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This work examines the influence of the charge distribution of trivalent cations when they inter-
act with soft anionic particles, using a combination of experimental measurements and theoretical
modelling. In particular, we perform electrophoresis measurements to calculate the zeta-potential
of anionic liposomes in the presence of spermidine and lanthanum cations. We work in a range of
electrolyte concentration where we expect a reversal in the electrophoretic mobility. However, unlike
the case of trivalent lanthanum cations, spermidine does not induce mobility reversal of liposomes.
As a result, charge distribution within the counterion appears as a key factor in the appearance
of such phenomenon. This conclusion is supported by a theory that accounts for intra-ionic cor-
relations. This theory has been successfully used to describe the colloidal electric double layer,
previously. In fact, the theory allows us to model spermidine as rod-like ions and lan-
thanum cations as point-like ions in order to test the importance of the ionic geometry
in the interactions with soft particles such as lipid vesicles.

I. INTRODUCTION demonstrated by electrophoresis measurements. Further-
more, all-atomic molecular dynamics (MD) simulation

The interaction between multivalent cations and lipids results indicated that the underlying mechanism of CR

plays an essential role in the structure and function of bi- for this system is the preferential solvation of counterions
ological membranes. For instance, it has been shown that Py amphiphilic m.olecules and hydration water. There-
multivalent cations can mediate membrane fusion [1-4] fore, solvent mediated effects can be strong enough to
and fractal aggregation [5, 6] by interacting with nega- govern the electrostatics of soft interfaces [14]. These
tively charged phospholipids. It has been also demon- solvent effects are not considered in most of the ion-ion

strated that multivalent counterions can induce charge correlation .theories based ou the primitive mod(_el of ele_c—
reversal (CR) on lipids membranes [7-15]. This phe-  trolyte, which have been widely used to explain CR in

nomenon (also known as overcharging or charge inver- model colloids [22-28|.
sion) occurs when counterions are attracted to a charged The primitive model treats ions as charged hard
interface in excess of its own bare charge. The driving  spheres immersed in a dielectric continuum and, conse-
force for this counter-intuitive phenomenon has been ex- ~ quently, is not appropriate for the case of non-spherical
tensively discussed, but there is strong evidence support- ~ multivalent ions. For these systems, additional meth-
ing the view that ion-ion correlations play a major role ods are required to account for the internal structure of
in the case of hard particles [16-21]. the ions [297 -31]. An example of non-spherical mul-
In contrast, for soft particles, such as lipid vesicles (li-  tivalent ion is the case of polyamine spermidine, which

posomes), a new mechanism of CR that operates only for is very relevant in biophysics since it can induce DNA
ions capable of penetrating into soft interfaces has been condensation [32]|. Multivalent ion-induced DNA con-
proposed [14, 15]. The CR in anionic liposomes at low densation was first observed with the naturally occur-
concentrations of multivalent spherical cations has been ~ ring polyamine spermidine which, together with other
polyamines, is involved in several cellular processes in-
cluding DNA compaction in vivo [33, 34]. Accordingly,
there has been much interest in the interactions of sper-
* klemen.bohinc@zf.uni-lj.si midine with nano- and micro-particles, in the last decades
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(see [30, 31, 35-37| and references cited therein). For
instance, silica particle interactions in the presence of
spermidine were recently investigated both from experi-
mental and theoretical points of view [31]. However, as
previously commented, the interaction between multiva-
lent ions with hard particles can be very different to that
found for soft particles.

To this end, electrophoresis experiments of anionic li-
posomes in the presence of lanthanum and spermidine
cations have been performed. More specifically, the vari-
ation of the electrophoretic mobility as a function of the
electrolyte concentration is measured. In the past, elec-
trophoresis experiments have been used to explore sit-
uations at which mobility reversal is induced. Ottewill
and Shaw carried out an extensive, pioneering study of
colloidal dispersions containing trivalent and tetravalent
counterions [38]. More recently, mobility reversals have
also been reported for other colloids in 3:1 electrolytes
[14, 17, 22, 23]. Apart from electrophoresis measure-
ments, experimental data are fitted by using a single
point representation for the case of lanthanum whereas
a rod-like ion model is applied for the spermidine mea-
surements.

Mean-field theory does not include charge-charge cor-
relations and does not predict proper distributions of
multivalent counterions close to the charged surfaces [39].
The description can be improved by accounting for inter-
ion correlations between (multivalent) counterions. The
correlations between point-like multivalent ions has at-
tracted considerable interest in the past [40, 41]. Re-
cently a field theoretic approach was proposed that can
accurately describe the properties of charged systems
from the weak to the intermediate and the strong cou-
pling regimes [42, 43].

