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Strong repulsive interactions in polyelectrolyte-liposome clusters close to the isoelectric point:

A sign of an arrested state

F. Bordi, C. Cametti,>l< S. Sennato, and D. Truzzolillo
Dipartimento di Fisica, Universita’ di Roma “La Sapienza,” Piazzale A. Moro 2, 1-00185 Rome, Italy
and INFM-CRS SOFT, Universita’ di Roma La Sapienza, Rome, Italy
(Received 27 June 2007; revised manuscript received 19 September 2007; published 26 December 2007)

Charged colloidal particles whose interacting potential is governed by a short-range attraction and a long-
range screened electrostatic repulsion contributions form aggregates whose shape, size, and overall charge are
sensitively dependent on the balance between attraction and repulsion. In some cases, this class of colloidal
systems shows an equilibrium cluster phase, where particles associate and dissociate reversibly into clusters.
When the aggregation of the charged particles is induced by adding an oppositely charged polyion, very close
to the isoelectric condition, the interaggregate interactions become very strong and a dynamical arrested state
seems to occur. We provide some experimental evidences of this structural arrest in a colloid system composed
by vesicles built up by a cationic lipid stuck together by an oppositely charged linear polyion, by means of the
combined use of static and dynamic light scattering technique complemented by laser Doppler electrophoretic
measurements. Our results show that the second virial coefficient, which is related to the potential of mean
force between two adjacent aggregates, markedly increases in the vicinity of the isoelectric point. We interpret
this increase as a print of strong interparticle interactions, yielding to a dynamical arrested state via cluster

growth.
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I. INTRODUCTION

Interactions of polyelectrolytes and oppositely charged
lipids create a rich and interesting phenomenology that has
recently attracted much interest, also because of a variety of
implications in most disparate fields of technology as well as
of more fundamental research. They range from problems in
membrane biophysics and surfactant-induced DNA conden-
sation, to technical issues of interest in the waste treatment or
oil extraction (see Ref. [1], and references cited therein). In
particular, cationic lipid-DNA complexes (lipoplexes) are
finding increasing acceptance as preferential DNA delivery
vehicles in the clinical practice of gene therapy [2—4].

When lipids are structured into spherical vesicles, their
interactions with highly charged linear polyelectrolytes gen-
erate a rather unexpected phenomenology. If there is evi-
dence that the liposome-polyelectrolyte complexes may un-
dergo a restructuring processes, yielding large-scale
superstructures [5-7], it has been also shown that, in appro-
priate conditions, the polyion-decorated liposomes (pd-
liposomes) aggregate in clusters where the single vesicles
maintain their individuality [8]. Moreover, this system is
characterized by two peculiar effects, known as reentrant
condensation and charge inversion. As a matter of fact, at a
fixed liposome concentration and with the subsequent in-
creasing of the polyelectrolyte concentration (with the in-
crease of the polyelectrolyte-lipid molar ratio &), the system
undergoes a condensation effect (formation of clusters of
pd-liposomes). Such condensation is reentrant, meaning that
the size of the clusters increases with &, reaches a maximum
and then decreases again, approximately to their initial value.
In correspondence with the maximum of the condensation,
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the aggregates change the absolute value of their neat elec-
trical charge (charge inversion).

The observed phenomenology suggests that these systems
belong to the class of colloids characterized by long-range
electrostatic repulsions and short-range attractions [9-11],
but with a distinctive tract that, in this case, both the repul-
sion and the attraction share a similar electrostatic nature [8].

In some cases, colloidal systems, belonging to this class,
show an equilibrium cluster phase, where the primary par-
ticles associate and dissociate reversibly within the clusters
[9,12-16], and where the shape and size of the aggregates are
sensitively dependent on the balance between attraction and
repulsion [8,9,15,17-19].

In a series of recent works [8,11,20,21], we have shown
that, also in the case of pd-liposome suspensions, a cluster
phase is observed in a range of the polyion-liposome concen-
tration ratio & across the point of charge inversion (isoelectric
point). Although some evidences about the possibility that
the observed aggregation could be reversible has been re-
ported [11], the presence of a polar solvent like water, makes
it difficult to justify the formation of the clusters in terms of
a reversible mechanism, where the aggregate sizes would be
somehow governed by the screened electrostatic repulsion
between the primary particles [11]. Intuitively, this mecha-
nism would require the repulsions to occur on a length scale
of the order of the aggregate size. However, in aqueous sol-
vents, the screening length for electrostatic interactions is
much smaller than the aggregate size (in our case much
smaller than the primary particle size, that is =100 nm), at
any practical ionic concentration [16]. However, the maxi-
mum aggregation, reached when the primary particles have a
minimum neat charge, indicates that the aggregation should
be attributed to a balance between electrostatic repulsions
and some short-range attractions. The occurrence of this at-
tractive interaction is due to the correlated adsorption of
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polyions at the liposome surface. This conclusion is sug-
gested by the observation that the reentrant condensation
tends to disappear when, to induce the clusterization process,
shorter and shorter polyelectrolyte chains are employed, so
that a more and more uniform distribution of charge onto the
adsorbed layer is achieved [22])

Briefly, a qualitative picture of the processes that lead to
the aggregation could be sketched as follows. When linear
polyelectrolytes are added to a suspension of oppositely
charged liposomes, being the huge surface available to the
adsorption finely distributed within the whole volume of the
suspension, the polyion chains rapidly adsorb at the liposome
surface [20,21,23-25]. However, repelling one another, the
charged chains reconfigure themselves at the liposome sur-
face in more or less ordered patterns, to gain some energy
[26]. As an example of this mechanism, DNA adsorbed on
planar lipid cationic bilayers [27-29] easily forms densely
packed layers, where the chains lie flat on the surface and are
locally aligned. This lateral adsorbed polyion correlation pro-
duces both the overcharging effect and the appearance of a
short-range attractive potential between the different
polyion-decorated liposomes (pd-liposomes). With the in-
crease of the polyion/liposome concentration ratio &, the in-
creasing number of adsorbed polyelectrolytes at the liposome
surface progressively neutralizes the neat charge of the pd-
liposome surface. However, depending on the relative size
and charge density of the polyions and of the liposomes,
polyion chains may continue to adsorb even beyond the neu-
tralization point, so that the sign of the net charge of the
whole assembly is reverted. In other words, more polyions
than needed for neutralizing its original charge are adsorbed
at the liposome surface. This phenomenon, described as a
possible “giant charge inversion” in mixtures of oppositely
charged macroions [26,30,31], has been recently shown to
occur in polyion-charged liposome systems by means of
small-angle neutron scattering experiments [32].

