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a b s t r a c t
Ion attachment can modify stability and structure of phospholipid bilayers. Of particular importance is
the interaction of phospholipids with divalent cations, such as calcium ions playing an important role
in numerous cellular processes.
The aim of our study was to determine effects of calcium ions on phospholipid membranes employing
two cell membrane analogues, liposomes and planar lipid bilayers, and for the first time the combination
of two instrumental setups: gas-phase electrophoresis (nES GEMMA instrumentation) and electrical
(capacitance and resistance) measurements. Liposomes and planar lipid bilayers consisted of
phosphatidylcholine, cholesterol and phosphatidylethanolamine. Liposomes were prepared from dried
lipid films via hydration while planar lipid bilayers were formed using a Mueller-Rudin method.
Calcium ions were added to membranes from higher concentrated stock solutions.
Changes in phospholipid bilayer properties due to calcium presence were observed for both studied cell
membrane analogues. Changes in liposome size were observed, which might either be related to tighter
packing of phospholipids in the bilayer or local distortions of the membrane. Likewise, a measurable
change in planar lipid bilayer resistance and capacitance was observed in the presence of calcium ions,
which can be due to an increased rigidity and tighter packing of the lipid molecules in the bilayer.
Ó 2021 Elsevier B.V. All rights reserved.

1. Introduction
Effects of metal cations on biological membranes are of
considerable interest since ion attachment can alter the stability
and structure of phospholipid bilayers [1,2]. One particular
important biophysical question is the interaction of phospholipid
membranes with divalent metal cations, such as calcium. Calcium
is an important and ubiquitous second messenger involved in the
regulation of a variety of different cellular processes. In addition,
it plays a crucial role in the maintenance of cell homeostasis [3].
Therefore, the concentration of calcium ions in the intracellular
and extracellular environment is highly regulated [4,5]. Changes
in calcium concentration can lead to various events such as cell
fusion, remodeling of the cell membrane and increased leakage
of cellular components [6–8]. Excessive influx and uptake of
calcium in cellular storages, signifies cell stress and can lead to a
cellular overload, which consequently causes cell death [5,9].
Calcium has recently also been used for medical treatments,
such as calcium electroporation. Electroporation is a process of
electrically induced increase in permeability of the cell membrane
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for molecules which otherwise cannot diffuse across the membrane barrier [10]. Calcium electroporation is a novel anti-tumor
treatment where large quantities of calcium are internalized by
the cell during an electroporation process [11]. Calcium electroporation has been shown to induce tumor necrosis associated with
ATP depletion [12–15]. What is more, calcium electroporation also
considerably inhibits cell migration capabilities [14]. The
anti-tumor effectiveness of calcium electroporation has been
demonstrated in vivo [12,16,17], in vitro [17–19] and in clinical
trials [20–23].
Effects of calcium ions on cell membrane stability, structure and
cellular processes have been investigated extensively and a large
number of different studies have been conducted to better understand the interactions between calcium and phospholipids forming
the cell membrane: (i) It was observed that binding of calcium ions
causes a conformational change of the phospholipid polar headgroups [24,25] leading to a reduction in phospholipid area per
molecule [26,27]. (ii) It was also demonstrated that calcium ions,
when adsorbed onto a membrane, reduce the surface charge density of the phospholipids [28] and cause partial dehydration of
the bilayer [1,29]. (iii) Significant increase in membrane thickness,
and membrane rigidity was observed as well [30,31]. (iv) What is
more, several molecular dynamic (MD) studies show a sequential
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and 2-[4-(2-hydroxyethyl)piperazin-1-yl] ethanesulfonic acid
(HEPES) from Merck (Darmstadt, Germany). Nitrogen and CO2
gas was from Messer (Gumpoldskirchen, Austria). The lipids
l-a-phosphatidylcholine,hydrogenated
(Soy)
(HSPC),
1,
2-dioctadecanoyl-sn-glycero-3-phosphoethanolamine (18:0 PE,
DSPE), cholesterol (Chol) and 1-palmitoyl-2-oleoyl-glycero-3phosphocholine (POPC) were from Avanti Polar Lipids (Alabaster,
AL, USA obtained via Instruchemie (Delfzyl, The Netherlands)).