Mobile ions can have internal structure with a spa-
tially distributed charge. Examples include polyamines
like diamin, spermidine, and spermine. The theory was
generalized to systems with polydisperse rod lengths and
arbitrary charge distributions along the rods [30, 44—46].
It was demonstrated that intra-ionic correlations induced
by the fixed distance within a particular rod-like ion can
change repulsive into attractive interactions between like
charged surfaces. The minimum of the free energy ap-
pears when the counterions are oriented perpendicularly
in order to connect the like-charged surfaces. Monte
Carlo simulations confirmed the theoretical predictions
[47-49]. The analysis of the system was later extended
to the intermediate and strong coupling regimes, where
the interionic correlations alone can lead to an attraction
between the surfaces [30, 50, 51].

In this work, we analyze electrophoretic mobility mea-
surements of anionic soft particles in the presence of
trivalent salts with different ionic geometry (see Fig. 1),
using a field theory that accounts for intra-ionic and
inter-ionic correlations. Accordingly, the goal of this
work is twofold. On one hand, the interaction of spheri-
cal trivalent cations and anionic soft particles is studied.
On the other hand, results with rod-like trivalent cations

are provided and compared to previous ones. To this
end, electrophoresis experiments of anionic liposomes in
the presence of lanthanum and spermidine cations have
been performed. More specifically, the variation of the
electrophoretic mobility as a function of the electrolyte
concentration is measured.

The remainder of this paper is organized as follows.
In the next section, we provide the details of the elec-
trophoretic mobility measurements of liposomes per-
formed in this work. Then in Sec. III, we describe the
splitting theory and its application to describe the sur-
face charge potential of a uniformly charged plate that is
immersed in a solution of point charges and rod-like coun-
terions. This theory is used to predict the zeta-potential
of the liposome (macroion). The results from the elec-
trophoretic mobility experiments are presented in Sec. IV
and compared with the predictions of the splitting theory.
Finally, the main findings of this work are summarized
in Sec. V.

II. MATERIAL AND METHODS

The lipids used in this work are anionic PS lipids (3-
sn-Phosphatidyl-L-serine from bovine brain) and zwit-
terionic PC lipids (egg phosphatidylcholine with puri-
ties > 99%) purchased from Sigma-Aldrich. Spermi-
dine electrolyte (C7H19N3) (with a purity of 99%)
was acquired also from Sigma-Aldrich. La(NOj)s salt
(with purities > 98.6%) and reagent grade chloroform
and methanol were acquired from Scharlau Chemie S.A.
(Spain). Ultrapure water, cleaned using a MilliQ (Mil-
lipore, USA) water purification system (0.054 uS), was
used for the preparation of samples. All solutions were
prepared at 298 K.

A. Characterization of the liposomes

Dry films of mixed lipids were prepared by dissolving
PS and PC lipids in a molar ratio of 1:1, in 10 ml of chlo-
roform/methanol (3:1 by volume). The solvent was evap-
orated under vacuum by rotary evaporation for at least
2h and then passed through a steady stream of nitrogen
gas (N3). The dry film was hydrated with deion-
ized water (MilliQ, Millipore, USA) to give the
desired lipid concentration. Multilamellar lipo-
somes were formed by continuous mixing with a
vortex mixer and sonication. Finally, small unilamel-
lar vesicles were formed by using the extrusion technique,
which consists in 5 passes through a 800 nm pore size
polycarbonate membrane followed by 5 passes through
a 200nm pore size polycarbonate membrane. The ex-
trusion was carried out using a Thermobarrel Lipex Ex-
truder (Northern Lipids Inc., Canada), with a capacity of
10ml and that uses a flow of Ny under pressure to force
the solution through the membrane. The final liposome
solution was stored in the fridge at 277-280 K. The size



FIG. 1. Schematic illustration of negatively charged
lipid vesicle embedded in a solution of spermidine ions
and monovalent co-ions (left). Charged lipid vesicles
in a solution of lanthanum ions and monovalent co-
ions (right).

distribution of the sample was tested before each experi-
ment by photon correlation spectroscopy (PCS), yielding
a mean particle size of 144 4+ 14 nm with a standard de-
viation of 0.28 £+ 0.15 nm.

B. Electrokinetic experiments

A ZetaPALS (Brookhaven, USA) instrument, which
uses phase analysis light scattering (PALS), was used
to measure electrophoretic mobilities (). This tech-
nique is fully described in Ref. [15]. Our elec-
trophoretic mobility measurements were performed at
298 K. The pH was measured to be 5.5 both be-
fore and after the measurements to check that it
did not change, following the procedure given in
Ref. 38. As in a previous study [52], the zeta-potential
was obtained from the electrophoretic mobility by us-
ing the Henry equation. The liposome concentration was
5x 1074 M, and the electrolyte concentration varied from
1079 to 10! M. The reproducibility of the experi-
ments was tested by repeating each measurement
at least three times with independent samples.

