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Role of the electrostatic depletion attraction on the structure of charged liposome-polymer mixtures
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The effect of adding charged nonadsorbing polymers to electrostatically structured suspensions of charged
liposomes has been experimentally studied by means of light scattering techniques. The static structure factor of
the mixtures is analyzed using two polymers of different sizes. As the polymer concentration increases, the main
peak of the structure factor decreases and shows an important shift to larger values of the scattering vector. Such
displacement is the consequence of the electrostatic-enhanced depletion attraction induced by the polymers that
counteracts the electrostatic repulsion. For the shorter polymer, the system remains stable for all studied polymer
concentrations. However, for the long polymer chains, the effective attraction induced at the highest polymer
density studied is strong enough to destabilize the mixture. In this case, the aggregation of the liposomes leads
to clusters of nearly linear morphology. The PRISM theory is employed to calculate the effective pair potential
between liposomes. The theoretical predictions are able to support the experimental observations, and provide
an explanation of the interplay between the electrostatic repulsive interaction and the depletion attraction. In
particular, they show that the depletion attraction is especially long ranged, and is dominated by electrostatic

effects rather than entropic.
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I. INTRODUCTION

Complex fluids are usually found in technological products,
biological fluids, foods, etc. They are formed by mixtures
of different types of colloids (synthetic particles, proteins,
polymers, ...). The characterization and knowledge of bi-
nary mixtures, i.e., two components immersed in a solvent,
represents a first step in a further comprehension of those
more complex systems. One of the most studied binary
mixture is formed by neutral sterically stabilized colloids and
nonadsorbing polymers [1-3]. Simulation and experimental
results show that the presence of neutral polymers in a
colloidal sample has a deep impact on the structural and
dynamical properties that leads to a very rich phenomenology,
such as fluid-fluid phase separation and formation of gels
or attractive glasses [4-9]. For these mixtures, the driven
mechanism is the excluded volume repulsion between colloids
and polymers that induces the well-known entropic depletion
attraction between colloids [10,11]. For mixtures of charged
colloidal particles and uncharged polymer coils, there is a
competition between the long-range electrostatic repulsion
and the short-range entropic depletion attraction. For these
systems, the colloidal structure goes from electrostatically
stabilized colloidal clusters to the formation of attractive gels
[5,12-19].

In the last years, attention has been driven to colloid-
polymer mixtures where both species are like-charged. Mix-
tures of charged particles are involved in many real systems,
where the stability of the suspension is also determined by
the depletion forces [20-22]. However, the main difference
from uncharged binary systems relies on the fact that attractive
depletion interactions are now affected by the electrostatic
repulsion between particles. For the particular case of charged
colloid-polymer mixtures, the effective depletion attraction
between colloids becomes greatly enhanced by the colloid-
polymer electrostatic repulsion. The existence of this effect
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has been confirmed theoretically [23], by means of computer
simulations [24], and in experiments [25-30]. The resulting
depletion attraction arising in this kind of systems is very
strong even at small polymer concentrations, where the
entropic depletion is negligible. Moreover, its range can
be tuned by changing the electrolyte concentration in the
suspension and the polymer radius of gyration, R,. In the
limit of very low ionic strength, the range of the electrostatic
depletion can further exceed the polymer diameter 2R, and
control the structural behavior of the sample.

Recently, we have studied diluted but structured colloidal
dispersions of charged and monodisperse latex model particles
at low ionic strength, and showed that the attractive depletion
interaction induced by the charged polymers is dominated by
the electrostatic part [28,29]. In the current article, we extend
this experimental study to dense colloidal suspensions (up
to the packing fraction of ¢. = 0.17) at larger polymer con-
centrations. For these concentrations, the entropic (excluded-
volume) effects arising in charged colloid-polymer mixtures
could also appear and overlap with the electrostatic ones, so the
depletion attraction can depend on both contributions [7,8,13].