binding of calcium ions to the phospholipids leading to structural
changes of the lipid membrane [32,33], namely likewise a decrease
in area per lipid.
Hoeljolt and colleagues demonstrated that the addition of
calcium ions could also influence the transition temperature of
the lipids, namely increasing it [34]. Calcium ion effects on phospholipids has been studied on various simplified cell membrane
models, such as liposomes and planar lipid bilayers in the past
[1,2,35–39]. Liposomes are spherical vesicles surrounded by a
phospholipid double layer encapsulating an aqueous lumen. Their
resemblance to a biological cell membrane exceeds the planar lipid
bilayer, which is considered as a small fraction of a total cell membrane applied for electrophysiological measurements. Planar lipid
bilayers consist of two phospholipid sheets with the hydrophobic
tails pointing toward the center of the sheet, shielded from the
aqueous environment by their hydrophilic phospholipid headgroups. Since planar lipid bilayers are accessible from both sides,
their analysis is relatively simple, straightforward [40] and occurs
in a well-controlled environment [41,42].
In our study, liposomes and planar lipid bilayers are used as
models of biological membranes to investigate the effects of calcium ions on phospholipid bilayers in more detail by comparing
two analytical setups. A change in liposome size due to calcium
ion addition was observed and quantified via gas-phase electrophoretic measurements. Gas-phase electrophoresis was first
described by Kaufman and colleagues in 1996 [43]. Samples are
electrosprayed from a volatile electrolyte solution. Subsequently,
drying of droplets and charge equilibration in a bipolar atmosphere
occurs. Single-charged, surface-dried, polydisperse aerosol is then
size-separated in a high laminar-sheath flow and a tunable electric
field. By variation of the electric field strength, monomobile aerosol
particles are obtained which are then assessed via particle
number-based detection as recommended by the European Commission for nanoparticle characterization (2011/696/EU from
October 18th, 2011). Relating the electric field strength necessary
for the monomobile aerosol to pass the size separator, and hence
ultimately the particle size versa particle count values yields the
corresponding GEMMA spectrum. Such a setup is known under different names – nano Electrospray Gas-phase Electrophoretic
Mobility Molecular Analyzer (nES GEMMA), nES Differential Mobility Analyzer (nES DMA), LiquiScan ES, Scanning Mobility Particle
Sizer (SMPS) or MacroIMS – and has already been used in the past
for liposome analysis [44–46] or analysis of lipid-containing structures [47–49]. Subsequently, electrical measurements on planar
lipid bilayers were carried out, to determine changes in the bilayer
properties induced by calcium ion addition. Even small calcium ion
concentration related changes in the phospholipid head-group
structure could alter the electrical properties of the phospholipid
surface and produce measurable changes of the lipid bilayer’s
properties. We aimed to gain a better insight on interactions
between calcium ions and membrane phospholipids comparing
two analytical setups and indeed, we observed an effect of calcium
ions on liposomes and planar lipid bilayers as cell membrane analogues in both setups.

