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Abstract

Interactions of different anions with phospholipid membranes in aqueous salt solutions were
investigated by molecular dynamics simulations and fluorescence solvent relaxation measurements.
Both approaches indicate that the anion-membrane interaction increases with the size and softness of the
anion. Calculations show that iodide exhibits a genuine affinity for the membrane, which is due to its
pairing with the choline group and its propensity for the non-polar region of the acyl chains, the latter
being enhanced in polarizable calculations showing that the iodide number density profile is expanded
towards the glycerol level. Solvent relaxation measurements using Laurdan confirm the influence of
large soft ions on the membrane organization at the glycerol level. In contrast, chloride exhibits a peak
at the membrane surface only in the presence of a surface-attracted cation, such as sodium but not
potassium, suggesting that this behavior is merely a counter-ion effect.

Keywords: lipid membrane, mechanism, molecular dynamics, monovalent ions, Hofmeister
series
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Introduction

It has been observed in numerous experimental and theoretical studies that addition of salts
changes the properties of lipid membranes.1-11 Molecular dynamics simulations demonstrated saltinduced changes in lateral diffusion of phospolipids, headgroup tilt, membrane thickness etc., which
were specific for different cations.1-3,5,11 Fewer computational studies investigated the effect of anions
and either reported anionic influence on membranes4 or similar changes for all sodium halide salt
solutions (although it was observed that larger anions penetrate slightly more into the membrane than
sodium).11 In contrast, experiments primarily focused on the effects of anions that have been shown to
follow the Hofmeister series.12 For example, experiments on vesicles swelling in KCl and KBr solutions
have been rationalized in terms of the enhanced presence of anions at the membrane surface.7 Recent
experiments on DPPC monolayers with sodium salt solutions showed that, while an anion adsorption
explains well results for sodium salts with larger halides, those for NaF could not be fitted by such a
model. A model which fits the data for all sodium salts invokes both anion adsorption and a
simultaneous sodium complexation with lipids.9,10 Such an interaction of sodium with lipid membranes
was previously confirmed by fluorescence spectroscopy, which showed a slow-down in lateral diffusion
of lipids and different mobility at the headgroup region.11,13

In this paper we compare different salts, by varying both cations and anions: this allows us to
distinguish between different mechanisms responsible for ion-membrane interaction. Moreover, we
present, for the first time, results from the simulation of membrane in a salt solution performed using a
polarizable force field. It has been recently shown that the inclusion of polarizability is important for
the description of anions at water/hydrophobic interface, where local concentrations of large and
polarizable ions can be enhanced compared to the aqueous bulk.14-18 We paralleled our calculations with
fluorescence solvent relaxation measurements using Laurdan,19 thus providing direct information about
the influence of such ions on the polarity and mobility of lipid bilayer at the glycerol level.20
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An important step toward understanding the interactions of biomolecules with ions in salt solution has
been made by introducing the so called Law of Matching Water Affinities.21,22 This Law is an empirical
rule that relates the propensity of oppositely charged moieties to form contact pairs in water solution
and their hydration properties. Typically, ionic species which tend to pair the most in water are those
with matching hydration free energies (i.e., roughly speaking, sizes). This tendency of like-sized
oppositely charged species to pair in water has been also observed in simulations23-27 and was
rationalized within a dielectric continuum model recently.28

Methods
Computational
Molecular dynamics (MD) simulations were performed using the GROMACS program package
version 3.3.1.29 Four systems were simulated: each consisted of 72 DOPC lipid molecules, 2627 water
molecules, 50 cations, and 50 anions, representing a ~1M solution of 1:1 salt. The salt in our
simulations was KI, NaI, KCl, or NaCl. The simulations were carried out for 200 ns with a 2 fs time
step. The first 80 ns were used for equilibrating the system and the following 120 ns for sampling. We
employed the canonical NPγT ensemble with the surface tension of 22 mN/m in the membrane plane
(xy-plane) and pressure of 1 atm in the perpendicular direction (z-axis). This particular value of the
surface tension was chosen such as to match the experimental area per lipid.30 The temperature was kept
at 310 K using the Berendsen thermostat. Additional details concerning the force field and properties
evaluation can be found in our previous paper,11 where density profiles of ions of NaCl, KCl, and NaI
salts solutions next to a DOPC membrane were studied.