There is increasing evidence, both from experiments
[33-37] and numerical simulations [38—41], that, in the pres-
ence of poly-valent counterions, a short-range attraction can
be observed between like-charged macroions. Despite the
great theoretical effort (see, for example, Refs. [42,43] and
literature cited therein), a complete description of this coun-
terintuitive interaction is still lacking. There is, however, a
general consensus in pointing out the role that electrostatic
correlations play in the mechanism of the like-charge attrac-
tion. Briefly, the origin of attraction could be traced back to
the nonhomogeneous distribution of polyions which, repel-
ling one another, form structures at the particle surface that
present some degrees of a short-range order and can be
treated as Wigner crystals. The conformation of these struc-
tures is sensitively dependent on the relative size of polyions
and macroions, on their valences and on their electrical
charge density. However, being similar, i.e., showing, on the
average, an identical periodicity, they can form on different
corresponding particles, interlocking patterns. Keeping this
qualitative picture in mind, it is possible to understand how a
short-range attraction can then arise when a “counterion do-
main” on one particle corresponds to a “counterion-free do-
main” on the other particle. In a more quantitative way, it has
been shown that an attraction can arise between two like-
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charged surfaces immersed in an electrolyte from the non-
uniform distribution of the charge (“charge patch” attraction
[44,45] and recently [46]). This mechanism has been already
invoked to explain the effect of different polyelectrolytes in
inducing aggregation in different colloidal particle systems
[36,37].

Interestingly, in several colloidal systems characterized by
the simultaneous presence of short-range attraction and long-
range repulsion, the colloidal cluster phase, for appropriate
tuning of the external control parameters, evolves towards an
arrested state [13-15,47].

In this paper, we present some experimental evidences
that also the dynamics of the cluster phase, resulting when
charged liposomes are glued together by oppositely charged
linear polyions, is, in the vicinity of the isoelectric point,
dominated by the strong repulsions between the aggregates,
possibly yielding to an arrested state.

Recent numerical [48] and experimental [15] studies sug-
gest that the dynamical arrest observed in these colloidal
systems may be connected to a percolation process. On the
other hand, simulations of the ground-state configuration of
clusters of different sizes suggest that, when the cluster size
exceeds the electrostatic screening length k!, the shape of
the aggregates changes from spherical to linear [17]. In this
case, the dynamic arrest would proceed via a glass transition
mechanism [49]. In other words, the arrest transition would
not occur because of the formation of a bonded network
(percolation), but because elongated clusters would become
confined by the repulsions created by themselves (nonperco-
lating arrested state) [49]. The clusters (as opposed to the
primary particles) are hence trapped within repulsive cages
generated by the long-range repulsion. This mechanism is
known from the glass transition of Yukawa particles [50],
where this process yields a Wigner glass that shows an aging
behavior [51].

In this work, by means of combined static and dynamic
light scattering and electrophoretic mobility measurements,
we have characterized the cluster-cluster interactions be-
tween pd-liposome aggregates at varying polyelectrolyte-
liposome molar ratio &, in a wide range across the isoelectric
point, both in the presence and in the absence of a simple
added salt (NaCl). We have observed the occurrence of
strong repulsive interactions between these aggregates that
may represent the prerequisite for the appearance, also in this
particular system, of an arrested state. This characteristic
opens further interesting opportunities for investigating the
mechanisms of gelation in a colloidal system. In fact, con-
trarily to what is generally accepted as the necessary ingre-
dients for the existence of both a stable aggregation and
strong repulsions between the aggregates [i.e., a screened
electrostatic interaction and an attractive force that originates
from nonelectrostatic effects (depletion, for example)], in our
case, the attractive interaction simply stems from the nonuni-
form distribution of the charges at the surface of the primary
particles. Interestingly, in this system, the formation of a
long-lived cluster phase seems to be attributed to a stabiliza-
tion mechanism which is different from the “kinetic” stabili-
zation mechanism usually invoked to explain the interruption
of diffusion limited cluster aggregation (DLCA) phenomena.

In this paper, we propose for this system a different jus-
tification of the metastable phase, based on a recent model
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developed by Velegol and Thwar [46] to describe the effect
of a nonuniform surface charge in the colloidal interactions.
Our findings suggest that the behavior of the colloidal system
described in this work could be paradigmatic of a whole
class of colloids characterized both by high values and by a
strong nonuniformity of the electrical charge density at the
particle surface.

II. EXPERIMENTAL
A. Material and liposome characterization

Liposomes were built up with 1,2-dioleoyl-3-trimethyl
ammonium propane (DOTAP), a cationic lipid widely em-
ployed in DNA transfection protocols. DOTAP was pur-
chased from Avanti Polar Lipids (Alabaster, AL) and used
without further purification. The anionic polyelectrolyte em-
ployed to induce liposome aggregation was poly(acrylate)
sodium salt (NaPA), a highly charged, flexible polyion with
a simple chemical monomer structure [-CH,—CH(CO,Na)
—]. NaPA was purchased from Polysciences, Inc., (War-
rington, PA) as 0.25 (wt./wt.) solution in water, with a nomi-
nal molecular weight of 60 kDa. For all the preparations,
MilliQ grade deionized water (Millipore, Billerica, MA) was
employed.

Unilamellar liposomes were prepared by standard lipid
film hydration method. In short, the lipid was dissolved in
chloroform-methanol (1:1 vol/vol) at a concentration of
10 mg/ml. After solvent evaporation, the dried lipid film was
hydrated with deionized water (electrical conductivity less
than 107® mho/cm, at room temperature) at a temperature of
25 °C (well above the main phase transition temperature of
DOTAP, Tf:O °C). In order to form unilamellar vesicles,
the lipid solution was sonicated at a temperature of 25 °C for
1 h at a pulsed power mode until the solution appeared op-
tically transparent in white light. The solution was then fil-
tered through a Millipore polycarbonate filter 0.45 um in
size.