2.2. Buffers and electrolytes
NH4OAc (40 mM, pH 8.4) filtered through a 0.2 mm pore size
syringe filter (surfactant free cellulose acetate membrane from Sartorius, Göttingen, Germany) was used for vesicle preparation and
as aqueous electrolyte for nES GEMMA.
KCl (0.1 M) and HEPES (0.01 M) were mixed together in a 1:1
volumetric ratio and applied as an aqueous electrolyte in the measurement chamber for planar lipid bilayer measurements. CaCl2
solutions were prepared at indicated concentrations by dissolving
CaCl2 in either NH4OAc solution for liposome measurements or
KCl/HEPES solution for planar lipid bilayer measurements.
2.3. Liposome preparation
Liposomes from HSPC:Chol:DSPE (4:3:3 M ratio) or POPC:Chol:
DSPE (4:3:3 M ratio) were prepared from dried thin lipid films via
hydration [50]. Lipids were dissolved in methanol:chloroform (1:3
mixture [v:v]) prior to formation of a thin, regular film under a
constant stream of nitrogen gas. The film was additionally dried
for approximately 2 h in a desiccator following its hydration with
1 mL NH4OAc solution. This yielded a dispersion of 10 mM total
lipid concentration. Vortexing and heating in a water bath at about
65°C lead to detachment of the lipid film from the flask surface.
Subsequently, small unilamellar vesicles were prepared via extrusion with 21 passes through two pre-wetted 100 nm pore size,
polycarbonate membranes (Avanti Polar Lipids) applied in the
same membrane orientation. Finally, liposome stock solutions
were stored overnight in brown glass vials at 4°C prior to analysis.
2.4. Liposome nES GEMMA measurements
Gas-phase electrophoresis was carried out on a TSI Inc instrument (Shoreview, MN, USA): A nES aerosol generator (model
3480) equipped with either a 210Po a-particle source or an alternating corona discharge unit [51], a nano differential mobility analyzer (nDMA, model 3080) and a n-butanol-based ultrafine
condensation particle counter (CPC, either model 3025A or a similar model, namely 3776C) were applied. The samples were introduced to the nES unit via a 25 mm inner diameter, fused silica
capillary with a homemade tip [52], generating a stable Taylor
cone. A fresh capillary was employed for each day of measurement
in order to exclude cross-contaminations. 4.0 lb per square inch
differential (psid, approx. 28 kPa) and 0.1 L per minute (Lpm)
CO2 and 1.0 Lpm compressed, particle-free air were employed for
transport of particles from the capillary through the neutralization/charge reduction chamber and to the nDMA unit. The applied
air was additionally dried (Donaldson Variodry Membrane Dryer
Superplus, Leuven, Belgium) to facilitate drying of nES derived nanodroplets. The covered size range of the nDMA was from 4.85 nm
to 180.0 nm by application of a sheath flow of 2.5 Lpm. All of the
experiments were carried out at room temperature (21 °C). Every
sample was measured four times, for 180 s each, corresponding to
150 s of voltage adjustment and a 30-second window for the
instruments to return to idle state of low voltage again.
Prior to gas-phase electrophoresis, six different CaCl2 concentrations in NH4OAc solution were added (0 mM, 5 mM, 10 mM,

2. Materials and methods
2.1. Chemicals
Ammonium acetate (NH4OAc,  99.99 %), ammonium hydroxide (ACS reagent), n-decane (ReagentPlus,  99.00 %), hexane
(ACS reagent), calcium chloride (CaCl2, anhydrous,  96.00 %) were
purchased from Sigma Aldrich (Steinheim, Germany). Chloroform
(Spectronorm quality) was obtained from VWR BDH Chemicals
(Roncello, Italy), methanol (LiChrosolv), potassium chloride (KCl)
2

Bioelectrochemistry 143 (2022) 107988
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Resistance and capacitance measurements of planar lipid bilayers for each calcium ion concentration were combined via their
median to obtain the corresponding dataset. For comparison of planar lipid bilayers datasets a one-way ANOVA on Ranks was used.
All pairwise, multiple comparisons were made by Tukey’s test.
We rejected the null hypothesis of analysis if the p-value of the test
was less than 0.05 (p <<< 0.05).

20 mM, 30 mM and 40 mM) to the liposome solutions during spin
filtration employing 10 kDa molecular weight cut-off filters
(MWCO, polyethersulfone membrane, VWR, Vienna, Austria) leading to a 1:10 [v:v] dilution of the initial stock. The spin filtration of
liposomes was carried out in a centrifuge using 9300 g for approximately 7 min. For liposome samples containing CaCl2, the last spin
filtration round was always performed in pure NH4OAc in order to
remove unbound, non-volatile calcium ions.

