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ABSTRACT: Ethylenediaminetetraacetic acid (EDTA) is frequently used in lipid experi-
ments to remove redundant ions, such as Ca2+, from the sample solution. In this work,
combining molecular dynamics (MD) simulations and Langmuir monolayer experiments, we
show that on top of the expected Ca2+ depletion, EDTA anions themselves bind to
phosphatidylcholine (PC) monolayers. This binding, originating from EDTA interaction with
choline groups of PC lipids, leads to the adsorption of EDTA anions at the monolayer surface
and concentration-dependent changes in surface pressure as measured by monolayer
experiments and explained by MD simulations. This surprising observation emphasizes that
lipid experiments carried out using EDTA-containing solutions, especially of high
concentrations, must be interpreted very carefully due to potential interfering interactions
of EDTA with lipids and other biomolecules involved in the experiment, e.g., cationic peptides, that may alter membrane-binding
affinities of studied compounds.

■ INTRODUCTION
Ethylenediaminetetraacetic acid (EDTA) is a long-used
synthetic aminopolycarboxylic acid prepared for the first time
in 1935 and mainly known for its metal-chelating proper-
ties.1−3 It is effectively utilized for the complexation of several
multivalent cations but most frequently is applied for forming
water-soluble complexes with iron (both Fe2+ and Fe3+)4,5 and
calcium Ca2+ ions at neutral pH in solution.6 Due to its
versatile metal-chelating properties,7 it has found a staggering
number of applications in industry, medicine, and household.
EDTA is used for treating mercury and lead poisoning,8 as a
preservative in different drug formulations,9,10 the food
industry,11 and in the cosmetic industry for stabilization of
formulations during air exposure.12 Additionally, EDTA as well
as other metal chelators are known to induce permeabilization
of the outer membrane in Gram-negative bacteria.13 It is
speculated that EDTA actively removes metal ions from the
bacterial membrane, resulting in the loss of lipopolysaccharides
and proteins, leading to cell lysis.14 On the fun side, due to all
of the listed various EDTA applications in academic and
commercial applications, “strong additional evidence of the
efficient use” of EDTA has also been reported in popular
culture.15

In academic research, EDTA has an invaluable position as an
efficient metal chelator for removing redundant ions in
solution16 and biological membranes17 or inhibiting metal-
dependent proteins.18,19 As such, it is almost always used as an
additive in the preparation of a whole range of buffers in
biological and biophysical investigations on cells and liposomal

cell models, with the aim of total removal of leftover Ca2+ ions
in Milli-Q water (which are inevitably present in the low nM
concentration in our experimental conditions) as well as its
sequestration from the biological membranes where they easily
bind.20 Surprisingly, there are very few studies that aimed to
test whether EDTA itself binds to lipids and what could be
possible consequences of such interaction. For instance, EDTA
was noted to have an enhancing effect on the action activity of
antiglaucoma drugs by increasing the permeability of the
corneal membrane.21 Galla et al. have reported the fluidization
and expansion effect of EDTA in higher concentrations on the
phase behavior of dipalmitoylphosphatidylcholine (DPPC)
monolayers, brought upon by the electrostatic interaction of
negatively charged carboxylic groups of EDTA with the
positively charged headgroup of DPPC.22 Using AFM, they
have shown that intercalation of EDTA in the DPPC
monolayer induces a membrane curvature, whose size and
magnitude depend on the length of exposure to EDTA.
However, the molecular picture of the interaction has been
only qualitatively described using simple molecular mechanics
and semiempirical PM3 calculations on solvent-free models,
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thereby entirely disregarding the dynamical component of the
interaction, which might be relevant for the described
membrane curvature changes.22 Essentially, to the best of
our knowledge, EDTA action on membranes has not been
carefully considered yet at the molecular level, and its
sequestration of Ca2+ ions from lipid membranes is very
often taken for granted without a sufficient understanding of
whether the addition of EDTA to biological samples has any
other effect on corresponding experiments. Considering that
only a minimal concentration of Ca2+ is always present in Milli-
Q water (in a low nM concentration range) while EDTA is
added in much higher mM concentration to lipid systems
(ranging from 0.1 mM23,24 to even 5 mM in some buffers used
in cell biological experiments for membrane protein extrac-
tion25,26), an obvious possible interaction of the significant
excess of EDTA anions with lipid membranes leading to their
adsorption and consequent implications has surprisingly never
been studied. In this work, we tackle this open question and
systematically investigate the adsorption of EDTA anions
(whose distribution depending on the pH of the solution is
shown in Figure 1) to 1-palmitoyl-2-oleoylphosphatidylcholine

(POPC) monolayers as the simplest model of lipid membranes
combining the custom Langmuir-trough monolayer experi-
ments with computer simulations.