Liposome size and size distribution were obtained from
dynamic light scattering measurements. After sonication, li-
posomes have an average diameter of 80+5 nm (intensity-
averaged size distribution [8]) with a moderate polydisper-
sity of about 0.2, as expected for a rather homogeneous
particle suspension.

The pH of the suspensions was checked for each sample
and was found to remain constant to about the value of pH
=6.2. All the experiments were carried out at the tempera-
ture of 25.0+0.2 °C and each series was repeated several
times to check reproducibility.

B. Polyion-induced liposome aggregation

The formation of the polyion-liposome complex was pro-
moted by adding 250 ul of polyion solution (prepared at an
appropriate concentration) to an equal volume of liposome
suspension, in a single mixing step, this mixing order being
kept fixed in all the experiments. In each sample investi-
gated, the lipid concentration was maintained constant to the
value C;=0.6 mg/ml, corresponding to a final liposome vol-
ume fraction @ of approximately 2.5 X 1073, By varying the
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polyelectrolyte concentration in an interval from 0.05 to
0.10 mg/ml, the whole range of polyelectrolyte/liposome
charge ratios in the vicinity of the isoelectric condition,
where the reentrant condensation occurs, was thoroughly ex-
plored.

In the systems investigated, the presence of very large
aggregates often makes light scattering based experiments
partially nonreproducible. Since large particles mainly scat-
ter in the forward direction, the effects of these large aggre-
gates can be greatly reduced by using backscattering detec-
tion technique. While this is only an advantage in dynamic
light scattering, in static light scattering experiments, the use
of a fixed angle backscattering geometry entails the disad-
vantage that the particle form factor cannot be obtained by
using a Zimm plot [52]. Nevertheless, we chose a back-
scattering approach also for static light scattering experi-
ment, to take advantage of using the same experimental
setup (Malvern Zetamaster) for simultaneous measurements,
exactly on the same sample, of the dynamic (the average
hydrodynamic radius of the particles) and static light scatter-
ing (the “apparent” molecular weight and the second virial
coefficient), and of the electrophoretic mobility (the { poten-
tial and/or the surface charge density of the aggregates),
minimizing in this way possible spurious effects related to
the time evolution of the samples. For this study, we em-
ployed a Malvern Zetamaster apparatus, equipped with a
5 mW HeNe laser and a backscattering (173°) optical fiber
probe.

C. Dynamic light scattering

In the self-beating mode of the dynamic light scattering,
the measured photoelectron count autocorrelation function
G%(q,7) has the form

G?(q, 7 =A[1+blgV (g, D[], (1)

where g(l)(q, 7) is the first-order correlation function of the
scattered electric field, 7 the delay time, A=NN) the base-
line, with N, the total number of samples and (N) the mean
count per sample, b a spatial coherence factor depending on
the experimental setup and on the scattering intensity [53],
and ¢g 1is the scattering wave vector given by g
:‘% sin(6/2) with n and 6 being the refractive index of the
scattering medium and the scattering angle, respectively. For
polydisperse particles, g'V(g,7) takes the form

2
§"g. 1) =2 AP, )

where A; represents the scattering amplitude of the particle i
with diffusion coefficient D;. A regularization method (CON-
TIN [54,55]) was employed in analyzing the experimental
data to solve Eq. (2) through eigenvalue decomposition com-
bined with a smoothing technique, in order to obtain the
diffusion coefficients D;. The size distribution was expressed
in terms of the average hydrodynamic radius Rj; by means
of the Stokes-Einstein relationship Ry;=KgT/67nD;, where
KT is the thermal energy and 7 the viscosity of the aqueous
phase.
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D. Electrophoretic mobility measurements

The electrophoretic measurements were carried out by us-
ing the laser Doppler electrophoresis technique. The mobility
u of the diffusing aggregates was converted into a {-potential
value using the Smoluchowski relation {=u 17/ €, where € and
n are the permittivity and the viscosity of the solution, re-
spectively [56].

E. Static light scattering

Light scattering from vesicles and vesicle aggregates can
be described within the Rayleigh-Gans-Debye approximation
[57] of classical light scattering. The scattered or excess in-
tensity due to a suspension of colloidal particles (considered
monodisperse) can be written as

KC, 1
Ry~ M, P(gAr) + S(gAR)V,N,C,’

A3)

where the Rayleigh ratio R, is defined as the light scattered
at angle € in excess of that scattered by the pure solvent
divided by the scattered incident light. In this expression, Cy
is the particle weight concentration and M, the molecular
weight, V is the volume from which the scattered light is
collected (scattering volume) and N, is the Avogadro num-
ber. The factor P(qAr) takes into account the effect of light
interference within the same particle (Ar stands for the inter-
nal coordinates), and S(gAR) is the interparticle interference
factor (AR being the center-of-mass coordinates). Finally, the
optical constant K, for vertically polarized incident light, is
defined as

~ (277)2”2<d_n>2

K= 4
NN, \de @

with n and (dn/dC) being the refractive index of the solvent
and the refractive index increment due to the suspended par-
ticles, respectively, and A the wavelength of the incident light
in vacuo.

Under proper assumptions, Eq. (3) can be approximated
as

KC, 1

= —4+2A,C 5
Ry M,Pgd) ~ " ©)

which is commonly used to interpret the static light scatter-
ing spectrum (here d simply stands for a characteristic size of
the particle). From Eq. (5), the weight-average molecular
weight M,, of the scatterers and the second virial coefficient
A, of the suspension can be determined.

The second virial coefficient A, is related to an integral
characteristic of the intermolecular interactions between the
scatterers that can be written (for a spherically symmetric
interparticle potential) as

Ny (7 _ ,
AZ:‘WL (KT~ dmrdr,  (6)

where U, is the two-particle potential energy [58]. The varia-
tion of A, with solution conditions yields valuable informa-
tion on the underlying effective pair interactions between
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suspended particles. A positive second virial coefficient (in
homogeneous systems) means repulsive interactions.

