 (2011).
11. Miklavcic, D. et al. Electrochemotherapy: technological advancements for efficient electroporation-based treatment of internal
tumors. Med Biol Eng Comput 50, 1213–1225, https://doi.org/10.1007/s11517-012-0991-8 (2012).
12. Granata, V. et al. Electrochemotherapy in locally advanced pancreatic cancer: Preliminary results. Int J Surg 18, 230–236, https://doi.
org/10.1016/j.ijsu.2015.04.055 (2015).
13. Edhemovic, I. et al. Electrochemotherapy: a new technological approach in treatment of metastases in the liver. Technol Cancer Res
Treat 10, 475–485 (2011).
14. Edhemovic, I. et al. Intraoperative electrochemotherapy of colorectal liver metastases. J Surg Oncol 110, 320–327, https://doi.
org/10.1002/jso.23625 (2014).
15. Djokic, M. et al. Electrochemotherapy as treatment option for hepatocellular carcinoma, a prospective pilot study. Eur J Surg Oncol
44, 651–657, https://doi.org/10.1016/j.ejso.2018.01.090 (2018).
16. Tarantino, L. et al. Electrochemotherapy of cholangiocellular carcinoma at hepatic hilum: A feasibility study. Eur J Surg Oncol 44,
1603–1609, https://doi.org/10.1016/j.ejso.2018.06.025 (2018).