3. Results and discussion

2.5. Planar lipid bilayer formation

The effect of calcium ions on phospholipid membranes was
studied using two different cell membrane models, namely globular liposomes and planar lipid bilayers. Calcium ions were added to
liposomes and planar lipid bilayers in order to observe phospholipid modifications as a function of calcium ion concentration,
employing two different measuring methods, nES GEMMA for liposomes and resistance/capacitance measurements on planar lipid
bilayers.

Planar lipid bilayers were formed using a Mueller-Rudin
method (Mueller et al. 1962). In short, the corresponding amount
of POPC or a mixture of HSPC:Chol:DSPE (4:3:3 M ratio) dissolved
in chloroform were dried under a N2 stream and subsequently dissolved in n-decan to obtain a final 20 mM lipid concentration. All of
the experiments were carried out at room temperature (21 °C). A
Delrin measurement chamber from Warner Instruments (Hamden,
CT, USA) with 150 mm diameter aperture separating the two cuvettes was used to form planar lipid bilayer. The aperture was pretreated with 20 mM lipids dissolved in hexane. After evaporation
of hexane, each compartment was filled with 4 mL of KCl/HEPES
electrolyte solution. For planar lipid bilayer formation, a small drop
of lipids dissolved in n-decane was applied to the aperture using a
glass rod. A stable planar lipid bilayer was formed after approximately 30 min and subsequent the capacitance was measured to
be around 0.5 mF/cm2 for POPC and 0.4 mF/cm2 for mixed (HSPC:
Chol:DSPE) bilayers.

3.1. Liposome analysis
Firstly, we focused on liposomes as in-vitro cell membrane analogues. In contrast to planar lipid membranes, vesicles exhibit a
strong membrane curvature. In addition, the phospholipid surface
of vesicles exceeds the section of a planar lipid membrane. Due to
the latter, we expected to observe similar effects upon calcium ion
addition to liposomes than when employing planar lipid bilayers,
yet at higher calcium ion concentrations.
Liposomes encapsulating NH4OAc solution were applied and
calcium ions were added to the vesicles’ surrounding medium for
incubation during the spin-filtration process. Subsequently, excess
small-diameter particles as well as unbound calcium ions were
removed via spin-filtration. Other low-sized calcium related peaks
were cut out of the spectrum using Matlab R2019a software.
In the absence of calcium ions, the apex of the liposome peak
was determined to be at 39.5 ± 2 nm (n = 4 measurements) for
POPC:Chol:DSPE liposomes and 71.2 ± 0.7 nm (n = 12 measurements) for HSPC:Chol:DSPE liposomes by fitting the Gaussian
curve to the raw data. When calcium ions were added at different
concentrations to liposome samples a slight but significant shift in
the liposome particle diameter was observed. In a first attempt,
liposomes consisting of POPC:Chol:DSPE were analyzed; however,
the increased unspecific lipid aggregation rendered them not completely suited for our analysis. As can be seen on Fig. 1A, the liposome peak is hardly distinguishable therefore; the Gaussian curve
does not fit well to the data.
Nevertheless, a change in liposome diameter can be observed as
seen on Fig. 1B, namely a decrease in particle diameter for 5 mM
and 10 mM CaCl2 and an increase in particle diameter for higher
calcium concentrations (20 mM, 30 mM and 40 mM CaCl2). An
22% increase in liposome diameter was measured between 0 mM
CaCl2 and 40 mM CaCl2 Fig. 2.
In the next set of experiments, HSPC:Chol:DSPE liposomes were
used due to their optimal size distribution and ease of analysis
using our analytical setup. The liposome peak is easily distinguishable as seen on Fig. 3A and a decrease in liposome size with
increasing calcium concentration was observed (Fig. 3B). A 10%
decrease in liposome diameter was measured between 0 mM CaCl2
and 40 mM CaCl2. A decrease in the surface-dry liposome volume
due to calcium ion binding is also supported by dynamic light scattering (DLS) data [53]. Shrinkage of liposome particles is likely to
be caused by a decrease of area per lipid caused by calcium ions
as demonstrated by MD simulations [54].
However, this decrease in liposome size is surprising as such, as
simple attachment of non-volatile buffer components to analytes