In order to investigate the possible effect of the polarizability, we also performed a 20 ns long
simulation of a DOPC membrane in a 1 M KI solution using a polarizable force field. The system setup
was the same as in the non-polarizable case, except that we employed the canonical NVT ensemble with
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the same value of volume as in simulations with the non-polarizable force field. We could not perform
polarizable simulations in a constant surface tension ensemble, because we do not know what value of
surface tension one needs to use in order to get an experimental area per headgroup in simulations with
polarizable force field. To get such information requires immense computational resources due to the
use of a polarizable force field. The initial configuration in the polarizable simulation was taken from
the end of a 200 ns non-polarizable simulation. For water we employed the polarizable POL3 model31
and polarizable ion parameters were taken from references15,32 . The polarizable all atom forcefiled for
the DOPC lipid was developed in a similar way as the non-polarizable one, being based on Generalized
Amber Force Field.30 The partial charges of the DOPC molecule were calculated using Density
Functional Theory with the B3LYP functional and the cc-pvtz basis set.

Experimental
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). 6-dodecanoyl-2-dime-thylaminonaphthalene (Laurdan) was obtained from Invitrogen
(Eugene, OR). Salts (NaCl, NaBr, NaI, NaSCN, NaClO4), supplied by Sigma-Aldrich (St. Louis, MO),
were dissolved in miliQ water (Millipore, Etten-Leur).

Large unilamellar vesicles were prepared by the extrusion method. DOPC and Laurdan were mixed in
chloroform in a 1:100 dye to lipid molar ratio. Chloroform was evaporated under a stream of nitrogen
and then under vacuum for at least 2 hours. The resulting dry lipid film was suspended in the chosen salt
solution, vortexed for 4 min and extruded through polycarbonate membranes (Avestin, Ottawa, Canada)
with a pore diameter of 100 nm. The resulting suspension was measured in 1 cm quartz cuvette
thermostated by circulating water at 10 °C. For each sample a steady-state fluorescence spectrum and a
series of fluorescence decays for emission wavelengths from 400 nm to 540 nm (with a 10 nm step)
were recorded on a Fluorolog 3 (Jobin Yvon) and on an IBH 5000 U SPC equipped with an IBH laser
diode NanoLED 11 and a cooled Hamamatsu R3809U-50 microchannel plate photomultiplier,
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respectively. From the measured data the time-resolved emission spectra (TRES) were reconstructed
and analyzed. The total emission shift Δν and the mean integrated relaxation time τr, which reflect
polarity and mobility of probe environment at the glycerol level of phospholipid bilayer, respectively,
were calculated as previously described.11

Results

Computational

Results for DOPC in four different salt solutions - NaCl, KCl, NaI, or KI are compared to each other
in Figure 1. Here, the ion number density profiles along the axis perpendicular to the membrane are
plotted. The focus is on the headgroup region, where ion profiles are strongly non–monotonous,
reflecting the complexity of the membrane/solution interface. For easier identification of the individual
regions of the system, the partial density profiles of choline and phosphate groups of DOPC are also
depicted. Below we provide a description of the ionic profiles for individual salts.
NaCl: The densities of both ions are enhanced at the membrane (i.e., they exhibit a density peak), but
the exact peak location differs. Sodium signal peaks at the phosphate region, while chloride accumulates
at the membrane surface.
KCl: The density profile of the potassium cation does not exhibit an appreciable peak, nevertheless,
potassium does penetrate into the headgroup region. No surface peak is observed for the chloride anion,
with penetration into the headgroup region being even weaker.
NaI: Sodium cations are enhanced at the phosphate region. Iodide accumulates on the membrane
surface and also penetrates deeper into the headgroup region (all the way to the region of negatively
charged phosphate groups).
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KI : Potassium does not exhibit a density peak, but penetrates into the headgroup region. Iodide
anions are weakly adsorbed on the membrane surface and penetrate deeply the headgroup region
(similarly as in the case of NaI).
The ionic density profiles were analyzed in terms of the surface excess, an integral quantity appearing
in the Gibbs adsorption isotherm. Evaluated values of the surface excess are: ΓNaCl = -0.4 mol/cm2, ΓKCl
= -1.4 mol/cm2, ΓNaI = +0.2 mol/cm2, and ΓKI = -0.7 mol/cm2. In agreement with the description of the
above given results we observed that iodide salts are adsorbed more than chloride salts, from which
those with sodium are adsorbed more than those with potassium. Note that the absolute vlaues of Na+
and K+ adsorption are somewhat force field dependent, however, the trend that Na+ is adsorbed more
than K+ is conserved.11