In order to cancel out the influence of M, on A,, the
second virial coefficient can be expressed in dimensionless
form as

M1 1 (”
B, :AZVW\_/ =— E/f (e—Uz(r)/KBT_ 1)47Tr2dr, (7)
0 0

where V:‘“TTR3 is the volume of the aggregate, with R its
average radius. If the interactions are limited to the exclusion
from the volume occupied by one particle of other particles
(“hard spheres potential”), B,=4 [58]. Values higher than
B,=4 indicate stronger repulsions, while lower or negative
values indicate attractive interactions between the particles in
the suspension.

Unfortunately, in the present case, the form factor P(qd)
cannot be accurately determined and, consequently, the prod-
uct M,,P(qd) (the intercept of the Debye plots) cannot be
separated into its factors. However, the quantity M, P(qd)
can be considered as an effective molecular weight M, in
calculating an  “effective  virial coefficient” B,
=B,[P(qd)]* [i.e., replacing M,, with M .= M,,P(gd) in Eq.
(7)]. Since P(gd) is =1 by definition, and it tends to the
unity for small particles, a large increase of B, over the
value measured for the isolated liposomes, clearly indicate
an increase of the repulsions, so that this quantity can be
usefully employed to quantitatively characterize interaggre-
gate interactions [Eq. (7)].

The particle form factor P(gd) depends on the particle
shape and on the product gd between the scattering vector g
and the typical particle size d. Since P(gd) is due to intra-
particle interference effects, it is significantly different from
unity only for particles whose size is comparable to the
wavelength of the light employed, i.e., for particles larger
than about 50 nm. For simple geometrical shapes, the form
factor is easily obtained. Isolated liposomes can be modeled
as hollow spheres and, in this case, the form factor P(gd) is
given by [59]

%[sin(x) —sin(yx) — x cos(x) + yx cos(yx)]) ,
x(1-7y)
8)

where x=¢gR,, and y=R;,/R.,, with R., and R;, the outer and
inner radius of the vesicle, respectively. For a liposome with
an outer radius of 30 nm and a bilayer thickness of 4 nm, Eq.
(8) yields a value of about P=0.83.

In our case, polyion-decorated liposome aggregates, from
transmission electron microscope images (Fig. 10, see also
the figures in Ref. [8]) appear as compact clusters, but quite
irregular, also because of the polydispersity of the single li-
posome particles. While limiting expressions can be obtained
for (statistical) fractal clusters, for such irregular aggregates,
an analytical form of the factor P(gd) does not exist. Simu-
lations [60] only provide the qualitative hint that the scatter-
ing of random aggregates of n monomers (spherical mono-
mers) increases with n, but less than expected (a dependence

P(x) = (
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FIG. 1. Upper panel: The hydrodynamic diameter 2Ry, of
polyion-decorated liposome aggregates as a function of the
polyelectrolyte/lipid monomolar ratio &, close to the isoelectric con-
dition. Bottom panel: The ¢ potential of the polyion decorated lipo-
some aggregates as a function of the polyelectrolyte/lipid monomo-
lar ratio & The underlined regions mark the polyion concentrations
to which the isoelectric condition takes place. This plot summarizes
the two main effects, the reentrant condensation (upper panel) and
the charge inversion (bottom panel), that characterize this class of
colloid systems, under the balance of short-range attractive and
long-range repulsive interactions.

on n?) if there were no intra-aggregate interferences. This
reduction in the scattering intensity decreases at the highest
angles.

Also the impossibility of calculating the form factor from
the geometry of the aggregates prevents the possibility of
separating the effects due to the molecular weight M,, from
those due the shape and size of the diffusing aggregate.
Hence, in our analysis, the term M,,P(qd), in Eq. (5), will be
considered as an effective molecular weight M.

III. RESULTS AND DISCUSSION

Figure 1 shows the typical aggregation behavior of this
colloidal system. The average size and the {-potential value
of the aggregates of pd-liposomes display, as a function of
the polyelectrolyte/liposome charge ratio &, the typical ef-
fects of the reentrant condensation and of the charge inver-
sion. In this case, liposomes are built up by cationic lipids,
DOTAP, and the aggregation induced by a polyanion, poly-
(acrylate) sodium salt (NaPA). The charge ratio & is defined
as the ratio of the total charge on the polyion chain in the
solution to the total charge on the lipid. The charge inversion
occurs at ¢é=1 and close to this point, the aggregates become
larger and larger.

This behavior has been investigated in detail, and we re-
ported on this complex phenomenology in a series of recent
works [8,11,21], where a comprehensive description of the
whole process can be found. Here, we will focus on a further
interesting effect, i.e., the large increase of the repulsion be-
tween the aggregates that occurs close to the isoelectric
point.
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C, [g/ml]

FIG. 2. Debye plot of polyion-decorated liposome aggregates.
The ratio KC; M,/ Ry is shown as a function of the liposome
concentration C; for different values of the polyelectrolyte/lipid
molar ratio & below (empty symbols) and above (full symbols) the
isoelectric point. The constant behavior observed for the liposomes
without the added polyelectrolyte is also shown for comparison. X:
liposomes; O: £€=0.56; A: €=0.70; V: £=0.85; ¢: £=0.99 (below
the isoelectric point). l: £=1.08; V: £=1.17; A: £=1.26 (above the
isoelectric point). Closer and closer to the isoelectric point, the ef-
fective virial coefficient B, increases, indicating a large increase
of repulsion close to the point of charge inversion.

We will consider two different aqueous solution media, in
the absence of added salt and in the presence of added NaCl
salt, at two different concentrations (0.05 and 0.1 Mol/1).
Although the phenomenology is rather similar, we will treat
the two cases separately.

A. In the absence of added salt

Typical Debye plots of the light scattering data as a func-
tion of the liposome concentration C; are shown in Fig. 2,
for selected values of the polyelectrolyte/liposome molar ra-
tio &, below, very close and above the point of charge inver-
sion. Each sample, prepared at a fixed initial liposome con-
centration (C;=0.6 mg/ml), was progressively diluted and
the excess Rayleigh ratio R, measured.