In this work we employ charged liposomes as colloidal
particles and like-charged nonadsorbing polymers immersed
in water. From an experimental point of view, liposomes are
spherical particles formed by a very thin layer, and so they
have a refractive index very close to the solvent. This property
allows the use of light scattering techniques even at very large
particle volume fractions, which cannot be reached with hard
colloids. On the other hand, although liposome suspensions are
polydisperse, they represent a very interesting model system
that mimics the behavior of many biophysical systems, which
show an inherent polydispersity in size, shape, and charge. For
instance, liposomes and living cells can be regarded as very
similar colloids, since both have a membrane (shell) formed by
a phospholipid bilayer and a core inside with water in the case
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of liposomes and cytoplasm in the case of cells. Moreover,
the depletion attraction is an important force driving cellular
organization [31] and aggregation of blood cells [32], and plays
a key role in the process of macromolecular crowding [33].
Finally, liposomes are also involved in many biotechnological
applications, such as drug delivery [34].

Most of the experimental works regarding charged colloid-
polymer mixtures employ weakly charged colloids, so the
repulsive electrostatic interaction is easily overcome by the
depletion attraction induced by the polymer [4,17]. However,
our experimental studies strongly differ from this procedure.
Here, we study the situation where the electrostatic repulsion
is strong enough to induce a highly structured initial state.
After addition of the polymer coils, this repulsive interaction
is counteracted by the electrostatic depletion, and the peak
of the colloidal structure factor decreases accordingly. We
find that the addition of short polymer coils causes a weak
screening of the electrostatic repulsion. However, for long
polymers the depletion attraction induces the phase separation
of the mixture. With the help of the PRISM theory, we are able
to estimate the depletion potential between liposomes, and
compare the electrostatic effect with the entropic depletion
arising with neutral polymers. The static light scattering
technique (SLS) is used to follow the structural behavior of
the studied mixtures.

This paper is organized as follows. In Sec. II we briefly
describe the experimental setup and the characteristics of the
liposome and polymer samples employed in this work. Then,
Sec. III presents the theoretical method employed to calculate
the effective potentials between liposomes. The results and
discussion are given in Sec. IV, and the main conclusions are
summarized in Sec. V.

II. MATERIALS AND METHODS

In the experiments, different concentrations of phos-
phatidylserine (PS) liposomes dispersed in purified water are
used. Via the measure and fit of their form factor in dilute
suspensions, a mean liposome radius of R, = 120 nm and
polydispersity (relative standard deviation) of about 0.3 are
obtained. As a consequence of the extrusion procedure [35],
the liposomes showed a lipid bilayer with thickness of about
4.5 nm. The liposome dispersions have a refractive index only
slightly different from 1.33 (water), allowing the preparation
of nearly transparent suspensions at relatively high volume
fractions [36]. Consequently, these colloidal systems allow
us to explore the structure and dynamics of concentrated
suspensions reducing the multiple scattering effects from the
analysis. Due to the specific ionization of the PS molecule
in water, the liposomes are negatively charged, having an
electrophoretic mobility of about —2.1 x 1078 m? V=1 s~

The polymers are two different polyacrylamides (Poly-
sciences, Inc.) of molecular weights (0.6-1) x 10° g/mol
(catalog number 19901) and 5 x 10 g/mol (catalog number
21485), henceforth denoted by PAM-short and PAM-long,
respectively. Their radius of gyration obtained via Zimm-plot
diagrams are 25 nm (PAM-short) and 50 nm (PAM-long).
Although the manufacturer presents both products as nonionic
polymers, they are slightly negatively charged when immersed
in distilled water at low ionic strength, due to the dissocia-
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tion of the acrylamide monomers. This was experimentally
confirmed by electrophoretic mobility measurements (@, ~
—09x10%m> Vs land p, ~ —1.1 x 108 m? V157!
for PAM-short and PAM-long, respectively).

The light scattering experiments were performed using a
three-dimensional DLS spectrometer (LS instruments, Fri-
bourg, Switzerland) [37]. The scattered light was collected
using two avalanche photodiodes and the corresponding cross-
correlation function was calculated within a digital correlator.
According to this design, the time-dependent contributions of
multiple scattered photons can be neglected [38]. Omitting
multiplicative factors, the experimental structure factor of the
samples may be determined using the equation [39]

S(g) « (

where (I (g)) is the total time-averaged intensity registered
by the detectors i = A and B, whereas (Iio(q)) corresponds
to the intensity of a dilute liposome suspension. The ratio
[g(q, T = 0) — 11/[8%5(g,T = 0) — 1] corrects the magni-
tude of the structure factor due to the g-dependent disturbance
of the multiple scattering in a cross-correlation experiment,
where g)5(q,7) = (I}(q.t +T)I5(q,1))/(I4(q,0)Ip(g,1)) is
the normalized cross-correlation function of the registered
intensities [38,40]. In our colloid-polymer mixtures, the
intensity scattered by the polymers was always very small
compared to the one by liposomes, so that the experimental
structure factor obtained is directly the liposome-liposome
structure factor S..(q).