2.6. Planar lipid bilayer resistance and capacitance measurements
Electrical measurements on planar lipid bilayers were performed using a LCR meter E4980A from Keysight (Santa Rosa, CA,
USA) connected to four Ag/AgCl electrodes (In vivo metric, Healdsburg, CA, USA) immersed in the electrolyte solution in the Delrin
measurement chamber (Warner Instruments, USA). The LCR meter
was set to measure resistance Rp and capacitance Cp in parallel.
The AC voltage was set to 20 mV and the frequency to 2 kHz. Data
points were acquired each quarter of a second to obtain measurements of the resistance and capacitance over time. The LCR meter
was connected through an Ethernet connection and controlled
with MATLAB R2019a (MathWorks, Natick, MA, USA) Toolbox
using SCPI protocol. The measured data, capacitance and resistance
of each planar lipid bilayer were also processed with MATLAB
R2019a.
Formation of a planar lipid bilayer required a 30 min stabilization period, after which a corresponding volume of 9 M CaCl2 solution in KCl/HEPES was stepwise added to one of the compartments
in the Delrin measurement chamber to obtain six different CaCl2
concentrations (0 mM, 5 mM, 10 mM, 20 mM, 30 mM and 40 mM).
2.7. Statistical analysis
Datasets for liposome analysis with each calcium ion concentration (raw data obtained from instrument software, MacroIMS manager v2.0.1.0) were combined via their median to yield a
corresponding nES GEMMA spectrum. Size precision of the applied
nES GEMMA instrument for liposome analysis was ± 0.1 nm. Each
spectrum was cut at 40 nm particle diameter in order to blank the
low-sized calcium related peaks from the nES GEMMA spectra.
Gaussian curve was fitted to each cut spectrum via Matlab
R2019a to obtain diameter values and statistical parameters. For
comparison of different concentration spectra, a one-way ANOVA
on Ranks was used. All pairwise multiple comparisons were made
by Tukey’s test. We rejected the null hypothesis of analysis if the pvalue of the test was less than 0.05 (p < 0.05).
3
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Fig. 1. POPC:Chol:DSPE liposome particle size distribution as assessed via nES GEMMA. (A) Particle size distributions of POPC:Chol:DSPE liposome samples containing 0 mM
CaCl2 (N = 4) , 5 mM CaCl2 (N = 4), 10 mM CaCl2 (N = 4), 20 mM CaCl2 (N = 4), 30 mM CaCl2 (N = 4) and 40 mM CaCl2 (N = 4) are depicted. Data is related to the highest peak and
is scaled using Matlab rescale function. (B) The fitted Gaussian curve for each specific calcium concentration. Vertical lines represent the liposome diameter for each calcium
ion concentration.

changes in its equivalent parallel capacitance Cp and resistance
Rp. The measured electrical properties can be correlated to the
bilayer thickness (d) and permeability using basic equations for
resistance (R [X]) and capacitance (C[F]) (see equation (1) and
(2) below):