III. THEORY

In order to examine the interaction of the ions with the
lipid vesicle, we consider a planar surface with a uniform
negative surface charge density . The surface is em-
bedded in an aqueous solution containing either point-
or rod-like counterions and small monovalent co-ions.
These mobile charges are restricted to lie between the
surfaces. A schematic representation of the system is
given in Fig. 1. The coordinate system is defined such
that the z-axis and y-axis are parallel to the surfaces, and
the z-axis is perpendicular to the surfaces. The origin is
located on the left surface.

The total charge density Q in the system is given by
Q(r) = ofr) + X4(2), (1)

where the first term on the right side of the equation cor-
responds to the charge density of the mobile counterions
and co-ions, and the second term corresponds to the fixed
surface charge on the plate. The charge density o(r) of

the mobile ions is given by
o(r) =g [6%(r = Rep + Del/2) + 8% (r — Rep)
k
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where R 1, is the location of the center of the kth rod-like
counterion, 7. j is its orientation, Ry j is the position of
the kth monovalent co-ion, and ¢ is the magnitude of the
charge. The rod-like counterions are trivalent and have
an overall length [; each consists of three point charges:
one located at its center, and one on either end. The case
of a point-like counterion corresponds to [ = 0.

In our model, the only interactions in the system are
electrostatic interactions

Eelec — %/dr dr’ Q(r) G(r,r’) Q(r)
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where G(r,r') = |r — r/|7! is the Green’s function of
the Poisson equation, e5°(R,n) is the self energy of a
counterion, and e3°(R) is the self energy of a co-ion.

In order develop an accurate approximation for the
static properties of the system, we split the Green’s
function of the electrostatic interactions into short-
wavelength G4 and long-wavelength G; contributions
[42, 50]: G(r,r") = Gs(x,r") + Gi(r,r’), where G; = PG,
and G5 = (1 —P)G, and P is an operator that filters out
the short-wavelength fluctuations. For this operator, we
have chosen P = [1 — 02V? + ¢4V*]~!| where the pa-
rameter o is a length scale which distinguishes between
short-wavelength and long-wavelength phenomena. With
this choice, the short-ranged Green’s function is
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and the long-ranged Green’s function is
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With the division of the Green’s function, the grand
partition function of the system can be written as a
functional integral over short-wavelength ¢, and long-
wavelength 1f; electrostatic interactions. The functional
integration over the field v is evaluated by a first-order
cumulant expansion. The functional integration over the



field v); is evaluated using the mean-field approximation
[42, 53]. The resulting approximation for the free energy
F of the system is

%F = %/drdr'z(r)Gs(r,r’)E(r’)
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where A is the area of the plates, A. is the thermal wave-
length of the counterions, Ay is the thermal wavelength of
the co-ions, 3 = (kgT)~! (kp is the Boltzmann constant
and T is the absolut temperature of the system), p.(R, 1)
is the counter density, ps(R) is the co-ion density, O(r)
is the charge density in the system

Qr)=q Y pe(R+mhl/2,1) - qps(r), +55(=) (6)
m=0,£1

u.(R,n) is the one-body potential for the counterions
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and ug(R) is the
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The value of ¢ is determined by making the free energy
stationary:

oF
— =0. 9
o 9)
The electrostatic potential ¢(r) is given by the solution
of the Poisson equation:

£

S V2(r) = Q). (10)

where ¢ is the dielectric constant of the solvent (i.e. wa-
ter).

FIG. 2. Concentration profiles of spermidine/point-like
ions (dashed lines) and monovalent coions (solid lines) at ¢ =
107*M (red), ¢ = 1073 M (black), and ¢ = 1072 (blue). The
thick lines correspond to spermidines with associated coions
profiles, whereas the thin lines correspond to point-like ions
with associated coion profiles. The Bjerrum length is ip =
0.7 nm.

IV. RESULTS AND DISCUSSION

The vesicles are large compared to the spermidine
molecules, and we can consider the behavior of spermi-
dine molecules close to the charged planar surface. As-
suming that all lipids form liposomes, we calculate that
there are 35254 lipids per liposome, based on the charge
measurements. Given that the average size of the lipo-
somes is 130 nm, we can estimate the surface charge den-
sity of the vesicles to be ¥ = 0.33C/m?. The length of
spermidine molecules is [ = 1.0nm. We treat each sper-
midine molecule as a rod with elementary charges located
at both ends, as well as in the center of the rod.

First, we present the theoretical results obtained from
the field theory. Figure 2 shows the concentration profiles
of spermidine molecules (dashed thick lines) and mono-
valent co-ions (full thick lines). The calculations have
been made for three different spermidine concentrations
matching the experimental conditions: 1072 M, 1072 M,
and 10~* M. Figure 2 shows increased concentration of
spermidines close to the vesicle wall. The discontinuity of
the first derivative of the spermidine concentration pro-
file at around 1.5nm matches the length of spermidine
molecules. Far from the charged surface, the concentra-
tion of spermidines reaches their bulk value. For com-
parison, we also include the calculation of trivalent small
mobile ions (thin lines). In the vicinity of the charged
surface, the concentration of spermidines is larger than
the concentration of point-like particles.