As can be seen in Fig. 2, with the increase of the polyion
to lipid ratio £ (i.e., with the increase of the polyion concen-
tration C), the slope of the curve KC; M./ Ry vs C; rapidly
becomes steeper and steeper, reaches a maximum for
samples which are very close to the charge inversion point
and then decreases again towards the initial values.

One might wonder if the iterated dilution of the liposome
suspension, necessary for the construction of the Debye plot
for each sample, could induce a spurious structural rear-
rangement of the aggregates. To answer to this question, in
Fig. 3, we show for selected samples the average size of the
aggregates, derived from dynamic light scattering measure-
ments, at the different dilutions employed to build up the
corresponding Debye plots shown in Fig. 2.

As can be seen, there is a substantial constancy, within the
experimental errors, of the average size of the aggregate,
which depends on the polyion/liposome molar ratio £ in the
usual manner (compare Figs. 1 and 2). This behavior was
observed for all the samples investigated. The values of the
hydrodynamic radii Ry shown in Fig. 3 are calculated from
the diffusion coefficient D obtained from dynamic light scat-
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FIG. 3. The plot shows the constancy of the average size 2Ry of
the polyion-decorated liposome aggregates as a function of the li-
posome concentration C; during the dilution procedure employed in
the measurement of the quantity KC; M./ Ry The different aver-
age sizes refer to different polyelectrolyte/lipid molar ratios [l:
£=0.8; O: £€=1.0; o £=1.05; W é=1.2.
tering, through the Stokes-Einstein relation, as R;F%].
For interacting particles, the measured diffusion coefficient
D is expected to change with the volume fraction ® of the
dispersed objects as D(®P)=Dy(1+\d) [61]. However, for
charged colloidal particles and for R> ™!, the coefficient A
is of the order of 10 [62]. As a consequence, at the low
volume fractions employed in this work (d varies from
~3 X107 to ~0.01), the expected changes of D(d) with the
liposome concentration is too small to be appreciated. The
constancy of the size of the aggregates evidenced in Fig. 3
rules out a restructuring of the aggregates upon the dilution
procedure required for the Debye plots.

In Fig. 4, the second virial coefficient A,, obtained from
the Debye plots, is shown as a function of the
polyelectrolyte/lipid molar ratio & From its definition [Eq.
(6)], the quantity A, depends on the interactions between the
suspended particles but also on their molecular weight.

However, when the explicit dependence of the virial co-
efficient on the molecular weight is eliminated and the coef-
ficient is rewritten in its dimensionless form B, [see Eq.
(7)], when this quantity is plotted vs the polyelectrolyte/
liposome molar ratio & a sharp maximum clearly appears in
correspondence of the isoelectric condition (Fig. 5). This
sharp increase of the virial coefficient B, indicates that
repulsive inter-aggregate interactions rapidly become very
large when the size of the aggregates formed by the pd-
liposomes increases toward its maximum at the isoelectric
point.

2
A, [mlmol/g’]

a

1074 \ o0

0.0 05 1.0 15

Polyelectrolyte/lipid molar ratio &

FIG. 4. The second virial coefficient A, deduced from the Debye
plots as a function of &, in the absence of added salt.
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FIG. 5. The dimensionless second virial coefficient By, as a
function of & The coefficient By is calculated by means of Eq. (7)
from the values of A, and M, obtained from the Debye plots and
the values of the hydrodynamic radius measured by means of dy-
namic light scattering.

B. In the presence of added salt

In the presence of added simple salt (NaCl), the aggrega-
tion phenomenology is rather more complex, since in the
vicinity of charge inversion, a region of instability appears
and the aggregates form larger and larger clusters, up to a
complete flocculation in a long time regime. Moreover, in a
region around the isoelectric point, whose extension widens
with the salt concentration, the scattered light correlation
functions deviate from a single exponential decay and bimo-
dal distributions appear. We have investigated this peculiar
behavior in a previous work, to which we refer to for a
detailed phenomenological description of this process [11].

A typical behavior is shown in Fig. 6, where we compare
the increase of the average radius (R/R,) of the pd-liposome
aggregates (normalized by the primary particle radius R) as
a function of the polyelectrolyte lipid molar ratio &, in the
presence of added salt (at two different concentrations
C,=0.05 mol/I and C,=0.1 mol/1) and in absence of added
salt.

10
8,
/\C 64
a4
2 4
V DD
24 o
o8 Oe
0,
0.01 0.1

Polyelectrolyte/lipid molar ratio &

FIG. 6. Average radius (R/R;) of polyion-decorated liposome
clusters as a function of the polyelectrolyte/lipid molar ratio &, in
the presence of different amounts of simple electrolyte (NaCl): OI:
0.1 mol/1; O: 0.05 mol/l. In all samples, the molecular weight of
the polyion was 60 kD. For comparison, results obtained in the
absence of added salt (¢) are also shown. The shaded regions mark
boundaries of polyion concentration ranges where the DLS correla-
tion functions display two characteristic decay times. These regions
widen with the increase of the salt concentration.
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FIG. 7. Debye plot of polyion decorated liposome aggregates in
the presence of added salt (0.05 mol/1 NaCl). The ratio
RCi M.t/ Rg is shown as a function of the liposome concentration
C; for different values of the polyion/lipid molar ratio & [: =0
(single liposomes, no polyelectrolyte added); X: ¢=0.40; O:
£=0.54; A: £=081; V: £=1.08; O: &=1.12; A: &=1.17; @:
&=1.35. Full lines represent a linear fit of the data. The inset shows
the normalized second virial coefficient B,.y, deduced from the
Debye plots. The shaded region marks the polyion concentration
region very close to the isoelectric point, where the DLS correlation
functions display two characteristic decay times (see text).

An analysis of the scattered light correlation functions of
aggregates very close to the isoelectric point (shaded regions
in Fig. 6) results in bimodal distributions of relaxation times.
Moreover, in this region the suspension is not stable and
often flocculates, with characteristic times that are not com-
pletely reproducible. For this reason, in our analysis, we did
not consider samples inside this regions any further.