Next, we analyzed the changes in the first solvation shell of anions as they approach the headgroup
region. The size of the first solvation shell is determined by the location of the first minimum in the
radial distribution function (RDF) between the ion and water hydrogens. For chloride the first minimum
(following the first maximum) in the RDF is at 0.301 nm, while for iodide it is located at 0.340 nm. The
number of hydrogens in the first solvation shell of an anion versus the distance from the membrane
center is depicted in Figure 2. The total amount of hydrogens lost from the anionic solvation shell upon
enetering the membrane is about 1 for iodide but only 0.5 for chloride. The number of water hydrogens
that are replaced by lipid atoms is about 2 for iodide and 1 for chloride. Note that iodide at the
membrane interface has a significant number of acyl chain hydrogens in its first solvation shell, while
chloride does not. Thus, upon entering the headgroup region, iodide is more prepared to shed off water
hydrogens from its solvation shell and replace them by lipid atoms. A snapshot showing such a process
is presented in Figure 3.

For completeness, we also discuss the situation in the aqueous bulk region of the investigated
solutions. There is a small difference in the number of water hydrogens in the first solvation shell of an
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anion in the aqueous bulk when comparing solutions with different counter-cations. This number is
about 6.9 for NaCl but 6.5 for KCl and 7.1 for NaI but 6.6 for KI (Figure 2). The decrease due to
replacement of sodium by potassium is caused by an increase in ion pairing, as verified via the cationanion radial distribution functions. The difference between sodium-halide and potassium-halide radial
distribution functions for chloride and iodide is plotted in Figure 4. We see that both anions prefer to
pair with potassium over sodium; as a result the integral values shown in the inset of Figure 4 are
converging to negative values. The higher tendency of both chloride and iodide to pair with potassium
over sodium is in agreement with results of ab initio calculations with a polarizable continuum solvent
model, as well as with experimental activity coefficients.23

To compare the results from our simulations with experiment we calculated diffusion constants of
lipids, as described previously30. The calculated diffusion coefficients for lateral diffusion of lipids are 6
±2 .10-12 m2/s for NaCl solution, 7 ±2 .10-12 m2/s for NaI solution, 6 ±2 .10-12 m2/s for KCl solution, and
11 ±4 .10-12 m2/s for KI solution. All values lie in the range of experimental values for lipids in water or
salt solution (D = 6 - 7 .10-12 m2/s)11. Unfortunately, the large statistical error in calculations did not
allow to perform more direct comparison. Residence times of ions at the membrane interface were
evaluated in the same way as in our previous paper11. Both anions showed exponential distribution of
residence times with a mean value of 50 - 80 ps. Iodide had longer residence times than chloride in both
sodium and potassium salts, however the differences are within estimated error. Both cations exhibited a
power-law distribution of residence times, which were also recently observed in other simulations of
membrane in salt solution33. The mean residence times for potassium were about 80 ps for both KCl and
KI. Sodium mean residence times were roughly 300 and 500 ps in NaCl and NaI solutions.

Experimental
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The influence of five different monovalent anions (Cl-, Br-, I-, ClO4-, SCN-) on the physical properties
of model lipid bilayer was investigated using fluorescence solvent relaxation method. Large unilamellar
DOPC vesicles labeled with Laurdan were suspended in 1M solution of sodium salts of the above
mentioned anions. Fluorescent polarity probes precisely located in phospholipid bilayer at the level of
glycerol have proved to be sensitive to changes in headgroup dynamics and hydration, and hence,
indirectly, to lipid packing, protein binding, headgroup tilt or membrane curvature, to name just a
few.19,20,34

The results presented in Figure 5 give evidence that, in contrast to small monovalent cations (data not
shown), the anions significantly influence relaxation time and total spectral shift measured using
Laurdan. The two parameters attributed to mobility and polarity of the lipid bilayer at its glycerol level
apparently follow the Hofmeister series12,35 in a form: Cl- < Br- < I- < ClO4- < SCN-. Although the
strongest changes are observed in the relaxation time, it is remarkable that the total spectral shift
increase of about 150 cm-1 in the presence of the NaSCN in comparison to water or NaCl solution. It is
worth to mention that the latter effect is rather large when compared to solvent relaxation experiments
performed on different systems and topics.