■ METHODS
Simulation Details. The initial POPC monolayer structure

was taken from the publicly available data on the Zenodo
server (DOI: 10.5281/zenodo.838633).28 This structure
contains a slab of water placed in the center of the box and
two POPC monolayers (256 lipids each) located at the
interfaces with a ∼12 nm thick vacuum (Figure S1). This
system was used to prepare all other simulation setups by
adding ions, including EDTA in different protonation forms.
The complete composition of the simulated systems is
summarized in Table S1. The obtained systems were energy
minimized, and then 1 μs long production runs were carried
out. The first 100 ns were considered as equilibration and
disregarded from the analysis. All simulations were run using
an NVT ensemble with an area per lipid of POPC of roughly
70 Å2 (0.70 nm2). The force field used for POPC and ions is
CHARMM36,29 while water was modeled using the four-point
OPC model.30 This combination of force fields was selected

based on the recent work discussing the accuracy of lipid
monolayer simulations.31 The model for EDTA anions was
built using the Ligand Reader & Modeler module32 in
CHARMM-GUI33 (Figure S2), and corresponding atom
types and partial charges derived using CGenFF34 are given
in Table S2. The equation of motion was solved using a 2 fs
timestep and leap-frog algorithm, with an updating frequency
of 20 steps. The smooth particle mesh Ewald with a cutoff of
1.2 nm was used to treat electrostatic interactions.35 Van der
Waals interactions were treated using a cutoff of 1.2 nm, with
the forces smoothly attenuated to zero between 1.0 and 1.2
nm. The dispersion correction to energy and pressure was
applied to account for long-range Lennard−Jones interac-
tions.36 The temperature was maintained constant at 298 K
using a Nose−Hoover thermostat with three coupling groups
(POPC, EDTA anions, and remaining ionic aqueous solution).
All covalent bonds involving hydrogens were constrained using
the P-LINCS algorithm.37 All simulations were performed
using Gromacs, versions 2021 and 2022.38

Experimental Details. Measurements of monolayer sur-
face pressure kinetics (adsorption kinetics) were performed
with an in-house built microwell (round shape interface of 7
cm2, 5 mL subphase volume, perforation present for injection
of solutions directly into subphase). The system was equipped
either with an ultrasensitive surface pressure sensor (Kibron)
with the DyneProbe or NIMA surface tensiometer. 15 μL of
0.1 mM solution of POPC (purchased from Avanti Polar
Lipids, Alabaster, AL) in chloroform was spread by deposition
of small droplets with a Hamilton microsyringe over 4 mL of
Milli-Q water (Millipore, 18.2 MΩ·cm, pH 5.5, the
concentration of Ca2+ was in low nM range) to achieve a
surface pressure of 20 mN m−1. The surface pressure change
was monitored for 30 min needed for chloroform evaporation
and monolayer stabilization. Once the surface pressure of the
POPC monolayer stabilized, EDTA and CaCl2 in appropriate
amounts (corresponding to concentrations of 50 nM, 50 μM,
and 3 mM of EDTA, and 50 μM EDTA + 50 μM CaCl2,
respectively) were administered using the Hamilton micro-
syringe to the subphase below the monolayer, and the pressure
was monitored for further 30 min. Measurements were
performed at room temperature. To slow down subphase
evaporation and protect the film from dust and additional
disruptions, an acrylic cover box over the setup was used.