However, outside this region, but sufficiently close to the
isoelectric condition, the phenomenology described above in
the absence of salt, i.e., an increase of repulsive interactions
in vicinity of the isoelectric condition, is also observed in the
presence of added salt, as shown in Figs. 7 and 8, for the two
salt concentrations investigated 0.05 and 0.1 M NaCl.

C. The charge of the aggregates at the isoelectric point

Charged colloidal particles are usually stabilized by
strong electrostatic repulsion and, also in the case of suspen-
sions of highly charged liposomes, the stabilization is of
electrostatic nature. In fact, above a critical value of the ionic
strength of the solution, liposomes begin to aggregate and
the suspension eventually flocculate, following the usual
Derjaguin-Landau-Verwey-Overbeek (DLVO) behavior [22].
Moreover, the measured structure factor for such systems can
be satisfactorily calculated hypothesizing a repulsive interac-
tion between the liposomes described as a simple screened
Coulomb potential [63].

A similar behavior has been also observed for pd-
liposome aggregates in the presence of large polyelectrolyte
excess. A significant aggregation and flocculation of a
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FIG. 8. Debye plot of polyion decorated liposome aggregates in
the presence of added salt (0.1 mol/l NaCl). The ratio
RC; Mt/ Ry is shown as a function of the liposome concentration
C; for different values of the polyion/lipid molar ratio & [: =0
(single liposomes, no polyelectrolyte added); A: ¢=0.41; V:
£=0.55; O: £=0.69; W: £=1.29; @: £=1.37;, A: £&=156; V:
&=1.65. Full lines represent a linear fit of the data. The inset shows
the normalized second virial coefficient B,.y, deduced from the
Debye plots. The shaded region marks the polyion concentration
region very close to the isoelectric point, where the DLS correlation
functions display two characteristic decay times (see text).

DOTAP liposome suspension, prepared at the typical volume
fractions employed in this work, is easily obtained both by
adding NaCl at concentrations of the order of 0.5 M and by
adding NaPA at a similar monomolar concentration [22].
Such monomolar concentrations of (NaPA) correspond to
values of the charge ratio & close to 50-100. The reentrant
condensation described above and observed in a range of ¢
close to the point of charge inversion (in the vicinity of
&= 1) is a completely different phenomenon. Moreover, the
reentrant condensation shows a marked dependence on the
molecular weight of the polyelectrolyte employed to induce
the aggregation [20], suggesting that the nonhomogeneous
distribution of the adsorbed polyions at the liposome surface
plays an essential role in the aggregation process.

To justify, at least qualitatively, the formation of large
stable strongly interacting aggregates observed in these sys-
tems close to the point of charge inversion, we address to a
potential of mean force between two spheroidal colloidal
particles recently proposed by Velegol and Thwar [46].
These authors have developed an extension of the classical
DLVO theory taking into account the effect of a nonuniform
surface charge distribution on the potential between two ap-
proaching particles, on the basis of the Hogg-Healy-
Fuerstenau model [64]. The nonuniformity in the charge dis-
tribution, that in this case is originated by the correlated
adsorption of polyions onto the liposome surface, imparts to
the system the attractive contribution, allowing colloidal ag-
gregation. Within this model, the average potential of inter-
action between two nonuniformly charged colloidal spheres
can be written as
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In this expression, € is the dielectric permittivity of the dis-
persing medium, d is the distance between the surfaces of the
two particles with radii R, and Rj, respectively, k is the
inverse of the Debye screening length and ¢; and o
(i=A,B) are the mean value of the { potential (averaged
twice, on the whole surface of the particle, and ensemble
averaged on type i particles) and its standard deviation.

This potential combines a repulsive monopole term and
an attractive interaction that arises from the nonuniform dis-
tribution of charge on the particles. From Eq. (9), it results
that, in the presence of a charge nonuniformity (o; # 0), also
in the case of two particles bearing a net charge of the same
sign, an attractive component is always present, since the
first term in the parenthesis [Eq. (9)] is always negative. The
repulsive part (in the case of similarly charged particles),
represented by the term which is proportional to the {,{p
product, cancels out when the net charge on the particles is
Zero.

In the case of pd-decorated liposomes, the correlated ad-
sorption of the polyelectrolytes is the origin of a certain de-
gree of nonuniformity of the surface charge distribution
(o#0). This nonuniform distribution is responsible of an
attractive interaction term (“charge patch attraction”
[44—46]). This nonuniformity of the distribution of the ad-
sorbed macroions (polyelectrolytes) at the liposome surface
clearly depend on their size and charge (a simple monovalent
electrolyte would spread almost uniformly, except for the
finite dimension of the ions). This circumstance justifies the
dependence of the efficiency of the aggregation process on
the degree of polymerization of the polyelectrolyte. Obvi-
ously, the residual net charge on the particles, due to the
incomplete neutralization of the liposomes (at the lower
polyelectrolyte/liposome ratios &) or to the overcharging (at
higher &), would contribute a net repulsion on both sides of
the charge neutralization point, resulting in the reentrant con-
densation.

At medium to high values of the ionic strength of the
solution, where the electrostatic interactions are more effec-
tively screened, dispersion forces become comparatively im-
portant. To this end, to take into account van der Waals in-
teractions between the aggregates a term [65]

AR,Ry 1 1 11
Pyanild) = - T
6(Ry+Rp)\d+hy+hg d+h, d+hg d
A dld
A I[M] 10
6 (d+hy)(d+ hg)

can be added to the potential [Eq. (9)]. This expression, de-
rived for shelled spheres (with radius R4 and R and shell
thickness h, and hg, respectively), is appropriate for lipo-
somes and liposome aggregates where the presence of the
water core substantially decreases the van der Waals attrac-
tion.
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FIG. 9. The potential of mean force between two identical
spherical particles as a function of the distance d between their
surfaces. The potential is plotted in units of the thermal energy KgT
at room temperature (25 °C). The curves are calculated for different
choices of the electrical parameters { and o and k™!, and for differ-
ent values of the particle radius. (a) R=250 nm, {=20 mV. Open
symbols:  k'=9.6nm (1073 M NaCl); Closed symbols:
k'=0.96 nm (107! M NaCl). (Circle): o=0mV; (square):
o=10 mV; (triangle): =20 mV; (lozenge): =30 mV. (b)
R=500 nm, (=10 mV. Open symbols: k'=9.6 nm
(1073 M NaCl); closed symbols: k'=0.96 nm (10! M NaCl).
(Circle): o=0 mV; (square): o=10 mV; (triangle): 0=20 mV,
(lozenge): o=30mV. (c) solid lines: the total potential
D(d)=Dyp(d) + Pyqw(d); dotted lines: the Velegol potential
®y1(d); dashed lines: the DLVO potential ®p; vo. The curves have
been calculated for the following values of the screening length
k'=1, 3 10, 20 nm and, correspondingly, the curves shift from left
to right.