The liposome-polymer mixtures were prepared with a fixed
amount of ion-exchanger resin (Amberlite NR-150). This
resin removes all the ionic impurities of the sample, so that
the electrostatic interactions is reinforced. The samples were
tumbled during a couple of hours after the preparation of the
mixture to guarantee an efficient ion exchange. After one day,
the mixtures were transferred to a thinner cylindrical quartz
glass cell. This allows us to minimize the attenuation caused
by the nonilluminated remaining sample and to remove the
possible angular distortion of the resin in the light scattering
pattern. Then, the light scattering experiments were carried
out. The measurements were performed at a temperature of
T =298 K, within a wide angular range going from 20° to
150°, with a resolution of 2°. For PAM-short, the mixtures
showed a homogeneous aspect that persisted during very long
time. Quite different is the behavior found with PAM-long.
In these samples, the mixtures were apparently homogeneous
within the first 3 days after preparation. However, after the
fourth day, a visible phase separation into a concentrated and
a diluted colloidal phase was observed for the samples at
larger polymer concentrations. Therefore, in these cases the
measurements were performed in a metastable state where
the system is under phase separation. This means that these
measurements contain information about the process that
finally leads to a phase separation, but they are collected during
an initial period where the system is evolving slowly but still
in a single phase.
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III. THEORETICAL METHODS

For charged colloid-polymer mixtures, the Debye-Hiickel
potential [41,42] represents a suitable pair potential to model
the colloid-colloid, colloid-monomer, and monomer-monomer
interactions:

“+00 if r< Uij( =
LBZiZjefK('ﬂ’"/)
r(140.5x0;)(140.5¢ 0 )

9

BVG(r) = )

if r 2 Oij,

where i and j indexes can both represent colloid (liposome)
or monomer. The range of the interaction is controlled by

the inverse of the Debye length « = /87 LyN 4103 Loy, Lp
being the Bjerrum length, N4 Avogadro’s number, [y, the

ionic strength (in molar units), and 8 = 1/kpT, where kg
Boltzmann’s constant and 7' the absolute temperature of the
system.

In order to determine the pair correlation functions, we
have employed the polymer reference interaction-site model
(PRISM) [43]. This is an integral equation theory based on the
Ornstein-Zernike equation [44,45] (OZ). In the PRISM, the
OZ equation is generalized to the molecular case introducing
anew function that accounts for the correlation between atoms
or sites, i.e., the intramolecular correlation, w(r). With this the-
oretical framework, we can consider the correlation between
monomers along the polymer chain [w(r)] and with the rest
of monomers belonging to different chains [direct correlation,
¢(r)]. The PRISM can also be generalized to describe binary
colloid-polymer systems. This has been successfully done for
neutral [46] and charged [28] colloid-polymer mixtures. In the
Fourier space, the PRISM equations are given by the following
set of three coupled equations,

hee(q)  hem(q)
hcm (CI) hmlﬂ (CI)

_|:1 0 ][CCC(Q) Ccm(Q)]H:I 0 i|
T L0 wu(@) || €em@ cmm(@) [ 1[0 wmlg)

+[ Pe «/pcpmi”:hcc(q) hcm(q)“ 3)
PP Pm hem(q@) hmm(q) ||°

InEq. (3), h;;(g) and ¢;;(q) stand for the Fourier component
of the total correlation function and the direct correlation
function, respectively. The subscripts ¢ and m correspond to
colloids and monomers. The colloid and monomer densities
are represented with p. and p,,, respectively. w,,(g) is the
monomer-monomer correlation function, which accounts for
the monomer connectivity along the polymer chain. It is
explicitly given by the polymer form factor. Here, we have
chosen Koyama’s form factor [47], a semiempirical model for
semiflexible polyelectrolytes which represents an interpolation
between the Gaussian and the rigid chain. The model includes
a parameter that takes the local rigidity of the polymer chain
into account, the so-called persistence length /,. An explicit
expression of this semiempirical model can be consulted in
Ref. [48].

