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We present experimental and simulation evidence for a new mechanism of charge reversal operating

only for ions capable to penetrate into soft interfaces. It is based on the preferential solvation of

counterions by amphiphilic molecules and hydration water rather than by bulk water. This mechanism

does not require high surface charge densities and it is not affected by the addition of 1:1 salt. This

behavior is opposite to that observed in systems as diverse as microfluidic channels or latex colloids. The

robustness of the mechanism to physiological amounts of 1:1 salt suggests a significant impact in

processes involving ion-amphiphile interaction in salty water (typical, e.g., of biophysics).
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The interaction of interfaces with electrolyte is of key
importance in determining physico-chemical properties
and functionality of systems as diverse as macromolecules,
colloids, membranes or microfluidic devices [1]. The case
in which the counterions are multivalent is attracting a
great deal of experimental and theoretical interest due to
their ability to induce complex and rich new phenomena
[2–4]. A paradigmatic example is the charge reversal phe-
nomenon (also known as overcharging or charge inversion)
in which counterions are attracted to a charged interface in
excess of its own bare charge [2,5]. The driving force for
this counterintuitive phenomenon is still subject to debate
[5,6], but there is strong evidence supporting the view that
ion-ion correlations play a major role [2]. Calculations
including ion-ion correlations are consistent with the con-
centrations of multivalent counterions required to obtain
charge inversion in DNA [7], silica nanochannels [8], latex
colloids [9] and calcium silicate hydrate nanoparticles
[10]. According to the ion-ion correlation mechanism,
charge reversal shows two outstanding features. First, it
is found only for highly charged surfaces [2,11] and sec-
ondly, the effect is strongly weakened after addition of
background 1:1 electrolyte [12] (as demonstrated both by
experiments [8,13] and computer simulations [14,15]).

A common feature in all these previous experimental
examples of charge reversal is that ions are able to accu-
mulate at the solid-liquid interface but being always re-
stricted to be in the water phase (i.e., they are unable to
penetrate into the solid phase). The situation is different in
the case of interfaces such as those found in Langmuir
monolayers, membranes, liposomes and nanoparticles or
colloids functionalized with surfactants. Experimental
techniques [16–18] reveal that in these cases, small ions
are able to penetrate to the nonaqueous side of the inter-
face. As a consequence, the phenomenology of ionic in-
teractions observed in these systems highly depends on
structural or chemical details of the system [19–21], so
current models of charge reversal (based on general fea-
tures of ion-ion correlations) cannot be applied [6]. Our

objective in this Letter is to identify (by combining electro-
phoretic measurements and simulations) a different
mechanism for charge reversal in these systems (soft in-
terfaces). As we will see, this mechanism is clearly distin-
guishable from ion-ion correlations since it is robust to
physiological concentrations of added background 1:1
electrolyte and it does not require high surface charge.
The experimental systems considered in this work will

be liposomes based either on anionic phosphatidylserine
(PS�) or zwitterionic phosphatidylcoline (PC) lipids (see
the chemical formula in Fig. 1). Both lipids are extremely
important in industrial applications (drug delivery systems,
nanoreactors,. . .) and biophysics [22]. They are the most
abundant lipids of the plasma membrane, giving rise to the
major contribution to its surface potential [23].
Let us first discuss our results for PS� liposomes (the

preparation of the liposomes is described in the accompa-
nying EPAPS material [24]). The electrophoretic mobility
of the liposomes at 25 �C was measured with a ZetaPALS
apparatus (Brookhaven Instruments, USA) as a function of
LaðNO3Þ3 concentration both in absence of background
electrolyte and with 100 mM of added NaNO3. All experi-
ments were made at pH ¼ 5:4 so the PS molecule had a
total charge of �e (PS has three charged groups with
pKa ¼ 1, 3.6 and 9.8) and La cations had þ3e charge
since they are not significantly hydrolyzed (La has a hy-
drolysis constant KH of log10KH � 8:6 [25]).
We observe (see Fig. 1) that in both cases electrophoretic

mobility reverses its sign at ½LaðNO3Þ3� � 10�4M, i.e.,
charge reversal is observed at low concentrations of tri-
valent counterions. The effect of the 1:1 salt is typical of an
indifferent electrolyte (see curve I of Fig. 6.8 of Ref. [26]):
it reduces the absolute value of the mobility leaving the
point of zero mobility unaltered. This result is opposite to
that obtained for negatively charged latex microspheres
[11,13], which are a classical model system for colloidal
behavior. Charge reversal is observed at [LaðNO3Þ3] be-
tween 10–20 mM in absence of background electrolyte.
After addition of ½NaNO3� ¼ 0:1M, a completely different
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behavior is observed. For ½LaðNO3Þ3�< 20 mM, the mo-
bility is higher than that observed in absence of back-
ground electrolyte, and strongly decreases (being
essentially zero) for larger LaðNO3Þ3 concentrations (no
charge reversal can be identified). This behavior observed
for latexes, is typically expected for charge reversal in-
duced by the ion-ion correlation mechanism mentioned
above, as demonstrated by Monte Carlo simulations
[14,15]. In the ion-ion correlation mechanism, the conden-
sation of trivalent cations at the negative latex interface is
weakened by the added 1:1 electrolyte thereby producing a
larger mobility. It is clear that in this case, the 1:1 electro-
lyte plays a very active role not being the simple screening
of interfacial charge found in our PS� liposomes.