Figure 9 shows an example of the behavior of the poten-
tial of mean force ®(d)=Dy(d)+Dqw(d) between two
identical particles of radius R, for different values of the
electrical parameters { and o and different values of the ionic
strength of the solution.

For smaller particles [Fig. 9(a), R=250 nm] and at a re-
duced ionic strength (open symbols), the potential barrier to
the aggregation decreases its height with the increasing of
the surface charge nonuniformity, moving toward higher dis-
tances between the particles.

The two series of curves refer at two different screening
lengths x'=9.6 nm and x'=0.96 nm and correspond to a
0.1 and 0.001 molar concentration of a 1:1 electrolyte.

In the absence of added simple salt, at the lipid/
polyelectrolyte concentration employed in this work, the
lowest concentration (0.001 M) can be considered a superior
limit for the concentration of the free counterions in the so-
lution [66] (Na* ions derived from the polyelectrolyte and
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Cl~ ions from the cationic lipid). At the highest ionic
strength, the potential barrier is strongly reduced (solid sym-
bols), due to the effective screening of the electrostatic re-
pulsion.

Moreover, for larger particles and a smaller value of the ¢
potential (closer to the charge inversion point), Fig. 9(b)
shows that, at the higher ionic strength (solid symbols), the
potential is always attractive and a sample in these condi-
tions would flocculate. At lower ionic strength, however,
(open symbols) the potential barrier is still present.

In Figs. 9(a) and 9(b), the curves for o=0 represent the
behavior of a typical DLVO potential

Dpyyvol(d) = Pygw(d) + Pyr(d) o—o (11)

since, in this case, expression (9) reduces to the typical form
of the electrostatic repulsion between two spherical particles
employed in DLVO theory [46,61]. As Fig. 9(c) shows, the
main contribution of the charge nonuniformity, in addition to
contributing an obvious reduction of the potential barrier
height, is the significant shift of the position of the barrier
maximum at larger interparticle distances, an effect that is
comparatively larger at lower ionic strengths. The stability of
larger and larger aggregates close to the point of charge in-
version is an effect of the presence of the potential barrier.
The presence of the nonuniform charge distribution at the
liposome surface increases the range where interactions oc-
cur, which shifts towards larger distance.

The height H of this potential barrier is roughly propor-
tional to the radius of the colliding particles multiplied by the
square of the ¢ potential H>R{>. As a consequence, at each
finite temperature, and at constant values of { potential (i.e.,
at a fixed charge ratio £), the probability that a collision of
two large aggregates results in their sticking together de-
creases as the size of the colliding particles increases.

At an intuitive level, this dependence of the interaction on
the size of the particles can be justified by the following
argument. The interaction described by the potential in Eq.
(9) is ultimately due to the overlapping of the diffuse layers
of the two approaching particles. Assuming (as is usually the
case for aqueous solvents) that the diffuse layer thickness ™!
is much smaller than the particle radius (in the present case
this assumption, with primary particles that have a radius
§30 nm is reasonable), the particle interaction can be de-
scribed in a quasiplanar geometry (Derjaguin approximation
[67]). However, the effective contact area is larger and larger
when the size of the approaching particles increases. More-
over, as primary particles, liposomes are easily deformable
and, as is apparent from the TEM images shown in Fig. 10,
they reshape within the aggregate, flattening at the contact
sites (and this fact could also contribute to increase the
strength of the interactions, see, for example Ref. [68]). The
whole aggregate continues to appear roundish in shape, but
delimited by surfaces with a much larger curvature radius
than the primary component liposomes.

As a consequence of the dependence of the two-particle
potential on the particle size, the cluster-cluster aggregation
process would practically end when the aggregates reach a
size for which the potential barrier height is several KzT. In
other words, within this picture, the clusters would rather be
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FIG. 10. Transmission electron microscopy images of typical
pd-liposome aggregates. Isolated pd-liposomes (small inset) appear
almost spherical. Conversely, within the aggregates, the liposomes
appear flattened at the contact sites and close packed together. The
whole aggregates maintain a roundish shape, but are delimited by
surfaces with a larger curvature radius than the primary component
liposomes. Bar represents 100 nm. The samples shown are not
stained, the contrast observed is obtained by preparing the lipo-
somes with a proper concentration of CsCl in the aqueous core,
with a procedure which is described in detail in Ref. [8].

kinetically stabilized than be true equilibrium aggregates, but
with a mechanism which is different from the one usually
assumed, where kinetic stabilization is ascribed to the pro-
gressive reduction of the mobility of the larger aggregates.