Three additional closure equations are required to close the
PRISM equation. In this study, we have proposed the HNC for
liposome-liposome correlations and PY for the rest following
the same arguments given in previous works [23,28,29]. The

PHYSICAL REVIEW E 85, 051405 (2012)

10%

FIG. 1. (Color online) Structure factor of the liposome suspen-
sion, S..(¢q), as a function of the dimensionless scattering vector, g R, .
The plot shows the results for different liposome concentrations ¢, at
zero polymer concentration. The Ornstein-Zernike prediction using
the HNC approximation is also shown for ¢ = 0.12 as a continuous
line.

integral equations has been solved iteratively using Picard’s
method [49].

IV. RESULTS AND DISCUSSION

Figure 1 depicts the experimental static structure factor
Scc(gq) calculated by means of Eq. (1) for different liposome
volume fractions (¢. = 0.1, 0.12, 0.14, and 0.17) without
added polymer. The experiments were performed in the
presence of ion-exchanger resins, so the system can be
considered at salt-free conditions. As may be observed, a
well-defined peak is obtained as a consequence of the inter-
particle electrostatic repulsion. By increasing the liposome
concentration, the peak grows and its position g* shifts to
higher g values, which agrees with the expected trend observed
for fluid-like structures formed in the presence of repulsive
interactions. The height of the peak reaches a value of 2.5 for
the larger particle concentration.

In order to calculate the effective charge of the liposomes
(Zetr), we fitted these experimental structure factors using
the Ornstein-Zernike integral equation [44], assuming that
liposomes interact through a Yukawa interaction potential
[Eqg. (2)]. The integral equation was solved within the HNC
approximation, which has proven to be a very accurate closure
for this kind of repulsive interaction [50]. It should be noted
that this fitting procedure assumes that the suspension is
monodisperse. However, the real experimental samples are
indeed quite polydisperse, and different particle sizes and
charges may be found in the same system, leading to very
broad structure factor peaks. For this reason, we only fitted the
position and height of the main peak and so the effective charge
should be regarded as an average value. According to this, we
obtain Z.; = 230e for an electrolyte concentration of 107°M.
InFig. 1, the theoretical structure factor for ¢, = 0.12 is shown
as a dashed line. Although the position of the main peak
is well reproduced by the OZ-HNC approximation (similar
agreement may be found for other packing fractions), the
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FIG. 2. (Color online) The corresponding normalized dynamic
structure factor, f(g*,t), calculated at the main peak of the structure
factor, ¢*, as a function of the correlation time. The data correspond
to the same samples shown in Fig. 1. The time has been rescaled for
each studied liposome packing fraction.

predicted peak width is smaller than the experimental one
due to polydispersity of the liposome suspensions.

For these samples, we have measured the normalized
intensity cross-correlation. The dynamic structure factor
f(g*,T) was obtained appealing to the Siegert relationship
flq,7) = \/gAB(q,r) — 1/\/gAB(q,O) — 1. Figure 2 shows
f(g*,7) obtained at the main peak of the structure factor for the
same liposome samples. The measurements were performed
during 3500 s, which is a long enough time to obtain the
proper ensemble average of the latter function. In all cases,
f(g*,t) deviates notably from the single exponential decay
of free liposomes, which is a straightforward consequence
of the long-range electrostatic repulsive interactions. Indeed,
f(g*,t) always decays to zero, with a relaxation time that
increases with the liposome concentration. Although the
liposome dispersions behave as a nonarrested colloidal fluid,
the shape of the curves resembles the ones obtained for
arrested systems. However, it should be emphasized that the
interparticle repulsion is not strong enough to induce the
caging of the liposomes even at the largest studied particle
concentration.

Next, we study the effect of adding polymer on the
liposome-liposome structure factor. Figure 3 depicts the
experimental S..(g) for liposome-polymer mixtures using
three different liposome volume fractions for PAM-short.
The curves without the added polymer are also included for
comparison. As may be observed, the position of the main
peak of the structure factor moves to larger ¢ values while
its height and width decreases and broadens, respectively.
This effect is caused by a driving interaction counteracting
the colloid-colloid electrostatic repulsion. However, it should
be emphasized that such displacement is very large compared
to the one obtained assuming only the screening of the double
layers. This means that attractive depletion interactions are
playing a key role in the peak displacement, as is demonstrated
in our previous works [28,29].