We have shown that already 0.15 M NaCl restricts headgroup mobility, when compared to the bilayer
prepared in pure water.11 Here, for 1M concentration the effect is only slightly stronger (i.e. relaxation
times are 1.56 ns and 1.61 ns for 0.15 M and 1 M NaCl concentrations, respectively), which shows that
in the case of sodium chloride, an increased osmolarity does not change bilayer properties dramatically.
The polarity in the probe vicinity, Δν, does not change upon increasing of NaCl concentration.

From the results shown, it is evident that large soft anions (ClO4- and SCN-) increase polarity and
mobility at the glycerol level of DOPC bilayer. The increased polarity sensed by Laurdan can be the
results of an increased hydration and/or the presence of the ions in the vicinity of the probe. Similar
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effects are expected for iodide. Unfortunately, at 1 M concentration quenching of Laurdan fluorescence
made solvent relaxation analysis impossible. For this ion, results obtained for 0.15 M concentration are
shown. The quenching observed for higher concentrations of iodide confirms iodide penetration down
to the glycerol level of phospholipid bilayer.

Discussion

In the present simulations we observed that chloride displays a different behavior compared to iodide
at the membrane headgroup region. First of all, we observed that chloride is mostly loosing its
adsorption peak intensity at the membrane surface, when sodium ion is replaced by the potassium ion as
the counter-ion. There is no such change for the iodide ion; its adsorption peak remains nearly
unchanged (see Figure 1.). Chloride adsorption at the headgroup region of the lipid bilayer bathed in a
NaCl solution is thus caused by the electrostatic attraction to an adsorbed sodium, i.e., it is a counter-ion
effect. In contrast, iodide affinity for the membrane is a genuine effect, independent of the presence of
the counter-cation. The highest intensity of the iodide density peak is observed at the outermost part of
the membrane where choline groups are present, which indicates appreciable iodide-choline pairing.
This preferable pairing is in agreement with the empirical rule of matching hydration affinities,
according to which choline as a weakly hydrated cationic group shall pair with the more weakly
hydrated halide anion (i.e., iodide). 21,22

We also analyzed the differences between chloride and iodide by studying the composition of the
anionic first solvation shell. In comparison to density profiles, these results are almost the same for
different counter-cations: Na+ or K+, i.e. the results to a great extent are unbiased by the nature of the
counter-cation. This also reflects the stronger choline pairing with iodide compared to chloride.
Moreover, the presence of carbon tails in the first solvation shell of iodide at the membrane
demonstrates its affinity for hydrophobic interfaces. This is in agreement with previous studies of iodide
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at other water/hydrophobic interface. 14,16 Since non-polarizable calculations underestimate anionic
propensity for water/hydrophobic interfaces, we also performed a test polarizable simulation, which was
computationally very demanding. The comparison between non-polarizable and test polarizable
simulations is shown in Figure 6. As anticipated, polarizability enhances iodide affinity toward the
hydrophobic interior of the membrane and, consequently, it also leads to stronger membrane adsorption
of potassium (counter-ion effect). Note that similar polarizable simulation of chloride salt solution will
probably lead to increased affinity of chloride towards the membrane, nevertheless, the effect probably
will be much smaller than for iodide.

The simulated different behavior at the membrane surface between a relatively small anion - chloride
and larger and softer anion, such as iodide, is supported by the present experimental results.
Fluorescence relaxation spectroscopy shows that soft and large anions (perchlorate and thiocyanate)
change mobility and polarity at the glycerol level of DOPC bilayer more than chloride does. Quenching
of Laurdan fluorescence by iodide indicates that this anion penetrates into the membrane reaching the
vicinity of the probe located at the glycerol level,36 which is in accord with findings from simulations.
On the other hand, this effect is making quantitative solvent relaxation measurements on 1 M iodide
impossible. Present results are also in accord with recent experiments on DPPC monolayer with
different sodium salts,9,10 finding that the best fitting model includes partitioning of sodium cation at the
membrane headgroup region with anions adsorption proportional to their size.

Based on the above analysis and conclusions from our previous paper11 that larger cations (Cs+)
adsorb less to the membrane than smaller ones (Na+) we identify the following determining aspects of
ion-lipid membrane interactions:
1. Ion-pairing: Salt anions can pair with the positively charged lipid choline group, while cations can
create contacts with the negatively charged phosphate group and carbonyl oxygens. In bulk aqueous
solutions the tendency for pairing is the highest for ions (charged groups) of opposite charge and
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matching hydration free energy (i.e., small cations prefer small anions while larger cations pair more
with larger anions).21,22
2. Water/hydrophobic interface: The presence of the boundary between water and hydrocarbon chains
of lipids implies adsorption of large and polarizable ions. Compared to the affinity of soft anions for the
water/vapor interface,14,16 this effect is reduced at the lipid membrane surface due to the presence of
negatively charged groups of the lipid headgroups.
3. Steric hindrance: The amount of water is rapidly decreasing upon moving from the solution to the
headgroup region; moreover, water at the interface is strongly interacting with the lipid headgroups.
This has consequences especially for the mobility and other dynamical properties.
4. Counter-ion attraction: Salt ions of opposite charge tend to screen each other, therefore, adsorption
of one type of them at the membrane interface leads to the attraction of counter-ions.