Langmuir monolayer surface pressure−molecular area (π−
A) compression isotherms were measured with a commercially
available MicroTrough setup (59 mm × 209 mm) (μtrough
XS, Kibron; Helsinki, Finland). The system was equipped with
an ultrasensitive surface pressure sensor (KBN 315; Kibron)
with the DyneProbe. 12.5 μL of 1 mM solution of POPC in
chloroform was spread by deposition of small droplets with a
Hamilton microsyringe over 25 mL of Milli-Q water or
solutions of EDTA of corresponding concentrations. The π−A
isotherms were collected during the symmetrical movement of
two barriers controlled by software (FilmWare) provided by
the equipment manufacturer. The compression speed was
10 mm/min (i.e., 3.92 Å2/chain/min for the POPC mono-
layer). Measurements were done at 25.0 °C, controlled with a
temperature control plate (connected to a water-circulating
thermostat; ±0.5 °C accuracy) placed under the trough. To
slow down subphase evaporation and protect from dust and
additional surface disruptions, an acrylic cover box over the
trough was used. Before each measurement, the lipid film was
left uncovered for 3 min to allow chloroform to evaporate and

Figure 1. Relative amount of EDTA2− (blue line) and EDTA3−

(brown line) in water according to the Henderson−Hasselbach
equation27 as a function of corresponding EDTA pKa values. For low
50 nM EDTA experiments, the measured pH of the solution is 5.5,
and EDTA is present as EDTA2− in ca. 80% and EDTA3− ca. 20%
(red dot). At 50 μM EDTA concentration, pH is 6.4, and the amount
of EDTA2− and EDTA3− is similar (green dot). At higher EDTA
concentrations (1, 3, 15, and 150 mM), the measured pH values are
slightly larger than 8, and almost all EDTA ions in the solution are in
the EDTA3− form (blue dot).
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then for 5 min covered with the acrylic box to enable the
temperature to equilibrate.

150 mM solution of EDTA was prepared by dissolution of
solid EDTA (Sigma-Aldrich; St. Louis, MO) and NaOH
(Sigma-Aldrich; St. Louis, MO) in Milli-Q water, and the final
pH was set to 8.00 by slow addition of 10 M NaOH solution.
15 mM, 3 mM, 1 mM, 50 μM, and 50 nM EDTA solutions
were prepared by dilution of the starting 150 mM solution of
EDTA with Milli-Q water, and the pH of the solution was
measured before each measurement.

■ RESULTS AND DISCUSSION
First, we performed molecular dynamics (MD) simulations of
1-palmitoyl-2-oleoylphosphatidylcholine (POPC) monolayers
interacting with EDTA2− and EDTA3− anions at different
EDTA/Ca2+/POPC ratios (exact composition of the systems is

presented in Table S1), and the results are presented in Figure
2. Note that we examine the adsorption of EDTA in two
possible protonation states according to corresponding pKa
values and pH (see Figure 1). The analysis of number density
profiles in 1 EDTA2−/10 POPC and 1 EDTA3−/10 POPC
systems (upper left and right panels, respectively) shows that
despite the high negative charge of EDTA anions, both
EDTA2− and EDTA3− have slightly pronounced adsorption
peaks at around 1 nm from phosphate POPC atoms. This weak
adsorption is present for both EDTA anions and comparable in
strength (if not even stronger) to adsorption of only singly
negatively charged ions such as Cl−.39 Interestingly, the
difference in charge between EDTA2− and EDTA3− does not
contribute to the strength of adsorption, because negatively
charged carboxyl groups of both EDTA anions similarly
interact with positively charged POPC choline groups (see

Figure 2. Number density profiles for monolayer phosphate atoms P(POPC), choline nitrogen atoms N(POPC), all nitrogen (N(EDTA)),
carboxyl oxygen (O(EDTA)), and carboxyl carbon atoms of EDTA (C(EDTA)), Na+ and Ca2+ cations, and water oxygen atoms (OW) from MD
simulations with different ratios of EDTA/Ca2+/POPC. The number density profiles for EDTA atoms and cations are shown in thick lines. The
number density of calcium is scaled up by a factor of 10 or 50 (depending on the EDTA concentration) to highlight the effect of its sequestration.
Similarly, the number density of sodium is scaled up by a factor of 2. The reference number density profile for Ca2+ from EDTA-free systems is
shown in a dashed line.
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radial distribution functions (RDFs), Figure S3). Specifically,
we see two noticeable peaks in the RDFs between the nitrogen
atom of POPC choline groups and any carboxyl oxygen atom
in both EDTA2− and EDTA3− anions. The first peak is smaller
in amplitude and located at ∼0.7 nm, whereas a more
enhanced peak is located at around ∼0.9 nm and corresponds
to the maximum density peak of O(EDTA) atoms shown in
the number density profiles (Figure 2). Taking this into
account, we conclude that the weak interaction between EDTA
and POPC choline groups is mainly electrostatic in nature.