For the lowest liposome concentration [Fig. 3(a)] the shift
of the main peak is very important even at the smaller
polymer concentrations employed in the experiments. At
higher liposome packing fractions, the shift of S..(¢*) becomes
smaller [compare with Figs. 3(b) and 3(c)]. However, this
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FIG. 3. (Color online) Liposome-liposome structure factor for
liposome-polymer mixtures with PAM-short, at different liposome
packing fractions: ¢. = 0.1 (a), 0.14 (b), and 0.17 (c). The studied
polymer concentrations are shown using different types of symbols
(see the legends). Lines in panel (a) stand for the simulation results
obtained with the interaction potential predicted by the PRISM (see
legend).

does not mean that the polymer-induced effective depletion
attraction is less important here, since this effective interaction
only depends on the solvent and polymer properties. Indeed,
for the higher liposome packing fraction, the particles are
closer to each other (at zero polymer concentration) and
so they feel a stronger and sharper repulsive electrostatic
barrier. Under this situation, the effect of adding an attractive
contribution (by increasing the polymer concentration) is only
to slightly reduce this higher repulsive barrier, leading to a
smaller approach between liposomes from the reference case.
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The peak displacement is the consequence of the effective
interactions arising in the liposome-polymer mixture. In fact,
including charged polymers implies three different effects on
the liposome-liposome interaction. First, the extra charge of
the polymer (and the corresponding electrolyte concentration
necessary for the electroneutrality of the mixture) induces a
screening of the repulsive electrostatic double layers. Second,
the electrostatic repulsion between liposomes and polymers
causes a depletion region around the liposomes. For small
polymer concentration, the size of this region is very large
compared to the polymer length, leading an enhanced and
long-ranged depletion attraction between particles. The origin
of this depletion is mainly electrostatic. For large polymer
concentrations, the screening of the double layers also reduces
the range and magnitude of this electrostatic depletion. The
third effect of adding the polymer is caused by the excluded
volume interactions between polymers and liposomes, which
induces an entropic depletion attraction between particles. The
range of this depletion is roughly equal to 2R, and its strength
is nearly proportional to the polymer density. In this research,
the large liposome packing fraction employed in the experi-
ments suggests that both entropic and electrostatic depletion
could in principle contribute to the final microstructure of the
binary mixture.

The situation is very different if we use the long polymers
as depletant agent. Figure 4 shows the structure factors at
different liposome and polymer concentrations of PAM-long.
Here, we should keep in mind that the plotted structure
factors for polymer concentrations above 0.3 wt. % are
nonequilibrium properties, since the system slowly evolves
to a phase separation, as was mentioned in Sec. II. This
means that the measurements do not have a thermodynamic
interpretation. Nevertheless, these nonequilibrium structure
factors still provide valuable information about the instan-
taneous structural behavior of the mixture before phase
separation. All measurements were performed one day after
the sample preparation, so they roughly correspond to the
same nonequilibrium state. Then, a clear phase separation was
observed 3—4 days after the measurements.

As shown by Fig. 4, the increase of the polymer concentra-
tion leads again to a weakening and displacement of the main
peak of the structure factor to larger g values. Unfortunately,
in most of the cases the position of the peak lies out of the
experimentally accessible g range, so we are not able to exactly
locate them. Despite this inconvenience, it is clear that adding
long polymers induces a larger displacement of the peak than
with short ones at the same polymer mass fraction.

The shift of the peak is not the only effect that appears when
the long polymer is used. Moreover, we observe that increasing
the concentration of PAM-long leads to a noticeable upturn of
Scc(q) atlow g values. On the one hand, this increase is in some
cases an indicator of the presence of density heterogeneities in
the bulk, usually found in systems where attractive interactions
induce the aggregation of particles [51,52]. On the other
hand, the increase of S(¢ — 0) may be also attributed to
size or charge polydispersity effects [53,54]. As mentioned
in the previous section, our liposomes are indeed polydisperse
particles. Experimentally, this fact can be observed in Figs. 1
and 3. For a monodisperse stable suspension, we expect that
S(g — 0) =0 (see solid line in Fig. 1 for an example of
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FIG. 4. (Color online) Liposome-liposome structure factor for
liposome-polymer mixtures with PAM-long, at different liposome
packing fractions: ¢. = 0.1 (a), 0.12 (b), and 0.14 (c). Polymer
concentrations are shown using different types of symbols (see the
legends). The inset in panel (a) shows the S..(q) at short g values for
the three higher polymer concentrations: 0.3, 0.5, and 0.65 wt. %.
Lines stand for the best fit using the power law S..(¢q) o< ¢~/ .