c¼

R¼

Cp eA e
¼
¼
A
dA d

qd
A

ð1Þ

ð2Þ

A planar lipid bilayer can be represented as a capacitor that is
capable of storing charge in an electric field. The bilayer specific
capacitance c [mF/cm2] is calculated as measured capacitance
divided by the area of the aperture and is as such used to compare
capacitance of different measurements setups. c is directly proportional to its dielectric constant (e, [F/m]), and is inversely proportional to the thickness of the bilayer (d, [m]). Resistance of the
planar lipid bilayer can also be measured from the values of
applied voltage and measured current flowing through the formed
bilayer. Resistance of the bilayer is directly proportional to the
specific electrical resistance of the bilayer (q , [Xm]) and its thickness (d, [m]), and is inversely proportional to the surface area (A,
[m2]) of the bilayer.
For planar lipid bilayer experiments, in a first attempt POPC
lipids were chosen due to their simplicity and ease of bilayer formation. Furthermore, due to the absence of a net charge on POPC
we were able to focus primarily on specific lipid–ion interactions.
However, since POPC is uncharged, the interaction of calcium ions
is expected to be relatively weak compared to charged phospholipids. Nevertheless, even small changes in the lipid head group
could significantly alter the electrical properties of the bilayer surface. Therefore, measurement of bilayer’s electrical properties was
applied as a sensitive technique for determination of calcium binding to the lipid structures.
We measured the changes in resistance (Fig. 5A) and capacitance (Fig. 5B) of the POPC planar lipid bilayer in response to calcium ion addition. A measurable increase in bilayer resistance R
and a decrease in bilayer specific capacitance c was observed,
which we relate to an increase in planar lipid bilayer thickness in
the presence of calcium ions. Changes in the bilayer’s resistance
and capacitance have been reported previously and our results
are in accordance with these findings [27,31]. In previous studies,

Fig. 2. POPC:Chol:DSPE liposome diameter change as a function of calcium
concentration. An increase in POPC:Chol:DSPE liposome size can be observed with
addition of CaCl2 to the liposome sample. Raw data was fitted to the Gaussian curve
to obtain the diameter points. Represented is the median value of all measurements
at specific concentration and standard deviation.

upon nES GEMMA analysis usually results in higher surface-dry
particle diameter values [55] as seen for POPC containing liposomes Fig. 4. Hence, a calcium ion dependent decrease in vesicle
size might either be related to tighter packing of phospholipid moieties in the bilayer and therefore reduced particle size or local distortions of the lipid bilayer leading to partial loss of encapsulated
vesicle components (ammonium acetate, water) upon surface drying during gas-phase electrophoresis. Similar effects (a decrease in
vesicle size) was also observed upon addition of a pore-forming
peptide (GALA) to liposomes and incubation at acidic pH (unpublished data of a different experimental series).
3.2. Planar lipid bilayer analysis
Subsequently, planar lipid bilayer electrical properties were
measured by a LCR meter connected directly to the electrodes in
the measurement chamber. As a measure of the influence of calcium ion addition on the lipid bilayer properties, we determined
4
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Fig. 3. Liposome particle size distribution as assessed via nES GEMMA. (A) Particle size distributions of HSPC:Chol:DSPE liposome samples containing 0 mM CaCl2 (N = 12) ,
5 mM CaCl2 (N = 4), 10 mM CaCl2 (N = 4), 20 mM CaCl2 (N = 8), 30 mM CaCl2 (N = 4) and 40 mM CaCl2 (N = 8) are depicted. Data is related to the highest peak and is scaled
using Matlab rescale function. (B) The fitted Gaussian curve for each specific calcium concentration. Vertical lines represent the liposome diameter for each calcium ion
concentration.