The density profile of Na+ counterions (green color) shows
only a small amount close to the membrane surface. However,
note that a recent study combining MD simulations,
vibrational sum frequency generation, and Langmuir-trough
experiments has shown that the presence of Na+ cations at
DPPC monolayers does not disturb the membrane even at
high mM concentrations,40 implying that any changes in the
monolayer structure are not induced by sodium and should be
attributed to other ions and solutes present in the solution.

In the 1 Ca2+/1 EDTA2−/10 POPC system (middle left
panel, Figure 2), which is set up to mimic the experiments at
low nM EDTA concentrations at pH around 5.5 (Figure 1), we
observe that in addition to adsorption of EDTA2−, which
exhibits an almost identical adsorption pattern as in the
reference system (left upper panel), Ca2+ ions are still relatively
abundant at the POPC monolayer. This observation is
evidenced by a higher number density of Ca2+ in the
headgroup region vs bulk Ca2+ concentration in our MD
simulations but still in a smaller amount than in EDTA-free
simulations containing only Ca2+ ions (dashed lines). There-
fore, MD simulations indicate only a partial sequestration of
Ca2+. Upon extra addition of EDTA2− to the system (1 Ca2+/
10 EDTA2−/10 POPC, bottom left panel), the number density

of Ca2+ shows its further removal from the monolayer surface.
However, we should note that such an EDTA2−-to-calcium
ratio is not experimentally observed since adding EDTA
increases the pH and, as a result, also increases the EDTA3−

concentration at the expense of EDTA2− anions (Figure 1).
Therefore, we also modeled EDTA3−-containing systems

that more closely correspond to the experiments with higher
EDTA concentrations where the pH is around 6.4 (Figure 1).
The overall adsorption of EDTA3− is similar in 1 Ca2+/1
EDTA3−/10 POPC vs 1 Ca2+/1 EDTA2−/10 POPC (Figure 2,
middle panels), with one important exception�the sequestra-
tion of Ca2+ is more efficient in the EDTA3− system compared
to analogous EDTA2− and reference EDTA-free systems.
Finally, in 1 Ca2+/10 EDTA3−/10 POPC system, the
sequestration of Ca2+ from the monolayer is complete (Figure
2, bottom right panel), indicating more efficient Ca2+ depletion
with increasing EDTA3− concentration, which is intuitively
expected due to the stronger electrostatic Ca2+−EDTA3−

interaction vs Ca2+−EDTA2− interaction. Altogether, our
conclusions drawn from MD simulations perfectly resemble
the anticipated function of EDTA, yet indicating that in all
cases, some amount of EDTA remains bound to the lipid
monolayer.

For the first experimental measurements, we decided to
check the effect of low 50 nm EDTA concentrations at pH =
5.5, where the concentration of EDTA is comparable to the
Ca2+ concentration in Milli-Q water (used in our experiments)
as modeled in the 1 Ca2+/1 EDTA2−/10 POPC system.