monodisperse suspension). In our case, the lowest experi-
mentally accessible data for the structure factor indicate that
Sce(g — 0) ~ 0.2-0.3, which arises as a direct consequence of
the polydispersity of the sample. However, the upturn at low g
shown by the structure factors with PAM-long (Fig. 4) is much
larger than the values for the largest polymer concentrations
with PAM-short (Fig. 3). Therefore, this upturn cannot be
explained in terms of polydispersity effects and it necessarily
comes from the presence of aggregated clusters originated
by the polymer-induced attraction between liposomes. By
increasing the polymer concentration, we find a significant
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growth of the upturn at low g, which is consistent with the
fact that the attractive depletion interaction induces a larger
concentration of clusters in the system.

In order to give a theoretical justification of peak dis-
placement and the differences between the structure observed
with PAM-short and PAM-long, we have solved the PRISM
equations. This model provides detailed information about
the liposome-liposome effective interaction potential, and
so it may be employed to confirm whether the depletion
interaction is dominated by electrostatic or entropic effects.
Here, we solved the equations to calculate the liposome-
liposome radial distribution function in the so-called colloidal
limit. This corresponds to the limit p, — 0, where many-body
interactions are negligible and the liposome-liposome total
interaction potential [Vi"‘(r)] can be easily obtained from

PVec' (1) = = fim In geer). @

V.I°' () may be decomposed in two parts: the direct term [given
by the Yukawa repulsion between liposomes, Eq. (2)], and
the effective contribution (arising from the polymer-induced
depletion)

VRl (r) = VE=Ur) + VER(r). (5)

Again, we neglect polydispersity effects and assume that the
liposome samples are more or less represented by an equivalent
monodisperse system with average particle diameter o, =
240 nm and average effective charge Z.;s = 230e (see Fig. 1).
To model the monomer charge, we have employed the one
predicted from Manning’s expression Z, = Lp/0,,. This
expression provides an estimate of the effective monomer
charge caused by accumulation of counterions, condensed
along the polymer chain. This approximation is valid for linear
polyelectrolytes, although it has proven to perform quite well
also for flexible polymers [49]. Applying Manning’s model
to our acrylamide monomer under low ionic conditions, the
effective monomer charge is Z,, = 0.8e. With the use of ionic
exchanger resins, the system is driven to a salt-free condition,
so that [, = %(ZC,OC + Zpm + 107%). Due to the low ionic
conditions presented in our experiments, we have chosen
a polymer persistence length [, given by the sum of two
different contributions: the intrinsic rigidity of the polymer,
lp, and an electrostatic contribution, /, = Lp/4k?02, coming
from the repulsion between neighboring monomers [55]. On
the one hand, the intrinsic rigidity was calculated from the
radius of gyration that the polymers present in water without
ionic-exchanger resins (lp = 150, in both cases). On the
other hand, the electrostatic long-range repulsion increases
the rigidity of the chain. We found /, = 260, for 0.05 wt.
% and [, = 90,, for 0.5 wt. %. We refer to Refs. [28,29] for
further information about this method and the choice of the
parameters.

The effective potential induced by the charged polymers is
plotted in Fig. 5 for short and long polymers. The graph also
includes the depletion potential obtained using an accurate
semiempirical model for neutral self-avoiding polymers [56].
It should be mentioned that, although the PRISM is quite
accurate for large interparticle distances, at short distances
the model does not take into account the deformation of
the polymer coils near the colloidal surface. Therefore, it
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FIG. 5. (Color online) Effective interaction between liposomes
induced by charged and neutral polymer in the colloidal limit
for PAM-short and PAM-long (see legend) at the same polymer
concentration. o, is the average liposome diameter.

underestimates the colloid-polymer repulsion and leads to less
attractive depletion potential when colloids are very close
to each other. In spite of the expected deviations at short
distances, the effective potentials calculated within this ap-
proximation provide a fair description of the depletion effects
arising in charged colloid-polymer mixtures. As observed,
the depletion interaction induced by the charged polymers at
low electrolyte concentration shows a remarkable long-range
character compared to the case of neutral polymers. This
long-range character is the main cause of the large shift of the
structure factor peak, which cannot be explained exclusively
with excluded volume interactions.