that of other phospholipid molecules as DSPE also carries a positive
charged head group. It is possible that the chemical structure of the
lipids influences the binding properties of calcium ions.
Planar lipid bilayers composed of a complex mixture of lipids,
show a different behavior from POPC when calcium is added to
the system. Contrary to POPC an increase in resistance as well as
a slight increase in capacitance was observed, which proves, that
not only the bilayer thickness changes due to calcium, but also
other properties of the bilayer as well.
Fig. 5 presents electrical measurements of POPC and HSPC:Chol:
DSPE bilayers as a function of calcium ion concentration. Capacitance changes more drastically for POPC lipids, which might be
due to no net lipid charge. DSPE carries a positive charge, therefore
less calcium comes into proximity of the HSPC:Chol:DSPE bilayers
minimizing its effect. For POPC planar lipid bilayer the resistance
increased for almost 44% from 0 mM CaCl2 to 40 mM CaCl2. Similarly, the resistance increase was seen for HSPC:Chol:DSPE bilayers
where resistance with addition of 40 mM CaCl2 increased for 43%.
Smaller changes were measured for capacitance differences,
namely for POPC bilayers the capacitance decreased for almost
8% between 0 mM CaCl2 and 40 mM CaCl2. Whereas for HSPC:
Chol:DSPE bilayers capacitance remained almost constant and
increased for only about 0,4%.
To sum up, we showed that two different instrumental techniques could be used to detect calcium-induced changes on either
liposomes or planar lipid bilayers. However, the choice of the lipid
molecules used to build cell membrane models plays an important
role in calcium modifications. Differences in measurements
between POPC and HSPC:Chol:DSPE bilayers could be due to the fact
that the lipid composition greatly influences the membrane’s properties, mainly its permeability. What is more, calcium ions increase
the phase transition temperature of the lipids and since the permeability of the lipid membrane is highest around the lipid transition
phase, the addition of calcium ions will result in higher transition
temperatures and planar lipid bilayers will therefore be more tightly
packed at room temperature, where our measurements were performed. When calcium ions were added to POPC containing lipid
structures, the bilayer’s resistance increased while the capacitance
decreased which can be correlated to an increased bilayer thickness
and decreased area per lipid. Liposome measurements showed an
increase in particle diameter, which can be due to the attachment
of non-volatile buffer components to analytes upon nES GEMMA
analysis or a decrease in area per lipid and consequently increased

Fig. 4. HSPC:Chol:DSPE liposome diameter change as a function of calcium
concentration. A decrease in HSPC:Chol:DSPE liposome size can be observed with
addition of CaCl2 to the liposome sample. Raw data was fitted to the Gaussian curve
to obtain the diameter points. Represented is the median value of all measurements
at specific concentration and standard deviation.

a considerable effect of divalent cations on the packaging order of
the lipid molecules was observed as well, and measured as an
increase in resistance and a decrease in capacitance. Obtained
results can be correlated with a ‘‘rigidification” of the planar lipid
bilayers in the presence of divalent cations, due to ordering of
the lipid molecules and a more tightly packed lateral structure.
As mentioned previously, MD simulations [54] show a decrease
in area per lipid due to calcium ions, which correlates to an
increase in bilayer thickness and is in accordance with our experimental results showing an increase in bilayer resistance and a
decrease in capacitance.
In the next step, we measured the changes in resistance
(Fig. 5A) and capacitance (Fig. 5B) of the HSPC:Chol:DSPE planar
lipid bilayers induced by calcium ion addition. Planar lipid bilayers
were formed using a mixture of HSPC:Chol:DSPE lipids for better
comparison to nES GEMMA analysis of liposomes. These lipids
have a more complex structure in comparison to POPC.
Additionally, the surface of PE lipids is distinctively different from
5
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Fig. 5. Difference between POPC and HSPC:Chol:DSPE bilayers. (A) It can be seen that the resistance increases with increasing calcium concentration for POPC (N = 27) and
HSPC:Chol:DSPE (N = 23) planar lipid bilayers. (B) Capacitance on the other hand decreases for POPC planar lipid bilayers and slightly increases for HSPC:Chol:DSPE planar
lipid bilayer showing a more complex interaction of HSPC and DSPE lipids with calcium ions.

bilayer thickness. A more complex behavior was observed for HSPC
and DSPE containing cell membrane analogues. With HSPC:Chol:
DSPE planar lipid bilayers, an increase in resistance was observed,
which can again be correlated to an increased bilayer thickness
and decreased area per lipid. However, the capacitance did not
change significantly. HSPC:Chol:DSPE liposomes showed a decrease
in particle diameter with increasing calcium ion concentration,
which could be due to a decreased area per lipid and consequent
tighter packaging of the molecules in the lipid bilayer. This is in line
with the results presented by Hoejholt et al [34], where they showed
that lipid composition and heat capacity of the membrane can influence the effect of calcium electroporation.
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