Using a custom-made microwell with the possibility of
substance injection into the subphase and equipped with a
surface tensiometer (see the Methods Section for details), we
measured how the addition of 50 nM of EDTA affects the
surface pressure of the POPC monolayer. We observed only a

Figure 3. Time dependence of POPC monolayer surface pressure before and after the addition of EDTA (top left and bottom left panel) and
EDTA with the subsequent addition of CaCl2 (top right panel). The EDTA concentrations in the solution are 50 nM at pH = 5.5 (red, top left
panel), 50 μM at pH = 6.4 (blue, top right panel), and 3 mM at pH = 8 (green, bottom left panel). Langmuir compression isotherms of POPC in
the presence of EDTA at different concentrations (multicolor, bottom right panel).
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slight decrease in the surface pressure with time; the POPC
monolayer stabilized with surface pressure ca. 0.5 mN m−1

lower than before the EDTA addition (Figure 3, top left
panel). The drop of pressure is attributed to only a partial
removal of Ca2+ from the monolayer headgroup region in
agreement with a minor decrease in the number density of
Ca2+ in the 1 Ca2+/1 EDTA2−/10 POPC system vs reference
EDTA-free system (Figure 2, left middle panel).

Since the removal of Ca2+ is incomplete under these
experimental conditions, we performed additional experiments
at 50 μM EDTA concentration, where the measured pH is 6.4.
At this EDTA concentration, the amount of EDTA3− increased
vs EDTA2−, now them being roughly in the same amount in
the solution (Figure 1). An observed drop of the surface
pressure after EDTA addition significantly increased from ca.
0.5 to 2.5 mN m−1, which agrees with 1 Ca2+/1 EDTA3−/10
POPC and 1 Ca2+/10 EDTA3−/10 POPC density profiles
(Figure 2, middle and bottom right panels), indicating that
Ca2+ is more efficiently removed from the POPC surface by
EDTA3−, especially in the case of the 1 Ca2+/10 EDTA3−/10
POPC system where Ca2+ is completely depleted from the
lipid monolayer (Figure 2, bottom right panel). Moreover, the
subsequent addition of 50 μM Ca2+ (by corresponding
addition of CaCl2 in the subphase) to the same experimental
system showed an increase in surface pressure back to the level
before the addition of EDTA (Figure 3, top right panel), thus
again confirming that EDTA indeed removes Ca2+ from the
membrane. Finally, we performed adsorption kinetics measure-
ments at 3 mM EDTA concentrations (where pH is slightly
larger than 8), which show the increase of surface pressure
upon EDTA addition by ca. 2 mN m−1 (Figure 3, left bottom
panel) due to the elevated effect of EDTA adsorption at higher
concentrations, which cancels the effect of Ca2+ removal.
These results are also confirmed by the independent
experiments with different monolayer surface pressure sensors
shown in Figure S4.

The Langmuir compression isotherms of POPC monolayers
were measured on subphases of Milli-Q water (used as a
reference) at 1 mM, 15 mM, and 150 mM of EDTA (see
Figure 3, bottom right panel). The measured experimental pH
values are slightly larger than 8, indicating that EDTA3− anions
are dominantly present in the solution (Figure 1). The
interaction of EDTA3− anions with the POPC monolayer is
visible at 15 mM and 150 mM EDTA concentrations. The
isotherms are shifted horizontally (for area per lipid) and
vertically (for surface pressure), and the effect increases with
the concentration of added EDTA. The collected isotherms
indicate that EDTA interacts and accumulates at the POPC
monolayer, thereby increasing the surface pressure for the
whole range of areas per lipid. Interestingly, for all EDTA
concentrations, the measured isotherms coincide with the
isotherm of Milli-Q water in the region of monolayer collapse
at low area per lipid values (around 60 Å2), suggesting that a
certain amount of EDTA remains trapped in the POPC
monolayer until monolayer breakup.

Since the concentration of Ca2+ in Langmuir-trough
experiments is by many orders of magnitude smaller than
concentrations of EDTA3− anions (nM and mM range,
respectively), the best comparison with the MD simulation
results can be made for Ca2+-free systems, in particular for the
1 EDTA3−/10 POPC system where EDTA3− anions are most
abundant species at experimental pH = 8. As indicated in our
MD results, the adsorption of EDTA3− anions at the POPC

monolayer is observed for these conditions (Figure 2, upper
right panel). At 1 mM concentration of EDTA, the isotherm is
very similar to the referent POPC, and it is not completely
clear whether 1 mM EDTA indeed leads to the observed shift
in the isotherm and subsequent increase of surface pressure.
However, we showed in adsorption kinetics measurements that
at lower EDTA concentrations (50 nm and 50 μM), the
surface pressure decreases due to at least partial Ca2+

sequestration from the membrane, whereas adding 3 mM
EDTA leads in contrast to an increase in the surface pressure.
Therefore, at the EDTA concentration of 1 mM, which shows
only a small difference compared to the measurements on pure
POPC, it is fair to assume that the opposite directions of the
corresponding trends result in minimal (if any) changes in the
surface pressure (Figure 3). In any case, we should stress that
EDTA is still adsorbed at the POPC monolayer as shown in
the MD simulations even with lower EDTA content (Figure
2).