It is interesting to see that, although for neutral polymers
the range of the attraction increases with the polymer size,
it remains rather insensitive to this parameter for the case of
charged polymers. This confirms the fact that the repulsion
between charged colloids and charged polymers becomes
dominated by the electrostatic counterpart at low ionic
strength. Moreover, for the polymer mass fraction employed
in our experiments, long polymers lead to a more efficient
depletion than short ones. Figure 5 shows as vertical lines
the typical distance between the surfaces of two neighboring
liposomes for the three studied packing fractions. It can be
clearly seen that, for short polymers, the entropic attraction
is negligible and only the electrostatic effect has significant
contribution. For the case of long polymers, the effective
depletion potential is also mainly controlled by the electrostatic
depletion, although the entropic effect also has a finite
contribution, especially for ¢, = 0.17.

After having found theoretical evidence of the relevance of
the electrostatic depletion against the entropic one, we now
study the interplay between the effective depletion attraction
and the direct electrostatic repulsion. In Fig. 6, we plot the
total interaction potential BV °'(r) obtained with the PRISM
for both polymers and for two polymer densities. For small
polymer concentrations, depletion effects only induce a weak
screening of the repulsive barrier, and so the mixture remains
electrostatically stabilized. For large polymer concentration
and short polymers, the interaction potential is still repulsive.
However, long polymers induce a strong enough depletion
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FIG. 6. (Color online) Total potential predicted by PRISM in the
colloidal limit for PAM-short and PAM-long (symbol lines). Two
polymer concentrations have been presented in each case (see legend).
The reference direct interaction derived for a salt and polymer free
liposome suspension [Eq. (3)] is also shown as a solid line.

that leads to an attractive well at contact with a repulsive
barrier at intermediate distance of height ~0.5kgT. Under
this situation, the particles are able to overcome the barrier
and coagulate in the primary minimum. All these trends are in
agreement with the experimental observations; i.e., samples
with large concentration of long polymers finally undergo
phase separation.

To check the validity of the interaction potentials predicted
by the PRISM, we calculated the structure factor using
Monte Carlo simulations in the canonical ensemble. In the
simulations, we used N = 600 identical particles inside a
cubic box of size L = 14.60,, and applied periodic boundary
conditions. The particle interactions were assumed to be given
by the interaction potential obtained with the PRISM model in
the colloidal limit. We have taken into account the limitation
of this method showing only the real g range explored by
simulation, i.e., gmin > 27/L =~ 0.40.. In Fig. 3(a), we show
the simulated S..(g) (different type of lines) for ¢, = 0.10.
From the comparison between symbols and lines, we can say
that the PRISM predictions are admissible for low colloidal
concentrations. Indeed, the position of the main peak is well
captured by the model, although the width of the peaks
predicted by our model is in all cases smaller than the experi-
mental one due to the inherent polydispersity of the lisosome
suspension. At higher colloidal and polymer concentrations,
the PRISM model loses accuracy since many-body correlation
becomes very important.

The upturn of S(g — 0) observed in Fig. 4 points out
the existence of an aggregation process between liposomes
resulting from the competition between long-range electro-
static repulsions and the depletion attraction at large enough
concentrations of long polymers. This behavior resembles
the one obtained in the formation of clusters in neutral
and charged binary mixtures reported experimentally [6—8]
and by computer simulations [16,51]. In this framework,
the aggregation process induced by depletion attractions and
the different routes leading to the gelation process are still
controversial subjects [13,16]. There is a wide literature
focused on mixtures of hard-sphere colloids and nonad-
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sorbing uncharged polymers where the entropic depletion is
the only mechanism causing the phase separation [6—8,19].
However, less is known about the aggregation process arising
in binary mixtures when both colloids and polymers are
charged.