It has to be noted that the extremely low value for the
charge reversal concentration obtained in Fig. 1 can be
attributed to the high valency of La3þ. In previous system-
atic electrophoresis experiments of PS� considering salts
of different divalent cations [27] it was found that the point
of zero mobility was very difficult to attain and charge
reversal was barely noticeable for concentrations larger
than 0:1M (with only slight differences between different
cations following the sequence Ba2þ > Ca2þ >Mg2þ).
Since these experiments were done using background elec-
trolyte (½NaCl� ¼ 100 mM), we have repeated the experi-
ments in absence of added 1:1 salt, obtaining essentially
the same results [28].

In order to obtain a molecular picture of the cation-PS�
interaction, we have performed all-atomic molecular dy-
namics simulations (MD) in the NPT ensemble of a fully
hydrated phosphatidylserine (PS�) bilayer in contact with
La3þ neutralizing counterions. Our simulation box con-

tains 14 700 atoms from a membrane with 128 PS� mole-
cules distributed in two leaflets (as in previous simulations,
see [29]), 2624 water molecules and enough counterions to
ensure charge neutrality (42 La3þ and 2 Naþ). As a model
for the La3þ ion, we employed the force field developed in
[30] which reproduces correctly the hydration structure
and free energy of the cation. All other technical details
concerning molecular models, force fields, algorithms,
parameters and equilibration procedure are the same as
reported in previous simulations of hydrated PS mem-
branes [29] except otherwise stated. Our production run
was of 10 ns preceded by an equilibration run of 4 ns. The
simulations were performed using the DLPOLY2 package
[31] running in parallel using 64 PowerPC processors
during 376 hours.
The main results are as follows. We have obtained a

mean area per phospholipid of ap ¼ 55:4 �A2, in agreement

with the results obtained in [29] with Naþ as the counter-
ion. The La3þ cations, uniformly distributed in the initial
configuration (before the equilibration run), are observed
to condense to the negatively charged bilayer membrane,
i.e., all La3þ counterions contain at least one oxygen atom
from PS molecules in their first coordination shell, imply-
ing binding to the bilayer. In Fig. 2 we show the distribu-
tion of electronegative atoms (oxygen atoms from lipid
molecules and water molecules) around adsorbed La3þ
ions. Note the nearly isotropic distribution of oxygen
atoms from either PS or water molecules around La3þ,
although there is a slight tendency of finding more lipid
oxygens towards the membrane interior and more water
oxygens towards the aqueous region.
Integration of the density distributions up to the first

minimum gives the average coordination numbers. On
average, the first coordination shell of La3þ contains
4:95� 0:01 oxygen atoms from phospholipids. These oxy-
gen atoms come from 2 or 3 phosphate groups from differ-
ent PS� molecules. Also, the first coordination shell of
La3þ contains an average of 4:17� 0:01 oxygen atoms
from water molecules (for La3þ in bulk TIP3P water the
coordination number is 10 [30]). In Figure 3 we show
several density profiles averaged over the xy plane as a
function of z. The distributions for both La3þ cations and
oxygen atoms from PS have very similar shapes, with a
peak at 2 nm from the center of the bilayer and a thickness
of �1 nm. The cations are typically embedded by oxygen
atoms from lipids, as can be seen in the snapshot shown as
an inset in Fig. 3. This region containing La3þ and lipid
headgroups is substantially hydrated, with interfacial water
with a density about half the density of bulk water (see
Fig. 3). Overall, the results shown in Figs. 2 and 3 (also see
additional figures in the EPAPS material [24]) demonstrate
that La3þ cations are incorporated deep inside the hydro-
philic region containing the headgroups and interfacial
water. This prediction of MD simulations can be tested
by surface sensitive anomalous x-ray experiments, which
allow the identification of the environment of ions at
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FIG. 1 (color online). Electrophoretic mobility �e of PS
� and