The above reasoning leads to the following prediction: Small cations (Na+) shall be attracted to the
membrane, while larger cations (Cs+) should not. However, even larger “hydrophobic” cations (such as
tetraalkylammonium cations) are expected to be adsorbed at a membrane surface, but for a different
reason - the ion hydrophobicity. Larger anions (e.g., iodide, perchlorate, and thiocyanate) adsorb to the
membrane more than smaller ones (chloride) due to their size, polarizability and ion-pairing with
choline group of the membrane.

Conclusions

We have investigated the properties of different salt solutions at the interface of DOPC membrane by
means of molecular dynamics simulations and fluorescence spectroscopy. We have observed a
difference in the adsorption properties of anions (Cl- vs I-) which follows the Hofmeister series.12,35 The
existence of such a difference has been suggested based on the results from the previous experiments on
vesicle swelling,7 but the difference was less significant in the previous studies of membranes with
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sodium salts.9-11 The use of potassium salts in the present study strongly underlines the differences
between anions. By evaluating the composition of the first solvation shell of anions, as they adsorb at
the membrane surface, we were able to identify clearly the difference between chloride and iodide, the
latter being less influenced by a particular counter-cation. In addition, in our pioneering polarizable
calculations we showed that the effect of polarizability leads to a stronger adsorption of iodide to the
hydrophobic membrane interface. The above results are in agreement with solvent relaxation
experiments.

The present study allowed us to identify mechanisms of ion-membrane interaction (i.e., ion-pairing
within the membrane, presence of the water/hydrophobic interface, and counter-ion effects). The
present results are in accord with the previous measurements performed in phospholipids membranes, as
well as with the measurements performed in experiments on ion pairing in salt solutions,1-3,5,811 which
led to an establishment of the rule of preferable ion pairing for ions with matching water affinities.21,22
We anticipate that the above mentioned mechanisms are more general and, therefore, are also at work
when we need to consider other biomolecules in salt solutions, thus shedding more light on the
molecular foundations of ion specificity, as expressed by the Hofmeister series.12,35
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Figure captions:
Figure 1. Ion density profiles in four different 1 M salt solutions (NaCl, NaI, KCl, and KI) next to a
DOPC membrane. For easier identification of the head group region, partial density profiles of choline
and phosphate groups are also depicted. Data were averaged over the two equivalent halves of the
membrane over 120 ns.

Figure 2. Averaged compositions of first solvation shells of chloride and iodide in terms of numbers of
water hydrogens, shown along the z-axis. Partial contributions from water, choline, headgroup except
choline, and lipid tails are displayed. Data were averaged over the two equivalent halves of the
membrane over 120 ns.

Figure 3. A simulation snapshot of iodide adsorbed at a phospholipid membrane surface. The
situatuation ilustrate iodide in contact with hydrocarbon chains of lipids surrounded by water and
choline groups. Iodide is displayed in purple color and all molecules within 0.6 nm from the iodide are
magnified. Remaining water molecules are not shown for clarity and lipids are depicted in lines.

Figure 4. Difference in radial distribution functions of sodium vs potassium around chloride (black) and
iodide (red) anions. The insert contains the integral values of these differences, showing a preference of
potassium over sodium for both anions.

Figure 5. Fluorescence solvent relaxation parameters (integrated relaxation time, τr, and total spectral
shift, Δν) obtained for Laurdan embedded in DOPC large unilamellar vesicles suspended in five
different salt solutions measured at 10 °C. Salt concentration was 1 M (circles), except for sodium
iodide where it was 0.15 M (triangles). Horizontal lines represent values obtained for pure water
(dashed lines depict experimental uncertainty).
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Figure 6. Effect of polarizability. Number density profiles for non-polarizable system are shown on the
left side, while the right side depicts the results of polarizable simulation, where larger ion adsorption at
the membrane was observed.
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