Scientific Reports |

(2019) 9:4758 | https://doi.org/10.1038/s41598-019-41188-z

10

www.nature.com/scientificreports/

www.nature.com/scientificreports

17. Frandsen, S. K. et al. Direct therapeutic applications of calcium electroporation to effectively induce tumor necrosis. Cancer Res 72,
1336–1341, https://doi.org/10.1158/0008-5472.CAN-11-3782 (2012).
18. Falk, H. et al. Calcium electroporation induces tumor eradication, long-lasting immunity and cytokine responses in the CT26 colon
cancer mouse model. Oncoimmunology 6, e1301332, https://doi.org/10.1080/2162402X.2017.1301332 (2017).
19. Falk, H. et al. Electrochemotherapy and calcium electroporation inducing a systemic immune response with local and distant
remission of tumors in a patient with malignant melanoma - a case report. Acta Oncol 56, 1126–1131, https://doi.org/10.1080/0284
186X.2017.1290274 (2017).
20. Falk, H., Matthiessen, L. W., Wooler, G. & Gehl, J. Calcium electroporation for treatment of cutaneous metastases; a randomized
double-blinded phase II study, comparing the effect of calcium electroporation with electrochemotherapy. Acta Oncol, 1–9, https://
doi.org/10.1080/0284186X.2017.1355109 (2017).
21. Knaul, F. M., Atun, R., Farmer, P. & Frenk, J. Seizing the opportunity to close the cancer divide. Lancet 381, 2238–2239 (2013).
22. Staresinic, B. et al. Effect of calcium electroporation on tumour vasculature. Sci Rep 8, 9412, https://doi.org/10.1038/s41598-01827728-z (2018).
23. Frandsen, S. K., Gissel, H., Hojman, P., Eriksen, J. & Gehl, J. Calcium electroporation in three cell lines: a comparison of bleomycin
and calcium, calcium compounds, and pulsing conditions. Biochim Biophys Acta 1840, 1204–1208, https://doi.org/10.1016/j.
bbagen.2013.12.003 (2014).
24. Romeo, S. et al. ESOPE-Equivalent Pulsing Protocols for Calcium Electroporation: An In Vitro Optimization Study on 2 Cancer Cell
Models. Technol Cancer Res Treat 17, 1533033818788072, https://doi.org/10.1177/1533033818788072 (2018).
25. Szewczyk, A. et al. Calcium electroporation for treatment of sarcoma in preclinical studies. Oncotarget 9, 11604–11618, https://doi.
org/10.18632/oncotarget.24352 (2018).
26. Frandsen, S. K., Gibot, L., Madi, M., Gehl, J. & Rols, M. P. Calcium Electroporation: Evidence for Differential Effects in Normal and
Malignant Cell Lines, Evaluated in a 3D Spheroid Model. PLoS One 10, e0144028, https://doi.org/10.1371/journal.pone.0144028
(2015).
27. Zielichowska, A., Daczewska, M., Saczko, J., Michel, O. & Kulbacka, J. Applications of calcium electroporation to effective apoptosis
induction in fibrosarcoma cells and stimulation of normal muscle cells. Bioelectrochemistry 109, 70–78, https://doi.org/10.1016/j.
bioelechem.2016.01.005 (2016).
28. Frandsen, S. K. et al. Normal and Malignant Cells Exhibit Differential Responses to Calcium Electroporation. Cancer Res 77,
4389–4401, https://doi.org/10.1158/0008-5472.CAN-16-1611 (2017).
29. Frandsen, S. K., McNeil, A. K., Novak, I., McNeil, P. L. & Gehl, J. Difference in Membrane Repair Capacity Between Cancer Cell
Lines and a Normal Cell Line. J Membr Biol 249, 569–576, https://doi.org/10.1007/s00232-016-9910-5 (2016).
30. Escoffre, J. M. et al. What is (still not) known of the mechanism by which electroporation mediates gene transfer and expression in
cells and tissues. Mol Biotechnol 41, 286–295, https://doi.org/10.1007/s12033-008-9121-0 (2009).
31. Bier, M., Hammer, S. M., Canaday, D. J. & Lee, R. C. Kinetics of sealing for transient electropores in isolated mammalian skeletal
muscle cells. Bioelectromagnetics 20, 194–201 (1999).
32. Saulis, G. Pore disappearance in a cell after electroporation: theoretical simulation and comparison with experiments. Biophys J 73,
1299–1309, https://doi.org/10.1016/S0006-3495(97)78163-3 (1997).
33. Gehl, J., Skovsgaard, T. & Mir, L. M. Vascular reactions to in vivo electroporation: characterization and consequences for drug and
gene delivery. Biochim Biophys Acta 1569, 51–58 (2002).
34. Mir, L. M. et al. High-efficiency gene transfer into skeletal muscle mediated by electric pulses. Proc Natl Acad Sci USA 96, 4262–4267
(1999).
35. Sturtevant, J. M. The effect of sodium chloride and calcium chloride on the main phase transition of dimyristoylphosphatidylcholine.
Chemistry and Physics of Lipids, 163–168 (1998).
36. Blicher, A., Wodzinska, K., Fidorra, M., Winterhalter, M. & Heimburg, T. The temperature dependence of lipid membrane
permeability, its quantized nature, and the influence of anesthetics. Biophys J 96, 4581–4591, https://doi.org/10.1016/j.
bpj.2009.01.062 (2009).
37. Boye, T. L. & Nylandsted, J. Annexins in plasma membrane repair. Biol Chem 397, 961–969, https://doi.org/10.1515/hsz-2016-0171
(2016).
38. Florin, C., Muriel, G., Eugenia, K. & Justin, T. Control by Low Levels of Calcium of Mammalian Cell Membrane
Electropermeabilization. J Membr Biol, https://doi.org/10.1007/s00232-017-9981-y (2017).
39. Frandsen, S. K. & Gehl, J. Effect of calcium electroporation in combination with metformin in vivo and correlation between viability
and intracellular ATP level after calcium electroporation in vitro. PLoS One 12, e0181839, https://doi.org/10.1371/journal.
pone.0181839 (2017).
40. Heimburg, T. Mechanical aspects of membrane thermodynamics. Estimation of the mechanical properties of lipid membranes close
to the chain melting transition from calorimetry. Biochim Biophys Acta 1415, 147–162 (1998).
41. Nagle, J. F. & Scott, H. L. Jr. Lateral compressibility of lipid mono- and bilayers. Theory of membrane permeability. Biochim Biophys
Acta 513, 236–243 (1978).
42. Heimburg, T. Lipid ion channels. Biophys Chem 150, 2–22, https://doi.org/10.1016/j.bpc.2010.02.018 (2010).
43. Papahadjopoulos, D., Jacobson, K., Nir, S. & Isac, T. Phase transitions in phospholipid vesicles. Fluorescence polarization and
permeability measurements concerning the effect of temperature and cholesterol. Biochim Biophys Acta 311, 330–348 (1973).
44. Grabitz, P., Ivanova, V. P. & Heimburg, T. Relaxation kinetics of lipid membranes and its relation to the heat capacity. Biophys J 82,
299–309, https://doi.org/10.1016/S0006-3495(02)75395-2 (2002).
45. Levine, Z. A. & Vernier, P. T. Calcium and phosphatidylserine inhibit lipid electropore formation and reduce pore lifetime. J Membr
Biol 245, 599–610, https://doi.org/10.1007/s00232-012-9471-1 (2012).
46. Boettcher, J. M. et al. Atomic view of calcium-induced clustering of phosphatidylserine in mixed lipid bilayers. Biochemistry 50,
2264–2273, https://doi.org/10.1021/bi1013694 (2011).
47. Guler, S. D. et al. Effects of ether vs. ester linkage on lipid bilayer structure and water permeability. Chem Phys Lipids 160, 33–44,
https://doi.org/10.1016/j.chemphyslip.2009.04.003 (2009).
48. Polak, A. et al. On the electroporation thresholds of lipid bilayers: molecular dynamics simulation investigations. J Membr Biol 246,
843–850, https://doi.org/10.1007/s00232-013-9570-7 (2013).
49. Kanduser, M., Sentjurc, M. & Miklavcic, D. The temperature effect during pulse application on cell membrane fluidity and
permeabilization. Bioelectrochemistry 74, 52–57, https://doi.org/10.1016/j.bioelechem.2008.04.012 (2008).
50. Donate, A. et al. Thermal Assisted In Vivo Gene Electrotransfer. Curr Gene Ther 16, 83–89 (2016).
51. Mosgaard, L. D. & Heimburg, T. Lipid ion channels and the role of proteins. Acc Chem Res 46, 2966–2976, https://doi.org/10.1021/
ar4000604 (2013).
52. Zwaal, R. F., Comfurius, P. & Bevers, E. M. Surface exposure of phosphatidylserine in pathological cells. Cell Mol Life Sci 62,
971–988, https://doi.org/10.1007/s00018-005-4527-3 (2005).
53. Utsugi, T., Schroit, A. J., Connor, J., Bucana, C. D. & Fidler, I. J. Elevated expression of phosphatidylserine in the outer membrane
leaflet of human tumor cells and recognition by activated human blood monocytes. Cancer Res 51, 3062–3066 (1991).
54. Schweizer, F. Cationic amphiphilic peptides with cancer-selective toxicity. Eur J Pharmacol 625, 190–194, https://doi.org/10.1016/j.
ejphar.2009.08.043 (2009).