PC liposomes as a function of [LaðNO3Þ3]. Squares correspond
to PS� (no background electrolyte), triangles to PS� with
100 mM of NaNO3 as a background electrolyte and circles
correspond to PC (no background electrolyte). Inset: Chemical
structures of the PS� and PC lipids.
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interfaces [32]. Our simulation results can be interpreted in
physico-chemical terms by saying that small metal ions are
preferentially solvated by oxygen atoms from lipids and
interfacial water rather than bulk water, thereby penetrat-
ing inside the region containing the interfacial charges. The
free energy involved in this preferential solvation can be
estimated as follows. At the point of zero electrophoretic
mobility, the charge of the liposomes is balanced by multi-
valent counterions of charge qc distributed across a layer
of thickness �z (see Fig. 3) with a typical concentration
�e=ðqcap�zÞ. Outside the membrane, there is an approxi-

mately uniform concentration c0 of counterions (recall that
we are considering the zero mobility point), so the free
energy difference per adsorbed La3þ ion is �� ¼
kBT ln½c0�zapqc=e� � �9kBT (we used qc¼þ3e, �z¼
1 nm and c0 � 10�4M ¼ 6� 10�3 ions=nm3).

In view of our simulation results, we can understand why
in our case the addition of 1:1 salt does not change the
charge inversion concentration. The competition for bind-
ing between different ions is controlled by the respective
free energies of interaction. The competition for binding
between different ions is controlled by the respective free

energies of interaction. The interaction between Naþ and
PS� has been extensively analyzed by different experimen-
tal methods (electrokinetics, NMR,. . .), giving an associa-
tion constant ofK ¼ 0:6M�1 [27,33] which corresponds to
a free energy per ion of �¼�kBT lnð55:5KÞ��3:5kBT,
much smaller than that of the La3þ-PS� interaction.
In order to corroborate our interpretation for the charge

inversion mechanism, it is relevant to consider the interac-
tion of La3þ with phosphatidylcholine (PC) lipids whose
chemical structure is very similar to the PS� structure (see
Fig. 1) but is zwitterionic instead of anionic, which means
that it has no net charge but it has a substantial dipolar
moment which generates a significant surface potential in
membranes [22]. Calorimetric measurements [34] give a
free energy around �G ¼ �12kBT for the interaction of
La3þ with PC, which is even larger than our estimate for
the interaction of La3þ with PS�. Consequently, we would
expect to observe an inversion of electrophoretic mobility
even at smaller La3þ concentrations than in the previous
PS� case. This expectation is confirmed by our measure-
ments (see Fig. 1); in this case electrophoretic mobility
reverses its sign at the extremely low concentration
½LaðNO3Þ3� � 3 �M.
Again, experiments with PC liposomes demonstrate that

the effect is strongly dependent on the valency of the ions.
Titration calorimetry gives �G � �6:5kBT for the
PC-Ca2þ interaction [34], much lower than that obtained
for La3þ. Interestingly, measurements show that the (fa-
vorable) entropic contributions to �G are almost equal in
Ca2þ and La3þ being the difference in the enthalpy.
Electrophoretic results are also in line with these thermo-

FIG. 3 (color online). Average density profile of different
species as a function of the z coordinate (perpendicular to the
membrane) obtained from MD simulations. Solid line: water
density (molecules=nm3), dashed line: oxygen atoms of O2 type
from PS� molecules (atoms=nm3), dotted line: number density
of La3þ cations (ions=nm3) multiplied by a factor 10 for clarity.
Inset: snapshot from MD simulations showing the oxygen lipids,
La ions and hydration water as spheres and the other atoms as
lines.
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FIG. 2 (color online). Structure of the interface near adsorbed
La3þ counterions from MD simulations. (a) Particle density
(atoms=nm3) of oxygen atoms from PS� molecules around
adsorbed La3þ cations. The cylindrical coordinates r, z centered
at the adsorbed ions are defined so that z is negative towards the
membrane interior and positive towards the bulk water; (b) Same
as (a) but for oxygen atoms from water molecules.
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dynamic results. For example, previous results [35] show
reversal of electrophoretic mobility of PC for CaðNO3Þ2
concentrations between 0:01 mM–0:1 mM. Our own re-
sults [28] give inversion of electrophoretic mobility at
�0:6 mM and 2 mM concentrations of CaðNO3Þ2 and
MgðNO3Þ2 respectively.

In conclusion, in this Letter, we provide electrophoresis
measurements demonstrating charge reversal in anionic
liposomes at low concentrations of trivalent cations. The
driving force for this effect is shown to be not related to the
surface charge and not weakened by monovalent salt.
Hence, we show that charge inversion is also possible in
presence of physiological amounts of monovalent salt,
usual in biophysical systems and in biotechnological ap-
plications [36]. Comparison of our MD simulation results
and experiments allow us to identify the underlying mecha-
nism as a preferential solvation of counterions by amphi-
philic molecules and hydration water. It can be concluded
that, under appropriate conditions, solvent mediated effects
(hydration in the case of small metal ions as discussed here
or hydrophobic interactions in the case of solutions con-
taining organic ions [37]) are strong enough to govern the
electrostatics of soft interfaces.
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