From the MD simulation data and experimental surface
pressure monolayer experiments, we can conclude the
following. First, using MD simulations, we demonstrated that
calcium sequestration is induced by both EDTA2− and
EDTA3− anions already at low EDTA concentrations (Figure
2), which agrees with the experimental adsorption kinetics
measurements. However, the fact that the Ca2+ sequestration at
50 nM and pH = 5.5 is only partial (Figure 2) suggests that
higher concentrations of EDTA should be used for its
complete removal. Indeed, in systems with higher EDTA
concentrations of 50 μM (corresponding to pH = 6.4, where a
more significant amount of EDTA3− is present in solution),
MD simulations and experiments predict a more efficient
removal of Ca2+ from the membrane (Figures 2 and 3).
Moreover, the increase of EDTA concentration to 3 mM in
adsorption kinetics measurements shows the increase of
surface pressure induced by EDTA adsorption. Therefore,
using 0.1 mM (or higher) EDTA concentrations in typical
biophysical experiments is justified for successful Ca2+ removal
from the lipid membranes.

Second, and far more intriguingly, we see that in MD
simulations, both EDTA2− and EDTA3− anions adsorb to the
POPC monolayer at all investigated EDTA concentrations,
including the reference system without Ca2+. This observation
is supported by a large surface pressure increase in kinetic and
isotherm experimental measurements with high mM EDTA
concentrations (Figure 3, bottom panels), in agreement with
the increased number density of EDTA anions in correspond-
ing MD simulations (Figure 2). These findings imply an
additional electrostatic effect of EDTA weakly bound to the
membrane. To check for that effect, we calculated the total
electrostatic potential of the reference 1 Ca2+/10 POPC
system without EDTA and compared it with the 1 Ca2+/10
EDTA2−/10 POPC system (Figure 4).

We see that in the EDTA-containing system, a small
minimum of ca. 50 mV appears at around 3.5 nm away from
the box center (red line), i.e., at the position of the number
density profiles maxima of EDTA atom groups (Figure 2).
This observation implies that the interaction of other positively
charged species with the membrane might be partially screened
by negatively charged EDTA, thus inhibiting the interaction
with the POPC headgroups themselves.
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■ CONCLUSIONS
In conclusion, we presented that the addition of EDTA in 0.1
mM concentrations is justified in biophysical and biological
experiments since lower concentrations of EDTA do not lead
to complete Ca2+ removal from the lipid membranes, as
confirmed by both MD simulations and adsorption kinetics
measurements. However, with the observed sequestration
effect, an additional stealthy action of EDTA is also detected�
its adsorption to POPC monolayers at all investigated EDTA
concentrations. This behavior is evident from MD simulations
but especially in kinetic and isotherm measurements showing
an increase of surface pressure at the POPC monolayer with
mM concentrations of EDTA. Moreover, given corresponding
charge-screening effects induced by EDTA, its adsorption may
influence the binding of other positively charged species (such
as positively charged cell-penetrating peptides)41,42 especially
when they are present in similarly low mM concentrations like
0.1 mM EDTA often used in biophysical experiments. One of
the prominent examples where EDTA action might play a
critical role is found in the lack of the translocation of
polyarginine cell-penetrating peptides across large POPC
unilamellar vesicles (LUVs) in EDTA-containing experi-
ments24 vs their facile penetration across giant unilamellar
POPC vesicles (GUVs) in EDTA-free systems.43,44 Moreover,
the energetics of peptides binding to POPC, known to be
dependent also on the ionic strength of the solution,45 could
change significantly when EDTA is present in the system, and
the results of experiments involving EDTA should be taken
with great care.
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