Scientific Reports |

(2019) 9:4758 | https://doi.org/10.1038/s41598-019-41188-z

11

www.nature.com/scientificreports/

www.nature.com/scientificreports

55. Leite, N. B. et al. PE and PS Lipids Synergistically Enhance Membrane Poration by a Peptide with Anticancer Properties. Biophys J
109, 936–947, https://doi.org/10.1016/j.bpj.2015.07.033 (2015).
56. Escoffre, J. M. et al. Membrane disorder and phospholipid scrambling in electropermeabilized and viable cells. Biochim Biophys Acta
1838, 1701–1709, https://doi.org/10.1016/j.bbamem.2014.02.013 (2014).
57. Rols, M. P. & Teissie, J. Electropermeabilization of mammalian cells. Quantitative analysis of the phenomenon. Biophys J 58,
1089–1098, https://doi.org/10.1016/S0006-3495(90)82451-6 (1990).
58. Ejsing, C. S. et al. Global analysis of the yeast lipidome by quantitative shotgun mass spectrometry. Proc Natl Acad Sci USA 106,
2136–2141, https://doi.org/10.1073/pnas.0811700106 (2009).
59. Sampaio, J. L. et al. Membrane lipidome of an epithelial cell line. Proc Natl Acad Sci USA 108, 1903–1907, https://doi.org/10.1073/
pnas.1019267108 (2011).
60. Shevchenko, A. & Simons, K. Lipidomics: coming to grips with lipid diversity. Nature reviews. Molecular cell biology 11, 593–598,
https://doi.org/10.1038/nrm2934 (2010).
61. Klose, C. et al. Flexibility of a eukaryotic lipidome–insights from yeast lipidomics. PLoS One 7, e35063, https://doi.org/10.1371/
journal.pone.0035063 (2012).
62. Herzog, R. et al. LipidXplorer: a software for consensual cross-platform lipidomics. PLoS One 7, e29851, https://doi.org/10.1371/
journal.pone.0029851 (2012).
63. Herzog, R., Schwudke, D. & Shevchenko, A. LipidXplorer: Software for Quantitative Shotgun Lipidomics Compatible with Multiple
Mass Spectrometry Platforms. Current protocols in bioinformatics 43, 14.12.11-30, https://doi.org/10.1002/0471250953.bi1412s43
(2013).
64. Han, X. & Gross, R. W. Shotgun lipidomics: electrospray ionization mass spectrometric analysis and quantitation of cellular
lipidomes directly from crude extracts of biological samples. Mass spectrometry reviews 24, 367–412, https://doi.org/10.1002/
mas.20023 (2005).
65. Ejsing, C. S. et al. Automated identification and quantification of glycerophospholipid molecular species by multiple precursor ion
scanning. Analytical chemistry 78, 6202–6214, https://doi.org/10.1021/ac060545x (2006).

Acknowledgements

Jesper T Troelsen, Department of Science and Environment, Roskilde University, Denmark kindly provided
laboratory facilities. The authors thank Marianne Fregil (Copenhagen University Hospital Herlev), Marianne
Lauridsen (Roskilde University) and Dianna S. Larsen (Danish Cancer Society Research Center) for providing
excellent technical assistance, and Ryan C. Burke for assisting with statistical analysis of data. K.L. Hoejholt
(scholarship, Research Council of Herlev and Gentofte Copenhagen University Hospital), S.K. Frandsen
(EPeOnc, the Enhanced Perioperative Oncology Consortium, supported by Zealand University Hospital).

Author Contributions

K.L.H. and S.D.J. performed cell viability experiments as well as cell preparations. T.M. and T.H. performed
D.S.C., K.L.H., L.T.D. and S.K.F. performed flow cytometric analysis M.B. and J.N. performed mass spectrometric
analysis (lipidomics) K.L.H., S.K.F. and J.G. wrote the manuscript All authors have edited and approved the final
version of the manuscript.

Additional Information

Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-41188-z.
Competing Interests: A patent, “Therapeutic applications of calcium electroporation to effectively induce
tumor necrosis”, has been granted (co-inventors S.K. Frandsen and J. Gehl).
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2019

Scientific Reports |

(2019) 9:4758 | https://doi.org/10.1038/s41598-019-41188-z

12