In the inset of Fig. 4(a), we provide experimental evidence
of this aggregation process. As usually, the cluster morphology
is characterized by means of its fractal dimension d. It has
been calculated from the fitting of the S..(¢) using the power
law

S(q) ~ qidf’ R;L:ster g q g R;I’ (6)

where R jyser 1S the hydrodynamic cluster radius, and R,
the average particle radius. Given the angular limitation to
reach small ¢ scattering vectors (the standard procedure
establishes that the fit must be performed at least along a
decade) the extracted fractal dimensions can only be regarded
as approximate values. Nevertheless, the results represent a
qualitative estimation that helps to understand the mechanisms
involved in the aggregation process. From the fitting at the
low-q region of S..(q), we find that the clusters have fractal
dimensions, which could correspond to linear structures. In
this sense, our experimental data agree with the observations
of Campbell [13], who obtains chainlike aggregates, and
Sedgwick [5], where mixtures of particles and chainlike
clusters are found. In fact, these results are also consistent
with the theoretical predictions obtained with the PRISM. The
reminiscent electrostatic repulsive barrier between liposomes
observed in Fig. 6 followed by an attractive well at short
distances favors the aggregation at the tips of the cluster,
since this configuration minimizes the net repulsion between
particles. Moreover, due to the short-range London—van der
Waals attractions, the bonds between liposomes forming the
cluster become almost irreversible, impeding the particle
reorganization inside the aggregate.

Our study on charged colloid-polymer mixtures at large
packing fraction of colloids and polymers draws a complex
scenario. This is illustrated in Fig. 7. Adding PAM-short and
small amounts of PAM-long, liposomes become closer each
other by a driving interaction counteracting the electrostatic
repulsion. Therefore, there is only one relevant distance that

rao e
@O&" O

# Main peak @

FIG. 7. (Color online) This picture illustrates the microscopic
rearrangement of the liposome under the presence of PAM-short
(liquid-like phase) and PAM-long (aggregated liposomes in a fluid
phase). In each panel, the relevant length scales between liposomes
are represented with a solid line.
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corresponds to the main peak of the structure factors shown in
Fig. 3 (liposome-liposome). Adding large amounts of PAM-
long, the induced attraction is strong enough to overcome
the repulsive barrier at intermediate distances leading to the
aggregation of liposomes. The clusters define a new relevant
length between them at low ¢, which is related to the upturn at
short g values in the structure factor. The liposome-liposome
distance is now represented in the peak that shifts to high g
values. The distance between liposomes is now quite small
and so the peak is out of the our experimental g range.

V. CONCLUSIONS

It has been shown that the addition of charged polymers
to charged stabilized liposome suspensions at low electrolyte
concentration leads to significant changes in the structure of
liposome suspensions. The displacement of the main peak
of the structure factor can be only explained in terms of
a long-range electrostatically enhanced effective depletion
attraction. This depletion arises from the fact that charged
polymers are depleted from the surrounding region around
the liposomes, as a consequence of the electrostatic liposome-
polymer repulsion.

The theoretical predictions obtained with the PRISM
suggest that the entropic depletion effects are small compared
to the electrostatic ones. Moreover, the interaction potential
provided by this model in the colloidal limit shows the
interplay between electrostatic repulsion and the depletion at-
traction. In particular, for strong enough electrostatic depletion
(large packing fraction of PAM-long), the theoretical results
predict an attractive well at short interparticle distances that

PHYSICAL REVIEW E 85, 051405 (2012)

leads to the destabilization of the mixture. This conclusion
agrees with the experimental observations found for large
concentrations of long polymers. Finally, the experimental
data also suggest that under this nonequilibrium situation, the
aggregation between liposomes leads to the formation of linear
shape cluster. We interpret this behavior in terms of a residual
electrostatic repulsion that emphasized the aggregation at the
tips of the clusters.

It is important to point out some limitations of the model.
First, the PRISM predictions are obtained in the limit of very
small density of liposomes. Although this is an elegant method
to calculate effective pair potentials, it does not account for
many-body interactions. At the high liposome concentration
employed in this work, we expect that three or more body
contributions will be also involved in the structure of the
mixture. Second, the model also ignores polydispersity effects.
In spite of these inconveniences, the PRISM approximation
still represents a useful qualitative approximation that has
proven fruitful in describing the depletion effects arising in
charged mixtures. Future works will improve these points with
more sophisticated methods, and will include studies of binary
mixtures with different chain rigidity.
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