Figure 3 shows the dimensionless electrostatic poten-
tial profiles Bq¢(z /1) in the vicinity of the surface of the
charged vesicle. The full lines correspond to spermidine



FIG. 3. Reduced electrostatic potential profiles of spermidine
(full lines) and point-like ions (dashed lines) close to the
charged surface: ¢ = 107*M (red), ¢ = 107> M (black), and
c=10"2M (blue).

molecules, whereas the dashed lines correspond to point-
like ions. The electrostatic potential is taken to
be zero in the bulk solution. The potential is
negative for rod-like. For small bulk concentra-
tions of point-like trivalent ions the potential is
negative in the vicinity of charged surface. With
increasing bulk concentration (at bulk concentra-
tion of ¢ = 107* M (red dashed curve in Fig. 3)
the potential profile switches from negative val-
ues in the vicinity of the vesicle to positive values
far from the charged surface. For bulk concen-
trations larger than ¢ = 1072 M, the electrostatic
potential remains positive.

In Fig. 4, we show the experimental electrokinetic mea-
surements for anionic liposomes as a function of the salt
concentration for La(NO3)s electrolyte. As expected, a
reversal in the potential is experimentally observed at
a concentration of about 0.3 mM. Our theoretical model
(see Fig. 4) fits fairly well with the experimental results.
It should be stressed that a reversal concentration of
0.1mM of lanthanum was previously reported for pure
PS liposomes [14].

In Fig. 5, the measurements corresponding to a sper-
midine electrolyte are plotted. In contrast to results of
lanthanum, a reversal in the electrokinetic potential of
anionic liposomes is not observed. The magnitude of the
zeta-potential decrease as the spermidine concentration
increases, but a mobility reversal is not conclusively ob-
served. Moreover, for salt concentration above 1072 M,
liposomes tend to aggregate. It has been reported that
while CR induced by spermidine is strong enough to stop
the translocation of the polymer [54], this CR cannot pro-
mote a reversal in the electrophoretic mobility of DNA
[36]. At this stage, it is important to clarify the concept
of CR; if the electrostatic potential of a charged surface

FIG. 4. The zeta-potential of liposomes as a function of lan-
thanum concentration. The red symbols corresponds to the
experimental results, whereas the green symbols are the the-
oretical predictions.

FIG. 5. The zeta-potential of liposomes as a function of sper-
midine concentration. The red symbols correspond to the
experimental results, whereas the green symbols are the the-
oretical predictions.

immersed in an electrolyte solution is calculated as func-
tion of the distance from the surface, CR can induce a
reversal in the potential at distances that do not corre-
spond with the shear plane, at which the zeta-potential is
calculated [9]. Anyhow, in order to determine the reason
why La®** and spermidine, both trivalent cations, induce
a dissimilar electrokinetic behavior of anionic liposomes,
a rod-like ionic model is applied in Fig. 5. As can be
seen, the theory matches fairly well experimental data
and non-reversal in the zeta-potential is predicted.

In order to further elucidate this behavior, the concen-
tration profiles of spermidine molecules and monovalent
co-ions are plotted in Fig. 2.

Our results show that there is a substantial difference
between rod-like and point-like ions. Although they
have the same overall charge, the structure of the charge
distribution within each particular ion influences the con-
centration profiles of ions [517 |. Point-like ions can
more easily come close to the charged surface. On the



contrary, due to entropic losses near surfaces, the rod-
like ions are not able to screen the charged surfaces as
strongly as the point-like ions.

V. CONCLUSIONS

In this work, we perform new experiments examining
the interaction between PS-PC liposomes in the presence
of spermidine. The observed electrokinetic behavior of li-
posomes in spermidine is different to that found for sim-
ilar liposomes in the presence of trivalent monoatomic
cations, such as lanthanum. Spermidine does not induce
a charge reversal in the zeta-potential. In order to explain
this experimental finding, an analysis of the interaction
between liposomes and spermidine is done by means of a
theory that accounts for intra-ionic correlations. The the-
oretical approach shows important differences when the
counterion is modelled as a point-like charge or when
it is considered a rod-like ion. Only the latter provides

a reasonable description of the experimental data. As
a consequence, our main conclusion is that the distribu-
tion of the ionic charge plays an important role in the
electrokinetic behavior of soft colloids in the presence of
multivalent ions. Then, an appropriate theoretical frame-
work has to be used to study the ion-colloid interaction
in the case of non-monoatomic ions.
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