Within this picture, the counterintuitive increase of the
repulsive interaction observed close to the point of charge
inversion, where the {-potential goes to zero, also finds a
plausible justification. In fact, as it has been already pointed
out, while close to the reversal point the { potential shows a
linear behavior [69], the aggregate size diverges much more
rapidly than linearly [20,69], so that the increase in the ag-
gregate size overcompensates for the decrease of { potential.
Consequently, the height of the potential barrier increases.
Figure 11 (upper part) shows, in a log-log scale, the diver-
gent behavior of the aggregate size close to the point of
charge inversion. This behavior is well approximated with a
power law with an exponent of the order of 4 (or, in any
case, =3, see also Ref. [69]). In the same figure (lower part),
the approximately linear behavior of the ¢ potential in a
range across the charge inversion point is also shown. For
the example shown in Fig. 11, the increase of the barrier
height as &—§, could be evaluated approximately as
Hox R~ (é- &)

In summary, the whole process of the reentrant condensa-
tion could be described in the following terms. At increasing
the polyelectrolyte/liposome ratio, the net charge of the pd-
liposomes decreases at first in absolute value, changes its
sign at the point of charge inversion and then increases again
up to the maximum overcharging. Due to the correlated ad-
sorption of the polyelectrolyte chains, the charge distribution
at the pd-liposome surface is certainly nonuniform. The at-
tractive term in the potential induces the aggregation of the
pd-liposomes, but since the energy barrier to the collapse, for
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FIG. 11. Close to the isoelectric point the {-potential is approxi-
mately linear (lower part). However (upper part), in the same range
of &, the size of the aggregates grows as &", with m=4. The upper
log-scale and the lower linear-scale are drawn in such a way that the
&=1 values coincide. In the figure the power laws superimposed to
the measured radii have an exponent equal to +4.

given average net charge and nonuniformity, increases with
the size of the colliding particles, when the aggregates
reaches a certain size, the probability that two colliding ag-
gregates sticks upon collision becomes negligible and the
aggregates stops growing. At any given polyelectrolyte/
liposome ratio, a limiting radius is reached that is larger and
larger as the net charge on the pd-liposomes (and conse-
quently on the aggregates) decreases approaching the neu-
tralization point. Crossing that point, the pd-liposomes are
progressively more overcharged and the limiting radius de-
creases accordingly. On the other hand, for given values of
the surface averaged { potential and of its variance, the en-
ergy barrier increases with the particle radius, so that close to
the isoelectric condition, where larger aggregates form, the
repulsive interactions, in terms of the virial coefficient, in-
crease accordingly. An effect which contrasts with what
would appear intuitive, that repulsion would diminish when
the net charge on the aggregates goes to zero.

IV. CONCLUSIONS

We have studied the aggregation of charged mesoscopic
colloidal particles induced by oppositely charged linear poly-
ions by means of a combined use of dynamic and static light
scattering measurements. We employed charged vesicles
built up by a cationic lipid, DOTAP, and a simple linear
flexible polyion, poly(acrylate) sodium salt. This system has
been extensively studied and the main peculiar characteris-
tics have been well assessed as far as structural and dynami-
cal properties are concerned. Here, we have extended our
previous measurements, investigating in deeper details the
region of the phase diagram of this system very close to the
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charge inversion condition, where large equilibrium clusters
are formed. Both in the absence and in the presence of added
simple salt (that contributes to screen the electrostatic inter-
actions), we found that the second virial coefficient, close to
the charge inversion point, markedly increases over the value
that this parameter assumes far from the isoelectric condi-
tion, both below (down to the bare liposomes) and above it
(up to the overcharged isolated pd-liposomes). We derived
the second virial coefficients from the slope of the linear
dependence of the inverse of the Rayleigh ratio on the ag-
gregate concentration. This increase is interpreted as due to
increased repulsions between the aggregates close to the iso-
electric point.

To explain this increase, a mechanism is hypothesized
where the nonhomogeneity of the charge distribution at the
pd-liposome surface, due to the correlated adsorption of the
polyelectrolyte, plays a major role. Velegol and Thwar [46]
have recently shown that a nonuniform charge distribution at
the surface of colloidal particles gives place to an interpar-
ticle potential that, even in the case of same-sign charged
particles, has an attractive component. Moreover, this poten-
tial, for some combinations of the values of the parameters
involved (the surface averaged net charge of the particles and
the variance of the surface charge distribution) shows a
maximum, close to the particles surface, that may represent
an energy barrier that hinders their sticking together. The
height of this barrier apparently increases with the radius of
curvature of the surface of the two approaching particles, i.e.,
with the size of the aggregates, in the case of the very de-
formable pd-liposomes and depends on the particle { poten-
tial, going approximately as HxR/?. By adding to this po-
tential a contribution from van der Waals attraction, which
acts at smaller distance, this picture does not result substan-
tially modified.

After all, the above stated mechanism would also allow to
explain two characteristics of the aggregation in these sys-
tems that are difficult to harmonize within the usual DLCA
picture, i.e., the narrow size distribution of the aggregates,
and the elongated aspect that larger aggregates assume. In
fact, because of collisions of two large particles, the height of
the barrier rapidly becomes insurmountable, a single pd-
liposome still has some probability of sticking to a much
larger aggregate, since the barrier height is roughly propor-
tional to the contact area and this quantity is limited by the
surface of the smallest of the two colliding particles. Such a
“selection rule” in the sticking mechanism would presum-
ably yield a size distribution of the aggregates with a narrow
peak at the large size end. On the contrary, with the usual
assumption of DLCA aggregation, that larger clusters stick
more easily together but the probability of their collisions is
low due to their reduced mobility, a broad size distribution is
expected. Moreover, being governed by the local radius of
curvature, the sticking probability will be larger for zones of
the aggregates where they present bulges or protuberances,
so that larger aggregates will tend to grow assuming elon-
gated shapes.

Although the overall phenomenology is similar to the one
observed in other systems, where the long-range repulsion is
attributable to screened electrostatic interactions and the at-
traction to short-range potentials of different nature (deple-
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tion interactions or van der Waals forces, for example), the
pd-liposome system presents peculiar characteristics. In this
case, both the attractive and the repulsive interactions appar-
ently share a common electrostatic nature.

While there is an increasing evidence that the attractive
part of the potential arises from the correlated adsorption of
the polyelectrolyte chains at the liposome surface, a satisfac-
tory description of the whole mechanism of aggregation is
still far to be completed. Different hypotheses have been put
forward in an attempt to consider the different aspects of the
complex phenomenology observed. Although the mechanism
hypothesized in this work is able to take into account several
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of those aspects, it may be somewhat speculative at the level
of our present knowledge of the system. More studies are
required to investigate in details the mechanisms for forming
different cluster regimes and to clarify how the ranges of
attraction and repulsion could affect the characteristic size of
the clusters and their overall electric charge.
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